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Resumen

Las erupciones explosivas siliceas son uno dedoéniienos naturales mas peligrosos, no
obstante, poco se sabe sobre los procesos prezsicpoe acompafian este tipo de erupciones,
ya que son fendmenos poco comunes, registranddreslerupciones de este tipo en el dltimo
siglo (Novarupta Katmai 1912, Chaitén 2008, y CardBaulle 2011). En esta tesis
presentamos la primera caracterizacion sistem@tiease produce antes, durante y después de
una gran erupcion silicea, analizando datos geofisiegistrados en el Complejo Volcanico
Puyehue Corddén Caulle (PCCVC) durante la erupdaiitica VEI=4 generada en junio 4 de
2011. La mayoria de los datos fueron registradoslgpoed de monitoreo del Observatorio
Volcanoldgico de los Andes del Sur (OVDAS). El mgasamiento de los datos sismoldgicos
analizados durante el ciclo eruptivo se realizo afoss después de la erupcion, desarrollando
un exhaustivo analisis de inversiones sismicasanigmos focales, una serie de tiempo del
valor b y la relocalizacion de hipocentros genesagmcias a un nuevo modelo local de
velocidad 1D. Con esto se logro describir la evdlucespacio-temporal de la sismicidad
durante la crisis volcanica, logrando identificas lestructuras principales que controlaron la
erupciéon. Considerando este extenso y meticulosmeesamiento, se logré identificar dos
grandes fases durante la crisis registrada en g@&leruptiva y post-eruptiva), las que fueron
descritas y analizadas en profundidad. Ya gendeaédaupcion, Wendt et al. (2016) detecto
una deformacion de la superficie a una escala cagia que logré ser observada por una serie
de satélites ASAR de Envisat y una serie de tieaalos estaciones de GPS continuos.
Ademas, la deformacion descrita antes, durantesgudes de la erupcion logré ser modelada,
identificando varias fuentes puntuales y de tipqudj las que se distribuyeron alineadas a lo
largo del graben de Cordon Caulle. Las observasioleeGPS cerca del complejo volcanico
revelaron un efecto adicional mas localizado, dstuido a la reactivacion sismica registrada
en el Sistema de Fallas Liquifie-Ofqui (SFLO) akste del complejo durante la erupcion. De
igual forma, la deformacion co-eruptiva del CVPQ( ftonsistente con la migracion de la
sismicidad relocalizada, la que se concentré praioiente a lo largo del Graben del Corddn
Caulle y en la zona mas oriental de éste, lugadelee intercepta el graben (rumbo NW) con
la SFLO (de rumbo NNE) y donde finalmente se prodajerupcion de 2011. El 15 de junio
se inicid la Fase Efusiva de la erupcion, lograseioseguida gracias al analisis de imagenes

satelitales realizado por Bertin et al. (2015). @stas imagenes se pudo corroborar que las
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altas tasas de emision en lavas siliceas son e@sefites de lo que se pensaba, en particular
durante las etapas eruptivas iniciales. Las aasrtasas de lavas viscosas fueron capaces de
generar un tipo especial de tremor sismico, deratoircuasi-armonico, el que fue utilizado
para establecer una relacion entre dicho tremaasyvklocidades de emision de lavas en
superficie. Tal correspondencia logré ser aplicamtao un método clave para la deteccién del
inicio de las fases efusivas, especialmente ers depaotas y/o muy nubladas, proporcionando
una herramienta adicional de advertencia efectiyaai@ la evaluacion de peligros y sus
riesgos en tiempo casi real. Finalmente, graciaandlisis sismologico y los resultados
obtenidos, se logr6 mostrar con detalles sin petted, la evolucidn espacio-temporal de la
sismicidad durante una gran erupcion silicea. Dalighodo se logré identificar el reservorio
magmatico principal, definir un modelo 1D de vettad locales y analizar una serie de
procesos subyacentes asociados con el transitosmsde magmas siliceos (sismicidad tipo no
doble cupla [NDC]), con énfasis en el posible pajpet podrian tener las estructuras del
basamento para permitir el alojamiento y postedAecenso de magma a alta presion,
provocando el desarrollo de un tremor quasi-arnweit la fase Efusiva, seguidos por una
importante subsidencia y reactivacion de fallasalles asociadas al SFLO durante la
evacuacion de magma y gases volcanicos, en unmsdendmenos volcanicos mas violentos

y peligrosos de la naturaleza.



Abstract

The explosive siliceous eruptions are one of thetrdangerous natural phenomena, however,
few knowledge is available about the precursor ggees that follow this kind of eruptions,
because of they are unusual phenomena. Only thuggtians of this type had been recorded
worldwide in the last century (Novarupta Katmai 29Chaitén 2008 and Puyehue Corddn
Caulle 2011 volcanoes). In this thesis, we preseatfirst systematic characterization that
occurs before, during and after a large siliceoupteon, analyzing geophysical data recorded
in the Puyehue Corddn Caulle Volcanic Complex (PCE4uring the rhyolitic eruption VEI

= 4 generated on Juné"42011. Most of data were recorded by the South®mdes
Volcanological Observatory (OVDAS) network. The negessing of the analyzed seismic
data during the eruptive cycle was carried out fwears after the eruption, developing an
exhaustive analysis of seismic inversion, focal Im@tsms, a time series of b-value and the
relocation of hypocenters generated due to a newnd#é) velocity model. It was also possible
to describe the spatial-temporal evolution of thesmicity during the volcanic crisis,
identifying the main structures that controlled #raption. Taking into account this extensive
and detailed reprocessing data, it was possibldeiatify two major phases during the crisis
registered in 2011 (pre-eruptive and post-eruptivé)ich were described and analyzed in
detail. After the eruption, Wendt et al. (2016)ested a deformation of the surface at a metric
scale, which was observed by a series of EnviséaRASatellites and a time series of two
continuous GPS stations. In addition, the deforomatiescribed before, during and after the
eruption was modeled, identifying several pointsl aike sources, which were distributed
aligned along the Cordon Caulle Graben. The GP®reasons near the volcanic complex
showed an additional local effect, due to the smigeactivation of the Liquifie-Ofqui Fault
System (LOFS) southeast of the PCCVC during theptemu. The volcanic co-eruptive
deformation was consistent with the seismic migrgtwhich was concentrated mainly along
the Corddn Caulle Graben (strike NW) and in theéezaszone, where it is intercepted with the
LOFS (strike NNE), place where the eruption of 20dds finally located. On June "15the
Effusive Phase of the eruption began, and it wasrded by the analysis of satellite images
performed by Bertin et al. (2015). These imagdswald to corroborate that high emission
rates in siliceous lavas are more frequent thantiveeight, particularly during the initial
eruptive stages. The accelerated rates of the wgslawvas generated a special seismic tremor
kind, called quasi-harmonic, which was used tol#isia a relationship between this tremor
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and the velocity of emission lavas at the surf&eh correspondence managed to be used as
a key method for the detection of the beginninghef effusive phases. Especially in remote
and/or very cloudy areas, providing an additionabl tof effective warning or for the
evaluation of hazards and their risks in real tifAmally, our seismic results shown with
unprecedented details, the spatio-temporal evaiutiothe seismicity during a evolution of a
large siliceous eruption. Likewise, it was possitieidentify the main magmatic reservoir,
define a 1D local velocity model and achieving iifgna series of underlying processes
related with the migration/rise of siliceous magngasn-double-couple seismicity [NDC]).
On this way, we achieve identify the possible iiblat the basement structures could have to
allow the lodging and later rise of magma at highspures, causing the development of a
quasi-harmonic tremor in the phase Effusive, fodowby an important subsidence (fast
value seismic change in the PCCVC) and reactivatiorocdll faults related with SFLO during
the evacuation of volcanic gases and magmas, inobrtbe most violent and dangerous

volcanic phenomena of nature.
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CAPITULO I: Introduccion General

1.1 Introduccion

Ubicado entre las regiones de Los Lagos y Los Ribgomplejo Volcanico
Puyehue Corddén Caulle (CVPCC, 40.524° latitud 231 78° longitud W) forma parte
del Segmento Central de la Zona Volcanica Sur (CP¥Zsus siglas en inglés; Stern
2004), seccion del arco volcanico controlado poiSiestema de falla Liquifie-Ofqui
(SFLO). Esta ultima es considerada como una fadlauimbo generada debido a la
subduccion oblicua entre la placa de Nazca y laapl&udamericana (Lavenu y
Cembrano 1999; Lange et al.,, 2008; Cembrano y L2089; Legrand et al., 2011;
Vargas et al.,, 2013). La extensa gama composicideamagmas para el CVPCC
(basaltos a riolitas) generados por los numerosnsas eruptivos alineados en sentido
NW-SE (Caldera Cordillera Nevad&CN], volcan fisural Cordon CaullgvVCC] y
Volcan PuyehugVP]) durante el Pleistoceno Superior y Holoceno, hamyido
definirlo como un gran complejo volcanico (Lara yidno 2006, Singer et al., 2008).
Sin embargo, durante las Ultimas tres erupcions®ritas (1921-1922; 1960 y 2011;
VEI 3-4), el andlisis petroldgico en lavas/pirottes no ha mostrado variaciones
composicionales significativas, sugiriendo una géng un reservorio magmatico en
comun (Singer et al., 2008; Silva et al., 2011;t@ast al., 2013, Jay et al., 2014). Si
bien Alloway et al., 2015 describe sutiles difeiaaacomposicionales para la erupciéon
del 2011, dicho autor propone alojamientos magmaticdividuales en la fase final de
la crisis volcanica de 2011, asociados con una skyidiques alimentadores alineados
con la estructura principal del graben. Un rasgoopleabitual asociado a erupciones
siliceas (riodacitica 68-75%i02, fue el marcado caracter fisural que tuvieron las
erupciones registradas en 1921-1922 y 1960, eva®thac un importante control
estructural predominante NW-SE (Lara et al., 200@&2), configuracion que en
superficie ha dado lugar a la formacién de un gradlengado de 14x6 km en esta
direccioén (Lara y Moreno 2006). Sin lugar a dudsse complejo a mostrado erupciones
poco habituales, no obstante, el caso mas pantifudala erupcion registrada el 24 de



mayo de 1960, ya que tanto Barrientos (1994) coara kt al., (2004) atribuyen dicha
erupcién a una extensiéon cosismica del arco vatoa(@ m en el sector del CVPCC)
provocada por el terremoto Mw:9,5 ocurrido en \ahli fendbmeno que habria
reactivado numerosas fallas en el arco volcanaegreciendo el ascenso de magmas.
Finalmente, el alojamiento y posterior dinamica astenso de magmas siliceos en la
corteza superior aun sigue siendo poco conocidapstante, el caracter poco profundo
de las camaras magmaticas (<10km) y la alta coram@éh de volatiles, facilitan el
rapido ascenso de estos magmas a traves de dajlass(Castro & Dingwell 2009),
gatillando en el proceso final de desestabilizgadalesarrollo de numerosos enjambres
sismicos (sefiales precursoras) con importantes imdgs MI>4,0) como fue el caso
de la erupcion que se registro el 04 de junio del2@ebido a que este compejo
volcanico tiene evidencias de activacion gatillados grandes terremotos, en marzo de
2010 se le suguirio a la jefatura del Observatdiadcanolégico de los Andes del Sur
(OVDAS) instalar una red sismologica mas densaci@saa la enorme data sismica
recopilada durante la crisis volcanica registradaee CVPCC en 2011, se decidio
realizar una investigacion que pretendiera respoladegrandes interrogantes que hay
en el mundo cientifico relacionado con las erupesorioliticas, como por ejemplo la
relacion estructural que existe con el o los res@s magmaticos, el ascenso/migracion
de magmas, el mecanismo de erupcidn y finalmermtetifccar evidencias precursoras
que permitan establecer diferentes alertas volaaraate erupciones tan violentas como

las generadas por magmas siliceos.

1.2 Planteamiento del trabajo de investigacion e potesis

Las erupciones volcanicas silicicas son uno de pelsgros naturales mas
devastadores ya que se asocian comunmente coadaa®ion explosiva y violenta del
magma rico en volatiles. Las erupciones explosogasalto contenido de silice no son
frecuentes, no obstante, esta ultimas estan assciedn algunos de los desastres

naturales mas grandes en la historia humana (porpdp, Vesuvius 79, Llopango 429,



Unzen 1792, Tambora 2015, Krakatau 1883, Mt Peb®2 1Pinatubo 1991). Debido al
extenso arco volcanico chileno y su compleja ev6lumagmatica, en la ultima década
se han podido registrar dos de las tres erupciookiicas generadas en el ultimo siglo
(Novarupta-Katmai 1912, Chaitén 2008 y Cordon @a@011). Especial relevancia
tiene esta Ultima, debido a que ha sido la Unigpaédn que ha podido ser registrada en
detalle con una red geofisica local, dando la flafiiol de poder estudiar y comprender
el desarrollo de estas potenciales grandes erugxidrariaciones locales del estrés a
nivel cortical generadas por grandes terremotosradyecto de una importante
migracion/ascenso de magmas han sido ampliamemigndmtado por varios autores
(King et al., 1994; Mikumo et al ., 2001; Romanaét., 2004; Roman et al., 2006;
Roman & Cashman, 2006; Roman & Heron, 2007; Bagtadil., 2012), provocando una
rotacion en la distribucion de los esfuerzos logdéeilitando la reactivacion de nuevas
fallas, y con ello la migracidn/ascenso de nuewtlsgs magmaticos y la aparicién de
enjambres sismicos. Otros autores (Harris, 2000ddky et al., 2003; Brodsky &
Prejean, 2005; Manga & Brodsky, 2006), han sefalagoes posible generar un cambio
del estrés local relacionado con una sobrepresiorcanaras magmaticas siliceas
someras provocado por el paso de ondas supersic@yaamic stregs Para el caso
particular del Complejo Volcanico Puyehue Cordénl@aCVPCC), Barrientos (1994)
y Lara et al., (2004) sugieren que la erupcionstegila el 24 de mayo de 1960 fue
gatillada debido a una extension cosismica dert@za continental (2 m en el sector del
CVPCC) provocada por el terremoto Mw9.5 ocurridoV&idivia, posicionando este
volcan a nivel mundial debido a la evidente intei@t entre un terremoto y una
posterior erupcion (36 horas de diferencia). Shldéecontroversia existe debido a el o
los fendmenos que pudieron gatillar la erupcion@ePCC registrada el 04 de junio de
2011, los datos sismoldgicos y geofisicos obten@ues y después de la erupciéon
permiten acotar dicho abanico. De esta forma, aetgh la siguiente hipdtesis de
trabajo:La erupcion del CVPCC durante el afio 2011 fue genada por un cambio

de estrés local (fendmeno precursor) provocado parna sobrepresion de fluidos

magmaticos bajo el corddn fisural Cordén Caulle, géllando la reactivacion de las



principales estructuras como el graben (NWy la SFLO (NNE). Dicha hipoétesis
tratard de ser abordada con datos geofisicos giseen la erupcién del Complejo
Volcanico Cordon Caulle, registrada por OVDAS dteasl afio 2010-2014 y datos de
GPS otorgados por la Universidad de ConcepcionigDal forma, se desarrollara un
completo analisis bibliografico relacionado conb#j@s geoldgicos y tectonicos
publicados en la zona de estudio, esto con eldipatier complementar la informacién
geofisica analizada y poder caracterizar tantardiente tectonico regional como las
variaciones locales atribuidas a la erupcion dePC& durante el afio 2011 y asi poder
comprender la dindmica que se desarrolla anteantiury después de esta importante

erupcion silicea.

1.2.1 Objetivos
De acuerdo con el andlisis y discusién desarralkada fecha, se han planteado
varias inquietudes relacionadas con la erupcidestie complejo volcanico y esperamos

que esta investigacion las pueda responder:

» ¢ Qué tipo de actividad sismica esta asociada tarsiones de magmas siliceos?

» ¢Dbénde y a qué profundidad se localiza el/los veses magmaticos
principales?

» ¢ Cudles estructuras controlaron la migracion y¢eraso de fluidos magmaticos?

» ¢(Como se orientan los esfuerzos principales durbastefases pre y post

eruptivas?
1.2.2 Objetivo general
Comprender la dinAmica de una erupcion riolitic&leCVPCC y su relacion con

el marco geoldgico y tecténico tanto local comaaegl.

1.2.3 Objetivos especificos



» Caracterizar las fuentes sismicas del CVCC, ideatiflo el reservorio
magmatico y las estructuras que participaron emmigracion de fluidos

magmaticos y posterior erupcion.

» Identificar las orientaciones de los esfuerzosqipaies involucrados durante las
fases pre y post eruptivas y como estas se rekatioon la dinamica regional.

» Determinar la estructura interna del CVCC a tragtésla actividad sismica,
integrando los resultados obtenidos con la geodedéital publicada por Bertin et
al. (2015) y Wendt et al. (2016).

1.3 Marco tectonico y geologico regional

Desde hace 5 Ma (Millones de afnos), el vector dgimmiento de la placa de
Nazca se ha mantenido relativamente constanteyrt@mgulo oblicuo de 22 ° (N78°E)
en relacion al dngulo normal a la fosa, con una t#s convergencia de 65 a 110
mm/afio (Pardo-Casas y Molnar, 1987). En base aldt®s cinematicos y sismicos,
propuestos por Lavenu & Cembrano (1999), estoseatescribieron dos direcciones
tectonicas principales compresivas que gobernaranna del intra-arco volcanico entre
los 37°S a 42°S desde el Mioceno al presente. iflepy fue descrito como de tipo
compresional, abarcando desde el Mioceno TardRli@eno (entre 8,2 y 1,6 Ma), con
un ol en direccion E-W. El segundo evento, que abaritwipalmente el Cuaternario
(1,6 Ma) fue descrito de tipo transpresional déxteam una orientaciosl NE-WS. En
este ultimo periodo, en el arco volcanico se hameigelo dos tipos principales de
volcanismo, uno con predominancia félsica, con omidio en las estructuras NW
(ejemplo: CVPCC); y por otro lado un volcanismo nrasfico, con un dominio
estructural de direccion NNE/NE (ejemplo: Carrds Menados), sugiriendo que los
dominios NW poseen un régimen compresional en suralaza, lo que favorece el
alojamiento de magmas con una larga residenciafgrediciacion magmatica, en

contraste con las estructuras extensionales NNENEQue a diferencia del primero,



favorecen el rapido ascenso de magmas predominanterbasicos y de origenes mas
profundos (Cembrano & Moreno 1994). Sin embargo,ségmentacion del arco
magmatico a lo largo de Chile también es consecael®t cambio en el espesor cortical
(70 km en el Zona Volcéanica Central [ZVC] v/s 35 knfo largo de la Zona Volcanica
Sur [ZVS]) y su correspondiente composicion pred@miemente félsicas en la ZVC,
en contraste con un origen de afinidad mas méafieapgedomina en la ZVS (Tassara y
Yanez 2003).

Estructuralmente, el SFLO esta representada poestmuctura de primer orden,
de unos 1000 km de longitud un rumbo NNE, generamdoaracter anisotrépico a lo
largo de la ZVS (Cembrano et al., 1996; Cembraral.e2000; Cembrano et al., 2002),
controlando todo el arco volcanico cuaternario $3946°S). En una escala mas local, la
Z\VS se cruza con anisotropias de segundo ordertiab), con orientaciones NW y NE
(Sanchez et al., 2013; Pérez-Flores et al., 20ABjunos estratovolcanes como el
Villarrica, CVPCC y Casablanca (39°S y 40°S) saliean en el cruce entre el arco
paralelo y estas estructuras oblicuas secundakigisotropias de rumbo NW (Fallas
transversales Andinas [FTA], [Sanchez et al., 2DE&] han atribuido a estructuras
antiguas heredadas del basamento (Figura 1.3dusafil.3.2), generados antes de Ciclo
Andino Cenozoico (Cembrano y Moreno, 1994). Sin amb, no solo el volcanismo
activo responde a este tipo de estructuras hersgdtlmizaga et al. (1988) entre las
latitudes 39°S y 42°S sugieren la existencia daurcines plutonicos orientados con
rumbos NW, todos ellos originados desde fines @éd2oico al Jurasico. Finalmente,
estructura NW del CVPCC se extiende al noroestavé$ del Valle Iculpe, mas alla del
perimetro asociado al volcanismo Cuaternario, amtio la existencia de un volcanismo

pre-Cuaternario mas antiguo.
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Figura 1.3.1Mapa geoldgico y estructural de Moreno 1977. Feiedépulveda et al., 2005.

