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Abstract

Calderas are volcanic depressions caused by rupturing of a magma chamber roof as
a consequence of pressure evolution inside the chamber. The collapse of a caldera
is accommodated by ring faults, whose formation is commonly accompanied by
ejection of large volumes of pyroclastic material to the Earth’s atmosphere and
thus represents severe volcanic hazards for the environment, climate, and human
society. However, it can also be beneficial as it may contribute to the formation
of ore deposits, serve as geothermal energy resources, and produce fertile soils. A
deeper understanding of geological conditions under which these events can occur
is thus of great importance and interest. Geological survey and field studies can
usually access just surface manifestation of immense magmatic processes taking
place under the Earth’s surface. In this respect, numerical analysis has proven as a
key tool in understanding the mechanical conditions of caldera collapse.

In order to advance the knowledge and bring new views on fracturing processes
preceding caldera collapse through mathematical modeling, numerical simulations,
and analysis, extensive research was carried out. Based on a state-of-the-art review,
outstanding issues, which are still a subject of debate in the research community,
were identified and provided the objectives for the thesis.

To achieve the goals, the finite element method (FEM) was employed in this work
due to its capabilities and universality. To make the FE simulations realistic, yet
feasible, appropriate modeling strategy, material models and parameters, and sim-
plifying assumptions were selected.

Subsequently, many cases covering a wide range of possible magma chamber ge-
ometries and roof aspect ratios (roof thickness/chamber diameter)—from shallow
to deep-seated, mid-size and large, tabular and cylindrical—were calculated. Nev-
ertheless, 12 cases, which were selected as the most representative, were in detail
analyzed, interpreted, and discussed in terms of geological phenomena in the pre-
sented thesis.

The modeling strategy employed in this work demonstrates that pressure evolu-
tion inside a magma chamber is manifested by a range of fracturing processes
in the host rock. These processes are not restricted to the formation of various
ring faults alone but may also include radial and circumferential fracturing, surface
tearing, magmatic stoping, and cauldron subsidence. The modeling strategy also
enables capturing, orientation (inward-dipping, vertical, outward-dipping), mode
(shear or extension), and direction (upwards, downwards) of a ring fault initiation
and growth. Moreover, a dependence of the fracturing processes on the roof aspect
ratio is identified and analyzed.
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Chapter 1

Introduction and state of the art

Caldera is a volcanic feature resulting from a depression of a magma chamber roof, typically
1-20 km, but in some cases up to 80-100 km in diameter (e.g., [1, 2]). When a large amount of
magma is erupted from the chamber over a short time, the roof loses the structural support and
collapses, see 1.1. The calderas may be mistaken for apical craters, which are a result of the
volcanic conduit collapse, while the chamber roof is unimpaired and therefore also the diameter
of the structure is much smaller. The calderas are an evidence of the most powerful displays
of the volcanic energy hidden beneath the Earth’s surface. Consequences of this phenomenon,
which is always followed by immense pyroclastic eruptions, are both negative and positive. It
represents a huge danger for the environment and society claiming thousands of lives [3—6],
however, ore resources and fertile soils made of the erupted volcanic material can be generated
this way [7, 8]. Caldera collapse represents a relatively rare phenomenon as approximately
three new calderas occur every 100 years since 1783 [9]. Nevertheless, the processes accom-
panying its origin can be devastating and belong among the most catastrophic geologic events
that have occurred on the Earth’s surface. This is one of the reasons, why calderas have re-
ceived a significant attention of researchers in last several decades. Another reason is that it is
mostly not possible to observe huge magmatic processes ongoing under the surface, since just
the surface manifestations, like volcanoes and eruptions, are visible. The calderas can provide
an important insight into the generation and evolution of large-scale silicic magma bodies [10].

Figure 1.1: Scheme of a caldera collapse (reproduced from [11]).

Caldera collapse and associated volcanic eruptions represent a climactic stage in the evolu-
tion of magmatic systems after a period of shallow magma chamber growth (e.g., [1, 12-15]).



INTRODUCTION AND STATE OF THE ART 2

The chamber growth usually consists of several fresh magma additions (e.g., [16-26]), which
is coupled with the chamber inflation/deflation stages meaning that caldera-forming eruptions
are in some cases preceded by the pressure build-up. In the case of positive excess magma pres-
sure, so called overpressure calderas, a formation of ring faults enabling the caldera collapse
is superposed on previous doming of the chamber roof (e.g., [27, 28]). These conclusions cor-
respond to seismic and ground-deformation measurements that reveal an oscillating up-down
motion above active magma chambers (e.g., [29-31]) meaning, that the spatial, temporal, and
mechanical link of magma chamber roof uplift and collapse may be much more common than
previously envisaged (e.g., [32, 33]). To understand the comprehensive topic of the calderas,
a cooperation of several scientific disciplines is necessary, e.g., geophysics [34-36], petrol-
ogy [37-39], geochemistry [37, 38, 40].

A key tool for a quantitative assessment and better understanding of kinematics and dy-
namics of caldera collapse has been provided by theoretical and analogue models using various
methods and including various initial and boundary conditions and simplifying assumptions
(e.g., [41-56]). However, the models have often yielded contradictory results. The main con-
troversies relate to the development and evolution of caldera ring fractures.

Field studies have evidenced extensive chamber roof fracturing during chamber growth
caused by magma emplacement, thermal stresses, and hydraulic fracturing by fluids released
from the magma (e.g., [S7-60]). However, most of theoretical models consider chamber roof
doming as a simple elastic bending without explicit display of fractures (e.g., [61-64]). Never-
theless, crack formation causes stress redistribution in the volcanic system, and it represents a
significant factor in the evolution of ring faults. Advanced theoretical models should therefore
incorporate development of fractures in the roof prior to ring fault propagation and caldera col-
lapse. To understand and properly simulate the above-mentioned processes, it is necessary, in
ideal case, to have data about real volcanic structures from field studies, knowledge of magma
material properties at high pressure and temperature, and a robust numerical model.

1.1 Collapse mechanisms

Traditionally, two main mechanisms triggering a depression and subsequent collapse of a
magma chamber roof leading to a caldera formation are cited in the literature: (a) positive ex-
cess pressure (overpressure) inside the magma chamber causing fracturing of the roof (e.g., [48,
55, 65-71]), and (b) negative excess pressure (underpressure) within the magma chamber fol-
lowing a magma depletion due to, e.g., an eruption (e.g., [1, 12, 13,41, 47, 72-76]). Next to the
excess pressure mechanisms, the influence of an overburden (ash-flow units) is also considered
as a possible trigger causing fracturing of the roof from above (e.g., [7, 44]).

However, as there are two hypotheses of trigger mechanism, there are also two groups
of researches favoring one or the other. The underpressure mechanism is very popular when
modeling processes leading to caldera collapse, but several papers have disproved the argu-
ments justifying this approach (e.g., [67, 77]). The authors mostly question differences in dip
directions of the ring faults predicted by models and those documented by field studies, dispro-
portion between the volume of the erupted material and the volume occupied by the collapsed
material, etc. One of the most appealing arguments against underpressure trigger mechanism
is that conduits and/or feeder dikes would stop erupting magma from the chamber before the
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necessary collapse-triggering negative excess pressure is reached. On the other hand, paper
by Pinel and Jaupart [78] shows that the conduit closure can be prevented if an overburden
with appropriate size and weight is present. The overburden alters stress field enabling caldera
collapse during deflation.

From the previous paragraphs is obvious that there are sound arguments for both over- and
underpressure mechanisms, but the arguments are mostly contradictory. Some of the other
recognized arguments are stated below.

1.1.1 Overpressure

In the case of overpressure calderas the magma chamber is overpressurized at the moment of the
collapse, and the stress field conditions leading to the formation of ring faults are achieved prior
to initiation of the eruption. Overpressure in a magma chamber can be caused by a fresh magma
income (e.g., fed by a deep-seated magma reservoir), doming (causing remote horizontal tensile
stresses and vertical compressive stresses), underplating (e.g., due to movement of tectonic
plates), etc. Pressure can increase until it exceeds the tensile strength of the host rock and
ring faults occur. To reach large explosive eruptions, the overpressure must exceed the host
rock tensile strength by one or two orders of magnitude [67]. Such a rapid increase of pressure
before eruption is probably caused by gas expansion (e.g., [79-81]. However, it remains unclear
how the gas expansion can be so fast that the gas does not permeate the chamber walls.

1.1.2 Underpressure

The process begins with overpressure inside a chamber, as described in Section 1.1.1, which
fractures the host rock creating a feeder dike. Then the pressure inside the chamber decreases
to values lower than lithostatic pressure. With further pressure decrease the magma chamber
tends to reach lithostatic pressure, the roof deforms and fractures, and caldera forms.

Druitt and Sparks [41] argue for the underpressure model claiming that geological relation-
ships in pyroclastic deposits associated with large caldera eruptions provide independent evi-
dence for this model. They also conclude that in most volcanic systems only small to moderate
volumes can be erupted while the chamber remains overpressurized. Magma can be further
discharged from the chamber even after the internal pressure decreases below lithostatic. How-
ever, the feeder dike or conduit must have suitable geometry or sufficiently irregular shape to
remain opened. The magma ascends due to imbalance between the hydrostatic pressure of the
vesiculating magma column in the conduit and the magma chamber pressure. The low density
of the vesiculating magma results in the hydrostatic pressure being significantly lower than the
chamber pressure even when the chamber pressure has fallen below the lithostatic value. The
underpressure is expected to be sufficient for the roof of the chamber to collapse.

Cashman [82] states four key events leading to caldera resulting from the underpressurized
chamber: (1) development of stably zoned magma chamber by crystal fractionation, where
crystal-liquid separation is driven by settling of individual crystals or crystal plumes within a
large batch of liquid that cools from the margins inwards, (2) eruption initiation by injection of
a (vertical) and pressurized dike, (3) magma withdrawal starting from the top of the chamber
and propagating downwards, as evidenced by deposits that are reversely zoned in composi-
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tion and/or pre-eruptive temperature and pressure, and (4) caldera formation by collapse of an
underpressurized magma chamber after some fraction of magma has been withdrawn.

Gudmundsson [67] questions the underpressure models because if a spherical magma cham-
ber is subject to negative excess pressure as the only loading, then the tensile stress at the sur-
face is too small to cause fracturing. Moreover, the location of the maximum shear stress is not
suitable for ring fault initiation. Gudmundsson also points out that the volume of collapse and
the associated volume of eruptive materials do not correspond (e.g., [83]) and that the negative
excess pressure model assumes that underpressure in the magma chamber can drive out large
volumes of magma [41, 72].

1.2 Ring faults

Despite the controversies about the mechanisms causing a caldera collapse (see Section 1.1),
there is a broad agreement on the fact that roof block depression is enabled by a set of ring
(concentric) faults. The roof can then subside as coherent block, as in the case of the Silali
caldera [84], or in a fragmented and/or chaotic way, as the Somma Vesuvius calderas [85].
The ring faults are traditionally distinguished as dip-slip (reverse or normal) faults or mixed-
mode (shear and extension) fractures. Recently, it has been evidenced that also oblique-slip
faulting (combination of strike- and dip-slip) can be present during a caldera collapse [86, 87].
However, a layout of ring faults at depth is still unresolved, because the information about
calderas deeper structures are available only due to relatively rare monitored collapses (e.g.,
Sierra Negra [88], Rabaul [89], Piton de la Fournaise [90], Miyakejima [91]) and partially
eroded calderas (e.g., Glencoe [39, 92], Scafel [93, 94]). This fact launched a questioning about
ring faults initiation and propagation and about the internal configuration of faults and fractures.
Researchers therefore investigate the direction of ring faults propagation (either starting from
the surface and extending downwards until reaching the magma chamber, or starting from the
magma chamber and growing upwards to the surface) and their orientation (outward-dipping,
vertical, or inward-dipping, as described in Figure 1.2). It is worth mentioning that all the
previously mentioned possibilities of the propagation direction and dip orientation exist and
have been proven by field and geophysical evidences [15, 95]. Possible approaches of the ring
faults investigation follows.

