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RESUMEN

La volcanologia moderna tiene como desafio mostrar la naturaleza de los pro-
cesos magmaticos asociados al transporte y almacenamiento de fundidos desde el
manto hasta la superficie de la Tierra. La expresién de estos fenémenos en la super-
ficie son los diversos volcanes (o sistemas volcanicos) que existen en la Tierra, cuya
morfologia, evolucion, tipos de erupciones y comportamiento varia ampliamente a
concecuencia de las condiciones tecténicas de la region, composicion de los magmas
y tasa de produccion de fundidos. Grandes avances en la capacidad computacional e
instrumentacién, asi como también la integracién de multiples observaciones geofisi-
cas, geoquimicas y petrolégicas de erupciones volcénicas recientes, han permitido el
desarrollo de nuevas herramientas que han ayudado a comprender en mayor detalle
los procesos que condicionan el magmatismo.

En particular, el ruido sismico ambiental ha sido ampliamente utilizado en una
variedad de regiones para estudiar la estructura de la corteza y los procesos magmati-
cos que ocurren cerca de la superficie. En este trabajo, utilizamos dos técnicas de
andlisis de datos que utilizan el ruido sismico ambiental para monitorear cambios en
el nivel de actividad en sistemas volcanicos, y estudiar las estructuras geolégicas que
afectan su desarrollo y comportamiento en la parte superior de la corteza: “Inter-

ferometria de Ondas de Coda” y “Tomografia de Ondas Superficiales”. Utilizando
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datos provenientes de tres zonas de interés en Chile aplicamos el procesamiento
estandar para el analisis de ruido sismico ambiental. Nuestros resultados indican
que, en sistemas volcanicos de conducto abierto como el volcan Villarrica, pequenas
perturbaciones en las propiedades elasticas del medio pueden ser detectadas antes
que se vuelvan evidentes en el nivel del tremor volcénico y en la actividad observada
en la superficie. También, definimos un modelo representativo de la estructura de
la corteza bajo el segmento del arco volcanico comprendido desde 35,5°S a 37,5°S
a partir del ruido sismico ambiental: los magmas son transportados (y acumulados)
lateral y verticalmente a través de zonas fragiles en la corteza, en donde los diques
intruyen y conectan reservorios magmaticos localizados en la corteza. Nuestros re-
sultados sugieren que grandes acumulaciones de magma ocurren aproximadamente a

5 km de profundidad y no necesariamente estan localizados bajo el edificio volcanico
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ABSTRACT

The challenge of modern volcanology is to show the nature of the magmatic pro-
cesses associated with the transport and storage of melts from the mantle to the
surface of the Earth. The expression of these phenomena on the surface are the
various volcanoes (or volcanic systems) that exist on Earth, whose morphology, evo-
lution, types of eruptions and behavior vary widely as a consequence of the tectonic
conditions of the region, composition of the magmas and melt production rate. Great
advances in computational and instrumentational capacity, as well as the integration
of multiple geophysical, geochemical and petrological observations of recent volcanic
eruptions, have allowed the development of new tools that have helped to understand
in detail the processes related to magmatism.

In particular, ambient seismic noise has been widely used in a variety of regions
to study the structure of the crust and the magmatic processes that occur near the
surface. Here, we use two data analysis techniques that use ambient seismic noise
to monitor changes in the level of activity in volcanic systems, and to study the
geological structures that affect their development and behavior in the upper part
of the crust: “Coda Wave Interferometry” and “Surface Wave Tomography”. Using
data from three regions of interest in Chile, we apply standard processing for the

analysis of ambient seismic noise. Our results indicate that, in open-vent volcanoes



such as the Villarrica volcano, small perturbations in the elastic properties of the
medium can be detected before they become evident in the level of the volcanic
tremor and in the activity observed on the surface. Also, we define a representative
model of the structure of the crust under the segment of the volcanic arc comprised
from 35,5°S to 37,5°S from ambient seismic noise: the magmas are transported (and
stored) laterally and vertically through fragile zones in the crust, where dykes intrude
and connect magmatic reservoirs located within the crust. Our results suggest that
large accumulations of magma occur approximately 5 km deep and are not necessarily

located under the volcanic edifice.
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Capitulo 1

INTRODUCCION

1.1. Planteamiento del problema

La Cordillera de los Andes es un lugar privilegiado para estudiar la estrecha rela-
cién que existe entre procesos de mineralizacion, deformacion cortical y magmatismo
en margenes convergentes (Lopez-Escobar et al., [1995; |Oncken et al.| |2006; |Charrier
et al. 2007). La subduccion de la placa Nazca por debajo de la placa Sudamericana
permite la fusiéon parcial del manto astenosférico y el ascenso de magmas hacia la
parte inferior de la corteza, también conocido como zona de MASH (Mizing, Assi-
milation, Storage and Homogenization, en inglés). Desde ahi, los magmas ascienden
hasta la superficie a través de intrusiones de diques que se acomodan horizontal o
verticalmente a lo largo de la corteza (Tibaldi, |2008; Acocellal 2014} [Lupi and Miller],
2014)). El transporte y almacenamiento de magmas a través de la corteza, asi como
también la presencia de volcanes activos en la superficie, esta condicionado prin-
cipalmente por la geometria y oblicuidad de subduccién, las estructuras heredadas

del basamento Paleozoico, el grado de evolucion de los magmas, y la configuracion



tectdénica local (i.e., < 10* km?) y regional (i.e., 2 10° km?) (Stern, |2004; Cembrano,

and Laral 2009).
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Figura 1.1: Mapa de Chile donde se destaca la configuracion tecténica y distribucién del arco
volcanico. Los tridngulos azules muestra la distribucién de volcanes activos (i.e., actividad dentro de

los tiltimos 12,000 afios), mientras que los tridngulos naranjos muestran los volcanes estudiados en
este trabajo. Los mecanismos focales de color azul corresponden a terremotos intraplaca (Santibanez

2019) mientras que los de color celeste corresponden a terremotos interplaca (fuente gCMT,
URL: https://www.globalcmt.org). La segmentacién del arco volcdnico y morfoestructuras han sido

modificadas de (Stern, [2004; Charrier et al., [2007; Cembrano and Laral |2009). Los limites del
MOHO (Mohorovic discontinuity, en inglés) y LAB (Litosphere-Astenosphere Boundary, en inglés)
han sido modificados de [Tassara and Echaurren| (2012). El MOHO est4 referido a la discontinuidad
entre la corteza y el manto, mientras que el LAB es referido a la discontinuidad termal entre la
litésfera y astendsfera. Los perfiles de sismicidad en A-A’ y B-B’ han sido modificados de
et al. (2018)) y Haberland et al. (2009), respectivamente. El gradiente de color esta asociado a la

profundidad de cada evento, mientras que el tamano del marcador a su magnitud. El grosor de la
placa ocednica en el perfil A-A’ ha sido graficado de acuerdo a los resultados obtenidos por

et al] (011).

En Chile, el arco volcénico se ubica aproximadamente a 250—300 km al Este de la



fosa Chile-Peru (Fig. . A partir de las caracteristicas morfolégicas, geoquimicas
y petrologicas de los magmas extruidos en la superficie, el arco volcanico ha sido
dividido en cuatro segmentos llamados Zona Volcanica Norte (5°N — 2°S), Zona
Volcénica Central (14°S — 27°S), Zona Volcanica Sur (33°S — 46°S) y Zona Volcanica
Autral (49°S — 55°S). La estructura interna del sistema de subduccion (i.e., limite
entre la placa subductante y cabalgante, limite entre la corteza y manto, limite
entre la litosfera y astendsfera, y distribucion de fundidos desde el manto hasta
la superficie), ha sido inferido a escala regional (i.e., > 10° km?) a partir de la
integracion multiples modelos gravimétricos, geodésicos y termomecdanicos, asi como
también tomografias sismicas y eléctricas (Bohm et al.; 2002; |Asch et al., 2006; Yuan
et al.l 2006; Haberland et al., [2009; |Vigny et al., 2011; Tassara and Echaurren, 2012;
Ward et al., 2013; Delph et al., |2017; [Sippl et al., 2018 Moreno et al.; 2018). Debido
a que el grosor de la corteza en el norte de Chile (~ 70 km) es superior al sur de
Chile (~ 40—50 km), los magmas extruidos son mas diferenciados y contienen mayor
contaminacién cortical. En general, el transporte de magmas (o fundidos parciales)
a través de la corteza ha sido evidenciado a partir de la deformacion del medio
alrededor del volcan, asi como también cambios en la tasa de actividad sismica y de
emisién de gases hacia la atmdsfera (Hill et al., [2002; Scarpa and Tilling, [2006). Sin
embargo, ain se desconoce en mayor parte del arco volcanico en Chile, cual es la
distribucién de los magmas en la corteza a una escala local (i.e., < 10* km?) y cuales

son las estructuras geoldgicas que condicionan su transporte y almacenamiento.



1.2. Preguntas de investigacion

Se utilizaron dos preguntas cientificas para orientar esta investigacion:

» ; Cudl es la distribucion espacial y temporal de los magmas bajo el arco volcani-

co a escala local?

= ;Cuales son las estructuras geoldgicas en la corteza que condicionan el trans-

porte y almacenamiento de magmas bajo el arco volcanico?

1.3. Objetivo general y especificos

El Objetivo General de este trabajo es monitorear la estructura de velocidades
sismicas en la vecindad de volcanes, y estudiar la distribucion espacial de las estruc-
turas geoldgicas que afectan el desarrollo y comportamiento del arco volcanico.

A continuacion, se enumeran los Objetivos Especificos:

1. Cuantificar perturbaciones temporales en la velocidad de ondas sismicas alre-
dedor de un volcan, y establecer su relaciéon con los procesos magmaticos que

ocurren en la corteza.

2. Cuantificar perturbaciones espaciales en la velocidad de ondas sismicas de un
segmento del arco volcanico, y definir un modelo de la estructura interna de la

corteza.



1.4. Meétodos y materiales

En este trabajo se escogieron tres dreas de estudio ubicadas en Chile: el volcan
Lascar, el volcan Villarrica y segmento del arco volcanico comprendido entre las

latitudes 35,5°S y 37,5°S (Fig. [L.).

1.4.1. Ruido sismico ambiental

El ruido sismico ambiental esta compuesto principalmente por ondas superficiales
de baja amplitud que se generan como la respuesta eldstica de un receptor a multiples
fuentes de ruido distribuidas aleatoriamente en el espacio (Fig. [[.2A). Si el ruido
sismico ambiental es lo suficientemente coherente entonces la senal que virtualmente
se propagaria entre dos receptores 4 y xp (Campillo and Paul, 2003; [Shapiro and
Campillol 2004; Wapenaar et al., 2010), se puede obtener a partir de la correlacién

cruzada entre las respuestas de ambos receptores a partir de:

{G(zp,xa,t) + G(xa,xp, —t)} * S(t) = u(xp, a:g), t) * u(xA,xg), —t) (1.1)

Donde * representa el operador de convolucién temporal, G(zp,z4,t) la funcién de
Green, u la respuesta de un receptor (Fig. [1.2B), y Ss(t) la autocorrelacién de las
fuentes de ruido.

Existen dos posibles aplicaciones en las cuales se puede utilizar la funcion de



Green (o senal virtual) obtenida a partir del ruido sismico ambiental entre dos re-
ceptores. La primera es estudiar la coda de la senal, la cual se compone por ondas
sismicas altamente dispersadas, y se ha utilizado para cuantificar perturbaciones en
los tiempos de viaje de las ondas de coda y complementar el monitoreo en (casi)
tiempo real de volcanes activos (Brenguier et al., 2008| 2011} [Sens-Schonfelder and
Wegler, 2011)). La segunda aplicacién es calcular la dispersion y tiempos de viaje de
la onda superficial que viaja (virtualmente) entre miltiples receptores, para luego
visualizar la estructura sismica de la corteza a partir de una “Tomografia de Ondas
Superficiales” (Shapiro et al., [2005; Brenguier et al., [2007; Snieder and Wapenaar,
2010)).

