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Abstract

Earthquakes can trigger volcanic and hydrothermal activity at a large distance range
and a wide time window. While advances in observations in the last two decades
have helped to establish that there exist a causal connection between earthquakes
and volcanism, the underlying physical mechanisms that control such interaction are
not completely understood.

In this thesis I study the influence of earthquakes in volcanic and hydrothermal
zones using field observations and numerical simulations. The observations come
from the data retrieved in a field campaign at Nevados de Chillan volcano, located
in central-south Chile. This composite volcanic/hydrothermal system recorded an
interesting response to two large aftershocks of the Maule earthquake, of magnitudes
My = 6.1 and My, = 7.1, with both of them located about 200 km from the system.
The complex recorded an increase in local seismicity for the first, smaller event, and
a slight decrease in seismicity for the larger earthquake.

To have a better understanding of the underlying physical mechanisms that control
the earthquake influence in a volcanic/hydrothermal system I used numerical sim-
ulations to quantify the dynamic and static changes induced by the earthquake in
simple systems composed by fluid reservoirs connected to geological faults. Results
show that, while the earthquake characteristics dominate its influence in a volcanic
region, the local structures play a very important role, altering both the static and
dynamic changes induced by the earthquake. The results unveil a far more complex
earthquake impact in a volcanic/hydrothermal system that it has been considered so
far, with local structures, such as fluid reservoirs and geological faults, being impor-
tant players in the modulation of the earthquake influence on the system. Finally,
I present the results of a simulation of the Nevados de Chillan response to the two
large aftershocks of the 2010 Maule earthquake. Results show that the sum of the
earthquake characteristics with the geometry of the local structures are key to un-
derstand the different effects that the two events have in the volcanic/hydrothermal
system, with the My, = 6.1 being more important at a fluid level, which is congruent
with the field observations.

The results presented in this thesis support the idea of a complex relationship be-
tween earthquakes and volcanic/hydrothermal activity, in which both the earthquake
characteristics and the local structures of the volcanic/hydrothermal system must
be taken into account.

il






Zusammenfassung

Erdbeben kénnen vulkanische und hydrothermale Aktivitéit iiber eine grofie Distanz
und iiber ein grofles Zeitfenster hinweg verursachen. Wahrend Fortschritte in den
letzten zwei Jahrzehnten in der Beobachtung geholfen haben einen kausalen Zusam-
menhang zwischen Erdbeben und Vulkanismus zu bestétigen, sind die zugrunde
liegenden physikalischen Mechanismen, die einen solchen Zusammenhang kontrol-
lieren noch nicht vollsténdig verstanden.

In dieser Arbeit untersuche ich den Einfluss von Erdbeben in vulkanischen und
hydrothermalen Gebieten mit Hilfe von Feldbeobachtungen und numerischen Sim-
ulationen. The Felddaten wurden durch eine Messkampagne am Vulkan Nevados
de Chilldn in zentral-siid Chile gewonnen. Dieses gemischte vulkanische/hydrother-
male system zeigte eine interessante Antwort auf zwei starke Nachbeben des Maule
Erdbebens mit den Magnituden My = 6.1 und My, = 7.1, beide Nachbeben jeweils
knapp 200 km entfernt. Fiir das erste, kleinere Beben wurde ein Anstieg in lokaler
Seismizitat beobachtet, aber eine leichte Abnahme fiir das stérkere Beben.

Fiir ein besseres Verstdndnis der zugrunde liegenden physikalischen Mechanismen
des Einflusses von Erdbeben auf vulkanische / hydrothermale systeme, verwende
ich numerische Simulationen, um die durch das Erdbeben verursachten dynamis-
chen und statischen Verédnderungen in einem simplen System bestehend aus einem
Fluidreservoir und einer geologischen Verwerfung zu quantifizieren. Die Ergebnise
zeigen, dass die lokalen Strukturen sehr wichtig sind, da sie die statischen und
dynamischen Verdnderungen des Erdbebens beieinflussen. Zudem dominieren die
Charakteristiken der Erdbeben die Wirkung auf die vulkanische Region. Die Ergeb-
nisse offenbaren einen weit komplexeren Einfluss der Erdbeben auf das vulkanis-
che und hydrothermale System als bisher angenommen. Lokale Strukturen, wie
Fluidreservoire und geologische Verwerfungen sind wichtige Faktoren beziiglich der
Wirkung des Erdbebens auf das System. Abschlielend présentiere ich Ergebnisse
einer Simulation der Antwort des Nevados de Chillan auf die zwei erwédhnten Nach-
beben des 2010 Maule Erdebebens. Die Ergebnisse zeigen, dass die Summe der
Erdbebencharakteristika zusammen mit der Geometrie der lokalen Strukturen der
Schliilel zum Versténdnis der untschiedlichen Reaktionen des Systems auf die bei-
den Beben sind, da das Nachbeben der Stiarke My, = 6.1 fiir die Fluidbewegung
wichtiger ist, was sich auch mit den Feldbeobachtungen deckt.

Die Ergbenisse, die ich in dieser Arbeit vorstelle, unterstiitzen die Idee einer kom-
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plexen Beziehung zwischen Erdbeben und vulkanischer/hydtothermaler Aktivitit,
in welche sowohl die Erdbebencharakteristika als auch die lokalen Strukturen des
Systems beriicksichtigt werden miissen.
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Chapter 1

Introduction

Today, global society is more susceptible to distant perturbations than it was in
previous decades. Even a moderate volcanic eruption can prove largely troublesome
to people living thousands of kilometers away, as is it reflected by the disruption
of more than 95000 flights in Europe in 2008, due to the eruption of Eyjafjalla-
jokull(BBC, 2010). In addition, damages to the economy due to the earthquake-
induced destruction are larger than ever before, due to the high level of connection
between countries, and the growing concentrations of population in regions poten-
tially affected by large seismic motions. For instance, combined economical losses
due to the My, = 9.1 Tohoku and My, = 8.8 Maule earthquakes were estimated to
be around USD$260 billion(UNEP, 2011))(Times, 2011)), with the Japan earthquake
being the most costliest natural disaster in the history of mankind. People’s life is
also directly affected, due mainly to direct destruction and infrastructure damage
generated by earthquakes and volcanic eruptions, and also by posterior effects such
as tsunamis and floods. During the history of mankind, millions have perished due
to natural disasters, and a much larger amount have lost their houses and other
properties. Such impact makes critical to advance in the research of these phenom-
ena.

The vast majority earthquakes and volcanic eruptions are generated in regions close
to the boundaries between tectonic plates. Earthquakes occur due to the unlocking
of two sections of these plates, and generate a rupture on the crust. Earthquake mag-
nitude scale exponentially with the size of the rupture. On the other hand, volcanic
eruptions are generated by the rise of overpressurized fluids that are trapped in the
Earth crust. The size of a volcanic eruption depends largely on the type of magma
that is risen from the crust up to the atmosphere. In general, more viscous magmas
tend to contain a larger gas content, thus confining a higher gas pressure, which
generate a more explosive, and destructive, volcanic eruption. Generally, the most
destructive earthquakes occur in subduction zones, where a tectonic plate moves
towards another, in a convergent motion, and it slides beneath the other plate. The
region of the world where the largest earthquakes are generated is the called “Ring
of Fire”, which is composed by the different subduction zones on the Pacific Ocean,
affecting four different continents directly. Normally, volcanic arcs are generated in
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subduction zones by the relative motions between plates, which favor the rise of flu-
ids, making this “Ring of Fire” the region in which most active volcanoes are located.
Nevertheless, other regions like Italy, Iceland, and Turkey, do present a high rate
of earthquakes and volcanism, reflecting that the occurrence of these phenomena is
global and not only constrained to some regions in the world.

1.1 Volcanic and hydrothermal systems

Volcanoes are regions of the Earth where magma arises into the surface. Magma is a
very viscous fluids that forms from the partial melting of the rocks that live deep in
the litosphere-astenosphere boundary. It migrates up the crust, and can be stored
in several magma chambers located at depths that go from several hundred meters
to some kilometers. By the time it is stored in a superficial chamber, it contains
various volatiles, with water being the most important of them. Other important
gases are COs and SOs(Gonnermann and Manga, 2007)), with this last one giving
that particular smell to active volcanic regions. Due to the high temperature of the
magma, heat is transferred from the fluid to the surrounding host rock. Most of the
time, water is confined at the vicinity of the magma chambers, and it is thus heated
up by the magma. This high-pressurized fluid, that contains several different min-
erals dissolved on it, can also ascend to the surface, producing mainly hot springs,
fumaroles, and sometimes geysers.

A volcanic eruption can occur in many ways. Magma can reach the surface due
to a large overpressure at the magma chamber level, or a sudden pressure gradient
can be formed when the surface load is suddenly removed(Gonnermann and Manga,
2007). Due to the high content of volatiles, magma can get to the surface in a very
explosive manner. The explosivity depends strongly on magma viscosity, which in
turn depends on its composition. Less viscous magmas produce less explosive erup-
tions, like in the volcanoes in Hawaii, whilst more viscous magmas are most likely
to produce explosive eruptions. One particular example of a volcanic eruption that
involved a highly viscous magma was the plinian eruption of Chaitén volcano in
Chile, which started on May, 2008. It is not unusual that the water that is present
in the vicinity of the magma chamber can enter in contact with the magma, thus
producing phreatomagmatic eruptions. It is often assumed that most eruptions have
a phreatomagmatic component in them. Another way to induce an increase in over-
pressure at magma chamber include the crystallization of volatiles inside the fluid,
or magma-mixing, which can drastically increase the internal magma pressure, even
leading it to a breaking point, like what is believed to have happened in the 1883
eruption of the Krakatoa volcano, in Indonesia(Mandeville et al., 1996)).

While the particular dynamics of each eruption are very complex, a categorization
exist in terms of their volcanic explosivity index (VEI). Fig. show pictures of
the most known ones. The less explosive eruptions are called hawaiian, which are
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Figure 1.1: Different types of volcanic eruptions: a) Mauna Loa volcano showing a
hawaiian eruption, typical of loe viscosity magmas. b) Strombolian eruption recorded at
Llaima volcano, in south Chile. ¢) Vulcanian phase of the Eyjafjallajokull, in Iceland.
d) Plinian eruption of Chaitén volcano, which involved a rhyolitic magma, of very high
viscosity. Pictures are taken from the internet.



4 Introduction

very effusive, and involve magmas with a small content of gas trapped inside them.
They arrive into the surface forming lava flows, and their VEI of these eruptions
is usually between 0 and 1. Magmas with a larger viscosity, typically basaltic to
andesitic, usually have a more important gas content, thus generating explosions
when the magma arises into the surface. When the explosions are not very ener-
getic and are produced rhythmically, the eruption is called strombolian. While large
pieces of solidified magma are thrown into the atmosphere during these explosions
at distances that can reach several hundreds of meters, lava flows are also observed,
particularly after the magma has lost some of its volatile content. The VEI of these
eruptions often range between 2 and 3. Vulcanian eruptions are often observed at
volcanic centers that have more viscous magmas, usually andesitic. Here, important
columns of tephra are generated after the difference between the inner volatile and
atmospheric pressure is so large that magma breaks in very small pieces. These
eruptions are more explosive and have a VEI between 3 and 4. When the VEI is
greater or equal to 5, we talk about plinian eruptions, paroxysmal events that can
affect the Earth at a global level. Tephra columns reach height of tens of kilome-
ters, and can generate massive pyroclastic flows that destroy everything in its path.
Important eruption of this type were recorded in 1980 in Mt. St. Helens (VEI=5),
and in 1815 at Tambora volcano (VEI=T), with this last one producing the famous
year without summer in Europe . These type of eruptions get their name in honor
of Pliny the Younger, who first described the AD 79 eruption of mount Vesubius, in
Italy, that destroyed and buried the cities of Pompeii and Herculaneum.

During an eruption, and depending on the regional geographical characteristics, la-
hars can also be produced. Although their reach is local, they can be very dangerous,
being capable to bury entire towns. One very known example is the disappearance
of the town of Armero, in Colombia, after the eruption of the Nevado del Ruiz vol-
cano, in 1985, where 25000 people lost their lives.

1.1.1 Volcanic seismicity

The dynamics of an active volcanic region are controlled by the regional tectonics
and the fluid movement beneath the surface. These motions generate earthquakes
that have a particular signature, and are related to several volcanic and/or tectonic
processes.

Volcanic systems have local tectonic faults, that play an important role on their
dynamics. Earthquakes can be generated inside these structures, and have the char-
acteristics of tectonic earthquakes. The faulting dynamics of these earthquakes
define their focal mechanism, that can be used to infer the local stress state of the
system. Fluid mobilization can also trigger fracturing and mobilizitation of pre-
existent faults in the crust, generating earthquakes. These seismic events are often
localized near, or in, the regional tectonic structures, suggesting that they are con-
nected to the fluids. They are called Volcano Tectonic earthquakes (VT). They
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Figure 1.2: Waveforms and spectrogram of VT events recorded by a seismometer located
nearby a volcanic zone. a) Deep VT event, showing a clear P- and S-wave onset, and a
frequency content higher than 5 Hz. b) Shallow VT event, where no clear distintion
between P- and S-wave arrivals can be made. Frequency content is lower than in the
case of a), with most oscillation frequencies in the 1 — 5 Hz range. Pictures taken from
(Wassermann, 2012)

indicate both tectonic and fluid driven activity, and are very helpful to identify the
main sources of volcanic and hydrothermal activity. Magnitudes for these events
vary from microseismic to moderate values, depending on the strength of the fluid
activity.

Fig. [1.2] presents the typical waveform recorded for VT events at a seismometer
located in a volcanic system. The characteristics of these waveforms vary depending
on the location of the source. For deep earthquakes, generated at a depth greater
than 2 km, clear P- and S- wave onsets can be observed in a seismograph, with
oscillation frequencies that are normally higher than 5 Hz. P- and S-waves arrivals
are not easy to detect for shallow VT earthquakes, and the frequency content of the
recorded waveforms is in the lower 1 — 5 Hz range.

Fluid mobilization can also occur without generating clear fractures, but still record-
ing a clear signal in a seismograph. One type of these signals is characterized by
low frequency oscillations, without the presence of an S-wave, and is called an Long
Period earthquake, or LP. An increase in the occurrence of LP events is often cor-
related with an increase on fluid activity, particularly magma. Another type of
event related to fluid motion is the wvolcanic tremor. In a seismogram this is seen
as a long-lasting signal, with a peculiar frequency content composed by a main fre-
quency of oscillation plus several overtones. In the case of hydrothermal tremor, the
frequency content tends to be higher. While the occurrence of this type of signal
is often related to periods of high volcanic and/or hydrothermal activity, and are
indicators of a possible eruption, their nature is not completely understood. It has



6 Introduction

o
=)

10

2
FREQUENCY [Hz]

FREQUENCY [Hz]

120 240 300 360

0 TIME4[g] e s]
Figure 1.3: Waveforms and spectrogram of an LP event (a), and a tremor event (b).
LP event highlights a low frequeny band, and does not have a S-wave. The volcanic
tremor signal shows a harmonic behavior, with a dominant band around 2 Hz and several
overtones. The waveform is long and without impulsive onsets. Pictures are taken from

(Wassermann, 2012).

been suggested that these type of events are generated by resonances at the conduit

level of the volcano, and a superposition of other volcanic earthquakes(Wassermann,|
2012). Fig. shows common traces of LP and tremor events.

Sometimes, after a fluid-driven crack is generated, fluid can mobilize into this new
crack. This mechanism is believed to be captured in a hybrid event, that represent
a mixture between a VT and a LP event. It is composed by an impulsive phase that
is similar to the one of a VT event, even with a comparable frequency content, but
it does have a larger coda, with a predominance of lower frequencies, resembling an
LP event.

Volcanic and hydrothermal seismic signatures vary from one volcano to another,
but the most common events are the ones described here. In chapter |2/ I present
more details on the use of volcanic seismology in the study of the dynamics of a
volcanic/hydrothermal system, with a complete description of the seismic activity
of the Nevados de Chillan volcanic complex, in central-south Chile.

1.2 (General theory of earthquakes and elastic spaces

1.2.1 Elastic and poroelastic spaces

To describe the dynamics of the Earth’s crust, we have to consider stresses and
strains. Stress is a physical quantity related to the total force F' applied into a
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body with surface A, it is defined by ¢ = F//A. It can be decomposed in a normal
component ¢, and a tangential, or shear, component, 7. Strain is the measure of
the deformation of the body, and it is denoted by e. In three dimensions, both
quantities are represented by a rank-2 tensor. In a cartesian coordinate system, the
stress tensor is given by

Ozz Ozy Ogz
o=\ oy oy oy | . (1.1)
Oz Ozy Oz

The stress tensor is symmetric, meaning that o,y = 0ye, 04, = 0., and oy, = 0.
The elements of the diagonal of the stress tensor are called normal stresses, whilst
the remaining ones are the shear stresses. It is always possible to find a coordinate
system in which the stress tensor is diagonal. There, it has the following form:

01 0 0
g = 0 09 0 (12)
0 0 O3

with o1, 09, and o3 being the principal stresses. This tensor has three invariants,
given, in a three-dimensional cartesian coordinate system, by

1
Il = g(o'mc‘i_o'yy_'_(jzz) ) (13>
_ 2 2 3
Iy = 0420+ 0yy0.. + 0020, — 0y, —0,, — 05, (1.4)
o 2 2 2
Is = 03200y0.. +20,y0,.0,. — OpyOzz — 00,00z — Oy Oy -

Here, the first invariant is called the mean stress, which is related to the total volu-
metric change induced in a body due to the action of stress on it.

The strain tensor is related to the deformation of a body u, which in a cartesian
coordinate system is u = u,Z +u,y +u.2. In the same coordinate system, the strain
tensor is given by

28% Ou,  Ouy Ouy n ou,

s 8358 oy ;— ox a@z 881’
U,y u[L’ uy uy uZ
- | = 2 1.
°73 8x+8y oy 8z+8y (1.6)
Oou, Ou, Ou, n Ou, 28uz
ox dz Oy 0z 0z

There is a linear relation between the stress and strain tensors. This fact allow us
to write the equations of motion of the space, in the following way:

GQUZ'(X, t) B 807;]' (X, t)
oz a—xi‘f'fz‘(xat% (1.7)

ot
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where A\ and p are the Lamé coefficients and p the density of the solid. Here,
1 =1,2,3 and 7 = 1,2,3 are indexes and ey, = e11 + €29 + €33 is the trace of the
strain tensor. In a cartesian coordinate system, ey, = €,, + ey, +e€... External body
forces are denoted by fi(x,t), and J;; is the Kronecker delta.

In a 2-D space composed by the z — z plane, where gravity is present, the equations
of motion are

L RS (19
dggz _ (A+2u>%1;z+k%f, (1.10)
dZ;z _ N[?ﬁ+%ﬂ | (1.11)
d;tz _ %[8g;x+8gj} ’ (1.12)
d;;z _ %[Oéf;ZJr@gZzz} tg, (1.13)

where v, and v, are the displacement velocities, defined by v; = du;/0t. Here we
are using the sign convention in which the z-coordinate is defined to go downwards.
When no external body forces are applied, two solutions of the system of equations
composed by Eqgs. and are the scalar potentials ® and =, which satisfy

the wave equations

1 9*®(x,t)
VQ(I)(X,t) = ?T s (114)
_ 1 0%Z(x,t)

where o and [ are wave velocities, given by

A
o= +2,u’ 5:\/2.
p p

The potentials ® and = are solutions of the equations of motion of the space, and
are called P and S waves, respectively. The ground motion due to P-waves is paral-
lel to the wave direction, whilst the ground motion due to S-waves is perpendicular
to the wave direction. Fig. shows how ground moves due to plane P and S waves.

The inner dynamics of the Earth move the tectonic plates on which we stand. This
motion generates deformations at several surfaces of the crust, which are called faults.
There, a relative motion between the two faces of the surface is generated. Due to
the friction between them, which can be enhanced by some asperities, sometimes
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S waves: ground motion is perpendicular to wave direction

—~ =77
S i
e -":,/;—

Direction of wave propagation Onset of waves

P waves: ground motion is parallel to wave direction

Figure 1.4: Displacement produces by plane P and S waves. P waves induce ground
motion that is parallel to the wave direction, whilst the ground motion is perpendicular
to the wave direction for S waves. Taken from (Stein and Wysession, 2003)

©
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Figure 1.5: Basic sketch of how an earthquake is generated: a) a fault zone moves in
a natural way, because of the Earth’s inner dynamics. b) At some point, the fault gets
locked, and no movement is recorded, thus building up strain and, consequently, stress.
¢) When the strain is too large, both faces of the fault suddenly move respect to each
other, generating an earthquake, and releasing seismic waves. Picture taken from
and Wysession, 2003).
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a) b)

Z

Right-lateral strike-slip fault
(2=180°

X

Fault plane

Normal dip-slip fault Reverse dip-slip fault
(3=-90°) )

Figure 1.6: a) Geometry of a fault, with indications of each one of the three angles
that define the relative motion between two blocks in a fault. More details on how these
angles are measured can be found in the text. b) The most basic types of faulting, each
one defined by a particular value of the slip angle. Picture was taken from
‘Wysession, 2003).

the fault gets locked, and no motion is perceived. This generates deformation in the
whole space, but particularly at the fault, building up stress. When the strain is too
large, the two faces suddenly move respective to each other, releasing the stress and
generating seismic waves that move through the whole planet, shaking the ground.
When these waves arrive at our position, we say that we feel an earthquake. After
the earthquake occurs, the normal motion at the fault continues, and at some point
in time it will be locked again, and the same situation will be repeated. Fig. [1.5
shows this process in a graphic way.

The relative displacement between the two faces of the fault can be defined by three
angles: dip, strike, and slip. In a cartesian coordinate system, the dip angle is mea-
sured respective to the x1 — x5 plane, and marks the inclination of the fault plane.
The strike angle is measured between a vector that follows the direction of the fault
and the direction of the north. The slip angle is related to the displacement vector d,
is perpendicular to the vector normal to the fault plane n, and is measured respect
to the z; direction. Different values of the slip angle define the focal mechanism of
the earthquake. Figll.6| shows the most basic ones: strike-slip and dip-slip. The
focal mechanism of each earthquake is important in both the characteristics of the
waves released, as well as the long-term impact such a dislocation has in the space
around it.

When an earthquake occurs, a rupture zone is created at the fault. The size of its
area and the absolute value of the displacement vector are critical to define the size
of the earthquake. In fact, the seismic moment is given by
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My = /LS‘d‘ )
and it is used to define the earthquake magnitude My, by using the relation
2
=-1
3

where M, is measured in N - m. Thus, there is a logarithmic relation between the
size of the rupture zone with the magnitude of the earthquake.

My = 7 log;o(Mo) — 6, (1.16)

The equations of motion of the elastic space have three main parameters: the density
of the solid, p, the first Lamé coefficient, A\, and the second Lamé coefficient, p, also
known as the shear modulus. These last two parameters are elastic constants of the
medium, and are very useful to describe the motion of seismic waves. Nevertheless,
for engineering purposes, where it is important to study the structural properties of
a system, the Young modulus F, the bulk modulus K, and the Poisson ratio v are
more useful. Any parameter of these five can be calculating starting from only two
of them. In particular, if we start with known values for the Young modulus and
the Poisson ratio, we can calculate u, A, and K as follows:

o= %, (1.17)
Ev
AT Aroa-m) (1.18)
E
K = s5-5 (1.19)

The stresses and velocities in an elastic space change during and after a perturbation
such as an earthquake. To assess its influence on a particular region of the space, is
it relevant to analyze the values of several physical quantities.

The volumetric change is related to the trace of the stress tensor, or mean stress. In
a cartesian coordinate system, it is given by

O(x,t) = %(Jm(x, t) + oyy(x, 1) + 0..(x, 1)) . (1.20)

This quantity gives us information about the current volumetric regime of one sec-
tion of the elastic space, with the sign of this value giving us information of whether
it is being expanded or compressed. In our sign convention, more used in the study
of rock mechanics, a positive value for © denotes compression, and a negative value
for © corresponds to extension.

When in a presence of a structure, such a geological fault, one of the important
questions is how it will move during and after an earthquake. In particular, we
are more interested in how the seismic motion can affect the long term motion of
such an structure. The normal stress o, is an useful quantity, as its value tells
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Fracture line

----..____ Fracture line

Figure 1.7: Mohr circle representation of the dynamic effect of an earthquake that
produces a fracture at a distant body. Before the earthquake, the stress state is such that
the Mohr circle is the one represented in black. With the first motions produced by the
seismic event, o7 is reduced and o9 is increased, thus reducing the radius of the Mohr
circle sketched in green. At some point, the earthquake-induced changes in the principal
stresses are such that the Mohr circle, in red, touches the failure lines, and a the body
breaks.

us whether faulting is promoted or discouraged at the structure under study. In
our sign convention, a negative value for o, indicates unclamping, where faulting
is promoted, while a positive value for o, indicates clamping, where faulting is
discouraged. In a two dimensional cartesian coordinate system, the normal stress is
given by

Ouz (X, 1) + 0y (X, 1) 0pu(X, 1) — 0y (%, 1)
2 2

where 6 is the angle of inclination of the fault, measured respect to a line parallel
to the z direction.

on(x,t) = cos 20404, (x,t)sin 20, (1.21)

An earthquake produces changes in the local stress tensor of a body. When these
changes are too large to bear, the body can break. The Coulomb-Mohr failure
criterion gives a relation between normal and shear stresses that is fulfilled when a
fracture occurs. This relation can be stated as

|7] = 70 + tan ¢o

where ¢ is the angle of internal friction of the solid, and 7y is the cohesive strength
of the material. In a 7 — ¢ plot, a circle is defined by the values of two principal



Introduction 13

stresses o7 and o,. If the values of the principal stresses are such that this circle,
called Mohr circle, touches the failure lines, the solid breaks. A simple way in which
we can show how an earthquake can produce fracture in a remote place is by look-
ing at the situation presented in Fig. [I.7] At the beginning, the stress state of the
region is defined by a particular value of o; and o9, in black. During the passage
of the seismic waves through the region, the values of the principal stresses change,
affecting also the Mohr circle. First they take values such as the circle is the one
colored in green, reducing the faulting potential, and afterwards o, is increased and
09 is reduced in a way that the Mohr circle touches the fracture line. At this point,
a fracture is produced.

An extension of this failure criterion that is very useful is the analysis of the Coulomb
yield function, which depends on the stress state of the particular body at one point
in time. If the yield function is larger than zero, the body fractures. In a two-
dimensional coordinate system, the yield function is given by

1 1
f(x,t) = \/z_l (02a(x,t) — 0..(%,1))? + 02, (x, t)—é(am(x, t)+0,.(x,t)) sin p—7q cos ¢ .
(1.22)
The main scope of this thesis is the study of the interaction between seismic waves
and fluids trapped in the crust. It is therefore needed to account for the role of fluids
in the equations of motion that model the Earth’s crust. In the linear poroelastic
theory this is achieved by defining the effective stresses. They are the responsible
for the deformation of the system, and are given by
eff
Uij = O'ij — 5ijPa

with ¢;; the Kronecker delta, and P the fluid pressure, also known as pore pressure.