Outward-dipping

Inward-dipping

Ring fault
Chamber roof

Magma chamber ;

Figure 1.2: Classification of the ring faults orientation (reproduced from [96]).
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1.2.1 Analogue models

Not only caldera collapse, but all volcanic processes involve an interaction of a huge variety of
phenomena, materials, and phases. Most of them are hidden beneath the Earth’s surface and are
not directly observable. A certain way how to make them visible is an experimental investiga-
tion employing analogue models (e.g., [42, 45, 46,49, 74,75, 95, 97-101]). A host rock around
the magma chamber is usually substituted by dry quartz sand, flour, etc., and the chamber is
modeled using, e.g., water or air-filled balloons or silicone reservoirs. Analogue models are
a useful tool, which can be used for comparison with theoretical models. However, analogue
models are always smaller than real volcanic systems and to scale them to real dimensions is
generally not possible. They are also limited by an inability to represent realistic mechanical
behavior of rock and dynamics of volcanic fluids. Therefore, a more conclusive approach is
to utilize a theoretical modeling, which enables including a wide range of physical approaches
and properties, material and rheological models, geometries, types of loading, etc.

1.2.2 Theoretical models

If the quantification of variables is required, than theoretical models play a key role (e.g., [43,
44, 47, 52, 53, 76, 102—-104]). They are mostly based on the thermodynamics and solid and
fluid mechanics and their increasing importance in the research of the caldera formation is
indisputable. It is possible to include the physical properties of the host rock and magma
into the analyses, which enables predicting semi-quantitative conditions for fracture and fault
formation. However, this can be a weakness as well since insufficient knowledge of input
parameters and/or rheology, boundary conditions, and geometry may give incorrect results.

1.2.3 Field studies

Next to the analogue and theoretical models, there are also field studies, which examine and
monitor reality (e.g., [89, 92, 105-108]). Nevertheless, the field studies are more or less limited
to surface phenomena. Main advantage of the field studies is that they can be compared with
the models to check their veracity. The studies provide information about the structure of
the caldera and may also determine the pre-eruptive conditions of magma and triggers of the
eruptions [109].

1.3 Numerical simulation

Sophisticated and more realistic theoretical models involve complex systems of equations.
Nowadays, these systems can be efficiently solved by different numerical methods. These
methods are widely available in computer programs and they are fast and relatively accu-
rate. Therefore, their importance is still rising not only in the volcanology. The efforts to
advance the knowledge about collapse caldera mechanics and to tackle with limitations of the
analogue models led to development of several theoretical models in last decades. A proper
caldera model should cover physical processes in both interior and exterior of a magma cham-
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ber. Nowadays, the standard practice is to deal with one of the domains, i.e., magma chamber
or host rock, while the other is taken into account employing various simplifying assump-
tions [51], because our present knowledge does not enable coupling magma dynamics and host
rock mechanics into one unified model. Therefore, the ongoing research employs either solid
mechanics based models (fracturing and faulting of the host rock, e.g., [44, 67, 76]), or fluid
mechanics and thermodynamics based models (pressure evolution inside the magma chamber
prior to and during caldera collapse, e.g., [68, 110]). As the presented thesis focuses on solid
mechanics, the first group of models is to be further described.

1.3.1 Modeling approaches

As mentioned above, setups considered at caldera collapse modeling consist of two domains—
magma chamber and host rock. The magma chambers are most commonly represented as
circular or elliptical cavities (e.g., [48, 55, 104]), domains filled by a viscous fluid (e.g., [17])
or by rigid particles simulating particulate flow (e.g., [56, 76]), or the chamber is omitted and
its loading effect is simulated by a subsiding piston [52].

When dealing with host rock modeling, the research works can be divided into three groups
with respect to the approach the authors used to reach their goal. The most commonly used
are the elastic continuum models, which encompass only host rock (e.g., [47, 69, 104, 111]).
These models give stress field around the magma chamber, which enables estimating a location
of the ring fault origin indirectly. The non-elastic continuum models, on the other hand, can
predict the position of the faults directly (e.g., [7, 44, 54, 55, 102, 103, 112]. The discontinuum-
based models (distinct element method [76], discrete element method [52], smoothed particle
hydrodynamics [48], etc.) are able to exactly determine not only position of fault, but also its
width, shape, etc. All the models are more deeply discussed in the following subsections.

1.3.1.1 Elastic continuum models

These models are suitable for determining the geometrical configuration of the magma chamber
which induces the stresses needed to initiate the ring faults. The magma chamber is consid-
ered as an empty cavity which inflates (positive excess pressure) and deflates (negative excess
pressure), thus applying loading to the surrounding host rock. Most authors consider two-
dimensional numerical models (e.g., [7, 42, 47, 53, 104, 113]). Results of such models were
compared with three-dimensional analytical and numerical models [69], and it was proven that
magnitudes of stress are different, but local stress fields distributions are similar. As the analy-
sis is based on elastic solution (e.g., [47, 67, 104]), the following conditions, formulated using
the principles of strength of materials, must be satisfied simultaneously in order to encourage
the initiation of the ring faults. Let 01, 05, and o3 be the principal stresses, where o1 > g9 > 03,
and compressive stress is assumed to be positive. Then the conditions are defined as follows:
(1) the minimum value of o3 (i.e., the maximum tensile stress) must be at surface, (2) the max-
imum value of o7 — o3 (i.e., the double of the maximum shear stress) must occur at the margins
of the magma chamber, (3) the minimum value of o3 at the surface must be approximately
above the lateral margins of the magma chamber. Moreover, Folch and Marti [47] specified
that the minimum value of o3 should be in the area defined by the angle v <10-15° [96], see
Figure 1.3.
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; minimum o
Symmetry axis 3 Surface

10-15°

Magma chamber
maximum o, — 03

Figure 1.3: Graphical representation of the three conditions necessary for formation of normal
ring faults in elastic models.

The research works employing the elastic models investigated: magma chambers sub-
jected to different loading conditions (overpressure, underpressure, regional tectonic stresses,
topography, etc.)(e.g. [33, 67, 78]); volcanic systems with various chamber geometries (width,
height, depth beneath surface)(e.g. [43, 47]); host rock with different material properties (e.g. [53,
69, 104]). Paper by Holohan et al. [87] presented, probably for the first time, an elastic model,
which constrains mechanical causes of oblique-slip faulting from the three-dimensional stress
field in the initial elastic phase of subsidence, as it has been observed in nature (e.g., Miyake-
jima and Dolomieu, [87]).

However, it is important to bear in mind that in all of the above-mentioned cases, formation
of ring faults was inferred from the elastic stress field, based on the conditions defined in the
beginning of this Section 1.3.1.1. It means that the accurate orientation and shape of the faults
(inward-/outward-dipping) cannot be determined; it can be only supposed that in the range
of @ <10-15° the faults could be steeply dipping or subvertical. Moreover, elastic models
are able to predict the stress distribution in the host-rock only up to initiation of fracturing.
However, they are not capable of capturing the stress redistribution associated with generation
and propagation of the fractures and thus they cannot reveal the complex fracturing phenomena
taking place prior to and during caldera collapse [96].

1.3.1.2 Non-elastic and thermo-mechanical continuum models

The approaches reviewed hereafter utilize various plasticity, damage or fracture models, time-
dependent viscoelastic and viscoplastic models, or models accounting for thermal regimes,
which may alter crustal rheology and physical properties of the rock, and consequently influ-
ence fracture formation and development in the vicinity of the magma chamber. Using these
models, researchers investigated the fault location and geometry, and the directions of the po-
tential brittle failure zones around the magma reservoir including the formation and deep ge-
ometry of the caldera faults and the relationships between the magmatic system and the surface
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features of calderas. The main variables are then typically the regional stress fields, magma
chamber geometry, and the roof aspect ratio (ratio of the chamber roof thickness to its width).

Komuro et al. [42] investigated the apical caldera collapse as a consequence of a domal
deformation, using the elasto-plastic model with von Mises criterion. In paper by Chery et
al. [114], the caldera collapse, resurgence of a central dome, and quasi-static evolution of ther-
mally stratified continental crust near both, inflating and relaxating magma chambers were
investigated, utilizing elastic-visco-plastic model. Guillou-Frottier et al. [7] utilized elastic-
plastic-ductile model, Mohr-Coulomb criterion, and non-linear viscous model to calculate a
caldera formation from a pre-defined rectangular magma chamber and the steady-state geotherm
without heat transport during the collapse. Burov and Guillou-Frotier [44] used the same ap-
proach also for a thermomechanical numerical model using a stationary temperature field with
and without a regional extension, and also using a full time-dependent conduction and advec-
tion describing the caldera collapse and long-term post-collapse activity, considering the influ-
ence of the heat diffusion. Different approach, using elasto-plastic model, von Mises criterion,
and Griffith criterion under tensile strength, was chosen in [48] to numerically simulate the for-
mation of cracks under the tensile stresses or increasing magma chamber pressures, including
a fracture model that enables to follow the growth of cracks. Folch [47] considered a coupled
thermomechanical model in order to find out the conditions for the caldera collapse due to the
magma chamber underpressure, with help of the thermoelasticity, Mohr-Coulomb criterion,
and Griffith criterion under tensile strength. The quantitative discussion about the relationship
between the caldera geometry and the magma chamber depth, which utilizes the elasto-plastic
model and the Mohr-Coulomb criterion was presented by Kusumoto and Takemura [103]. Vis-
coelasticity with linear Maxwell model was employed by Simakin and Ghasemi [54].

Gregg et al. [55] investigated the influence of chamber roof aspect ratio and chamber volume
on caldera collapse initiation at both, over- and underpressure, collapse mechanisms. They
concluded that the eruptions connected with small chambers (less than 10> km?) are more
frequent and less voluminous and eventually cause chamber deflation and collapse. Medium
reservoirs (102-10* km?) exhibit hindering of the fracture initiation due to the temperature-
dependent viscoelastic properties of the host rock. This is in agreement with conclusions of
Jellinek and de Paolo [17] who found out that long-term heating of the chamber vicinity makes
the rock viscoelastic, thus creeping viscously and absorbing deviatoric stresses causing host
rock fracturing. In the case of large chambers (more than 10* km?), even a moderate pressure
increment leads to a considerable chamber roof deformation and consequently to a feeder dike
formation. Regarding the roof aspect ratio, the authors concluded that for high ratios (more than
2) the chamber roof is rigid enough to withstand relatively high overpressures (~40 MPa). With
decreasing aspect ratio, the damage to the roof becomes crucial and feeder dikes form even at
moderate overpressures. It means that large volume and low aspect ratio volcanic systems are
the most prone to fault propagation in the chamber roof.

1.3.1.3 Discontinuum-based models

The discontinuum methods consider the treated domains as a set of distinct, interacting ele-
ments/particles that are supposed to undergo considerable motion with time. These models
solve repeatedly the dynamic equation of equilibrium for each element/particle in the sys-
tem until the boundary conditions and laws of contact and motion are satisfied. Such an
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approach makes it possible to treat complex non-linear interaction phenomena between ele-
ments/particles. Such models enable to investigate opening/closure of fractures and to take into
account sliding along faults [115].

The work by Gray and Monaghan [48] is based on the smoothed particle hydrodynam-
ics method and studies simple two-dimensional configurations. They investigated fracturing
around magma chamber and its influence on caldera collapse, they showed that the smoothed
particle hydrodynamics formulation of the elastic equations gives satisfactory results for the
stress concentration around a circular chamber, and their results are in general agreement with
experiments. Holohan et al. [76] employed a distinct element method to show the importance
of the magma chamber shape and material properties with respect to the final shape of the
caldera. This research complements and improves the work by Hardy [52], who used a discrete
element model of a frictional cover undergoing piston-like subsidence at its base, simulating
magma chamber deflation and cover collapse. This discontinuum-based approach can be di-
rectly compared to analogue models, because the discontinuities are explicitly demonstrated,
unlike the continuum-based approaches (elastic, see Section 1.3.1.1 and non-elastic, see Sec-
tion 1.3.1.2), where incorporating discontinuities is generally possible, but the procedure is
often difficult and time consuming. Conclusion of this work is in agreement with works using
continuum-based models, as it claims that the features occurring during the caldera collapse are
mainly influenced by the chamber geometry, roof aspect ratio, and material properties. In this
case, however, the material properties were defined using bulk properties of particle Young’s
modulus and bond strength.