Una de las grandes ventajas que tiene el analisis del ruido sismico ambiental por
sobre los métodos tradicionales es que el ruido no depende del hipocentro de la fuente
sismica y puede ser registrado continuamente desde cualquier lugar de la Tierra.
También, es sensible a perturbaciones en la velocidad de ondas sismicas del orden de
~ 0,1 % en la corteza. Ademds, la resolucion espacial de las imagenes tomograficas
es mayor a la obtenida por los métodos tradicionales (Yang and Ritzwoller, 2008)).
Sin embargo, existen limitaciones asociadas a la geometria de la red de estaciones
sfsmicas, y a la continuidad y de datos registrados. En los capitulos [2| 3] y [ se
ampliaran los detalles sobre las metodologias asociadas al anélisis del ruido sismico

ambiental.
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Figura 1.2: (A) Representacién esquemética de la distribucién aleatoria de multiples fuentes de

ruido (m(sz)) alrededor de dos receptores (z4 y z5). (B) Respuesta eldstica del receptor x4 y zp

(linea azul y verde, respectivamente), y funcién de Green obtenida a partir de la correlacién cruzada
de las respuestas de ambos sensores (linea roja).

1.4.2. Base de datos sismicos

Se compil6 una base de datos sismicos provenientes de las redes permanentes del
Centro Sismolégico Nacional (CNS)H y del Observatorio Volcanolégico de los Andes

del Sur (OVDAS)H, de la red temporal Southern Andes Intra-Arc seismicity project

thttps://www.csn.uchile.cl/
Zhttps:/ /www.sernageomin.cl/red-nacional-de-vigilancia-volcanica/



(SAIAS)E y de la red temporal GeoTeamﬁ. Mayor informacién de la red temporal
GeoTeam en el Apéndice [A]

En el Capitulo [2] se utilizaron datos de la red permanente de OVDAS ubicada
alrededor del volcdn Léscar (Fig. [L.3)A). La red consiste en 5 sismémetros banda
ancha Reftek 151-30 s que registraron datos desde Febrero hasta Julio de 2013. En
el Capitulo [3], se utilizaron datos de 3 sismémetros banda ancha Reftek 151-30 s, 2
sismémetros banda ancha Trillium 120 s y 4 sismometros periodo corto Mark L4-
3D, provenientes de la red SATAS y OVDAS. Las estaciones sismicas estuvieron
registrando datos desde Abril de 2014 a Junio de 2015 y ubicadas a menos de 25
km del volcan Villarrica (Fig. [L.3B). En el Capitulo [4| se utilizaron datos de 15
sismémetros banda ancha Trillium 120 s provenientes de la red permanente del CSN
y 21 estaciones temporales provenientes de la red GeoTeam. La red GeoTeam estuvo
compuesta por 11 sismémetros banda ancha Guralp ESP-C y 10 sismémetros periodo
corto Mark L4C (Fig. [1.3[C). La red se ubicé en el segmento del arco volcanico desde
35,5°S hasta 37,5°S y registré datos desde Noviembre de 2013 hasta Marzo de 2015.

La localizacién de todas las estaciones sismicas se encuentra en el Cuadro [I.1]

3https://gipp.gfz-potsdam.de/webapp/projects/view /240
“https://gipp.gfz-potsdam.de/webapp,/projects/view/248
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Figura 1.3: Estaciones sismicas que proporcionaron los datos utilizados en (A) el Capitulo |2} (B)
el Capitulo 3]y (C) el Capitulo [ TC es la red permanente de estaciones sismicas de OVDAS
(Sernageomin, Chile). LO y GT son redes temporales de estaciones sismicas facilitadas por el GIPP
(Geophysical Instruments Pool Potsdam, en inglés).
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Red Estacién Longitud (°) Latitud (°) H Red Estacién Longitud (°) Latitud (°)

CAPITULO GT BBO07 -70.4067 -35.9816
TC TAL -67.9470 -23.3110 GT BBO08 -70.5937 -35.9582
TC PUN -67.7418 -23.3896 GT BB09 -70.9056 -36.0740
TC QUE -67.7364 -23.3228 GT BBI10 -70.9443 -36.2322
TC LAS -67.7820 -23.3470 GT BBI11 -70.9161 -36.3607
TC LEJ -67.6782 -23.3874 GT SPO1 -71.2806 -36.6679

CAPITULO GT SP02 -71.5016 -36.9267
LO LS4S -71.8540 -39.1966 GT SP03 -71.6851 -37.3882
LO LZIB -71.9276 -39.6313 GT SP04 -71.2445 -36.1410
LO LV6B -71.5498 -39.4771 GT SP05 -71.5811 -37.0680
LO LV2S -71.8383 -39.3330 GT SP06 -71.2399 -36.6532
LO LS6S -71.5748 -39.3625 GT SPO7 -70.7754 -36.0699
LO LV7S -72.0888 -39.4888 GT SPO8 -71.2523 -36.7983
LO LZ2S -71.8453 -39.6650 GT SP09 -71.2462 -37.1146
LO LVSB -71.8545 -39.5068 GT SP10 -71.0147 -36.2508
LO LZ3S -71.7541 -39.7745 Cl1 BIO2 -71.2731 -36.6634
LO LViS -72.1125 -39.3013 Cl1 BIO3 -73.0258 -36.8438
LO LV3R -71.9713 -39.3431 Cl1 BOO1 -71.0848 -34.3917
LO LV4B -71.7835 -39.4196 Cl1  BO02 -70.7814 -34.7924
LO LS5R -71.6131 -39.2146 Cl1 LCo1 -71.8761 -38.8975
TC VN2 -71.9637 -39.3985 Cl1  MTo1 -71.2509 -33.8641
TC TRA -71.8847 -39.4513 Cl1  MT02  -71.1377 -33.2591
TC KIK -71.8645 -39.4191 C  GOO05 -71.9303 -35.0099
TC CVV -72.1617 -39.3091 C  GO06 -71.4720 -39.5839

CAPITULO G PEL -70.6749 -33.1436
GT BBO1 -71.3202 -37.4672 IU TRQA  -61.9787 -38.0568
GT BB02 -71.2999 -36.3204 GT PLCA  -70.5508 -40.7328
GT BBO03 -71.3931 -36.8886 Cl  VAOlL -71.6374 -33.0229
GT BB04 -71.1141 -35.8686 Cl  MT05  -70.7381 -33.3919
GT BBO05 -71.4354 -37.1934 Cl1  MT03  -70.5102 -33.4936
GT BBO06 -70.7232 -35.8334

Cuadro 1.1: Localizacion de estaciones sismicas utilizadas en este trabajo.
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Capitulo 2

TEMPORAL SEISMIC WAVE VE-
LOCITY VARIATIONS AT LASCAR
VOLCANO

Abstract

We report on the first study using Seismic Wave Interferometry to determine
variations of seismic velocities through time, in the vicinity of Lascar volcano in
Chile. Seismic Wave Interferometry has been used as a powerful tool to determine
spatial and temporal changes of seismic velocities within the Earth. Spatial varia-
tions of seismic velocities are related to heterogeneities of material properties, which
are expected to occur in a complex structure. However, temporal changes are indi-
cative of dynamic process within the elastic media, and thus, this tool can be used
to monitor dynamic processes at volcanic zones. We find consistent variations on
three stations close to the volcano, with dv/v of £0,6 %, most likely related to the
inflation / deflation process due to fluid movement of magmatic or hydrothermal ori-
gin within the volcanic structure. During the observed period of velocity variation,
OVDAS reported an increase of volcanic activity evidenced by the increase of the
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number of Long Period seismic events, increase of gas emissions and the formation
of incandescence above the crater. We suggest that this tool can contribute to the
understanding of volcano related dynamic processes, as well as for routine volcano

monitoring purposes.

Published as: Gonzilez-Vidal D.; Bataille, K.; Eulendeld, T.; Franco, L.E. (2016), Temporal
seismic wave velocity variations at Léscar volcano, Andean Geology, 43 (2), 240-246.
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2.1. Introduction

Lascar is a stratovolcano located at 23,95°S, 67,88°W, and 5592 meters of altitude,
at approximately 350 km from the trench separating the Nazca and South Ameri-
can plates (Figure . It has been active since at least 50 ka. Its recent activity
is characterized by the continuous emission of gases and occasional sub-plininians
eruptions, as in April 1993. In 2006, the Observatorio Volcanolégico de los Andes
del Sur (OVDAS) reported an increase of activity characterized by a plume emitted
by the main cone, up to an altitude of 3000 above the crater. Most recently, bet-
ween March and April 2013, OVDAS reported an increment of the number of seismic
Long Period events, together with a degasification process and incandescence near
the crater of Lascar volcano.

Due to the availability of seismic data from 5 broad band stations, near the crater,
it poses an opportunity to test if with Seismic Wave Interferometry it is possible to
detect changes of velocity around the volcano. If it is possible, it would contribute
towards the understanding of the associated processes and could become a tool for
monitoring purposes.

Seismic Wave Interferometry is based upon the concept that ambient noise, ori-
ginating everywhere throughout the Earth’s surface, acts as a continuous source
of waves propagating along every possible direction. When considering a pair of

stations, the crosscorrelation of their signals produces constructive interference for
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Figura 2.1: Map showing the active centers within the Southern Central Andes Volcanic Zone.
The study area is shown within the yellow box where Lascar volcano is located (23,37°S - 67,73°W).
Seismic stations are shown with their codes, where distances to the crater varies between 2,7 km
(PUN) and 22 km (TAL).

waves propagating along the great circle path between both stations, and destructi-
ve interference among all others paths. Therefore, considering long lapse times, the
cross-correlation signal between two stations becomes an empirical Green’s function
for a virtual source located at one station and recorded at the other. The Green’s
function includes the main wave and its coda. The coda represents the contribution
of waves originating at the virtual station and being scattered in its vicinity befo-
re arriving at the other station. Slight waveform variations through time along the

coda, or stretching, is due to variations of seismic velocity through time within the
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volume between both stations.

The Seismic Wave Interferometry methodology consist in quantifying the stret-
ching within the coda, giving the amount seismic velocity variation through time
(Campillo, 2006} Snieder| 2006). This methodology has been applied to several vol-
canic centers worldwide. For instance, at the Piton de la Fournaise volcano, in La
Reunion Island, a decrease of 0,1 % of seismic velocities before eruptions were obser-
ved (Brenguier et al [2011). At the Merapi volcano, Sens-Schonfelder and Wegler,
2006, observed a strong seasonal variation of seismic velocities, and modelled as due
to a hydrological effect. Since OVDAS is monitoring several volcanic centers in Chi-
le, we asked if this methodology can contribute towards monitoring velocity changes

around these volcanoes, by testing on specific case, namely Lascar.

2.2. Data and processing

Lascar volcano is being monitored since 2013, by OVDAS, with 5 broad band
stations (Figure , recording at 100 samples per second. Stations LAS and QUE
are located at approximately 4,5 km from the crater, LEJ at 5,5 km, PUN at 2,5 and
TAL at 20 km. Here we use vertical components between the period of February 12
to July 11, 2013. We remove the instrumental response and resample at 50 Hz.