With this definition, the equations of motion are changed, replacing o;; with afjﬁ in
Eq. (1.8). Normal stress and Coulomb yield function definitions also change, with
afjﬁ replacing o;;.

1.3 Earthquake-volcano interactions

Fluid dynamics are crucial for the behavior of volcanic and hydrothermal systems.
One interesting question is how these dynamics change when affected by an external
perturbation, such as an earthquake. Until 15-20 years ago, volcanic and hydrother-
mal activity were considered to be completely independent from the occurrence of
tectonic earthquakes. Nevertheless, some historical observations have suggested that
there is a connection between the phenomena. One of the first observations on this
type of connection was made by Darwin in Chile after the 1935 megathrust Concep-
cién earthquake, where he reported four chilean volcanoes entering in a an eruptive
phase at the same time(Darwin, 1840). In this last two decades, advances in ob-
servation techniques and more in-depth historical studies have shown that there is
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a connection between earthquakes and volcanic/hydrothermal activity, both in the
short and in the long term, and in a wide spatial window. From the statistical point
of view, Eggert and Walter(Eggert and Walter, 2009) found that volcanic eruptions
following a M, > 7.0 event are most likely to happen in a time window of just few
days after the main shock, and at distances lower than 250 km. This point out to an
almost immediate effect of the earthquake, possibly working at fluid level. Manga
and Brodsky (Manga and Brodsky, 2006) estimated that about 0.4% of the total
number of explosive eruptions occur within in a small time window of few days after
a large earthquake. According to (Watt et al., 2009), this number is one order of
magnitude larger than the one that could be expected with no causal relation be-
tween earthquakes and volcanic eruptions.

Historical records and field observations suggest that the influence of an earthquake
in a volcanic/hydrothermal system is not bounded to a small range of distances and
time delays, but that is very complex. Immediate responses to earthquakes are of-
ten found in hydrothermal fields in the form of increases in seismicity, at distances
that can go from the earthquake near field to several thousands of kilometers from
it. Not all the immediate responses end in an eruption. Examples of distant and
short-term connections include the increase in seismicity recorded at Uturuncu vol-
cano, in Chile-Bolivia, to the My, = 8.8 2010 Maule earthquake, located more than
2000 km away from the volcanic center(Jay et al., 2011). Another response of this
type is the sudden increase of local seismicity at the Long Valley Caldera after the
My, = 7.3 1992 Landers earthquake(Johnston et al., 1995), and another increase in
local seismicity at Yellowstone caldera to the My, = 7.9 2002 Denali earthquake,
located several thousands of kilometers away from the volcanic system. A well
known response from a volcano to an earthquake in the short term was recorded in
south Chile, where 38 hours after the My, = 9.5 1960 Chile earthquake, the Cordén
Caulle volcano entered in a very explosive eruptive phase. The volcanic system was
located right on top of the rupture region, so it is believed that the amount of stress
transferred from the earthquake into the system was very large(Barrientos, 1994).
Interestingly, this was the only volcano of the region that recorded an eruption in the
year that followed the earthquake, even when most of the region experienced simi-
lar stress changes. This suggests that the earthquake acts like a trigger of volcanic
activity, and needs a pre-existing activity level that is high enough for triggering.

The long-term influence of an earthquake into the volcanic/hydrothermal system
depends on how the original perturbation affects the regional stress tensor. These
changes can last for several decades, but they only affect a small area around the
rupture zone of one particular earthquake. The eruption of Calbuco volcano in 1961,
one year after the My, = 9.5 1960 Chile earthquake, is believed to be connected with
the long-term influence of the main shock. Redoubt volcano in Alaska also entered
in a period of high activity almost one year after the My, = 9.2 1964 Alaska earth-
quake. This was followed by eruptions in January and October, 1966(Walter and
Amelung, 2007)). It has also been suggested that, due to post-seismic stress transfer,
earthquakes might still affect volcanoes several decades after their occurrence, with
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one example being the 1991 eruption of Hudson volcano, almost 30 years after the
1960 megathrust Chile earthquake(Marzocchi et al., 2002))(Bebbington and Marzoc-
chi, 2011a). This idea is also supported by recent GPS studies that have shown how
the regional stress field continues to present anomalies due to the occurrence of a
large earthquake several decades after its occurrence. One example of this was ob-
served for the 1960 Chile earthquake, the largest ever recorded. More than 50 years
after the earthquake, the regional displacement field at the volcanic chain shows an
anomalous direction of motion(Khazaradze et al., 2002]).

Permanent changes in the stress field produced by an earthquake are called static
stress changes. They decay rapidly from the rupture region of the earthquake, as 73,
with 7 the distance from the earthquake hypocenter to the volcanic/hydrothermal
system(Manga and Brodsky, 2006), thus being significant in a region that of only
a couple of rupture lengths long. Large values for volumetric static stress changes
are in the range of 0.01 — 1 MPa. This is a small value when compared with es-
timations of the volumetric stress values of a magma chamber at a certain depth.
For instance, Terakawa et al(Terakawa et al., 2013|) found that magma at Ontake
volcano, in Japan, was confined at depths between 5 and 12 km, with overpressures
up to 100-150 MPa. Considering the lithostatic pressure at 12 km deep is around
353 MPa, the total pressure inside the magma body is about 503 MPa. Thus, a
static stress increase of 1 MPa accounts for only 0.002% of the total pressure at that
depth, which is very low. This suggests that an earthquake can trigger eruptions at
systems that are already very close to a critical state(Fujita et al., 2014)). The role
of static stress transfer can be more important when the magma body is located at
more superficial places. For example, considering a 5 km deep magma chamber with
a 100 MPa overpressure, the sum of the lithostatic pressure plus the overpressure
is about 160 MPa. Then, an increase of 1 MPa accounts for 0.006% of the total
pressure. While this value is three times larger than the one obtained at a depth
of 12 km, it is still very low. Another possible static stress triggering mechanism
considers that the earthquake can create openings at the volcanic system that can
in turn be occupied by the highly-pressurized fluids. This has often been used to
explain responses of volcanoes that are located close to the rupture zones of very
large earthquakes(Walter and Amelung, 2007)(Bonali, 2013).

Theoretical estimations of the change in the static stress tensor due to an earthquake
are often based on the work of Okada(Okada, 1985)), with several variations(Walter
and Amelung, 2007)(Walter and Amelung, 2006). The value of these changes does
not only depend on the magnitude of the earthquake and the distance from the rup-
ture to the observation point, but also on the focal mechanism of the earthquake.
Estimations of static stress transfer are also used to calculate the change in Coulomb
stress, which can gives information about how local volcanic structures might move
after the earthquake, and also on which places are the most affected by the original
seismic event. The goal is to look for the influence of the earthquake as an input
that unchain a series of other physical mechanisms, that might led a volcanic zone to
an eruptive phase. Nevertheless, the value of this input is so small at large distances
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that changes in the static stress are not likely to explain responses of volcanoes lo-
cated more than 1000 km away from the rupture zone.

Dynamic effects of an earthquake are transient, but cover a wider region(Hill, 2008).
Changes on the dynamic stress tensor, induced by the passage of the seismic waves
on a particular zone, decay more slowly than static stress changes, as r =166 with
r the distance from the volcanic/hydrothermal system to the earthquake hypocen-
ter(Manga and Brodsky, 2006). Dynamic stress changes are the dominant influence
of an earthquake at large distances from the rupture zone. According to Hill(Hill,
2008), dynamic stress triggering models are often characterize in two main types:
the ones that consider the effect that the waves have in promoting the creation of
new ruptures on critically stressed faults, and the ones that consider the role of the
wave motion in the fluids that are trapped in the crust, identifying them as the
main promoters of volcanic and hydrothermal activity. The first type of models do
account for the immediate reactivation of fault zones, and can help explain the ap-
parition of swarms right after the passage of the seismic waves. The second type of
models do admit the possibility of a delay on the response, due to the typical time
scales of the fluid dynamics. The role of the waves in the gases trapped in the fluids
are considered to play an important role, with advective overpressure(Sahagian and
Proussevitch, 1992), earthquake-induced volatile exsolution(Sparks et al., 1977)) and
rectified diffusion(Brodsky et al., 1998) being three of the proposed models. Fluid
characteristics dominate the influence of the seismic waves, with lower viscosity flu-
ids being more likely to be affected by the dynamic changes on the stress tensor
during the earthquake. This explains why most of the distant responses to earth-
quakes are recorded at the hydrothermal system. This can be very important, as
new openings can be created during the earthquake, which in turn can allow the wa-
ter to be mixed with magma, generating an important increase in volcanic activity,
that can be measured some days after the main shock.

The effect of an earthquake in a volcanic/hydrothermal system also depends on the
earthquake directivity, although this factor has not been widely studied. Observa-
tions show how not all the systems that are located at the same distance form an
earthquake react in the same way to the seismic event(Convertito et al., 2013)). A
well known case is the response of several fault systems and hydrothermal fields to
the 2002 My, = 7.9 Denali earthquake. The zones that showed an increase on the
seismicity were located along a line that followed the direction of the earthquake
rupture(Gomberg et al., 2004). Another interesting case is the volcanic response of
the chilean volcanic arc to the My, = 9.5 1960 south Chile earthquake. Out of the
25 active volcanoes that suffered post-seismic volumetric expansion, four erupted in
the year following the earthquake. Only two of those four volcanoes were located
in regions where small volumetric changes were recorded, in contrast with the lack
of a response from the 15 active centers that suffered important volumetric exten-
sions(Walter and Amelung, 2007)). While this might be related to the critical state of
the volcanic/hydrothermal system, the role of the directivity can be also important.
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Local structures, such as fault systems, have an important influence on the dynam-
ics of the volcanic region. They are important players in controlling the volcanism
at a particular center(Cembrano and Lara, 2009), and the dynamics of new erup-
tions(Wicks et al., 2011). They also play a key role in destabilization of overlying
volcanic systems(Merle et al., 2001))(Lagmay et al., 2000)). Nevertheless, their role in
both the static and dynamic influence of an earthquake in a volcanic/hydrothermal
system has not been extensively studied.

Due to the lack of direct measurements on the key physical quantities that control
the volcanic and hydrothermal processes, it is critical to advance in the development
of better indirect observations. Satellite-based techniques, such as InSAR, have been
very useful to determine the stress state of a particular volcanic zone(Ruch and Wal-
ter, 2010)). Very interesting observations of the influence of earthquakes in volcanic
zones are the subsidence of the volcanic edifices recorded in the volcanic arcs of
Chile and Japan, after the 2010 Maule earthquake(Pritchard et al., 2013) and the
2011 Tohoku megathrust(Takada and Fukushima, 2013). These observations are
also correlated with seismic observations of periods of high activity(Brenguier et al.,
2014), and provide us with more information on the underlying physical processes
that control the interaction between an earthquake and a volcanic/hydrothermal
zone.

Apart from advances in observation techniques, new developments on theoretical
tools of analysis are critical. Numerical simulations on the movement of high-
pressurized fluids beneath the crust provide us with an important tool to study the
underlying physical mechanism that control volcanic and hydrothermal processes.
They have been applied to the study of the ascension of magma along volcanic
conduits(Longo et al., 2006)(Papale, 1999), dyke intrusion(Annen et al., 2001)),
magma chamber and eruption dynamics(Proussevitch and Sahagian, 1998)(Neri
et al., 2002) (Kereszturi et al., 2014). Numerical simulations have also been used to
explain the origin of certain types of volcano earthquakes(Bean et al., 2014). Numer-
ical simulations of fluid injection in poroelastic spaces have also been used to under-
stand how fractures can be generated by fluid dynamics(Heinze et al., 2015])(Miller
et al., 2004). And while they are also useful in the description of earthquake dynam-
ics(Chouet and Julian, 1985)(Bizzarri, 2011)(Bizzarri, 2012), they have not been
extensively used to understand the influence of earthquakes in volcanic and hy-
drothermal systems.

In this thesis I present the results of the study of the effect of medium to moderate
sized earthquakes in the volcanic and hydrothermal activity. I begin in chapter
with a description of the seismicity of the Nevados de Chillan complex, a basaltic-
andesitic volcanic and hydrothermal system located in central-south Chile. From
December, 2011, to April, 2012, four broadband stations were deployed atop and in
the surroundings of the main cone of the system, finding that the majority of the
activity has a hydrothermal origin. During the time of the experiment, two major
aftershocks of the 2010 My, = 8.8 Maule earthquake were recorded on January 24"
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and March 25", 2012. Both events, of magnitudes My = 6.1 and My, = 7.1, re-
spectively, were located around 200 km away from the volcanic complex. The system
showed a reaction to the first, smaller event, with a sudden increase on the number
of tremor events, followed by an important increase on VT event rate when tremor
activity subsided. This period of high activity lasted for many days. The reaction
of the system to the second event was completely different, with a slight reduction
on VT event rate. These observations point to a complex earthquake-volcano inter-
action at a hydrothermal level, and a triggering mechanism based on dynamic stress
transfer is proposed.

In chapter 3] T present results from several numerical simulations on the influence of
earthquakes in volcanic/hydrothermal systems. I analyze the role of several small
My, = 4.0 earthquakes located in the vicinity of a fluid reservoir connected to a
main fault, and also the effect of many My, = 6.1 earthquakes located 100 km away
from the hydrothermal system, this time composed by two fluid reservoirs, each one
connected to a fault. The intention behind the first experiment is to understand the
role of local volcano tectonic seismicity on the system dynamics, where both static
and dynamic changes are important. The scope of the second experiment is to ana-
lyze a system where the relevant influence of an earthquake is purely dynamic. The
main goals of this chapter are to understand the role of several earthquake charac-
teristics, such as the dip and strike angles, and the local role of the structures such
as the fault system and the fluid reservoirs in the influence of an earthquake in the
volcanic/hydrothermal region, with an emphasis on the hydrothermal field, which
is more likely to be affected by medium sized earthquakes. To perform this study a
new set of poroelastic codes was developed. Earthquakes were synthetically gener-
ated, and both the short and long term effects of the earthquake in the hydrothermal
region were captured.

In chapter 4] I present the results of a numerical simulation of the situation described
in chapter [2 The role of the focal mechanisms of the earthquakes and their relative
position respect to the main system fault of the Nevados de Chillan complex play
an important part in the analysis. The influence of the local structures is also
very relevant, as they can modulate the effect that distant earthquakes have on the
system. At the end of the chapter I present a new explanation of the data presented
in chapter



Chapter 2

Seismic activity of the Nevados de

Chillan volcanic complex after the
2010 My = 8.8 Maule, Chile,
earthquake

Abstract

Couplings between large magnitude subduction zone earthquakes and the subsequent
response of their respective volcanic arcs are generally accepted, but the mechanisms
driving this coupling are not known. The 2010 Maule earthquake (My, = 8.8) rup-
tured approximately 500 km along strike in the South-Central part of Chile, and
provides an opportunity to investigate earthquake-volcano interactions. In an ex-
ploratory campaign, we deployed four broadband seismometers atop and surround-
ing the Nevados de Chillan volcanic complex because it is located directly behind one
of the two primary slip patches of the Maule Earthquake. The data recorded (from
December 2011 to April 2012) shows significant seismic activity, characterized by
numerous volcano tectonic events and tremor episodes occurring within the volcanic
complex. We recorded two strong aftershocks of the Maule earthquake (My = 6.1
in January 2012, and My, = 7.1 in April 2012) and investigated the response of
the volcano to the incoming seismic energy. We find that volcanic tremor increased
significantly upon arrival of the seismic waves from the My, = 6.1 event, which was
then followed a few hours later by a significant increase in volcano-tectonic events
when tremors subsided. This delay between tremor and volcano-tectonic events sug-
gests that fluid and /or magma migration (manifested as tremor) readjusted the local
stress state that then induced the volcano-tectonic events. The increased activity

This chapter is published as: C. Farfas, M. Lupi, F. Fuchs, SA. Miller. Seismic activity of the
Nevados de Chilldn volcanic complex after the 2010 Mw8.8 Maule, Chile, earthquake, Journal of
Volcanology and Geothermal Research, 2014, 283:116-126.
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persisted during the subsequent two weeks. In contrast, the My, = 7.1 event, which
occurred at a similar epicentral distance from the volcano, did not produce any sig-
nificant seismic response of the volcanic complex. Analysis of the particle velocity
records of the two events show that the volcanic system was perturbed in different
ways because of the incidence angle of the incoming energy, inducing a back-elliptical
vertical and fault parallel motion for the My, = 6.1 and no clear directional depen-
dence for the My, = 7.1. This suggests dilatation-induced fluid migration within the
complex, and a kinematic mechanism of the perturbation rather than the perturba-
tion amplitude. Our results demonstrate the importance for continued monitoring
of the arc behind Maule, with an increased seismometer and GPS array density to
determine the style of deformation currently occurring in the arc.

2.1 Introduction

The influence of large magnitude earthquakes on volcanic activity has been a long-
standing topic in Earth sciences. Recent improvements of monitoring networks com-
bined with accurate analyses of historical records may allow a better understanding
of the mechanisms underlying earthquake-volcano interactions. Static and dynamic
stress triggering have been proposed to explain why volcanic systems may react to
remote earthquakes. However, the debate on the physical processes controlling such
interaction is still on-going and large data sets are necessary to distinguish between
existing ideas (Marzocchi et al., 2002)(Eggert and Walter, 2009)(Bebbington and
Marzocchi, 2011a).

Static and dynamic stress triggering operate at different time-scales and distances.
Dynamic triggering is induced by immediate effects caused by the passage of seismic
waves through a geological system at or near a critical state (Hill et al., 2002)) (Ichi-
hara and Brodsky, 2006). Numerical studies suggest that the convex structure of
folded and faulted geological layers in volcanic and hydrothermal systems can fo-
cus seismic energy enhancing local stress variations (Davis et al., 2000)(Lupi et al.,
2013). This affects the physical equilibrium of the system and promoting fluid pres-
sure variations by suggested mechanisms of rectified diffusion (Brodsky et al., 1998)),
volatile exsolution (Sparks et al., 1977)(Manga and Brodsky, 2006)), and other man-
ifestations of rising fluids (Hill et al., 2002)). Dynamic stress triggering operates over
short time-scales (i.e. the immediate response to passing seismic waves), however,
volcanic responses can occur up to several days after the earthquake because of the
time required by the perturbed system to evolve. (Brodsky and Prejean, 2005) and
(Hill, 2008) show that dynamic stresses can travel great distances as stress decays
according to 1/RM%¢ with R being the distance from the hypocentre. Heat flux vari-
ations (Harris and McNutt, 2007))(Delle Donne et al., 2010), seismic swarms (Hill
et al., 1995) and transient deformation (Johnston et al., 1995) are among the most
common effects induced by transient seismic waves in volcanic centres. Examples
of volcanic activity triggered by dynamic stress fronts are the eruption of Cordén
Caulle volcano, Chile, 38 hours after the My, = 9.5 Valdivia (1960) earthquake
(Lara et al., 2004)), swarming in the Long Valley caldera, USA, few minutes after
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the My, = 7.3 Landers (1992) earthquake (Hill et al., 1993)), the increase of seis-
micity of the Uturuncu volcano, Bolivia, immediately after the arrival of the surface
waves induced by the My, = 8.8 Maule earthquake (Jay et al., 2011)), and the sudden
increase in Volcano-Tectonic (VT) seismic activity at Llaima volcano, Chile, after
the Maule earthquake (Mora-Stock et al., 2012)).

Static stress triggering mechanisms are proposed to explain marked increases of
volcanic activity over longer time-scales (from months to decades). Static stress
variations promoted by large magnitude earthquakes decay according to 1/R? and
are proposed to be caused by the post-seismic viscoelastic relaxation of the upper
lithosphere (Walter and Amelung, 2007), or intermediate timescale changes in local
kinematics (Lupi and Miller, 2014). Additionally, upwelling of deep fluids following
mega-thrust earthquakes may be favored due to reduced normal stresses exerted on
the volcanic plumbing system and that may modify the physical state of magmatic
reservoirs. A new mechanism (Lupi and Miller, 2014)) to explain the post-seismic
increase of eruptive rates proposes that reductions of the horizontal principle stress
(01 = o) induced by mega-thrust earthquake transforms the stress regime from a
compressional environment to a strike slip faulting regime in the arc, which in turn
favors the mobilization of magmas. This is in agreement with recent findings that
show the coexistence of compressional and transpressional tectonic regimes over long
time-scales in the Suban basin, Sumatra (Hennings et al., 2012)), and with seismic
activity occurring in volcanic arcs residing atop subduction zones recently affected
by mega-thrust earthquakes (i.e. Sumatra, Chile, and Japan). The My = 9.5
Valdivia (1960) earthquake and its fore- and after-shocks (four foreshocks greater
than My, = 7.0, including a My, = 7.9) induced large static stress variations in the
volcanic arc. The geomechanical perturbation of this megathrust event may have
induced the eruptions of Cordon Caulle (1960), Copahue (1960), Nevados de Chillan
(1965), and possibly Quizapu (1967) and Planchén-Peteroa (1967) volcanoes. Static
stress variations may last for decades as shown by ¢GPS measurements that indicate
that the back-arc facing the 1960 Valdivia rupture zone is currently dominated by
westwards displacements (Khazaradze et al., 2002)(Brooks et al., 2011)).

Central Chile is an ideal natural laboratory for investigating subduction zone earth-
quakes and the subsequent response of volcanic arc because of the 2010 My, = 8.8
Maule earthquake and its rich aftershock sequence (including events as large as
My, = 7.1). The area is extremely remote and rugged, and thus complicates the
logistics of instrumentation, but this also offers a low-noise environment for seismic
studies. It was observed in September 2010 that a Ml 5.2 earthquake at Planchén-
Peteroa volcano was followed few hours later by a volcanic eruption, and our goal
was to search for similar behavior around the Nevados de Chillan volcano. We chose
the Nevados de Chillin complex because it resides directly behind the high slip
patch of the Maule earthquake, and has a geometrically intriguing feature of strik-
ing NW-SE that may be in part controlled by post-megathrust kinematics. In an
exploratory campaign, we deployed four broadband stations from December 2011 to
April 2012 around the Nevados de Chillan volcano, and recorded numerous volcano
tectonic (VT) events, volcanic tremor, and background activity. We also recorded
the response of the complex to two distant Maule aftershocks (My, = 6.1 at 192
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km distance and My, = 7.1 at 200 km distance), and found different reactions of
the volcano complex. The observed behavior provides insights into the mechanisms
driving the triggered response of the volcano plumbing system.

2.2 Geodynamic and geological setting of Central
Chile
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Figure 2.1: a) Geodynamic setting of Chile between 33° and 38° and array distribution.
The slip of the Maule earthquake is taken from USGS and dark grey indicates the maximum
slip of 14 m occurred at 35 km deep (Moreno et al., 2010). The southern and northern
beach-balls mark the locations and focal mechanisms of the January 237¢, 2012, M6.1 and
March 25", 2012, M7.1 aftershocks, respectively. The northern portion of the Liquifie-
Ofqui Fault Zone (LOFZ) is also marked in the map. b) Topographic image of Nevados de
Chillan volcanic complex. The red dotted square indicate the location of the temporary
stations and the inset shows the three main cones of the system.

The tectonic setting of Chile from 33°S to 47°S is characterized by the oblique
subduction of the Nazca plate underneath the South American plate (Fig. [2.1}).
Plate convergence of approximately 66 mm yr—!, is accommodated by large-magnitude
earthquakes along the length of the collision zone, and arc volcanism is ubiquitous.
The most prominent geological feature of this part of Chile is the NNE-SSW striking
Liquine-Ofqui Fault, a right-lateral transpressional fault zone running from 38°S to
47°S. Monogenetic cones and basaltic to andesitic volcanoes (i.e Villarrica, Llaima,
Osorno) reside upon the Liquifie-Ofqui Fault, while more evolved volcanic systems
(i.e Nevados de Chillan, Copahue) reside along NW-SE striking lineaments, anti-
thetic to the direction of the arc (Cembrano, 1992))(Cembrano et al., 1996))(Lavenu|
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and Cembrano, 1999)(Cembrano et al., 2000)(Lange et al., 2008)(Cembrano and
Lara, 2009). Morphological evidence shows that the Liquine-Ofqui Fault terminates
approximately near the Copahue volcano (38°S) (Cembrano and Lara, 2009), but
strike-slip moment tensor solutions of shallow seismic activity following the Maule
earthquake document that strain partitioning extends in the arc also between 33°S
and 38°S (Lupi and Miller, 2014). (Nakamura, 1977)) suggests that the large scale
distribution of volcanoes and their elongation can provide insights into the stress ori-
entation at the regional scale. (Lupi and Miller, 2014) propose a ‘bookshelf’ mech-
anism to explain the occurrence of NW-SE trending lineaments across the Chilean
and Argentinean border.

Nevados de Chillan experienced significant static stress changes induced by the
Maule earthquake (Lupi and Miller, 2014)), which was one reason for choosing this
site for investigation. Additionally, (Dzierma and Wehrmann, 2010)) studied the (pre-
Maule) probability of a VEI>2 eruption within the next ten years for ten Chilean
volcanoes located between 33°S and 42°S. Their analyses showed that Llaima, Vil-
larrica, and Nevados de Chillan volcanoes are the most likely candidates to erupt,
followed by Puyehue and Calbuco volcanoes. From hereafter the we will refer to the
Nevados de Chillan volcanic complex as NdC.

The NdC volcanic complex (Fig. [2.1p) consists of 24 cones distributed along a
12 km long lineament striking approximately N290 (Fig. [2.1b) (Gonzalez-Ferran,
1995)). Volcéan Nuevo, Volcan Viejo and Volcan Nevados are the three main volcanic
centres. Volcan Nuevo resulted from the 1906 eruption that occurred immediately
after the 1906 Valparaiso earthquake. Table provides detailed information about
the location of mega-thrust epicenters and the occurrence of volcanic activity at
NdC. Due to the recent explosive activity of the Volcan Nuevo and to the rapid
development of tourism in the area, the NdC is considered a high-risk volcano.
Figure shows the cumulative number of eruptions of the NdC during the past
century and the occurrence of mega-thrust earthquakes nearby the NdC. Since the
recorded VEI of many eruptions is similar, as showed in Table the comparison
of both time series can show interesting insights. It emerges that from 1900 to 1940
the volcano appeared more sensitive to external perturbations than in present time,
and only in three cases (1906, 1914, and 1928) the volcano entered in an eruptive
phase almost immediately after the occurrence of a mega-thrust earthquake.