1.3.2 Stages

Numerical simulations can be also distinguished according to a stage of a volcanological pro-
cess they aim to capture—before or during the eruption. Pre-eruptive models, focus on the
phenomena leading to volcanic eruptions (e.g., a magma chamber rupture, overpressure in the
chamber, degasification, mixing, differentiation and cooling). The pre-eruptive models usually
take into account several basic scenarios—either the pressure rise in the chamber is caused by a
volatile oversaturation due to cooling and crystallization processes [116, 117], or overpressur-
ization originates from the income of fresh magma into the chamber [116, 118], or the eruption
is caused by the stress fields around the chamber, its rupture, and dike injection [44, 67].

On the other hand, eruptive models, aim at the physical processes inside the magma cham-
ber, in the conduit, during the magma discharge, and in the atmosphere during the eruption. The
listed processes influence mutually each other, however their coupling is a very complex prob-
lem. That is why they are in practice usually solved separately, i.e. magma chamber models
(pressure evolution inside the chamber), conduit models (a degasification and magma fragmen-
tation along the conduit), and atmospheric models (deposition of the volcanic material).

Even though many of the above-presented models and approaches advanced our knowledge
about caldera collapse and its deeper structures, there are still areas which need to be developed.
Particularly challenging are coupling of the processes ongoing inside the magma chamber and
in the surrounding host rock, and simulation of the effects of regional tectonic stresses, pre-
existing faults, and magma flow through fractures connected with the magma chamber [96].
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1.4 Magma emplacement

The previous sections, no matter what the phenomena they described, have one common feature—
pre-existing chamber represented as an underground cavity containing magma. It is a well-
know fact that the Earth has a liquid outer core and, in the scale of a geological time, viscous
mantle. Therefore, there must be a way how magma is transported through many kilometers of
the overlaying viscous and solid layers and indeed, there are many examples, when silicic mag-
mas reached shallow crustal layers. Geologists came up with several theories of how magma
can emplace into these layers.

One of these theories is a diapirism. The diapirism is a subsurface flow of earth materi-
als, which is caused by inverted density stratification. It means that one or more layers of a
material with lower density (magma) are initially constrained beneath a material with higher
density (wall rock). Due to the density difference, the magma propagates through the wall
rock, forming a diapir. Magma emplacement caused by the diapirism is a slow process, which
is dependent on the diffusion of heat. The best conditions for diapirism are when the wall
rock is very hot and viscous. There were many researchers dealing with a gravitational insta-
bility of multi-layer systems, for example [119-126]. After publishing papers of Grout [127]
and Ramberg [128, 129], the diapirism became a popular theory explaining the ascent and
emplacement of magma. Several numerical analyses [130, 131] and laboratory experiments
[132] have proven that after rising a distance of several diameters at a constant low veloc-
ity, the diapir attains spherical shape if the diapir is less viscous than the wall rock (which is
mostly the case). The heat transfer of such hot spherical diapirs was studied by Marsh [133],
Ribe [134], Daly and Raefsky [135], Ansari and Morris [136]. Even though the sphere is a
good approximation, especially for the analytical calculations, the shape can be influenced by
several factors e.g. syn-tectonic stresses, geometry of the source region, and inhomogeneities
in the wall rock [137]. The ascent of magma can originate either from the Rayleigh-Taylor
instability (gravitationally unstable configuration of viscous layers) or from a discrete region.
The subsequent rising of the diapir is caused by a creeping flow of a wall rock around it [138],
which is controlled by a fault or other instability. The crust, in which the diapir is emplaced,
can be both syn-tectonic (active) or post-tectonic (inactive) [139-141]. Then, we can distin-
guish two types of an intrusion—permitted (emplaced into opened cavities [140]) and forceful
(sheared or squeezed into place [139]). As an explanation for complex structures in Precam-
brian terrains, a phenomenon called polydiapirism has been proposed [142—-144]. The poly-
diapirs originate from a multi-wavelength Rayleigh-Taylor instability. However, the diapirism
is still a questioned theory, as it has never been conclusively proven that diapirs can reach the
shallow crustal layers in a geologically reasonable time [145, 146].

Another theory is a dike intrusion. Magma emplacement via the dike intrusion parts the wall
rock along fractures caused by magma or along pre-existing fractures. The wall rock is usually
considered to be elastic and there is a relatively small internal deformation while it is pushed
apart. A result of this process is a typical shape of the dike with the ratio of thickness to length
approximately 1 : 1000 [147]. The deformation occurs almost exclusively within magma rising
through the dike. The major influence on the propagation velocity has the magma viscosity.
This is an important difference when compared to the diapirs, where the ascent velocity is
mostly controlled by the wall rock viscosity. While the diapirism is a relatively slow process
ideally taking place in a hot and viscous host rock, the dike intrusion is much faster and occurs
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in a brittle rock. Therefore the fragments of the wall rock, which fall into the rising magma,
may be brought to the surface more easily by the dike intrusion than in the case of the diapirism.

Stoping is another theory that should be mentioned. During the magmatic stoping blocks
of disintegrated and spalled roof rock sink through magma as magma mines its way upwards.
This phenomenon was firstly described by Goodchild [148] and Lawson [149]. However, this
theory was developed to its present state of appreciation by Daly [150-153]. Nowadays, there
are no doubts that some plutons were emplaced by stoping. The evidences are undeformed host
rock and large xenoliths of a roof rock [154]. Nevertheless, the extent to which it occurs is still
not clear.

There are also other mechanisms of the magma emplacement such as an elevation of the
overburden, bedrock drop, extension of the surrounding rocks, and lateral translation (along
faults).






Chapter 2

Objectives

As discussed in the Chapter 1, there still remain many unresolved issues and controversial
explanations of the geological processes associated with formation of volcanic calderas, such
as what is the relationship between the three-dimensional geometry of a magma chamber and
mechanism of caldera collapse, or how initial construction of a magma chamber will control the
caldera development. To bring new views on these topics, a joint research grant project involv-
ing both extensive geologic field studies and mathematical modeling and numerical simulations
has been carried out between 2012 and 2014 (GACR P210/12/1385—Calderas as indicators of
thermal-mechanical evolution of subvolcanic magma chambers). Research presented in this
thesis was initiated as part of the mentioned project and was further extended and developed
even after the project was completed. In line with the aims of the project, the thesis addresses
the following specific objectives:

* The loci and direction of a ring fault initiation and growth, i.e., whether it propagates
from the surface downwards or from the magma chamber upwards,

* The mode of a ring faults propagation, i.e., whether it propagates as shear, or extension
fractures,

* The orientation (inward-dipping, vertical, outward-dipping) and sense of shear (normal,
reverse) along ring faults,

* Influence of the roof aspect ratio, R, on formation of particular types of fractures to
predetermine the subsequent collapse mode,

* Effect of a roofwall transition (rounded blunt edges vs. abrupt bend with a significantly
smaller radius) on the fracture propagation.






Chapter 3

Modeling strategy

As discussed in Chapter 1, interaction of hot, inflating-deflating magma chamber and host rock
in the upper crust involves complex physical processes involving deformation and failure due
to varying magma pressure, heat transfer in various forms and subsequent non-steady thermal
field and phase changes, and percolation of hydrothermal fluids. Although formulation of cou-
pled mathematical models for many of these phenomena may be possible, numerical (not to
say analytical) solution of the ensuing problem still requires that further simplifications are
introduced. Firstly, it may be difficult to quantify experimentally, or even by a qualified esti-
mate, all necessary parameters for the coupled models. Secondly, convergence problems are
often encountered when the mathematical models involve multiple sources of nonlinearities
and instabilities. Thirdly, numerical simulations involving complex models are very demand-
ing in terms of computational resources and time, which makes analysis of a large number
of configurations not feasible. Therefore, appropriate modeling strategy, which takes into ac-
counts only those phenomena which are significant with regards to the analysis objectives,
must be adopted. Considering that the present work aims at formation of faults in the vicinity
of magma-filled chamber prior to caldera collapse (see Chapter 2), the host rock is idealized
as a material-nonlinear solid, while magma is treated as a nearly incompressible fluid. The
problem is further simplified by neglecting the thermal effects associated with emplacement of
the magma body. The problem then can be efficiently solved by the finite element method—to
this end, we used a general-purpose code ADINA [155].

3.1 Geometry

The evidences observed during field studies, such as granitoid plutons in the upper crust that
could possibly represent frozen sub-caldera magma chambers, indicate an existence of a large
variety of sizes and shapes. The 3D shapes of plutons at depth have been discussed extensively
and could be anything from vertically extensive columns (height > width) to thin, laterally ex-
tensive sill-like bodies (width > thickness; e.g., [157-160]). On the other hand, the minimum
horizontal dimensions of sub-caldera magma chambers are better constrained and may be best
inferred from dimensions of well-exposed calderas (e.g., [1, 161]). They usually do not exceed
20 km in diameter (e.g., [2]) but, at the extreme, some caldera super-eruptions required magma
chambers larger than 80-100 km across (e.g., [162, 163]).
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3.1.1 Magma chambers

As a compromise, two geometries, which represent the most characteristic shapes of magma
chambers seen in the nature, were modeled: (1) sill-like axisymmetric discs, corresponding
to tabular magma chambers, with diameters of 10 and 50 km and thickness of 2.5 km, which
were fed by a magma conduit, as illustrated in Figure 3.1(a), and (2) axisymmetric cylindrical
bodies with vertical sides and horizontal roofs (see Figure 3.1(b)), corresponding to what has
been referred to as the “bell-jar” plutons (e.g., [164—166]), also with diameters of 10 and 50 km.
To examine the effect of a roofwall transition on the fracture propagation, the tabular bodies had
rounded blunt edges whereas the cylindrical bodies had their roofs taking an abrupt bend (with a
significantly smaller radius) into the wall. Furthermore, to examine the effect of the overburden,
the modeled chambers were placed to depths ranging from shallow-crustal to the base of the
upper crust, with the chamber-roof contact at 2.5-10 km below the surface, respectively. Such
model setups cover a wide range of possible magma chamber geometries and roof aspect ratios
R (where R is chamber roof thickness/chamber diameter).

3.1.2 Acxial symmetry

Both types of model setups, with sill-like and bell-jar chamber geometries, were assumed ax-
ially symmetric about the vertical axis. The axisymmetric element represents one radian of
the structure, and the stiffness, mass, and loads are then defined accordingly. The model was
placed in the y-z plane in such a way that z was the vertical (symmetry) axis, y was the hori-
zontal (radial) axis, and x was the angular axis, as illustrated in Figure 3.1. Consequently, ¢,
stands for circumferential strain, and shear strains v,, and 7,. equal to zero. This notation is
consistent with the system implemented in the ADINA program, which we used to perform the
simulations, and will be used throughout this work.

3.1.3 Overall model size
The dimensions of the host rock domain were chosen large enough to eliminate any boundary

effects in the chamber vicinity. Depending on the depth of the magma chamber roof, the height
of the model ranged from 30 to 50 km. The radius of the model ranged from 50 to 70 km.

3.2 Material models for magma chamber and host rock

As already mentioned, thermal effects, such as phase transformations, thermal dilatancy, and
the temperature-dependence of material parameters were neglected, as well as the magma flow
within the chamber as it was considered having minor effect on the host rock failure.

3.2.1 Magma chamber

Kabele et al. [156] investigated performance of different constitutive models representing magma
chamber—elastic solid model, elastoplastic solid model, and potential-based fluid model. Even
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Figure 3.1: Finite element models representing two initial end-member magma chambers em-
placed in the upper crust.

though the solid models performed well (considering that many authors omit the magma do-
main completely, recall Section 1.3.1.1), drawbacks resulting from their solid-material nature
are not negligible, e.g., the elastoplastic model offers very limited compressibility as the von
Mises yield criterion, which the model follows, preserves volume. Considering the conclusions
made in the study, the potential-based fluid model was found as the most plausible and meeting
the basic requirements on magma representation.