We first generate time series of 1 day duration, and use a 1-bit normalization
filter in amplitude to eliminate the presence of seismic events (Shapiro and Campillo,

2004; Bensen et al. |2007). We then calculate the crosscorrelation between all pair of
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stations, and autocorrelation for all stations. The crosscorrelation can be considered
as the Green’s function where one source acts as a virtual source (Wapenaar et al.,
2010). For the autocorrelation, the virtual source is located at the same station. In
this case, the coda generated is due to scattering within a volume surrounding the
station. Therefore, velocity variations occurring in a region close to a station, would
affect both the autocorrelation and crosscorrelations associated to such station.

The range of frequencies to use depends directly on the geometry of the network,
and the object of study. |Sens-Schonfelder| (2008), suggests to use low frequencies for
crosscorrelations, due to interference generated by high frequencies on the far field.
In our case we concentrate on the 0,3 — 6 Hz band for crosscorrelations and 4 — 6 Hz
for autocorrelations.

Once the correlation functions are obtained for each day, during the complete
period of 6 months, we stack them to obtain the average correlation function for
such period. The main feature of the average crosscorrelation, is the surface wave
propagating at an average velocity of v, = 4,2 km/s. To the daily correlation function
we subtract the average correlation function, to identify anomalous features through
time.

Slight changes of seismic velocities during the period of observation, would pro-
duce slight variations of the coda within such period. If there is an slight decrea-
se/increase of seismic velocity in a region, waves passing through this region will be

stretched like an accordion, increasing/decreasing the period of waveforms. Seismic
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Figura 2.2: Crosscorrelation function for each pair of stations, obtained from ambient noise during
149 continuous days. Signal is filtered for periods between 1 — 20 s. The red line shows the average
propagation velocity of vs = 4,2 km/s.

Wave Interferometry concentrates on the analysis of the coda, to identify such wa-
veform variations, calculating the amount of stretching, dt/t (Snieder, 2006)). The
amount of stretching is obtained by modeling the waveforms for different stretching
factors, and choosing the one with the highest correlation factor R between model
and observations. Here we select values of stretching only when the correlation fun-
ction R > 0,8. Knowing the stretching factor dt/t, the velocity change through the
region is given by dv/v = —dt/t.

The source of waves within the coda of the correlation function, are waves scat-
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tered in the vicinity of the involved stations. The longer the time within the coda,
the larger the region involved. Here we choose windows of 5 — 10 s and 5 — 7 s,
representing roughly a volume of 10 — 15 km radius, which is expected to be the

region most affected by volcano processes.

2.3. Results and Discussion

Our main result is the calculated stretching factor dt/t shown in Figures y
for cross- and auto-correlations. Blue dots indicate the stretching values with the
highest correlation factors R (for R > 0,8). The are common features on the obser-
ved velocity variation through time, obtained from the cross- and auto-correlation
for different stations, as shown in Figure [2.6] If these features are due to a real phe-
nomenon, and not to a processing artifact, then, it would prove to be a powerful
tool for studying volcanic processes near volcanoes, and also serve as a monitoring
tool. Among these common features one can observe a period between March and
April 2013, with an abrupt increase of velocity (~ 0,6 % at QUE station) followed
by a slow decrease. These changes could be due to a deflation process followed by
an inflation process related to a loading and unloading of a hydrothermal and/or
magmatic system beneath the Lascar volcano.

It is difficult at this stage, and without strong independent evidence, to state
that these features are a real phenomenon. However, it is reasonable to expect the

presence of fluids near the crater of an active volcano. These fluids can move due to
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Figura 2.3: Daily crosscorrelation function for each pair of stations, between February 12 and July
11, 2013. Signals were filtered with bandpass filter between 0,3 — 6,0 Hz and 1-bit normalization
filter.

complex interactions between magma chambers and/or hydrothermal sources. The
increase or decrease of the amount of fluids in the media, will produce changes in
the average seismic velocity, which can be detected by seismic waves passing through
these regions. Changes of velocity of the order of less than 1% can not be detected
measuring the variations of the arrival time of main seismic phases. However, these
changes of velocity are capable to deform the waveform of high frequency seismic
waves, in a way that can be modeled by the stretching of waveforms within the

high frequency coda. The variation of seismic velocities due to the presence of fluids

has been shown by [Sens-Schonfelder| (2008)), at Merapi volcano, using this same
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Figura 2.4: Stretching factor (—dv/v = dt/t) obtained from the crosscorrelation filtered between
0,3 — 6,0 Hz, for each pair of stations. Blue dots refers to stretching factors (or velocity changes)
with the highest correlation with respect to the reference trace. Only correlations with values of
R > 0,8 are considered.

technique.

If our observations are due to a real phenomenon, in the following we speculate
if it can be related to other inferred processes.

The deformation of the crust is sensitive to processes within, including the mi-
gration of fluids. In the past decade a great progress has been made with geodetic
measurements, especially near volcanoes. However, it has been shown using InSAR

that the deformation near Lascar volcano is considerable less than other zones wit-

hin the Andes (Pritchard and Simons, [2004; Fournier et al., 2010; Henderson and|
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Figura 2.5: Stretching factor (—dv/v = dt/t) obtained from the autocorrelation filtered between
4 — 6 Hz, for each station. Blue dots refers to stretching factors (or velocity changes) with the
highest correlation with respect to the reference trace. Only correlations with values of R > 0,8 are
considered.

Pritchard, 2013)). Therefore, it is likely that the source of the inferred velocity change

can be due to fluid motion in a very local region, and by small amounts, and can not

be detected on a larger scale as observed with InSAR.

On smaller scales, studies using Magnetotelluric (Diaz et al., 2012)), suggest the

presence of hydrothermal source at a depth of 1 km slightly to the south of the crater.
This can clearly affect seismic velocities, but within a small region, therefore it is an
interesting possibility.

There are seismic studies related to the Lascar eruption in 1994-1995 (Hellweg
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1999), suggesting the presence of fluids due to complex and time varying frequencies
of tremors. However, with these observations it was not possible to infer the location

or geometry of the region with fluids. Another interesting analysis related to the

eruption of 1994-1995, was done by Pavez et al.| (2006)), using InSAR images, inferring

a subsidence of 17 mm near the crater. This subsidence was modeled by
(2006)) as due to a volume change of 2 x 103m?, of a spherical source located at 180
m below the crater. This is a very local source, and difficult to find a relation with

the source of fluid motion 20 years later.
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Figura 2.6: Seismic velocity change at Lascar volcano, combining cross and auto-correlations from
Figures[2.4and [2.5] Black lines show the accumulative number of LP (continuous) and VT (dotted)

events.

2.4. Conclusions

We use Seismic Wave Interferometry to determine variations of seismic velocities

through time, in the vicinity of Lascar volcano in Chile. We find consistent variations
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on three stations close to the volcano, with dv/v of £0,6 %, most likely related to
the inflation / deflation process due to fluid movement of magmatic or hydrothermal
origin within the volcanic structure. During the observed period of velocity variation,
OVDAS reported an increase of volcanic activity evidenced by the increase of the
number of Long Period seismic events, increase of gas emissions and the formation
of incandescence above the crater. We suggest that this tool can contribute to the
understanding of volcano related dynamic processes, as well as for routine volcano

monitoring purposes.
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Capitulo 3

PRECURSORS OF THE VILLA-
RRICA VOLCANO (CHILE) ERUP-
TION ON MARCH 3rd, 2015 RE-
VEALED BY AMBIENT SEISMIC
NOISE

Abstract

The identification of a possible preparatory phase of a volcanic eruption is of
utter importance for volcano monitoring and risk management. In particular, the
unrest period during February 2015 and subsequent paroxysmal eruption on March
3rd, 2015 at Villarrica volcano (Chile) is an ideal case study to explore new tech-
niques for volcano monitoring. Here, we use the ambient seismic noise technique to
identify preparatory phase signals and to observe transient behavior in scattering
during the pre-, syn- and post-eruption phases. We found significant seismic velocity

perturbations and low waveform coherence of strongly scattered coda waves occu-
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rring during times of changes in the amplitude of volcanic tremor and observations
of volcanic activity at the crater (i.e., lava lake level and outgassing activity). Our
results suggest that changes within a deep part of the plumbing system could ha-
ve been detected before they became evident by other monitoring techniques and
observations of the activity in the crater. We propose that at basaltic open-vent
systems such as Villarrica, the ambient seismic noise technique could be used as a
complementary monitoring tool and possibly provides more evidence of variations in

the activity prior to an eruption.

Submited to Journal of Volcanological and Geothermal Research as: Gonzéalez-Vidal, D.; Palma,
J.L.; Lange, D.; Sielfeld, G.; Cembrano, J.; Miller, M. Precursors of the Villarrica volcano (Chile)
eruption on March 3rd, 2015 revealed by ambient seismic noise.
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3.1. Introduction

Villarrica volcano is the most active volcano in the Southern Volcanic Zone, Chile

(Fig.[3.1). Villarrica is a late Holocene stratovolcano built on top of a late Pleistocene

collapsed caldera (Lopez-Escobar et all [1995; |Stern, |2004) and has a glacier larger

than > 30 km? on the south-eastern flank of the cone (Brock et al., 2007; Rivera et al.|

2015). Lahars are one of the most threatening hazards (e.g., Naranjo and Laral, 2004))

which can be generated from melted ice and snow during an eruption. During the last

600 years, Villarrica volcano has produced thirty three eruptions posing a constant

risk for local towns and life (Van Daele et al., |2014). The composition of lavas and

pyroclastic deposits erupted from the volcano is mainly basaltic andesite (Witter
et all, 2004). The inter-eruptive behavior of Villarrica is characterized by open vent

activity, including low-frequency events that can be associated with gas emissions,

seismic tremor and a small amount of volcano-tectonic earthquakes (Witter et al.

2004; Richardson and Waite, [2013). A gas plume has persisted for decades along

with a visible lava lake showing passive and mild explosive outgassing (Palma et al.

2008]), which is occasionally interrupted by explosive eruptions at intervals of every

few decades on average (Petit-Breuilh and Lobatol, (1994} [Johnson et all 2018).

At Villarrica it has been shown that the level of activity correlates with the

amplitude of the seismic tremor, mostly generated at the summit, as well as with

gas emission rates and infrasound measurements (Palma et al), 2008} Richardson|
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and Waite, 2013; |Johnson et al., 2018). Within the crater, changes in the level of
activity are represented by variations in the lava-lake depth and outgassing style,
and reflect changes in the amount of volatile-rich magma and gas concentrations at
depth that ascend to the surface through a convective flow system (Palma et al. 2011}
Aiuppa et al., 2017). The amplitude of the seismic tremor is thus used as a proxy for
the level of volcanic activity at the surface, which responds to variations in magma
dynamics at depth within the plumbing system. The last eruption of Villarrica on
March 3rd, 2015, exhibited changes in the explosive activity at the crater (Johnson
et al., [2018) that were associated with the intrusion of COs-rich magma, possible
related to a deep intrusion of a more primitive magma (Aiuppa et al., [2017)). These
characteristics make Villarrica volcano an ideal case study for investigating whether
the ambient seismic noise technique can used to detect subtle variations in magma
dynamics at depth.