El control estructural y los ascensos magmaticos slaves para poder
comprender no solo la evolucién de los magmas, itambs posibles estilos eruptivos
en un extenso arco volcanico como es la Cordiltkrdos Andes. Al asumir que la
propagacion de diques andersonianos son favoralitetargo de grietas orientadas con
un 63 perpendicular (Emerman y Marret, 1990), alineaesode centros monogenéticos
se pueden utilizar para rastrear la disposicidtodesfuerzos existente al momento de
una erupciéon. En dicho contexto, la estructura NWWG@VPCC y sus conos de pomez

serian coherentes con un "modelo extensional" eplel periodo cosismico asociado



con un gran terremoto de subduccion, donfley ¢3 estarian configurados en una
posicion horizontal, con una orientaci@8 NE (Sepulveda., et al 2005). Dicha
configuracion se habria producido para la erupdéril960. La direccion del minimo
esfuerzo horizontab@) generada por el terremoto de Valdivia Mw:9,5ifstantanea y
se orientd aproximadamente en la misma direccibnoteergencia de las placas pero
en el sentido opuesto (N78°E), produciendo unabpmseactivacion dextral (?) a lo
largo de la fisura del graben del CVPCC (Lara et2004). No obstante, indicadores
cinematicos dextrales no se han documentado ardo ke la fisura del CVPCC. La
hip6tesis de Cembrano y Moreno (1994) relacionadaunt dominio compresional para
lavas siliceas y el estrés regional (transpresideatral concl orientado hacia el NE)
evidencian una coexistencia de dos regimenes ditsrgara el CVPCC. Klotz et al.
(2001) y Sepulveda et al. (2005) interpretan esidiad tensional como un ciclo de
deformacion Andina generada por grandes terrenfatqse estaria relacionada con una
deformacion extensional coseismica (rebote elgstigduego con una deformacion
transpresion en el periodo intersismico. Sepulet¢@d. (2005) sostiene que un régimen
dual de estrés es consistente con el ciclo dentetos que domina la deformacion de la
corteza. En el CVPCC, los periodos de acortamietdgtico inter-sismicos en la
direccion de convergencia de la placa favorecemiagstancamiento de magmas y la
diferenciacion de este, y por otro lado, los paersode deformacion cosismica inducida
por terremotos a gran escala, podrian inducir exkteny ascenso de magmas o
movilizacion de fluidos. Finalmente, el hecho de e producen a lo largo de arcos
volcanicos activos de margenes convergentes (campren un sentido amplio) llevo a
que Nakamura (1977) afirmara que la tectonica ¢ldeaarcos volcanicos deben ser
preferentemente del tipo strike-slipl(y o3 horizontal, 2 vertical), en lugar de
compresionaless(l y 62 horizontal;c3 vertical). Esto permitiria que el magma ascienda
a través de diques verticales que tienen una dequreferencial paralela @Hmax
(Nakamura y Uyeda, 1980). Un trabajo mas recientgesla relacion de causalidad
entre tectdnica y volcanica (por ejemplo BelligBgbrier, 1994; Tibaldi, 1995; Dhont et
al. 1998) han puesto en evidencia la estrechaidel@spacial y temporal existente entre



volcanes y cuencas pull-apart, favoreciendo la &midn de fracturas de tensiéon y

cizallas tipo Riedel, dentro de zonas con predamde deformacion tipo strike-slip.

Cabe destacar que las publicaciones sobre mecanidouales para terremotos

corticales generados en arcos volcanicos (Cembyabara, 2009), muestran que la

deformacion tipo cizalle predomina sobre la dendmmpresion, fallas inversas o

extension, fallas normales).
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Figura 1.3.2Mapa estructural erupcion 1960. Fuente: Lara.e(2004).

El basamento del CVPCC esta conformandqagte, por rocas intrusivas, las que

afloran relativamente de forma continua a lo laygalyacentes al SFLO entre los 39,5°-
40,5°S con edades entre 20-5 Ma (Campos et al§ é9%Sepulveda, 2006). Hacia el

norte del CVPCC, a lo largo de la ribera del Lagan€, el basamento es mas



heterogéneo, incluyendo cuerpos intrusivos Paleogoasignados al Batolito Futrono-
Rifihue (Campos et al., 1998) y rocas estratifisaarte de estas rocas estratificadas
son asignadas al Complejo Metamorfico Trafun (DeaxCarbonifero Inferior),
compuestas de rocas sedimentarias con un bajo geadewetamorfismo. De igual forma
en la ribera del Lago Ranco se encuentran los tBstde Lago Ranco (Oligoceno-
Mioceno Inferior), los que corresponden a una sedaesedimentaria y volcanica de
composicion intermedia continental con algunas r@alaciones marinas. Incluye
ignimbritas, areniscas volcanoclasticas y lutit@iiferas, en algunas de las cuales se
observan lentes de pirita. Los Estratos de Pit(dfioceno Superior-Plioceno) afloran
en la parte alta de los farellones de la riberadslii.ago Ranco, como una secuencia
volcanica y sedimentaria continental subhorizoapayada discordantemente sobre los
Estratos de Lago Ranco, el Batolito Futrono-Rifiipwd Complejo Metamorfico Trafin
(Sepulveda, 2006).

Las rocas mas antiguas del CVPCC datan de unokeéB{Pleistoceno Superior;
Singer et al., 2008), comprendiendo un total de K8que forman parte del CVPCC
(Sepulveda et al., 2005), con composiciones quedemde basaltos y andesitas hasta
riolitas (Campos et al., 1998; Lara et al., 20@hfatizando el comportamiento bimodal
del sistema, donde destacan los basaltos (en syuas antiguas) sobre las lavas ricas
en silice (mas someras y jovenes). La geologi&W€&CC se encuentra detallada el en

mapa geoldgico escala 1:50.000 publicado por Seomanp (Lara y Moreno 2006).

1.4.1 Caldera Cordillera Nevada

La Caldera Cordillera Nevada (CCN) fue un volcé&nedcudo colapsado cuyos
productos (andesitas basalticas a dacitas) cubrieroarea de 700 Kmal NW del
CVPCC. La caldera resultante del colapso de edtéwdiene un diametro de 8.5 Km
con una apertura al sureste, desde donde el gsgbextiende siguiendo esta orientacion
hasta el volcan Puyehue (Lara et al., 2006). Leasy sus edades se pueden resumir de
la siguiente forma:

1.4.1.1 Volcanismo pre-caldera
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Cordillera Nevada | (cnl): Escudo basal (>377 ka)

Esta unidad posee gruesas sucesiones volcanidesesay suaves formadas por flujos
de lavas andesitico-basalticas, gravas y con esdgsanbritas maficas cristalinas,

localmente soldadas. Esta secuencia alcanza ufokn2@e espesor en algunos valles
glaciares (Lara et al.,, 2006). La edad de estaadnfde determinada por Lara et al.
(2001), quienes establecieron por dataciotf@s/*°Ar que pertenece al Pleistoceno
Medio con una edad de 377+7 ka.

Cordillera Nevada Il (cn2): Escudo superior (377-Kh)

Es la seccion mas joven de las secuencias preraaldecual esta representada por

secuencias volcanicas que cubren parcialmentecetiesasal glacialmente erodado y
se produce como gruesos flujos de lava estancadeod#el valle glacial principal del
rio Iculpe, las lavas de esta unidad son dominagm&mandesitico-basalticas (Lara et
al., 2006). Sepulveda et al., (2005) determinarondatacione4Ar/*°Ar que la parte
superior de la secuencia pre-caldera tiene unacaeldd7+15 ka.

Ignimbrita San Pablo y caldera de colapso

Es una sucesion volcanoclastica reconocida endtissval oeste del CVPCC y cruza
todo el ancho del valle central. Esta cubre un @&eal500 krh con un grosor de
aproximadamente 1 m cerca de la ciudad de Osoih&kn8 al Oeste del CVPCC.
Adicionalmente a esta distancia del CVPCC, presenteanal de este flujo piroclastico
de 70 m de grosor en los valles de rio Pilmaquéio yBueno. La facies distal de la
Ignimbrita San Pablo esta caracterizada por serwmdad masiva, sin estructuras
sedimentarias, compuesta de pumitas y escasosjsias de escoria en una fina matriz
de ceniza amarillenta y se encuentra ampliamenbéerta por los depdsitos de la
Glaciacién Llanquihue (90-32 ka; Clapperton, 1998h los valles principales la
Ignimbrita San Pablo cubre a la penultima glaciadiémada Santa Maria (262-132 ka,;
Clapperton, 1993). Un depdsito de toba de lapdleacuentra sobre la Ignimbrita San
Pablo, la cual es enterrada por una sucesion sfitdldde materiales piroclasticos
reelaborados. En su parte superior se depositarsliavenas y gravas relacionados con

el Ultimo Maximo Glacial (LGM son sus siglas enliégy por Last Glacial Maximum),
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estos depdsitos forman el principal acuifero erabé central. Del total del area cubierta
por la Ignimbrita San Pablo se puede decir quectumen es de aproximadamente 15
km?® (Lara et al., 2006). La Ignimbrita San Pablo seodié entre la pentltima y Gltima
glaciacion. La pendltima glaciacion termina alremtedle los 132 ka y la ultima
glaciacion tiene lugar entre los 90-32 ka (Clappe993), por ende se sugiere que la
Ignimbrita San Pablo se formé después del térmetagendltima glaciacion (132 ka)

pero antes del comienzo de la ultima glaciacionkgO

1.4.1.2 Volcanismo post-caldera

Cordillera Nevada lll (cn3): Relleno parcial deckdera (< 117 ka)

Esta unidad surge como un relleno de la calderapuesto por lavas andesiticas
probablemente provenientes del anillo de fallas seieforma una vez colapsado el
volcan Cordillera Nevada (Lara et al., 2006). Lacedeterminada por Sepulveda et al.
(2005) en andesitas del Valle del rio Nilahue ganétodo 40Ar/39Ar fue de 110+30
ka.

Cordillera Nevada IV (cn4): Actividad tardia deilande fallas (< 40 ka?)

Estd compuesta por lavas andesiticas a dacitiasau extruidas desde el anillo de

fallas. Los flujos de lava de esta unidad son atoslgpor glaciares, algunos muestran
estrias en su superficie. Esta unidad es equivakemda unidad cc3 del Corddn Caulle,
ambos representan una etapa post-colapso con duesnarupciones fisurales en la
seccion norte del CVPCC. Dataciones pobres se @tuvde un plateau andesitico en
el muro este de la caldera a través de datacides Ar obteniendo una edad de

25115 ka (Lara et al., 2006).

1.4.2 Sistema fisural Cordén Caulle

El corddn Caulle es un sistema fisural que mider@de largo y 4 km de ancho, este
sistema contiene un graben asimétrico definido gus escarpes de tendencia NW.
Dentro de éste se encuentran depdsitos volcanedsiabs y rioliticos (lavas, domos,

depdsitos de flujos piroclasticos, conos de escpridepositos de caidas de cenizas
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[tefras]; Singer et al., 2008), todos ellos acurdatadurante la fase terminal de la dltima
glaciacion (16.500-12.000 AP: Antes del Presentda yase post-glaciar, Holoceno
(dltimos 11.700 afios AP).

1.4.2.1 Secuencia pre-graben

Cordon Caulle | (ccl): Complejo de escudo orie(x#4B0 ka)

Esta unidad se extiende al NE como un conjunt@awkesl silicicas, ignimbritas soldadas,
alfeizares, sills, lacolitos y gruesos caminos davas yuxtapuestos a las lavas pre-
caldera de los volcanes Cordillera Nevada y Merehgdade&®Ar/>°Ar de 430+60 ka
fueron obtenidas de lavas daciticas de la partersugle esta unidad (Lara et al., 2006).
Cordon Caulle 11 (cc2): Escudo a transicién fiseadrox. 300-70 ka)

La segunda unidad es Corddn Caulle 2 (cc2) laesiaéconocida en dos secuencias de

lavas aisladas que presentan diferentes alimemsdba secuencia oeste (cc2w) es
dividida por el arroyo Lican en dos pilas volcésicka pila norte es una sucesion de 60
m de espesor con un escarpe concavo hacia el Epega de la unidad Cordillera
Nevada 1 (cnl) y tiene profundas incisiones glasiaBrechas piroclasticas y flujo de
detritos con matriz oxidada y lavas andesiticas esqruestos en el escarpe principal,
donde diques andesitico-basalticos y sills intruyars diques en la parte baja de la
secuencia tienen una edad de entre 173-167 kald.ayp es una suite de lavas y rocas
piroclasticas de 150 m de espesor en la paredayoeafun escarpe subvertical. Lavas,
brechas e ignimbritas maficas masivas son subhuslas o ligeramente deflectadas
alrededor del lacolito que las intruye. Diques hiasé verticales cortan esta sucuencia
(Lara et al., 2006). La secuencia este (cc2e) assunesion de 120 m de espesor que
cubre en inconformidad a la unidad ccl. Esta seitadarma un escarpe concavo de 8
km de largo y abierto al oeste, estd compuestdgyais daciticas que se sumergen al
este y son cortadas por los domos y sills dacitiEasgeneral la secuencia muestra una
tendencia de las fallas NW y ademas es intruidaljgpres basélticos (Lara et al., 2006).
La edad'®Ar/*°Ar de un flujo basal de lava determinada por Segxidvet al. (2005) fue
de 300+20 ka cerca del lago Puyehue, una &4atf°Ar de 74+18 ka fue obtenida para
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un lacolito usando laser de g@or SERNAGEOMIN, adicionalmente se datd por el
mismo método dos flujos de lavas daciticas dondebsevieron edades de 70+20 ka
(Lara et al., 2006).

1.4.2.2 Volcanismo fisural intra-graben (<70 ka-prsente)

Corddn Caulle 11l (cc3): Ignimbritas vy lavas (<78)k

Esta unidad corresponde a ignimbritas parcialmsoligadas, masivas o con estructuras
sedimentarias débiles, junto con lavas daciticamdo pagquetes que pueden alcanzar
250 m de espesor. Esta unidad rellena el grabas gdpas mas externas muestran un
manteo “dentro” del graben donde en la parte iatg@wsan a ser subhorizontales (Lara
et al., 2006). En el sector sur estas coladasvdesiabreyacen a cc2 y son intruidas por
diques y sills de aprox. 54-32 ka (Harper, 2008a&m et al., 2006).

Corddn Caulle 1V (cc4): Domos y coulées intra-ptastial (<32 ka)

En esta unidad se encuentra la primera generaei@omhos y coulées que se hallan en
el centro del graben. Estos son principalmentetidasiy tienen un aspecto elongado en
direccion NW. Ellos muestran una superficie de iéroen los flancos y tienen una
cubierta de depdsitos piroclasticos y eddllas’**Ar de 16.5+3.8 ka fueron obtenidas
para estos (Lara et al., 2006).

Cordon Caulle V (cc5): Domos y coulées postglasi@roloceno)

Esta unidad comprende la suite mas joven de dontasaydomos daciticas a rioliticas

dentro del graben. Un gran lava-domo ubicado cget@scarpe del graben se formé en
el sector NW cuya lava invade la Caldera Cordillevada. Dos coulées riodaciticos
localizados en la parte central del graben fueraitidos desde vents localizados en la
parte mas sur del escarpe. Un singular domo dolitie 1.5 km de didmetro dentro del

“crater” se rellena como un tapon con forma deresfliara et al., 2006).

1.4.3 Volcan Puyehue

El volcan Puyehue (2236 m s.n.m) es un estratolmmatizado al SE del Cordén Caulle.
Este cubre un area de 160 %kmtiene un crater de 2.4 km de diametro (Laralet a
2006).
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1.4.3.1 Secuencia pre-caldera (245-96 ka)

Puyehue | (pl): volcanismo de escudo

Las antiguas secuencias del volcan Puyehue soralpaeate enterradas por flujos mas
jovenes o expuestos en acantilados que rodeariual astratocono. ElI remanente que
se encuentra en la zona mas occidental es una@uadesaproximadamente 150 m de
espesor compuesto por lavas andesiticas y brecleasngntean al oeste. La sucesion
oriental estd compuesta por basaltos y andesitisamn@&ortadas por numerosos diques
(Lara et al., 2006).

1.4.3.2 Estratovolcan post-caldera (69-2.3 ka)

Puyehue Il (p2): volcan englacial (69-34 ka)

Corresponde a lavas andesiticas fuertemente eeaalienen la base del presente
estratocono o yuxtapuesta a la secuencia pl. &raeatilado oriental donde se encuentra
pl, un complejo de andesitas maficas y afiricascsaradas por diques que representan
la facies del vent lateral. Se obtuvieron edade$8lg 45 ka para los flujos de lava
andesiticos, adicionalmente en un flanco del VolBaryehue, lavas andesiticas a
rioliticas presentan marcas de erosion glacial, gdad es de 34 ka (Harper, 2003).

Puyehue Il (p3): lavas tardiglaciares (19-11 ka)

Esta unidad contiene multiples flujos de lava, dsdlticas a riodaciticas con débil
erosion glacial que se encuentra en el flanco eatad del volcan Puyehue. Una edad
minima para esta unidad podria estar indirectamaniida por el retiro del hielo del
Ultimo Maximo Glacial en la orilla oriental del lagPuyehue (~190 m s.n.m), inferido
por Bentley (1997) en aproximadamente 12.2 ka.

Puyehue IV (p4): lavas post-glaciares (7-2.5 ka)

La dltima unidad corresponde a Puyehue IV (p4) ddralmayoria de los flujos de lava
riolitica y domos se encuentran en el flanco oakté! volcdn Puyehue. Ellos estan bien
expuestos en la pared del crater, donde al mertbalde riolitas vitreas estan cubiertas
por capas de tefra. Harper (2003) determind una eaaxima para la formacion del

crater del volcan Puyehue esta dada por 6.4 kagareolitas del crater, pero las lavas y
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la tefra que lo cubren son considerados mas jovirea et al., 2006). Un resumen de
las litologias presentes en este complejo volcésgcmuestran en la Tabla 1.4.1.
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Tabla 1.4.1Resumen de litologias presentes en el Complejodviacto Puyehue-Cordén Caulle CVPCC. Fuente: elalibrgropia.

Caldera Cordillera Nevade Cordén Caulle Volcan Puyehut

Cordillera Nevada I(cnl): Cordén Caulle | (ccl): conjunto de
flujos de lavas andesitic lavas silicicas, ignimbritas soldadds
basélticas, gravas y co alfeizares, sills, lacolitos y gruesgs
escasas ignimbritas méaficg caminos de gravas yuxtapuestos a |las

n S

cristalinas, localmentg lavas pre-caldera de los volcanes p hue | (p1):en | g

soldadas. Cordillera Nevada y Mencheca. uyehue I (pl):en la zona ma
occidental se encuentran lavas
Volcanismo  pre- [ Cordillera _Nevada 1l | Secuencias ) andesiticas y brechas que
caldera (cn2): secuenciad pre-graben ) Secuencia pre-caldera | mantean al oeste. La sucesifn
volcanicas que se produge Cordon Caulle Il (cc2): brechas oriental estd compuesta por
piroclasticas y flujo de detritos coh basaltos y andesitas maficas

como gruesos flujos de lav
estancada dentro del val
glacial principal del rio
Iculpe, las lavas de esta
unidad son

()

matriz oxidada y lavas andesiticas son cortadas por numerosos diques.
expuestos al oeste, al este |se
encuentran lavas daciticas, y spn
cortadas por los domos y sills

[¢]

) daciticos.
dominantemente
andesitico-basélticos.

Puyehue Il (p2): lavas
Cordén Caulle 1l (cc3): esta unidad andesiticas yuxtapuestas a |la
Cordillera Nevada I corresponde a ignimbritas secuencia pl. En el acantilago
(cn3): lavas andesiticas que parcialmente soldadas, masivas o ¢on oriental donde se encuentra g1,
rellenan la caldera estructuras  sedimentarias  débiles, un complejo de andesitgs
junto con lavas daciticas, esta unidad maéficas y afiricas son cruzadas
rellena el graben. por diques que representan |la
facies del vent lateral.
Volcanismo  post- Volcanismo Estratovolcan post-
. fisural intra- . . Puyehue 1l (p3): en el flanco
caldera Cordillera Nevada IV Cordén Caulle IV (cc4): primera| caldera Y (p3) p
. - graben L . occidental del volcan Puyehue
(cn4): lavas andesiticas p generacion de domos y coulées queg se i .

e . se encuentran multiples flujos
daciticas. Esta unidad es hallan en el centro del graben. Estos P
equivalente a la unidad cc3 son principalmente daciticos y tiengn d.e Ia\_/a, de bas_altlca.s‘ a

a . : " riodaciticas con débil erosiop
del Cord6n Caulle, ambos un aspecto elongado en direccion NWV. glacial
representan una etapa post- - -
p pa pos Puyehue IV (p4) flujos de lava
colapso con dominantes . . Lo
: h Corddn Caulle V (cc5):comprende la riolitica, domos y capas de tefra
erupciones fisurales en la . PO

e suite mas joven de domos y lavp- se encuentran en los flancos del
seccion norte del CVPCC. e e . .

domos daciticas a rioliticas dentro del volcan y paredes del créater

graben. respectivamente.




1.5 Estudios recientes
1.5.1 Deformacion

La erupcién registrada durante el afio 2011 (VE| Bara et al., 2012) fue precedida
por al menos cinco afios de deformacion corticdla@ion, Fournier et al., 2010; Jay et al,
2014), definiendo dos zonas principales de alzamidra mayor fue localizada en el flanco
este de la Caldera Cordillera Nevada (CCN), 11 kiwadel crater formado en 2011. El
segundo alzamiento (de menores dimensiones), $eg@utores antes mencionados, se ubicé
en el borde sureste del graben, 5 km al SSE didrc2811, ambas deformaciones situadas
entre 5-9 km de profundidad, las cuales fueronrioiis modelando imagenes INSAR.
Aunque dichos datos sugieren posibles reservdasslimitaciones inherentes de imagenes
interferométricas desplazadas en el tiempo restnings observaciones, desconociendo el
proceso que hay detras de estas importantes defiamea y las estructuras que podrian estar
participando en los procesos de deformacién (iiffledeflacion), ya que las soluciones de
las inversiones propuestas utilizando el modelériesf de tipo Mogi siguen siendo las mas
precisas. Estudios petrolégicos han permitido acatan mas la profundidad de los
reservorios modelados por INSAR, ubicandolos doge.5-5 km (Castro et al., 2013) y 6-7
km (Jay et al., 2014). De igual forma, si bien defestudios han colaborado a dilucidar las
condiciones de presion, temperatura y saturacic@agda de estos reservorios magmaticos, las
condiciones reoldgicas del medio son ain descoascjibr lo tanto se hace relevante contar
con un modelo local de velocidades que permitaupdado, obtener buenas localizaciones,

y por otro identificar zonas andmalas locales decigad dentro de la corteza.