2.3 Seismic network and methods

We deployed four Trillium 240 broadband seismometers equipped with Reftek130
data loggers around and atop the NdC complex from December 2011 to April 2012.
Data were continuously recorded at a sampling rate of 100 Hz. We used a STA/LTA
triggering algorithm (Withers et al., 1998) to mark the events, which we inspected
manually to determine P- and S-wave arrivals. We used SEISAN (Ottemoller et al.,
2011) and the 1D velocity model reported in Table 2.2l Our temporary network
consisted of one station (VV) atop the NdC volcano surrounded by three stations
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Date Magnitude  Epicentre  Eruptive characteristics Eruption VEI Distance [km]

16.08.1906 8.2 Valparaiso FV, E, LF, MF 2 420
——.1907 — — FV, E 1 -
29.01.1914 8.2 Constitucion E 2 250
——.1923 — — FV 27 —
10.04.1927 — — E 27 —
30.11.1928 8.2 Talca FV, E 27 210
17.01.1934 - - E 27 -
02.07.1935 — — FV, LF, MF 27 -
24.01.1939 8.2 Chillan — — 100
——.1945 - - - - -
—.—.1946 - — FV, E 27 —
22.05.1960 9.5 Valdivia — — 350
——.1965 — — FV — -
——.1972 — — FV — —
-.07.1973 — — FV, E, PF, LF, D 2 -
03.03.1985 8.0 San Antonio = = 400
29.08.2003 - - C, RF, E, PH 1 —
21.01.2009 - - - - -
27.02.2010 8.8 Maule region = = 140

Table 2.1: Historic eruptions of NdC volcano and historic mega-thrust earthquakes that
occurred within 500 km from the complex, since 1900 AD. Distance stands for the distance
between the epicentre location and the NdC. the eruptive events always occurred at the
Volcéan Nuevo, except once (2" of July 1935, Volcén Viejo). For several historical records
both the exact date and the VEI of the eruption is not specified. Mega-thrust events are
shaded in grey and under “eruptive characteristics” we list historic information about the
eruptions: C stands for central emission, FV for Flank Vent emission, RF for Radial Fissure
emission, E for explosive eruption, PF for Pyroclastic Flows, PH for Phreatic eruption,
LF for Lava Flow, D for Dome creation, and MF for Mud Flow. Historic eruptions and
mega-thrust events are taken from (Siebert et al., 2012) and (SSN, 2013)), respectively.
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Figure 2.2: Cumulative number of eruptions of Nevados de Chillan volcanic complex
and mega-thrust events since 1900. Dotted vertical lines indicate mega-thrust earthquakes
whose hypocentre was located less than 500 km from the volcano. Details on date, magni-
tude, and epicentre-volcano distance are shown in the vertical sentences. More information
about eruptive behaviors can be found in Table 2.I] Note that the historic earthquake
records may be affected by non systematic reporting.

(LB, VH, and SF) (Fig. approximately 20 km from VV station (Table [2.3).
Sporadic technical problems resulted in some discontinuity in our dataset. The
time window presented here (from December 26th, 2011, to February 5th, 2012)
is continuous. Our array is the first ever used to study the NdC complex, but
accessibility in this remote region resulted in a non-optimal geometry. Nevertheless,
epicenter locations are well constrained North-South, but accuracy is limited in the
East-West direction.

2.4 Results

We registered many different events during our experiment, with the vast majority
recorded by station VV only and identified as Volcano-Tectonic (VT) earthquakes
(Wassermann, 2012) (McNutt, 2005), (Fig. [2.3), and tremor events (Fig. [2.4). In the
first case, waveforms were 10 to 40 s long, with frequency content higher than 5 Hz.
Among this type of event we defined three sub-categories: i) Events characterized by
clear P- and S-wave onsets, with a dominant band around 8 Hz. Our network allowed
us to manually locate approximately 50 earthquakes, with magnitudes ranging from
M1 0.1 to M1 1.8 and depths from 0.1 km to 30 km; ii) events lacking of a clear S-wave
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Depth [km| v, km/s] v,/vs

0 2.51 1.75
) 6.28 1.75
20 6.89 1.75
35 7.40 1.75
45 7.76 1.75
95 7.94 1.75
90 8.34 1.75

Table 2.2: 1-D velocity model used for NdC, with v, and v, being P-wave and S-wave
velocities, respectively. This model is based the work of (Bohm et al., 2002)) and it is
currently in use by the Volcanologic Observatory of the Southern Andes (OVDAS, in
Spanish) in Chile.

Location Station Latitude Longitude Elevation [m]
Las Bravas LB 36.926 S 71.501 W 1799
Valle Hermoso ~ VH 37.078 S T71.340 W 1217
San Fabian SF 36.670 S 71.287 W 824
Volcan Viejo \AY 36.872 S5 713710 W 3118

Table 2.3: Location of the four seismic stations deployed around Nevados de Chillan
volcanic complex.

onset, with a lower frequency band, typically around 6 Hz, which are shallow VT
events according to the literature (Wassermann, 2012); iii) swarm events dominated
by frequencies from 13 to 15 Hz (Fig. [2.3)), which occurred between 16:00 UTC and
19:00 UTC of January 5", 2012.

Tremor events last approximately 60 s and can also be separated into two sub-
categories according to the shapes of the waveform and their occurrence patterns.
The most common tremor was characterized by an excitement of the 8 Hz band,
and was recorded by station VV only. Similar events were recognized by (Leet,
1991)) who described them as composite hydrothermal-magmatic tremor. Another
possible source for this type of event is the superposition of several very shallow VT
events. The second type of tremor occurred only between January 6 and January
8t twenty hours after the high frequency VT swarm (spike of Fig. . These
signals were recorded by VV, LB, SF, and VH stations and were marked by clusters
of high-amplitude signal dominated by 2 and 8 Hz frequencies (Fig. 2.4b).

2.4.1 Seismic activity

Figure shows the distribution of seismic events around the NdC. The NW-SE
cross-section across the volcanic edifice shows that seismic activity clusters beneath
the South-Eastern flank of the cone Volcan Viejo, and more specifically below the
Aguas Calientes valley, which is an area characterized by fumarolic activity and hot
springs. We could not locate several VT events because they did not appear in all
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Figure 2.3: Volcano tectonic events at the Nevados de Chilldn. a) deep VT, with an
inlet with P- and S- wave arrivals marked in red, b) shallow VT, and c) high frequency

swarm events found in the dataset for Nevados de Chillan from December 26th, 2011, to
February 5th, 2012.

the stations of our array, and most of them were only registered by VV station.
However, due to the lack of a clear S-wave onset in most of them, and the short time
between the arrival of P and S-waves (generally separated by less than a second), it
is likely that these events were originated at shallow depths, in the surrounding of
Volcan Viejo cone (see shaded areas of Fig. . Deeper events are more dispersed
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Figure 2.4: Trace and spectrogram of tremor events. a) High frequency tremor event
found throughout the normal activity of the volcano. b) Spasmodic volcanic tremor found
in NdC complex after the swarm occurring on the 5 of January 2012.
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Figure 2.5: a) Epicenter map of the seismic events within the Nevados de Chillén volcanic
complex. Stations are marked as black triangles. Typical signals for shallow and deep VT
events are drawn next to the location of the respective type of event. Note the difference
of the waveform for both deep and shallow events. The orange circle marks the region
where the non-locatable shallow events may be located. b) Locations of the events, from
the perspective of the transverse cut marked by the red line in a), with A and B being
the same points marked there. The error bars indicate the uncertainty of the locations in
the vertical direction. Due to the geometry of the array, some extra uncertainty should
be added in the left-right component of the locations in the cross section. The grey area
is the projection along the line and the vertical direction of the yellow circle in a). Notice
how most of the shallower events are located beneath the Aguas Calientes valley.

and range from 10 to 25 km deep and fall outside the volcanic complex. Magnitudes
of the shallow events range between MI 0.1 to Ml 0.8 while the deeper events have
somewhat larger magnitudes (the largest being a Ml 1.8 earthquake).

Figure [2.6] shows the number of VT events per hour recorded at station VV from
December 26", 2011, through February 5%, 2012. The peak on the left-hand side
of the chart highlights a seismic swarm that occurred on January 5%, 2012 at 17:00
UTC, and lasted for 2.5 hours. During this interval VT events are marked by a
higher frequency content (see Fig. ), with a dominant band around 13-15 Hz,
and with a remarkably shorter coda compared to other VT earthquakes recorded
during our seismic campaign. Twenty hours after this swarm, the VT event rate
decreased down to approximately one event per hour and continuous tremor marked
by clusters of high-amplitudes emerged.

2.4.2 Response to large regional earthquakes

On January 23", 2012, a My, = 6.1 aftershock occurred at the subduction interface
(25 km deep, USGS), approximately 192 km from the NdC volcanic complex (Fig.
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Figure 2.6: Seismicity at Nevados de Chillan from December 26th, 2011, to February
5th, 2012. Grey and orange bands show periods of strong background tremor and triggered
seismicity after a M6.1 regional earthquake, respectively.

2.1). The volcanic activity at NdC before the event was low, with less than one
event per hour. The My = 6.1 earthquake occurred at 16:04 UTC, afterwards
(17:04 UTC) tremor activity increased noticeably and lasted for approximately nine
hours. When tremor stopped at 02:00 UTC, the VT event rate increased to an
average of 3.5 events/hour. Figure shows the total number of tremor and VT
events before and after the occurrence of the My, = 6.1 earthquake, highlighting the
onset of double-couple events after tremor subsided. A second large aftershock of
the Maule mega-thrust earthquake occurred on March 25, 2012, 200 km away (34
km deep, USGS) from the NdC complex (Fig. 2.1). At the time, station VV was
suffering 12 hours of daily data loss due to energy-storage issues. Nevertheless, we
captured the signal of the My, = 7.1 earthquake and analyzed the VT rate of the
available data. Comparing the My, = 7.1 post-seismic records with the ones that
followed the Mw 6.1 we found that before the My, = 7.1 earthquake the seismic
activity was particularly intense with an average of three events per hour (Figure
. However, the available data show that the VT rate decreased to one event per
hour after the earthquake. Although our analysis is biased by the lack of data, the
reduction of the number of events per hour following the My, = 7.1 aftershock is
clearly shown. This type of response is similar to that recorded for Mt. Wrangell and
Mt. Veniaminof volcanoes after the 2002, My, = 7.9 Denali earthquake (Sanchez
and SR., 2004)).

2.5 Discussion

We investigated the seismic activity of the NdC complex after the Maule earthquake
and found that seismic activity mainly occurs from 2 to 5 km deep beneath the region
called Aguas Calientes, a valley known for its natural hotsprings and fumaroles.
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Figure 2.7: Number of VT events per hour on Nevados de Chillan volcano before and after
the M6.1 aftershock. The vertical dashed line marks the occurrence of the M6.1 and the
red-shaded region highlights a strong increase of tremor events after the M6.1 earthquake.
Next, tremor subsides and the number of VT events strongly increase (yellow-shaded area).

Deeper events also occur below the volcanic complex down to approximately 20
km deep. We did not locate several low-magnitude seismic events because they
did not appear on a sufficient number of stations. However, their waveforms are
characteristic of shallow VT events. This points to a local origin that may be within
the volcanic system, possibly beneath the Aguas Calientes valley. The location of
this shallow seismicity plus the type of tremor events we recorded in our campaign
suggest that the activity at the NdC has a strong hydrothermal component, thus
making the volcano an active hydrothermal-magmatic system.

We observed different responses of the NdC to two large Maule aftershocks (My, =
6.1, Fig. and My = 7.1, (Fig. originating at similar hypocentral distances
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Response of Nevados de Chillan to a M7.1 earthquake
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Figure 2.8: Number of VT events per hour occurring at the Nevados de Chillan volcano
before and after the M7.1 aftershock. The vertical dashed line marks the occurrence of
the M6.1 and blue lines mark the average number of VT events per hour.
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Figure 2.9: Waveform and spectra for the M6.1 and M7.1 earthquakes.

from the NdC. We identified a triggered response of the NdC after the My, = 6.1
event but not after the My, = 7.1 event. Note that although data loss during the
My, = 7.1 event introduces a bias, we registered a decrease in VT when compared to
the behavior prior to the My, = 7.1 event (blue lines in Fig. indicate the average
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Figure 2.10: Schematic representation of the relative location of the My = 6.1 and
My, = 7.1 events to the main lineament of the Nevados de Chillan volcanic complex, and
the different coordinate frames used in our analysis. More detail on each one of the frames
is given on the text.

rate). Figure shows the waveforms and spectra of the two aftershocks of the
Maule earthquake. The maximum amplitudes in a ground motion seismograph of
the two events are comparable and are on the order of 1 to 2 mm for the vertical com-
ponent at station VV. Using particle motion plots, we investigated the effect of the
incidence angle of the incoming seismic waves and found that the difference between
the effect produced by the two events may lie there. Figure shows a scheme of
the different coordinate frames used in the observation point given by the location
of VV station. Figures [2.11] 2.12] and 2.13] show particle velocity motion plots for
both earthquakes in station V'V, filtered between 0.01 Hz and 0.1 Hz, in different co-
ordinate systems: Vertical/North/East (VNE), Vertical/Radial/Transversal (VRT)
for both events, and Vertical/NdC Fault Normal/NdC Fault parallel (VNP). In the
VNE frame the most noticeable feature is how the particle motion induced by the
My, = 6.1 event presents a dominant motion along the East and Vertical directions,
with amplitudes around 10 mm s~!, while the My, = 7.1 event induced velocities
with maximum amplitudes on the order of 20 mm s~!, but without any preferen-
tial orientation. The induced particle motion in the VRT frame shows how, for the
My, = 6.1 event, the transverse movement is significantly smaller than the radial
one, suggesting that the wave train is mostly dominated by Rayleigh waves rather
than Love waves. In the case of the My, = 7.1 event, there is no clear dominance
of either transverse or radial motion modes. Finally, on the VPP frame it can be
appreciated how the My, = 6.1 event induced a motion oblique to the main fault of
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the NdC complex, which may help to create a fault-parallel motion, thus enhancing
a stress change along the main lineament of the system. On the other hand, the
My, = 7.1 does not show a preferred direction of motion.

Particle Motion in VNE coordinate frame
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Figure 2.11: Velocity particle motion plots in Volcan Viejo station for the My = 6.1
and My = 7.1 event in the VNE frame. The signal was filtered between 0.01 Hz and
0.1 Hz and the velocity is measured in nm/s. The N-V axes identify the North-Vertical
plane, E-V the East-Vertical plane and the N-E axes identify the North-East plane. Note
the dominant oscillatory behavior induced by the M6.1 earthquake on the N-Z and N-E
planes in contrast to the motion induced by the M7.1.

The analysis of particle motion in the three different coordinate frames suggests
that the My, = 6.1 event may have induced a elliptical motion in the main fault of
the NdC, with dominant fault-parallel and vertical components, thus promoting the
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Figure 2.12: Velocity particle motion plots in Volcan Viejo station for the My, = 6.1 and
My, = 7.1 event, each one in a frame rotated to its backazimuth (VRT frame). The signal
was filtered between 0.01 Hz and 0.1 Hz and the velocity is measured in nm/s. For each
earthquake, the R-V axes identify the Radial-vertical plane, T-Z the Transverse-Vertical
plane and the T-R axes identify the Transverse-Radial plane.

creation of spaces for the fluids to arise and move along the lineament, as reflected by
the important increase on seismicity right after the passage of the wave train. This
indicates that the observed behavior of triggered tremor followed by VT events was
controlled by a dilatational processes due to the Rayleigh waves. This is consistent
with other studies that report triggered tremor due to the passage of the Rayleigh
waves in regions like Japan after the 2004 Sumatra-Andean Earthquake (Miyazawa
and Mori, 2005)(Miyazawa and Mori, 2006). In a more general workframe, our
observations are also consistent with other studies showing permeability increases
correlating with passing seismic waves (Kitagawa et al., 2002) (Elkhoury et al., 2006]).
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Figure 2.13: Velocity particle motion plots in Volcan Viejo station for the My = 6.1
and My 7.1 event, in the VNP coordinate frame. The signal was filtered between
0.01 Hz and 0.1 Hz and the velocity is measured in nm/s. The FP-Z axes identify the
Fault-Parallel /Vertical plane, FN-Z the Fault-Normal/Vertical plane and the FP-FN axes
identify the Fault-Parallel/Fault-Normal plane.

2.6 Conclusions

We presented data from a seismic campaign that took place from December 2011
to April 2012 around the Nevados de Chillan (NdC) volcanic complex, in Central-
Southern Chile. We recorded numerous Volcano-Tectonic (VT) and tremor events
within the volcanic complex. The majority of the events were shallower than 5
km deep and occurred beneath the South-East flank of the volcano. Two major
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aftershocks (My = 6.1 and My = 7.1) of the 2010 Maule earthquake, at similar
distances for the NdC elicited different responses. The response to the My, = 6.1
event was characterized by an increase of tremor activity one hour after the earth-
quake, followed by a marked increase of VT events when the tremor subsided. This
strongly suggests a fluid driven mechanism induced by the passage of the seismic
waves. In contrast, the My = 7.1 event did not trigger a response of NdC. We
propose that this difference in behavior is a result of the incidence angle of incom-
ing energy, where the My, = 6.1 showed predominantly EW (arc-oblique) particle
motion and the My, = 7.1 showed no particular oscillatory path. An alternative ex-
planation could be that the response to the My, = 6.1 event relaxed the system and
therefore was not perturbed sufficiently to induce a response from the My, = 7.1.
Future seismic campaigns with a higher density array will allow triggered responses
to be constrained with better accuracy.

The volcanic arc behind the Maule earthquake is an excellent natural laboratories
for investigating earthquake-volcano interactions, and should be instrumented in
the future to better understand earthquake-volcano interactions and the internal
dynamics of perturbed arc systems.
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Chapter 3

Numerical study on the influence
of pre-existing local structures and
seismic source characteristics in
earthquake-volcano interactions.

Abstract

Using numerical simulations, we studied the influence of several earthquakes in the
dynamics of trapped, high-pressurized fluids, connected to a geological fault system.
We studied both dynamic and static changes induced by a seismic event, finding that,
while they are dominated by the earthquake characteristics, the role of the local
structures has a major importance on the system dynamics. The fluid reservoir
affects the wave motion, distorts the static overpressure pattern induced by the
external earthquake, and concentrates the kinetic energy of the incoming wave on its
boundaries. The static volumetric pattern inside the fault system gets also altered
by the local structures. The role of the faults is particularly important for the
system dynamics, as they concentrate kinetic energy inside themselves, and also have
breakwater-like characteristics, preventing some regions to receive the full impact of
the earthquake. Local structures also have an important impact on the change of
the regional Coulomb yield function. With applications to earthquake triggering of
hydrothermal and volcanic activity, our results unveil a complex connection between
external perturbations and the dynamics of volcanic and hydrothermal system, in
which the local structures play an important role.

The results from this chapter will be submitted to Journal of Geophysical Research as an article
with the title “Numerical study on the influence of pre-existing local structures and seismic source
characteristics in earthquake-volcano interactions”, by C. Farfas, B. Galvan, and S. Miller.
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3.1 Introduction

The study of the fluid movement beneath the Earth surface is one of the most inter-
esting topics in geosciences, with applications in seismology(Miller et al., 2004]), vol-
canology(d’Acremont E. et al., 2003))(Todesco et al., 2004), oil and gas extraction(Yu
et al., 2015)), among many others. In volcanic processes, where fluid dynamics domi-
nate the activity in one particular region, an interesting question is how this motion
can be affected by different geological settings, and by external dynamic perturba-
tions such as earthquakes. Advances in observation techniques during the last three
decades have allowed to establish the notion that earthquakes can affect the activity
of a volcanic/hydrothermal system, both in the long and short term. Studying a
global catalog, Eggert and Walter(Eggert and Walter, 2009), found that volcanic
eruptions following a M, > 7.0 earthquake are most likely to occur within few days
after the main shock, and at a hypocenter-volcano distance lower than 250 km.
Manga and Brodsky (Manga and Brodsky, 2006) estimated that about 0.4% of the
total number of explosive eruptions occur within in a small time window of few days
after a large earthquake, with this number being at least one order of magnitude
larger than if there were no causal relationship between the number of eruptions
and the number of earthquakes at a global scale(Watt et al., 2009)). At a more local
scale, Watt analyzed the historic volcanic eruption rate in Chile after My, > 8.0
in Chile, and found an important increment in the number of volcanic eruptions
following the My, = 8.2 and My, = 9.5 earthquakes. He also concluded that the
distance of influence of an earthquake in volcanic eruption rate was large, ranging
from its near-field to more than 500 km away from the rupture zone, suggesting that
both static and dynamic stresses transferred by the earthquakes might have played a
role in enhancing these eruptions(Watt et al., 2009). It has also been suggested that
earthquakes might still affect volcanoes several decades after the main shock, due
to post-seismic stress transfer(Marzocchi et al., 2002)(Bebbington and Marzocchi,
2011a)). This idea is also supported by recent GPS studies that have shown how the
regional south Chile stress field, which involves the local volcanoes, is still affected
decades after the 1960 My, = 9.5 megathrust Valdivia earthquake(Khazaradze et al.,
2002).

Both historical records and field observations have identified different time and space
scales for earthquake-volcano interactions. While the dynamic effects of the passage
of the seismic waves are transient, and cover a wider region(Hill, 2008), post-seismic
effects, mainly due to the total change on the stress field after the earthquake, can
last for several years, but the region affected by them is usually smaller(Manga and
Brodsky, 2006). Immediate reactions from hydrothermal and volcanic centers are
mostly related to an increase on local seismicity, which may lead to an eruption
afterwards, but heat flux variations(Harris and McNutt, 2007)(Delle Donne et al.,
2010) and transient deformations(Johnston et al., 1995) have also been observed
during an earthquake. Examples of dynamic responses involve the Uturuncu volcano
response to the 2010 Maule Earthquake(Jay et al., 2011)), located more than 2000
km away from the volcano, and the sudden increase in seismicity at the Long Valley
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Volcanic Caldera, after the 1992 My, = 7.3 Landers earthquake(Johnston et al.,
1995). Post-seismic responses include the overall increase of volcanic eruptions in
Chile in the two years following the 1960 My, = 9.5 earthquake(Watt et al., 2009)),
and the simultaneous eruption of 4 volcanoes in Chile after the 1835 Concepcion
Earthquake(Darwin, 1840]), among many others examples in different places of the
world, such as Cascadia and Japan(Hill et al., 2002)).

The estimation of the static stress changes due to an earthquake on a volcanic re-
gion has been the most preferred theoretical tool to study the connection between a
volcanic eruption and an earthquake. They are permanent and have allowed to esti-
mate the post-seismic volumetric regime at a magmatic zone(Walter and Amelung,
2006) (Walter and Amelung, 2007)), and also they are used to calculate the normal
and Coulomb stresses at a particular structure in order to infer the structural impact
of the main shock in the volcanic/hydrothermal region(Bonali, 2013). The value of
these changes, nonetheless, decays very rapidly from the rupture zone, and thus
they are negligible after a couple of fault lengths. It is very unlikely that distant
responses to large earthquakes might be caused by static stress changes(Manga and
Brodsky, 2006).

Fluid dynamics play a major role on a volcanic and hydrothermal activity. Unfor-
tunately, to this day it is not possible to obtain direct measurements of important
parameters such as fluid overpressure. It has been only in the last years, with ad-
vances in noise and focal mechanism tomography, that the location and internal
pressure of fluid reservoirs for some volcanoes has been estimated. In the case of
the Ontake volcano, Terakawa et al(Terakawa et al., 2013) found that fluid was
confined at depths between 5 and 12 km, with overpressures up to 100-150 MPa.
When considering that the total internal fluid pressure is the sum of hydrostatic-
plus over-pressure, and given that at 15 km depth the lithostatic pressure is 367.5
MPa, then large static stress changes, of the order of 1 MPa account for less than
0.2% of the total pressure of the fluid, which supports the idea of the earthquake as
the trigger of a system that is very close to its critical state(Fujita et al., 2014)).
The role of the earthquake directivity in its influence on the dynamics of a vol-
canic/hydrothermal system has not been widely studied, but it also has an impor-
tance. Field observations have shown how not all the fault zones and volcanic/hy-
drothermal systems react in the same way to a particular earthquake, and in some
cases clear response areas have been found(Convertito et al., 2013)). A well known
case is the seismic response of this is the dynamic reaction of several systems to the
2002 My, = 7.9 Denali earthquake. There, most responses where found to be places
along a line that followed the direction of the earthquake rupture(Gomberg et al.,
2004).

The role of local structures, such as fault systems in the volcanic region, have been
identified as important players in controlling the volcanism at a particular cen-
ter(Cembrano and Lara, 2009), and the dynamics of new eruptions(Wicks et al.,
2011). The role of faults in the destabilization of overlying volcanic edifices has
also been established(Merle et al., 2001))(Lagmay et al., 2000). Nevertheless, the
static and dynamic role of these structures in the influence of an earthquake in a
volcanic/hydrothermal region has not been extensively studied.
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Given the lack of direct measurements on fluid motion, developments on indirect ob-
servation techniques and numerical simulations are key to understand the influence of
external perturbations in a volcanic/hydrothermal system. InSAR observations have
helped to understand the structure of the regional stress state at volcanoes(Ruch
and Walter, 2010), and they have also been useful to see the changes produced
by earthquakes in volcanic regions. An example of this are the episodes of sub-
sidence of volcanic edifices after the 2010 Maule(Pritchard et al., 2013) and 2011
Tohoku(Takada and Fukushima, 2013)) earthquakes, which might be related to fluid
motion induced by earthquake. These episodes are also correlated with periods of
unusually high activity, like the occurrence of a My, = 6.4 earthquake near Mount
Fuji, after the Tohoku earthquake(Brenguier et al., 2014)).

Numerical simulations have been widely used in geosciences. In volcanic processes,
they have been applied to study the ascent of magma along volcanic conduits(Papale,
1999)), magma convection, mixing, and ascent dynamics(Longo et al., 2006)(Longo
et al., 2008]), dyke intrusion(Annen et al., 2001)), magma chamber dynamics(Proussevitch
and Sahagian, 1998), lava flows(Kereszturi et al., 2014), eruption dynamics(Neri
et al., 2002)), and in volcano seismicity(Bean et al., 2014)). These tools have also
been very useful in rock mechanics(Heinze et al., 2015), and simulations of fluid
motion in the crust. The last ones, in particular, have been used to understand the
behavior of several swarms and aftershocks sequences around the world, such as the
cases of the aftershock sequence of the L’Aquila earthquake(Miller et al., 2004])), the
2005 volcano-tectonic earthquake swarm in the Andaman Sea(Kundu et al., 2012),
and the aftershock sequence of the 2001 Bhuj earthquake, in India(Gahalaut et al.,
2008). Numerical simulations also been used in the study of the dynamics of earth-
quakes and their corresponding seismic waves(Chouet and Julian, 1985)(Bizzarri,
2011)(Bizzarri, 2012). Nevertheless, in the interaction between earthquakes and
volcanic activity, numerical methods have not been widely used. For instance, they
have been used to assess the permanent, static, influence of a seismic event in one
region, but without taking into account the coupling between the earthquake seismic
waves and the fluid dynamics at the volcanic/hydrothermal region(Gahalaut et al.,
2008) (Kundu et al., 2012).