The potential-based fluid model implemented in ADINA program [155] enables represent-
ing fluid as an inviscid, compressible, or almost incompressible medium with no actual flow.
As it can be coupled with a solid, the model is suitable for static analysis, where the pressure
distribution in the fluid and the displacement and stress distribution in the surrounding struc-
ture is of interest. The fluid constitutive model is defined by a slightly compressible relationship
between pressure, p, and density, p:

P p
— =1+ = 3.1
Po K

where pg is nominal density and K is bulk modulus. The formulation employs fluid velocity
potential to express the continuity and energy/momentum conservation equations. Considering
infinitesimal velocities and subsequently quasi-static conditions, the resulting governing equa-
tions become linear. In the discretized form, they involve displacements and potential rate as
degrees of freedom. For additional details on the model description, the reader is referred to
ADINA Theory and modeling guide [155].
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3.2.2 Host rock

Brittle fracture of rock is generally associated with tensile and/or shear failure. Kabele et
al. [156] examined two different constitutive models representing host rock—fracture model
with the Rankine failure condition (covering tensile failure) and plasticity model with the Mohr-
Coulomb criterion (covering shear failure). It was concluded that the plasticity model is more
appropriate for simulating formation of ring faults and potentially for caldera collapse. It has
been also stated in Section 1.3.1.1 that caldera collapse is, among others, conditioned by oc-
currence of maximum shear stress at the margins of a magma chamber. Moreover, fractures
propagate from a chamber upwards in most cases, which implies that employing a model cover-
ing shear failure is preferable. Therefore, the plasticity model with the Mohr-Coulomb criterion
was chosen for host rock simulation.

The Mohr-Coulomb condition, which is commonly used to simulate shear-driven fracturing
of rocks within the theory of plasticity (e.g., [167]), can be written as:

|T| = c—otanyp (3.2)

where o is the normal stress, 7 is the shear stress, c is the cohesion, and ¢ is the angle of
internal friction. For the future use, it is convenient to express the criterion in terms of the
principal stresses:

m—+1

FMC: maX(|01—02|+Q(01+02),|01—03|+C](01+O'3),

2ccos

|03 — 03] + q(02 + 03)) — =0 (3.3)

1 —sinep

where m = % and ¢ = sin . In this work, the Mohr-Coulomb model followed perfectly
plastic yield behavior with non-associative flow rule, and its potential function was defined by

the Drucker-Prager criterion:
g=alh+vJy—Fk (3.4)

where I; is the first invariant of the stress tensor, and coefficients « and k are determined so
that, in the principal stress space, the Drucker-Prager surface is inscribed to the Mohr-Coulomb
surface defined by the dilatation angle 1/ (for more in-depth information see the ADINA Theory
and modeling guide [155]).

The tensile failure was here treated by tension cut-off, 7', which improves the ability of the
plasticity model to represent rock behavior under tension by defining a limiting surface in the
stress space via

L-T=0 (3.5)

where I; is the first invariant of the stress tensor and 7' > 0. The tension cut-off, 7', can be
estimated as three times the tensile strength of the material [155].

The Mohr-Coulomb model implemented in the ADINA program can be used with the small
displacement/small strain and large displacement/small strain formulations. As the large dis-
placement of the magma chamber roof was expected, large displacement/small strain formu-
lation was opted for, implying that a total Lagrangian formulation was employed. In the total
Lagrangian formulation, all the static and kinematic variables are referred to the initial (unde-
formed) configuration at time ¢ = (. The independent variables are then the initial position
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vector, X, and time, ¢, and the dependent variable is the displacement u(X, ¢). On the contrary,
the updated Lagrangian formulation refers the variables to current (last calculated) configura-
tion, and the independent variables are current position vector, x, and time, ¢, and the dependent
variables are the Cauchy stress o(x,t) and velocity v(x, ).

3.2.3 Magma chamber-host rock interface

Interaction of the potential-based fluid domain with a solid domain was ensured through potential-
interfaces, which link the fluid and solid displacement degrees of freedom. A fluid-structure
potential interface was placed along the boundary between the fluid and the adjacent solid
structure. However, a fluid-rigid wall potential interface was placed along the boundary de-
fined by a contact of the fluid and symmetry axis, as the fluid was required not to flow through
the boundary. This boundary condition was modeled by the absence of any interface elements,
which was reached by suppressing an automatic generation of the interface elements.

3.2.4 Material parameters

The modeled host rock was represented by rhyolite to consider a magma chamber set in the
felsic crust composed of older volcanic edifice, a case which is common, for instance, in
continental-margin arc settings. Using Mohr-Coulomb parameters of intact rock would lead
to an overestimation of the mechanical performance. Therefore, values of cohesion, ¢, and
friction angle, ¢, resulting from testing by Lutz et al. [168], who determined the parameters
corresponding to quasi-brittle frictional sliding on the newly formed fracture, were used. Value
of dilatation angle, 1), was derived using an empiric estimate 1) = 0.666¢ [169], and tension
cut-off limit, 7', was set as three times tensile strength of the material [155]. All the parameters
are listed in Table 3.1.

Table 3.1: Material parameters of the host rock Mohr-Coulomb model.

Young’s modulus £/ Poisson’s ratio v Density p Tension cut-off T’
[GPa] -] [kg - m~?] [MPa]
80 0.25 2700 9.3
Cohesion c Friction angle ¢  Dilatation angle v
[MPa] [deg] [deg]
3.31 39.6 26.4

Density, p, of the felsic magma was adopted from paper by Bottinga and Weill [170]. Bulk
modulus of the magma, K, was derived considering that the magma may have a high gas
content (typical of caldera-forming eruptions), thus the value of its Young’s modulus, F, was
assumed to be one tenth of that of the solid rhyolite, and Poisson’s ratio, v, was considered
to be 0.49 to simulate the near-incompressibility of the continuum, while still allowing to use
standard FE formulation. The parameters are listed in Table 3.2.
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Table 3.2: Material parameters of the magma potential-based fluid model.

Bulk modulus KX Density p
[GPa] [kg - m3]
133.33 2200

3.3 Boundary conditions and loading

The boundary conditions were defined to plausibly simulate a real volcanic system and to di-
minish an influence of the model boundaries. Radial displacements along the symmetry axis
and along the outer vertical boundary of the host rock domain were fixed. Vertical displace-
ments were constrained along the horizontal bottom edge, and the upper edge was traction-free.

Loading was applied in three stages. First, a self-weight due to gravity acceleration of
10 m - s~2 was applied. At the same time, a magma chamber was slightly inflated to counteract
deformation induced by the gravity load, which would otherwise result in undesirable initial
stress state and deformation of the chamber roof. During the second stage, positive excess
pressure was applied to the magma chamber causing its inflation. This stage represented fresh
magma injection through a magma conduit to the chamber and was terminated once a localized
zone of maximum plastic shear strain, interconnecting the chamber and surface, reached mini-
mum value of 0.01. Such a localized zone can be considered as a potential site for development
of a feeder dike causing a magma depletion and consequent depressurization of the chamber,
which was the final stage. The chamber was gradually deflated until the onset of roof collapse
due to underpressure.

In the loading cycle described above, it is assumed that the initial overpressurization of
the chamber is terminated by eruption of magma through the dikes, which, however, does not
lead to the caldera collapse. The collapse is then attributed to depressurization of the cham-
ber. However, as we reviewed in Section 1.1, some authors argue against this mechanism and
pursue the hypothesis that calderas form by explosive failure of the roof in response to high
overpressure in the chamber at the moment of the collapse. The stress field conditions leading
to the formation of ring faults are achieved prior to initiation of the eruption, when an over-
pressurized magma chamber is loaded by magmatic regional doming or subjected to regional
extension. Therefore, a scenario leading to the overpressure collapse mechanism was also in-
vestigated for all the modeled configurations. The first stage was identical with the previous
scenario, but in the second stage, the chamber was gradually inflated until the roof was un-
able to sustain any more increase of the chamber overpressure. This state manifested itself
by notable reduction of the rate at which the chamber pressure was increasing with constant
influx of magma and, eventually, inability to reach convergence of the nonlinear solution. The
overpressure scenario could take place if feeder dikes either were not formed at all, or were
not able to release sufficient amount of the overpressure. It should be noted that the deflation
stage followed the inflation stage representing a single inflation-deflation cycle, whereas the
maximum inflation stage was independent of the previous stages and started from an initial
equilibrated state of the system. In the case of the vertically prolonged bell-jar chambers, the
inflation led to an excessive radial deformation along the vertical chamber boundary and loss
of convergence before significant deformations of the magma chamber roof could have been
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manifested. Therefore, the inflation stage when a feeder dike occurred was also the maximum
reached inflation. The individual loading stages for both, under- and overpressure scenarios,
can be observed in Figure 3.2, where a development of magma pressure in time is documented
for a sill-like chamber. The pressure, measured in MPa, is evaluated within a fluid element on
the roof-chamber contact.

It is noted that the overburden due to deposition of the erupted material was neglected in
both scenarios.

(a) underpressure scenario

(b) overpressure scenario

Figure 3.2: Development of magma pressures in time.

In the model, the magma chamber pressurization was induced via a distributed potential
flux prescribed at the bottom of the magma domain (representing magma inflow into a conduit
feeding the chamber). Positive flux represented mass flowing into the fluid domain. The re-
duction of magma volume was simulated by applying the same flux magnitude, but with the
opposite sign. It is noted that the induced pressure changes are uniform throughout the fluid
domain. The flux can be prescribed directly onto potential-based fluid elements and is defined
as unit mass flowing through unit area.
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3.4 Finite element discretization

The analyzed domain was discretized by four-node quadrilateral and three-node triangular finite
elements. The typical size of the finite elements assigned to the host rock near the magma
chamber was 230 m, and a coarser mesh was used farther from the chamber, as shown in
Figure 3.1. The large elements are a consequence of model dimensions with height ranging
from 30 to 50 km and a radius ranging from 50 to 70 km. The dimensions of the host rock
domain were chosen large enough to eliminate any boundary effects in the chamber vicinity.
The typical element size of the magma domain was also 230 m to preserve the regularity of the
mesh in a transition zone from magma to the host rock.



Chapter 4

Results

In order to investigate the effects of the shape, size, and depth of the magma chamber on the
fracturing processes in the roof and neighboring host rock, several tens of cases were modeled
and analyzed employing finite element method. In this chapter, we introduce an overview of
the analyzed cases and provide reasoning for their selection. We also explain, in detail, the
methodology adopted for interpretation of the calculation results (displacement, strain, and
strain fields) in terms of geological phenomena and mechanisms. The present chapter sets
the ground for the subsequent Chapter 5, where the results of calculations will be discussed
and generalized from the geologic point of view. Kindly note that throughout this thesis, the
positive sense of deformation is considered as tension and the negative as compression, and o
is the maximum principal stress (tension or least compression) and o is the minimum principal
stress (largest compression).

4.1 Analyzed configurations

The modeled cases covered a wide range of possible magma chamber types, geometries, and
roof aspect ratios, but only 12 most representative ones (i.e., those providing unique results)
are discussed hereafter and listed in Table 4.1. Next to the chamber and roof dimensions, also
ratios comparing roof thickness to chamber diameter and roof thickness to chamber depth were
evaluated. The former ratio is generally recognized as a threshold value dividing different
collapse modes, and the latter ratio was introduced in this work to complement evaluation
possibilities.

4.2 Results interpretation

The ADINA program generates a wide variety of results, e.g., stresses, displacements, reac-
tions, fluxes. Hereafter, these results are interpreted by relating them to geological phenomena.
Please recall that the ADINA program considers positive sense of deformation as tension and
the negative as compression.

For the purposes of this work, three strain quantities were analyzed and plotted to the de-
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Table 4.1: List of modeled cases and their dimensions. Case notations are composed from
a letter denoting type of chamber geometry (S—sill-like and B—bell-jar) and two numbers
standing for chamber diameter/roof thickness.