The eruption of Villarrica volcano on March 3rd, 2015 (06:01h UTC) provides a
unique opportunity to explore the potential of ambient seismic noise to monitor the
changes in ambient noise during the pre-, syn- and post-eruption phase at Villarrica
volcano. |Aiuppa et al.| (2017) and |Johnson et al.|[(2018) showed that the eruption was
preceded by one month of a continuous increment of the volcanic tremor amplitude
(Fig. , and anomalous CO4 /SO, ratios in the gas emissions. Prior to the eruption,
the number, style, and intensity of the Strombolian explosions in its crater varied

with time, and the level of the lava lake remained at only a few tens of meters
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from the crater rim. Two days prior to the eruption of March 3rd, the Volcano
Observatory of Southern Andeq'|(OVDAS/SERNAGEOMIN) prompted an “orange”
alert following an increase in the frequency and intensity of the Strombolian activity
taking place on the lava lake of Villarrica volcano. The eruption produced a 1500 m
high lava fountain, scoria flows, lahars, avalanches made of a mixture of spatter and
ice, small lava flows, tephra fall to the east of the volcano, and lightning, among other
phenomena (Johnson et al., 2018). After the paroxysmal eruption, the outgassing
activity ceased but quickly started to increase, and by March 17th Strombolian
explosions and small lava fountains were seen again at the crater. A post-eruptive
ground uplift of 4 — 6 cm was observed 5 km to the SE of the volcano between mid-
April and mid-May 2015 (Delgado et al., 2017). Also an intense seismic sequence
occurred forty five days after the eruption at approximately 9 km depth and south-
east of the eruptive vent (Sielfeld et al., [2019). Despite the intense seismic sequence
and ground deformation detected after the eruption, no evident precursory activity
could be linked to the eruption and more detailed studies are needed to understand
the processes occurring at depth.

The main goal of this work is to identify preparatory phase signals and to observe
transient behaviour in scattering during the pre-, syn- and post-eruption phase. Our
results suggest that changes beneath the Villarrica eruption in 2015 could have been

detected before they become evident on the surface. We propose that at basaltic

Y'URL: http://www.sernageomin.cl/red-nacional-de-vigilancia-volcanica/
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open-vent systems such as Villarrica, the ambient seismic noise technique could be
used as a complementary monitoring tool and possibly provides more evidence of
changes in the activity prior to an eruption.
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Figura 3.1: Panel A shows the topography of the region around Villarrica volcano (green square
in panel B). Seismic stations are indicated with orange squares. Red triangles mark the location of
Holocene volcanoes. Crustal seismicity (< 15 km depth) recorded between April 2014 and June 2015
is marked with circles (Sielfeld et all, [2019)). Purple/cyan circles denote seismicity before/after the
eruption on March 3rd, 2015. The Liquifie-Ofqui Fault System is marked by a black line
and Echtler] 2006). Dashed black lines mark the sinestral-reverse strike-slip faults modified from
Sanchez et al| (2013). The MFVZ is refered to location of the Mocha-Villarrica Fault Zone. The
reader is referred to Sdnchez et al.| (2013)) for futher information about the MFVZ. Panel B shows
the location of the volcano in south-central Chile together with Holocene volcanoes (red triangles)
and the Liquifie-Ofqui Fault System (Melnick and Echtler} [2006) is shown with a black line. Plate
convergence vector from |Cembrano and Laraj (2009).
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3.2. Methods

The analysis of ambient seismic noise has been widely used for monitoring the

Earth’s interior (Grét, [2003; Brenguier et al., [2008; [Hadziioannou et al.l 2011} [Wea-|

ver et al 2011} |[Nakata et al, 2012} [2013)). Contrary to the traditional sources of

seismic signals, we can extract the coherent part of ambient seismic noise between
two seismic stations from the background noise caused by ocean waves, wind, vol-
canic tremor or even traffic. The method called Coda Wave Interferometry (CWTI)

compares coda waveforms from multiple scattered waves that are highly sensitive to

small perturbations in seismic velocities at crustal depths (Aki and Chouet), 1975}

Pacheco and Snieder], [2005} [Sens-Schonfelder and Wegler], [2011); [Colombi et al., 2014

Margerin et al., 2016). In particular, Duputel et al. (2008)) retrieved seismic velo-

city perturbations using CWI from ambient seismic noise to forecast eruption and
constrain the processes taking place in the volcanic plumbing system at the Pi-
ton de la Fournaise volcano (La Réunion). Such seismic velocity perturbations have

been related to precursors of other volcanic eruptions at Piton de la Fournaise vol-

cano, La Réunion (Brenguier et al.| [2011; |Obermann et al., [2013; |Sens-Schonfelder]

et al., |2014; Rivet et al. 2015); Arenal volcano, Costa Rica (Snieder and Hagertyl,

2004)); Mt. Ruapehu, New Zealand (Mordret et al. 2010)); Kilauea volcano, Hawaii

(Ballmer et al, 2013; |Donaldson et al., 2017); Okmok volcano, Alaska (Bennington

et al, [2015)); and Hakone volcano, Japan (Yukutake et al 2016)). Also, it has been
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shown that CWTI is useful to monitor large magnitude earthquakes (Brenguier et al.,

2008; [Hobiger et al.| [2014; Obermann et al.;2014; |D’Hour|, 2015; |Gassenmeier et al.|

2016; Nimiya et al. [2017), landslides (Mainsant et al., 2012; Olivier et al.; 2017),

annual climate variations (Sens-Schonfelder and Wegler, 2006; Brooks et al., 2009;

Sens-Schontelder and Wegler| 2011} Kimman et al.| 2012; Hillers et al., 2015} [Lepore

2016)), glacier ice melt (Mordret et al., [2016), and groundwater content (Behr

et al.l 2013; Hillers et al., 2015; |[Larose et al.] 2015; [Lecocq et al., 2017} |Clements|

and Denolle] 2018).

3.2.1. Seismic data

We use seismic data of three Reftek 151-30 s and two Trillium 120 s broadband
seismometers, and four short period seismometers (Mark L4-3D), from the SAIAS
(Southern Andes Intra-Arc seismicity project) and OVDAS/SERNAGEOMIN seis-
mic networks (Fig. [3.1). The seismic stations were installed between April 2014 and
June 2015 within 25 km around Villarrica volcano (Fig. |3.2]). To optimize the use of
computational resources we resampled the seismic data from 100 Hz down to 20 Hz.

The volcanic tremor is the most common type of seismic activity at Villarrica

volcano (Ortiz et all 2003)). Tt is a continuous, irregular and low-amplitude seismic

signal and is related to constant degassing or explosive events (Palma et al., 2008;

Richardson and Waite, [2013). The seismic waveforms recorded by stations located

near the volcanic edifice are characterized by continuous energy peaks between fre-
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Figura 3.2: Percentage of data recorded per day for each station used in this study. Dashed vertical
line mark the eruption of Villarrica volcano occurred on March 3rd, 2015.

quency bands of 0,1 — 0,3 Hz and 1,2 — 2,5 Hz (black arrows in Fig.|3.3B). While the
energy peak of the first frequency band (i.e., 0,1 — 0,3 Hz) is related to the oceanic
microseismicity on the forearc, the second frequency band (i.e., 1,2 — 2,5 Hz) is rela-
ted to the volcanic tremor signal of Villarrica volcano (Richardson and Waite, 2013}
Johnson et al.; 2018]). The volcanic tremor shows an anomalously high amplitude on
February 6th and sustained amplitudes above background continue until the erup-
tion on March 3rd (dashed black lines in Fig. . Note that the largest increase in
energy of the volcanic tremor occurred three days before the eruption and then after
the eruption abruptly decreased to levels below those observed before January 2015

(Fig. [3-3).
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Figura 3.3: Panel A shows the Real-time Seismic Amplitude Measurement (RSAM) (Endo and;
between September 5th, 2014 and March 5th, 2015 for station VN2 (located at
3.2 km distance from Villarrica volcano cone). To compute the RSAM, we use a time window of
10 min length and a band-pass filter within 1 — 10 Hz. The dashed black line marks the time of
increased volcanic activity on February 6th and March 3rd, 2015 reported by [Aiuppa et al. (2017).
No instrument response correction was applied. Orange bars indicate the number of daily volcano-
tectonic earthquakes around Villarrica volcano modified from [Sielfeld et al.[ (2019). Panel B shows
the seismic power spectrogram. To compute the spectrogram, we use a time window of 10 min
length and a band-pass filter between 0,02 and 10,0 Hz. The amplitude of the volcanic tremor (i.e.,
1,2 — 2,5 Hz) shows an anomalously high amplitude on February 6th and sustained amplitudes
above background continue until the eruption on March 3rd. Gray bands C, D and E indicate times
of increased or decreased degassing activity at Villarrica volcano (details in Fig. . Black arrows
show the continuous energy peaks related to the oceanic microseismicity and the volcanic tremor
signal of Villarrica volcano. White spaces are caused by data gaps.

3.2.2. Noise Correlation Function

Coda waves are highly sensitive to seismic velocity changes in the medium bet-

ween station pairs (Snieder and Hagertyl, [2004; Sens-Schonfelder and Wegler, 2006)).
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We used the ambient seismic noise to retrieve the Noise Correlation Function (NCF)
following the methodology proposed by [Bensen et al.| (2007)). First, we cut all traces
to 2 hours long waveforms. We rejected traces that: (1) show gaps larger than 12
minutes (10 % of the data), (2) the standard deviation of the 2 hours long trace is
three times larger than the daily standard deviation, or (3) local seismicity occurred
in the study area (based on the seismic catalog of Sielfeld et al. (2019)). Then, we
removed the mean and linear trend. After correcting the instrument response, we
applied a band-pass filter within 0,1 — 0,9 Hz. This frequency band is characterized
by multiple scattered seismic waves that sample the subsurface to about 2 km below
the surface (Brenguier et al., [2007; Obermann et al.,|2016). Later, we applied a 1-bit
normalization (Larose et al., [2004; |Cupillard et al., [2011) and spectral whitening
within 0,1 — 0,9 Hz. According to Mordret et al. (2016), the 1-bit normalization and
spectral whitening reduce the influence of strong peaks of the noise spectrum and
non-stationary sources of noise in the NCF. Finally, we computed the NCF between

2 hours-long traces using the vertical component for each station pair.

3.2.3. Coda Wave Interferometry

To monitor the temporal evolution of the activity of Villarrica volcano, we com-
pared the coherent part of the strongly scattered coda waves using the stretching
technique (Lobkis and Weaver, [2002; Gret|, 2003; Sens-Schonfelder and Wegler}, 2006)).

Following [Hadziioannou et al.| (2009), seismic velocity perturbations between two re-

36



ceivers can be obtained by stretching or compressing a time window of the NCF
by a stretching factor of At/t. The correlation coefficient (C'C') between the “daily”
and “reference” NCF is calculated for each At/t. For a homogeneous velocity per-
turbation, the value of At/t that maximizes C'C' corresponds to the seismic velocity

perturbation given by:

Av/v = —=At/t (3.1)

In our case, we defined the “daily” NCF (gof ) of each station pair i as the stack
of at least eight NCFs of 2 hours-long associated with the day j. gpg is rejected if
there are fewer than eight NCFs. As the “daily” NCF are asymmetric (Fig. [3.41A),
due to the anisotropy of the noise propagation directions (Obermann et al., 2013),
we averaged the negative and positive lag times (Fig. [3.4B). Then, we defined the
“reference” NCF (/) as the stack of “daily” NCFs between June 5th and November
oth, 2014. We chose this period because Villarrica volcano exhibited low amplitude
seismic tremor and low levels of activity at the crater (Delgado et al., 2017, .Johnson:
et al, 2018)). Fig. |3.4A shows that “daily” NCF's were relatively stable during 2014.
However, slight random fluctuations on “daily” NCFs began in February 2015 and
lasted at least until June 2015. We found that four days before, and two days after,
the eruption on March 3rd, 2015 the waveform and arrival times of coda waves were
perturbed (Fig. [3.4B). Following (Obermann et al.| (2015)) and |[Planes et al. (2015)),

these fluctuations are probably due to changes in the source of noise (e.g., increase of
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tremor signal, explosions inside the volcano) or by changes in the elastic properties
of the medium (e.g., injection of new magma, increase in magma degassing).
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Figura 3.4: Noise Correlation Functions (NCFs) between stations LV8B and TRA. Panel A shows
the negative and positive part of the “daily” NCFs between September 9th, 2014 and June 5th,
2015. The seismic data has been filtered between 0,1 Hz and 0,9 Hz. Dashed lines mark the lag times
used for the stretching technique. White spaces are caused by gaps or low-quality seismic noise data.
Orange-red colours indicate positive values of the NCFs while cyan-blue colours indicate negative
values of the NCFs. Panel B compares the “daily” and “reference” NCF (continuous and dotted
line, respectively) between February 25th and March 9th, 2015. Note that negative and positive lag
times of the NCFs have been averaged. The orange line marks the “daily” NCF associated with
the day of the eruption (March 3rd, 2015).