In this article, we present results from several numerical experiments on the dynamic
and static influence of an earthquake in a volcanic/hydrothermal region. We do this
by studying the characteristics of two 2-D settings, composed by a system of fluid
reservoirs connected to simple fault systems. This is achieved by using a new set
of numerical codes that solve a system of coupled differential equations composed
by the equations of motion of a fluid saturated poroelastic space with a non-linear
diffusion equation which considers the dynamic role of the earthquake. To add to
the understanding of the earthquake-volcano interactions, we studied the effect of
several My, = 4.0 events located nearby the volcanic/hydrothermal system, and the
influence of many My, = 6.1 earthquakes, located a bit more than 100 km away from
the studied setting. Due to the magnitude/distance ratio of these experiments, both
static and dynamic stresses are relevant for the first type of experiment, while only
the dynamic stresses are important for the second one. This variety allow us to have
a better understanding on the role of local structures and earthquake directionality



Numerical study on the influence of pre-existing local structures and seismic source
characteristics in earthquake-volcano interactions 43

in the effect of earthquakes in volcanic activity.

3.2 Theory and Methodology

In this article, we study two main types of 2-D experiments, which operate in dif-
ferent spatial planes. The first type, called “vertical experiment”, is performed in
the x — z plane, while the second type, known as “NS experiment” is defined in the
x —y plane. All vertical experiments do account for the dynamic role of gravity but,
which is not the case for all the NS experiments, as they are defined at a plane with
a fixed depth.

To simulate the interaction between waves and fluid motion, we start from the mo-
tion equations for a poroelastic space in 2-D. For the case of the vertical experiment,
they are

eff eff
d;; = % [% +%] , (3.1)
dd? = % {%?Jr 8;—?} +9, (3.2)
d‘;:“ = (A + 2@% + Aaaf : (3.3)
d;‘hfz = (A 2p) %f + A%?;f , (3.4)
T 05

while in the NS experiment, they are given by

ov, _ 1 [aagﬁg N aazy] | (3.6)

ot plor T dy
T .
agf = (A +2p) 881;"3 + A%—”yy , (3.8)
8;;”/ = M+ 2@%—3’ + A% , (3.9)
agzy = u [%1;” +%} , (3.10)

Here, we are using the convention that compression is positive, and a coordinate
system where gravity goes in the positive direction of Z. Also, we are using effective
stresses, defined by

oi = ok — 6P, (3.11)



Numerical study on the influence of pre-existing local structures and seismic source
44 characteristics in earthquake-volcano interactions

where ¢;; is the Kronecker delta, and P is the total pressure, given by the addition
of the hydrostatic pressure Pk plus the overpressure Pyye,.

The fluid diffusion is modeled following the treatment of Miller (Miller et al., 2004)),
and Kundu (Kundu et al., 2012), by using the non-linear diffusion equation:

dPover 1 |: K :| .
= V—VPyel| +€&, (3.12)
dt o(Be+By) L n
where S and [, are fluid and pore compressibility, « is the permeability, 1 is fluid
viscosity, and £ is a source term, which might depend on the volumetric stress change.
Permeability & is a function of normal stress, and is given by
On
K = Ko exp (—T> : (3.13)
o
where kg is the permeability at zero effective stress, & is a constant, and o, is the
normal stress, defined by

O.eﬂ + O.eff o.eff _ O.eff ]
o, = & 5 22 4 23 5 22 08 20 + 0T sin 26 | (3.14)
for the vertical experiment, and by
aig + ocff agg — o°ff
On =3 Yot 5 Y cos 260 + o5 sin 26, (3.15)

for the NS experiment. In these equations, # is the dip angle of the particular plane
in which normal stress is measured.

Fluid viscosity n is usually a function which depends on pressure and temperature,
and it has a different form for different fluids(Kushiro et al., 1976))(Giordano et al.,
2008) (Karki and Stixrude, 2010)). In the case of water, it is modeled as temperature-
dependent function, given by

Nwater — A1 X 10&2/T_a3 ’ (316)

where aq, as, and az are constants, and T is the temperature, in Kelvin, which
depends on depth according to:

T = To + CL4h, (317)

with h the depth and T, the temperature at surface, in dry conditions. In the NS
experiment, this value is fixed.
The source term in Eq. (3.12) depends on the change in volumetric stress. According
to Gahalaut et al.(Gahalaut et al., 2008), it is given by
: dO'V
=B— 3.18

with oy the volumetric stress and B the Skempton coefficient. Previous stud-
ies(Kundu et al., 2012) have used this term as the starting point of a fluid diffusion
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Figure 3.1: Physical system, with the locations of the stations and the three considered
families of earthquakes. The epicenter of type 1 earthquakes, in blue, is located in a point
in the space, at a similar distance from the reservoir and the main system fault. Type 2
earthquakes, in green, are generated with their epicenter at the main fault. Finally, type
3 events are located at the left hand side of the reservoir, and they are the more distant
earthquakes to the system main fault. They are sketched in purple.

simulation, with oy being equal to the static volumetric stress change due to an
earthquake. This procedure, however, does not account for the dynamic, more im-
pulsive, stress changes due to the passage of a wave in the system. In our procedure
for the vertical experiments, we solve the system of differential equations given by
Egs. (3.1), (3:2), (3-3), (.7)), and (3.4), coupled with Eq. (3.12), and the equations
therein, thus taking full account of both the co- and post-seismic effects of an earth-
quake in fluid motion. In the case of NS experiments, we change the equations of

motion for the poroelastic space with Eqgs. (4.4)), (4.5), (4.1), (4.2)), and (4.3).

3.2.1 Experiment settings
3.2.1.1 Vertical Experiment

Fig. [3.1] presents a sketch of the physical system under treatment. It is composed
by a overpressurized hydrothermal reservoir at depth d, connected to a geological
fault, which is represented as an inclined line with different elastic properties and a
larger permeability than the rest of the space. The fluid reservoir is characterized
by larger Young’s modulus and Poisson ratio than the used in the rest of the space.
The value of the overpressure inside the reservoir is P,.... Later, an earthquake is
generated at a particular space point, and the objective is to follow the temporal
and spatial evolution of stresses, velocities, and fluid pressure.

To follow the temporal behavior more easily, nine stations were located in several
points in the space. The details of the quantities they record, as well as some of their
location details, are given in Table 3.1} They are located so we can take a closer
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look at the behavior of the fluid dynamics, and then contrast these measurements
with others obtained in stations which reproduce the background activity. All the
relevant physical quantities are recorded in each one of them, at a rate of 200 data
points per second.

Name Code Relative Location
Space SP Space
Fault Far FF Fault
Fault Out FO Space, next to Fault
Fault Mid FM Fault

Fault Res FR  Fault, next to Reservoir
Res Left RL  Space, next to Reservoir
Res Mid  RM Reservoir

Res Right RR  Space, next to Reservoir
Res Down RD  Space, next to Reservoir

Table 3.1: Detail of the used stations, including name, abbreviations, and relative loca-
tion in the system. Here, space stands for any point which is not in the system fault or in
the fluid reservoir.

The system fault is inclined in an angle g, respective to the horizontal axis. It
is defined as a region in the space with different elastic properties, which are the
following:

Etany = 0.7E Vtault =V, (3.19)

with E the Young’s modulus and nu the Poisson ratio. Also, permeability 100 times
larger at the fault than at the rest of the system.

Using this setting, we performed two main types of experiments. The first one
consisted in study of the influence of several My, = 4.0 earthquakes, located at
three different locations, characterized by the value of their dip angle. For each
location, we generated 26 events, with dip angles between the 50° and 75°. Type
1 earthquakes are located near the middle of the domain, with a similar epicentral
distance to both the fluid reservoir and the mid point of the system main fault.
Type 2 earthquakes have their epicenter at the main fault, and type 3 earthquakes
are generated to the left of the reservoir, being the most distant ones to the local
structures. To isolate the role of the system main fault, we performed the same
simulations, but without the presence of this structure. Following the conclusions
of experiments on elastic parameters of fluid saturated rocks(Heap et al., 2014),
we changed the value of Young’s modulus and Poisson ratio to F,, = 1.5F, and
Ures = 1.1v9, where Ejy and 14 are the corresponding values in the space, outside the
local structures.

The second type of experiment consisted in the study of the role of different elastic
parameters for the fluid reservoir in the system dynamics. For this, we chose a type
3 earthquake, with a 75° dip angle, and a type 1 earthquake, with a 60° dip angle,
as main perturbations. We then proceed to perform several experiments, each one
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with a different set of values for both the Young’s modulus and Poisson ratio at the
fluid reservoir.

3.2.1.2 NS experiment

Long distance connections of hydrothermal fields are usually considered to occur
due to the wave receiver being close to a critical state(Manga and Brodsky, 2006).
Nevertheless, the role of local structures has not been widely taken into account. To
study the earthquake influence in a volcanic/hydrothermal system when static stress
changes are small at the reservoir level, we set up a two dimensional experiment,
where we generate several My, = 6.1 earthquakes, located 100 km away from a
two mirroring faults, to study the effect of dynamic stress transfer in the system,
subjected to changes in both epicenter location and strike angle value.

Our system of interest consist on a two dimensional poroelastic space, with a fault
system composed of two mirroring structures, and fluid reservoirs at the middle
of each fault. We then generate earthquakes far from the fault region, and follow
both the dynamic and static changes induced by them. The setting is then affected
by several My, = 6.1 earthquakes, located at three main points in space, but at
the same 100 km distance to the reservoir of the easternmost fault. Strike angle is
changed in all the three locations, in the [—15° : 15°] range.

Fig. shows the setting of the experiment. We have a 2-D poroelastic space in
the North-East plane, at a depth h, with two faults, which are regions in the space
with a lower Young’s modulus, and a larger permeability, just as in the case of the
vertical experiment. The strike angle of the faults is +6. Two fluid reservoirs are
also present, both with the same initial overpressure Pyye,. Young’s modulus and
Poisson’s ratio at the reservoirs are the same as the ones used in the vertical exper-
iment.

To follow the dynamic behavior of the relevant physical quantities, we placed nine
stations in important regions of the system. They allow us to get a better impression
of the differences between nearby structures. Right hand side subfigure of Fig.
and Table [3.2] show more details on their precise location.

3.2.2 Initial stress state

Before starting any experiment, initial profiles for stresses and velocities must be
found. The stress profile depends largely on the location of both the fault system
and the reservoirs. To obtain it, we begin by setting initial conditions, and then let
the system evolve up to its point of equilibrium. The resulting stresses and velocities
profiles are the initial conditions for the experiments.

For the vertical experiment, the initial conditions we impose are the following:

Ou = pgh , Oxx = 1.50,,, (3.20)

where p is the rock density, g is the gravity acceleration, and h is the depth. In our
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Figure 3.2: Left: Basic setting of our experiment. My, = 6.1 earthquakes are generated
at three different locations, all located at a distance d = 100 km from the first fluid
reservoir. The fault system is composed by two main structures, each one with a fluid
reservoir near its mid point. Right: Close up to the fault system, showing the location of
the nine stations used for timeseries recording. Names for each stations are: 1 - Fault West
Up (FWU), 2 - Reservoir West (RSW), 3 - Reservoir (RS), 4 - Fault West Down (FWD), 5
- Space Up (SPU), 6 - Space Mid (SPM), 7 - Fault East Down (FED), 8 - Reservoir Fault
East (RFE), 9 - Fault East Up (FEU). More details in station placement are in Table

St. Number St. Name Acronym Location Young’s modulus
1 Fault West Up FWU Upper west fault corner Low
2 Reservoir West RSW West to the westernmost fault Normal
3 Reservoir RS Western reservoir High
4 Fault West Down FWD Lower west fault corner Low
5 Space Up SPU Space between faults, up Normal
6 Space Mid SPM Space between faults, mid Normal
7 Fault East Down FED Lower east fault corner Low
8 Reservoir Fault East RFE Eastern reservoir High
9 Fault East Up FEU Upper east fault corner Low

Table 3.2: Details on station placement, including station number, name, acronym,
relative position respective to the fault system, and detail on Young’s modulus at its
position, where “normal” stands for the value for the normal elastic space, “low” represents
a lower value, proper of the fault zone, and “high” represents a higher value, which is

related to the reservoir region.
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sign convention, compression is positive.

The hydrothermal reservoir is considered as an elliptic region defined by a overpres-
sure App, and it is connected to the system fault. The whole space is considered to
be fluid saturated, so the quantity responsible for deformations is the effective stress.
Total pressure is given by the sum of the hydrostatic pressure plus the overpressure.

P = ptgh + Pyyer - (3.21)

Here, p¢ is the fluid density, and P, is the overpressure in any point in space.

To obtain the initial stress state before the earthquake arrival, we have to solve our
system of differential equations in a long time, without earthquake generation, until
we reach a stable solution. To avoid wave propagation due to the system structures,
such as the fluid reservoir, and also to reduce calculation time, we used a Mass Scal-
ing method, introduced by Rozhko (Rozhko, 2007)), with a density peomp = 10°® kg/ m’
and a viscous damping damping equal to 0.2.

Fig. shows the equilibrium stress profiles, right before the arrival of an earth-
quake. Notice how the system main fault is clearly visible.

The procedure is similar for NS experiments, only that the system of differential
equations to solve changes. Fig. shows the relevant stress profiles before any
earthquake generation.

3.2.3 Grid and absorbing layers

In all the experiments, we solved the partial differential system of equations by using
a explicit a finite difference method, with a staggered grid, following the procedure
of Saenger(Saenger et al., 2000). Fig. presents a sketch of the used grid. The
total size of the grid is 400 x 400 points for the vertical experiments, and 800 x 800
points for the NS experiments. Pressure, overpressure, total and effective stresses,
are measured in the same points, while velocities are calculated in the intermediate
points. The implementation of the method was done in a series of new poroelastic
codes in C++, using OpenMP (Board, 2013)) as a parallelization routine.

3.24 CPML

The outcome of numerical simulations which involve wave propagation depends
strongly on the boundary conditions, as they help to define the physical system
under treatment, and dominate how the system behaves in the long term. One
major issue when solving wave equations under any numerical method is composed
by the the spurious wave reflections at the boundaries. This is a numerical, non-
physical phenomenon, and significantly affects the simulation, generating artificial
results.
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Figure 3.5: Sketch of the grid used in our computational codes. Stresses and pressures
are defined in the same grid points, but the velocities are calculated in the grid nodes
between them. Boundary conditions are imposed in the total stresses at the black points.

One method to avoid this situation is to use Convolutive Perfect Matched Lay-
ers (CPML) in the borders of the domain, which will prevent most of the non-
physical reflections. The application of this method to elastic space was introduced
by Drossaert and Giannopoulos (Drossaert and Giannopoulos, 2007)), while the ap-
plication to poroelastic media was developed by Martin et al(Martin et al., 2008). Its
usage involves to define layers which attenuates incoming velocities and stresses, with
null boundary conditions at all the borders. This method has been proved to reduce
significantly the numerical, non physical, wave reflections at the system boundaries,
and it is currently being used for several studies on wave propagation(Bean et al.,
2014).

3.2.5 CPML in non-zero initial and boundary conditions

Due to the construction of the CPML layers, null boundary conditions have to be
imposed, and initial stress profiles are also zero. This is an issue when the scope
of the research goes beyond wave propagation, as the case we are treating here,
when the stress profiles are of vital importance to the fluid motion, and different
from zero. If the CPML method is applied directly in the system, a boundary wave
is generated, which alters the final results. To handle this difficulty, we represent
the dynamical behavior of the system as composed in two parts: base section, when
wave motion is not considered with physical, non-zero stress profiles, plus a dynamic
part, which considers only the wave motion, with null initial stresses and where the
CPML method is used. This means that a stress o;; and a velocity v; fulfill the
following equations:

o = o) +ol (3.22)

v = v 0@, (3.23)

K3 3
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where the (b) and (d) labels stand for the base and dynamic parts, respectively.
Using Eq. (3.22) in Eq. (3.11]), effective stresses can be written as:

oot = oSt ) 4 5 (3.24)
where
o V= o) = 8uP,
is the effective stress in the base phase. Using Eq. (3.24) in Egs. (3.1)) and (3.2)), it
follows:
du, 1 80§g(b) 8025 (®) 1 3@(2;) 809(62)
—_— = - - 3.25
dt p ( Ox + 0z + p\ Or + 0z |’ (3:25)
dv, 1 dort () N dot ) o 1 {00 N dold (3.26)
a Ox 0z g p\ Oz 0z |’ '
which can be arranged as
du,, dv;(cb) dvéd)
b 3.27
dt a dr (3:27)
dv, S
V2o 00 8 (3.28)
dt dt dt

where do” /dt takes gravity into account.

Likewise, using Eq. (3.23)) in Eqgs. (3.3), (3.4), and (3.5)), it follows:

IR T SRR <R S
R I e S
R I E

which can be written as
R e
R 639
b - B e

Eqgs. (3.27)),(3.28)),(3.32)),(3.33), and (3.34) are the derivatives of Eqgs. (3.22) and
(3.23). Thus, O'i(}:) and vgb) evolve satisfying the system of differential equations of a
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Figure 3.6: a) Grid used to compute the quantities in the base part, with physical
boundary conditions applied into the stresses. b) Grid used to compute the quantities in
the dynamic part, with the location of the Convolutive Perfect Matched Layers, on gray.
Null boundary conditions are applied to the stresses.

fluid-saturated poroelastlc medium with gravity, with non-zero boundary conditions,
whereas O'(;:) and v; @ satisfy the system of differential equations of a elastic medium
without gravity, Wlth null initial stress profiles. The CPML method can be therefore
used on (Ti(;j) and vi(d). The perturbation which generates waves in the system is also
applied to these w-variables.

Here we presented the derivation corresponding to the vertical experiments. For NS

experiments, following the same procedure, we can reach the same result.

3.2.6 Grids

The system separation in two parts creates three different grids: One for the vari-
ables in the base part, another for the variables in the dynamic part, and finally, a
composite grid, with the sum of both types of variables. Fig. shows a sketch of
the first two grids, highlighting the differences between them.

3.2.6.1 Algorithm

Physical variables are evolved in a Finite-Differences scheme, fulfilling a stability

condition, with the Courant number equal to one. Fig. presents a sketch of the

described algorithm. To begin a cycle that goes from a time ¢ to a time t + dt, we

start with a pressure P, an overpressure P! total stresses o, effective stresses
eﬂ t

ost, and velocities vf, and vl. As mentioned earlier, stresses and velocities are
composed by “base” and “dynamic” contributions, which are calculated separately.
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The first quantity that is obtained is the normal stress, needed for the overpressure

calculation, which is in turn used to calculate the pressure P, Later, effective

stresses are obtained, following Eq. (3.11)). They are responsible for the deformation,
by trdt

and since o T s the sum of af,ﬁf ( with ai(zv) bt afg (B) 1+t 3¢ vesponsible for
the deformation of the “base” part of the system, while agv) " Jetermines the

deformation of the “dynamic” part.

When the system is divided in two parts, two separate evolution lines are created.
The first one, related to the base part, evolves vgb) and af,f (W), imposing Dirichlet
Boundary Conditions on the effective stresses. In the second line, related to the
dynamic part, vi(d) is first evolved, then corrected on the edges by using the CPML
method. Afterwards, crgj) is changed, and is also corrected on the edges by using
the CPML method afterwards. To finish the cycle, the contributions for both parts

are taking into account, and thus we obtain v/ ™ ¢4 and gt T,

3.2.7 Earthquake generation

An earthquake is the result of the sudden displacement of one block of the cortex
respective to another, creating a rupture plane in the process. The direction of this
displacement defines its focal mechanism, and it has components in three dimensions.
Our simulation is in only two dimensions, so some restrictions have to be applied to
the type of earthquake that can be simulated.

The simplest way to model the rupture zone of an earthquake is to represent it as a
rectangle of length L and width W. The relative displacement between two blocks
is represented by u. In this first model, where all parts of a block move in the same
way, the Seismic Moment is given by

My = uLWlu|, (3.35)
where |u] = y/u-u.

If all the quantities are given in the MKS system, the Moment Magnitude of the
earthquake is

2
M, = 3 logyo(Mo) — 6. (3.36)

Scaling relations between L, W, and u = |u| are used in the simulation. The first-
order approximation to them considers a linear relationship between these quantities,
as follows:

W =T,L, wu=TI,L, (3.37)

where I'; and I'; are parameters obtained empirically after fitting real data, and are
given by

r, =, [, =15x107". (3.38)
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In the vertical experiment, where only the & and the Z axis are used, not all the
directions of u can be represented. This dimension restriction allows only to simulate
dip-slip motions, with a fault width W and a relative displacement u. In the NS
experiment, on the other hand, we generate typical subduction earthquakes. Due to
the 2-D constrain of our setting, we consider the projection in the North-East plane
as our source. We calculate the earthquake rupture length, width, and slip, by using
the relations given by Eqgs. (3.37) and ([3.38).

To generate the earthquake in the vertical experiments, we build up stress by slowly
moving two neighboring rectangles, both with length L and a small width A, one
next to each other, to generate a relative displacement |u|. Both rectangles have
an inclination angle 6, which is the earthquake’s dip angle. Then, after the right
amount of slip has been reached, we release the blocks, which move generating the
seismic waves. In the case of the NS experiments, we follow a similar procedure, but
this time we move block of length L.,; and width W,,;, which are the projections
of L and W into our 2-D domain.

3.3 Results

The main goal of this article is to understand the role that different earthquakes
have in a system composed by simple systems of fluid reservoirs connected to faults,
and what is the role that local structures play in that interaction. We are inter-
ested in how the change of earthquakes characteristics such as the dip and strike
angles, as well as it hypocentral position and magnitude, do affect the influence that
an earthquake has in out studied systems. Here, we present the results from our
experiments.

3.3.1 Vertical Experiment

The main goal of this experiment is to quantify the static and dynamic changes
induced by several earthquakes in a simple system composed by a fluid reservoir and
a single fault. To study this, we followed the co-seismic effect of several earthquakes
at the whole system, with emphasis on the 9 stations displayed in Fig. We will
refer to the earthquake locations as type 1, type 2 and type 3 events, following the
description given in section [3.2]

3.3.1.1 Overpressure evolution without external perturbations

Overpressure evolution, without the influence of external earthquakes, is important
to understand the natural behavior of the system. Fig. shows five snapshots of
the overpressure in the system, highlighting the preferred diffusion direction, which
is upwards along the fault. Of the nine stations sketched in Fig. [3.1] the first one to
record a change in the overpressure value is Fault-Res, thus making it a important
station for the recording of Physical properties.
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Figure 3.8: Overpressure evolution in 8000 seconds, without the influence of an external
earthquake. We also sketch the local structures (fluid reservoir and main fault). The
main fluid direction is up along the system main fault, which is the structure with lower
permeability.
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3.3.1.2 Static overpressure change, in two different settings

We first analyzed the total overpressure change due to the effect of the external
earthquakes, for each one of the types of earthquakes. We varied the dip angle in
the [50°:75°] range, and we simulate the system dynamics for each one of them in
two settings: fault-present, and fault-free.

3.3.1.2.1 Type 1 earthquakes Static overpressure transfer is important since
it alters the stress state of a region permanently. Fig. shows several maps
of overpressure change for type 1 earthquakes, in a fault-present environment, for
different dip angle values. All dip angles are measured respective to the horizontal.
Compression/extension areas are dominated by the radiation pattern of each event,
with the fluid reservoir being compressed and the fault being mostly extended. An
anomalous compressive region is found beneath the reservoir, with a similar shape
for all the earthquakes, that does not relate with what should be expected in a
typical double couple radiation pattern. This effect is particularly noticeable for
dip angle values larger than 60°, and is related to the deformations created by the
presence of the reservoir when it is under the influence of an external earthquake.
An important feature is the discontinuity in the overpressure induced by the earth-
quake, at the system fault. Mainly, static overpressure change is reduced inside the
structure, and also there is a “transferring” effect, in which part of the induced com-
pression/extension pattern is moved downwards the fault. The effect of the fault
seems to be more pronounced for dip angle values between 50° and 65°, when the
larger extensions are induced in the structure.

Static overpressure changes in a fault-free setting are presented in Fig. [3.10] The
clearest difference with the results presented in Fig. is the absence of the dis-
continuity at the fault, due to the lack of it. The compression/extension patterns
are otherwise very similar.

In order to have a better insight on the differences generated by the system fault,
we analyze the static overpressure change at each one of the nine system stations.
Fig. presents a station by station comparison of the static overpressure change,
measured in both fault-present and fault-free settings, as a function of the dip angle
values. While there is some perturbations in our results, due to reflections at the
reservoir level that are not completely absorbed by the cpml layers, there are clear
trends, which are dominated by the radiation pattern of each earthquake. Larger
volumetric extensions are found at the system fault, with the maximum values at
a 50° dip angle value. Results at FO and FM stations, located right outside the
structure and at the middle of it respectively, present overpressure variations up
to 23 kPa between the different events. Similar variations are featured in reservoir
stations (RL, RM, RR, and RD), but with compressive values.

Timeseries analysis featured in Fig. show how the overpressure changes differ
mostly inside the fault region, with the absolute value of the total changes being
lower when the fault is present than when it is not. This affects not only the fault
itself, but also its vicinity, as the the results of FO station show. Differences between
settings are more noticeable when the volumetric change is more pronounced, and
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Figure 3.9: Overpressure change maps for several type 1 earthquakes, with different dip
angles, in a fault-present setting. Overpressure is plotted in the [—25 kPa : 25 kPa] range.
Maps were obtained at the end of each simulations, and hence some small vibrations
remained, which explains the small perturbations in out results. Main system structures
are also sketched.



Numerical study on the influence of pre-existing local structures and seismic source
60 characteristics in earthquake-volcano interactions

50
100
150
200

250 |

Depth [x10 m + 4000 m]

300

350

50

100

150

200

280

Depth [x10 m + 4000 m]

20000

300
350
10000
50

100

o
[Pa]

180
200

-10000

250

Depth [x10 m + 4000 m]

300 1 -20000

350

50 100 150 200 250 300 350 50 100 150 200 250 300 350
Horizontal position [x10 m] Horizontal position [x10 m]

Figure 3.10: Overpressure change induced by a type 1 earthquake, for several dip angles
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as in Fig. Notice how an anomalous compressive region is generated beneath the fluid
reservoir.
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Figure 3.11: Station-by-station comparison of the overpressure change induced by a type
1 earthquake, for several dip angle values, in two environments: with and without a system
fault. Clear trends are found in all stations, with the fault zone stations (FF, FO, FM,
and FR) recording most important differences in the results between settings.
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also at the most distant places of the fault, like FF station and FR station, with
the former suffering volumetric extensions whilst the latter recording volumetric
compression.

3.3.1.2.2 Type 2 earthquakes Type 2 earthquakes are generated with their
hypocenter at the system fault. Fig. shows the static overpressure change
for the same magnitude earthquakes, for several values of the dip angle, in a fault-
present setting. Outside the system structures, the volumetric change is dominated
by the earthquake radiation pattern. Fluid reservoir undergoes volumetric exten-
sion on its left region, and compression on its right border. It also distorts the
compression pattern on its right edge, being this effect most noticeable for larger
input compressions, which in our case are found for dip angles lower than 65°.

The system main fault also plays a role in altering the static overpressure pattern.
This is more noticeable at its edges, when larger extensions are induced on the struc-
ture. The input compression/extension pattern depends strongly on the earthquake
dip angle value, inducing mostly volumetric compression at the fault for dip values
smaller than 60°, and volumetric extension for dip angle values higher than 60°.
The value of the induced volumetric change is decreased inside the fault, as can be
specially noticed when comparing the results to the ones obtained in a fault-free
setting, presented in Fig.