1.5.2 Mediciones gravimétricas

Con el objeto de identificar la configuracion astural del CVPCC, Sepulveda et al.
(2005) llevaron a cabo un perfil gravimétrico. Ganfin de limitar mejor los intervalos de
densidad, ellos utilizaron en el modelado de grastatha densidad promedio de 2650 Ky/m
Trabajaron ademas con densidades medidas paragigciiolitas (unidad CCIV segun la
nomenclatura de Moreno, 1977) con promedios de 2&¥67. Fragmentos de pémez
recogidos de depdsitos superficiales tuvieron degsimucho mas baja (1000 kdjmno
obstante, para incorporar el efecto de la compigetaegn profundidad para depésitos de
pémez, el autor utilizé una densidad media de ¥&I6°. Anomalias residuales calculadas
por Sepulveda et al. (2005) para los 3 perfiles$izados a través del CVPCC, alcanzaron
unos 20 mGal en el centro de la depresion del grabedos los perfiles reprodujeron formas

similares, con un formato tipo “U” relacionadas ctas curvas residuales de dichas
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anomalias. Para describirlo, el autor seleccionpediil central (Figura 1.5.2.1) usando un
enfoque 2D. Se asumié la presencia de un cuerpoaadéuperficial (5 km de profundidad)
para modelar la anomalia residual. En base atieipnetaciones geoldgicas y apuntando a un
relleno superficial de lavas félsicas y tefra qudre la base del complejo, este ultimo,
compuesto por basaltos densos y rocas del basamwstidino (con un promedio densidad
de 2650 kg/m3), el CVPCC mostré un contraste deidad de 650 kg/fhcuya geometria se
muestra en la Figura 1.4.2.1. A este modelo sefilli@ un hipotético cuerpo de baja
densidad de caracter hidrotermal, con un 10-15 %pdesidad y un depdsito con
temperaturas de 250 °C (Sepulveda et al., 2004).
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Figura 1.5.2.1Modelo estructural del CVPCC propuesto por Semldvet al. (2005). El volumen de
material del CVPCC se calculd utilizando un espe&o490 m entregado por el modelo de gravedad,
y junto con el area de la depresién central, amojéolumen del orden del 33 RnfFuente: Sepulveda

et al. (2005).

1.5.3 El sistema hidrotermal del CVPCC
Los sistemas hidrotermales se componen de unaefdentalor y un reservorio donde
los fluidos geotérmicos son almacenados. Los seddmdrotermales pueden ser dindmicos o

estaticos, esto dependiendo del grado de circulad& reservorio y del mecanismo de
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transferencia de calor (conveccion o conduccién)lds sistemas dinamicos el reservorio es
cargado continuamente desde la superficie, confudmaun ciclo de infiltracién,
calentamiento y descarga superficial como fuenwmadles. En este tipo de sistema
hidrotermal el mecanismo de transferencia de calrla conveccion inducida por la
circulacion de los fluidos hidrotermales. Adiciomante, los sistemas hidrotermales se
pueden clasificar como de alta entalpia (>180°@¢ baja entalpia (<180°C). Los sistemas de
alta entalpia estan asociados a rocas calentadasp@aras magméaticas con un volcanismo
reciente asociado (menos de 50 ka), sistemas aqueeaimente estan asociados a margenes de
subduccion, como por ejemplo el sistemas hidroteemal CVPCC, Chile (Sepulveda et al.,
2004). Otra forma de clasificar los sistemas h&hroeles depende de su contenido relativo de
liquido y vapor, clasificandose como liquido-donmitgay vapor-dominante (White, 1973).
Para el caso del CVPCC, Sepulveda (2006) lo at@sifomo un sistema vapor-dominante,
donde tanto el agua como el vapor coexisten eesekvorio, no obstante, el vapor es la fase
principal que controla la presion del reservorimaknente, este acuifero principal (primario)
calienta por vapor a un segundo acuifero mas sofeecoindario), el que finalmente alimenta
las numerosas fuentes termales que se encuentiaraego del complejo, destacando el

mayor outflow de este sistema hidrotermal, denodurigrahuilco.

1.5.4 Estudios petrolégicos

El caracter geoquimico de las lavas holocenasgden sugieren una evolucién
desde un magma parental andesitico-basaltico,eebgjo un régimen tecténico transpresivo
local (intra-arco) y ligado a antiguas estructucasticales heredadas del ciclo pre-andino
(rumbo NW-SE; Rapela y Pankhurst 1992; Martin gtl8199; Melnick et al., 2003; Corbella
y Lara 2008), los magmas han logrado ser retenalog@ndose en la corteza superior (2,5-6
km), para luego mediante cristalizacion fraccionadamilacion cortical y mezcla de magmas
ser enriquecido tanto en silice como en volati&ep(ilveda et al.,2005; Lara et al., 2006a,b;
Singer et al., 2008; Cembrano et al., 2009; Casdted., 2013, Jay et al., 2014). Aunque varios
autores coinciden con una importante participaestnuctural tipo diques en las erupciones
registradas durante el Holoceno para el CVPCC (karal., 2004-2006a; Lara y Moreno
2006; Singer et al., 2008; Castro et al., 2013)gwmno de ellos ha podido cuantificar la
participaciéon de dichas estructuras en un procesptieo y su relaciéon con el o los
reservorios magmaticos. Geoquimicamente, segunatises desarrollado por Singer et al.
(2008) las lavas del Corddn Caulle sugieren unctardimodal ya que el contenido de silice

ha ido variando (51.9% a 71.2% de giénlavas y flujos piroclasticos en los dltimos 32 ka.
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Gerlach et al.,(1988) proponen que las riolitasoglacitas derivadas del sistema fisural
Corddn Caulle y el volcan Puyehue son productor@decuistalizacion fraccionada de basaltos
con una importante asimilacion cortical. Este psoceequiere de un largo tiempo de
residencia. Debido a que de los magmas erupcioradd®921-1922, 1960 y 2011-2012 son
casi idénticos (daciticos a riodaciticos), Jayle{29014) sugieren que derivaron del mismo
reservorio, una zona rica en cristales localizatteedos 4-7 km de profundidad, donde la
segregacion de riodacitas ocurre. El mismo autscritee lavas con cristales de olivino rico
en magnesio y plagioclasas ricas en anortita (@detgrminando que este conjunto mineral no
estd en equilibrio con las lavas mas siliceas, gmate aunque el Cordon Caulle haya
erupcionado exclusivamente magma riodacitico edltoaos 100 afios, magmas maficos han
logrado ser capaces de llegar a la parte infegbrabervorio silicico. Segun Jay et al. (2014)
los cristales de plagioclasa ricas en An han egpaddo menos unos 200 afios en el magma,
por lo tanto, la intrusibn de magma deberia halarrmlo mucho antes de la erupcion del
2011, por ende, el magma méfico no fue el agentegatilldé la erupcion. Finalmene estos
autores proponen que hubo intrusion magmatica tpamz0 la parte inferior de la cadmara
magmatica, por lo que no se mezclé con el reservardacitico pre-existente, y en lugar de
ello, el nuevo magma pudo generar la deformaci@istrada durante el 2007-2009, al
acumularse en la base del reservorio, proporciamd fuente de calor para este (Figura
1.5.4.1). Mediciones petrologicas proponen un dépde magma pre-existente en forma de
lacolito a una profundidad de 4 a 7 km, con un anéerida de 20 krh que pudo haber
alimentado las tres erupciones histéricas masmesg1921, 1960 y 2011). Debido a que los
productos de las tres erupciones histdricas poseerposiciones similares, es consistente
sugerir que de este extenso reservorio es posiien@rar reservorios magmaticos mas
pequefios (individuales) que alimentaron las trapaones historicas (Alloway et al., 2015).
Finalmente, intrusiones maficas en magmas silictamsbién han ocurrido en el Volcan
Puyehue durante los ultimos 5.000 afios (Singerl.et2808), por ende este tipo de

configuracion podria ser consistente.
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Figura 1.5.4.1Esquema de la cAmara magmatica, el sistema hidratterintrusiones de magma en el
CVPCC. La imagen muestra un perfil topografico N&®Il Complejo Volcanico Puyehue-Cordon
Caulle, los sitios de las Ultimas tres erupcionisgdticas, el tamafio y localizaciéon del reservorio
magmatico y los procesos que podrian ocurrir efuptidad. Se observa un gran cuerpo magmatico
rico en cristales a 4-7 km de profundidad con logsdactos alimentadores de las Ultimas tres
erupciones, el sistema hidrotermal cercano a larfofe y las posibles intrusiones de magma que
pudo producir el alzamiento registrado en 2007-2@0@ando INSAR. Fuente: Jay et al. (2014).

1.5.5 Mediciones magnetotellricas
1.5.5.1 Introduccidén al modelo magnetotelarico

La magnetotellrica es una técnica de exploracitofigiea que se basa en el
fendmeno de la induccién electromagnética de origanral para estimar la distribucion de
la conductividad eléctrica en el subsuelo. Lasieotes eléctricas (teluricas) que se inducen y
gque generan un campo magnético interno secundadntienen variada informacion
(amplitud y fase), de las estructuras conductougscpmponen la corteza. En este capitulo se
detalla de forma resumida los datos magnetotelsir{ddT) obtenidos por el Sr. Gonzalo
Rojas, el alumno de pregrado del Departamento defisksa de la Universidad de
Concepcion en la campafia de terreno auspiciad@Dp®@AS-Sernageomin, cuyo trabajo

formo parte de su tesis de grado.

1.5.5.2 Resultados
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A fines de enero de 2013, se llevé a cabo la caengafterreno que tuvo por objetivo
adquirir datos MT en la zona del CVPCC, todo estotivado por la necesidad de
experimentar con el método en una zona volcanittagaag develar el control estructural que
posee el cordon fisural de tipo graben que uneQ® Con el VP. El modelo realizado por
Gonzalo Rojas que mejor se acoplo a los datos Mur¢ 1.5.5.1) entreg6 un ajuste RMS de
1,63 [om].

Ibak/201 2HesisfOccam2DMT_V 3. 0 0CCAM2DMT_Va.0/Caullsiulticuatre/ TERSE.iter: RMS Misfit = 1.63, Foughness = 522
T T T T T T T T T T

cio cog COecoy COS CO5 CO4C02 Ca1
1700 * ok ko *
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-2300

-4300

Profundidad [km ]
Log 10 Resistivity (Q m)

-6300

-g300

Posicion Horizontal [ km ]

Figura 1.5.5.1Perfil 2D MT para el CVPCC modificado por DanigddBialto. Fuente: Tesis de grado
Gonzalo Rojas 2013, Universidad de ConcepcioneChil

1.5.5.3 Discusién y conclusiones

Considerando la baja resolucion del perfil MT, sie posible identificar estructuras
de primer orden (lineas segmentadas, Figura 1)513b de los principales rasgos del perfil
MT es la anomalia resistiva que se localiza emteazentral del perfil [10"2,5 - 3(3m], que
se extienden de forma vertical en profundidad, rgergio la existencia de una estructura de
primer orden, la que separa dos zonas de mayativedad (tonos azules [10M4-Gm]
sectores izquierdo y derecho del perfil, figura.3.B. Esta anomalia resistiva se bifurca
segln nos aceramos a zonas mas someras del |gerfituales son consistentes con una
configuracién de tipo graben. La estructura de eriorden podria estar controlando tanto el

ascenso de magma como la circulacion de fases enesdés dentro del complejo, las que
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podrian estar alimentando al sistema hidrotermas s@mero. Si consideramos que el
CVPCC es uno de los campos geotérmicos mas impestae la ZVS, podriamos asociar la
zona de menor resistividad con sistemas de altasp@d/permeables, facilitando la
circulacion de fluidos, controlando tanto el fluge calor, como el ascenso de fluidos
hidrotermales/magmaéticos. En superficie, la bajgistiwidad en los puntos C03 y C04
coinciden con el sector denominado “Las Sopas’e Bahto fue descrito e identificado en el
mapa geoldgico de Lara y Moreno (2006), ya queentasuna profusa alteracion hidrotermal
producto de la circulacion de fluidos hidrotermajasto con manifestaciones de aguas
termales en superficie con temperaturas cercalus° C y la presencia de fumarolas ricas
en HO-COx-H,S entre otros gases. Este sitio fue destacado adpordSepulveda et al.
(2005) por ser el sector donde se extiende elrimao estructural de fumarolas y fuentes
termales "Los Venados-Las Sopas", evidenciandanpoitante rasgo estructural dentro del
complejo. Segun los datos entregados por el pbftfil las zonas someras de mayor
resistividad presentan una potencia aproximadands 600 metros, valores similares a los
propuestos por Sepulveda et al., (2005) de 490omadtribuidos a depoésitos recientes
descritos en el modelo de gravedad. Por otro ldidhp autor propone una zona hidrotermal
activa entre los 0 y los 2.500 metros, profundidaalsistente con zonas de menor resistividad
gue se pueden apreciar en el perfil MT, destacanttwh una linea segmentada de color rojo
(Fig. 1.5.5.1). Bajo esta zona de menor resistiidaberia aflorar el basamento del CVPCC,
el que podria estar conformado por: depdsitos walasticos mas antiguos (Formacion
Estratos de Lago Ranco, Pitrefio) o por el Bat&latagonico Norte. Finalmente, si asumimos
estos rasgos generales para la corteza superiocod@blejo, podriamos mencionar una
primera cobertura de depdsitos poco consolidaddsaét flujos pirocléstios, lahares y lavas)
de unos 500 metros de espesor. Bajo esta caparfeél T sugiere la existencia de unos
2000 metros de depositos volcanoclasticos Holo¢€wmasernarios que conforman el
complejo volcénico, y finalmente bajo este, un basao cristalino igneo/sedimentario (?)
posiblemente Mioceno. Indicios de variados xensligmeos encontrados en humerosas lavas
y flujos piroclasticos que afloran dentro del grabég. 1.5.5.2) sugeririan un basamento
igneo, el que posiblemente esté siendo controladangportantes estructuras de rumbo NW

denominadas Fallas Transversales Andinas (FTAzHeoges et al., 2016).
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Figura 1.5.5.2Xenolito (granodiorita) inmerso en un flujo piréstico depositado dentro del graben
del CVPCC. Fuente: elaboracién propia.

1.6 Datos y métodos
1.6.1 Red geofisica

La red sismica utilizada, y con la cual se log@npsticar la erupcion del 04 de junio
de 2011, const6 de 7 estaciones de banda anchasig3ndos (Fig. 1.6.1.1), 6 de las cuales
contaban con sensores tipo Reftek151-30A, 0.0B5@igitalizadores Reftek 130B. Solo la
estacion PHU fue instalada a comienzos de 201lunaensor Guralp 6TD de 30 segundos,
digitalizador 6TD. De un total de 7 estacionesg4ibicaron entre los 9-35 km de distancia
del CVPCC (campo cercano); y 3 entre los 35-80 &amfo lejano). Luego de generada la
erupcién, se instalaron 3 nuevas estaciones dealmraha 30 segundos adicionales en campo
cercano (Reftek151-30A, 0.03-38z, digitalizadores Reftek 130B), esto con el objd&
localizar y caracterizar, de forma mas precisactavidad post-eruptiva. Finalmente, se conté
con la instalacion de dos camaras que monitoreatofenémeno eruptivo (Camaras:

Sony Ipela SNC-RZ25N y Axis P1343), facilitandovigilancia de la fase post-eruptiva.
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Figure 1.6.1.1Localizacion del Compejo Volcanico Puyehue Cordéule (CVPCC) ubicada en la
Zona Volcanica Sur (ZVS) de los Andes del sur ddeCEn la parte superior del mapa se pueden ver
las principales estructuras geologicas (LOFS sitelm falla Liquifie-Ofqui), los flujos de lava
generados por las erupciones de 1921, 1960 y 20t@no de 2011 y la ubicacion de las estaciones
sismicas. La imagen de la esquina inferior derechastra la ubicacion de las estaciones sismicas de

campo lejano. Fuente: elaboracion propia.

1.6.2 Metodologias y analisis de los datos geoftsic
El detalle de las metodologias mas importantesrddisalas en esta tesis (modelo de

velocidad 1D, Pardmetro b e inversion de ondasicasinfueron descritas con mas detalle en

el capitulo de Material Suplementario.

1.6.2.1 Clasificacion de sismos
Las sefales sismicas trabajadas en esta tesigraloftteron analizadas utilizando

diferentes algoritmos, esto con el fin de obtemer caracterizacion de la actividad sismica y
asi poder sugerir las posibles fuentes sismicasagtiearon durante el ciclo pre y post-
eruptivo. Para llevar a cabo este trabajo, sefidasin cerca de 32.850 sismos registrados
entre diciembre de 2010 y diciembre de 2011 (71@0cano-Tectonicos, 12.500 de tipo
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Largo Periodo/Muy Largo Periodo; 7.150 Hibridog,06. Tremores), utilizando para ello la
clasificacion propuesta por Lahr et al. (1994) yo@#t (2003), las que se basan
principalmente en caracteristicas espectrales,atogifis de ondas y la duraciéon que poseen
los diferentes sismos. De esta forma, el catalegsubdividié en: 1.- sismos asociados con
fracturamiento de material cortical (Volcano-Tedon[VT]); 2.- eventos generados por
perturbacion o migracion de fluidos magmaéticostitieimales (Largo Periodo [LP] y Muy
Largo Periodo [VLP]); 3.- sismos compuestos queolunran una combinacion de los
origenes (Hibrido, [HB]) y finalmente 4.- el Tremaslcanico [Tr], fendmeno caracterizado
por presentar una combinacion de fuentes sismicassg extienden por largos periodos de
tiempo (minutos-horas-dias, Aki 1981 y Chouet 1981) caso particular de tremor fue
clasificado como cuasi-arénico, sefial que se caiadt por presentar un espectro de
frecuencias muy particular, con un pick dominante H0 Hz y luego tres picos
subdominantes en 2.0, 2.9 y 3.8 Hz, mostrando urémpanodulado la mayor parte del
tiempo.

1.6.2.2 Relocalizacién y modelo de velocidad

Uno de los rasgos mas importantes en una erugsda distribucion tanto espacial
como temporal de la actividad sismica. Con el objiet mejorar las localizaciones obtenidas
con HYPOT71, y asi poder identificar claramente rissctivaciones de estructuras mayores
involucradas en la crisis volcanica, se calculimodelo de velocidad local en 1 dimension
(1D) para el CVPCC. Para el desarrollo del moddlp de utiliz6 el programa VELEST
(Joint Hypocenter Determination techniqiidD; Kissling et al., 1994), relocalizando parte de
la actividad sismica. Es importante destacar que lpgrar una buena solucion del modelo de
velocidades, se debe trabajar con sismos que téngaras localizaciones. Para llevar a cabo
esta labor, se filtr6 la base de datos, se tomsigmos que tuvieran 8 o mas fases leidas,
errores horizontal < 0,5 y vertical < 1 km, gap<189 soluciones con RMS < 0,15;
obteniendo como resultado final 425 sismos (entife WHB) registrados entre abril y
diciembre de 2011. Se utiliz6 un nivel de referar® 1,5 km s.n.m, altura promedio que
posee el graben del CVPCC.

1.6.2.3 Polarizacion y cuantificacion de ondas sisras
Con el objetivo de corroborar la existencia de srlan las trazas sismicas para eventos
representativos (>10 um) de baja frecuencia (LPR WLTr cuasi-armonico), se utilizé la

polarizacion de ondas (Matsumura 1982). Con esteduéadicionalmente se logré estimar
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algunas localizaciones, ya que se pudieron calezianuts [A] y angulos de incidenciab]

de las ondas P para cada una de las estacionpsoraseque conforman la red sismica. Esta
herramienta fue de gran ayuda, ya que debido atctaremergente de muchos sismos, se
lograron sugerir localizaciones aproximadas tamt@ [sismos de tipo LP como el Tr cuasi-
armonico, logrando identificar su fuente, y comeflugerir su origen (emision de lavdsd
cuantificaciéon de la magnitud para los sismos pe YT y HB se llevé a cabo utilizando la
magnitud local Ml] propuesta por Lee et al., 1972. De igual forramappoder cuantificar el
tamafio del tremor volcanico y sismos tipo LP-VLPTK se utilizd el desplazamiento
reducido (L}, Aki 1981), herramienta que fue util al momentopdenosticar la erupcién, ya
que fue posible cuantificar el incremento de laivatdad sismica asociada con el
transito/ascenso de fluidowgrando tomar acertadas decisiones al momentagleris los

cambios de alerta a las autoridades durante lis gn&canica.