Next, we computed the stretching factor between At/t = —2 % and At/t = +2%.
As we need to stretch coda waves that start after the surface wave arrivals (Obermann

et al [2013), we focused on lag times within 20 — 75 s (dashed lines in Fig. [3.4A).
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Since seismic velocity perturbations smaller than ~ 0,2% are not reliable (Sens-
Schonfelder and Wegler, [2006)), we smoothed the seismic velocity perturbations by

defining a new “daily” NCF (gb{ ) as the stack of a number of N “daily” NCFs:

¢l = =D (3.2)

Fig. 3.5 shows that the correlation coefficient is significantly increased by incre-
menting the number of “daily” NCFs stacked on the new “daily” NCF. Finally, we
computed the stretching factor using a “daily” NCF stacked by N = 5 “daily” NCFs.
Also, as a quality criterion, we only consider as a reliable Av/v measurement if CC
is greater than 0,5. In the case that C'C' is lower than 0,5, the velocity perturbation

is shaded (Fig. |3.5)).

3.3. Results

We found significant seismic velocity perturbations and low waveform coherence
of strongly scattered coda waves occurring at times of changes in the amplitude of
seismic tremor and observations of volcanic activity at the crater (Fig. [3.6). While
perturbations in seismic velocity (Av/v) reflect large-scale changes in the elastic pa-
rameters of the medium, the decorrelation coefficient (defined as DC =1 — CC) is
used to identify changes in the scattering properties of the medium (Haney et al.,

2009; [Obermann et al., [2013; Bennington et al., 2015)). As seismic velocity perturba-
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Figura 3.5: Example of seismic velocity perturbations (Av/v) and correlation factor (CC) for the
station pair LV8B—TRA. We show Av/v and CC measurements using a new “daily” NCF (¢])

defined as the stack of j—1, j—3 and j —5 “daily” NCF gog . We shaded unresolved seismic velocity
perturbations (i.e. CC < 0,5).

tions depend on the location of the receivers and intensity of the local perturbation

below the surface (Obermann et al. [2013)), we focus our attention on the results

from station pairs TRA-LV8B, TRA-LV2S and LV8B-LV2S, which are at 15 km or

less from the crater.
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Seismic velocity perturbations and waveform decoherence were relatively small
between June 16th and December 7th, 2014. During this time, we found values of
Av/v < 0,15% and DC < 0,1 on average (Fig. and [3.6B, respectively). La-
ter, the seismic velocity and waveform decoherence increased by Av/v ~ 0,3 % and
DC ~ 0,35, on average, between December 7th and 10th, 2014 (Fig. [3.6C). On De-
cember 9th, an abrupt decrease in RSAM was observed on station VN2 (dashed line
in Fig. [3.6C), which gradually returned to its mean level on December 24th, 2014.
During January 2015, the seismic velocity perturbations fluctuated within +0,3 %
(Fig. [3.6A). The waveform decoherence showed a linear increasing trend until Ja-
nuary 30th, 2015 with values ranging within 0,2 to 0,4 on average (Fig. [3.6B). This
range is wider than that observed before December 2014.

We found a significant decrease in seismic velocities (0,75 % on average) and
a strong waveform decoherence (within 0,4 to 0,8 on average) occurring between
January 30th and February 8th, 2015 (Fig. ) On February 6th, an abrupt in-
crease in RSAM was observed on station VN2 (dashed line in Fig. [3.6D), which is
temporally coincident with an anomalously high degassing activity at the crater of
Villarrica volcano (Aiuppa et al., 2017). Later, during the eight days previous to the
paroxysmal eruption (i.e., within February 22th to March 3rd, 2015), the seismic
velocity exhibits a decrease of 0,35 % on average, which is followed by an increase
of ~ 0,7% after the eruption (Fig. [3.6[E). Also, the waveform decoherence increa-

sed prior to the eruption, between 0,35 and 0,75 (gray band E in Fig. |3.6B). Then,
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the waveform coherence was quickly recovered (i.e., DC' ~ 0,3 on average) between
March 3rd and 12th, 2015. These anomalies coincide with a significant increase in
RSAM on February 28th, 2015; subsequently RSAM abruptly decreased after the

eruption, reaching smaller values than those observed in the pre-eruptive phase (Fig.

3.0E).
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Figura 3.6: Seismic velocity perturbations (Av/v) and decorrelation coefficient (DC) results (pa-
nels A and B, respectively) for station pairs TRA-LV8B, TRA-LV2S and LV2S-LV8B. The stations
are located close to the Villarrica volcano (i.e. < 15 km distance). As a quality criterion, we shaded
Awv /v results associated with DC higher than 0.5 (dotted horizontal line in panel B). Gray bands C,
D and E in panels A and B indicate times of increased or decreased degassing activity at Villarrica
volcano from |Aiuppa et al.| (2017)) and |Johnson et al.| (2018). Panels C, D and E show snapshots of
RSAM from station VN2 to compare them with the seismic velocity perturbations obtained with
ambient seismic noise.
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3.4. Discussion and Conclusions

The analysis of coda wave time-shift and waveform decoherence can be useful

for detecting small perturbations of the elastic medium surrounding a volcano. As

the method has been successfully applied to Piton de la Fournaise (Duputel et al.,

2008 Brenguier et al., [2011; [Obermann et all, 2013} [Sens-Schonfelder et al., 2014}

Rivet et al., |2015) and to other volcanoes on the world (Snieder and Hagerty, 2004}

Mordret et al.| 2010 Ballmer et al 2013} Bennington et al., [2015; [Yukutake et al.|

2016} Donaldson et al., 2017)), we considered that the eruption on March 3rd, 2015 at

Villarrica volcano is an ideal case to explore the capabilities of the ambient seismic
noise technique as a monitoring tool.

We found significant seismic velocity perturbations and waveform decoherence
of strongly scattered coda waves related to changes in the style and magnitude of

the explosive outgassing activity at the crater of Villarrica volcano. Following

putel et al| (2008)), the observed decrease in seismic velocities and strong waveform

decoherence between January 30th and the eruption on March 3rd, 2015 could be
induced by inflation of cracks/dikes that are part of the deep plumbing system, and

by changes in the mechanical properties of the magma due to the intrusion of new

volatile-rich magma into the shallow plumbing system (Aiuppa et al., 2017 [Johnson]

2018)). The subsequent seismic velocity increase and recovery of waveform de-

correlation between March 3rd and 12th, 2015 could be induced by depressurization
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of the magma at depth and stabilization of the mechanical properties of the new
magma. Between March 15th and June 5th, 2015 we observed significant and sus-
tained waveform decoherence that reached higher values than those observed before
the eruption on March 3rd, 2015. We considered that the seismic noise wavefield was
not coherent enough to retrieve reliable seismic velocity perturbations during the
dates after the eruption. According to Palma et al.| (2008) and [Johnson et al.| (2018)),
these phenomena that occur within the plumbing system at depth are represented
on the surface as oscillations of the lava lake level and variations in the frequency
and magnitude of the outgassing activity. Our results show that the analysis of am-
bient seismic noise (particularly at low frequencies) can detect changes at depth
before they become evident in the volcanic tremor (i.e., RSAM and power spetro-
gram) and in the activity observed within the crater (i.e., lava lake level, outgassing
activity). Thus, we suggest that this technique could be used as a complementary
monitoring technique that provides more information about changes in the activity
of the volcano prior to eruption. Additionally, this technique would help to assess the
risk management at basaltic open-vent systems such as Villarrica and surrounding

populations.
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Capitulo 4

CRUSTAL MODEL OF THE SOUT-
HERN CENTRAL ANDES DERI-
VED FROM AMBIENT SEISMIC
NOISE RAYLEIGH-WAVE TOMO-
GRAPHY

Abstract

The distribution and the interconnection of magmatic bodies beneath volcanic
arcs is key to asses volcanic hazard and eruptive processes taking place at conver-
gent margins. We use ambient seismic noise Rayleigh-wave tomography to investigate
the three-dimensional shear-wave crustal velocity structure of the Southern Central
Andes between latitudes 33°S and 38°S (for the upper 30 km). We investigate the
occurrence of magmatic reservoirs in the upper crust and show how their geometry
is affected by local tectonics. The first prominent feature to be observed is the shear-

wave velocity contrast between the volcanic arc and the faster fore-arc region. We
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further identify areas of low shear-wave velocity from 3 km to 10 km depth beneath
the volcanic arc, striking N-S, that we interpret as zones of fluid-rich crust, possibly
characterised by confined regions of partial melts. Our results allow us to derive a
model for the crustal structure of the Southern Central Andes. We propose that
partial melts, marked by lower shear-wave velocity anomalies, are connected to sha-
llower structural levels and reservoirs by brittle regions where dikes and exsolved

fluids may propagate.

Published as: Gonzélez-Vidal D.; Obermann, A.; Tassara, A.; Bataille, K.; Lupi, M. (2018),
Crustal model of the Southern Andes derived from ambient seismic noise Rayleigh-wave tomo-
graphy, Tectonophysics, 744, 215-226.
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4.1. Introduction

In the southern part of central Chile the Nazca plate subduces obliquely with an
average velocity of approximately 66 mm/yr beneath the South American plate (Fig.
[4.1)). This causes the development of a volcanic arc (herein Southern Central Andes
- SCA) sub-parallel to the subduction trench between latitudes 33°S and 46°S. The
region is affected by frequent large-magnitude earthquakes (e.g. M,,8.5 Concepcién
1835, M,,8.2 Valparaiso 1906, M,,8.3 Talca 1928, M,,8.3 Chillan 1939, M,,9.5 Valdivia
1960, M,,8.8 Maule 2010) that may promote transient extensional faulting in the
forearc (Ryder et al.,[2012) and cause short-lived tectonic regimes in the volcanic arc
(Lupi et al., 2014). This may lead to enhanced vertical migration of deep-seated fluids
within the upper crust (Farias et al., 2011; Ryder et al., 2012; Pritchard et al., [2013;
Lupi and Miller, [2014). Several seismic experiments have been conducted onshore
and offshore Chile to shed light on the morphology of the subduction interface and
the deformation of the overriding plate (Rietbrock et al., [2005; |Grof et al., 2008;
Haberland et al., 2009). | Bohm et al. (2002) deployed 62 seismic stations from 36°S to
40°S to investigate the velocity structure of the upper lithosphere. Yuan et al.| (2006])
determined the crustal thickness beneath the volcanic arc (about 40 km) and Ward
et al. (2013) performed a large-scale ambient noise tomography (also covering the
region investigated here), retrieving shear-wave velocities from phase velocities, for

the Central Andes up to 50 km depth. Such a tomography spanned from Peru (12°S)
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to Southern Chile-Argentina (42°S). To date, regional investigations that shed light
on the distribution of magmatic reservoirs in the upper crust beneath the volcanic arc
are still missing. One of the major challenges hindering the development of regional-
scale geophysical images of volcanic arcs is the logistically-complex accessibility of
such regions.