Given that the earthquake is generated at the system fault, the effect on the struc-
ture is more complex than the for type 1 events. Fig. shows a station-by-station
comparison of the results between the fault-free and fault-present settings. Impor-
tant overpressure changes are found at FO and FM stations due to their location,
which for some dip angles is right on top of the earthquake rupture zone. In general,
for all the stations located in the fault region, the volumetric change is smaller than
it would be expected in a fault-free setting. Due to the transition from a compressive
to a extensive state at a 60°, the overpressure change at the fault goes from less com-
pressive to less extensive when compared with the results from a fault-free system.
In the rest of the stations, the contrast between settings is not so straightforward,
showing that the fault does have a large influence on the static overpressure change.
In terms of values, the larger overpressure contrasts between settings are found in
the fault, specially in the edges of the structure, as it can be appreciated on FF
and FR stations, with maximum differences of ~ 23 kPa in FF station for a 75° dip
angle value, and ~ 15 kPa for a 73° dip angle. Differences between settings differ
from the case of type 1 earthquakes, where stations outside the fault show similar
results.

3.3.1.2.3 Type 3 earthquakes From the three different earthquake families
considered in this study, type 3 earthquakes are the most distant to the main struc-
tures of the system, and therefore the volumetric changes at the system structures
are smaller than in the previous two cases. Fig. shows the overpressure change
for this type of earthquakes, in a fault-present setting. The volumetric changes are
dominated by the radiation pattern of the events, but there is a distortion at the
right hand side of the reservoir, with the creation of an extensive region that is not
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Figure 3.12: Static overpressure change in the simulation domain for type 2 earthquakes,
obtained for several dip angle values, marked at each picture. Overpressure is plotted in
the [—45 kPa : 45 kPa] range. We also sketch the local structures of the system. Distortions
produced by the fault are found inside the structure, and are more noticeable for larger
dip angle values.
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Figure 3.13: Overpressure change maps for several type 2 earthquakes, with different
dip angles, in a fault-free setting. Dip values are marked at each picture. Overpressure is
plotted in the [—45 kPa : 45 kPa] range. The fluid reservoir generates a distortion in the
earthquake-induced overpressure pattern, particularly at its borders.



Numerical study on the influence of pre-existing local structures and seismic source
characteristics in earthquake-volcano interactions 65

Static overpressure change in two different environments
In all stations, for a Type 2 Earthquake
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Figure 3.14: Station by station comparison of the overpressure change induced by type 2
earthquakes, between a fault-free and a fault-present setting. Static overpressure changes
are plotted as a function of the dip angle value of the seismic event.
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Figure 3.15: Earthquake-induced static overpressure change for type 3 earthquakes,
obtained for several dip angle values, in a fault-present setting. For better visualization,
the main structures of the system are drawn in each map. Overpressure is plotted in the
[—20 kPa : 20 kPa] range, and it can be noticed how it is slightly reduced inside the main
system fault.
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expected in a regular double-couple earthquake radiation pattern. The role of the
system fault is not so prominent for this type of earthquake, but it does reduce
the amount of volumetric extension inside itself, being particularly noticeable at dip
angle values between 50° and 65°.

Fig. presents the static overpressure change for several type 3 earthquakes,
in a fault-free environment. When contrasting with the results presented in Fig.
.15 the role of the system fault becomes evident, and it is more prominent at the
boundary between the fault and the fluid reservoir, which undergoes an important
volumetric extension, due to the existence of the reservoir.

Fig. presents the station-by-station comparison between settings. Space and
reservoir stations show clear trends, which depend mostly on the earthquake radi-
ation pattern. The influence of the reservoir is seen in the distortion recorded at
the fault stations (FF, FO, FM, and FR), where the overpressure patterns have
important variations between dip angle values. Nevertheless, the role of the fault
is still unveiled, as less extensive patterns are recorded at the fault-present setting,
which is consistent with what was found in type 1 and type 2 earthquakes. These
differences can be as high as ~ 4 kPa in FM station, and are correlated with the
absolute value of the mean stress change induced by the earthquake, with the larger
contrasts being found at the larger volumetric changes. The role of the fault in
the static overpressure change is also noticeable in its vicinity, as it can be seen
in the results from FO station, located right outside the fault. A slight difference
between settings was recorded at that station, with larger extensions being found at
the fault-present system.

3.3.1.3 Dynamic Maximum Overpressure Amplitude

Dynamic changes are more predominant at larger distances from the earthquake
rupture zone(Hill, 2008). While these variations are transient, their magnitude can
be important for the dynamics of the system, as they can be used to identify sudden
pressure increases, and they can also induce faulting, which in turn can explain
sudden increases in seismicity in several regions around the world, right after (and
even during) the passage of the earthquake waves(Manga and Brodsky, 2006). In
this subsection, we present the results for the dynamic stress transfer, for the three
earthquake families.

3.3.1.3.1 Type 1 earthquakes Fig. 3.I§presents the overpressure peak changes
in all stations as functions of the earthquake dip angle, for type 1 events, with a
comparison between the fault-present and fault-free settings. Peak overpressure pat-
terns are complex in all stations, with some particular dip angles for which maximum
compression is achieved. For this earthquake family, the vast majority of the peak
overpressure values are compressive. The complexity of the maximum overpressure
change patterns does not correlate with the ones of the static overpressure change.
Such a difference might be related to the effect of multiple reflections at the system
structures: main fault and fluid reservoir.

Differences between settings are found mostly in fault and RR stations. In the
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Figure 3.16: Static overpressure change, for type 3 earthquakes, measured at several dip
angles, in a fault-free environment. Overpressure is plotted in the [—20 kPa : 20 kPa].
Results highlight the presence of an extensive region to the right hand side of the fluid
reservoir, whose size depends on the volumetric extension induced by the incoming earth-
quake.
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Static overpressure change in two different environments
In all stations, for a Type 3 Earthquake
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Figure 3.17: Comparison of the overpressure change induced by type 3 earthquakes
between a fault-free and fault-present setting, as a function of the earthquake dip angle.
Larger differences are found at the fault zone stations (FF, FO, FM, and FR).
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Maximum overpressure change in two different environments
In all stations, for a Type 1 Earthquake
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Figure 3.18: Maximum dynamic overpressure change recorded at each station during
the passage of the waves generated by a type 1 earthquake, as a function of the dip angle.

Main differences between settings are found inside the main system fault, with mostly
lower overpressure peaks inside the structure.
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Maximum overpressure change in two different environments
In all stations, for a Type 2 Earthquake
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Figure 3.19: Maximum overpressure amplitude recorded at each station, as functions of
the earthquake dip angle, for a type 2 events. Blue lines show the results obtained in a
fault-free system, whilst green lines present the results measured in a fault-present system.

stations located in the fault zone, maximum overpressure changes are usually smaller
in the fault-present setting than at the fault-free environment. An exception to this
is found at FO station, which presents larger maximum overpressure amplitudes at
the fault-present setting for dip angle values between 62° and 65°. This contrast
between ambiances also highlights the difference in amplitudes between FO and FM
stations when the fault is present. In that case, average peak overpressure inside
the fault are smaller than outside the structure.

3.3.1.3.2 Type 2 earthquakes Type 2 earthquakes are generated very close to
the main system fault, thus generating more complex patterns in peak overpressure,
specially in the stations located at the structure. It also generates larger differences
between settings. Fig. [3.19) shows how the larger peak overpressure amplitudes are
registered at FO and FM stations, with the former registering the largest peak. For
both stations, the largest overpressure amplitude is found for the same dip angle
values at which the overpressure change was the largest, as can be seen in Fig. [3.14]
Due to the several wave reflections, important differences in maximum overpressure
are found between settings. Taking the results from the fault-free setting as a ref-
erence, we can see how the maximum overpressure changes are larger at the fault
stations, and smaller at the reservoir ones. This suggest that most of the volumet-
ric change induced by the earthquake is concentrated inside the system main fault,
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Maximum overpressure change in two different environments
In all stations, for a Type 3 Earthquake
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Figure 3.20: Maximum overpressure amplitude for a type 3 earthquake, measured in all
stations, as a function of the earthquake dip angle values. We also show a comparison of the
results obtained in two settings: the first one does not contain a main fault, and the second
does involve this structure. Blue lines show the results in the fault-free environment, and
green lines present the results obtained in a fault-present setting.

reducing the influence of the seismic event outside the structure. In terms of values,
the larger differences between settings are found in FF and FR stations, which are
located at the two edges of the system fault.

3.3.1.3.3 Type 3 earthquakes Type 3 earthquakes are generated close to the
bottom-left corner of the space, thus converting them in the most distant events from
the system main fault. Fig. [3.20] shows how the maximum induced overpressure
values are smaller at the fault stations for this family of earthquakes than for the
other two we have introduced. One more time, and due to reflections at the fluid
reservoir, patterns are complex. Nevertheless, the larger peaks are found mostly in
the 55° — 65° dip angle band for all stations but SP and RD, which is located at the
right hand side of the fluid reservoir.

Differences between settings are most noticeable at the fault stations, where the com-
mon trend is to have larger overpressure peaks in a fault-free setting. However, this
is not true for FO station, located right outside the fault. The maximum overpres-
sure values at that station are consistently higher in the fault-present environment
than in the fault-free setting, specially after a 62° dip angle value.

In the fault-present setting, the difference in the results recorded at FO and FM
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Figure 3.21: Normalized cross correlation between the maximum overpressure amplitude
vs dip angle series obtained in two different settings, for type 1 earthquakes.

stations also highlights a strong difference in two neighboring recording points, which
is due to the existence of the system main fault. This steep contrast between them,
which can be as high as a more than 4 times larger at FO station when compared
with the FM observations, highlights a “breakwater” effect on wave motion, which
is reflected in this abrupt overpressure change.

3.3.1.4 Cross correlation in maximum overpressure amplitudes

Cross correlation analysis between Amplitude/Dip angle series for both settings is a
good technique to compare how similar they are. Due to the intricacy of the patterns
obtained in our study, this technique is particularly useful to determine the degree
of complexity in wave propagation, as well as it is helpful to isolate the role of local
structures, such as the fluid reservoir and the system main fault. Figs. [3.21] [3.22]
and show the normalized cross correlation for the three earthquake types, as a
function of a delay D, defined by

oy — LU = P)olt = D) ~5) 530

N o0y ’

where f(t) and g(t) are the series. The series averages are given by f and g. N is
the total number of data points, and oy with o, are the standard variations of each
function.

For type 1 earthquakes, all space and reservoir stations show a maximum cross-
correlation near to 1 at zero delay, meaning that the maximum amplitude vs dip
angle timeseries are very similar between the studied settings. Results in fault region
stations shows otherwise, with lower correlations being the norm, and even finding
anti-correlations almost as high, in absolute value, to the highest cross correlation
values. FR station is the one that presents the largest differences between maximum
overpressure amplitude/dip angle timeseries.
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Figure 3.22: Normalized cross correlation coefficient between the maximum overpressure
amplitude vs dip angle timeseries induced by type 2 earthquakes, in two settings: fault-
present, and fault-free.

Higher similarities between settings, for type 2 earthquakes, are found at zero delay,
as can be appreciated in Fig. [3.22] Our results also highlight low correlation values
for all stations but Fault Out and Fault Mid stations. These stations get this high
similarity between settings because of their relative position respective to the system
fault. Interestingly, the rest of the stations located at the fault area recorded much
lower correlation values than reservoir stations, meaning that the larges discrepancies
between settings are found in the near field of the earthquakes.

The cross correlation for type 3 earthquakes highlights a maximum value close to
1 for all space and reservoir stations. Our results show that the larger difference
between settings is found at the fault stations, with FM and FF stations being the
ones with less differences between environments.

3.3.1.5 Maximum cross correlation in overpressure timeseries

Our results show that the local structures do play a role in both static and dynamic
overpressure changes at the system. Comparisons between a fault-present and a
fault-free setting unveil a more complex role of these structures, mostly due to
alterations in wave motion due to wave reflections and refractions on them. While
we already studied the peak overpressure values during the passing of the seismic
waves, we do not know for sure if the influence of the local structures affects only
at the maximum amplitudes or to the whole waveform. Cross correlation analysis
of the overpressure timeseries at each one of the stations can shed some light on the
dynamic role of fluid reservoir and the main fault of the system.

To be able to perform a proper cross-correlation analysis for all our earthquakes, we
use Eq. to calculate the cross correlation between two overpressure timeseries,
for the same earthquake and station but in two different settings, as a function of
a delay D. We then obtain the maximum correlation value, which depends on the
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Figure 3.23: Normalized cross correlation coefficient between maximum overpressure
amplitude vs dip angle timeseries, measured at both fault-free and fault-present settings,
for type 3 earthquakes.

T T T T T 5 1 T T T T ]
0, — 2091 .
- Ez [5) - -
0, FR 508 N
QO L R

09 % 0’7

e
0 0 0,6

N W R hh o9 o o~
||I|||I|I|I|I|I

o o

RL

RM

— RR
|

g
N 22
= 0,1

| | | | | | | O | | | | | | | |
50 55 60 65 70 75 50 55 60 65 70
Earthquake Dip Angle [Degrees] Earthquake Dip Angle [Degrees]

RD

Maximum Normalized Cross Correlation
o o

()

é
:

5

~

Figure 3.24: Maximum cross correlation value obtained between overpressure waveforms
generated by type 1 earthquakes, in two different settings: fault-present and fault-free. The
maximum coeflicient value is presented in all the stations, as a function of the earthquake
dip angle. The plot located to the left presents the results recorded at the fault stations,
while the right-hand side plot shows the values obtained in the remaining stations.
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Figure 3.25: Maximum cross correlation value for the dynamic overpressure timeseries
measured at a fault-free and a fault-present setting, for type 2 earthquakes. Maximum
correlation value is presented in all stations, as a function of dip angle value of the seismic
event. Left hand side plot shows the results recorded in fault zone stations, while right-
hand side plot shows the values obtained in the remaining recording spots.

earthquake dip angle.

Fig. shows the maximum cross correlation value for type 1 earthquakes, as
a function of the dip angle. The first important feature is that the lower correla-
tion values are recorded in fault stations. Out of those, Fault Out station, which
is located just outside the local structure, records the highest values, with a rela-
tively flat dependence on the dip angle value. On the other hand, larger similarities
between settings are obtained in space and reservoir stations. Res Right station
has correlation values comparable to the ones of the fault stations, though. This
might be due to reflections with the system fault, and with a “barrier” effect the
fault might have on wave propagation, due to the relative position of the station
and the earthquake rupture. It is also very interesting how the largest differences
between settings recorded at the reservoir stations are found between 60° and 65°,
in particular when it is considered the inclination angle of the fault, that is 60°.
The same analysis for type 2 earthquakes is presented in Fig. [3.25] Cross correlation
patterns are radically different to the ones of type 1 events. Low correlations are the
norm here, most likely due to wave reflections in the main fault, which is the place
in which the earthquake epicenter is located. The exception comes from Fault Mid
and Fault Out stations, which are closer to the earthquake rupture. The highest
correlation values for these stations are closer to 1, and are present in the same dip
angle range as the higher overpressure changes presented in Fig. [3.14 This is due
to the closeness of the stations to the earthquake rupture zone.

The effect of wave reflections and how they affect dynamic stress transfer is also
noticeable in space station, which is located away from the local structures of the
system and should, therefore, present higher correlation values. This is not true for
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Figure 3.26: Maximum cross correlation value obtained between dynamic overpressure
timeseries, measured in all the stations, for a type 3 earthquake, in a fault-free and a fault-
present setting. Results are plotted as functions of the dip angle value. Left hand plot
shows the results recorded in fault zone stations, whilst the right-hand side plot presents
the values obtained in the remaining recording locations.

type 2 earthquakes, possibly due to the location of the rupture zone, which promotes
inner reflections in the fault, and affects the wave motion.

Fig. shows the maximum cross correlation value for overpressure timeseries
at the same station, but for different settings, as a function of the earthquake dip
angle, for type 3 events. Just as with type 1 earthquakes, lower correlation values
are present in the stations located in the main fault zone, with FO station featuring
the larger similarities between settings. Reservoir and space stations, on the other
hand, present high maximum cross correlation values, with a small dependence on
the earthquake dip angle. These observations are indicative of the role the system
main fault has on wave propagation, altering not only the maximum overpressure
amplitude, but also the whole waveform. This effect does not seem to depend
strongly on the value of the earthquake dip angle.

3.3.1.6 Dynamic Energy Transfer

We also studied the kinetic energy density at the system, which gives us an idea of
what parts of the system are more affected by the incoming waves of an earthquake.
Energy density here is defined as

1
€= §P(U§ +0l), (3.40)

with p the density of the elastic space.

Fig. [3.27] presents the results for type 1 earthquakes. The effect of the main struc-
tures of the system is clearly noticeable here. Reflections and refractions at the fluid
reservoir are visible for all the dip angle values of the incoming earthquakes, with
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Figure 3.27: Maximum energy density for type 1 earthquakes, plotted for several dip
angle values, in a fault-present environment. Both fluid reservoir and system main fault
are sketched, and are also visible in the maps, which emphasizes their role in wave motion.
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most of the wave energy being reflected at low dip angle values, such as 50°. When
kinetic energy is transferred into the reservoir, internal reflections at this structure
are also a predominant feature, as it does create some energy concentration zones
at its borders. This effect allows us to discern the shape of the reservoir in these
energy density maps, and it is particularly noticeable for a dip angle value of 75°.
The system main fault also plays an important role in energy distribution. When
comparing the maximum energy density maps in a fault-present setting, just pre-
sented in Fig. [3.27, with the maps of the same physical quantity in a fault-free
environment, which are presented in Fig. [3.28] the role of this structure is unveiled.
Reflections of the incoming waves on its left border creates an energy concentration
region between the earthquake rupture zone and the structure, but it also prevents
the right hand side of the fault to receive part of the kinetic energy from the seismic
event. This is most noticeable when the earthquake dip angle is equal or close to
the inclination angle of the main fault, which is 60°. This “breakwater effect” of the
system fault is not visible in the results from a fault-free environment, due to the
absence of the structure. Energy density is also concentrated inside the main fault,
with the size of this region being correlated with the size of the higher energy zones
from the earthquake.

Fig. [3.29 presents the respective results for type 2 earthquakes. While the “break-
water” effect of the system main fault is noticeable with the creation of high energy
zones between the earthquake rupture and the system structure, the most remarkable
feature is the energy concentration inside it. This effect is particularly noticeable
for dip angles between 60° and 65°, and the energy is mostly captured inside the
structure, as it is evidenced by the low energy areas outside it. For larger dip an-
gle values, the fault keeps concentrating the energy, but more complex patterns are
found outside it, possibly related to reflections at the fault.

The role of the main system fault can be more clearly appreciated after comparing
the results on a fault-present system with the results on a fault-free setting, which
are presented in Fig. [3.30] here, distortions in spatial energy density patterns are
due to the presence of the fluid reservoir, whose boundaries are visible due to the
reflections at it. Some energy is also concentrated in the right-hand boundary of
the reservoir. The strong difference between settings unveil a waveguide behavior
from the system main fault, as energy is concentrated inside it but, due to internal
reflections, only a little fraction of this energy is released outside the structure.
Energy transfer for type 3 earthquakes is somewhat similar to the one registered
for type 1 perturbations. Fig. [3.31] shows high energy regions at the left reservoir
boundary, and at the left hand side of the system main fault. The breakwater-like
features of the fault are also noticeable, with lower energy regions at the right hand
side of the structure.

The comparison with a fault-free setting is found when studying the results of Fig.
3.32 There, wave motion is distorted by the presence of the fluid reservoir, an
effect that is more noticeable for higher dip angle values. We do not see anomalies
in energy transfer on top of this structure, in the way we appreciate them in the
fault-present system.

Figs. [3.33] [3.34] and [3.35] present the maximum energy density as function of the
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Figure 3.28: Maximum energy density for type 1 earthquakes, plotted for several dip
angle values, in a fault-free environment. The absence of the system fault is clearly marked
as the only visible structure is the fluid reservoir.
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Figure 3.29: Maximum energy density for type 2 earthquakes, measured for several dip
angle values. Both fluid reservoir and system main fault are sketched. Note how energy is
concentrated inside the fault for dip angle values close to the main fault inclination angle,
which is 60°, without too much energy concentration outside the structure, resembling the
behavior of a fiber optic light cable.
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Figure 3.30: Maximum energy density for type 2 earthquakes, measured for several dip
angle values, in a fault-free setting. Reflections at the fluid reservoir are noticeable, as
they alter the energy density spatial patterns.
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Figure 3.31: Maximum energy density for type 3 earthquakes, measured at several dip
angle values, in a fault-present setting. Both reservoir and main fault are visible here, due
to wave reflections in these structures.
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Figure 3.32: Maximum energy density for type 3 earthquakes, measured at several dip
angle values, in a fault-free setting. Reflections at the fluid reservoir alter the wave motion,
creating high energy regions at its boundaries.
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Maximum energy density change in two different environments
In all stations, for a Type 1 Earthquake
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Figure 3.33: Maximum energy density as a function of the earthquake dip angle, for
type 1 earthquakes, in all stations. Two lines are plotted in each station, corresponding
to the results obtained at two different settings: fault-present and fault-free.
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Maximum energy density change in two different environments
In all stations, for a Type 2 Earthquake
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Figure 3.34: Maximum energy density as a function of the earthquake dip angle, for
type 2 earthquakes, in all stations. Two lines are plotted in each station, corresponding
to the results obtained at two different settings: fault-present and fault-free. Important
differences between environments are found at FF and FR stations, located at the edges
of the system fault.

dip angle at each station, for two settings: fault-present and fault-free. Type 1
earthquakes present the larger energy density values at SP, FR, FO, and FM stations,
mainly due to the radiation pattern of the earthquake and the reflections on top of
the fluid reservoir. Difference between settings for this earthquake family are found
in the fault zone stations, with larger energy values in the fault-present environment,
with the exception of FF station, which has similar values except for dip angles
between 66° and 69°. There, energy density peaks are larger in the fault-present
system. The breakwater effect of the fault is appreciated in the FO station, in
particular for lower dip angle values.

Type 2 earthquakes show important differences between settings, being more im-
portant at FF and FR stations, where the maximum energy density is considerably
larger when the system main fault is present. This effect is particularly important
for dip angle values between 55° and 75°, and it is an evidence of an energy con-
centration at this structure, which is in agreement with what was presented in Fig.
3:291 Results of the stations located outside the main system fault show how energy
concentration is usually lower in the fault-present setting than in the fault-free envi-
ronment, which reinforces the energy concentration effect inside the fault, preventing
the rest of the space to move as strongly as when the main fault is not present.
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Maximum energy density change in two different environments
In all stations, for a Type 3 Earthquake
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Figure 3.35: Maximum energy density as a function of the earthquake dip angle, for type
3 earthquakes, in all stations. Results obtained at the fault-present setting are plotted with
a green line, whilst the blue line presents the results measures in a fault-free system. Larger
energy density amplitudes are found at reservoir and space stations, but the differences
between settings are present at the fault zone stations.
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RMS energy density comparison between different settings
In all stations, for a type 1 Earthquake
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Figure 3.36: Root mean square energy density for type 1 earthquakes as a function of
earthquake dip angle, recorded at the all the stations, in two different settings. Smoother
patterns are found here, but they are closely correlated with the maximum energy density
results. Larger differences between settings are present at the fault stations.

Differences between settings for type 3 earthquakes are mostly noticeable at the
stations located at the fault zone region. The breakwater effect of the main fault
is evidenced when looking at the contrast between FO and FM stations, with FO
recording the larger energy peaks, in particular for larger dip angle values. A more
complex comparison is found at FR station, where for some earthquake dip angles the
energy concentration is larger when the fault is present, with the opposite occurring
at other values of the dip.

While the maximum energy density value gives information about the amplitude of
the motion, root mean square energy density value gives an idea of how much kinetic
energy is transferred in the system. It is defined as

- ,/% / (1)t (3.41)

with 7" the total time of the waveform, and €(¢) the kinetic energy density, given by
Eq. .40,

Figs. [3.36] [3.37], and present erys in all stations, contrasting the results in out
two studied settings, for all types of earthquakes. For type 1 earthquakes, egyg Vs
dip angle patterns have a certain level of correlation to the ones obtained for the
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RMS energy density comparison between different settings

In all stations, for a type 2 earthquake
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Figure 3.37: Root mean square energy density for type 2 earthquakes as a function of
earthquake dip angle. in two different settings. We present our results at each recording
point, highlighting an energy concentration at the stations located to the borders of the
system main fault that is only found for certain dip angle values in a fault-present system.

maximum energy density vs dip angle value, presented in Fig. [3.33] with similar
differences found between settings. This reinforces the idea of the system fault
having breakwater like features, which are not only related to the maximum energy
amplitudes, but to the whole wave motion, that is sustained with time. We can
also see the energy concentration inside the main fault, particularly in FR and FM
stations.

Type 2 earthquake results for egryg at the fault stations are also correlated with the
maximum energy density, but in this case differences between settings are more pro-
nounced, which shows that there is significant differences in the recorded waveforms
at the same station between two different environments. Major differences between
settings are recorded at FF and FR stations, which are the ones located at the edges
of the main system fault, and they reinforce the idea of a energy concentration in
the structure, which is sustained on time.

The erms vs dip angle patterns for type 3 earthquakes are correlated with the pat-
terns for maximum energy density vs dip angle presented in Fig. [3.38] but once
again the differences between settings are more pronounced in this case. This is
particularly noticeable at the stations located inside the fault (FF, FM, and FR),
which have a egyg value that can be as a low as only half of the value obtained in a



Numerical study on the influence of pre-existing local structures and seismic source
90 characteristics in earthquake-volcano interactions

RMS energy density comparison between different settings
In all stations, for a type 3 earthquake
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Figure 3.38: Root mean square energy density for type 3 earthquakes as a function of
earthquake dip angle, recorded at the all the stations, in two different settings. Results
highlight a larger energy concentration right outside the main system alignment at the
fault-present system, as can be noticed when comparing the curves plotted at the fault
region stations.
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fault-free setting. The breakwater effect of the fault is also more pronounced, with
an important difference between the results in FO and FM stations.

3.3.1.7 Yield function change

During the passage of the seismic waves, the local value of the Coulomb yield function
changes in the whole space, and under certain conditions it can be greater than zero,
which is a condition for failure at that point. Therefore, the study of the dynamic
change of the yield function provides us with a tool to understand which are the
regions of our system that are most likely to break due to the effect of the incoming
earthquake waves.

We consider the Coulomb yield function as the sum of two contributions: the one
of the base part of the system, corresponding to the long term initial stresses and
their interaction with the local structures, and a wave-related contribution, which is
due the interaction between the seismic waves with the system. Therefore, we write
the Coulomb yield function as

b. wavi
fyield(t> = y(ieisie) (t) + f}Eiere) (t) ) (3‘42)
with the condition that yield occurs when fyieq(t) > 0. For our dynamic study, we

want to look at the largest possible changes of the fy(ivgfge) (t) term, as it gives us the

information on what regions of space are more likely to fault during the earthquake.
Figs. 3.39] [3.40, and |3.41| show several maps of the maximum value of f;g‘a’e),
obtained for the three earthquake families under study. Maps are made for six
different dip angle values, and they were all calculated in a fault-present setting. A
common feature for all the experiments is the existence of an interaction between
the seismic waves and the system structures which generate higher values for the
dynamic part of the yield function at them, as well as in their vicinity.