A= mayor amplitud de la sefial sismica (cm/s) 5 ArP
r=distancia estacién-fuente sismica (cm) Dr (cm*) =
P=periodo predominante de la sefial sismica (s) 4 21T

1.6.2.4 Mecanismos focales e inversion de ondasrstas

Para poder determinar los principales ejes de esfseinvolucrados en la actividad
volcénica, y con ello poder reconstruir las fuergésmicas implicadas en el proceso, se
trabajaron mecanismos focales [MF] con eventospyasentaran unill>3,0. Se utilizé el
programa SEISAN (Earthquake Analysis Software \6ersi0.0), generando finalmente 26
MF con 7 o més polaridades impulsivas. Con el psitpd@le lograr restringir de mejor forma
las soluciones (eleccion de planos nodales), s@leonentaron los resultados con la relacion
de amplitudes de las ondas S/P (Hardebeck y Sh2@d&). De igual forma, y considerando
ademas la participacion de fluidos magmaticos ydvokermales asociados a mecanismos
No-doble-Cupla [NDC] en su fuente, se calcul6 eistg&g de momento [TM] sismico,
utilizando inversiones de ondas sismicas. Las #iwees calculadas se realizaron tanto para
eventos de tipo VLP-HB como para sismos tipo VTs liaversiones se llevaron a cabo
utilizando ondas de cuerpo, las cuales fueron iiiltadas mediante el método de
polarizacion de ondas, utilizando para ello urrdilpasa bajos <0,25 Hz. El objetivo de
utilizar metodologias diferentes para el calculomizanismos focales se debe a que estas son
complementarias y por otro lado se busca validar resultados obtenidos mediante las
inversiones. El software utilizado para las invamses fue ISOLA versién 2013 (Sokos y
Zahradnik 2008). Este programa esta basado ertidees de deconvolucion punto-fuente

para ondas de cuerpo. El calculo de las funcioeeGreéen asociado al campo de onda total
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generado producto del comportamiento eldstico deddeza, se realizd siguiendo la
metodologia propuesta por Bouchon (1981). El temrmomento es calculado con el
método de minimos cuadrados. El tiempo de origenpgsicion espacial de la fuente puntual
(centroide) se buscaron entorno al hipocentraaditbado por VELEST. Luego de ingresar la
respuesta instrumental de las estaciones y definirmodelo cortical de velocidad de
propagacion para las ondas de cuerpo (P y S),ceedio a integrar el registro sismico, ya
que el programa ISOLA trabaja con sensores quemudsplazamientos y no con sensores
que miden velocidades. De igual forma, y para tmrar que la relacion sefial/ruido
estuviera por sobre los parametros necesariosipeedir las sefiales, se graficaron en el
dominio de la frecuencia y del tiempo, evitando gueegistro se distorsiona producto del
bajo coeficiente sefial/ruido. Finalmente, para @two de las inversiones se utilizé la
aproximacion a la solucién: “Gnico punto de origetérando cada 1 km desde 0,25 a 12,25

km de profundidad.

1.6.2.5 Parametro b

Debido a la gran cantidad de sismos relacionado®kproceso volcénico, su distribucion
temporal y la variada gama de magnitudes, se @nkiZDistribucion de la Frecuencia de
Magnitudes” (DFM) a través del tiempo, abarcandsddeabril de 2011 (fase pre-eruptiva),
hasta la emision de lavas silicea, involucrandoamplia gama de magnitudes en el proceso.
Con el objetivo de cuantificar y determinar lasraabas sismicas atribuidas a la erupcion, se
procedio a establecer la variacion temporal dedmpatro b -valug. El valor de b se calcul6
utilizando un script realizado por el geofisicol@é&niversidad de Concepcion Sr. Hugo Soto
durante el trabajo que realiz6 en el grupo de tig&son del profesor guia de esta tesis Dr.
A. Tassara. Se trabajé con un total de 1.750 sislmcalizados, con una magnitud de
completitud MC) de 1,6. Para el célculo de b, se utilizaron vesdade 125 sismos y un
overlap de un 75%. Con el objeto de poder validar los slafiilizados en el proceso, se

calculé ademas el error de b (estimacion de latideenbre) propuesto por Aki (1965).

1.7 Contenido de la tesis

Esta tesis consta de tres publicaciones, las dowegas fueron trabajadas como co-
autor, en las que se desarrollé un analisis siggiomdéespecifico centrado en dar respuesta a
un fendémeno particular del ciclo eruptivo que ssad®ll6 en el CVPCC durante el afio 2011.
El primer articulo hace referencia al analisis tdetnor cuasi-armoénico, el que se relacion6

con las tasas de emisiones de lava riolitica earfio a través del desplazamiento reducido
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(Dgr), valor inmerso en la sefal sismica del tremorsdégundo articulo intenta modelar la
deformacién que sufrié el CVPCC antes y despuda @eupcion, utilizando datos INSAR y
de GPS, y como esta deformacion se relaciona caetigidad sismica, sus localizaciones
tanto espaciales como temporales, sus fuentes gésmoas y las estructuras que participaron
del fendmeno eruptivo. De igual forma, con la ralzacion se logré calcular un nuevo
modelo de velocidades para el complejo, sugiriecambios reolégicos importantes, los
cuales facilitarian el alojamiento de magmas eraganas someras, resultados consistentes
con las observaciones realizadas con los datoségeond. Finalmente, el tercer articulo
(autor) esta centrado en entender los procesoTgnisNos que se generan en las erupciones
mas explosivas del fendmeno volcanico, fendmenbsepeente estudiados a nivel mundial.
En este trabajo se describioé detalladamente todetiidad sismica antes, durante y después
de la erupcion, individualizando sus principalesefa estableciendo las fuentes sismogénicas,
la evolucion espacio-temporal de la sismicidad, mecanismos focales asociados, la
evolucion del pardmetro b durante la crisis volcani se sugieren los posibles mecanismos
gue controlaron la erupcion. En la Ultima parteingsenta abordar la relacion entre terremotos
y actividad volcanica, ya que existe evidencia sugeren la participacion del terremoto del
Maule (Mw:8.8) como un fenémeno que aceleré el ggoceruptivo ya en gestacion dos afios
antes (2008-2009) para el CVPCC.

30



CAPITULO II: High effusion rates of the Cordén Caulle 2011-201&ruption (Southern

Andes) and their relation with the quasi-harmonic temor
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2.1 Resumen

Las altas tasas de efusién de lavas siliceasqrassr menos infrecuentes de lo que se
pensaba, en particular durante sus etapas eruptii@sles. En este estudio, reportamos
velocidades de descarga promediadas calculadasafidite para la fase efusiva 2011-2012
en el Corddn Caulle, las que muestran una buemalaoibn con la evolucion del temblor
cuasi-armonico, la sefial sismica mas significatiespués de la etapa explosiva inicial. Tal
correspondencia podria convertirse en un métodee giara la deteccion del inicio de las
fases efusivas, especialmente en &reas remotasnyyo nubladas, proporcionando una
herramienta adicional de advertencia efectiva g p@evaluacion de peligros y sus riesgos en
tiempo casi real.

Es importante destacar que el trabajo realizadcesta publicacion consistio en
identificar y clasificar el tremor cuasi-armonicaegse registré en toda la red de estaciones
durante la fase post-eruptiva (Fig. 3.2 b y c)apaego realizar un script en MatLAB que
tomara los parametros de: distancia, amplitud guigacia de la sefal sismica con los cuales
se calculo el Despazamiento Reducido de la sefidipdetremor (reduced displacement,

cuantificado en cf Fig. 2.3 a), herramienta que luego fue utilizawra establecer
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cuantitativamente tasas de emisién de lavas dafiti(ni/s). Debido a que esta sefial de
tremor podia tener variadas fuentes, adicionalmsntiefinid el tipo de onda de cuerpo (onda
p, Fig. 2.3 d) y adicionalmente se calcul6 el azi(angulo) de arribo de dicha onda para cada
una de las estaciones que componian la red, estelaabjetivo de identificar el origen de
esta sefial, la que fue consistente con la emigdavas localizadas desde el vent alojado en

superficie.

2.2 Abstract

High effusion rates of intermediate-to-high-silizavas seem to be less uncommon
than previously thought, in particular during thaiitial eruptive stages. In this study, we
report satellite-based time-averaged discharges rige the 2011-2012 effusive phase at
Corddn Caulle, which are well correlated with thelation of the quasi-harmonic tremor, the
most significant seismic signal after the initiapksive stage. Such a correspondence could
become a key method for detection of the onsetffosiee phases, especially in remote
and/or very cloudy areas, supplying an additional for effective warnings and near-real-

time hazard appraisal.

2.3 Introduction

Since Walker [1973] coined the term “effusion rafarther improved by Lipman and
Banks [1987], diverse methods have been proposedrder to obtain more rigorous
estimations of the rates at which the lava is euittn fact, during the past decade they were
grouped, for example, in model-based measuremeatsme-based measurements, sulphur
flux based measurements, deformation data, and ise@smd thermal approaches [Harris et
al., 2007, and references therein], where volunsedamplies changes in volume over a

known time interval.

Intrinsically linked to the growth of a lava bodwadge, 1978; Pieri and Baloga,

1986; Swanson and Holcomb, 1990; Stasiuk and Jaup2®7], measurement of effusion
rates allows to constrain mass flux out of the shafleeder system and to assess/model the
dynamics of the effusive behavior [Wadge, 1981; IDger, 1997; Harris et al., 2000].
Accordingly, effusion rate is a crucial parameter inderstanding of the eruptive style and
lava flow dynamics during ongoing eruptions and&seasing the most likely hazards posed
by an active flow [Kilburn et al., 1995; Tanguy &t 4996; Sparks et al., 1998; Calvari et al.,
2003; Harris et al., 2007]. Other useful terms Engption rate and Mean output rate [Harris
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et al., 2007]; the former strictly related to tiéat volume of lava emitted since the onset of
the effusive phase and divided by the elapsed tivhde the latter is the final volume of lava

divided by the total duration of the eruption.

The effusive behavior of many of the most actieécanoes worldwide has allowed
accurate estimates of effusion rates. In fact, nsnglies have been carried on Etna [Wadge,
1978; Guest et al., 1987; Harris et al., 2000; idaand Neri, 2002; Behncke and Neri, 2003;
Calvari et al., 2003; Andronico et al., 2005; Burtet al., 2005; Mazzarini et al., 2005],
Kilauea [Richter et al., 1970; Jackson et al., 1%Wanson et al., 1979; Tilling, 1987;
Rowland and Munro, 1993; Harris et al., 1998], kagfHarris et al., 2000], Piton de la
Fournaise [Battaglia et al., 2005], Okmok [Patritkal., 2003], Fernandina [Rowland, 1996],
and Stromboli [Harris et al., 2000; Calvari et 2D05]. Many of these studies are focused in
basaltic and basaltic andesite volcanoes, but bnedance decreases dramatically for more
SiO2-rich magmas. Consequently, a few studies eafobnd for more evolved magmas as
those erupted from Soufriere Hills [Sparks et 098], Santiaguito [Rose, 1973; Harris et al.,
2002, 2003], St. Helens [Anderson and Fink, 1990k et al., 1990], Unzen [Nakada et al.,
1999], Chaitén [Pallister et al., 2013a], Meragl[Bter et al., 2013b], Augustine [Coombs et
al., 2010], and Redoubt [Diefenbach et al., 20Effusion rates as high as ~13¥mand
~400m’s have been measured for Etna 1981 [Guest e1987] and Klauea 1959-1960
[Richter et al., 1970] eruptions, respectivelyhaligh for those basaltic centers their mean
output rates have been estimated as 3AiSfor the former [Harris et al., 2000] and ~2sn
for the latter [Swanson et al., 1979; Tilling, 19&0obwland and Munro, 1993]. Conversely,
good statistics are scarce for silicic centers, thiedmost reliable values are ~6%snfor flow
[Kilburn et al., 1995; Tanguy et al., 1996; Spaetsal., 1998; Calvari et al., 2003; Harris et
al., 2007]. Other useful terms are Eruption rate iean output rate [Harris et al., 2007]; the
former strictly related to the total volume of lagmitted since the onset of the effusive phase
and divided by the elapsed time, while the latsethie final volume of lava divided by the
total duration of the eruption. Chaitén 2008 [Radii et al., 2013a] and less than 4@nfor
Augustine 2006 [Coombs et al., 2010], Redoubt 26fenbach et al., 2012], and Merapi
2010 [Pallister et al., 2013b] eruptions. Thosehhiglues seem to be more common than
previously recognized, particularly during the islitphases [Pallister et al., 2013b].Which is
remarkable is that most of these values have be&ined in the last 5 years, suggesting that
they are linked to advances in some measuring iggés (e.g., volume and sulphur flux-

based measurements, deformation data, and seismitharmal approaches [Harris et al.,
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2007]). Consequently, the rhyolitic composition tbe lava flow field emitted during the

Corddn Caulle 2011-2012 eruption [Castro et all,320together with a reliable sequence of
satellite images and seismological data, indeedesemts a key opportunity to estimate
effusion rates and recognize signals of the exypdssifusive transition, a key issue for silicic
eruptions [e.g., Eichelberger et al., 1986; Wooudld Koyaguchi, 1994; Adams et al., 2006;
Degruyter et al., 2012; Schipper et al., 2013; ast al., 2014].

Concurrently, volcanic tremor has been descrilpechany eruptions worldwide [e.g.,
Yamaoka et al., 1991; Kawakatsu et al., 1992; MtN992; Falsaperla et al., 1998; Cannata
et al., 2010; Téarraga et al., 2014] although défermechanisms have been proposed for its
source. The classical model developed by Aki ef1877] describes tremor as generated by
the vibration of cracks filled with magma and driviey the excess of magmatic pressure,
triggering a sudden jerky extension of the cradk¢hé tensile strength varies spatially.
Conversely, Chouet [1981], Fehler and Chouet [19&®2]d Chouet [1988] proposed a
hydraulic transient pressure origin (either magmati hydrothermal) within a crack or
conduit. Another possibility that should be consadkis related to a complete masking of the
tremor source by conduit resonance, as was notddeijinger and Moran [2014] during a
noneruptive tremor episode at Mount St. Helens @®42 which was finally linked to
cataclastic deformation along the conduit wall. dwingly, it was first established that the
nature of the tremor effectively pointed out tahalfow source and, subsequently, an effusive

behavior was directly observed.

An example of the use of volcanic tremor to estemeffusion rates can be found in
Battaglia et al. [2005], who observed a quadratiation between both lava flow rate and
tremor source amplitude during eruptions of theat@sPiton de la Fournaise volcano. In
fact, their best estimations were done using sughaalratic relation for frequencies below 5
Hz, obtaining volumes 15% and 30% lower than tHedd measured for the July—September
1999 and February 2000 eruptions, respectively. éd@wn that method does not explain the
large amounts of magma erupted at the beginninigodf eruptions, probably due to local
processes (e.g., geometry changes of the conduit),hence, tremor amplitude would be

useful to estimate effusion rates through longeetscales.

As counterexamples, propagation of opening fissduesg eruptions reported by Aki

et al. [1977] and Aki and Koyanagi [1981] was not@npanied by any seismicity, showing
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that in some cases (generally basaltic lava fonmg) the correlation of lava flow rate and
the tremor signal is poor. Additional problems arizecause of many moderate-to-highly
uncertain variables, such as channel shape, jaikgk cextension, conduit width, transient
pressure fluctuations, and gas-bubble fraction. vicddathose uncertainties, we propose here
an approach using the steady cumulative reducquadmment [after Aki and Koyanagi,
1981] from the quasi-harmonic tremor in a 1 h timedow.

Finally, there is strong evidence that tremor atugk depends on fluid viscosity and
the source area [Chouet, 1988], suggesting thatasionship between reduced displacement
and lava flow rate, as proposed here, could be mareessful if meets some conditions, such
as shallow source and viscous magma. Those regemtsmvere satisfied during the 2011—
2012 Cordon Caulle eruption [Castro et al., 20%8]a reliable correspondence between both
parameters can be found in order to recognize tian= in the lava flow rate and to firmly
establish the beginning of the effusive phase.

2.4 Time-Averaged Discharge Rates Estimated From gadlite Data

Here we used panchromatic and radar satellite enyago delineate the lava
emplacement between June 2011 and August 2012airttectonic depression of known
volume and without signatures of surface ruptureadume change. Previous studies have
been carried out at Augustine, Etna, Mauna Iki, @kdhok volcanoes, but preferably using
panchromatic or thermal data to obtain the lavapimology, so the volume was calculated
either knowing areas and heights or by means odcal Idigital elevation model [e.g.,
Rowland and Munro, 1993; Harris and Neri, 2002yiBlatet al., 2003; Coombs et al., 2010].
Here we considered that the lava volume is givertheyfill volume into the depression,
calculated using a preeruptive Advanced Spacebdimermal Emission and Reflection
Radiometer (ASTER) Global Digital Elevation Modeérsion 2 [Advanced Spaceborne
Thermal Emission and Reflection Radiometer GlobaljitBi Elevation Model Validation

Team, 2011] with a spatial resolution of ~30m foe study area.

Satellite imagery consisted of 20 Strip Map TeARSX (from12 June 2011 to 11
August 2011), seven panchromatic Advanced Land ém&grth Observing-1 (from 31 July
2011 to 26 January 2012), and two panchromaticispaittral WorldView-2 images (for 10
April 2012 and 27 August 2012). All these imagesered 14 months since the beginning of
the effusive phase and had a frequency of ~3 dayshé first 60 days and ~2months for the

35



next year. All images were processed in ArcMafj k0order to obtain shape files, which
allow area-covered estimations (Figure 2.1). Fillumes were calculated with Global
Mapper 18 coupling each shape-file with the ASTER Global BigiElevation Model
version 2, assuming a constant edge thickness a&f 35m for the lava as measured in the
field [e.g., Tuffen et al., 2013]. In addition, ita& assumed that the top of each fill volume
consisted in a flat surface, which height was defimethe edge thickness and confirmed as a

good approach by field inspection.

Effusion rates were measured as the differencengmwo consecutive volumes
divided by the elapsed time (units iri/s Figure 2.3a). According to Harris et al. [200Hjs
procedure corresponds to “time-averaged dischags™, whose benefits include smoothing
of any short-term variation that could be nonrepnéstive for the long-time effusive activity
[Bailey et al., 2006]. Uncertainties were managedsadering limit values of the estimated

volumes, which include the 2.5m error on the thadshat the edge.
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Figure 2.1 Map showing lava flow extent throughout 14 monifise flow filled initially a NW-SE
tectonic depression. Then, by October 2011, thea laverstepped that and started to flow
northeastwards through a narrow channel. A mapggibnal location is shown in the inset. Fuente:
Bertin et al. (2015).
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Figure 2.2 Seismic network before and during the Cordén @a20111-2012 eruption. The 2011 vent
is highlighted as a red triangle. The stations vggeiped considering their start-up. PHU depicés th
closer station to the vent (~8 km), in which alkthnalysis were performed and consists in a
broadband (30 s) Guralp CMG-6TD seismometer. Fuéntente: Bertin et al. (2015).

2.5 Observation of Tremor
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Puyehue-Cordén Caulle Volcanic Complex and Cati@smVenados distributed field
[Lara et al., 2006] began to show some variableepa of shallow seismicity since 2007. By
that time, seismological network installed arouhd tomplex by the volcano observatory
(OVDAS, the Southern Andes Volcanic ObservatorBRNAGEOMIN) was composed by
four broadband (30 s) stations (two near-field amd far-field). Between 2007 and early
2011 three near-field broadband stations were addadiFebruary 2011, clear unrest was
detected with an epicentral area on the northem @& Corddén Caulle, consisting of
volcanotectonic (VT), long-period, and hybrid evgrévolving to a more intense and shallow
seismicity on April 2011. Since 3 June 2011, setsattivity increased vigorously both in
number of events and magnitude, together with rtigraof the epicenters to the area where
the active vent appeared. Such an increase of m#igrtasted until the beginning of the
explosive eruption on 4 June 2011 (18:45 UTC), p@ocompanied by surface deformation
up to 10 km away from the vent [Jay et al., 20T4jree more near-field broadband stations
were quickly installed, completing eight near-fialdd two far-field seismic stations (Figure
2.2).

Once the explosive phase had begun, a sharp decoéd/T seismicity was recorded
and a spasmodic tremor started to emerge beingoiminant component of the signal since 6
June. On 15 June at 19:00 UTC, a quasi-harmoniatravas recorded (Figures 2.3b and
2.3c), which was associated with the onset of thesiwe phase [Cardona et al., 2012]. Lava
flow was actually confirmed on 17 June by a Strip MapraSAR-X image and later on 20
June by an overflight once the eruptive column dedli
2.6 Results

During the effusive phase, quasi-harmonic tremloowed a maximum reduced
displacement equal to 195 €iFigure 2.3a) with a dominant frequency of 1.0 &l three
subdominant peaks in 2.0, 2.9, and 3.8 Hz, showimgodulated pattern most of the time
(Figures 2.3b and 2.3c). Since quasi-harmonic agies were common at all the stations, it
was inferred that they were associated with a comsmurce. Along the entire effusive
phase, tremor particle motions showed a P waveraatith incidence angles close to 90°
(Figure 2.3d), pointing out to a shallow source dmwng consistent with the observed
effusive behavior. Furthermore, there were virgalb changes with respect to the dominant
frequency. Accordingly, among the many models psegofor volcanic tremor worldwide

[Alparone et al., 2003, and references thereird,dhta presented here suggest that this quasi-
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harmonic tremor was caused by oscillations of wulcdayers from moving magma [Omer,
1950].

On the other hand, the highest time-averaged digeh@te reached 72.1 + 5.8m
and was obtained 8 days after the onset of thesigéuphase. During the first 20 days,
eruption rate averaged 56fs and mean output rate, obtained once the eruptidnfinished
by mid-2012 [Tuffen et al., 2013], was 16.7 + 0%Bn Such a high discharge rate can be
appreciated more properly considering other efiisgvuptions worldwide plotted against
their silica content (Figure 2.4).
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Figure 2.3 (a) The maximum reduced displacement irf caiculated in a 1 h time window (red line)
and the time-averaged discharge rate fiisniblack dotted line). (b) The velocity seismograim
tremor with its related spectrogram (c) highlightithe quasi-harmonic pattern. (d) A polarization
analysis of the tremor within the dominant frequerfeHU denotes the closer station to the vent (-8

km), as can be seen in Figure 2.2. Fuente: Elackiprgropia.

2.7 Discussion
A lava body filling a depression (Figure 2.1) gee excellent chance to obtain

volumes without any other rough estimation. The&etatogether with good satellite imagery,
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allowed us to obtain a time series of dischargesraufficiently robust to compare with the
time series of reduced displacement.