The ambient noise tomography method is based on the inversion of dispersive

surface-waves emerging from the cross-correlation of continuous seismic noise records

between two stations (Lobkis and Weaver, |2002; |Campillo and Paul, 2003} [Shapiro|

and Campillo, 2004} [Wapenaar, 2004). This method has been successfully applied in

different settings (Shapiro et al., 2005; Ritzwoller et al., |2011}; |Singer et al., [2017).

Recent studies on volcanoes, such as the Toba caldera, Sumatra (Stankiewicz et al.

2010), Piton de la Fournaise, La Réunion Island (Mordret et al., | 2015)), Snaefellsjokull

volcano, Iceland (Obermann et al., 2016), and the Lusi hydrothermal system, Indo-

nesia (Fallahi et al., [2017), have been able to highlight the distribution of shallow

magmatic fluids using ambient seismic noise methods.

The volcanoes of the SCA are often perturbed by powerful seismic events promo-

ting a dynamic evolution of the fluid distribution at depth. Spagnotto et al.| (2015])

recently showed that the M,8.8 Maule earthquake triggered increased seismicity in

the SCA. Bonali et al.| (2015)) pointed out how such a mega-thrust earthquake could

cause stress changes on the volcanic arc and promote the vertical upwelling of fluids.

The area investigated in the present study is in front of one of the regions most affec-
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ted by the Maule earthquake in 2010. This M,,8.8 event caused a rupture zone about
500 km long spanning from 33,5°S to 38,5°S (Vigny et al., 2011; [Wang et al., 2012;
Moreno et al., [2012). To investigate the post-seismic deformation processes taking
place after the Maule earthquake, a dense seismic network covering the region above
the rupture zone was deployed by Lange et al.| (2012). Farfas et al. (2011) and Ryder:
et al.| (2012)) pointed out that the occurrence of NW-SE striking extensional faul-
ting (~ 34,5°S in the forearc) was caused by relaxation occurring in the upper plate
after the co-seismic slip of the M,8.8 Maule earthquake. [Lupi and Miller (2014),
in agreement with Acocella et al| (2018), suggested that following large-magnitude
megathrust earthquakes the tectonic regime affecting volcanic arcs in compressio-
nal margins may temporarily change, promoting transtensional and/or extensional
tectonics. This is broadly in agreement with [Pritchard et al. (2013) who detected
about 15 cm of subsidence in five different volcanic systems in the SCA using InSAR
data. Deformation occurred within the two years following the Maule earthquake.
Such subsidence was proposed to be linked to seismically-promoted depressurization
of the hydrothermal systems of the volcanic edifices. Similar behaviour was also ob-
served in Japan after the M,,9.0 Tohoku 2011 earthquake (Takada and Fukushimay,
2013)).

The main goal of this work is to provide a picture of the crust beneath the volcanic
arc in the SCA. Our Rayleigh-wave ambient noise tomography highlights magmatic

reservoirs, sedimentary basins and batholitic complexes providing a conceptual model
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for the region between latitudes 33°S and 38°S.
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Figura 4.1: Simplified tectonic map of Southern Central Chile. The map shows the distribution of
the volcanic centers and the large-scale fault systems of the Malagiie thrust-and-fold belts (MFTB),
Agrio fold-and-thrust belts (AFTB) and Liquine-Ofqui fault zone (LOFZ), modified from
land Echtler| (2006)), |(Cembrano and Laral (2009)) and [Radic| (2010). Squares (colour-coded by net-
work) show the distribution of seismic stations used for the seismic ambient noise tomography. Note
that the GeoTeam network could not have been deployed across the Chilean-Argentinian border for
permitting reasons. Black contours show the rupture area of Maule 2010 earthquake (M,, = 8,8)
modified from [Moreno et al.| (2012).
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4.2. Geological setting

The SCA is about 1500 km long and runs sub-parallel to the subduction trench.

The tectonic evolution of the Southern Andes is characterised by a complex history

controlled by convergent dynamics (e.g. James (1971)); Lopez-Escobar et al. (1995);

Stern| (2004); Ramos and Folguera (2005); [Folguera et al.| (2006)); Kay et al.| (2005));

Melnick and Echtler| (2006)); Wang et al.| (2007) and Ramos et al. (2014) ). The oblique

subduction of the Nazca plate beneath the South American plate causes strain parti-

tioning in the overriding plate (Rosenau et al., [2006) leading to the development of a

regional-scale transpressional fault zone, the Liquine-Ofqui fault zone (LOFZ) |Cem-

brano and Lara) (2009), and compressional thrust-and-fold belts (Malagiie - MFTB

- and Agrio - AFTB in Fig. 4.1J).

The LOFZ runs from ~ 48°S to ~ 38°S, strikes approximately N-S, and fades

into the Agrio fold-and-thrust belt at around 38°S (Zamora-Valcarce et al. 2007).

The Agrio fold-and-thrust belt merges northwards into the Malagiie thrust-and-fold

belt (Giambiagi et al) 2012). The Coastal Cordillera and volcanic arc (Fig. [4.1])

are distributed as margin-parallel mountain belts. Below the Coastal Cordillera the

crustal thickness ranges from 20 km to 30 km (from West to East), while beneath

the volcanic arc the crust is about 40 km thick (Yuan et al. 2006, Tassara and|

Echaurren|, 2012)). The Coastal Cordillera is characterised by plutonic and meta-

morphic units emplaced during the Late Paleozoic and Mesozoic (Willner et al.
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2009; |Giambiagi et al. 2014; |Cembrano and Lara, [2009). The volcanic arc is struc-

tured by Meso-Cenozoic volcano-sedimentary lithologies intruded by Mio-Pliocene

plutons (Charrier et al., 2007; Hervé et al. 2007). The Central Valley (Fig. is

a graben-like depression between the Coastal Cordillera and the volcanic arc. The

Central Valley can be divided into a few sedimentary basins characterised by Oli-

gocene to Recent volcano-sedimentary units (Kay et al., [2005; Melnick and Echtler}

2006; [Folguera et al., 2016)).

The link between tectonics and volcanism in the SCA is complex and suggested

to be strongly driven by crustal discontinuities that may be reactivated by supra-

lithostatic pressures (Cembrano and Laral [2009). Such basement lineaments (shown

as red bands in Fig. are proposed to strike NW-SE producing NW-elongated
volcanic complexes (i.e. Nevados de Chillan) and NW-trending alignments of vol-
canic systems (i.e. Puyehue - Cordén Caulle, Villarrica - Quertupillan - Lanin, and

Nevado de Longavi - Lomas Blancas - Resago). The most debated of such NW-

trending lineaments in the SCA is possibly the Cortaderas lineament (Ramos and,

Kayl|, 2007; |Stanton-Yonge et al., 2016; Tardani et al., 2016} Sielfeld et al., 2017).

To date, little is known about the control that such structures exert on the empla-

cement of magmatic bodies and their morphology. |Lupi and Miller| (2014) proposed

that megathrust earthquakes may unclamp such lineaments favoring the upwelling
of deep-seated magmas. After the M,,8.8 earthquake some of the volcanic systems

of the SCA went into unrest. These were the Planchéon Peteroa, Nevados de Chillan,
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Copahue, Cordén-Caulle, Villarrica and Calbuco volcanoes (Ovdas monthly reports,

available on the website of Sernageomin: http://www.sernageomin.cl/).

4.3. Methods

4.3.1. Seismic Data

We used a total of 36 seismic stations spanning from ~ 33°S to ~ 41°S. Our
experiment included the permanent Chilean seismic network consisting (in this re-
gion) of 15 broadband Trillium 120s/240s seismometers. In addition, a temporary
network (GeoTeam) was installed from November 2013 to April 2015. The GeoTeam
network was composed of 21 seismic stations provided by the GIPP (Geophysical
Instrument Pool Potsdam, Germany). These are 11 broad-band Giiralp ESP-C and
10 short-period Mark L.4C seismometers recording with a sampling rate of 200 Hz.
We deployed the sensors in the Chilean Andes to increase the resolution in the region

of the volcanic arc (Fig. [4.1).

4.3.2. Cross-correlation computation

After instrumental response deconvolution, we downsampled the continuous wa-
veforms to 5 Hz. We computed the cross-correlations for the vertical component of
all station pairs following the work-flow of Bensen et al. (2007). This includes )

bandpass filtering between 1 — 40 s; 7i) clipping of 2 h signal segments showing am-
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plitudes greater than 3 times the standard deviation of the daily trace; 7ii) spectral
whitening of the amplitudes from 1 to 40 s; i) one-bit amplitude normalization. We
then stacked the vertical cross-correlation function for all the station pairs for the
entire period of the experiment (i.e. 15 months, Fig. [1.2h) averaging positive and

negative lag-times to enhance the signal-to-noise ratio of the emergent surface-waves

(Yang et al. 2007; Mordret et al., |2014)).
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dispersion curves for each cross-correlation function. Green bars show the standard deviation of each
period. (¢) Number of dispersion measurements for each period. For the Rayleigh-wave tomographic
inversion we consider periods with greater than 90 measurements (grey area).
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4.3.3. Rayleigh-wave dispersion measurements

We estimate the group-velocity dispersion curves with a frequency-time analysis
for periods within 1—40 s (Levshin et al.|, [1989; Ritzwoller et al., [1998]|) using a grap-
hical user interface that involves visual validation of the dispersion curves (Mordret
et al., |2014). Group velocities from inter-station distances smaller than 2 times the
minimum wavelength, and a signal-to-noise ratio less than 2.5, were not considered.
Fig. shows the 228 dispersion curves calculated in this study. We observe a rapid
increase of group-velocity from 3 to 8 s followed by a much smoother linear increase
until 40 s. This second segment comprises group velocities between 2.8 km/s and
3.5 km/s. Fig. shows the number of measurements as a function of period. We
limit our analysis to reasonably covered period ranges with at least 90 dispersion
measurements, which restricts us to periods ranging from 3 to 20 s. Such a period
range coincides with the maximum sensitivity range of the short-period Mark L4C

SEensors.

4.3.4. 2-D tomographic inversion

We performed tomographic inversions of the group-velocity measurements for 171
periods between 3 and 20 s (with steps of 0.1 s) using the algorithms described by
Barmin et al.| (2001]) and implemented by Mordret et al. (2013) in a Cartesian setting.

The inversion involves a regularization function composed by a spatial Gaussian
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Figura 4.3: Ray path velocity of dispersion measurements (a, ¢) and path density (b, d) for 5 s
(top panel) and 15 s period (bottom panel). The black crosses show the square grid of 20 km nodal
separation. Green squares mark the location of seismic stations used in this study.

smoothing parameter (¢ = 50 km), a damping parameter (o = 0,2) and a constraint
on the velocity perturbation amplitude which depends on the path density of each

grid cell (8 = 0,8). For the 2-D models we used 26 x 52 = 1352 cells with a regular
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grid size of 20 km x 20 km (Fig. [1.3h, c). The relatively small grid size was chosen
to allow higher resolution in the areas where we have a dense network (Fig. [1.3p, d).
The initial model has a constant velocity that is taken as the mean group-velocity
for each period. Following [Mordret et al. (2015, we first invert a smoothed map that
is used to identify and reject travel time perturbations greater than two standard
deviations. Then, we use the remaining perturbations to produce the final 2-D group-
velocity maps. Using the methodology of Ritzwoller et al| (1998)) we evaluate the
effect of different parameters on the resulting 2-D group-velocity maps. The chosen
regularization parameters show a variance reduction greater than 75 % (VarRed in
Fig. and the resulting group-velocity maps are in agreement with the distribution
of the main geological features in the region (i.e. intrusive bodies and sedimentary
basins). The topography is not taken into account during the inversion procedure.
In Fig. 4.4 the group-velocity maps are shown for 35, 55, 10 s and 15 s periods, with
greater periods corresponding to an increased penetration depth. The mean velocity
obtained from the inversion for the group-velocity maps increases linearly with period
from 2.7 km/s to 3.1 km/s. To assess the depth range of the 2-D group-velocity
maps we computed the depth sensitivity kernels following [Herrmann| (2013) using
the averaged shear-wave velocity model obtained from the Rayleigh-wave ambient
tomography. We found that Rayleigh-waves at periods of about 2.8 s are sensitive to
the upper 3 km of the crust, while at 20 s, they are sensitive to about 30 km depth

(Fig. 4.5c). Hence, we consider that the depth extension down to 30 km is reliable.
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Figura 4.4: Group-velocity maps for (a) 3 s, (b) 5 s, (¢) 10 s and (d) 15 s period obtained from the
Rayleigh-wave tomographic inversion. We shaded the areas with < 4 ray paths per cell. We consider
that a high variance reduction (i.e. VarRed> 70 %) indicates a good fit between the inverted model
and the dispersion measurements.