Due to the relative position of the earthquake rupture zones, type 1 earthquakes
induce important changes in the yield function at lower section of the system main
fault, with particularly high values near its border with the fluid reservoir, thus
converting this region in space the most likely to break because of the influence of the
incoming earthquake. This feature is particularly present for lower dip angle values.
The breakwater-like characteristics of the fault are also present, as higher yield
function values are found on its left border, due to wave reflections at the structure.
This contrasts with the low yield value region located at the right hand side of the
fault, which emphasizes the shield features it does have. Another interesting feature
is the reduction of the maximum change in the yield function inside the fault, which
is not correlated with what was found in the energy density transfer, presented in
Fig. B.27]

The largest earthquake-structure interaction for type 2 events is found at the system
main fault which, depending on the dip angle value of the incoming earthquake,
concentrate the higher yield function values. The interaction is very interesting:
while at a 50° angle both reservoir and fault are regions of low values for fy(;jge), this
does change when the dip angle increases, reaching a point in which high and almost

uniform values for fy(fza’e) are found inside the main fault. This last effect, which
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Figure 3.39: Maximum increment in the dynamic part of the Coulomb yield function,

f y(ivl?f), as defined in Eq. (3.42)), for several type 1 earthquakes, with different dip an-

gle values. The most affected regions are strongly defined by the presence of the local
structures of the system.
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Figure 3.40: Maximum change in f§¥?§e)’ defined in Eq. [3.42] for several type 2 earth-
quakes, with different dip angle values. Notice how the main system fault is the most
affected structure, with the fluid reservoir being only slightly affected by the earthquakes.
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Figure 3.41: Maximum increment in Coulomb yield function for several type 3 earth-
quakes, with different dip angle values. While the barrier characteristics of the system
main fault are noticeable, the larger changes of the yield function are found at the left
boundary of the fluid reservoir.
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Figure 3.42: Maximum yield function change, for several dip angles, for type 1 earth-
quakes. Values are plotted at each station, with results from a fault-present and a fault-free
setting.

was also found in the analysis of the energy density transfer, is more noticeable for
dip angle values between 60° and 65°. It is also very interesting to see that the
larger yield function changes are not concentrated in the reservoir, most likely to
a composite effect of both the earthquake radiation pattern, and reflections at the
reservoir, which present the inner section of the structure to be importantly affected
by the incoming earthquake.

The effect of the fluid reservoir in wave propagation is very much noticeable in type
3 earthquakes. Seismic wave reflections are very important here, as high yield values
are found on the boundaries of the reservoir that face the earthquake rupture zone,
and also in their vicinity. This effect is particularly visible for dip angle values larger
than 60°. The role of the system fault is also noticeable, with the regions with the
higher yield function values being located at the left hand side of the structure, with
much lower values to its right.

Differences between settings, for each earthquake families, are sketched in Figs. [3.42]
and [3.44] where we show the values of the maximum yield function change at
each system station in both environments.

When the system is disturbed by type 1 earthquakes, it behaves differently when
the is a fault present than when there is none. Results show how the maximum
changes in the yield function are consistently lower in the fault region in the fault
present setting, compared to the fault-free one. Exceptions are found at FM station,
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Figure 3.43: Maximum yield function change induced by the seismic waves, for several
dip angle values, measures at the nine system stations. Results are shown for type 2
earthquakes, comparing behaviors between a fault-present and a fault-free environment.

for some specific dip angle values, and in FO station, which is located right outside
the structure, where the maximum changes in yield function are obtained when the
fault is present, therefore reflecting the breakwater-like characteristics of the system
main fault.

Type 2 earthquakes induce very different behaviors in the whole system at the
different settings, so the difference in the dynamics is not only present at the main
fault. This is evident when analyzing the results of Fig. [3.43] where important
differences between environments are found at all the stations. Interestingly, the
larger contrasts are present at the reservoir stations, where the maximum yield
function change is consistently lower at the fault-present setting than at the fault-
free one, except at RR station for dip angle values larger than 55°, when the opposite
happens. Dampening effects inside the upper and lower ends of the main fault are
also found, as results from FF and FR stations show.

Differences between settings for the type 3 earthquakes are found mostly at the
fault region. There, our results show yield function values that are consistently low
at the fault-present environment. FO station, on the other hand, records mostly
higher yield function values at this setting, in particular in the 61° — 65° dip angle
range. This effect is consistent with the breakwater-like characteristics we found at
the fault in the energy density analysis.
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Figure 3.44: Maximum dynamic yield function change, for type 3 earthquakes. Results
are plotted in all stations, with a comparison between what was obtained in both a fault-
free and a fault-present setting.
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Figure 3.45: Overpressure waveforms and power spectrum, measured at three stations:
SP, located at the upper left corner of the space, FM, located at the middle of the main
system fault, and RM, located at the mid point of the fluid reservoir. Green lines show
the waveform and power spectrum measured at the SP station, and blue lines show the
corresponding results for FM station. Black lines present the results obtained at RM
station, for several Poisson ratios, defined by the value of the factor b, which ranges from
1.0 to 1.5. Young modulus is kept fixed, with an increasing factor a = 1.00. Factors a and

b are defined in Eq. (3.43).

3.3.1.8 Energy density and waveform changes at the fluid reservoir

The system main fault and the fluid reservoir are the two local structures of our
physical system, with each one of them defined by different elastic properties than
the ones from the rest of the medium. While the results we have presented so far
put a large emphasis in the system fault, the fluid reservoir also plays a role in stress
and energy transfer. This role depends strongly in the elastic parameters of the
reservoir, and we study it by simulating the effect of a type 3 earthquake, with a
75° dip angle, on the same system defined sketched in Fig. [3.1], but changing the
Young modulus and the Poisson ratio at the fluid reservoir. This alteration is made
by using Yes and v, defined by

Yvres = a}/;pace y Vres = byspace . (343>

For increasing factor a, we took the values a = 1.00,1.25,1.50, and 1.75, whilst for
b the chosen values were b = 1.0,1.1,1.2,1.3,1.4, and 1.5. To have a contrast with
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Figure 3.46: Overpressure waveforms and power spectrum obtained at SP, FM, and RM
stations, for a fixed Poisson ratio, defined by an increasing factor b = 1.0. Green lines
show the waveform and power spectrum measured at the SP station, and blue lines show
the corresponding results for FM station. Black lines present the results obtained at RM
station, for several Poisson ratios, defined by the value of the a increasing factor, which
ranges from 1.00 to 1.75.

other earthquake location, we also studied the change in elastic parameters at the
reservoir in a type 1 earthquake, with a 60° dip angle value.

Waveform frequency content change locally at the structures. Fig. shows
the overpressure timeseries, along with its respective power spectrum, measured at
three stations: SP, FM, and RM, with the latter located in the middle of the fluid
reservoir. Results at SP and FM stations were obtained when a = b = 1, while the
measurements recorded at RM station were obtained with a fixed value of a = 1,
with b changing from 1.0 to 1.5. Taking the results of SP station as a reference, the
shift to higher frequencies is clear inside the main fault of the system, but a low
frequency component is kept, around 12 Hz. At the fluid reservoir, as b increases,
the lower frequency content of the waveform tends to disappear, and an increase of
the higher frequencies is also observed. With this effect, the frequency content is
more uniform, with a slight dominance of the high frequency oscillations.

When the stiffness of the fluid reservoir increases, the low frequency nodes inside the
structure get gradually less present. This contrast is presented in Fig. [3.46] where
we can see how the most prominent vibration band gets wider and more noisy, with
a size that depends on the stiffness of the structure. This effect is also noticeable
in an earthquake coming from a different source, such as a type 1 event, with a 60°
dip angle value. The results for this earthquake, presented in Fig. show also a
shift towards high frequencies as the reservoir gets stiffer. The frequency content is
different between earthquakes, which talks about changes in the wave motion due to
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Figure 3.47: Overpressure waveforms and power spectrum obtained at SP, FM, and RM
stations for a type 1 earthquake with a 60° dip angle value. Poisson ratio is fixed, defined
by an increasing factor b = 1.0. Green lines show the waveform and power spectrum
measured at the SP station, and blue lines show the corresponding results for FM station.
Black lines present the results obtained at RM station, for several Poisson ratios, defined
by the value of the a increasing factor, which ranges from 1.00 to 1.75.

the presence of the structures, which also affects the frequency content of the waves
that arrive into the inner section of the fluid reservoir.

The effect of an increased reservoir stiffness is also evident when the energy density
transfer is studied. Fig. presents the maximum energy density maps, obtained
for a fixed Poisson ratio, which is unchanged from the base vgp,ce value. Young
modulus is increased in a factor a. For a = 1 the reservoir is not noticeable in these
maps, meaning that there is no influence of the structure in wave motion. When the
stiffness increases, the boundaries of the reservoir are visible. Due to reflections at
the structure, energy gets concentrated at these edges. Energy transfer inside the
reservoir is also discouraged for a larger Young modulus, with important reflections
at the lower boundary of the reservoir, which affect the dynamics of the system.
This decrease in energy transfer is also noticeable in the overpressure waveforms
at RM station, which have a smaller maximum amplitude when the material gets
stiffer, as it is evidenced in Fig. [3.46]

The effect of an increasing Poisson ratio in wave-structure interaction is not very
noticeable, as it can be seen in Fig. [3.49 There is a distortion on the maximum
energy density region for higher Poisson ratios, moving this section upwards. Energy
gets also more concentrated at the left hand side of the fault for higher values of
the Poisson ratio. Nevertheless, these changes are not as important as the changes
observed with an increase of the Young modulus, meaning that the role of the Poisson
ratio is not as important as the role of the Young modulus in the influence of the
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Figure 3.48: Maximum energy density maps, obtained for a fixed Poisson ratio defined
by b = 1, for an increasing Young modulus at the fluid reservoir, defined by the a values
sketched at the bottom right corner of each plot. Notice how a larger reservoir stiffness
generates more reflections at its borders and allow less energy to enter into the inner
section of the structure.
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Figure 3.49: Maximum energy density maps, obtained for a fixed Young modulus defined
by a = 1, for an increasing Poisson ratio at the fluid reservoir, defined by the b values
sketched at the bottom right corner of each plot. Differences in the results are not as large
as the variations on the Young modulus, meaning that small variations on the Poisson
ratio do not play a relevant role in kinetic energy transfer.
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local structures in dynamic stress and energy transfer.

3.3.2 NS experiment

At distances longer than 2-3 fault lengths, static stress changes generated by earth-
quakes are small, and therefore it is not likely they can produce changes in the
activity of a hydrothermal/volcanic system(Manga and Brodsky, 2006). Dynamic
stress changes are larger at those distances, but their effect is transitory. Never-
theless, they can produce important effects in system that are close to a critical
state. According to Hill(Hill, 2008), models of dynamic stress triggering usually
fall in two categories: the ones which consider the potential seismic waves have to
generate ruptures in a system, and the ones who consider the effect of seismic waves
in high-pressurized fluids(Brodsky et al., 1998). The earthquakes we study in this
experiment have a 22 km rupture length, and their hypocenters are located 100 km
from the westernmost fluid reservoir of the system. Such a distance is longer than
4 rupture lengths, meaning that static stresses are negligible at reservoir level. To
study the dynamic changes of the system, we studied the maximum changes of over-
pressure, energy density, and normal stresses along the structures.

Fig. shows maps of the maximum overpressure change induced by the seismic
waves in the space, for the three earthquake locations considered in our experiment.
As expected, the radiation pattern of each earthquake dominates the spatial dis-
tribution of the maximum overpressure induced during the passing of the seismic
waves, but the structures of the system do produce alterations to the expected pat-
tern. Fluid reservoirs distort it at their vicinity, sometimes increasing the maximum
overpressure, and other times reducing it. This is related with both the earthquake
location, and the value of the strike. We can see this in the variation of a higher
peak overpressure zone left to the leftmost reservoir when under the influence of
the “north” events. For negative values of the strike, this region is more noticeable,
and it gets less important as the strike gets more positive. Other examples are the
shadow of higher peak overpressure values that is generated to the right hand side
of the rightmost reservoir when under the influence of the earthquakes located at
the north, particularly for positive strike angle values. Other interesting shadows
are generated at both fluid reservoirs, when under the action of a “middle” event. In
this case the effect is that the maximum volumetric variation is an extension, not
a compression. This is due to alterations in wave motion at reservoir level, most
likely because of reflections with the borders of the structure. A third shadow is
seen at the up and right to the leftmost reservoir, when it is under the influence of a
“south” earthquake. This effect is most visible for negative strike angle values, and
it is composed by the creation of a more compressive peak overpressure zone, which
does not correspond with what should be expected in a pure elastic space, without
structures.

The two faults also play an important role on the dynamic response of the system
to external perturbations. The most common feature of these structures is the
reduction of the maximum overpressure inside them. This is noticeable for the three
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Figure 3.50: Maximum earthquake-induced overpressure maps at the two-fault system,
for the three earthquake locations, and several values of the strike. The first column
presents the results from the “north” events, whilst the second and the third columns show
the results from the “middle” and “south” earthquakes. The values of the strike are also
marked, and they are, from top to bottom, —15°, —7°,0°,7°, and 15°. The shape of the
two-fault system is marked in the maps for better data visualization.
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Figure 3.51: Absolute value of peak overpressure, as a function of strike angle, measured
in all the system stations, for each earthquake location. Red lines show the results of the
northern events, green lines for the middle earthquakes, and blue lines for events located
at the south.

earthquake locations, for all the values of the strike angles, and depends strongly
on the incoming wave signal, and in the relative position of the faults with respect
to the earthquake epicenter. For “north” earthquakes, the fault that changes the
system dynamics the most varies with the strike angle. For more negative values, it
is the left fault, but for more positive values, it is the right fault. A similar trend is
found for the “south” earthquakes, but with the lower section of both faults, which
becomes more relevant as the strike angle increases. For “middle” earthquakes, some
negative peak overpressure regions are created inside the faults, presumably due to
reflections at the reservoirs and the fault boundaries.

Closer details on the dependence of peak overpressure change as a function of strike
angle are showed in Fig. [3.51] At each one the stations we calculated the absolute
value of the peak overpressure change during the passing of the waves, for each
earthquake epicentral position and strike angle. Due to the relative position of the
stations respective to the earthquake epicenters, induced overpressure by the “mid-
dle” earthquake dominates the records, specially at the stations located along the
line connecting the earthquake epicenter and the fluid reservoirs (RSW, RS, SPM).
The exception comes from the rightmost reservoir, which is located in the line of
these stations. There, the effect of the three earthquakes is comparable and depends
strongly on the strike angle. An interesting case occurs in the neighboring stations
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RSW and RS, where the maximum overpressure pattern for “mid” earthquakes is al-
most the same, but we find important differences for the “north” and “south” events,
with the latter event going from being the least important event at RSW station, to
the second most important at the RS station, for negative values of the strike. The
results for the “north” earthquake also show how the peak overpressure/strike angle
pattern goes from being almost flat at RSW station, to having a variation of about
1 kPa between angles at RS station.

Watching along the fault lines we can notice how, for the left fault, it is the “middle”
earthquake the one that induces the larger overpressure peaks inside the structure
for most of the strike angle values. At the north edge of this structure, the influence
of the “south” and “north” events changes with the strike angle, with the former
events being more important for negative strike values, and with the latter being
more relevant for positive strike values. At the southern edge of the left fault, the
“south” events induce a larger peak overpressure than the “north” ones. In the case
of the right fault, the influence of the “north” earthquake is increasingly higher as
we move towards the northern edge of the structure, with the opposite occurring
for the “south” events. Interestingly, the peak volumetric changes generated by the
“middle” earthquakes are lower at the fluid reservoir, which is located in front of the
rupture zone, than at the borders of the fault.

Geometrically, there are four stations that represent symmetrical points for the
northern and southern earthquakes. They are RSW, RS, SPM, and RFE. There-
fore, we should get very similar values at these stations when strike angle is zero,
and opposite values outside. The fact that this does not happen suggests that there
may be an effect of both reservoirs and faults in the wave motion, thus altering the
patterns.

A very important dynamic quantity is the energy density. It has been studied by
several authors(Manga and Brodsky, 2006)) (Lupi et al., 2013), and it is particularly
interesting because it can be obtained in the field using a empirical relation that
depends on earthquake magnitude and the distance between the hypocenter to the
observation point(Manga and Brodsky, 2006)). In our case, our method allow us to
follow this quantity in the whole space of interest. Fig. shows the maps of the
maximum energy density for the three earthquake locations, plotted for five values
of the strike. Both fluid reservoirs appear as regions where the peak energy density
is smaller than it would be expected in a pure elastic space, and this effect depends
on the value of the incoming energy density of the seismic waves.

The role of the faults is more noticeable for the “middle” earthquakes, where the
energy is focused inside the structures, correlating with the incoming amount of
energy density from the seismic waves. The northern event induces a noticeable
concentration at the right fault, being this feature more prominent for strike values
between 0° and 7°. The southern events generate an energy concentration at the left
fault, and also at the lower section of both structures. This effect is again related
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Figure 3.52: Maps of the maximum kinetic energy density generated by the passage
of the earthquake waves, obtained at five strike values for each earthquake type. First
column presents the values obtained from the influence of “north” events, while the second
and third columns show results from the “middle” and “south” earthquakes. Strike values
are annotated and they are, from top to bottom: —15°, —7°, 0°, 7°, and 15°.
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Figure 3.53: Maximum energy density change as a function of strike angle, measured in
all the system stations, for each earthquake type. Red lines show the results for for the
northern events, green lines the middle earthquakes, and blue lines show the results for
southern events. Fig. and Table give the detail on the location and name of each
one of the stations.

to the incoming energy density, and it is more prominent for negative strike values.

Fig. [B.53 presents the peaks on energy density, recorded at each system station,
as a function of earthquake strike. In contraposition to the maximum overpres-
sure results, the records show more symmetrical patterns for northern and southern
earthquakes at RSW, RS, and RFE stations, where these earthquakes induce the
same energy density value around a 0° strike angle. The same feature is not found
in SPM station, where the intersection between these curves is located at a strike
value around —2.5°.

The dampening effect of the reservoirs in kinetic energy transfer is highlighted when
comparing the results of RSW and RS stations, where the peaks in energy are lower
inside the reservoir, for all perturbations. The most important occurs for “middle”
earthquakes, and consists the reduction in about a 30% of the peak energy value for
“middle” earthquakes at RS station, compared with the value at RSW station. It is
important to remember that RS station is located at the fluid reservoir, and there-
fore has a larger Young modulus than RSW station. This feature is not replicated
in the peak overpressure results.
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Figure 3.54: Maximum increment in Coulomb yield function during the passage of the
seismic waves in the system, for each one of the three earthquake locations. We present
results for several seismic events, each one characterized by its strike angle value. First
column presents the results for the northern events, second column shows the results
for the “middle” earthquakes, and the third column presents the results for the southern
perturbations. Strike angles are annotated, and they are, from top to bottom: —15°, —7°,

0°, 7°, and 15°.
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Figure 3.55: Maximum increment in yield function as a function of strike angle, measured
in all the system stations, for all the earthquakes. The influence of the northern events is
presented in the red lines, whilst green and blue lines present the results for “middle” and
“south” earthquakes, respectively.

Dynamic changes on the Coulomb yield function are particularly important, as they
allow us to get a better insight on where are the spots with a higher faulting potential
due to the shaking induced by the different earthquakes. Fig. shows the maxi-
mum changes in this function for the three earthquake locations, obtained at several
strike angle values. Changes in space for Coulomb yield function are dominated by
the earthquake radiation pattern, but the structures of the system do play a local
role. The peak increments in the yield function are larger inside the fluid reservoirs
than outside them, thus converting them in two of the most affected regions of the
system in terms of faulting potential due to the earthquakes.

System faults, on the other hand, do not play a very important role here, but we can
see a slight reduction in the peak increment in the yield function inside them, with
the larger values being recorded at their boundaries. In particular, the reservoir-
fault interface does present a significant increase in the Coulomb yield function.

Fig. [3.55] shows the maximum changes in the yield function in all the stations of
the system, for all the values of the strike angle. We can see how the dependence
of this quantity on the strike angle is significantly stronger for “north” and “south”
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events than for the “middle” earthquakes. At the northern sections of both system
faults it is the southern earthquake the one that has the greater influence on the
system, while at the southern sections of the faults, it is the northern event the one
the more dominant.

There are three main lineaments in the stations from left to right. On the northern
one, composed by FWU, SPU, and FEU stations, it is the southern earthquakes the
ones that induce the larger changes in the yield function. At the middle line, com-
posed by RSW, RS, SPM, and REF stations, the largest disturbances on the yield
function are not particularly associated with one earthquake type, since the three
of them alternate their dominance in the system. The results from the southern lin-
eament, composed by FWD and FED stations, show how the northern earthquakes
are more influential than the other two event types for larger strike angles, although
this is not true for lower angles.

At the four stations that present a geometrical symmetry respective to north and
south earthquakes, we do not find the expected symmetry in the change of the yield
function, as we did find it for the energy density results. This might be due to the
action of the shear stress transferred from the seismic events.

3.4 Discussion

We investigated the effect of an earthquake in the dynamics of a hydrothermal/vol-
canic system. We studied this from the perspective of two type of experiments:
one composed by several My, = 4.0 earthquakes arriving at a single fault system,
connected to a fluid reservoir, at a close range, and a second experiment defined
by several My, = 6.1 seismic events affecting a two fault system, each one of them
connected to a fluid reservoir, at a larger distance. Both faults and fluid reservoirs
possess different elastic parameters than the rest of the space. Faults have a lower
Young modulus, while fluid reservoirs have a larger Young modulus, and a slightly
larger Poisson ratio. Both type of experiments were performed in two dimensions,
with the first one in an horizontal and a vertical axis, thus considering gravity to
play an important role, and the second one considering only the horizontal axes.

3.4.1 Vertical experiment

Earthquake-induced static and dynamic changes at one particular point in space
depend mainly of four source parameters: magnitude, relative earthquake source
position respective to the measuring point, focal mechanism, and in our experiment,
dip angle value. The first two dominate mainly the magnitude of the perturba-
tion, while the latter ones are more important to determine the directivity of the
induced change. While in the literature there is extensive analysis of the static exten-
sion/compression patterns generated by earthquakes, and in the dynamic triggering
potential of a particular event, a complete dynamic and static analysis of the influ-
ence of several earthquake parameters on a system composed by several structures
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has not been fully completed. Our study, one of the firsts in its area, has attempted
to get a better understanding of the role of these parameters en in earthquake/fluid
motion interactions. Our approach based on numerical simulations found that the
influence of the dip angle is important in both in dynamic and static changes, al-
though is more dominant for the static overpressure changes. This is mostly due to
the radiation pattern of the earthquake. This is in agreement with the extensive lit-
erature in this subject. Nevertheless, our results also show that there are important
differences in the behavior of the setting depending on the local structures, since
they introduce a level of complexity in the system that is not always easy to foresee.
The fluid reservoir is represented by a stiffer region in the elastic space compared
to the surroundings, and also by a marked overpressure value, which in our exper-
iment was of 10 MPa. The increased Young modulus creates wave reflections at
the reservoir boundaries, which in turn distorts patterns for kinetic energy transfer
when compared with what should be expected from a simple elastic experiment,
when local structures are not present. This effect is particularly noticeable when
the stiffness is increased, and also for certain incoming earthquake, and it is present,
in different ways, for dynamic and static changes.

Distortions in the static stress patterns due to the presence of the reservoir are
more evident for type 1 and 3 earthquakes. For the former, a compressive region is
formed down the reservoir, behind its bottom wall, which is the back wall from the
earthquake’s perspective. While the radiation patterns of the type 1 earthquakes
indicate that this should be a compressive region, the shape of it does not correspond
to what should be expected for a normal double-couple solution, and thus create a
“compressive shadow” behind the structure. In the case of type 3 earthquakes, an
extensive region is generated behind the back wall of the reservoir, which in this case
is its right hand side border. Just in the case of type 1 events, this region does not
correspond to what should be expected for a double-couple solution, but the main
difference is that the earthquake induces volumetric extension in this region, and thus
a “extensive shadow” is generated. This particular effect is an important feature, as
it affects significantly the post-seismic stress state in the region, as well as the local
permeability. According to our results, the compressive/extensive characteristic of
this shadow depends strongly in the radiation pattern of the earthquake, both in
sign as in absolute value.

The interaction of the fluid reservoir with the incoming seismic waves is also impor-
tant, and strongly depends on both relative hypocentral location and dip angle value
of the earthquake. As results from dynamic energy transfer show, wave reflections
from type 1 events at the front wall of the reservoir increase with the earthquake dip
angle value, while the energy transfer inside the structure decreases. This reflection
and refraction of seismic waves, as well as internal reflections at the inner section
of the structure, generate energy concentration at the boundaries, which is also ev-
idenced in an important change in the yield function at them. The same feature
appears in type 2 and 3 earthquakes, which evidences a local effect of the structure.
Reservoir dynamics also depend on its elastic properties, in particular with stiff-
ness changes. A stiffer reservoir not only increases wave reflections at the reservoir
borders, but it also focuses energy at them, and decreases the amount of energy
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that is transferred into its inner section. A larger amount of reflections introduce
complexity into the system, and also concentrates more energy at the fault region.
Waveform frequency content also changes inside the reservoir, with a shift to higher
frequencies that is more noticeable for larger Young moduli. A similar shift is also
found at the system main fault. High frequency vibrations have been found to in-
crease the amount of interaction between gas and liquid in narrow capillaries(Vandu
et al., 2004)), meaning that the elastic properties of the local structures can help to
increase the interaction between fluid and gas.

The system main fault,represented as a portion of the space with larger permeabil-
ity and lower Young modulus than the ones proper of the surroundings, also plays
an important role in the static and dynamic changes induced by the external earth-
quakes, as well as in the fluid dynamics of the system. Due to its lower permeability,
it defines the preferred fluid motion direction. It also changes slightly the pre-seismic
stress regime on its vicinity, which is important to determine the rupture potential
external earthquake waves have when they strike the system.

This structure generates a discontinuity in the overpressure change induced by the
earthquake along itself, and in its immediate vicinity. This discontinuity is seen
as an overpressure reduction inside the structure, accompanied by a small transfer
of the compression/extension pattern, moving it downwards the fault. This effect
generates pressure gradients that are not expected in a common Coulomb stress
analysis. In particular, it creates noticeable differences between two neighboring
points, one of which is located at the fault and the other right outside it. There is a
correspondence between how large is the volumetric extension/compression endured
by the system, and how important the role of the fault is, as can be seen in Figs.
B.11] and [B.17.