Figure 2.3a shows good correlations on large-todiridcale, mostly during the first 2
months when both parameters decreased to valusrsthéit were maintained by another 2
months. A small reactivation occurred between mate®er and mid-November 2011, with
short-lived eruptive columns of ~3300m above sealleThat behavior was accompanied by
an increase of the reduced displacement and isaiemly linked to subtle higher discharge
rates. On smaller scales, however, there are fsigiyificant discrepancies, especially during
the first 45 days, strongly suggesting that redulisplacements are not exclusively reflecting
discharge rates. Indeed, there are some proce$ses tvarmonic or quasi-harmonic tremor is
identified without lava flow emission. For exampl@star volcano showed in April 1994 a
harmonic tremor characterized by narrow and repetipeaks at a same frequency, which
were explained as movements of shallow water argises [Hellweg, 2000]. Those peaks
can also be generated by nonlinear flow-inducedlatans inside the channels transporting
magmatic fluids, though seems to be more likely tmuo in low-silica rather than
intermediate-to-high silica eruptions [Julian, 1P9¥dditionally, Galeras volcano showed in
1991 short episodes of harmonic tremor with a specttmarked by narrow peaks separated
by a constant frequency interval, which suggesinmast excitation of a narrow conduit filled
with gases and producing steady degassing on suf@it and Chouet, 1997]. Furthermore,
some discrepancies can also be rooted within tfiereint temporal lapses inherent to both
parameters. In fact, reduced displacement was radgtaevery hour while time-averaged
discharge rate, in the first 2 months, was obtairstdg satellite imagery spaced by ~3 days,
implying that each estimate of discharge rate ®w&2 counts of reduced displacement, and
hence, the bigger the time lapse considered fotithe-averaged discharge rate, the bigger
the discrepancies. Another issue that should bsidered is the standard deviatiors Y bf

the discharge rate, which is bigger at shorter tepses.
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Figure 2.4 Effusion rates for 22 volcanic eruptions plottegiast their silica content. Cordén Caulle
and Chaitén effusion rates belong to both high@rs&in rates and silica content. Extremely high
effusion rate measured foiluea 1959-1960 eruption (~40Us) is plotted outside the figure. Some
effusion rates are based on Pallister et al. [2DIBaptions plotted are auea 1959 [Richter and
Eaton,1960; Macdonald and Katsura, 1961], Etna J€8fest et al., 1987], Piton de la Fournaise
1998 [Villeneuve, 2000; Vigouroux et al., 2009] rik@ndina 1988 [Rowland, 1996; Allan and Simkin,
2000], Stromboli 2002 [Calvari et al., 2005; Laedial., 2006], Kraflal975[J6nasson, 1994; Harris et
al., 2000], Okmok 1997 [Patrick et al., 2003; Larst al., 2013], La Palma 1971 [Praegel and Holm,
2006],Merapi 2010 [Surono et al., 2012; Pallistesle 2013b], Augustine 2006 [Coombs et al., 2010;
Larsen et al., 2010], Lamington 1951 [Arculus et 8983], Tarumai 1909 [Ishikawa, 1952], Soufriére
Hills 1995 [Devine et al., 1998; Sparks et al., 89Redoubt 2009 [Coombs et al., 2013], St Helens
1980 [Swanson et al., 1987; Fink et al., 1990]ddmit 1953 [Coombs et al., 2000], Santiaguito 1922
[Harris et al., 2002], Unzen 1990 [Nakada and Maimil999; Nakada et al., 1999], llopango 1879
[Richer et al., 2004], Cordén Caulle 1960 [Laralet2004], Corddén Caulle 2011 [Castro et al., 2013
and Chaitén 2008 [Pallister et al., 2013a]. FueBéstin et al. (2015).

At the end of 2011, despite the reduced displacémar near the background noise,
the end of the eruption could not be establishedogeause of the time-average discharge
rates still reaching 20#s (Figure 2.3a). In fact, the lava was still pagriout of the vent
during January 2012 [Schipper et al., 2013; Tuffeml., 2013] and the lava supply actually
ceased by mid-2012 [Tuffen et al., 2013]. By Aug8t2, satellite imagery still showed
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increases in the lava flow area (Figure 2.1) bubh sl@anges were probably not produced by
eruptive activity but by gravitational rearrangenseof the blocks at the lava front [Tuffen et

al., 2013], causing spreading without significantwte increase.

The highest effusion rates obtained here (<7§jmare surprisingly similar to that
estimated for the Cordon Caulle rhyodacitic fissaraption in 1960 [Lara et al., 2004,
Pallister et al., 2013a, and references thereinjthErmore, considering both effusion rates
and silica content for 22 eruptions worldwide (Fg2.4), the values here obtained confirm
that high effusion rates are not only restrictetbte-to-intermediate silica eruptions [Pallister
et al., 2013b]. This is not a coincidence but alltesf recent advances in several estimation

methods.

2.8 Concluding Remarks

There are many volcanoes worldwide for which, tlueeographic and/or extreme
weather conditions, it would be impossible to daefiable estimation of time-averaged
discharge rates. Here we propose a suitable agptoaestimate them indirectly using data
provided by tremor characterization (e.g., ampktughd dominant frequency, and hence
reduced displacement), which can be easily measlmeéeed, in the same way as Battaglia et
al. [2005] found empirical relations between trermource amplitude and lava flow rates, we
have observed a general relationship between rdddisplacements of the quasi-harmonic
tremor and time-averaged discharge rates, for wimtevident large-to-middle scale
discrepancies arise, suggesting that reduced deplent can be used as a proxy of effusion
rate throughout the entire eruptive cycle withimperal lapses larger than the average time
interval between two consecutive satellite imadestucial requisite for such a relationship is
the absence of other tremor sources, which coddyme fairly significant discrepancies.

Time-averaged discharge rates up to #6rand eruption rates of ~56ts at Cordén
Caulle show that high values would be more comnwnsilicic eruptions than previously
thought, especially during their early stages,tssauld be worth to focus efforts to survey
the first 30 or 60 days of a given silicic effusemiption because of the direct implication on
a more accurate hazard assessment, effective warrand crisis management. Finally, being
most of case studies of effusion rates for fisstorgdunctual basaltic eruptions, here we have
expanded to rhyolitic eruptions, settling a preceédmward a unified model of effusive

eruptions, especially those accompanied with vaécaamor.
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3.1 Resumen

El Complejo Volcanico Puyehue-Corddén Caulle (PCG\&S uno de los mejores
ejemplos de control tectonico y volcéanico en la &Afolcanica Sur de los Andes (sur de
Chile). EI PCCVC comprende varios centros volcasicon magmas ricos en Si@lojados
en la interseccion de la zona de falla Liquifie-O{§OFZ) y una estructura del basamento
heredado de rumbo NW-SE. EI PCCVC comenzé con wi®n explosiva el 4 de junio de
2011, causando una deformacion de la superficimaa ascala métrica, la que logré ser

observada por una serie de satélites ASAR de Hnvidadelamos estos datos y los
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complementamos con series de tiempo de dos estscibe GPS continuas y ademas con
sismicidad registradas por una red local del Olagerio Volcanoldgico de los Andes del Sur,
OVDAS. La deformacion durante los primeros tres di@ la erupcién pudo ser modelada por
dos fuentes puntuales alineadas con el graben NWeSEordon Caulle y por un dique de
cierre con un componente significativo de movinoeliateral izquierdo a lo largo del graben.
Finalmente, estos modelos se discutieron con ras@esus implicaciones en la reologia
propuesta y el mecanismo de la erupcion. Las ohsemes de GPS cerca del complejo
volcanico revelan un efecto adicional mas localizaelacionado con la LOFZ al sur del
complejo. La deformacion co-eruptiva en las priatgg estructuras geologicas del PCCVC
son consistentes con la sismicidad relocalizadguéase concentra principalmente a lo largo
del Graben del Cordén Caulle y en el lado occidetdgda LOFZ.

Es importante destacar que el trabajo realizadcesta publicacion consistio en
relocalizar toda la actividad sismica (sismos ¢@e T y HB) registrada por la red de
estaciones de OVDAS (Fig. 3.1) generada durantespufs de la crisis volcanica (abril
2011- abril 2014) para poder entender e interprigtaevolucion espacio-temporal de la
sismicidad utilizando los sismos de mejor calidéy.(3.7). Para llevar a cabo este trabajo
fue necesario realizar un filtro de la actividashsca (elegir las mejores localizaciones), para
asi calcular un nuevo modelo de velocidades (Taf2pque se ajustara de mejor manera a la
realidad reolégica del CVPCC, ya que durante laicrle 2011 se utiliz6 un modelo de
velocidad regional. La relocalizacion de los sisnhas origenes involucrados (sismos VT v/s
sismos HB) y su disposicion tanto espacial comopteal, nos dio la posibilidad de
identificar fases asociadas con diferentes fenOmenicanicos y establecer finalmente las
estructuras (fallas) que participaron en la ruptamgracion y posterior erupcion, el rol de
estas fallas en el tiempo y sugerir un posiblerves® magmatico (discontinuidad asociada

con un cambio brusco de velocidades), el que fasistente con los datos de GPS e InSAR.

3.2 Abstract

The Puyehue-Corddn Caulle Volcanic Complex (PCCM®@ne of the best examples
of tectonic control on volcanism at the Southernicdnic Zone of the Andes (southern
Chile). The PCCVC comprises several volcanic centhtat erupted dominantly Si@ich
magmas at the intersection of the trench-paralielifie-Ofqui Fault Zone (LOFZ) and an
inherited NW-SE basement structure. The PCCVC bemjarexplosive and later effusive

eruption on 4 June 2011 causing decimetre- to nse@mke surface deformation that was
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observed by a series of Envisat ASAR satellite sselWe modelled this data and
complemented it with time series of two continu@RS stations and seismicity recorded by
a local network. Deformation during the first thiageys of the eruption can be modelled either
by two point sources aligned with the NW-SE Cor@aulle graben or by a closing dike with

a significant component of left-lateral motion ajotine graben. These models are discussed
with respect to their implications on the estimateeology and the eruption mechanism.GPS
observations near the volcanic complex reveal aitiadal, more localised effect related to
the LOFZ in the south of the complex. Coeruptivdodeation at the main geological
structures of the PCCVC is further supported bgaaied seismicity, which is concentrated
along the Corddn Caulle graben and to the westdena§ the LOFZ.

Keywords
Radar interferometry, Volcano seismology, Remotesisg of volcanoes, South America

3.3 Introduction

Puyehue-Cordén Caulle Volcanic Complex (PCCVC, Bid) is a long-lived active
centre in the Southern Andes that has eruptedtbasathyolites since the Middle Pleistocene
(Lara et al., 2006; Singer et al., 2008). PCCVdoisned by three juxtaposed volcanoes
(Cordillera Nevada caldera, Corddn Caulle fissystesn and Puyehue stratovolcano) located
to the NW of the intersection between a major theparallel fault system (the Liquifie-Ofqui
Fault Zone, LOFZ) with an old NW-SE basement strret((Cembrano & Lara 2009). The
volcanoes were active coevally during an earlyestiagt activity focused on Cordon Caulle
and Puyehue since the Late Pleistocene. Time-as@ragiptive rates (0.42 Rfkyr) are one
of the highest in the Southern Andes (Singer et 2008). The Holocene evolution is
characterised by a remarkable emission of silicA-magmas (~70 % SyDsourced at both
Corddn Caulle and Puyehue (Lara et al., 2004).rAdteone-destruction stage on Puyehue
volcano at ca. 1.09 kyr, activity concentrated gl@ordén Caulle system with a number of
rhyodacitic domes and lava flows. Historical eraps of 1921 and 1960 were sourced along
the Corddn Caulle fissures with multiple vents @ at al., 2006). The 1960 event is thought
to be a classic example of remote triggering calmsed nearby subduction earthquake, the
giant Mw9.5 Valdivia earthquake that occurred 3@rsobefore the eruption (Barrientos &
Ward 1990; Lara et al. 2004).
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The most recent eruption started explosivelyone 011 after 2 months of shallow
seismicity (Bertin et al., 2015). The phase of nintnse explosive activity lasted for about
72 hours, when ca. 0.96 Rrof tephra was erupted(0.75 ke first two days) as estimated
by Pistolesi et al. (2015)based on a detailedigtegthic analysis aided by satellite imagery.
Considering the upper bound value of 750 Kgfior density of the juvenile fragments
measured by these authors, the corresponding dkyequivalent (DRE) volume of the tephra
would be 0.27 krh

After several days of waning intensity of the egive phase, an effusive stage started
on 15 June at very high rates that peaked near7Zamweek later (Bertin et al., 2012; Tuffen
et al., 2013). Effusion rates then gradually desedaover subsequent months and the eruption
terminated between June and August 2012 with &korof erupted lava (Bertin et al.,
2012). Summing the DRE volume of the explosive phaisd this volume of lava, the total

erupted volume was ca. 0.77 km

Lava and tephra deposits of the eruption have beatysed to derive properties of the
magma and its pre-eruption conditions (Castro et28l13; Jay et al., 2014; Alloway et al.,
2015). Particularly, major and trace element arsysf Alloway et al. (2015) point to three
distinct magma bodies contributing to the eruptiamjch these authors suggest could be
structurally controlled by the complex spatial asation between the NW-oriented PCCVC
and the LOFZ. In addition, analytical and experitaépetrologic results presented by Castro
et al. (2013) suggest that the hybrid activityred eruption (combining explosive and effusive
phases) was likely fed by a dike allowing simultaune eruption of variably degassed magma

patches.

A possible structural control on this eruptionrg#srred by these authors fits perfectly
into the geological context of the PCCVC and suggekat poorly studied but largely
dangerous eruptions of viscous acidic magma coeldnbre likely generated under such
control. Indeed, the only other well-documentedrid/facidic eruption occurred in 2008 at
Chaitén volcano in Southern Chile and was contrdtig active structures of its basement as
demonstrated by modelling surface deformation dr by Interferometric Satellite
Aperture Radar (InSAR) images (Wicks et al., 204d4)l Global Positioning System (GPS)
observations (Pifia-Gautier et al., 2011). Howesimnjlar studies on Cordon Caulle eruption

2011 (Jay et al., 2014; Bignami et al., 2014) did consider an explicit control of crustal
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structures on co-eruptive surface deformation olegkby INSAR, but used point sources
embedded in an elastic medium (Mogi 1958) to meldeldeformation (Jay et al., 2014). In
this contribution, we model SAR interferograms bexdw February and December 2011 using
Mogi point sources and alternative dike-like soarge an elastic medium (Okada 1985),
which we combine with continuous GPS data and lpa&corded seismicity in order to
evaluate the possible control exerted by the siratgrain below PCCVC on the onset and

evolution of its recent eruption.

3.4 Previous studies on surface deformation at PCQY

Deformation patterns of volcanoes have been dualyeInSAR in the phase of stress
accumulation (e.g. Pritchard &Simons 2004a; Foureiel., 2010 for the Southern Andes) as
well as during eruptions (e.g. Froger et al., 20Bigs et al., 2010; Wicks et al., 2011).
Previous InSAR-based studies for volcanoes of thettrn Volcanic Zone (SVZ) of the
Andes recognised a notable surface deformatiorC&W years before the 2011 eruption.
Pritchard &Simons (2004a) using ERS data from 1886 1999 observed a subsidence
equivalent to a rate of about 3 cm/yr, in a regiomciding with the NW-oriented Cordon
Caulle graben at its intersection with the Corddl&levada Caldera. Fournier et al. (2010)
observed inflation of the same region whose rateessed from about 1 cm/yr in 2003-2005
to almost 20 cm/yr in 2007-2008. This surface defation signal was attributed to a volume
increase of 0.06 kirdistributed among 2 point sources at 7 km and 4lkpth coinciding the
first with the intersection of the graben with tedera rim and the second at the centre of the
graben near the 2011 eruptive vent. Pritchard .e28l13) analysed the effect of the 2010
Mw 8.8 Maule earthquake on SVZ volcanoes findingetemic subsidence at several

volcanoes within 300 km of the epicentre.
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Figure 3.1 Tectonic setting of the Puyehue-Cordén Caulle sioic Complex (PCCVC). A) Location
of the study area in the Chilean Southern Andesefsttriangles show seven of the 16GPS stations
used in the GPS processing. B) Digital elevatiordeh@f the SRTM-3, white rectangle marks the
Envisat scene (white arrow labelled LOS indicaties line-of-sight direction), main faults and
lineaments are mapped in orange, Liquifie-OfquitR2amhe (LOFZ) extracted from the literature (e.g.
Lara & Moreno, 2006), red star: the location of Weat activated during the June 2011 eruption,rgree
triangles: continuous GPS stations installed ddigs ¢he eruption, yellow and red triangles: sesmi
stations installed before and after the start ef éhuption. The yellow box marks the extent of C)
Detail of the PCCVC showing the distribution of daffows generated during the eruptions of 1921,
1960 (Lara et al., 2006) and 2011 (see e.g. Batiml., (2015) for a detailed analysis of lava
emplacement). Note their coincidence with NW stizes$ forming the walls of the Cordon Caulle
graben. Fuente: Wendt et al. (2017).

The PCCVC is located at a distance of 500 km batved an abnormal uplift signal of about
10 cm within a month of the earthquake. Previo®AR analysis of the 2011eruption has shown that
it was accompanied by a large subsidence centré@iGordillera Nevada caldera with a smaller peak
west of Puyehue volcano just at the beginning efetuption (Jay et al., 2014; Bignami et al., 2014)
Jay et al. (2014) used point sources embedded mamtic medium (Mogi 1958) to model the co-
eruptive surface deformation as produced by irl thtae deflating sources at depths between 3 and 6
km, which are consistent with the depth range edtohfor the pre-eruptive magma reservoir based
on their petrological analysis. Two of these coptie sources showed signs of inflation since 2007.
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Additionally, Jay et al. (2014) analysed the gasteot of the erupted lava in order to estimate the
compressibility of the magma, which is necessanglate the modelled volume change the depth with

the actually erupted volume.

3.5 Data and Methods
3.5.1 InSAR Processing

We analysed Envisat ASAR Image Mode data acqlieddeen February and December 2011
(Table 3.1) that cover the months before and d#fteronset of the eruption. Scenes were recorded in
ascending orbit in image swath 1S6 with a highdecice angle of about 41°. Therefore, they exhibit
less distortion of layover and foreshortening trdatia taken at steeper incidence angles. Since
differential interferograms are sensitive to defation, topography and atmospheric refraction, these
effects have to be accounted for. While the eféédbpography in the interferogram depends on the
perpendicular baseline Bn between the acquisitiodeformation directly translates into
interferometric phase scaled by the radar wavelerigr Envisat ASAR data one fringe — a phase

change of Zt — corresponds to 2.8 cm of deformation along #tellite line-of-sight direction (LOS).