Chamber Roof Chamber Roof aspect

Chtz;r;:er Case diameter d thickness¢ depth h ratio R = é

[km] [km] [km] [-]
S-10/1.25 10.0 1.25 2.5 0.125

S-10/2.5 10.0 2.5 2.5 0.25

S-10/5 10.0 5.0 2.5 0.5

Silllike S-10/7.5 10.0 7.5 2.5 0.75
S-10/10 10.0 10.0 2.5 1.0

S-50/5 50.0 5.0 2.5 0.1

S-50/7.5 50.0 7.5 2.5 0.15

S-50/10 50.0 10.0 2.5 0.2

B-10/5 10.0 5.0 - 0.5

Bell-jar B-10/10 10.0 10.0 - 1.0
B-50/5 50.0 5.0 - 0.1

B-50/10 50.0 10.0 - 0.2

formed outline of the domains in order to thoroughly describe the fracturing processes taking
place in the host rock during inflation and deflation of a magma chamber. Since the Mohr-
Coulomb model is based on the theory of plasticity, it does not explicitly treat fractures as
discontinuities in the displacement field. Instead, fracturing phenomena are represented by
means of plastic strain. However, the model is capable of predicting zones of localized plastic
deformation, which can be interpreted as potential sites of initiation, propagation, and displace-
ment of ring faults. Therefore, to capture fractures plausibly, only the plastic (irreversible) parts
of the strains were taken into account. Namely, the analyzed quantities were: (1) the circum-
ferential plastic normal strain, €., (2) the maximum plastic shear strain in the radial plane,
P x> and (3) the principal plastic strains in the radial plane 511’72, and their direction. The plots
of the named quantities obtained by the FE calculations for all the evaluated cases and loading
scenarios are depicted in the Appendix.

4.2.1 Circumferential plane

The circumferential plastic normal strain, € is defined as:

1
e = Exx — € = Exx — E(UXX — VOyy — V0y,,) 4.1)

where €4 1s a circumferential total normal strain, €%, is the elastic part a circumferential total
normal strain, £ is Young’s modulus, v is Poisson’s ratio, and o, oyy, and o0,, are normal
stresses in directions denoted by their subscripts. This quantity was employed to capture sites

of tension-induced radial fracturing, as illustrated in Figure 4.1. Radial fractures can occur on
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the surface (in a case of roof resurgence), but also on the roof-chamber contact (during the roof
subsidence).
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Figure 4.1: Interpretation of the circumferential plastic normal strain, P, as radial fracturing.

XX?

4.2.2 Radial plane
4.2.2.1 Plastic deformation quantities

The maximum plastic shear strain in the radial plane, 7., was the crucial quantity, as the
Mohr-Coulomb model is primarily captures shear-driven fracturing of rocks. The quantity is

calculated as:
V&ax _ \/(5% — €5Z>2 (7_%)2
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and the rotation angle is “4.2)
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where £V and ef, are plastic normal strains in directions denoted by their subscripts, and 73,
is plastic shear strain in y-z (radial) plane. All these plastic strains are derived analogically to
equation 4.1, i.e., e? = € — e®* = € — Co where €, €°, and P are the strain tensors, C is
the compliance tensor for axial symmetry, and o is the stress tensor. However, the maximum
plastic shear strain, 7%, localized at locations, which were obviously exposed to different
types of loading. It implies that analyzing this quantity alone is not sufficient for a proper
assessment of fracturing modes. Therefore, in addition to gamma,,ax?, the principal plastic
strains in the radial plane, ¢} ,, were examined as a complementary quantity. The principal

plastic strains and their direction is determined as:

eP 4¢P \/ gp — gp 2 ryp 2
R L L (yy_> (L)
"2 2 2 N

and the principle rotation angle is 4.3)
p_ Ty
tan 20 = — 5
Eyy — Ezz

where all the quantities have been defined in the previous paragraph.

4.2.2.2 Localized fracturing

Shape of dikes and/or ring faults can be associated with zones of localized maximum plastic
shear strain interconnecting the chamber and surface, illustrated in Figure 4.2. However, the
mode of their displacement, i.e., whether they behave as shear or extension fractures, was
unclear. Therefore, the information provided by the iso-band plot of maximum plastic shear
strain was complemented by the vector plot of principal plastic strains, which allowed us to
distinguish and two fracturing mode.

The first mode is characterized by a negligible magnitude of the minimum (compressive)
principal plastic strain, while the maximum (tensile) one is prevailing and is perpendicular to
the fracture. This mode is described as a localized extension fracturing.

The other mode is typical by principal strains having similar magnitudes and direction at
about 45° with respect to fracture orientation. This mode is denoted as a localized shear frac-
turing, see 4.3. The scheme in the right bottom corner of the Figure also represents a normal
fault—shearing along the fracture, when the hanging wall moves downwards relative to foot-
wall. The other sense of shearing is a reverse fault, where the hanging wall moves up relative
to the footwall.

4.2.2.3 Multiple fracturing

Next to the localized zones of the maximum plastic shear strain, smeared zones, which could
not be interpreted as neither of the previous fracturing modes, were observed in some calculated
cases, occurring, for example, in the vicinity of the symmetry axis on the top and bottom
surfaces of the magma chamber roof.

A pattern of the principal plastic strain vectors in the smeared zone close to the top surface
of the chamber roof during the deflation stage resembled the vector pattern at the tensile frac-
turing. However, the tensile fracturing was not presumable in this case considering the location
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Figure 4.2: Scheme of the localized extension fracturing mode with the plots of maximum
plastic shear strain (denoted as PLASTIC GAMMA-MAX) and prevailing vectors of tensile
principal plastic strain (denoted as PLASTIC STRAIN) perpendicular to the fracture.
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Figure 4.3: Scheme of the localized shear fracturing mode with the plots of maximum plas-
tic shear strain (denoted as PLASTIC GAMMA-MAX) and principal plastic strain vectors of
similar magnitudes (denoted as PLASTIC STRAIN) rotated by 45° with respect to fracture ori-
entation. The scheme in the right bottom corner also represents a normal fault (as opposed to
reverse fault).
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and the stress state—significant principal compression in two directions (approximately in the
horizontal (x-y) plane) and relatively low principal compression in the third (nearly vertical)
direction due to self-weight, as shown in Figure 4.4. Hence, we inspected the non-associative
plastic flow vector for the given stress state, as shown in Figure 4.6, point 1). It is seen that
the largest and the only positive (extensive) component of the flow vector corresponds to the
least compressive stress o;. As illustrated in Figure 4.4, the fractured rock mass contracts
in direction of the largest compression (09, 03) while it extends in the direction of the least
compression ;. This behavior can be explained by presence of numerous randomly oriented
fractures in the rock mass, sliding of which causes the dilation in the least confined direction.
We call this mode multiple fracturing under high confinement.
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Figure 4.4: Scheme of the multiple fracturing under high confinement mode with the plots of
maximum plastic shear strain (denoted as PLASTIC GAMMA-MAX) and prevailing vectors
of tensile principal plastic strain (denoted as PLASTIC STRAIN).

On the other hand, the principal plastic strain vectors in the smeared zone close to the
bottom surface of the chamber roof during the deflation stage had the similar magnitudes as in
the case of the shear fracturing. However, the shear fracturing was not likely in this location and
the stress state—relatively low principal compression in two directions (approximately in the
horizontal (x-y) plane) and significant principal compression in third (nearly vertical) direction
due to self-weight, see Figure 4.5. For this reason, we inspected the non-associative plastic flow
vector for the given stress state, as illustrated in Figure 4.6, point 2). It is seen that all the three
components of the flow vector had similar magnitudes, and the only negative (compressive)
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component of the flow vector corresponds to the most compressive stress o3. As illustrated in
Figure 4.5, the fractured rock mass extends in direction of the least compression (o1, 03) while
it contracts in the direction of the largest compression o3. This behavior can be again explained
by presence of numerous randomly oriented fractures in the rock mass, sliding of which causes
the contractin in the most confined direction. We call this mode multiple fracturing under low
confinement.
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GAMMA-MAX ; '/ ‘ Host rock STRAIN
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Magma chamber
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Opy < 0

Figure 4.5: Scheme of the multiple fracturing under low confinement mode with the plots of
maximum plastic shear strain (denoted as PLASTIC GAMMA-MAX) and principal plastic
strain vectors of similar magnitudes (denoted as PLASTIC STRAIN).
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Chapter 5

Discussion

The approach presented in this thesis predicts specific fracture orientations and localization,
providing new views into the formation of calderas and related structures. It has been well es-
tablished that major faults in nature form through reactivation and linkage of small-scale frac-
tures (e.g., [171-173]). Hence, the zones of intense circumferential fracturing can be viewed
as potential sites where the ring fault will localize. The position, orientation, and extent of
the fractured domains around the chamber can be used to infer the general modes of down-
ward roof-rock transport into the underlying magma, whether by piston subsidence/resurgence
(for underpressure/overpressure scenarios) where the whole roof slides as a coherent block, or
by magmatic stoping where the roof is dismembered into numerous smaller fracture-bounded
blocks which can then incorporate into the magma. It is shown that these different roof fail-
ure modes are also related to the roof aspect ratio, curvature of the roof/wall transition, and
pressure fluctuations within the chamber. Assuming that melts or hydrothermal fluids will be
preferentially driven into the most intensely fractured, and thus the most permeable regions,
the modeled fracture bands indicate the likely location and orientation of vents, radial dikes,
ring dikes, cone sheets, and hydrothermal veins. The presented models can thus also predict
location and progressive development of epithermal laccolith-caldera-related ore deposits.

The results generated by the FE calculations (all of them are presented in Appendix) were
analyzed and interpreted as described in Section 4.2. The analysis outcomes were graphically
summarized to schematic figures, which were drawn to deformed outlines of the magma cham-
ber and host rock (without magnification). The figures display domains of radial fractures in a
form of blue bands, while domains of multiple fracturing under high and low confinements and
circumferential fractures (shear or dilation) in a form of yellow bands. The localized zones of
the maximum plastic shear strain, representing potential sites for development of fractures/ring
dikes and/or ring faults, are depicted as an orange/gray thick line—the orange thick line with
arrowheads oriented upwards represents a part of the fracture propagating from a chamber,
and the gray thick line with arrowheads oriented downwards represents a part of the fracture
propagating from a surface, see, e.g., Figure 5.5. The thick lines are complemented by couples
of arrows—the couple of arrows perpendicular to the line stands for the extension fracturing
mode, and the couple of arrows parallel with the line describes the shear fracturing mode. The
orientation of the parallel arrows also defines a sense of shearing (normal of reverse faults,
recall the Section 4.2.2.2). The positions of the arrow couples approximately correspond to a
location where the fracturing mode they describe prevails, and their sizes reflect an intensity of
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the fracturing mode they describe. Kindly note that the fracturing domains and localized zones
developed in the inflation stage are not redrawn to figures describing the deflation stage, i.e.,
only newly developed structures are taken into account. Cases listed in the following sections
are ordered with respect to roof aspect ratio, R, from the lowest to the highest value. The
discussed fracturing processes are summarized in Table 5.1.

5.1 Tabular sill-like magma chambers

For each modeled case of the sill-like magma chamber, there are three schematic figures de-
scribing: (a) the inflation stage until a potential site for development of a feeder dike occurred,
(b) the deflation stage till the onset of a roof collapse due to underpressure, and (c) the maxi-
mum inflation stage till the onset of a roof collapse due to overpressure. It should be noted that
the deflation stage followed the inflation stage representing a single inflation-deflation cycle,
whereas the maximum inflation stage was independent of the previous stages and started from
an initial equilibrated state of the system.

Case S-50/5

During inflation, a large chamber (diameter 50 km) at intermediate depth (5 km), see Fig-
ure 5.1(a), produces a (sub)vertical damage zone of circumferential hybrid (shear and dilation)
fractures propagating from the chamber margin, thus defining a potential site for development
of a ring fault. However, after rising about 1/2 of roof height, the zone deviates sideways
from the symmetry axis and passes into a near-surface zone of multiple fracturing under high
confinement propagating from the surface. Also a near-surface flat domain of radial fractures
expands above the center of the chamber. During the deflation stage, shown in Figure 5.1(b),
the potential (sub)vertical ring fault turns into an outward-dipping reverse ring fault propagat-
ing from the chamber to the surface. Beneath the surface, a domain of multiple fracturing under
high confinement expands above the center of the chamber, while a flat subtle zone of radial
fractures occurs on the chamber/roof contact above the chamber center. The underpressure
scenario would lead to an outward-dipping piston subsidence and collapse.