Type 2 earthquakes, which are generated with the epicenter in a point at the fault,
affect the fluid dynamics in a more complex manner. In particular, FM and FO sta-
tions do register an important overpressure change for certain dip angles, as Fig.
shows. Such a change is due to the closeness these stations have to the earthquake
rupture zone, and highlight how large overpressure changes can be obtained along
the structure from relatively small earthquakes. Moreover, this type of earthquakes,
depending on the relative angle between the system main fault and the earthquake
rupture zone, generates important pressure gradients along the structure, which is
critical for the ascension of the fluid.

A closer look at results obtained in two different settings, with and without the sys-
tem main fault, reveals how the change in overpressure in both regimes is expressed
mainly in the fault stations, with important changes specially in FR and FF sta-
tions, which are the ones located at the edges of the structure. This is particularly
true for type 1 and 3 earthquakes. Type 2 events show an important departure at
FF and FR stations between the results from the fault-present setting when com-
pared to the ones of the fault-free system. We also found an interesting shift in the
derivative of the static overpressure change respective to the dip angle values when
comparing the data from the two settings. These changes account for a very relevant
role of the local structures, which should be taking into account when dealing with
earthquake/fluid interactions.
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The influence of the system fault in dynamic changes is also important, with some
common trends. Maximum induced overpressure changes show how the results in
the fault-present setting are clearly different than the ones obtained in a fault-free
environment at the system fault and its vicinity. Such a difference is particularly
noticeable for type 1 and 3 earthquakes, where the maximum earthquake-induced
overpressure change is smaller inside the fault in a fault-present system, but larger
than in a fault-free setting right outside the structure. This highlights breakwater-
like characteristics of the system main fault, where larger overpressure amplitudes
are found at the boundary that faces the earthquake, due to reflections at the struc-
ture. At the same time, smaller overpressure amplitudes are found at the backwall
of the fault, as the structure acts like a shield, diminishing the earthquake influence
on it.

Peak overpressure amplitudes for type 2 earthquakes show more complex contrasts
between settings. The most noticeable differences are present at the boundaries of
the main fault, in FF and FR stations, where we can find larger overpressure changes
in the fault-present setting. We also found differences in the reservoir stations,
usually with lower overpressure amplitudes in the fault-present setting, with some
exceptions at specific dip angle values, often in the 60° —65° range. Considering that
the dip angle of the main fault of the system is 60°, we suggest that earthquakes with
a dip angle slightly larger than the one of the structure create the most important
changes in the system, at the reservoir level. This might be due to the effect of
the reflections of the seismic waves at the fault, which creates an extra wave train
that travels to the reservoir, thus enhancing the influence an earthquake has in that
region.

The dynamic role of the system main fault is not only restricted to a change on the
maximum earthquake-induced overpressure amplitude, but on its whole waveform.
This is confirmed by a cross correlation analysis, which clearly shows how the larger
contrasts between overpressure waveforms is found at the fault region stations, and
some others at the reservoir, which depend on the particular earthquake location.
This is evidence of the strong impact that wave reflections and refractions at the
fault have in the whole system.

Maximum energy density maps also highlight the breakwater-like effect of the system
fault, which is consistent with the overpressure results. This effect is dominant for
earthquakes located outside the structure, such as type 1 and 3 events. In the case
of type 2 earthquakes, we found an energy concentration inside the fault, which
is more noticeable for earthquake dip angle values close to the inclination angle
of the structure. This might be related to inner reflections inside the structure,
like a waveguide. Some energy concentration in the fault is also found in type 1
earthquakes, but only at certain points, which are related with the radiation pattern
of the original event. The more detailed waveform analysis presented in Figs. [3.33]
and show the two fault characteristics we have mentioned here, as type 1
and 3 earthquakes present larger energy amplitudes at the the fault stations, but
particularly in the one located right outside the structure, FO station. Results
for type 2 earthquakes show an important difference between settings at the edges
of the fault, where the earthquake-induced maximum energy density amplitude is
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significantly larger at the fault-present setting, thus revealing an important energy
concentration inside the structure. This effect also creates a reduction in the amount
of energy received by the rest of the stations.

The maximum energy density vs dip angle patterns are very similar to RMS energy
density vs dip angle trends, for the three types of earthquakes. This observation
supports the idea of a different oscillation pattern inside the system fault, which
scales with its maximum amplitude. These results also support the idea that in-
ner reflections at local structures help to concentrate energy, thus being another
argument to assign waveguide-like characteristics to the system fault.

The maximum change in Coulomb yield function gives us an idea of which are the
regions that are most affected by an external earthquake. Our show a concordance
between these measurements with the ones obtained for the maximum energy den-
sity, reinforcing the breakwater and fiber optic light cable behaviors of the system
main fault. This concordance allow us to suggest that the effect of the earthquake
in a hydrothermal/volcanic region is profoundly affected by the local structures,
converting them in key players in earthquake-volcano interactions.

3.4.2 NS experiment

We carried out an analysis of the dynamic influence that a My, = 6.1 earthquake,
whose hypocenter is located 100 km from a system composed by two mirroring faults,
each one connected to a fluid reservoir. Peak overpressure changes on the system
depend mostly on the earthquake radiation pattern, but local structures do produce
an alteration on the spatial distribution of these peak values. Fluid reservoirs distort
the wave motion and generate distortions at their vicinity, which depend on the
input value of peak overpressure induced by the earthquake. For north and south
earthquakes, the larger values on dynamic overpressure are found on the borders of
the reservoirs, while for middle events, shadows where the maximum overpressure is
negative are found behind each one of the reservoirs.

Maximum overpressure change is dampened inside the faults. Our results show
that the most affected fault of the two that compose the system depends on the
earthquake location, and the strike angle value. Thus, for north events and negative
strike angle values, it is the right fault the one that reduces the peak overpressure
the most, while for positive values of the strike angle it is the left fault the one that
plays a larger role on the system dynamics. The opposite occurs with the southern
earthquakes.

The structures do affect the wave motion, breaking the symmetry on the dynamic
changes that should be expected if we would have not considered their role. And
while their features do depend on the stresses transferred by the earthquake, they
do play an important role.

Our analysis on the kinetic energy density transferred by the incoming earthquake
show how the energy gets concentrated at the faults, and it is decreased inside the
fluid reservoirs. The first feature shows a concentration that depends strongly in
the incoming amount of kinetic energy of the earthquake, and that is more focused
in the fault boundary that faces the earthquake. Depending of the earthquake, it is
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possible to concentrate an important amount of energy density inside the faults and
still keeping the space between them at a lower energy state. Another region where
energy density is focused is at the border between a fault and its correspondent fluid
reservoir, and also at the edges of the fault, as can be appreciated for the “north”
earthquakes, where energy is more concentrated at the northern tip of the left fault.
This effect is consistent with the “breakwater” characteristics we found for the fault
in the vertical experiment.

A close station-by-station analysis shows that the energy density can be reduced
up to a 30% of what is expected inside the reservoir. This highlights the role that
reflections at the border of the structures do have. Our results show that the role
of the local structures is of special importance in energy density transfer, and needs
to be taken into account when studying earthquake-volcano interactions. A simple
empirical estimation of this physical quantity, based only in the distance of the
system to the earthquake hypocenter does not take into account this complexity.
Based on the importance that the energy density analysis has on the study of the
influence of earthquakes in a particular volcanic/hydrothermal system(Manga and
Brodsky, 2006), our results are a relevant addition to the state of the art of the
earthquake/volcano interactions.

The maximum increment in the Coulomb yield function is very relevant to study
the faulting potential that a seismic wave train has on a particular system. Our
results on the dynamic analysis of this physical quantity show that the earthquake
characteristics play the most important role in the maximum yield function dynamic
increment, thus highlighting the role of the earthquake focal mechanism, and its rel-
ative location of the respective to the volcanic/hydrothermal system. Nevertheless,
the local structures still play a role in focusing the maximum change in the yield
function. In particular, fluid reservoirs do concentrate the larger increments, as well
as the fault boundaries, and the fault-reservoir interface. Under the influence of an
earthquake, these are the regions that are the most affected and thus the ones that
are most likely to break, if the increment is large enough.

Another interesting observation is that, for oblique seismic wave arrival, the shear
stress transfer becomes very important for the yield function. This allows us to
explain why the change on the yield function induced by the southern earthquakes
at the northern regions of the system is larger than the one induced by the northern
events, even with them being closer to the that region of the system. Given that the
larger local increments on the yield function are found at the borders of the faults
and at the reservoirs, and that this change scales with the original perturbation of
the wave, we consider that the role of the structures on focusing shear stress can be
critical to establish the faulting potential of an earthquake on a volcanic/hydrother-
mal region. This observation also extends the region of maximum influence of an
earthquake to more than just the area where the larger compressions/extensions can
be found.
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3.5 Conclusion

Using numerical simulations, we studied the effect of earthquakes in the dynamics of
a simple system of reservoirs connected to faults, which resemble the characteristics
of volcanic/hydrothermal fields. We did this by studying two types of experiments:
the first one involved several My, = 4.0 affecting, in a close range, a simple sys-
tem composed by a fluid reservoir connected to a single fault, whilst the second
experiment considered the influence of many My, = 6.1 earthquakes on a system
compounded by two reservoirs, each one linked to one fault, located 100 km away
from the earthquake epicenter. Our results show that the influence of earthquakes
in regions where fluid is trapped at high pressures is not straightforward, and it can
not be completely understood only by studying static stress changes in a fully elastic
space. The role of local structures is very important to the dynamics of the system.

While most static and dynamic changes induced by an earthquake depend strongly
on its focal mechanism, magnitude, and relative location respect to the studied
system, local structures are important players regionally. Static stress transfer is
affected by the presence of them with the creation of unexpected compression/ex-
tension regions. Dynamically, faults do concentrate kinetic energy inside them and
have breakwater like characteristics, preventing certain regions of the space to re-
ceive the full impact of an earthquake. This is more appreciated in the study of
the Coulomb yield function and dynamic stress change. The fluid reservoir also
plays an important role, affecting the fluid motion and recording larger energy den-
sity concentrations as well as larger increments in the Coulomb yield function on
its borders. The geometry of the system is also very relevant, and adds a level of
complexity in the study of the influence of earthquakes in a volcanic/hydrothermal
region. This complexity in system dynamics supports the idea of continuing study-
ing the earthquake-fluid motion connection in more detail, with the extensive use
of numerical simulations. Such an approach has been barely used in the literature,
mainly because of its many complications in the implementation, and the long cal-
culation times needed. Nevertheless, with increasing computing power, new and
better results might arise, thus allowing us to have a better understanding of this
complex phenomenon. Due to the characteristics of our simulations, our results can
be applied to many different settings, such as hydrothermal and volcanic fields, and
also to gas and oil risk assessment.

Finally, we want to focus ourselves in the local role of the structures in the earthquake-
volcano interactions. Both fluid reservoirs and fault systems behave differently for
the same earthquake, and they have an important role on system dynamics. Ad-
vances in the research of the role of local structures, while adding complexity to the
problem, can certainly help to improve the understanding of the physics that control
the influence of earthquakes in volcanic regions.
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Figure 3.56: Normalized transverse displacement along the crack. We present the results
from the original article(Chouet and Julian, 1985) in plot a) and the results obtained with
our method in plot b).

3.6 Appendix

3.6.1 Validation

To test the validity of our results, we used our method to reproduce the numerical
experiment performed by Chouet et al(Chouet and Julian, 1985)), which consists in
the simulation of the dynamics of an expending fluid-filled crack. The crack has
lenght L and a thickness d. To obtain the system dynamics, the authors solve the
equations of motion of a 2-D elastic space without gravity, coupled with the conser-
vation of momentum and the continuity equation for the fluid. The equations are
coupled by assuming a Poiseuille flow, which relates the shear stress at the crack
wall to the fluid velocity.

In our methor we do not explicitly solve the equation of conservation of momen-
tum and the equation of continuity. Instead, we get the dynamics of a system by
solving the equations of motion of a 2-D fluid saturated space, coupled with a non-
linear diffusion equation, with a stress dependent permeability for the media. In our
approach, the presence of the fluid is taken into account in the usage of effective
stresses instead of total stresses as responsible of the deformations. We also assume
that the fluid flow velocity is small compared to the wave velocity, thus we can com-
pare our results to the case of a wet crack, when the grid spacing in both fluid and
solid phases is the same. Nevertheless, we have to keep in mind that, due to the
differences in the methods, some small differences migh be found between them.

Fig. shows the evolution of transverse displacement in time at the crack, mea-
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Figure 3.57: Normal velocity evolution during the crack propagation. Plot a) shows
the results from the original article(Chouet and Julian, 1985)), and b) presents the results
obtained with our method. The total calculation time was similar for each experiment.

sured at several grid points along the fault. Plotted quantities were normalized
following the indications of the original article. Also in the same figure the results
from the original article by Chouet are plotted. While there is some differences
between the results, both the scale and the most robust behaviors are reproduced
with our method. We see the arrival of a first perturbation, with the consequent
reflection, with an inverse dominant motion. This means that, if the first perturba-
tion is an extension, the second major motion is a closure of the spaces.

Normal component of the velocity in time is presented in Fig. [3.57, with a compar-
ison to the result from the original article. The same features discussed before are
present in this plot, with the reflection at the fixed tip of the crack clearly marked.
A second reflection at the expanding tip of the crack is also recorded, being consis-
tent with the results from the original article. The similarity between the results is
evident here.
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Chapter 4

Numerical study of the unusual
response of Nevados de Chillan
volcano to two aftershocks of the

2010 My = 8.8 Maule earthquake

Abstract

Between January and March, 2012, two important aftershocks of the My, = 8.8
Maule earthquake were recorded near the central chilean shore. Both events, with
magnitudes My = 6.1 and My, = 7.1, were located about 200 km from the Nevados
de Chilldn volcanic complex. The volcanic/hydrothermal system presented a strange
response, with an increase in seismicity for the smaller event, and a reduction of the
local activity for the second, larger earthquake. In this article, we show the results
of numerical simulations of the dynamic interaction of each earthquake with the
system, finding that the reaction to the smaller event was most likely to occur due
to important earthquake-induced dynamic volumetric changes in the system, while
the influence of the second earthquake was reduced by a combination of the relative
position of the earthquake plus the role of the main system fault, which dampened
the volumetric changes induced by the earthquake. Our results suggest that the
role of local structures in earthquake-volcano interactions can be important under
certain conditions, and should therefore not be disregarded.

This chapter will be submitted as an article to Journal of Volcanology and Geothermal Re-
search, under the title “Numerical study of the unusual response of Nevados de Chillan volcano
to two aftershocks of the 2010 My, = 8.8 Maule earthquake”, by C. Farfas, B. Galvan, and SA.
Miller.
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4.1 Introduction

Earthquakes can trigger several types of responses around the globe, in wide time
and space windows(Bebbington and Marzocchi, 2011b))(Fuchs et al., 2014)) (Harde-
beck et al., 1998)(Pollitz et al., 2012)(Manga and Brodsky, 2006)). While aftershock
sequences in the rupture region are the most known phenomena(Harris, 1998), in-
creases in seismic activity immediately after the passage of the waves have also been
observed both at the earthquake near and far fields(Wang et al., 2015])(Johnson
et al., 2015). Responses are usually recorded in fault zones(Wei et al., 2015))(Hill
et al., 1995)) and in regions where high-pressurized fluids are present, like geother-
mal fields, and volcanic zones(Wang et al., 2011))(Lupi et al., 2014)(Brodsky and
Prejean, 2005). Long-term reactions have also been observed at several volcanic
systems(Bonali et al., 2013))(Hill et al., 2002), with delays that can go as far as
several years, and even decades, for some megathrust earthquakes(Marzocchi et al.,
2002) (Bonali, 2013))(Bonali et al., 2013)). Earthquake-induced static and dynamic
stress changes have often been used to explain these connections, and they both
operate at different time and distance scales and distances.

Static stress changes promoted by earthquakes decay rapidly outside the rupture
zone, as 1/R®, with R the distance from the earthquake fault to a particular mea-
suring point. They are permanent and can create important volumetric changes
at reservoir level, which in turn may affect the physical properties of the high-
pressurized fluids that are trapped in that region. The long-term effect of many
large magnitude earthquakes is often studied by analyzing the permanent change
in the normal and volumetric stresses at one region, with emphasis on some ex-
isting structure, and focusing on induced clamping/unclamping patterns, and total
pressure changes where the fluids are believed to be present(Walter and Amelung,
2007) (Sanchez and SR., 2004)(Fujita et al., 2014). Another way to analyze these
variations consist in the study of the structural change of both magnitude and ori-
entation of the principal stresses at some volcanic/hydrothermal regions, which may
help explain the change in the post-earthquake seismic regime at these regions. This
last effect has been observed after megathrust earthquakes in Sumatra, Chile, and
Japan (Lupi and Miller, 2014)). For smaller earthquakes, the area of influence on the
static stress tensor decays dramatically with its magnitude, and their importance
is often disregarded at long distance triggering(Manga and Brodsky, 2006])(Freed,
2005)).

Dynamic stress changes are transient, but they decay slowly from the rupture zone
compared to the static stress changes(Manga and Brodsky, 2006))(Hill, 2008)). They
are related to the changes in the local stress tensor at a particular point during
the passage of the seismic waves, and their magnitude is more important than the
static stress changes at long distances. They are often used to explain earthquake
responses at several hundreds or even thousands of kilometers from its hypocen-
ter(Husen et al., 2004) (Mazzini et al., 2007)(Lupi et al., 2014)). Two main types of
physical mechanisms are often used to explain how dynamic stress changes may trig-



Numerical study of the unusual response of Nevados de Chillan volcano to two
aftershocks of the 2010 My, = 8.8 Maule earthquake 123

ger volcanic/hydrothermal responses to an earthquake: the first one being that the
changes on the local stress tensor might lead to an immediate rupture in a distant
fault zone(Hill, 2008))(wave potential for triggering tectonic (nonvolcanic) tremor,
2010) (Hill and Prejean, 2007)), and the second being related to changes at the phys-
ical properties of high-pressurized fluids that are close to a critical state, which in
turn can promote ruptures, tremor, and in most extreme cases, eruptions(Brodsky
et al., 1998))(Sparks et al., 1977)).

The directivity of the earthquake interaction with a volcanic/hydrothermal system
is a topic that has not been widely covered, but it is also important. Observations
of dynamic triggering show that not all the fault zones and geothermal regions lo-
cated at the same distance from an earthquake react in the same way. While this
might be explained due to the closeness to a critical state of a particular system,
data shows that there are some particular directions in which most of the responses
have been observed(Convertito et al., 2013). A well known case of this is the seismic
response of several fault zones and geothermal fields to the 2002 My, = 7.9 Denali
earthquake, in which most of the responses where located in a region that followed
the direction of the earthquake rupture(Gomberg et al., 2004). While this might be
related to the earthquake radiation pattern, it might also be related to the relative
directivity of the receiving fault, which may have an important role in the complete
influence of an earthquake in a specific zone (Farias et al., 2016).

To advance in the understanding of the underlying physical mechanisms that control
such responses to distant earthquakes, both larger datasets and more detailed theo-
retical improvements are necessary. Central-south Chile is an ideal setting to study
volcanic and hydrothermal responses to distant earthquakes, specially after the oc-
currence of the My, = 8.8 Maule earthquake, with more than 35 My, > 6.0 events
recorded near the chilean shore since. The original earthquake generated significant
stress changes at the volcanic arc(Lupi and Miller, 2014)), with the Planchon-Peteroa,
Copahue, and Laguna del Maule volcanic systems, presenting the most important
signs of unrest since the earthquake(Bonali, 2013))(Bonali et al., 2013)(Le Mével
et al., 2015))(Venzke, 2013)).

One volcanic system that has shown interesting responses to external earthquakes in
this region is the Nevados de Chillan complex, located in 36°51'48” S 71°22'36” W.
This volcanic chain is composed by 24 cones, located along a main lineament heading
N 30°W with the most active being Volcan Viejo, Volcan Nuevo, and Volcan Neva-
dos. Several hydrothermal fields are found at the complex, with the Aguas Calientes
valley being one of the most prominent(Dixon et al., 1999). Most of the activity
of the last 110 years has been recorded at Volcdn Nuevo(Venzke, 2013), which was
created in an eruption that did begin right after the 1906 My, = 8.2 Valparaiso
earthquake(Gonzalez-Ferran, 1995)). From 1900 to 1940, Nevados de Chillan en-
tered in an eruptive phase almost immediately after three large earthquakes located
in central Chile, in 1906, 1914, and 1928(Farias et al., 2014)) (Gonzalez-Ferran, 1995)).
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An interesting response was recorded at Nevados de Chilldn volcanic system during
the first quarter of 2012. Almost two years after the My, = 8.8 2010 Maule earth-
quake, two important aftershocks were registered near the chilean shore. The first
one, a My = 6.1 dip-slip event, was recorded on January 23", with its hypocenter
located to the west of the volcanic complex, roughly 200 km away from its main
structures. Right after the passing of the waves, tremor activity at Nevados de
Chillan suddenly increased, and when it subsided, VT event rate increased about
3 times to what the background was before the earthquake. Seismicity was mostly
located at a hydrothermal field, called Aguas Calientes valley. On March 5%, the
second event was recorded. The aftershock was a My, = 7.1 earthquake, with a sim-
ilar fault mechanism as the My, = 6.1 event. Its hypocenter was also located around
200 km from the main structures of the volcanic complex, but it was positioned to
north-west of the system. Unfortunately, the record during the weeks around the oc-
currence of the earthquake is not complete, due to a 12-hour data loss time window.
Nevertheless, a decrease in volcano tectonic seismicity was observed(Farias et al.,
2014). While such a difference in the response might be attributed to the volcano
being in a more critical state before the first, smaller, earthquake than before the
second, larger event, the rate of VT seismicity shows that the background activity
was significantly higher before the second aftershock than before the first. Based on
a particle motion analysis, the authors proposed that the difference in the response
can be explained by a different induced normal stress change at the main local fault
for both earthquakes, with the My, = 6.1 event inducing unclamping, which in turn
promoted faulting, and hence the increase in VT activity.

Numerical simulations can result very useful for the interpretation of observations
for which direct measurements of physical quantities such as internal fluid pressure
and local stresses are not possible to obtain. In this article, we aim to simulate the
effect of synthetic earthquakes, similar to the two described before, and to study
their effect in a simplification of the Nevados de Chillan volcanic complex, which is
composed by a main fault, and a fluid reservoir. We use the method introduced by
Farias et al(Farfas et al., 2016) in a 2-D space, following the dynamic effect of the
seismic waves in a situation when static stresses generated by the seismic events are
negligible.

4.2 Theory and Methodology

We are interested in the influence that distant earthquakes have in volcanic zones,
where fault systems are present. To account for the long distances and the geome-
try of the setting we are studying, we set up numerical experiments in a 2-D space,
looking at the North-East plane. By doing this, we do not take into account the
dynamic role of gravity in the system, as it has little impact on wave motion.

To simulate, we begin considering the equations of a 2-D poroelastic space:
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agf = (A+2u) %1;” + A%’, (4.1)
% = (A+2M%—?+A%, (4.2)
% = [%1; +%} , (4.3)
off
o w
o %l%+% | (45)

where o;; are the total stresses, while afjﬂ = 0;; — 0;; P are the the effective stresses,
with P the total pressure at a point in space and ¢;; the Kronecker delta. Lamé co-
efficients are given by A and pu, while p represents the density of the rock. Velocities
are represented by v, and v,.

The interaction between fluid dynamics and stresses is given by

P, 1
d over |: (46)

K d [of + oot
= s [T e
where 3¢ and B, are fluid and pore compressibility, x is the permeability, and 7 is
fluid viscosity. Permeability « is a function of normal stress, and is given by

K = Ko exp (—@) : (4.7)

a

where kg is the permeability at zero effective stress, & is a constant, and o, is the
normal stress, defined by

eff eff eff eff
+ Oy — 0 :
On = = 2 Pz T 2 = cos 20 + 032 sin 20, (4.8)

where 6 is the dip angle of the particular plane in which normal stress is measured.

The last term of Eq. [4.6]is considered as a source term, and it links the pressure evo-
lution with the stresses transferred by the earthquake into the system. There, B is
the Skempton coefficient, which typically is considered to be between 0.5-1.0(Jaeger
et al., 2007).

To account for the wave motion without the problem of numerical wave reflections at
the boundaries, we use Convolutive Perfect Matched Layers (CPML), which are ab-
sorbing regions in the space next to the boundaries, in which stresses and velocities
are attenuated. The application of this method to poroelastic spaces was developed
by Martin and colleagues (Martin et al., 2008)), but requires null boundary and ini-
tial conditions for velocities and stresses. To adapt this method to our simulations,
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Figure 4.1: Grid for the base (left) and wave (right) phases of our simulations, with
indications of what quantities are measured in certain points. Black points indicate the
cells which are used to set the boundary conditions on the stresses. Grey areas represent
the location of the absorbing boundary layers.

we divided the system in two: a base part, which is related with the initial stress
conditions, and a wave part, that accounts for all the dynamic changes induced by
the passage of the seismic waves. Details of the superposition method can be found
n (Farfas et al., 2016)).

We use a staggered grid for each phase in our calculations, following the method of
Saenger (Saenger et al., 2000). Fig. [4.1] presents sketches of them, with the second
one including the absorbmg layers. We apply Dirichlet boundary conditions on ve-
locities and stresses in the base grid, and null boundary conditions at the wave grid.

Our system of interest consist on a 2-D poroelastic space, with a NW oriented fault,
and a fluid reservoir of the structure. We then generate earthquakes far from the
fault region, and follow both the dynamic and static changes induced by them. The
scope of the experiment is to simulate the interaction of two earthquakes of mag-
nitudes My, = 6.1 and My, = 7.1 respectively, with our system. The epicenters of
both events are located at a distance of about 200 km from the fluid reservoir. This
setting is a simplification of central Chile, where Nevados de Chillan volcanic sys-
tem recorded a intriguing response to two important aftershocks of the 2010 Maule
earthquake(Farias et al., 2014).