4.3.5.

Resolution test

We performed a resolution test to estimate the accuracy of the location and size

of the velocity perturbations obtained from the tomographic inversion. We evalua-
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te the resolution matrix associated with each group-velocity map (Mordret et al.)

2014]). Each line of the resolution matrix represents the response of the tomographic
inversion to a Delta function (spike) anomaly located in a given cell of the model.
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The size, shape and location of the output spot given by the resolution matrix in-
dicate how accurately the tomography is able to retrieve the velocity anomaly. We
show the resolution shift that is the distance between the targeted grid cell and the
centre of the ellipse (Fig. [4.6p, b). The ellipse is defined by the 40 % contour level of
the maximum amplitude of the spike test resolution output (Mordret et al., 2014)).
Considering that the size of the regular square-based cells is 20 km, a resolution
shift < 40 km indicates that the anomaly is located within the targeted grid cell.
Depending on the ray path coverage, the precision of the location and size of the
velocity perturbation varies slightly across the model (Fig. . We also show the
spatial resolution (Fig.[4.6f, d) that indicates the maximum reliable size of the retrie-
ved anomalies. We consider that the shapes of the regional-scale geological features

within the crust are well resolved at each period.

4.3.6. 3-D shear-wave velocity model

To obtain a three-dimensional shear-wave velocity (Vs) model of the crust, we
constructed local dispersion curves for each grid cell of the model. Based on a neigh-
bourhood algorithm (Sambridge] 1999; Mordret et al., 2014)) we inverted each local
dispersion curve to asses a 1-D Vs model following a power law dependency with
depth for 15 homogeneous isotropic layers. Each Vs model is constrained by the
velocity (2,2 — 2,8 km/s) and thickness (2 — 4 km) of the uppermost layer and the

curvature of the profile (« = 0,01 — 0,12). As P-wave velocity (Vp) and density of
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(bottom panels) period.

the crust are not known, Vp is assumed to directly depend on Vs using Poisson’s

ratio and the density is calculated from Vp using the relation p = (Vp + 2,37)/2,81

proposed by |(Obermann et al.| (2016). A total of 21,000 velocity models were sam-

pled for each grid cell. First, we created 1000 velocity models and we computed the

61



misfit value between the synthetic and the observed dispersion curves (Fig. and
). Next, we kept the best 500 velocity models to resample 5,000 new velocity
models. This procedure was iterated 4 times to ensure the convergence at a global
minimum (Fig. 4.5k, b). Finally, the best velocity models were linearly interpolated
and smoothed resulting in a three-dimensional velocity model (Figs. , . The
data from the 3-D inversion confirm the observations obtained from the 2-D group-
velocity maps (Fig. 4.3]). They also provide additional information about the depth
and location of the anomalies. This procedure allows us to derive well-constrained
shear-wave velocities between 2.7 and 4.5 km /s in the depth range between 3 and 30

km.

4.4. Results and discussion

We present a 3-D shear-wave velocity model for the upper 30 km of the SCA
between 33°S and 38°S. Due to the configuration of the network the reliability of
our data is approximately limited to the East by the Chilean-Argentinian border
(see shaded regions in Figs. and . The inversion shows the occurrence of
shear-wave anomalies (both positive and negative) occurring at various depths (Fig.
7).

A region with a prominent positive shear-wave anomaly from about 4 % to 8 %
corresponds to the region of the Coastal Cordillera (Figs. , , b, d). Such

an anomaly strikes approximately N-S in the shallow crust becoming more trench-
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Figura 4.7: Horizontal sections of the shear-wave velocity model at (a) 7 km, (b) 12 km, (c) 18
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earthquake (M,, = 8,8) modified from [Moreno et al.| (2012). The dashed black contours on (c)
show the subducting slab depth modified from [Tassara and Echaurren (2012)). The green squares
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63



£.4%8 A D PlamW 33°
5 27
9
3 e -
£ 10 - i
=
= 34°S
S 20 .
©
30 T T T T T T T T T
(a) 0 50 100 150 200 (d)o 50 100 150 200 250
£ g Nevde Descabezado peteroap'  E Laguna Del Maule g 35°S
& 4 9 Chillan , Longavi Descabezado
5 27
Q<
[ -
€ 10 g
s
S 36°S
& 20 - .
hel
30 T T T T T T T T T T T
(b) 0 50 100 150 200 250 300 (e)o 50 100 150 200 250
= g i ' 37°S
£ 4 € Antuco Laguna del Maule C F Nevados de Chillan F
5 27
9
[
§ - <
3 10 A -
e 38°s
a 20 4 J 73.2°W 71.7°W 70.2°W
9 ‘ [ ] G
30 T T

8-6-4-202 46 8

T T T T T T T T T T
(c) O 50 100 150 200 250 300 (F) O 50 100 150 200 250 300
shear-wave vel. anomaly (%)

distance along section (km) distance along section (km)
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the location of the volcanoes crossed by the cross-sections, the triangles with a yellow fill highlight
volcanoes that may be taken as reference across the manuscript.

parallel at greater depths (Fig. 4.8a). The anomaly is prominent until about 7 km

depth (Figs. , ), can be tracked until about 37°S (Fig. ) and fades away

at greater depths (to 0 — 4%). The shallow positive anomaly corresponds to the

location where Mesozoic and late Paleozoic plutons crop out (Willner et al., 2009;

\Giambiagi et all, [2014; Cembrano and Laral 2009)). The inverted geophysical data

match the mapped geological units providing better constraints on the geometries

(and volumes) of the plutonic formations. Our tomography suggests that the intrusive
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bodies cropping out at the surface may reach to at least 5 — 7 km depth (Fig.
[1.8h). We speculate that the deeper anomaly (less pronounced than the shallow one)
may be caused by sub-horizontal sill-like units. These (possibly fractured) intrusive
bodies seem to feed the shallow anomaly. The deeper bodies are marked by a less
pronounced shear-wave anomaly as they may be pervaded by fluids migrating from
the subduction interface located at about 35 km depth below the surface (Bohm
et al., 2002; Haberland et al., 2009).

The negative shear-wave anomalies (-3 % to -5 %) are located at the base of the
western flank of the volcanic arc (Fig. [4.7h) and are more pronounced in the region
of the volcanic arc at about 37°S. Such a negative anomaly, broadly corresponding to
the Central Valley region, may be associated with the sedimentary units making up
the basins of this region (Kay et al., [2005; Melnick and Echtler, 2006} |Folguera et al.,
2016). East of the volcanic edifices (between 36°S and 38°S) the negative shear-wave
anomalies reach up to —8 % and then disappear at greater than ~ 25 km depth (Fig.
. However, the ray-path coverage for this region (Fig. 4.3) is sparse. Only the
western part of this region features a satisfying ray-path coverage. Fig. shows the
shaded area that should be interpreted with care.

Negative anomalies, associated with low shear-wave velocities measured in geo-
logical settings characterised by an overall low shear-wave velocity (such as in our
case) may not appear to be prominent anomalies. The upper plates of convergent

margins are fluid-rich and highly tectonized regions where fluids released by the
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dehydration of the subducing slab may upwell and be trapped at various depths
(Grof et al.| 2008; Haberland et al., 2009). This may cause the average shear-wave
velocity of such a crust to be lower than the one found in undeformed continental
settings. In volcanic arcs, negative shear-wave anomalies have often been interpreted
as magmatic reservoirs (e.g. Jay et al.| (2012)) and [Fallahi et al.| (2017)). Such nega-
tive anomalies are usually more pronounced compared to the one identified by our
tomography. This may suggest alternative interpretations involving the occurrence
of sedimentary basins (Arroucau et al., 2010; Pawlak et al., 2010) or hydrothermal
systems (Obermann et al., 2016)). However, sedimentary units buried at about 5 km
depth may show a sub-horizontal elongation, while negative anomalies caused by hy-
drothermal systems of such size would not exist without the occurrence of magmatic
bodies fuelling vigorous fluid circulation.

Our tomography points out that the volcanic arc features a N-S striking negative
(-8 %) shear-wave anomaly between 3 km and 10 km depth (Fig. [1.7h). The resolu-
tion of our investigation does not allow us to distinguish possible shallow magmatic
reservoirs inside (or just beneath) the volcanic edifice. However, these have been
shown to exist in this region by previous studies (Miller et al., 2017). To investigate
to what extent such anomalies may represent partial melts we compare our results
with available data. Shear-wave velocities have been shown to be strongly affected by
several factors, such as the amount of partial melt, water content and the thermal

structure of the investigated region (Sato et al., [1989; Nelson et al. 1996} Takei,
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11998; Hammond and Humphreys|, [2002; Hacker and Abers| 2004; Priestley and Mc-|

Kenzie, 2013; Delph et al., [2017). Using a relationship between shear-wave velocity

and melt fraction (Takei, [2002), Delph et al.| (2017) calculated the percentage of

partial melt for a regional-scale tomography in northern Chile (i.e. between latitudes
25° —28°S). The authors suggest that Vs larger than about 3,6 km /s may represent a
crystallized body within the upper crust (i.e. < 20 km depth). The lowest Vs values

pointed out in Fig. are 2.7 km/s. If we assume similar upper crust conditions

for the northern and southern Central Andes (Oncken et al., 2006; Tasarova, 2007}

‘Tassara and Echaurren, [2012; Basset and Watts, 2015) we can speculate that the

—8 % shear-wave anomalies identified below the volcanic arc (with a lowest value of
2,7 km/s and typical values of 3,2 — 3.4 km/s) are due to partial melts representing
shallow large-scale magmatic reservoirs (Fig. .

The most pronounced anomaly extends N-S for about 80 km and about 30 km
E-W, which implies a considerable volume of magma seated in the eastern part of the
Andean Cordillera (Fig. [1.8b, c). This large volume of magma could be related to the

western extension of the Payenia basaltic volcanic province that includes some of the

largest active volcanoes in the region (Ramos and Folguera, [2011]). When examined

as a whole, the anomaly extends from 36°S to 38°S. Fig. shows that the low
shear-wave velocity region is still present, although less pronounced, at 18 km depth
and continues down to the base of the region explored with our experiment. At depth,

the negative shear-wave anomalies are bound on the sides by the thrust faults and
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by the continuation of the Cortaderas lineament to the North (Fig. 4.7b). It must be
noted that the most pronounced anomalies at 7 km depth are not continuous. This
suggests the existence of separate magmatic reservoirs connected by buffer zones of
partial melts, or fluid-rich geological units marked by negative shear-wave velocities.