The maximum inflation stage, illustrated in Figure 5.1(c), is almost identical as the inflation
stage, just the domain of radial fractures expands sideways from the symmetry axis and inter-
sects the fractured domain above chamber margin. Also a domain of multiple fracturing under
low confinement expands above the center of the chamber downwards and sideways approxi-
mately to halves of chamber radius and roof height. The overpressure scenario would result in
an inward-dipping piston resurgence and collapse.

Case S-10/1.25

The inflation stage of a mid-size chamber (diameter 10 km) at very shallow depth (1.25 km),
illustrated in Figure 5.2(a), generates a band of inward-dipping, circumferential hybrid (shear
and dilation) fractures propagating upwards from the edge of the magma chamber and inter-
secting with a downward propagating domain of multiple fracturing under high confinement,
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Figure 5.1: Schematic figures for a sill-like magma chamber with 50 km in diameter and 5 km
beneath the surface at different loading stages (Case S-50/5).
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thus indicating a potential site for development of a reverse ring fault. A radial fractures do-
main expands above the center of the chamber downwards and sideways, with the intensity of
fracturing and magnitude of dilation being the largest close to the symmetry axis. In turn, dur-
ing the deflation stage, shown in Figure 5.2(b), the most intense radial fracturing concentrates
along the chamber-roof contact and is complemented by a domain of multiple fracturing under
low confinement, while a domain of multiple fracturing under high confinement develops close
to the surface. The potential site for development of reverse ring fault switches from inward-
to outward-dipping and migrates from the chamber margin at an angle of about 45° towards
the region of the maximum surface subsidence. Also a steeply-dipping tensile fracture above
the chamber margin (in a place of largest surface curvature) propagates from the surface down-
wards. The underpressure scenario would lead to a downsag subsidence and collapse.

The maximum inflation stage, see Figure 5.2(c) evinces almost identical fracturing modes as
the inflation stage, only the upper part of the chamber roof displays a broad domain of multiple
fracturing under low confinement. The overpressure scenario would result in an inward-dipping
piston resurgence and collapse.

Cases S-50/7.5 and S-50/10

For the sake of completeness, also two cases of deep-seated (7.5 and 10 km) large chambers
(diameter 50 km) are examined, though enormous, and possibly unrealistic, magma overpres-
sures would be necessary to develop feeder dikes without addition of tectonic forces. However,
both cases, depicted in Figures 5.3(a) and 5.4(a), evince identical behavior in all stages. The
inflation stages produce a (sub)vertical damage zones of circumferential hybrid (shear and di-
lation) fractures propagating from the chamber margins. After rising about 2/3 of roof height,
the zones deviate sideways from symmetry axes and pass into a near-surface zones of multiple
fracturing under high confinement propagating from the surfaces. Also flat domains of radial
fractures expand above the center of the chamber. The only fractures occurring during the
deflation stages, shown in Figures 5.3(b) and 5.4(b), are near-surface domains of multiple frac-
turing under high confinement expanding above the center of the chamber. The underpressure
scenarios would not lead to any subsidence and/or collapse.

The maximum inflation stages, illustrated in Figures 5.3(c) and 5.4(c), are almost identical
as the inflation stages, just the domains of radial fractures expand sideways from the symme-
try axes and intersect the fractured domain above chamber margin. Also domains of multiple
fracturing under low confinement expand above the center of the chamber downwards and side-
ways approximately to halves of chamber radius and roof height. The overpressure scenarios
would result in an inward-dipping piston resurgence and collapse.

Case S-10/2.5

During the inflation of a mid-size chamber (diameter 10 km) at shallow depth (2.5 km), de-
picted in Figure 5.5(a), domains of radial fractures and multiple fracturing under low confine-
ment develop. Both domains spread above the center of the chamber downwards and sideways,
with the intensity of fracturing being the largest close to the symmetry axis. Also a band of
inward-dipping, circumferential hybrid (shear and dilation) fractures is seen to propagate up-
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Figure 5.2: Schematic figures for a sill-like magma chamber with 10 km in diameter and
1.25 km beneath the surface at different loading stages (Case S-10/1.25).
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Figure 5.3: Schematic figures for a sill-like magma chamber with 50 km in diameter and 7.5 km
beneath the surface at different loading stages (Case S-50/7.5).
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Figure 5.4: Schematic figures for a sill-like magma chamber with 50 km in diameter and 10 km
beneath the surface at different loading stages (Case S-50/10).
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wards from the edge of the magma chamber and to intersect with a downward propagating
domain of multiple fracturing under high confinement indicating there a potential site for de-
velopment of reverse ring fault. The deflation stage, see Figure 5.5(b), generates only a domain
of circumferential hybrid (shear and dilation) fractures defining a potential site for development
of an outward-dipping reverse ring fault, which propagates from the chamber margin towards
the region of the maximum surface subsidence. The underpressure scenario would cause an
outward-dipping piston subsidence and collapse.

The maximum inflation stage, shown in Figure 5.5(c), brings almost identical fracturing
modes as the inflation stage, just the domain of radial fractures expands approximately two
times. The overpressure scenario would lead to an inward-dipping piston resurgence and col-
lapse.

Case S-10/5

The inflation stage of a mid-size chamber (diameter 10 km) at intermediate depth (5 km), illus-
trated in Figure 5.6(a), generates a band of inward-dipping, circumferential hybrid (shear and
dilation) fractures propagating upwards from the edge of the magma chamber to the surface,
indicating there a potential site for development of a reverse ring fault. Domains of radial frac-
tures and multiple fracturing under low confinement expand above the center of the chamber
downwards and sideways, with the largest intensity of fracturing near the symmetry axis. Dur-
ing the deflation stage, see Figure 5.6(b), the most intense radial fracturing concentrates along
the chamber-roof contact together with a domain of multiple fracturing under low confinement,
and the potential site for development of a reverse ring fault switches from inward- to outward-
dipping. The underpressure scenario would lead to an outward-dipping piston subsidence and
collapse.

The maximum inflation stage, shown in Figure 5.6(c), causes almost identical fracturing
modes as the inflation stage, just the domains of radial fractures and multiple fracturing un-
der low confinement expands nearly two times. The overpressure scenario would result in an
inward-dipping piston resurgence and collapse.

Case S-10/7.5

During the inflation stage of a mid-size (diameter 10 km) deep (7.5 km) chamber, illustrated
in Figure 5.7(a), a band of (sub)vertical, circumferential hybrid (shear and dilation) fractures
propagates upwards from the edge of the magma chamber to the surface. This band indicates
a potential site for development of a ring fault. A radial fractures domain expands above the
center of the chamber downwards and sideways, with the largest intensity of fracturing and
magnitude close to the symmetry axis. During the deflation stage, shown in Figure 5.7(b), only
a domain of circumferential hybrid (shear and dilation) fractures defining a potential site for
development of outward-dipping reverse ring fault propagates from the chamber margin to the
surface. The underpressure scenario would cause an outward-dipping piston subsidence and
collapse.

The maximum inflation stage, shown in Figure 5.7(c), brings almost identical fracturing
modes as the inflation stage, just the domain of radial fractures expands sideways from the
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Figure 5.5: Schematic figures for a sill-like magma chamber with 10 km in diameter and 2.5 km
beneath the surface at different loading stages (Case S-10/2.5).
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Figure 5.6: Schematic figures for a sill-like magma chamber with 10 km in diameter and 5 km
beneath the surface at different loading stages (Case S-10/5).
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symmetry axis beyond the potential vertical ring fault. The overpressure scenario would lead
to a (sub)vertical piston resurgence and collapse.

Case S-10/10

Similarly to the previous case S-10/7.5, the inflation stage of a mid-size (diameter 10 km)
deep-seated (10 km) chamber, illustrated in Figure 5.8(a), generates a band of (sub)vertical,
circumferential hybrid (shear and dilation) fractures propagating upwards from the edge of
the magma chamber to the surface. The band determines a potential site for development of
a ring fault. A radial fractures domain expands above the center of the chamber downwards
and sideways reaching the band of circumferential hybrid fractures, with the largest intensity
of fracturing and magnitude close to the symmetry axis. During the deflation stage, shown
in Figure 5.8(b), only a broad domain of outward-dipping, circumferential hybrid (shear and
dilation) fractures defines an arch-like zone propagating from the chamber margin to 3/4 of the
roof height. The underpressure scenario would cause a cauldron subsidence without collapse.

The maximum inflation stage, depicted in Figure 5.8(c), brings almost identical fracturing
modes as the inflation stage, but the upper part of circumferential hybrid fractures domain
enlarges farther from the symmetry axis defining a potential site for development of steeply
inward-dipping reverse ring fault. The overpressure scenario would lead to an inward-dipping
piston resurgence and collapse.

5.2 Cylindrical bell-jar magma chambers

Each case of the bell-jar magma chamber was discussed considering two stages only: (a) the
inflation stage until a potential site for development of a feeder dike occurred and (b) the de-
flation stage till the onset of a roof collapse due to underpressure. The third stage, maximum
inflation, was not modeled and the overpressure scenario not considered, recall Section 3.3.

Case B-50/5

During inflation, a large chamber (diameter 50 km) at intermediate depth (5 km), see Fig-
ure 5.9(a), produces a (sub)vertical damage zone of circumferential hybrid (shear and dilation)
fractures propagating from the chamber margin, thus defining a potential site for development
of a ring fault. However, after rising about 2/3 of roof height, the zone deviates sideways from
the symmetry axis and passes into a near-surface zone of multiple fracturing under high con-
finement propagating from the surface. Also a flat domain of radial fractures expands above
the center of the chamber. During the deflation stage, shown in Figure 5.9(b), the band of
(sub)vertical fractures deviates towards the symmetry axis, where it connects with a domain
of tensile fractures propagating from the surface. Beneath the surface, a domain of multiple
fracturing under high confinement expands above the center of the chamber, while a flat subtle
zone of radial fractures occurs on the chamber/roof contact above the chamber center. The
underpressure scenario would lead to an outward-dipping piston subsidence and collapse.
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Figure 5.7: Schematic figures for a sill-like magma chamber with 10 km in diameter and 7.5 km
beneath the surface at different loading stages (Case S-10/7.5).
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Figure 5.8: Schematic figures for a sill-like magma chamber with 10 km in diameter and 10 km
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Figure 5.9: Schematic figures for a bell-jar magma chamber with 50 km in diameter and 5 km
beneath the surface at different loading stages (Case B-50/5).

Case B-50/10

Similarly to sill-like chambers, also a deep-seated (10 km) large chamber (diameter 50 km),
illustrated in Figure 5.10(a), is examined, though enormous, and possibly unrealistic, magma
overpressures would be necessary to develop feeder dikes without addition of tectonic forces.
Nevertheless, the inflation stage generates a band of outward-dipping, circumferential hybrid
(shear and dilation) fractures propagating upwards from the edge of the magma chamber. The
band determines a potential site for development of a non-feeder dike as the band does not reach
the surface, thus releasing the overpressure through it and consequent deflation is questionable.
However, if the deflation stage, depicted in Figure 5.10(b), hypothetically comes, the band
of (sub)vertical fractures deviates sideways from the symmetry axis, where it connects with
a domain of tensile fractures propagating from the surface. Beneath the surface, a domain of
multiple fracturing under high confinement expands above the center of the chamber, while
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a zone of radial fractures occurs on the chamber/roof contact above the chamber center. The
underpressure scenario would lead to a (sub)vertical piston subsidence and collapse.
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(b) deflation stage, till the onset of a roof collapse due to underpressure

Figure 5.10: Schematic figures for a bell-jar magma chamber with 50 km in diameter and 10 km
beneath the surface at different loading stages (Case B-50/10).