Fig. shows the setting of the experiment. We have 2-D poroelastic space in the
North-East plane, at a depth hg, with a fault defined by a region of lower Young’s
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Symbol Parameter Name Parameter value

B Skempton coefficient B=05

p Rock density p = 3000 kg/m*
pf Fluid density py = 1000 kg/m*
Ko Permeability in the space, at zero stresses kg = 1 x 107 m?
Ky Permability at the main fault kp=1x10"1 m?
Ey Young’s modulus outside local structures Ey = 5.93 x 10° Pa
Ey Young’s modulus at the main fault E;=0.TEy

E, Young’s modulus at the reservoir E, =15E,

Vo Poisson ratio outside local structures vy =0.3

Vs Poisson ratio inside the main fault Vi = 1

Uy Poisson ratio inside the fluid reservoir v, = 1.1

% Angle of internal friction © = 32.6°

So Cohesion Sop=3.1x 107 Pa
AP, Initial overpressure at the reservoir AP, =10 MPa

h Depth at which the N-S plane is located h = 1000 m

Q@ Strike angle of the main fault a = —40°

Table 4.1: List of parameters used for the simulations, with emphasis on fluid and elastic
properties of the structures.

modulus, and a larger permeability. The strike angle of the fault is a. Elastic param-
eters at the fluid reservoir are also different than the ones from the rest of the space,
following the observations of Heap et al(Heap et al., 2014), with Young’s modulus
and Poisson’s ratio at the reservoir being slightly larger. Reservoir overpressure is
AP. Values for the most important simulation parameters are presented in Table[4.1]

In our experiment, we generate typical subduction earthquakes. Due to the 2-D
constrain of our setting, we consider the projection in the North-East plane as our
source. We calculate the earthquake rupture length, width, and slip, by using the
following relations:

1 300/ 3
102 (Mw6) |
pl'i Ly
where p is the second Lamé coefficient and My, the earthquake magnitude. I'y and
I’y are scaling parameters, given by

L =

W=0,L, AU=T,L, (4.9)

3 F2:2x10_5.

To follow the dynamic behavior of the relevant physical quantities, we placed 11
stations at different points of both the fault region and outside it. Their location
was designed with the purpose of obtain information on the dynamics of the system
at the different structures of the system. Table present the location and names
of each station.
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Figure 4.2: Left: Experiment Setting. Two earthquakes are generated about 200 km
from the system under study. The volcanic/hydrothermal system is considered to be a
NW fault connected to a fluid reservoir. Right: Close-up to the fault zone, showing the
placement of the 11 stations we use to records timeseries. This station array allow us to
capture more details of the dynamic of each structure of the system. More details on the
location of the stations are presented in Table

Number Name Code Relative Location
1 Fault Up West FUW Space
2 Fault Up FU Fault
3 Fault Up East FUE Space
4 Reservoir Up RSU Fault
5 Reservoir West ~ RSW Space
6 Reservoir RS Reservoir
7 Reservoir East RSE Space
8 Reservoir Down  RSD Fault
9 Fault Down West FDW Space
10 Fault Down FD Fault
11 Fault Down East FDE Space

Table 4.2: Detail of the used stations, including name, abbreviations, and relative loca-
tion in the system. Here, space stands for any point which is not inside the main system
fault or in the fluid reservoir.
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Figure 4.3: Initial principal stresses in our 2-D simulation, being a) o1 = 04, and b)
09 = 0yy. Both stresses were calculated a depth A = 1 km. Quantities are plotted in the
central-south Chile map.

Since we are focusing on the co-seismic behavior of the system to the two external
earthquakes, we assumed a semi-static base behavior, with initial effective stresses as
presented in Fig. [4.3] featuring a gradient in oy, according with what is expected in
a subduction zone. Initial fluid pressure was assumed to be the hydrostatic pressure
at a depth hy = 4000 m.

4.3 Results

Our scope is to study the dynamic changes in the important physical quantities
induced by the two My, = 6.1 and My, = 7.1 Maule earthquake aftershocks. Being
the latter event about 32 times larger than the former, the magnitude of the per-
turbations in the space should be significantly different. Fig. [4.4] and show the
overpressure evolution of the earthquakes, defined by

0= (B/2)(05: +0%) . (4.10)

with B the Skempton coefficient. The difference in the magnitude of 0 is clearly
noticeable between the earthquakes, but the differences between them are reduced
at the system, which is represented by a red dot, indicating the overpressure of the
fluid reservoir. In fact, and due to its radiation pattern, the My, = 6.1 event gener-
ates larger volumetric changes at the reservoir level than the My, = 7.1 earthquake.
Moreover, the main fault of the volcanic/hydrothermal system is appreciated in the
wave motion of this last event, with a reduction of the overpressure change along
it. The effect of this main structure is not clearly noticeable in the the volumetric
changes induced by the My, = 6.1 earthquake, but it does generate reflections at
the fault and reservoir level, as it can be appreciated with some interference pat-
terns after the first main wave train arrives. The effect of the shear wave at the
volcanic/hydrothermal system is very different between events, as is presented in
Figs. [4.6|and [4.7] The influence of the My, = 7.1 earthquake gets dampened at the
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Figure 4.4: Dynamic evolution of the dynamic overpressure 6 array during the My = 6.1
earthquake, where 0 is defined in Eq. Measurement times are t = 30,40, 50, and
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Figure 4.5: Time evolution of 6, defined in Eq. for the My, = 7.1 event. We
present the results at ¢ = 30,40, 50, and 60 s, with ¢ the time after the wave release at the
earthquake rupture zone.

fault, but it is still significantly larger than the My, = 6.1 event.

Overpressure waveforms, recorded at the 11 stations, gives us a closer insight on
the dynamic volumetric changes induced by the earthquake. To improve our under-
standing of the system, and to isolate the role of local structures in the earthquake
influence, we performed two experiments for each earthquake: one when the system
did include the main lineament, and other one when this fault was not present. Fig.
shows the overpressure waveforms at all the stations, comparing the results ob-
tained in the two systems. They show little difference between the settings, meaning
that the fault does not play a significant role in the system dynamics. The maximum
overpressure value, at all stations, is between 4 and 5 kPa, meaning that, during
the earthquake, the maximum overpressure change that affects the system is about
10 kPa, which is considered to be high enough to enhance the fluid activity in a
reservoir close to a critical state(Fujita et al., 2014). Interestingly, peak overpres-
sure value is slightly larger at the reservoir than at the station located to its west,
RSW, which might be due to the reflections at the reservoir level that we can see in
the overpressure wave propagation maps presented in Fig. [4.4]
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Figure 4.7: Evolution of the shear stress ag), induced by the My = 7.1 event. We
present the measurements obtained at t = 30,40, 50, and 60 s, with ¢ the time after the
beginning of the earthquake. The fluid reservoir zone is indicated with a black circle.
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Figure 4.8: Overpressure traces, measured at all the stations, for the My = 6.1 earth-
quake. A comparison between a fault-present and a fault-free setting is presented at each
recording point. Red lines show the waveforms obtained in a elastic simulation, without
a main fault, and blue lines present the timeseries obtained in the fault-present setting
introduced in Fig. Note how overpresure values are slightly larger in the fault-free
setting, specially at FU, RSU, RS, RSD, and FD stations.

The comparison between the overpressure waveforms obtained in a fault-free and
a fault-present setting for the My, = 7.1 earthquake is presented in Fig. [.9
The waveforms show lower overpressure amplitudes than the ones recorded for the
My = 6.1 experiment, which we can see in Fig. [£.8, meaning that the volumetric
changes induced by the larger earthquake at the system were not as important as the
ones induced by the smaller event. The larger contrasts between settings are found
in the stations located at the main lineament (FU, RSU, RS, RSD, FD), where the
main differences are found when the structure undergoes volumetric compression,
and at the coda of the signal, with the fault-free setting presenting the larger values.
This difference can be as high as ~ 25% of the maximum overpressure value, which
talks about a dampening effect of the fault that reduced the volumetric change in-
duced by the earthquake inside itself. Interestingly, the stations located at the north
part of the system do record a noticeably post-seismic stress change of about 1 kPa,
but it is present only in them, not in the other stations. This post-seismic extension
is also dampened inside the fault.
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Figure 4.9: Overpressure traces, measured at all the stations, for the My = 7.1 earth-
quake. We also present a comparison between a fault-present and a fault-free setting, to
isolate the role of the system main fault. Res lines present the results in the fault-free
environment, while blue lines show the waveforms obtained in the fault-present setting.

Note how the differences in dynamic behaviors between settings are particularly important
at FU, RSU, RS, RSD, and FD stations, which are located inside the fault zone.

We also calculated the kinetic energy density, defined as

€= %p (v2+2)) . (4.11)
Fig. and show the timeseries obtained for ¢, for both the My, = 6.1 and
the My, = 7.1 events, with their respective comparison between settings. It is ev-
ident that the larger earthquake induced larger energy density values, about four
times larger than the ones induced by the smaller event. This is consistent with the
observation ground motion velocity measured in the field, where the velocities ob-
tained for the My, = 7.1 aftershock were about twice as large as the ones measured
by the My, = 6.1 event (Farfas et al., 2014)).

Little difference is found between settings for energy density in the case of the larger
event, with the results obtained at the fault-free setting being slightly larger than
the results recorded in the fault-present system. This means that the role of the
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Figure 4.10: Energy density timeseries for the My, = 6.1 event, measured at all the
stations. Red lines show the behavior of the system when it is composed only by a
fluid reservoir, whilst blue lines show the results obtained in a fault-present setting. The
peak values of energy density are larger in the fault-present setting, at the system main
alignment, as the results from FU, RSU, RSD, and FD stations show.
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Figure 4.11: Energy density timeseries for the My = 7.1 event, measured at all the

stations.

Red lines show the timeseries when the system is composed only by a fluid

reservoir, whilst blue lines show the results obtained in a fault-present setting. Differences
between settings are small, meaning that the main alignment of the system has little
influence in kinetic energy transfer.
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Figure 4.12: Maximum overpressure change, for My = 6.1 event (left) and the My =
7.1 earthquake (right), overlapped on the central Chile map. Plotting range is the same
for both events, which highlights the difference in sizes of both earthquakes, and allow us
to visually compare their influence in the system.

main lineament in energy transfer is negligible for this earthquake. This is not true
for the smaller event, where important differences in the energy density amplitudes
are found at the stations located inside the main fault. Energy density peaks are
considerably larger inside this structure, with increases that can go as high as ~ 58%
of the value obtained in a pure elastic, fault-free, setting. The role of the fault is
particularly noticeable in the northern sections of the fault, although at the reservoir
itself this difference is almost zero.

Peak values for certain physical quantities allow us to assess the largest influence
an earthquake can have in a hydrothermal/volcanic system. We define them as the
largest deviation of the studied variable respective to an initial state, which in our
case is usually zero. Fig. [4.12] presents the maximum overpressure maps for both
My = 6.1 and My, = 7.1 events, in the whole space, featuring a clear dominance of
the earthquake radiation pattern. The local effect of the fault and the fluid reser-
voir is clearly noticeable, with local variations at our hydrothermal/volcanic system.
Fig. presents both the maximum energy density and overpressure values at the
local system scale. Maximum overpressure changes at the reservoir and fault level
show that the My, = 6.1 induced larger overpressure changes than the My, = 7.1
event. Reflections at the fault and the reservoir generate areas where the maximum
overpressure is extensive, as opposed to what is expected from a pure elastic case.
This is due to reflections at the fault and reservoir, which alter the wave motion.
Particularly, we found some portions of the fault where the maximum overpressure
is negative, particularly at its north and south edges. The main lineament of the
system plays an important role for the My, = 7.1, dampening the maximum over-
pressure change, and in fact creating changes on the peak volumetric pattern inside
the fault, with extensions being recorded mostly at its northern section, and com-
pressions from the vicinity of the reservoir onwards.
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Figure 4.13: Maximum values for several quantities, all measured at the fault level, for
both My = 6.1 and My = 7.1 events. a) Maximum energy density for My, = 6.1. b)
Maximum energy density for My = 7.1 event. ¢) Maximum overpressure for My = 6.1
earthquake. d) Maximum overpressure for the My, = 7.1 event. Note how the role of
the system main fault in kinetic energy transfer is more important for the My = 6.1
earthquake than for the My, = 7.1, whilst it seems to play a more important role in
overpressure peak values for the larger event than for the smaller one, which presents the
compound effect of the fluid reservoir and the main lineament.
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Figure 4.14: Maximum change in the Coulomb yield function at the system level, for
both a) My = 6.1 and b) My = 7.1 events. Notice how the My = 7.1 event induced
larger changes in the yield function than the My, = 6.1 earthquake, but the patterns are
significantly different, specially at the fault level.
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Maximum energy density transfer, presented at the fault and reservoir level in Fig.
4.13] shows an important difference between earthquakes, with the larger event
transferring more kinetic energy into the system than the smaller one, being 4 to 5
times larger than the largest amount induced by the My, = 6.1 event. The effect
of the fault is not easily noticeable for the My, = 7.1 event, as it does not play an
important role. The reservoir also does not affect the kinetic energy transfer for this
event. A different behavior is found with the My = 6.1 event. There, the fluid
reservoir is the least affected region of the system, with the lowest kinetic energy
peaks inside it. The main lineament, nevertheless, presents an energy concentration
at both sides of the reservoir, being more dominant at the northern section of the
fault. For this earthquake, the main lineament enhances the kinetic energy transfer
into the system.

The Coulomb yield function gives us information on how close is a particular point
in space to break, and it is specially important when analyzing the faulting potential
of an earthquake in a particular region. To study the effect of the earthquake in
this function, we consider it to be composed by two main contributions: the base
part, which depends on the quasi-static initial state of the system, and the wave
part, which consists in the dynamic change of the function due to the influence of
a seismic wave. This separation allow us to study the wave contribution separately.
Fig. presents the maximum value of the dynamic yield function for the two
events under study in this article. The effect of the My, = 7.1 in the system is no-
ticeably larger than the one of the My, = 6.1 event, which is due to the effect of an
important shear stress contribution for the former earthquake. The spatial patterns
at the local structures for this function are different between earthquakes. While the
largest changes in the yield function are present at the reservoir level, the patterns
at the fault present some important differences. For the smaller earthquake, the
maximum changes in the yield function are dampened inside the main lineament
of the system, which reduces the influence of the earthquake at that level. In the
case of the larger seismic event, maximum dynamic changes on the yield function
are slightly smaller inside the system main fault than outside the structure, but the
larger changes in the function are present at the edges of the structure, thus making
them the places that are more likely to break in the fault zone.

4.4 Discussion

We have simulated the situation presented in Farfas et al(Farias et al., 2014), where
a strange response of the Nevados de Chillan to two distant aftershocks of the 2010
My, = 8.8 Maule earthquake was described. Both aftershocks, with magnitudes
My = 6.1 and My = 7.1 respectively, had their hypocenters located about 200
km away from the volcanic complex. The system reacted to the smaller earthquake,
generated in January 23', 2012, with a sudden increase in the number of tremor
events, followed by an increase in volcano-tectonic (VT) activity nine hours later.
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The response of the system to the second aftershock, that struck on March 25%,
2012, was completely different, with a decrease of the VT activity some hours after
the earthquake.

In the original article, most of the seismicity in the Nevados de Chillan volcanic
system was found to be related to the presence of a hydrothermal field, called Aguas
Calientes valley, which is a very active hotspring spot, with a high rate of small VT
events. The responses of the system were concluded to be located at the hydrother-
mal field and its vicinity, since those were the regions in a critical state, and thus
the most likely to be affected by external perturbations.

Due to the large distance that separated the earthquakes from the volcanic zone,
the static stress changes were negligible at the reservoir level. Dynamic changes at
the fault level where then proposed to be the most plausible explanation for such
strange response.

For our simulations we used a 2-D finite difference method to solve the equations
of motion of a fluid-saturated poroelastic space, coupled with a non-linear diffu-
sion equation. We found that, due to the relative position of each earthquake, the
My = 6.1 event induced larger volumetric changes at the system, both at reservoir
and fault level, than the My, = 7.1 earthquake, up to twice as large. The fault
does play an important role in the dynamic changes induced by the larger event on
the system, dampening the maximum overpressure change inside the fault, and thus
limiting the influence of the earthquake, but it does not play a significant role in
the interaction between the smaller earthquake with the system. This means that
the role of the larger earthquake at the system, which without a fault was already
less important than the one recorded by the smaller earthquake, was significantly
reduced by the main lineament of the system, and thus it did not have an important
influence at the high-pressurized fluids.

Static stress changes at the reservoir level are negligible for both earthquakes. Nev-
ertheless, the larger event does have a permanent influence on the northern section
of the main fault, with a slight volumetric extension. Since we are assuming that the
fluid reservoir is connected into the fault, this permanent change has the potential
to induce a slight fluid migration from the reservoir level into the northern section
of the main lineament. This would be reflected in a discouragement of the local
seismicity at the reservoir vicinity. The real-life observation was, indeed, a decrease
in VT activity, which in the Nevados de Chillan volcanic complex is linked to fluid
mobilization.

Kinetic energy density transfer is larger for the My, = 7.1 event than for the
My, = 6.1 earthquake, by a factor of about 4. This leads to a difference in the
magnitude of velocity oscillation of 2, which is consistent with the observations of
the original article. The role of the fault is not noticeable for the larger event, but
it is for the smaller one, presenting energy concentration zones at the edges of the
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fault, particularly on its northern section. This observation is not correlated with
the maximum overpressure change, meaning that the shear motion for the larger
earthquake is very important at the reservoir and the fault.

The differences in the shear motion due to each earthquake are reflected in the dy-
namic changes of the Coulomb yield function. Of the two earthquakes, it is the
My, = 7.1 event the one that induced significantly larger changes in the yield func-
tion than the My, = 6.1 aftershock, and thus it was the one that brought the system
closer to faulting. Field observations, nonetheless, show that there was not an in-
crease in seismicity after the My, = 7.1 event, which means that the changes in
the yield function induced by this earthquake were not high enough to enhance the
creation of new fractures in the system. The structure of the maximum change on
the yield function is of interest as well, since the larger changes were recorded at the
boundaries of the fault zone, and not inside it. This is an indication that, had the
system be more close to a tectonic critical state, faulting could have been promoted
at the boundaries of the main lineament, and at the reservoir.

The most important influence of the My, = 6.1 was the change in ovepressure, par-
ticularly at reservoir level. The real life system can be considered close to a critical
state, with a high rate of seismicity associated to its hydrothermal activity. Thus,
the earthquake influence was present at fluid level, increasing their pressure, which
favored the mobilization of them. This was seen at the Nevados de Chillan complex
with an immediate increase in tremor activity, which is linked to fluid motion. Then,
after tremor activity subsided, the fluid generated ruptures, which was reflected in
a higher VT event rate.

The effect of the My, = 7.1 earthquake consisted mostly in changes in shear stress,
which were simply not strong enough to generate faulting neither at the fault nor
at the reservoir. The presence of a long-term extension zone at the northern end
of the fault might help explain the decline in VT activity at reservoir level, as the
post-seismic state of the fault encourages fluid motion to its northern section. Such
a decrease in fluid-driven seismicity ratio after an important earthquake has also
been observed in other parts of the world(Sanchez and SR., 2004)

4.5 Conclusion

We studied a counter-intuitive response of the Nevados de Chillan volcanic sys-
tem to two aftershocks of the Maule earthquake, with magnitudes My, = 6.1 and
My, = 7.1, both of them located about 200 km from the complex. We did this by
simulating the effect of the two earthquakes in a simplification of the system, given
by a main lineament, with a fluid reservoir connected to it. The response from the
volcanic/hydrothermal system was mostly recorded at the level of the hydrothermal
field, and it involved highly pressurized fluids very close to a critical state. Due to
the distance of the earthquake hypocenters, static stress changes at the reservoir
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were not important, and thus the response was most likely to occur due to the dy-
namic changes induced by the passage of the seismic waves.

Our results show that both earthquakes affected the system in very different ways.
Due to the relative location of the earthquakes respective to the system, the radi-
ation pattern of each event plays an important role, leveling the influence of each
earthquake in the volcanic/hydrothermal complex, to a point where we can compare
them. The influence of the smaller event, of magnitude My, = 6.1, was found to
be mainly focused at the fluid level, with larger changes in overpressure than the
ones obtained with the My, = 7.1 earthquake. The effect of the local structures is
not significant on the interaction between this event and the system dynamics. The
higher dynamic volumetric changes are significant, since they can propitiate fluid
motion, which is later reflected in tremor activity. Given that the faulting potential
from the earthquake waves is not of large importance, our results support the idea
of an earthquake/volcano connection at the fluid reservoir level.

A different conclusion arises from the results of the simulations of the My, = 7.1
earthquake. Due to its magnitude, we should expect it to be more influential in
the system than the smaller event, but a combination of the relative position of
its hypocenter with respect to the location of the volcanic/hydrothermal field with
the dynamic effect of the main fault of the system, prevent this to happen. The
volumetric changes induced by this earthquake are lower than the ones generated
by the smaller event, but the shear stress transfer is substantially larger, a result
that is reflected in a higher dynamic change in the Coulomb yield function. While
this tells that the My, = 7.1 event has a larger faulting potential at the system than
the My, = 6.1 earthquake, the field observations suggest that they were not high
enough to trigger seismic activity, quite possibly due to the fault not being close to
a critical state. And while the static stress changes are negligible at the reservoir
level, we found a small long term volumetric extension at the northern section of
the fault, which may in turn promote fluid mobilization to the northern sections of
the structure, thus decreasing the seismicity at the reservoir level. This is consistent
with the observations from the field.

We want to emphasize that the local structures do play a role in the interaction
between an earthquake and a volcanic/hydrothermal zone, which can be more or
less important depending on the incoming earthquake. In our case, the My = 7.1
earthquake, despite being about 32 times larger than the My, = 6.1 event, did
not trigger an increase in seismicity, and the main system fault did play a role by
dampening the volumetric changes inside the structure, which is connected to the
high-pressurized fluids of the system. Observations like this one add an extra degree
of complexity in the study of earthquake/volcano interactions, but they also allow us
to have a better understanding of the underlying physical mechanisms that control
such connection.
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Chapter 5

General conclusions and future
work

Earthquakes can trigger different types of responses in volcanic and hydrothermal
systems, ranging from increases in local seismicity to eruptions, with most of the
responses being recorded at the hydrothermal level, due to their susceptibility to ex-
ternal perturnations. In this thesis I have presented results from field observations
and numerical simulations of the influence of several earthquakes in volcanic and
hydrothermal regions.

Field data was adquired during a field campaign at the Nevados de Chillan volcano
in central south Chile, from December, 2011, to April, 2012. This is a particularly
active volcanic/hydrothermal system that has shown interesting responses to exter-
nal earthquakes in the past, and that suffered major volumetric extension after the
My, = 8.8 2010 Maule earthquake. Data shows how most of the activity at this
volcanic complex is located at the hydrothermal level, not at the magma chamber.
During the observation time, two major aftershocks of the Maule earthquake were
recorded, both located around 200 km away from the system, but with different
magnitudes: the first one was a My = 6.1 event, whilst the magnitude of the
second earthquake was My, = 7.1. The composite volcanic/hydrothermal system
showed a response in the form of an increase of the fluid-driven seismicity imme-
diately after the first event, and a slight decrease in seismicityt after the second,
and larger, earthquake. This observation highlights a complex earthquake-volcano
interaction, with a response that is not intuitive. An interesting fact here is that the
static stress changes due to the incoming earthquakes are negligible at the reservoir
level, and thus the interaction is related to dynamic stress changes. Particle motion
analysis shows how the My, = 6.1 earthquake induced a wave motion in a particular
E-W direction at the system, whilst the larger earthquake did not have a preferred
direction of motion. This suggest that there is a stress concentration in one partic-
ular direction for the smaller earthquake, which might have promoted fluid motion,
and therefore, an increase on seismicity. This feature is not present for the second,
larger event, even though the ground motion velocity recorded for this event is larger.
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The observation on Nevados de Chillan volcanic complex also suggest that there is
an effect of the directivity of the earthquake respective to the local structures of the
system. To study the influence of seismic events in hydrothermal regions that do
account for the presence of local structures such as geological faults, we created a
new set of poroelastic codes that allow us to simulate the effect of seismic waves in
regions where highly-pressurized fluids are trapped beneath the crust. We studied
the effect of the dip angle and relative location of several My, = 4.0 earthquakes,
located close to a system composed by a fluid reservoir connected to a main fault,
and the effect of the strike angle and relative location of several My, = 6.1 events
located 100 km away from a volcanic/hydrothermal system composed by two fluid
reservoir, each one connected to a fault. In the first case, both static and dynamic
changes in the stress tensor are relevant, whilst only the dynamic part is impor-
tant for the second experiment. We found out that, while the relative location of
the earthquake and its characteristics play a very important role in the changes of
the regional stress tensor, the role of the local structures is very important. Static
volumetric patterns are distorted in the vicinity and the interior of the structures,
particularly in the system fault, where it gets reduced. This result adds a level of
complexity that is can not be found in a normal Coulomb stress analysis, where
the fault zone is not completely considered. Dynamic changes show how the local
structures affect the wave motion. The fluid reservoir concentrates the incoming
kinetic energy from the earthquake at its borders, and do not allow too much energy
to be concentrated inside itself. The maximum dynamic changes of the overpres-
sure and Coulomb yield function are also found at its borders. The wave frequency
inside the reservoir is higher than outside it, and thus are more likely to encourage
gas-fluid interaction(Vandu et al., 2004)). The system fault concentrates kinetic en-
ergy inside it, and shows breakwater-like characteristics for the dynamic changes in
the overpressure and Coulomb yield function, concentrating the larger changes at
one face of the structure, and reducing the earthquake influence at the other side.
For earthquakes located far from the volcanic/hydrothermal system, the role of the
local structures is particularly noticeable for the dynamic stress changes, which are
more prominent. The geometry of the fault system is also very important, with one
earthquake being capable to affect only one fault, depending on its directivity and
focal mechanism.

The numerical simulation approach is very useful when dealing with simplifications
of real life systems. In particular, we used our numerical tools to simulatte the situa-
tion we observed in our field campaign, with the response of the Nevados de Chillan
volcanic system to two aftershocks of the Maule earthquake. For both earthquakes,
the static stress changes at reservoir level are negligible, with the volumetric stress
changes in the order of some tens of kPa, which is enough to trigger small increases
in hydrothermal activity(Hill and Prejean, 2007)). Due to the relative location of the
earthquakes respective to the volcanic/hydrothermal system, the smaller My, = 6.1
event induced larger overpressure change at the hydrothermal reservoir level than
the larger earthquake, thus having a more important effect at the fluid level. This
is consistent with the observed increase on hydrothermal tremor activity, which was
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followed by fluid-driven VT events after the fluids were mobilized. The overpressure
change from the My, = 7.1 event was not as strong due to the relative location of the
earthquake respect to the system, and it was also dampened inside the fault, thus
having an even lower influence on the fluid. Moreover, the My, = 7.1 earthquake
induced a small long-term decrease in pressure at the northern edge of the main
fault, thus creating a small pressure gradient that may have mobilized the high-
pressurized fluid of the hydrothermal system. This type of motion is consistent with
a reduction on the seismicity captured at the hydrothermal field that was observed.
The largest changes on the stress tensor due to the My, = 7.1 earthquake were at
the shear components. This generated larger changes in the yield function due to
this event, but they were not strong enough to create new fractures.

The results presented in this thesis show that the interaction between earthquakes
and volcanic/hydrothermal systems is far more complex than it is understood so far.
The role of the local structures is very important in this connection, and it can not be
taken away from future studies. And while this adds an extra degree of complexity
to the question on how can earthquakes affect volcanic and hydrothermal activity, it
does give more light on the important physical mehanisms that control the interac-
tion. For the future, more in-depth observations on the role between tectonics and
volcanic activity are needed, as well as better characterizations of the type of re-
sponse of a volcanic/hydrothermal system to external perturbations. Improvements
on numerical simulations are also necessary, with special emphasis in the implemen-
tation of the role of waves in the geochemical /physical characteristics of the fluids.
An extension to 3-D spaces is also necessary, as it can allow us to experiment with
a wider array of earthquake parameters. Advances in the complexity of the fault
systems can also give us a clearer idea on what are the most important players that
control the earthquake-volcano interactions. The results presented here can also be
used as the foundation for developments in risk assessment in volcanic regions, thus
contributing to a better integration between society and their surroundings.
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