Datel Date2 Interferogram Bn[m] Ha [mM]
2011-02-07 2011-03-09 | 2011-02/2011-03 45.7 335.3
2011-03-09 2011-04-08 | 2011-03/2011-04 230.0 66.6
2011-04-08 2011-05-08 | 2011-04/2011-05 -240.8 -63.6
2011-05-08 2011-06-07 | 2011-05/2011-06 -98.4 -155.7
2011-06-07 2011-07-07 | 2011-06/2011-07 153.2 100.0
2011-07-07 2011-10-05 | 2011-07/2011-10 -265.2 -61.1
2011-10-05 2011-12-04 | 2011-10/2011-12 150.7 108.2

Table 3.1List of Envisat scenes over PCCVC used in thighstThe table lists the dates of the two
acquisitions, the name of the interferogram usethintext, the perpendicular baseline Bn and the
height of ambiguity Ha. Fuente: Wendt et al. (2017)

Interferometric analysis of the Envisat data wasedwith the Gamma software (Werner et
al., 2000). From each consecutive image pair, &réifitial interferogram with the shortest

possible time span was computed (Fig. 3.2) omittioguisitions from August and September
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that showed low coherence probably caused by wet siover. Differential interferograms
were processed with 1x5 looks in range and azirditction, filtered by an adaptive filter
based on the local fringe spectrum (Goldstein & WMéer1998) and masked using a coherence
threshold. These interferograms forma time serifesonsecutive time steps covering the
months before and after the onset of the eruptidme topographic component of the
interferometric phase was removed using the Digitalation Model SRTM-3 derived by the
Shuttle Radar Topography Mission in 2000 (Farrlgt 2007). Perpendicular baselines range
from 18 m to 265 m (Table 3.1) resulting in diffietaensitivities to topography. Even for the
interferograms with the largest baselines, the litead ambiguity Ha equivalent to a phase
change of 2 in the interferogram amounts to about 60 m. Thainal accuracy of the SRTM
topography is in the order of 6 m (Rodriguez et &006), although higher errors can be
expected in areas of high relief such as volcanGesverted into deformation this nominal
height error corresponds to about 3 mm in LOS, tvigca negligible fraction (less than 2 %)
of the observed signal in the interferograms dutiregeruption. In contrast to the topographic
contribution that can be corrected reliably, théedf of tropospheric refraction is more
difficult to assess. Therefore, we use the avalgive-eruption interferograms (Figure 3.2 A-
C) to estimate the magnitude of the tropospherfecef although there could be more
pronounced differences in atmospheric conditioas ttampled in these three interferograms.
The resulting phase signal seen in interferogra@kl-02/2011-03 and 2011-03/2011-04
(Figure 3.2 A, B) that is correlated with elevatisntypical for a phase delay caused by the
propagation through a layered atmosphere resubtirggdifferential signal between the base
and the top of a topographic feature (e.g. Beaddefcal., 2000). At Llaima volcano also
located in the Southern Volcanic Zone, Remy e(2115) observed a vertical phase gradient
of up to 35 mm/1000 m related to precipitable watgpour. The two fold phase pattern of
* one fringe (2.8 cm in LOS) in the northern pdrthe April interferogram 2011-04/2011-05
(Figure 3.2 C), that was interpreted as deformatisignal by Jay et al. (2014), is not
correlated with topography and is thus more diffita attribute unambiguously to either a
tropospheric or deformational signal. In any cdsis, neither clear subsidence nor uplift, and
its amplitude does not exceed significantly thenaign the other pre-eruptive interferograms.
The root mean square in these interferograms igdtide of the uncertainty caused by
unmodelled effects. RMS values of 0.40 fringes40i@nges and 0.76 fringes for 2011-
02/2011-03, 2011-03/2011-04 and 2011-04/2011-CGpewtively, convert to a deformational
signal in LOS of 11 mm, 10 mm and 21 mm, thus twdecs of magnitude less than the

signal observed in the interferogram 2011-05/208 Banning the beginning of the eruption
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(Figure 3.2D). The deformational signal in thiserfiérogram with dense concentric fringes is
clearly restricted to the volcanic complex, wheréaes lowland in the west shows almost
constant phase.
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Figure 3.2 Envisat differential interferograms of PCCVC, uppew: pre-eruptive interferograms
showing good coherence on the plateau and maiopospheric signal, middle row and lower row:
co-eruptive interferograms all showing deflationtloé edifice. The eruptive vent is marked by a star
in D) together with the outline of the ash plumattis only visible in the amplitude image acquiced

6 JuneFuente: Wendt et al. (2017).

Interferograms after the start of the eruption shawconsiderable reduction in
coherence with respect to pre-eruptive scenes.dEnsest part of the ash plume is faintly
visible in the amplitude image taken three daysratfie start of the eruption (background of
Fig. 3.2D, ash plume trace towards the SE of thve vent marked in black). Nevertheless, the
incoherent part is considerably larger and stretéheghe upwind direction, meaning that the
ash plume is not solely responsible for decormfatihe loss of coherence is rather attributed
to the high fringe rate near the centre of the uhe&tion in the interferogram spanning the
onset of the eruption, additionally to the effe¢tahanges in the ash deposits in all the
interferograms. While phase unwrapping using thaimmim cost flow method algorithm
(Werner et al., 2003) did not pose any problem$mnaeruption interferograms, large phase
gradients resulting in loss of coherence near #mre of deformation and fresh tephra
deposits inhibited robust automatic phase unwrappm the co-eruptive interferograms.
Therefore, phase has been unwrapped by georefegefitnges in order to avoid phase
unwrapping errors and to downsample the data. [Baids to an uneven distribution of data

points, but the large incoherent areas have the sdi®ct.

Each interferogram provides the projection of ttree-dimensional deformation onto
its line of sight (LOS). Ideally, data from ascemgliand descending tracks and different
incidence angles are combined to resolve the ttoegonents of the displacement (Wright et
al., 2004). In the case of PCCVC there are onlyigatvdata from an ascending orbit
available, providing one projection of the threednsional deformation vector onto the LOS
of the satellite (unit vector [-0.60, -0.26, 0.78] East, North, Up coordinates). Thus, the

observed LOS displacement is less sensitive to mewués in north-south direction.

The interferogram 2011-05/2011-06 (Fig. 3.2D) cevre first three days after the
onset of the eruption on 4 June. It shows an irseréa LOS distance (surface moves down
and/or to the east) of up to 1.2 m collocated whth Cordillera Nevada caldera rim and a less

prominent and less coherent LOS increase signabaloe Corddon Caulle graben toward the
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eruptive vent. East of the graben, a decrease i@ tiStance is observed, i.e. a deformation
towards the satellite. The second eruptive integeam 2011-06/2011-07 (Fig. 3.2E) shows
an expansion of the deforming area toward the baske complex with a more concentric
distribution of fringes compared with the first eadptive interferogram and a less intense
increase in LOS distance (up to 0.8 m at Cordilldesvada caldera centre). The subsequent
interferogram 2011-07/2011-10 covers a larger tapan of 90 days because interferograms
constructed using intermediate SAR scenes havefisatly lower coherence due to snow
cover and less deformation. Interferogram 2011@71210 has generally less coherence over
the Cordon Caulle plateau and shows a concenttterpaof small-amplitude LOS increase,
similar to the one observed in interferogram 20042Q@11-12 covering 60 days until
beginning of December 2011.The lower magnitude afomnation in these two
interferograms makes them more susceptible to siperic effects that could contaminate

the deformational signal.

3.5.2 Continuous GPS data

On 12 June, a few days after the start of thetenupa preexisting campaign GPS site
marked in bedrock (LINC, see Figure 3.1) was repmmiwith a dual-frequency continuously
recording GPS receiver (CGPS).After another 6 dinyes CGPS site PJRT was installed in a
stable zone of soil and marked by a steel monursenilar to the shallow drilled braced
monument of UNAVCO (http://kb.unavco.org/kb/artisleallow-drilled-braced-monument-
overview-301.html) to exclude monument instabiitielThe data of these two sites were
processed within a continental GPS network comgjstif 16 IGS stations using the Bernese
GPS Software V5.0 (Dach et al., 2007) applying iseeorbit and Earth rotation parameters
from IGS final products (Dow et al., 2009). Mordalks about our processing strategy can be
found in Bedford et al. (2013). For the datum dé&bn of the GPS network we use the
minimum constraint approach, applying the No Nettaton and No Net Translation
conditions for a group of selected reference statiand therefore our results are compatible
with ITRF2008 (Altamimi et al., 2007). The coordies are reduced to a South American
fixed frame, using a selected number of tectonycstidble stations, which are located in the
craton of the continent. Because the 2010 Maulthgaake occurred only 15 months earlier,
the whole region was still subject to postseisngfodnation. Due to the distance of more
than 200 km between the southern limit of the Maulgture zone and PCCVC, both the
effects of afterslip and viscoelastic relaxatioa eonsiderably attenuated (Klein et al., 2016).

Measured as well as modelled postseismic deformatithe region were steadily decreasing
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throughout the second year after the earthquakeranded as low as 10 to 20 mm/yr
horizontally and less than 6 mm/yr vertically ire ttegion of PCCVC (Klein et al., 2016), i.e.

well below the observed signal.

3.5.3 Seismicity

Before 2010, the seismic network of the Obsenatdolcanoldgico de los Andes del
Sur (OVDAS, Southern Andes Volcano Observatory hgiog to SERNAGEOMIN, the
Chilean Geological Survey) around PCCVC was comgpdseonly two vertical short period
stations (RAN and LLI in Figure 3.1). These stasinowed a significant increment of the
seismic activity (swarms with Local Magnitudéi= 4.0) between June 2007 and January
2008, in coincidence with the notable shallow defation evidenced by INSAR (Fournier et
al.,, 2010; Jay et al., 2014). During the next thyears (February 2008-January 2011), the
seismic activity decreased and focused in the @erdi Nevada caldera. After the 2010
Maule earthquake, three new broadband seismios$a{B0 seconds) were installed around
the volcano (QIR, PHU, ANT, Fig. 3.1) and previai®rt period stations were replaced by
broadband instruments. After the eruption, threditemhal stations were installed (TAY,

FUT, LIC) to complete a network of eight broadbatations around the complex.

The categorization of the seismic activity was eading the classification proposed
by Lahr et al. (1994) and Chouet (2003), classgyabout 14,000 earthquakes in 2011. From
this database, around 1500 events were initiattatled with 47% recorded between 16 April
and the day of the eruption. The recorded seisynieés relocated using VELEST (Kissling
1988; Kissling et al., 1994) in order to improve thD velocity model and establishing the
corresponding delay times at each station via gsanabus mode Joint-Hypocentre-
Determination (JHD). Details of data, methods alilts regarding the seismicity before and
during the eruption will be presented in anothgrgugBasualto et al.,, in preparation). Table
3.2 shows the obtained velocities for compressiandl shear waves Vp and Vs as a function
of depth representing the final velocity model. dfiyy, the JHD procedure generated a
seismicity catalog of 425 high quality events (mtran eight seismic phases; gap stations
locations <180°) divided in two different periodsefore (174 events) and after (251 events)
the start of the eruption. The final data solutitve a root mean square RMS<0.15 and

horizontal and vertical errors less than 0.65 km.
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Depth (km) | Vp (km/s) | Vs (km/s)
0.5 4.9 2.75
15 5.05 2.84
25 51 2.87
3.5 5.15 2.89
4.5 6.05 34
55 6.38 3.58
6.5 6.46 3.63
7.5 6.47 3.63
8.5 6.5 3.65

Table 3.2.Seismic velocity model resulting after seismicijocation process. The table shows

values of Vp and Vs with depth. Fuente: elaboragi@pia.

3.6 Modelling sources of co-eruptive surface deforation observed by INSAR

In order to assess the sources of the deformataitern observed in the InSAR
interferograms, analytical models were applied étate subsurface volume change and
displacements to surface deformation. To invertfits¢ interferogram covering the onset of
the eruption, 2 point sources (Mogi 1958) alignpgraximately with the local maxima of
deformation were assumed. For both sources, thet egatre coordinates and the parameters
source depth and volume change were solved foativety. To derive the best-fitting
parameters, the parameter space was searched doifoym random sampling (Sambridge &
Mosegaard 2002) to find the model that minimises risfit represented by the root mean
square (RMS) of the differences between model ata at the sampled points. The resulting
horizontal position (Fig. 3.3A) is located to theestof the maximum deformation recorded in
the interferogram, because this maximum is the swertical deformation (maximum above

the source) and horizontal one (towards the sousteyant mainly east-west with opposite
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maxima on either side of the source) projected dr@s. The region of positive LOS
displacement east of the northern source is alsesalt of the horizontal displacement
towards the source and does not reflect upliftaaddcbe erroneously assumed if only vertical
deformation were considered. Best fit was achiefegda deflating northern source below
Cordillera Nevada caldera with a volumetric chanfye0.096 kni at a depth of 3400 m and a
second one below the intersection of the grabeh thit LOFZ near Puyehue volcano with a
deflation of -0.017 krhat a depth of 3900 m (Table 3.3, Figure 3.3A). RS value
between data and model amounts to 0.054 m, andhteel accounts for 87% of the total
signal RMS. However, as the deformation is proposdl to volume change and inversely
proportional to source depth, there is a tradésefiveen the two parameters (e.g. Pritchard &
Simons, 2004b), meaning that a smaller and shatloseeirce can produce a similar
deformation pattern as a larger, but deeper ondlitiddally, the availability of only one
projection of the 3D deformation onto the look dtien of one satellite path does not allow
separating between horizontal and vertical displeere. The polar orbit with an almost NS

flight direction results in a low sensitivity to fdemation in this direction.

Assessing a deformation in an elastic half-spakthus neglecting the presence of
topography affects the derived source parameteagdlX: Cornet 1998), but the influence at
PCCVC is less severe than at a typical axisymmetratovolcano because the slopes are less
pronounced. As stated in Cayol & Cornet (1998),thlealues have to be considered depth
below the plateau level of 1500 m. Our modelled Msmurces are similar in both spatial

location and amplitude compared with those repdrieday et al. (2014).
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Figure 3.3 Different models for the interferogram in Figure2 ¥). upper row: modelled LOS
displacement, lower row: residuals. Scales in A) B refer to all subfigures in the respective rpws
source centers are marked by crosses. Black ligg,i€), E) and F) shows the trace of the center li
of the dike with the grey plane depicting its exterhe eruptive vent is marked by a star. Fuente:
Wendt et al. (2017).

In order to evaluate the possibility of a struatucontrol on eruption onset and
considering that the eruptive vent is located altvegCorddn Caulle graben to the southeast
of the deforming region below Cordillera Nevadadeah, we also test a closing (deflating)
dike structure oriented NW-SE along the graben rassy in this case the analytical
approximations of Okada (1985). In comparison \lith Mogi model, more parameters have
to be adjusted for the Okada model, i.e. the gegnadtthe fault (central position, length,
depth and width, strike orientation), directionstip in terms of dip and rake, slip magnitude
in the rake direction and opening perpendiculartite fault plane. We fixed geometric
parameters following the geological structure @& ¢gnaben (e.g. Lara et al., 2006; Sepulveda
et al., 2005; Garcia 2015) and in consistency saismicity presented below. The remaining

free parameters were modelled searching for thénmaim misfit with a Monte-Carlo method.
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Different tests especially for the dip of the dikere performed, because the dip of the walls
of the graben is supposed to decrease with inergai@pth forming a trough (Sepulveda et
al., 2005; Garcia 2015).

The best result was obtained for a combinatiool@ding of a dike-like structure and
oblique left-lateral normal movement along the walf this dike (Table 3.3, Figure 3.3B), a
model with an RMS of 0.082 m. Additional tests wemne to evaluate two extreme cases
with only closing or only slip along the dike, bogiiving a worse fit. Without a slipping
component, the inversion results in a deep (740@anyontal sill with a closing of 5 m and
an RMS of 0.183 m. The second test precludes amponent transverse to the dike and thus
any volume change, and therefore cannot explaitrémsfer of magma to the eruptive vent.
This setting would result in a deeper dike thandbeabined model with a slip of about 9 m
and an RMS of 0.086 m. The performance of the prdlemodel of combined slip and
closing is slightly weaker than for the Mogi sow@nd accounts for 76% of the total signal
RMS. Taking the amount of closure and the dimerssmfithe dike into account, the change

in volume is -0.062 krh about half of the one predicted by the Mogi searc

As an additional exercise, we combined the dikehwlite southern Mogi source to
compensate for the large residuals there. The RMBeocombined model is 0.072 m. The
bulge of LOS increase in the south cannot be calgleffset by the Mogi source, but the fit
between data and model is considerably improvee fbhal volume change at depth is
-0.078 knf for this combined scenario.

Deformation observed for the second co-eruptiverfetogram 2011-06/2011-07
covering the waning stage of the explosive phage the initiation of the effusive phase
(Figure 3.2E) was modelled with a single point Msegurce (Figure 3.4) estimating a volume
change of -0.169 km3 at a depth of 5200 m. The RIé8/een data and model amounts to
0.022 m and explains 94% of the signal RMS.

Interferograms 2011-07/2011-10 (90 days), and 200/2011-12 (60 days), were also
modelled by single Mogi sources. The best-fit manfehe former one has an RMS of 0.008
m accounting for 87 % of the signal RMS, while thder results in an RMS of 0.011 m
explaining 85%.While Jay et al. (2014) assume a naom source location for all
interferograms after 7 June, source location isstdf for each interferogram independently

in our approach. Although the source seems to reaeeessively deeper and slightly towards
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the new vent, this should be interpreted with @autibecause of the tropospheric
contamination that is more pronounced in thesefaregrams with smaller deformation. The
estimated volume change rates are considerablyemtiadn in the first month of eruption. In

general, our volume estimates agree with the ohéayoet al. (2014) within about 25%.

Interferogram 2011-05/2011-06, 30 days, Mogi models

Location Depth | Volume RMS
(UTM 18S) [m] [km?] [m]
734500 m E,| 3400 -0.096 0.054
5515300 m N
740600m E, | 3900 -0.017
5504100 m N
Interferogram 2011-05/2011-06, 30 days, Okada model
Location Depth | Length | Width" | Strike | Dip | Rake | Slip | Open
(UTM 18S) [m] [m] [m] [°] [°] [°] [m] [m]
735000 m E,| 5500 4250 7250 139 42 -47 6.3 -2.0
5513000 m N
Volume RMS
[km’] [m]
-0.062 0.082
Interferogram 2011-05/2011-06, 30 days, Okada + Momodel
Volume RMS
[km”] [m]
-0.078 0.072
Interferogram 2011-06/2011-07, 30 days, Mogi model
Location Depth | Volume RMS
(UTM 18S) [m] [km?] [m]
736100 mE,| 5200 -0.169 0.022
5514200 m N
Interferogram 2011-07/2011-10, 90 days, Mogi model
Location Depth | Volume RMS
(UTM 18S) [m] [km?] [m]
736800 mE,| 5700 | -0.077 0.008
5512500 m N
Interferogram 2011-10/2011-12, 60 days, Mogi model
Location Depth | Volume RMS
(UTM 18S) [m] [km?] [m]
738250 mE,| 6200 | -0.047 0.011
5513100 m N

Table 3.3Parameters of best-fitting models for the co-éugpinterferograms. For the Mogi models,

Location, depth and volume change were adjustedHor the Okada model, fixed parameters are
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marked with an asterisk. RMS values after the aofjent are listed as welkuente: Wendt et al.

(2017).

A) 2011-06/2011-07 Mogi B) 2011-07/2011-10 Mogi C) 2011-10/2011-12 Mogi
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Figure 3.4 Model of LOS deformation in interferograms in Figu3.2 E), F) and G).Black cross
marks the location of the respective Mogi sourdaclbtriangles indicate GPS sites, note different

colour scales. The eruptive vent is marked by i Btgente: Wendt et al. (2017).

3.7 GPS-Derived deformation

Time series of displacement for the two GPS sitesited in the south and southwest
of the volcanic complex (Fig. 3.5) start during gecond co-eruptive interferogram (2011-
06/2011-07). During this timewindow both sites shewvapid displacement of 51 mm towards
northeast in the case of LINC and of 19 mm to tbhamin the case of PIJRT. The vertical
component, although more noisy, shows a notablsideilce with values on the order of
20 mm in LINC and about 200 mm in PJRT. This phafsapid subsidence abruptly declined
near 2011-07-07 coinciding with the day when thenscforming the interferograms 2011-
06/2011-07 and 2011-07/2011-10 was taken by thellisat The surface deformation
recorded by both CGPS stations afterwards (betwaBnand December 2011) maintains its
azimuthal direction at lower rates. While PJRT ramsavertically stable for the rest of the
observed period, LINC shows a clear uplift startingAugust, amounting to a net uplift of

several centimetres compared to the beginningebbservations.

To compare the GPS displacement with INSAR-derigedrce models we first
calculated a linear trend for the three compon@disE, U) of the time series at both CGPS
stations (Figure 3.5) for the time spans of thaipaar INSAR scenes and then we projected

62



the 3D deformation along the LOS of the SAR sdelliA direct comparison of GPS
deformation and INSAR data would otherwise be icstt to LINC because PJRT is

surrounded by forest and does not show a coheigardlsn the interferograms.

Therefore, we computed the predicted 3D deformagiothe position of both CGPS
stations from the source models determined in @eeti Considering that the CGPS stations
started data recording eight (LINC) and fourteeRJP) days after the initiation of the
eruption, the recorded deformation cannot be coetpavith the predictions of the source
models derived from interferogram 2011-05/2011-Bésults of the comparison between
measured and modelled displacements for the substduterferograms are listed inTable
3.4.
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Figure 3.5. Time series of daily solutions for northern (Nastern (E) and vertical (U) component at
continuous GPS stations LINC (left) and PJRT (jigtarting 12 June and 18 June respectively.
Displacements are relative to the South Americatoer, for processing details see section 3.2. Black
dots are daily solutions with error bars, star mdHe day of the eruption initiation (4 June). Tinge
span of interferograms covering the time serieshagilighted in different grey levels and indicaisd
the bottom of the North panel; white lines depinear trends for the time spans of the individual

interferograms as listed in Table 3.4. Fuente: Wendl. (2017).

LINC PJRT

East | North| Up | LOS East | North| Up | LOS

2011-06/2011-07 (30 days)

GPS | 0.043| 0.028| -0.020] -0.048 +0.011 0.004| 0.019] -0.200| -0.158 +0.030
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Mogi | 0.057| 0.05(| -0.017]-0.060 +0.02 | -0.02¢| 0.067| -0.01€| -0.020 +0.02

2011-07/201:-10 (90 days

GPS | 0.047| 0.030| 0.023|-0.019+0.008 0.002, 0.028| -0.003| -0.010 +0.004

Mogi | 0.029| 0.021| -0.010] -0.031 + 0.02Q9 -0.015| 0.043] -0.014| -0.013 + 0.020

2011-10/2011-12 (60 days)

GPS | 0.025| 0.016] 0.052| 0.020 +0.010 -0.003| 0.016| -0.003| -0.005 +0.003

Mogi | 0.015] 0.011| -0.005| -0.016 + 0.02Q9 -0.006| 0.025]| -0.008| -0.009 + 0.020

Table 3.4 Displacements (in m) both measured and modellgdRS sites LINC and PJRT for the
time span of the individual interferograms. For tt@S component uncertainties for both GPS and
MOGI are given. Fuente: Wendt et al. (2017).

As expected, the modelled horizontal displacemegmimt towards the centre of
deformation (Fig. 3.6). The observed GPS vectdiferdirom this direction by 6° for LINC
and by 23° for PJRT. For interferogram 2011-06/2011displacements measured at LINC
agree with those computed from the Mogi source fnaithin uncertainties. For the station
PJRT horizontal movement derived by GPS for thes tohinterferogram 2011-06/2011-07 is
of smaller magnitude than the modelled one. Oncthrrary, measured subsidence is one
order of magnitude larger than predicted by the ehddnfortunately, this large deformation
cannot be verified by INSAR directly because of tbe coherence in this area, but the
difference between model and observation is welbvabthe error bound of the GPS
measurements. The residual displacement at PJRpasorg the observation with the model
prediction is 0.06m in SE direction and a subsidenic0.18 m. Any monument instability or
local effect can be excluded, because the stat@®: & steel monumentation as it is
conventionally used for CGPS sites and is instaited locally stable zone. However, this
additional local effect could be related to thealtmn of PJRT in the trace of the LOFZ

pointing to a possible movement of the structunéndpthe eruption.
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Figure 3.6 Map view of the GPS derived displacement vectarsed and the modelled vectors in
blue. Mogi sources derived from the INSAR data tuatespond to the deformation steps are depicted
as black circles (2-4) and scaled in accordancéhed volume change; the first Mogi sources not
covered by GPS observations are drawn in whitedonpleteness. The eruptive vent is marked by a
star. Fuente: Wendt et al. (2017).