Case B-10/5

The inflation stage of a mid-size chamber (diameter 10 km) at intermediate depth (5 km), illus-
trated in Figure 5.11(a), generates a band of inward-dipping, circumferential hybrid (shear and
dilation) fractures propagating upwards from the edge of the magma chamber to the surface,
indicating there a potential site for development of a reverse ring fault. One domain of radial
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fractures expands above the center of the chamber downwards and sideways, with the largest
intensity of fracturing near the symmetry axis, and the other domain is along a chamber side
and farther away from the chamber, with the magnitude of dilation increasing with depth and
decreasing with distance from the chamber/host rock contact. During the deflation stage, see
Figure 5.11(b), only a domain of circumferential hybrid (shear and dilation) fractures defin-
ing a potential site for development of outward-dipping reverse ring fault propagates from the
chamber margin to the surface. The underpressure scenario would cause an outward-dipping
piston subsidence and collapse.
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Radial fractures
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(a) inflation stage, until a potential site for develop- (b) deflation stage, till the onset of a roof collapse
ment of a feeder dike occurred due to underpressure

Figure 5.11: Schematic figures for a bell-jar magma chamber with 10 km in diameter and 5 km
beneath the surface at different loading stages (Case B-10/5).

Case B-10/10

The inflation stage of a mid-size (diameter 10 km) deep-seated (10 km) chamber, illustrated
in Figure 5.12(a), generates a band of (sub)vertical, circumferential hybrid (shear and dilation)
fractures propagating upwards from the edge of the magma chamber. The band determines
a potential site for development of a non-feeder dike as the band does not reach the surface,
thus releasing the overpressure through it and consequent deflation is questionable. Also, one
domain of radial fractures expands above the center of the chamber downwards and sideways,
with the largest intensity of fracturing near the symmetry axis, and the other radial fractures
domain is along a chamber side and farther away from the chamber, with the magnitude of
dilation increasing with depth and decreasing with distance from the chamber/host rock contact.
If the deflation stage, depicted in Figure 5.12(b), comes, only a broad domain of outward-
dipping, circumferential hybrid (shear and dilation) fractures would define an arch-like zone
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propagating from the chamber margin to 1/2 of the roof height. The underpressure scenario
would cause a cauldron subsidence without collapse.
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Figure 5.12: Schematic figures for a bell-jar magma chamber with 10 km in diameter and 10 km
beneath the surface at different loading stages (Case B-10/10).

5.3 Summary

General implications of the modeling are summarized based on the above presented figures,
which highlight how the most important geometric parameters control fracture development
around magma chambers. The modeled cases allow to explore a range of conditions which
lead to various competing roof fracturing and collapse mechanisms during the magma chamber
inflation-deflation cycle and maximum inflation stage.

During the maximum inflation stage, leading to a roof resurgence and collapse due to over-
pressure, all sill-like chambers (with low roof-wall transition curvature) revealed a trend of
reducing the near-surface, propagating sideways from the symmetry axis, fracturing as the roof
aspect ratio, R, increased, particularly for & > 0.5. Consequently, with increasing R a re-
gion of non-fractured roof rock above the chamber was progressively enlarging. Throughgoing
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ring faults formed in all the cases of the modeled sill-like chambers. These were either inward-
dipping reverse or (sub)vertical faults. For the cases with 2 < (.25, the faults were significantly
curved in an inward-dipping manner, however, the part propagating from the chamber upwards
was (sub)vertical or steeply inward-dipping with mostly dominant shearing (rather than extend-
ing). Approximately in 1/2 of the roof height, the faults bent sideways from the symmetry axis
and connected with near-surface downward propagating domains of multiple fracturing under
high confinement. Cases with & > 0.5 evinced straight, inward-dipping or (sub)vertical, ring
faults propagating solely upwards, and for £ > 0.75, near-surface domains of fracturing under
low confinement did not develop. Regardless of R, all the cases manifested a piston resurgence
leading eventually to collapse.

During the inflation stage of the inflation-deflation cycle, leading to a collapse due to un-
derpressure, all sill-like chambers performed almost identically as in the case of the maximum
inflation stage, only the fracturing was less pronounced. For the bell-jar chambers (with high
curvature of roof-wall transition), the roof height played bigger role than R. The fracturing
above chambers at the intermediate depth reached surface in a (sub)vertical or steeply inward-
dipping manner accompanied by near-surface, propagating sideways from the symmetry axis,
radial fractures. However, (sub)vertical or deeply outward-dipping fractures above the deep-
seated bell-jar chambers did not reach surface forming thus non-feeder dikes.

As the roof aspect ratio, R, increased, particularly for 2 > 0.25, the consequent deflation
stage revealed, for sill-like chambers, a trend of diminishing the near-surface fracturing. All the
throughgoing fractures developed outward-dipping reverse ring faults propagating almost ex-
clusively from chamber margin upwards to the surface. Nevertheless, no fractures propagating
from or to the magma chamber developed for two cases of large deep-seated chambers, thus
representing cases which do not encourage caldera formation. With increasing R, the area on
the surface bounded by the ring faults progressively decreased, and for R = 1.0, the fractures
defined an arch-like zone propagating from the chamber margin to 3/4 of the roof height caus-
ing a cauldron subsidence without caldera collapse. However, if the ring faults were formed,
they resulted in an outward-dipping piston subsidence and collapse, with the exception of very
low-R and very shallow chamber, which demonstrated a downsag subsidence and collapse.
With increasing R, the bell-jar chambers tended to rotate the ring faults from (sub)vertical or
steeply inward-dipping (interconnected with near-surface downward propagating domains of
tensile fractures) to outward-dipping reverse ones, all encouraging piston subsidence and col-
lapse. Finally, for R = 1.0, the fractures again defined an arch-like zone propagating from
the chamber margin to 1/2 of the roof height causing a cauldron subsidence without caldera
collapse. However, it is important to bear in mind that the deep-seated bell-jar chambers did
not develop feeder dikes, therefore they were not able to release magma pressure and initiate
deflation stage and their further analyses were rather hypothetical.

Another process indicated by the presented modeling is magmatic stoping. While a com-
mon view is that stoping is predominantly driven by thermal stresses due to heating and dif-
ferential expansion of the roof rock (e.g., [57, 133]), it was demonstrated here that it can also
be facilitated by fracturing due to pressure fluctuations inside the magma chamber. It can be
expected that piecemeal stoping will happen where a fractured domain develops at the roof-
chamber contact, as depicted in Figures 5.1(b), 5.2(b), and 5.9(b). Furthermore, the analysis
showed that stoping is particularly favored during the deflation stage regardless of magma
chamber type. In some cases, magmatic stoping could be another means of the chamber
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roof collapse during magma pressure drop. This finding fits well the field observations which
propose stoping as the main magma emplacement process in plutons with discordant, gently-
dipping roofs abruptly rolling over into a steep wall (e.g., [174, 175]).

In summary, it has been shown that the host rock deformation around the simulated sill-
like magma chambers undergoing maximum inflation always results in a piston resurgence and
consequent caldera collapse (either along (sub)vertical or inward-dipping reverse ring faults)
regardless of the roof aspect ratio, /2. Deformation around inflating-deflating magma chambers
(both types, sill-like and bell-jar) can be viewed as a competition of three limit processes con-
trolled by the chamber-host rock system geometry: (1) the piston subsidence and consequent
caldera collapse (either along (sub)vertical or outward-dipping reverse ring faults) is most likely
to develop above chambers with R < .75, (2) chambers with very low R (< 0.125) favor roof
bending and type of subsidence leading to collapse shifts from (sub)vertical or outward-dipping
piston for large chambers, to downsag for mid-size chambers, and (3) cauldron subsidence for
chambers with R ~ 1.0.



Table 5.1: Summary of the characteristic features formed during over- and underpressure scenarios. The cases are ordered with respect to
roof aspect ratio, R. The table describes ring fault orientation (inward-dipping, outward-dipping, (sub)vertical), sense (normal, reverse),
mode (shear, extension—as the mode is always mixed, the primary mode is stated first and the secondary mode is then in parentheses, if
equal, stated with slash), propagation direction (upwards, downwards), subsidence/resurgence (for underpressure/overpressure scenarios)

type, and whether collapse is likely to occur.

Case R Ring fault
Orientation Sense Mode Propagation Subsidence/resurgence Collapse
B-50/5 0.1 (sub)vertical - shear(extension) upward/downward piston yes
S-50/5 0.1  outward-dipping reverse shear(extension) upward piston yes
S-10/1.25 0.125 outward-dipping reverse extension(shear) upward/downward downsag yes
o S-50/7.5  0.15 - - - - - no
§ B-50/10 0.2 (sub)vertical - extension(shear) upward/downward piston yes
8 S-50/10 0.2 - - - - - no
% S-10/2.5 0.25 outward-dipping reverse shear/extension upward/downward piston yes
E B-10/5 0.5 outward-dipping reverse extension(shear) upward piston yes
S-10/5 0.5 outward-dipping reverse extension(shear) upward piston yes
S-10/7.5  0.75 outward-dipping reverse extension(shear) upward piston yes
B-10/10 1.0  outward-dipping reverse extension(shear) upward cauldron no
S-10/10 1.0  outward-dipping reverse extension(shear) upward cauldron no
S-50/5 0.1 (sub)vertical - shear(extension) upward/downward piston yes
S-10/1.25 0.125 inward-dipping reverse shear/extension upward/downward piston yes
95) S-50/7.5 0.15 (sub)vertical - shear(extension) upward/downward piston yes
?) S-50/10 0.2 (sub)vertical - shear(extension) upward/downward piston yes
:8; S-10/2.5 0.25 inward-dipping reverse extension(shear) upward/downward piston yes
5 S-10/5 0.5 inward-dipping reverse extension(shear) upward piston yes
S-10/7.5 0.75 (sub)vertical - shear(extension) upward piston yes
S-10/10 1.0 inward-dipping reverse extension/shear upward piston yes

NOISSNOSIA
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Chapter 6

Conclusions and final remarks

The main goal of the presented work was to advance the knowledge and bring new views on
fracturing processes pre- ceding caldera collapse through mathematical modeling, numerical
simulations, and analysis. It was accomplished by combining plasticity solid model for a host
rock and fluid model for magma within a finite element method framework. The objectives of
the thesis were fulfilled as follows:

The loci and direction of a ring fault initiation and growth, i.e., whether it propagates from
the surface downwards or from the magma chamber upwards.

Regardless chamber type (sill-like or bell-jar) and collapse scenario (over- or underpressure),
the ring faults are always initiated at the chamber margin and propagate upwards. However,
the cases with low roof aspect ratio, R < 0.25, also evince a formation of near-surface
fracturing domains above the chamber margin, which propagate downwards and eventually
interconnect with the upward propagating fractures.

The mode of a ring faults propagation, i.e., whether it propagates as shear, or extension
Jractures.

The ring faults manifest a mixed-mode propagation for all the modeled cases. Nevertheless,
a general trend 1s that cases with 2 < 0.25 dominantly propagate as shear fractures, while
the other as extension fractures.

The orientation (inward-dipping, vertical, outward-dipping) and sense of shear (normal, re-
verse) along ring faults.

The ring faults formed above undepressurized chambers have dominantly outward-dipping or
(sub)vertical orientations. On the other hand, those formed above overpressurized chambers
are either inward-dipping or (sub)vertical.

Concerning the sense of shearing, all the cases with dipping ring faults (as opposed to
(sub)vertical faults, which can be neither normal nor reverse) are exclusively reverse. It
should be noted here that most authors state that caldera collapse is reached via normal ring
faults (e.g., [42, 43, 87, 99]). Even though Acocella et al. [45] confirm this, they also par-
ticularize that this is true for late stages of collapse, while the early stages are dominated by
reverse faults. Since the calculations presented in this work stop in the early stages of the
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collapse, with its onset, the findings stated above are not in contradiction to the works of
other researchers.

Influence of the roof aspect ratio, R, on formation of particular types of fractures to prede-
termine the subsequent collapse mode.