The cross-sections (Fig. point out that below the Planchén-Peteroa volcano
the anomaly (less pronounced than in the South) is sub-circular in shape and cen-
tred at around 10-20 km depth (Fig.4.8b). The Descabezado Grande features a more
intense anomaly, shallower than 10 km, extending downwards until around 20 km
depth. The deep magmatic reservoirs feeding the plumbing system of the Laguna del
Maule and Nevados de Chillan volcanoes occur between 10 km and 20 km depth. We
speculate that the distribution of fluids (including regions of partial melts) beneath
the Nevados de Chilldn volcano may be strongly tectonically-controlled (i.e. by the
continuation of the Cortaderas lineament). The Nevados de Chillan is elongated ac-
cording to a NW-trending lineament (the cones and craters constituting the volcanic
edifice follow the same direction (Dixon et al., [1999)), and the prolongation of the
Cortaderas lineament (that is not visible beneath the volcanic deposits of the SCA)
approximately intercepts the Nevados de Chillan volcano. The profiles shown in Figs.
and show a vertically elongated anomaly, as if it was confined in a broad
deformation region (i.e. the extension of the Cortaderas lineament).

The conceptual model of the SCA is presented in Fig. and supports the

recently-proposed crustal structure of magmatic environments discussed by |Cash-
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man et al. (2017). The deeper negative shear-wave anomalies can be interpreted as
melts segregating from the lower crust and upwelling by means of sheeted dikes.
The magmas are temporarily stored in large-scale reservoirs located in the upper
part of the lower crust. The geometry of such regions may be strongly controlled by
the local stress field driving the emplacement of the magmatic bodies. Such deep-
seated reservoirs could be viewed as large-scale ductile/molten regions given that the
shear-wave anomalies are not extremely prominent at depth. These areas might be
interconnected by colder and brittle-behaving regions (marked by less intense shear-
wave anomalies) along which magmas and fluids are laterally transported from one
reservoir to another. The model derived from the tomographic inversion shows that
magmatic plumbing systems may cross the entire upper crust (i.e. vertical extension
of more than 15 km) and extend laterally for about 20 — 30 km. At shallower depths
magmas are stored in large-scale reservoirs, not necessarily occurring beneath the
volcanic edifices where the eruptive activity may take place. From here, magmas are
then transferred to shallow reservoirs located below the volcanic cones. The resolu-
tion of our seismic experiment does not allow us to resolve such local and small-scale
features. However, our results are in agreement with previous studies that have shown
the occurrence of such reservoirs beneath the volcanic systems of the SCA (Miller

et al., 2017).
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4.5. Conclusions

Using a network of 36 seismic stations deployed from 35,8°S to 37,5°S we mea-
sured group velocities from ambient noise correlations. We inverted for a three-

dimensional shear-wave velocity model of the upper 30 km of crust below the Sout-
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hern Central Andes. Our results indicate the occurrence of positive and negative
shear-wave anomalies (+£8 %). While we interpret positive shear-wave anomalies as
intrusive bodies, the negative shear-wave anomalies may represent sedimentary ba-
sins and magmatic bodies. The former are located in the Central Valley between the
western flanks of the Andes and the Coastal Cordillera. The latter occur beneath the
volcanic arc and are interpreted as partial melts. A striking feature of the study is the
occurrence of magmatic bodies in the eastern part of the Cordillera between 36,5°S
and 38°S. We also show a strong control of the local tectonics on the morphology of
the magmatic reservoirs.

The inversion allowed us to define a representative model of the Southern Cen-
tral Andes. We show that magmas upwell from the lower crust and are stored at
intermediate depths in large-scale regions of partial melts. From here magmas are
transferred laterally and vertically along brittle-behaving regions (Fig. [4.9) where
dikes intrude and connect magmatic reservoirs located in the middle crust. Large
accumulations of magma occur at about 5 km depth and are not necessarily located

beneath the volcanic edifices.
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Capitulo 5

CONCLUSIONES GENERALES

En este trabajo, presentamos la aplicacién de nuevas técnicas de andlisis de datos
sismoldgicos que utilizan el ruido sismico ambiental para monitorear la estructura de
velocidades sismicas en la vecindad de volcanes, y estudiar la distribucion espacial
de las estructuras geologicas que afectan el desarrollo y comportamiento del arco
volcénico.

En los capitulos [2| y 3] encontramos perturbaciones en la velocidad de ondas
sismicas (dv/v), en funcién del tiempo, que son consistentes con cambios en el nivel
de actividad volcanica observados en la vecindad del volcan Léscar entre Febrero y
Junio de 2013, y del volcan Villarrica entre Abril de 2014 y Junio de 2015. En general,
los dv /v observados tanto en volcan Lascar como en volcan Villarrica son del orden de
magnitud entre 0,1 % y 1,0 %, lo cual es similar a lo observado con la misma técnica
en otros volcanes activos en el mundo (Brenguier et al., 2008, 2011} |Sens-Schonfelder
and Wegler} 2011)). Luego de analizar las senales obtenidas a partir de multiples pares
de estacion distribuidos en la vecindad del volcdn Lascar y Villarrica, encontramos

que la magnitud y confiabilidad de los dv/v obtenidos depende principalmente de
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la banda de frecuencia en que se filtran las NCFs, la distancia y azimuth de la
linea proyectada entre ambos receptores y el volcan, y ademas de la distribucién
y magnitud de las fuentes de ruido no estacionarias distribuidas alrededor de los
receptores. Las NCFs filtradas a frecuencias mayores que 1,0 Hz estan influenciadas
principalmente por cambios hidrologicos de los primeros cientos de metros de la
corteza y no necesariamente reflejan cambios en la actividad volcanica. Por otro
lado, la banda de frecuencia entre 0,1 Hz y 0,9 Hz refleja perturbaciones que ocurren
en promedio entre los primeros ~ 10 km de profundidad, la cual es la profundidad
donde se esperaria en que se almacenen los magmas en la parte superior de la corteza.

En el volcan Villarrica encontramos que el analisis del ruido sismico ambiental
entre 0,1 Hz y 0,9 Hz es capaz de detectar cambios en profundidad antes de que se
vuelvan evidentes en el tremor volcanico y en la actividad observada en el crater.
A pesar que el tremor volcanico contamina las NCF, nuestros resultados muestran
que el ruido sismico ambiental es una herramienta efectiva para monitorear cambios
de velocidad en la vecindad del volcan Villarrica. De acuerdo con |Ballmer et al.
(2013)), esto es posible cuando la localizacién espacial del tremor volcénico es estable
en el tiempo. En general, los cambios de velocidad obtenidos en la vecindad de
volcanes activos estan asociados a procesos de inflacién y deflacion de la corteza
debido a la intrusién o extrusién de magmas (lo cual no siempre es evidente a partir
de observaciones InSAR y ¢GPS). Aplicar el andlisis del ruido sismico ambiental

a multiples bandas de frecuencia es 1til para determinar la profundidad a la cual

73



se localizaria la fuente de inflacién o deflacién en la vecindad de un volcan, con
el cual se puede implementar un sistema de monitoreo volcanico complementario
a los métodos tradicionales. Estudios futuros involucran determinar el efecto que
produce la topografia, cambios en la direccionalidad, amplitud y contenido espectral
del tremor volcanico, la actividad antropogénica y el clima sobre las ondas de coda
en la NCF.

En el Capitulo , se obtuvo una distribucién espacial de dv/v para los primeros
30 km de la corteza bajo el segmento del arco volcanico comprendido desde 35,5°S
a 37,5°S. A partir de este modelo de velocidad, definimos un modelo representativo
de la estructura de la corteza bajo este segmento del arco volcénico, en donde los
magmas ascienden desde la corteza inferior y son almacenados como zonas de fun-
didos parciales de larga escala a profundidades intermedias. Desde ahi, los magmas
son transportados lateral y verticalmente a través de zonas fragiles, donde los di-
ques intruyen y conectan reservorios magmaticos localizados en la corteza superior.
Nuestros resultados sugieren que la acumulacién de fundidos o fluidos (e.g., magmas,
fundidos parciales, fluidos hidrotermales, etc) ocurren aproximadamente a 5 km de
profundidad y no necesariamente estan localizados bajo el edificio volcanico.

Finalmente, sugerimos continuar con estudios enfocados en comprender atin mejor
la naturaleza de las ondas que componen la coda de las senales obtenidas a partir
del ruido sismico ambiental en diferentes volcanes activos. Para ello, se requeriere

procesar y analizar una gran cantidad de datos continuos (i.e., de meses a anos)
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provenientes de redes de sensores distribuidos, idealmente, en la vecindad de un
volcan activo con una geometria de anillos ubicados a un radio de 1 — 2 km, 5 — 10
km y 20 — 30 km de distancia al edificio volcanico y con una densidad de al menos
una estacién por cada 10,000 m? (i.e., al menos 25 estaciones en un area de 50 km

x 50 km).
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Apéndice A
Red GeoTeam (2013 - 2015)

La red temporal GeoTeam estuvo compuesta por 21 estaciones sismolégicas (Fig.
—B), donde se muestrearon registros sismicos a 200 Hz. La red estuvo funcionado
desde Noviembre de 2013 hasta Marzo de 2015 y consistié en 11 de sismoégrafos
banda ancha Guralp ESP-C y 10 periodo corto Mark L4C-3D. En este experiento
registramos datos sismicos continuos sélo durante los periodos de verano Autral (i.e.,
desde Noviembre de 2013 a Marzo de 2014, y desde Noviembre de 2014 a Marzo de
2015). En la temporada de invierno Autral, las condiciones meteorolégicas en alta
montana impidieron el correcto funcionamiento de los equipos electrénicos. Incluso,
hubo lugares a los que no se pudo acceder para hacer el mantenimiento de la estacion
debido a la intensa caida de nieve y subidas de rios. Ademas, el dificil acceso a las
zonas remotas en las que fueron instaladas las estaciones sismoldgicas evité que
se lograran realizar mantenciones a las estaciones durante el invierno Austral. A
continuacion, se dan a conocer algunas recomendaciones al momento de seleccionar
un sitio para instalar una estacién sismolégica:

= El terreno debe tener visibilidad del cielo en 360° para el funcionamiento éptimo
del GPS.

» BEvitar seleccionar un sitio que se encuentra a menos de 1 km de antenas o
zonas que entren en resonancia debido al viento.

= Considerar los posibles cambios en los niveles de rios y nieve en temporada de
invierno al momento de planificar futuras mantenciones de la estacion.

= Instalar el sismégrafo a 1 — 4 metros de profundidad y sobre el basamento. En
caso de no alcanzar el basamento, construir una base sélida de concreto (Fig.

X0,

= Aislar térmicamente el sismégrafo, digitalizador y baterias.

» Instalar un sistema de telemetria para monitorear el correcto funcionamiento
de la estacion sismoldgica en tiempo real.

» En caso en que se presuman condiciones metereoldgicas extremas (i.e., tempe-
raturas inferiores a 0°C y alta acumulacién de nieve) serd necesario considerar
un sistema de calefaccién integrado a la estacion para proteger el digitalizador,
bateria(s) y panel(es) solar(es).
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Telemetria

Aislacién
térmica —

Figura A.1: (A) Foto del panel solar y (B) localizacién del sismégrafo de la estacion BBO03.
(C) Dibujo representativo de los componentes de una estacién sismoldgica: sismémetro, aislante
térmico, fuente de energia y almacenamiento/telemetria digital de los datos. El sismémetro debe
ser idealmente enterrado entre 1 y 4 metros de profundidad y aislado térmicamente para evitar el
ruido proveniente de la superficie.
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