In the case of interferograms 2011-07/2011-10 &1dl210/2011-12, we note that the
horizontal displacement observed at LINC is wefiroeluced by the prediction of the Mogi
sources modelled from INSAR deformation. HoweMee, wiplift starting in August cannot be
explained by a deflating Mogi source. While thisgdirity in the observed and modelled
vertical displacement could point to the existenaie rheological and/or geometrical
complexity in the dynamics of the system that is captured by the simple Mogi model, a
non-tectonic seasonal signal cannot be excludedh Seasonal vertical displacements are
known from many GPS sites and are often relate@tmoospheric or local hydrological
loading effects (e.g. Bevis et al., 2004; Bos et a010; Tregoning & Watson 2009).
Although the neighbouring PJRT station does nowshosignificant vertical movement in
2011after the pronounced initial subsidence in Jueever data of that site reveal seasonal
height changes with a minimum in winter also typfca other stations in the region, but of
smaller amplitude (Baez, personal communicatiorfje Teformation recorded by PJRT
between July and September shows a northward depkent and no significant vertical

movement, while the Mogi model predicts a largevement towards NNW and subsidence
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comparable to that at LINC. The horizontal residarabunts to 0.028 m towards SE. For the
last time period (interferogram 2011-10/2011-12)S3ferived deformation at PRJT and the
prediction of the Mogi model coincide in directionith a slightly less pronounced

deformation measured than modelled.

3.8 Comparing modelled sources with seismicity

The seismic network recorded first signs of seisomrest from February to April
2011, consisting in sporadic but significaMl (2 to 4.3) Volcano-Tectonic (VT) and some
Very Long Period (VLP) events located around thedlera Nevada caldera and the NW
part of Corddn Caulle graben. During the next mpnthgnitude and frequency of seismicity
gradually increased and expanded to the whole @of@iulle graben inside its bounding
structures (Fig. 3.7A, NW-SE lineament). Few dag®te the eruption, the seismicity rapidly
increased in magnitude and frequency and concedtraear the surface. At this stage,
earthquakes were characterised by a blend of VbridhyHB), and VLP sources. Similar
seismicity with a mixture of different types wem instance recorded a few days before the
eruption of Mount St. Helens (Qamar et al., 1983iM1987) and Augustine Volcano
(Jacobs & McNutt 2011) and has been associated thghmovement and/or ascent of
magmatic fluids. Events were located along the Nd&l wf the Cordon Caulle graben at
shallow depths and in a NE-SW oriented branch enstbuth (Fig. 3.7A, southern blue dots),
suggesting the participation of another structurethie last phase, possibly related to an
unmapped secondary branch to the LOFZ.

Figure 3.7B shows the hypocentres recorded afeeptiset of the eruption (5 June —
20 July) indicating a more heterogeneous distrdrutf VT events along the graben with
depths dominantly shallower than 5 km and a rapichgl of seismicity rate with time. Few
events were actually recorded by the network aftdy (black dots in Fig. 3.7B) and they
mostly concentrated at the western flank of Puyelnieano likely along the reactivated
branch of the LOFZ.

The notable concentration of seismicity along @&doén Caulle graben and the
western side of the LOFZ in the days immediatelfot®e and after the eruption strongly
suggests that both structures could have expederdiferential motion during the
preparation phase of the eruption and in its submaigdevelopment. This is also consistent

with the location of the new active vent near thterisection of both structures.
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Figure 3.7 Relocation of seismicity. A: recorded from 16 Agad 4 June (eruption start), B: recorded
from 5 June to 27 November 2011. The colours ir@esent the temporal distribution of seismicity
between 5 June to 20 July. The black points intniginel are events recorded after 20 July. The red
lines show the most important structures on the VYWCCThe white star represents the 2011 vent
eruption. White circles mark positions of the Masgurces with their size approximately proportional

to the volume change, the Okada dike is indicategray rectangle. Fuente: Wendt et al. (2017).

3.9 Discussion

The structural setting in which PCCVC is emplacadthe intersection of the trench-
parallel LOFZ with an old NW-SE inherited tectoniceament, makes it a first-order
example of a volcanic complex that has been cottsiuunder a strong structural control
(e.g. Cembrano & Lara 2009; Sepulveda et al., 2088a et al., 2006; Singer et al., 2008).
Particularly, Cembrano & Lara (2009) note thatdeelic composition of PCCVC during the
Holocene indicates the presence of a long-livedrueér where magma have sufficient time
to differentiate because NW-oriented structuresnfog the walls of the reservoir are
dominantly compressive under a dextral motion af tHOFZ. At shorter time-scales, a
structural control was also apparent during 20titwg fissure eruptions, particularly for the
1960 event that was likely triggered by the unclamgf the NW-oriented faults along the
Corddn Caulle graben following the Mw:9.5 Valdiwarthquake (Lara et al., 2004; Bonali et
al., 2013). For the case of the recent 2011 ernppetrological analyses of erupted material
allow inferring a possible tectonic control in terage and co-eruptive interconnection of
different melt pockets feeding the eruption (Allgwet al., 2015), and in the transport of
variably-degassed magma through a dike connedtmgnain reservoir with the eruptive vent
(Castro et al.,2013). The fact that co-eruptivdadiefy point sources modelled by us and Jay

et al. (2014) are several kilometres apart frons trent and collocated with it along the
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Corddn Caulle graben can be considered indirecteene of the activity of such a dike. In
following paragraph, we will discuss our resultglseg for a more direct evaluation of a

hypothetical structural control on this eruption.

Interferogram 2011-05/2011-06 (Fig. 3.2D), althlougnly spanning the first three
days of the eruption, depicts a surface subsidefcaore than a meter associated with a
volume change at depth of 0.11 kwhen modelled with two Mogi point sources. Theyst
of these sources (accounting for approx. 85% ok#ienated volume change) is located near
Cordillera Nevada caldera. This source roughly cidies with the main location of the
inflating sources recognised by Fournier et al1®0nd Jay et al. (2014) for the years before
the eruption. This suggests that the main magmesiervoir was located here but magma and
gases were mobilised along the northern branchoodl@ Caulle graben toward the SE near
its intersection with the LOFZ where the vent wiaslfy opened. This is consistent with the
spatiotemporal evolution of seismicity just befared during the first explosive phase of the
eruption, with a SE expansion and shallowing ofkgsainside the graben from Cordillera
Nevada toward the vent. The spatiotemporal evaiutibseismicity during this early stage
was recorded by few local seismic stations ancetbes it does not allow interpreting a clear
pattern of dike propagation with a front of seisityienoving from the reservoir toward the
vent. Such a spreading effect has been observeaattfer well-studied cases such as the 1983
dike intrusion in Kilauea (e.g. Rubin and Gillar@9B), the Dabbahu dike propagation
episode in Ethiopia (e.g. Grandin et al., 2011)mare recently, Bardarbunga volcano in
Iceland in 2014 when a dike developed accompanyegrdpagating seismicity up to 45 km
away from the deflating magma source (Sigmundssah,&£015).

Aiming to test the possible activity of a strueuluring the onset and first phase of the
eruption, we intended an end-member model witheesi the point Mogi source supposing
that surface deformation observed by INSAR neairirtersection of Cordén Caulle graben
with Cordillera Nevada in the NW was solely caubgda dike-like Okada source. We note
that such an end-member model is unrealistic insérese that the assumed structure should
mostly conduct magma to the surface from a progefldting) reservoir from where the
magma is extracted, but the exercise helps evafyatie significance of the dike-like
hypothesis. The RMS error between model predictiod observation is larger for a model
combining this Okada source with a small Mogi seunear Puyehue volcano in the SE

(0.072 m) as compared with the two Mogi point searenodel (0.054 m). However, the

68



difference between the RMS error of both modelsearly 2% of the maximum LOS
amplitude recorded by the first co-eruptive intesgam and therefore the two point Mogi
sources model should be considered only slighttiebéhan the combined dike-like Okada +

small Mogi source model.

Nevertheless, these alternative models substgntdiffer in the derived volume
changes of the magmatic reservoir at depth (-0Mrb3 vs.-0.078km).Comparing these
predictions against observed erupted volumes cbaldiseful for discussing the validity of
both scenarios. For this exercise, we compare aleulated volume changes at depitv)
for the first three days of the eruption (deriveoi interferogram 2011-05/2011-06) with an
erupted volume (Y of 0.27 kni of DRE magma as estimated by Pistolesi et al. §pdr
this period. The ratio YAV depends on the ratio between the compressilufitmagma (k)
and the compressibility of the elastic media sunthog the magmatic reservoir {K(e.g.
Mastin et al., 2009);

() o
The compressibility of magma for the case of th&128ruption of PCCVC was estimated by
Jay et al. (2014) based on fluid content of the&m lava to 2.1+0.4 x I8 Pa'. Given these
values, equation 1 predicts thatstiould be 1.5+0.4 x 18Pa’ if all the erupted magma was
extracted from the two point deflating sources. €ombined model of the closing dike in the
NW with the small deflating point source in the BEedicts K = 8.5+4x 10" Pal. We can
use the seismic velocity model generated duringcegion of seismicity (Table 3.2) with the

relationship of Birch (1960) for calculating Ks the inverse of bulk modulus B;

1 _ 5 2 %2
E_B_.IG(U‘J 31{1-) (2)

For a densityp = 2550+150 kg/min the shallow upper crust, the compressibilityivis

from the seismic model at the depth range of theetied sources (2.5 — 6.5 km) is of the
order of 2+0.1 x 18" Pa’. Both source models overestimate the value of cessbility

derived from the seismic structure of the crushalgh the value estimated by the dike+point
model is closer to the seismic estimation as aemuence of the lower volume change at
depth that is needed because part of the surfdoentition is related to the slip of the dike.
Alternatively, the difference between the smalksecally-estimated compressibility and the
higher value estimated from the source models cbeltxplained by a strain weakening
process decreasing the bulk modulus during theraefiion associated with the eruption as

proposed elsewhere (e.g. Gudmundsson 2004), althquantifying this effect is unclear.
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As we can see, the two Mogi sources model geneaafskghtly) better reproduction
of INSAR-observed deformation than the combined 8Wada+ SE Mogi model, but the later
requires a smaller volume change at depth whichage consistent with the volume expected
from equation 1 assuming a value of rock comprdggilderived from the seismic velocity
model. We therefore envisage an intermediate mémtethe NW deformation source: a
deflating Mogi source at depth with a volume chawogehe order of -0.03+0.01 kifas
required by equation 1 using the value ofd€rived from the seismic velocity model) from
which magma is extracted and simultaneously comdiutd the surface along a slipping dike.
Testing such a complex configuration is beyondsibepe of our work but could be done in
the future using a finite element approach congidethe layered elastic properties implied
by the seismic velocity model, and a point-likeldtig source coupled with a slipping dike.
Our Okada model predicts a left-lateral strike-slipvement of the SW-dipping dike with a
large normal component accounting for a total sfif.3 m of the hanging wall toward the SE
at a depth between 2000 m and 9000 m. Given therdifans of the dike (Table 3) and a
value of 20 GPa for the shear modulus G (as deffirad the seismic velocity model using
the relationship of Birch (1960) @¥s?), this slip implies a seismic moment of 3.88 X%10
Nm and a moment magnitude Mw=6.3. From the 425 loghlity events contained in our
seismicity catalog roughly half of them occurredide the time window of the first co-
eruptive interferogram. These events with local nitagles between 0.3 and 4.9 released a
total seismic moment of 1.85 x YONm, which correspond to a cumulated moment
magnitude of 5.4.The National Earthquake InformatioCenter PDE catalog

(http://earthquake.usgs.gov/earthquakes/searodpports 22 quakes occurring during the

corresponding time interval with magnitudes randoejween 3.6 and 5. The total seismic
moment accounted by these quakes is 2.35'XNi with an equivalent summed magnitude
Mw=5.5, very similar to the one computed with oarssicity catalog. This exercise shows
that probably a small part of the slip resultingnfrthe dike-like model could be related with
seismic energy released as the dike propagatedrimgtthe walls of Cordon Caulle graben,
with most of the motion being likely aseismic. Sudiscrepancy between slip and the
associated released seismic moment is frequensigrebd during magmatic events (Pedersen
et al., 2007).

Interferogram 2011-06/2011-07 (Fig 3.2E), whichvers the first weeks of the

effusive phase of the eruption, shows deformatioer @ wider area but with smaller surface
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amplitude. The modelled Mogi source is located elds the vent compared with the main
point source of the earlier interferogram, but atimcreased depth and producing a larger
volume change at depth of 0.169 ¥nThe erupted volume during the time of this
interferogram comprises lava that was emitted is@arl5 June after a phase of relative
quiescence. Until 7 July (day of the second scemmifg this interferogram), 0.10Knof
lava was accumulated (Bertin et al., 2012), a veduer than the computed volume change at
depth. This inconsistency could be caused by tvasaes, or a combination thereof. On the
one hand, the erupted volume could be underestihaatd a significant volume of ash and
gases were evacuated between 6 June and 15 Juhés astually shown by Bignami et al.
(2015).0On the other hand, the volume change ahdapild be overestimated because of the
simplified assumptions of the Mogi approximatiorttwiespect to the more complex elastic
structure of the media implied by the seismic vyoenodel as discussed for the first

interferogram.

To assess the role of the dike during the effugimse and to test whether
analogously to the first interferogram a slippingedwould produce a smaller volume and
therefore a better agreement with the erupted vejuarsimilar dike geometry was tested for
the second co-eruptive interferogram. However,siblation tends towards a deep horizontal
fault (depth > 7500 m) with only a small slip (1) but a large closing component,
corresponding to a volume change at least compatatihe Mogi source. Therefore, the NW
tending graben structure seems not to be actithisnphase of the eruption. After all these
considerations the large SSE and downward resiaiadéion of GPS site PJRT located near
the main arm of the LOFZ still cannot be explaitgdthe Mogi source. Together with the
simultaneous concentration of seismicity alonggreen and near the LOFZ (Fig. 3.7), this

could indicate some local effect related to thévagtof these structures.

The deformation rates recorded after mid-July 286 rather small compared with
the first month of the eruption. Our continuous GifServations actually indicate that rates
of horizontal movement strongly decrease and sersabsidence stopped near 7 July, which
is the day when the SAR scene forming interferograr2011-06/2011-07 and
2011-07/2011-10 was obtained by the satellite. Teformation signal observed at
interferograms 2011-07/2011-10 and 2011-10/2011c42 be modelled as single Mogi
sources with smaller volume change (-0.077 land -0.047 krhrespectively) at monthly
rates of the order of -0.025 ﬁper month. For the same time periods, Bertin e(2015)
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estimated an erupted lava volume of 0.18’ Kar interferogram 2011-07/2011-10 and 0.13
km® for interferogram 2011-10/2011-12. Using equati@n with the same magma
compressibility as for the previous exercises, gjivalues of Kof 1.57 x 10° Pa*and 1.19 x
10'° pal. These values are similar to the one computethofirst co-eruptive interferogram
based on the two Mogi sources and therefore oner afimagnitude higher than the rock
compressibility estimated by the seismic velocitgd®l. The consistent difference between
values of K derived from the Mogi source models for the fastl last interferograms and the
one estimated from the seismic velocity model iselli indicative of a systematic
overestimation of volume changes at depths reltdethe complex rheologic structure of
PCCVC not reflected by the simple isotropic linedastic solid assumed by the Mogi
approximation. As a corollary, this consistencyasaggests that a missing erupted volume is
likely needed to explain the large volume changgegth modelled for the second co-eruptive

interferogram.

Since the effusion rates steadily decreased fradrJuly onwards (Bertin et al.,2015),
it can be suggested that the small surface defavmaifterwards is not solely due to the
further evacuation of magma from a deep reservairatso related to the relaxation of the
system after the eruption. This post-eruptive psecepuld include a number of phenomena
acting simultaneously (viscous and poroelasticxagian of the upper crust, e.g. Plattner et al.
(2013), Segall (2010), Froger et al. (2016), cregmt faults, e.g. Hill & Prejean (2007),
densification of erupted lava flow and consequentaase of vertical loading, e.g. Lu et al.
(2005), Odbert et al. (2015) etc.) that cannot ibeuksited by the simple elastic half-space

model assumed by the point Mogi source.

3.10 Conclusions

We can conclude that a structural control on tB&12PCCVC eruption, although
being very likely from geological, volcanologicahd petrological perspectives, is only
indirectly shown by data and results presented disdussed here. Particularly, INSAR-
observed surface deformation associated with tsedkplosive phase of the eruption can be
better explained by a model considering two poirdgMsources aligned with the Cordon
Caulle graben than a combined model of a closinhséipping Okada dike in the NW with a
small Mogi point in the SE. However, the model utthg the slipping dike requires a much

smaller volume change at depth, which translatés @ smaller implied value of rock

72



compressibility that is more consistent with théueaderived from the local seismic velocity

model generated during seismicity relocation. Tlituseems very likely that a more complex
source configuration at the intersection of Cordoeswlle graben with Cordillera Nevada

could reconcile these observations. At least ferfirst, explosive phase of the eruption, we
envisage a deflating point-like source at deptmfrwhich a smaller amount of magma and
gases is extracted (compared with the estimatedianud the two point sources model) that
is connected with a dike propagating along thehsort wall of Cordén Caulle graben toward
its intersection with the LOFZ where the vent wamlty opened. Seismicity accompanying
this first phase was recorded by few local statiamg it does not show a clear migration of a
rupturing front as observed for other well-studdi#e propagating events. However, the
spatiotemporal evolution of seismicity shows thaakps were concentrated below Cordillera
Nevada until days before the eruption and then gteyw an expansion toward the SE and
simultaneous shallowing. This is at least conststeth the idea of a pulse of magma and
gases advancing from the main reservoir in the NdWgathe graben, opening the walls of the
graben to create the vent at the intersection wligh main LOFZ branch and finally

stimulating the onset of the explosive phase. Stheeseismic moment computed from the
left-lateral motion of the dike-like structure i1 arder of magnitude higher than the
cumulated moment released by quakes recorded dilmingame period of time, we suggest
that most of the slip that could have accompanieddike propagation was aseismic. After
three days of volcanic paroxysm, the INSAR-obsersdace deformation recorded during
the first weeks of the effusive phase is well misteby an isolated deflating Mogi source
near the source of the first phase, and an Okak=alite model can be discarded. This is
expected because once the structural channel betwagmatic reservoir and eruptive vent is
created, magma and gases are just conducted dianghannel with no need for further

motion of the structure. However, the concentratibeeismicity along the SE part of Cordén
Caulle graben and the western branch of the LORZonjunction with large vertical and

SSE residual motion (with respect to the INSARgEti source model) observed at the
continuous GPS station PJRT located near the nrairch of the LOFZ, both suggest that the
structural framework over which PCCVC is instalkeds partially activated also during the

effusive phase.