The sill-like magma chambers during the maximum inflation stage, leading to a roof resur-
gence and collapse due to overpressure, displayed the following response to increasing R:

* R < 0.25—the ring faults were significantly curved in an inward-dipping manner, how-
ever, the part propagating from the chamber upwards was (sub)vertical or steeply inward-
dipping; approximately in 1/2 of the roof height, the faults bent sideways from the sym-
metry axis and connected with near-surface downward propagating domains of multiple
fracturing under high confinement,

* R > 0.5—the near-surface, propagating sideways from the symmetry axis, extensive
radial fracturing and fracturing under low confinement were less prominent, and the
bent ring faults gradually turned to straight, inward-dipping or (sub)vertical, propagating
solely upwards,

* R > (0.75—near-surface domains of fracturing under low confinement did not develop.

The sill-like magma chambers during the deflation stage, leading to a roof subsidence and
collapse due to underpressure, displayed the following response to increasing R:
* R > 0.25—the near-surface, propagating sideways from the symmetry axis, extensive
fracturing under high confinement were less prominent,
* Rincreasing—the area of the circular rim on the surface (formed by the outward-dipping
reverse ring faults) progressively decreased,
* R = 1.0—the area of the circular rim on the surface (formed by the outward-dipping
reverse ring faults) diminished and the fractures defined an arch-like zone forming a
cauldron subsidence without caldera collapse.

The bell-jar magma chambers during the deflation stage, leading to a roof subsidence and
collapse due to underpressure, displayed the following response to increasing R (however,
the deep-seated bell-jar chambers did not develop feeder dikes, therefore their further analysis
was rather hypothetical):

* Rincreasing—the ring faults showed a tendency to change orientation from (sub)vertical
or steeply inward-dipping (interconnected with near-surface downward propagating do-
mains of tensile fractures) to outward-dipping reverse ones, all encouraging piston sub-
sidence and collapse,

* R = 1.0—fractures defined an arch-like zone forming a cauldron subsidence without
caldera collapse.

Effect of a roof-wall transition (rounded blunt edges vs. abrupt bend with a significantly
smaller radius) on the fracture propagation.

The effect of a roof-wall transition (the sill-like chambers had rounded blunt edges whereas
the bell-jar bodies had their roofs taking an abrupt bend with a significantly smaller radius
into the wall) on the fracture propagation was negligible. Moreover, the geometrically cor-
responding cases (e.g., Case B-10/5 and Case S-10/5) evinced almost identical fracturing
patterns and subsidence types.
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Future research should integrate the proposed modeling approach to caldera collapse with
the thermal analysis and should involve temperature effects on the mechanical behavior of
host rock during repeated magma injection into the chamber and its oscillating cooling and
withdrawal by volcanic eruptions.

The thesis proves that the finite element method as an excellent tool for prediction of frac-
ture orientations and localization above inflating and deflating magma chambers in the Earth’s
upper crust. While most of the previous studies of caldera collapse rely on the elastic stress
analysis of host rock around an empty cavity, the presented thesis advances modeling of the
process by incorporating non-linear failure phenomena and nearly incompressible fluid behav-
ior of magma. This leads to a more realistic representation of the fracture processes prior to
caldera formation. Moreover, to the best of author’s knowledge, this is the first time to analyze
fracturing processes preceding caldera collapse employing an identical non-linear modeling
approach for both, over- and underpressure scenarios. It provides a unique view on this topic
and facilitates direct comparison of the scenarios.
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Appendix

The appendix provides a complete set of plots generated by the ADINA program for the FE
calculations of all the evaluated cases and loading scenarios. To make the plots comparable,
scales for the same stages of different cases have identical ranges. These plots were analyzed
and interpreted as described in Section 4.2 in order to create the schematic figures, which were
discussed in Chapter 5.
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(c) vector plot of directions and magnitudes of the principal plastic strains

Figure A.1: The graphical output of the FE analysis for a sill-like magma chamber with 10 km
in diameter and 1.25 km beneath surface, inflated till a localized zone of maximum plastic shear
strain interconnected the chamber and surface.
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(c) vector plot of directions and magnitudes of the principal plastic strains

Figure A.2: The graphical output of the FE analysis for a sill-like magma chamber with 10 km
in diameter and 1.25 km beneath surface, deflated till the onset of underpressure collapse.
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Figure A.3: The graphical output of the FE analysis for a sill-like magma chamber with 10 km
in diameter and 1.25 km beneath surface, inflated till the onset of overpressure collapse.
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Figure A.4: The graphical output of the FE analysis for a sill-like magma chamber with 10 km
in diameter and 2.5 km beneath surface, inflated till a localized zone of maximum plastic shear

strain interconnected the chamber and surfac

€.
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(c) vector plot of directions and magnitudes of the principal plastic strains

Figure A.5: The graphical output of the FE analysis for a sill-like magma chamber with 10 km
in diameter and 2.5 km beneath surface, deflated till the onset of underpressure collapse.
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(c) vector plot of directions and magnitudes of the principal plastic strains

Figure A.6: The graphical output of the FE analysis for a sill-like magma chamber with 10 km
in diameter and 2.5 km beneath surface, inflated till the onset of overpressure collapse.
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(c) vector plot of directions and magnitudes of the principal plastic strains

Figure A.7: The graphical output of the FE analysis for a sill-like magma chamber with 10 km
in diameter and 5 km beneath surface, inflated till a localized zone of maximum plastic shear
strain interconnected the chamber and surface.
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(c) vector plot of directions and magnitudes of the principal plastic strains

Figure A.8: The graphical output of the FE analysis for a sill-like magma chamber with 10 km
in diameter and 5 km beneath surface, deflated till the onset of underpressure collapse.
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(c) vector plot of directions and magnitudes of the principal plastic strains

Figure A.9: The graphical output of the FE analysis for a sill-like magma chamber with 10 km
in diameter and 5 km beneath surface, inflated till the onset of overpressure collapse.
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Figure A.10: The graphical output of the FE analysis for a sill-like magma chamber with 10 km
in diameter and 7.5 km beneath surface, inflated till a localized zone of maximum plastic shear
strain interconnected the chamber and surface.
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Figure A.11: The graphical output of the FE analysis for a sill-like magma chamber with 10 km
in diameter and 7.5 km beneath surface, deflated till the onset of underpressure collapse.
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Figure A.12: The graphical output of the FE analysis for a sill-like magma chamber with 10 km
in diameter and 7.5 km beneath surface, inflated till the onset of overpressure collapse.
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Figure A.13: The graphical output of the FE analysis for a sill-like magma chamber with 10 km
in diameter and 10 km beneath surface, inflated till a localized zone of maximum plastic shear
strain interconnected the chamber and surface.
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(c) vector plot of directions and magnitudes of the principal plastic strains

Figure A.14: The graphical output of the FE analysis for a sill-like magma chamber with 10 km
in diameter and 10 km beneath surface, deflated till the onset of underpressure collapse.
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(c) vector plot of directions and magnitudes of the principal plastic strains

Figure A.15: The graphical output of the FE analysis for a sill-like magma chamber with 10 km
in diameter and 10 km beneath surface, inflated till the onset of overpressure collapse.
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(b) iso-bands of the maximum plastic shear strain in the radial plane
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(c) vector plot of directions and magnitudes of the principal plastic strains

Figure A.16: The graphical output of the FE analysis for a sill-like magma chamber with 50 km
in diameter and 5 km beneath surface, inflated till a localized zone of maximum plastic shear
strain interconnected the chamber and surface.
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(c) vector plot of directions and magnitudes of the principal plastic strains

Figure A.17: The graphical output of the FE analysis for a sill-like magma chamber with 50 km
in diameter and 5 km beneath surface, deflated till the onset of underpressure collapse.



APPENDIX 86

PLASTIC
STRAIN-XX

0.00150

(a) iso-bands of the circumferential plastic normal strain

PLASTIC
GAMMA-MAX

0.01950
— 0.01650
— 0.01350
0.01050
0.00750
0.00450
0.00150

(b) iso-bands of the maximum plastic shear strain in the radial plane

PLASTIC
STRAIN

(c) vector plot of directions and magnitudes of the principal plastic strains

Figure A.18: The graphical output of the FE analysis for a sill-like magma chamber with 50 km
in diameter and 5 km beneath surface, inflated till the onset of overpressure collapse.
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(c) vector plot of directions and magnitudes of the principal plastic strains

Figure A.19: The graphical output of the FE analysis for a sill-like magma chamber with 50 km
in diameter and 7.5 km beneath surface, inflated till a localized zone of maximum plastic shear
strain interconnected the chamber and surface.
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(c) vector plot of directions and magnitudes of the principal plastic strains

Figure A.20: The graphical output of the FE analysis for a sill-like magma chamber with 50 km
in diameter and 7.5 km beneath surface, deflated till the onset of underpressure collapse.
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(c) vector plot of directions and magnitudes of the principal plastic strains

Figure A.21: The graphical output of the FE analysis for a sill-like magma chamber with 50 km
in diameter and 7.5 km beneath surface, inflated till the onset of overpressure collapse.
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(c) vector plot of directions and magnitudes of the principal plastic strains

Figure A.22: The graphical output of the FE analysis for a sill-like magma chamber with 50 km
in diameter and 10 km beneath surface, inflated till a localized zone of maximum plastic shear
strain interconnected the chamber and surface.
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(b) iso-bands of the maximum plastic shear strain in the radial plane
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Figure A.23: The graphical output of the FE analysis for a sill-like magma chamber with 50 km
in diameter and 10 km beneath surface, deflated till the onset of underpressure collapse.
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(b) iso-bands of the maximum plastic shear strain in the radial plane
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(c) vector plot of directions and magnitudes of the principal plastic strains

Figure A.24: The graphical output of the FE analysis for a sill-like magma chamber with 50 km
in diameter and 10 km beneath surface, inflated till the onset of overpressure collapse.
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(c) vector plot of directions and magnitudes of the principal plastic strains

Figure A.25: The graphical output of the FE analysis for a bell-jar magma chamber with 10 km
in diameter and 5 km beneath surface, inflated till a localized zone of maximum plastic shear
strain interconnected the chamber and surface.
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(c) vector plot of directions and magnitudes of the principal plastic strains

Figure A.26: The graphical output of the FE analysis for a bell-jar magma chamber with 10 km
in diameter and 5 km beneath surface, deflated till the onset of underpressure collapse.
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Figure A.27: The graphical output of the FE analysis for a bell-jar magma chamber with 10 km
in diameter and 10 km beneath surface, inflated till a localized zone of maximum plastic shear
strain interconnected the chamber and surface.
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(c) vector plot of directions and magnitudes of the principal plastic strains

Figure A.28: The graphical output of the FE analysis for a bell-jar magma chamber with 10 km
in diameter and 10 km beneath surface, deflated till the onset of underpressure collapse.
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Figure A.29: The graphical output of the FE analysis for a bell-jar magma chamber with 50 km
in diameter and 5 km beneath surface, inflated till a localized zone of maximum plastic shear
strain interconnected the chamber and surface.



APPENDIX 98

PLASTIC
STRAIN-XX

0.00450
0.00150

(a) iso-bands of the circumferential plastic normal strain

PLASTIC
GAMMA-MAX

0.04667
— 0.04000
— 0.03333
0.02667
0.02000
0.01333
0.00667

(b) iso-bands of the maximum plastic shear strain in the radial plane
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(c) vector plot of directions and magnitudes of the principal plastic strains

Figure A.30: The graphical output of the FE analysis for a bell-jar magma chamber with 50 km
in diameter and 5 km beneath surface, deflated till the onset of underpressure collapse.
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(c) vector plot of directions and magnitudes of the principal plastic strains

Figure A.31: The graphical output of the FE analysis for a bell-jar magma chamber with 50 km
in diameter and 10 km beneath surface, inflated till a localized zone of maximum plastic shear
strain interconnected the chamber and surface.
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(c) vector plot of directions and magnitudes of the principal plastic strains

Figure A.32: The graphical output of the FE analysis for a bell-jar magma chamber with 50 km
in diameter and 10 km beneath surface, deflated till the onset of underpressure collapse.
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