This eruption is the first large acidic, explosieeuption that is relatively well
monitored by local seismic and geodetic networksesE observations indirectly suggest that

such an eruption could be at least partially cdlsoby the activation of structures forming
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the plumbing system of a long-lived magmatic resena control which was also inferred for
the hybrid explosive-effusive rhyodacitic eruptiohChaitén volcano in 2008 (Wicks et al.,
2011; Pifia-Gauthier et al., 2013). A different mibdg approach based on finite element
methods could perhaps help in the future to tesernomplex rheology and source scenarios
combining deformation and seismicity during the 2@ord6n Caulle eruption that could

more clearly show the structural control on thisdckof largely dangerous eruptions.
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4.1 Resumen

Las erupciones explosivas siliceas son uno destu@fienos naturales mas peligrosos, pero se
sabe poco sobre los procesos que acompafian esteéeigrupciones, ya que son poco
comunes. Presentamos la primera caracterizacitangitica que se produce antes, durante y
después de una gran erupcion silicea, analizanslod&os registrados en el Complejo
Volcénico Puyehue-Cordén Caulle (PCCVC) duranterigcion riolitica VEI=4 en junio 4
de 2011. Estos datos fueron registrados por |aisedica del Observatorio Volcanolégico de
los Andes del Sur (OVDAS) del Servicio Nacional d8eologia y Mineria
(SERNAGEOMIN), red que se mejordé localmente despieisgran terremoto Mw:8.8 de
febrero 27/2010, region del Maule. Los resultadadiminares procesados por OVDAS para
monitorear la crisis eruptiva fueron complementacims el andlisis de inversiones sismicas,
mecanismos focales, series de tiempo del valolalrglocalizacion de hipocentros generados
gracias a un nuevo modelo local de velocidad 1Dgyea con ello se logré describir la
evolucion espacio-temporal de la sismicidad durdaterisis volcanica. Considerando los
datos preliminares analizados y los resultadosigadns afios antes (en su mayoria estudios
de deformacion InSAR), se logré identificar varfases antes, durante y después de la
erupcion registrada en 2011. La Fase Inicial deyssares (diciembre de 2010 - abril de
2011) fue iniciada con eventos relativamente eniexagde baja frecuencia (LP) e hibridos
(HB) que fueron seguidos por la ocurrencia de egenblcanotectonicos (VT) ubicados a 5-
10 km por debajo de Cordillera Nevada (en el extrédw del PCCVC). Esta ubicacion
coincide aproximadamente con las fuentes de iditacéportadas afios antes de la erupcion.
Un gran evento HBMI4.5) marco la entrada en una segunda fase de nra&tabilidad
(Enhanced, abril-mayo), caracterizada por un inerémen el nimero diario de eventos VT,
HB. De igual forma, sus magnitudes aumentaron tdierapo a medida que los hipocentros
migraron a lo largo del graben del Cordon Caulleidhal Este como hacia la superficie. La
semana anterior a la erupcion (Fase Final de lgided precursora) se caracterizd por un
ndmero creciente de eventos poco profundos corcaméinacion de eventos VT, LP y HB,
predominando este ultimo tipo de evento sismicomUehero de eventos, sus energias y sus
magnitudes aumentaron gradualmente con el tiempentras que el valor b disminuyo
considerablemente dias antes de la erupcion, losggeere una presurizacion del sistema
volcénico. Los mecanismos focales de los grandeates de HB de las fases precursoras
estan dominados por una expansion volumétrica,stense con la movilizacion esperada de
fluidos y magmas desde la camara principal (madupda, con altas presiones de

confinamiento) hacia el cono final, distante 11 Kdma vez que la erupcion comenzo, el
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conducto se abrid violentamente la tarde del 4udej dando origen la Fase Explosiva, la
gue duré 10 dias y se caracterizd por el hundimidetla superficie observado por INSAR,
disminuyendo la cantidad y la magnitud de los esx®MT y HB, aumentando los valores de
b (interpretados como una relajacion del sistemaistrando ademas un tremor definido
como espasmadico, cuya amplitud disminuy6 coneehpio atribuido a la disminucién de la
altura de la columna piroclastica (de 14 a 2-3 KBh)L5 de junio, una reduccién notable de la
columna piroclastica fue seguida por el inicio @&ase Efusiva, la que se extendi6 hasta el 6
de agosto. La Fase Efusiva estuvo marcada por ismaindicion adicional en la tasa de
sismicidad, aunque con magnitudes algo mayoredajfeese anterior, y la aparicion de un
temblor energético cuasi-armonico, cuya amplitud dsectamente relacionada con las tasas
de descarga de lava riolitica desde su cono. Usa @& Declinacion (agosto-septiembre) con
bajos niveles de sismicidad y emision de lava, egguida finalmente por una Fase de
Resurgimiento (octubre 2011 - enero 2012) cuandmumero creciente de eventos de LP
fueron coetdneos con un incremento en la emisidiawdey ceniza desde el cono de 2011.
Los mecanismos focales de eventos VT que se prodpaacipalmente durante la fase
efusiva muestran una combinacién de fuentes comprmalencia de mecanismos normales
alineados con el muro sur del graben y solucior@sturrentes pertenecientes a un grupo de
sismos alineado con el Sistema de Fallas LiquifggiO{LOFS). Nuestros resultados
muestran, con detalles sin precedentes, la evaolutgdina gran erupcion silicea y analiza una
serie de procesos subyacentes, con énfasis en sdbdlgogapel que podrian tener las
estructuras del basamento para permitir la moviliade magma y fluidos a alta presion
antes de la erupcion, seguidos por una subsiddncénte la evacuacion de magma y gases

volcanicos.

4.2 Abstract

High-silica explosive eruptions are one of the ndstgerous natural phenomena, yet little is
know about processes accompanying this type oftieng because they are relatively
uncommon. We present the first systematic chaliaaetesn of seismicity occurring before,
during and after a large high-silica eruption, gmisg data recorded in the vicinity of
Puyehue-CordénCaulle Volcanic Complex (PCCVC) dyrits VEI=4 2011 rhyolitic
eruption. These data were recorded by the seisatigank of ObservatorioVolcanoldgico de
los Andes del Sur (OVDAS, part of the Chilean Ggalal Survey SERNAGEOMIN), which
was locally improved in the aftermath of the grielat8.8 2010 Maule megathrust earthquake.

Results of a preliminary data processing, developgdOVDAS to monitor unrest and
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eruption, were complemented here with the compriatiffocal mechanism, time-series of
the b-value, and the relocation of hypocentersintocal 1D velocity model. Considering the
preliminary data and published results (mostly ofSAR-based studies of surface
deformation), we first defined several phases leeford after the onset of the eruption (June
4™ 2011). Then, we describe the space-time evolutfoseismicity. Theinitial unrest phase
(December 2010 — April 2011) wasinitiated by relely energetic low-frequency (LP) and
hybrid (HB) events that are followed by the occooe of volcano-tectonic (VT) events
located 5-10 km below Cordillera Nevada (at the M¥¥#eme of the PCCVC). This location
roughly coincidences with sources of surface ifdlatears to months before the eruption. A
large (M14.5) HB event marked the entrance in a phase adresdd unrest (April-May) when
the daily number of VT and mostly HB events andrtheagnitudes increased with time as
the hypocenters migrated to shallower depths anthssestwards along the Cordon Caulle
graben. The week before the eruption (final unpbstse) was characterized by an increasing
number of shallow events with a mix of VT, LP, améinly HB events. The number of
events, their energy and magnitudes gradually aseé with time, whereas the b-value
strongly decreased days before the eruption suggestpressurization of the system. Focal
mechanisms of large HB events of the unrest pha@sdaninated by a volumetric expansion,
consistent with the expected mobilization of magmad fluids from the deep reservoir toward
the final vent at high confining pressures. Onee\ént was violently open the afternoon of
June &', an explosive phase that lasted 10 days was dbsmeri by meter-scale surface
subsidence observed by INSAR, decreasing amountraghitude of VT and HB events,
increasing b-values (interpreted as a relaxaticth@iystem) and a spasmodic seismic tremor
which amplitude decreased with time following theedht of the pyroclastic column (from 14
to 2-3 km). On June 15 a notable reduction of the pyroclastic column Yaiewed by the
initiation of the effusive phase that characterittes eruption until August'® This phase is
marked by a further decrease in seismicity rateoaljh with somehow larger magnitudes
than the previous phase, and the occurrence ofmargetic quasi-harmonic tremor which
amplitude is directly related to discharge ratestgflitic lava from the vent. A declining
phase (August-Spetember) with low levels of seigsniand lava effusion,is followed by a
resurging phase (October 2011 — January 2012) whesing number of LP events were
coeval with a renewed emission of lava and ash tt@went.Focal mechanisms of relatively
large VT events occurring mostly during the effesphase shows a mix of sources with a
prevalence of normal mechanisms aligned with thehswn branch of the graben and strike-

slip for those belonging to sub-clusters alignethviine Liquifie-Ofqui Fault Sistem (LOFS)
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at the eastern border of PCCVC. Our results shatk, immprecedented detail, the evolution of
a large high-silica eruption and illuminate a numbkunderlying processes, with emphasis
on the possible role that basement structures cbalet on allowing the mobilization of

magma and fluids at high pressure before the emptnd further relaxation of stresses during

the evacuation of magma and gases.

4.3 Introduction

Silicic volcanic eruptions are one of the mostgdous natural hazards , commonly
associated with the violent explosive evacuatiouadtile-rich magma. Explosive high-silica
eruptions are relatively infrequent but are asgediavith some of the largest natural disasters
in human history (e.g. Vesuvius 79, llopango 429zé&h 1792, Krakatau 1883, Mt Pelee
1902, Pinatubo 1991). Only a handful of these @éwnpthowever, have been instrumentally
monitored (e.g. Usu 1978-1979, Yokohama et al.,11%&u 2000, Matsubara et al., 2004;
Pinatubo 1991, Wolfe and Hoblitt 1996;Unzen 19988,9Umakoshi et al., 2008; Mt St.
Helens 1980-1986 and 2004-2008, Dzurizin et al052@haiten 2008, Wicks et al., 2011).
This gap hampers our ability to understand possibl field precursory signals that could be
useful for short-term hazard assessment and mdigaf its potentially catastrophic effects.
Remote satellite-based observations and far-fietanded seismicity could help to partially
fill this gap, as for the case of the rhyolitic ption of Chaitén 2008 (Wicks et al., 2010; Pifia
et al., 2011). But direct records of instrumentgaiied in the neighborhood of erupting silicic

volcanoes, are almost lacking.

We present the first systematic characterizatiosesmicity occurring before, during
and after a large high-silica eruption, analyziregadrecorded in the vicinity of Puyehue
Corddn Caulle Volcanic Complex (PCCVC) during itE¥4 2011 rhyolitic eruption. These
data were registered by a seismic network instddiethe Observatorio Volcanoldgico de los
Andes del Sur (OVDAS), belonging to the Chilean [Bgizal Survey (SERNAGEOMIN).
Before 2010, this network was composed by few tedlsstations located at relative large
distance (>30 km) from PCCVC. The number of nealdfinstruments (distances < 10 km)
was augmented in the aftermath of the gfdat:8.8 Maule 2010 megathrust earthquake
(which southern limit is located 300 km northwardnfi PCCVC). This was motivated by the

expectation of a possible post-seismic unrest oCYC, as could be suspected when
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considering that its last eruption occurred 38 baoaiter the gianMw:9.5 Valdivia 1960
earthquake (e.g. Lara et al., 2006; Amelung and&kaP009).

The possible earthquake triggering of the 196(tayn was likely facilitated by the
primary structural control exerted by regional maset faults on the magmatic plumbing
system at PCCVC (Lara et al., 2004; Sepulveda.eP@05; Singer et al., 2008). Indeed, the
complex is composed by three main edifices locatedg an inherited (Paleozoic age) NW-
oriented structure (Fig. 4.1): Cordillera Nevadaldéea at the NW extreme, Puyehue
stratovolcano at the SE extreme, and Cordon Cgtdleen connecting both extremes along a
tectonic depression bounded by NW-SE fissures. lug/e/olcano is itself located at the
intersection of this basement structure with a maj@00 km long NNE-oriented structural
system known as the Liquifie-Ofqui Fault Zone (LOFZhis system accommodates the
dextral trench-parallel component of oblique cogeeice between Nazca and Southamerica
plates and is genetically linked to the Southeric&ioic Zone (SVZ) of the Andes (Cembrano
and Lara, 2009).This tectonic setting means thaEVAC is dominated by transpressional
stresses during the interseismic phase of megatbaismic cycle, which characterize the
long-term crustal deformation. This tectonic settaxplains the Late Pleistocene to Holocene
evolution of the complex from a bulk basaltic comition to dacitic-rhyolitic. This magmas
are the result of prevailing closed conditions dérg-lived magma reservoir, where magma
can differentiate forming a high-silica melt on topa crystal-rich mush zone (Lara et al.,
2006b; Singer et al., 2008; Cembrano and Lara, 200%ddition to this presumed structural
control on long-term evolution (Lara et al., 20Q6#e last three eruptions (1921/22, 1960
and 2011) evacuated almost the same rhyodacitiocnadg7-74% Si@ Castro et al., 2013;
Jay et al., 2014, Alloway et al., 2015) and whdtecannected to the structural borders of
Corddn Caulle graben (Fig. 4.1). In this study,ceenbine relevant information published by
previous authors and general features of seisnticitgic as reported by the preliminary data
analysis used by OVDAS. With this preliminary arssdy OVDAS could monitor the pre-
eruptive unrest and declare changes in the leveblotinic alerts before and after the eruption
onset. This is followed by results of the advanagdlysis of seismicity and their sources, as

presented into the framework of the previouslymisdi chronology of the eruption.

Into this framework, the analysis of the 2011 d&up from both a petrological
perspective (Castro et al., 2013, Alloway et a1%) and modeling of geodetic data (Jay et
al., 2014; Wendt et al., 2017), suggest that it w@esval with activity of faults serving as
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feeder dykes connecting a 5-8 km depth magmaterves to the eruption vent. The detailed
seismicity-based characterization of the eruptiogsented here, allows us to independently
complement these previous findings, supportingstnectural control on eruptive behavior
and contributing with unprecedented information wbthe evolution of seismic activity

during a high-silica eruption.

4 .4 Data and methods.

We will first present details of the seismic netlwvand methods, which is separated
into a preliminary data processing step done by @8DRIuring the crisis and an advanced
analysis of the recorded seismic data. The lateludes the relocation of hypocenters via
computation of a local seismic velocity model. Tésimation of focal mechanisms were
calculated by first arrivals and waveform inverspand computation were obtained though
the time-series of theb-value that characterizes the frequency-magnitude relatd
seismicity. We then describe the chronology of2B&1 eruption, including the definition of

a number of phases from years before the erugticsgveral months after its onset.

4.4.1 Seismological network.

The seismic network considered in this study (geatriangles, Fig. 4.1), involves
seven stations installed before the eruption, $ixhem corresponding to Reftek151-30A,
0.03-50Hz broadband seismic sensors connected to a Reftdk digftizers, and one station
(PHU, the closest station to the eruptive venth@penstrumented with a Guralp 6TD 30
second seismic sensor and a 6TD digitizer. Alldtations were connected by telemetry and
internet to the OVDAS observatory located in thg of Temuco (aprox. 200 km northward)
where a continuous flow of data was establishedwatly the monitoring of unrest and
eruption in near real time. Four of these statiares located in the far field (35 to 80 km
distance from PCCVC; Fig. 4.1) and form part of tlegional surveillance network of
OVDAS as consolidated in 2010. Up to 3 days after éruption onset, other three stations
(green triangles, Fig. 4.1; FUT, TAY and LIC; R&ft&1-30A, 0.03-50Hz connected to a
Reftek 130B digitizers) were installed in the sauth and western flank of PCCVC to
monitor in detail the advance of the eruptive psscdhe sampling rate of seismic data was

100 samples per second. Finally, the installatibbwo surveillance optical cameras 5 days
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after eruption onset, facilitated the observatibthe post-eruptive phase, recording important

explosions associated with the paroxysmal phasieeoéruption and the subsequent extrusion

of lava.
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Figure 4.1. Location of Puyehue-Cordon Caulle Volcanic ComplBXCVC) in the Southern Volcanic Zone
(SVZ) of the Andes of southern Chile. On top of topographic map we mark main geological structures
(noting the Liquifie-Ofqui Fault Zone LOFZ), lavawls generated by the 1921, 1960 and 2010 eruptibas,
2011 open vent and location of seismic stationse@lorange triangle for pre-eruption and three rgteangle

for post-eruption location). The inset at the rigbttom corner shows location of far-field seisrsiiations (four
orange triangles). The red triangles in the bottsimow two GPS cited in Wendt et al. (2017). Fuente:

elaboracion propia.

4.4.2. Preliminary data processing

A preliminary processing of the data recorded ioowiusly by the routinely
monitoring of OVDAS were used to follow the unrestd eruptive process. This considers
the manual recognition of individual seismic eveintsn the continuous seismic signal and
extraction of basic information for each of thers;amplitude, duration and picking of wave
phases. This information allowed the constuctiothefcomputation classification scheme of
Lahr et al. (1994) and Chouet (2003), which is Hase the waveform appearance on the

seismic records, wave morphologies and length. &siiablishes four main kinds of volcanic
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signals. First: volcano-tectonic (VT) events, claaivals of the P and S body waves, that are
related to brittle fracturing of rocks. Second: doperiod (LP) and very long period (VLP)
events, with a body wave arrivals and a conceommatf energy at low frequencies (LPk&
and VLP<0.5Hz) that suggest a genesis related to fluids movemeptessures changes of
volcanic conduits. Third: hybrid (HB) events withcambination of features of VT and
LP/VLP signals; and fourth: tremors (TR), whichgdni are similar to LP events, but with a
sustained excitation through time that can lasthbyrs to days. Finally, using the Local
Magnitudes l) proposed by Hutton & Boore, (1987), seismic ermsrgdescribed by
Gutenberg & Richter, (1956) and the preliminaryaliian of the hypocenters were calculated
by HYPO 71. The preliminary data processing geeera database consisting on a total
number of 32,850 earthquakes recorded between Dee2®10 and December 2011, from
which 7,100 were classified as VT; 12,500 as LP ¥h&; 7,150 as HB and 6,100 as TR
(Fig. 4.2A). We also used wave polarization (Matawam 1982) to corroborate the existence
of body waves in representative seismic traces (D HB, LP, VLP, and Tremor (TR)
events. In the last case, the polarization helpegstimate locations (azimuth) for case of TR
seismic activity (Bertin et al., 2015). In order qaantify the size of TR events (spasmodic
and quiasi-armonic; Supplementary Material Fig.AS$-S5-B), the reduced displacement
(Dr) was used (Aki, 1981; Fig. 4.2C).

4.4.3. Advanced post-processing of the seismic data
A second, post-processing level was implementetiigmwork with the aim to refine

the location and characterization of seismicitguding the following procedures:

4.4.3.1. 1D seismic velocity model and hypocergyaation

We performed a relocation process of the recoelats using the Join Hypocenter
Determination (JHD) algorithm (Crosson, 1976; Elistla, 1977; Thurber,1983). For this, the
local one-dimensional (1D) crustal velocity modedsmefined from the regional model of
Bohm et al. (2002) using VELEST (Kisslinget al., 949 and considering only 425 high
quality events (8 or more phases; horizontal errdfd5 km, vertical errors<1 km; RMS
solutions <0.15; gap <180°) from the 1750 earthg@sghkreliminary located using HYPO-71.
The reference level of the 1D model was establistied5 km above sea level. According to
the methodology proposed by Kissling et al. (199 ,proceeded to verify the results, fixing
the 1D velocity model and time delays to each @tatgiving only degrees of freedom at 100

hypocenters, restoring the majority of the besations.
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4.4.3.2. Waveform Inversion of focal mechanisms

Focal mechanisms of relative large eve#>@3.0) were computed using SEISAN
[Earthquake Analysis Software Version 10.0; Havskamd Ottemoller (1999)] and
considering first motion for events with 7 or marepulsive polarities recorded by the
network. In order to improve the solutions, the alqulanes were selected using the S/P ratio
amplitudes (Hardebeck and Shearer, 2003). For gmarieeular cases of large VT, VLP and
HB events we also computed the whole seismic mortegrgor using waveform inversions
with ISOLA (Sokos and Zahradnik, 2008). To elimmanhoise signal, point-source
deconvolution iterations were filtered to frequ&ssi0.25Hz. The calculation of the Green
Functions associated to the total wave field gardrhy the elastic behavior of the crust was
developed following the methodology proposed by &mn (1981). The moment tensor is
calculated using the least squares method. The dinogigin and the spatial position of the
point source (centroid) were searched around tloeated hypocenter. After introducing the
instrumental response of the stations and the hslakity model, we proceeded to integrate

the velocity signal.

4.4.3.3. Temporal variation dfvalue

We investigate the temporal evolution of seisrgidity means of the frequency-
magnitude relationship as parameterized bybtlvalue which is the slope on the Gutenberg
and Richter (1944) earthquake-size distribution. aplied the method described in detail by
Tassara et al. (2016), which is based on the maninikelihood method (Aki, 1965;
Hamilton, 1967). With this method, thevalueof a group of seismic events can be estimated

as:
1

b=
n10(M,,.., — M)

where Mnean is the average magnitude of the sampled eventsMmdhe magnitude of
completeness above which earthquakes are reli@ngrded by the seismic network. We
worked with a group of 1.750 events (VT and HB)hwieliable estimated magnitudes. The
magnitude of completeness of this sample is 1.6.ud& correlative and overlapping time
windows defined by the occurrence of 125 eventh @it overlap between them of 75%. For
each window we compute ofevalueand its error (as estimated using Aki, 1965). fhar

interpretation of the resulting time-series we odased that low/highb-values are
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characteristic of tectonic settings dominated bxerse/normal faulting (Scholz, 2015). Due
to the large stress necessary to activate a revatde compared to a normal fault, this
observation has led to the use of lhealueas a stress-meter that points to high/low stress a

faults showing low/highb-value(Schoerlemer et al., 2005).

4.5. Chronology of 2011 Eruption

In order to establish a temporal framework to dbsoour results, we consider general
information about the seismic activity reported®YDAS mostly based on the preliminary
processing of data recorded by the seismic netwanr#t,complemented this with a review of
existing literature on time evolution of PCCVC betm 2007 and the end of 2011. This is
mostly based on observed changes of eruptive stffer eruption onset and published
analyses of INSAR and GPS data. Considering tiasrration, we recognized and described

the following temporal phases (Fig. 4.2).
4.5.1. Pre-unrest (2007-Dic 2010).

INSAR images obtained before 2007 reported by euet al. (2010) and Jay et al.
(2014) indicate no ground deformation at PCCVCefigrograms from January 2007 to
December 2009 however, show persistent surfacé apliates of 20 cm/yr and these sources
were modeled as lying 3-8 km below Cordillera Nevatid the SW flank of Cordén Caulle
graben (Fournier et al., 2010). This inflation epis was accompanied by clusters of
moderate magnitudd/: 1.5-4.0) VT quakes identified by the regional O¥® network and
located 1-10 km below Cordillera Nevada. After th®v:8.8 Maule earthquake of 27
February 2010, Jay et al. (2014) identified a siaihflation (1.7 km depth) below Cordillera

Nevada, likely associated with the activation @& ttydrothermal system.
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Figure 4.2. Time series of relevant parameters before (Maroh) after (December) the 2011 PCCVC eruption
(June #).A: Daily count of VT (red), HB (orange) and LPeflow) seismic events. B: Height of the pyroclastic
column (blue) and effusion rate (red, after Beetiral. (2015)). C: Local magnitude of VT (red) aft (orange)
events, amplitude of reduced displacement Dr oftthekground tremor (black) accompanying the expéosi
phase and the monochromatic tremor (green) domigdtie effusive phase. :value(grey line) with error

bars (red). Fuente: elaboracién propia.
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4.5.2. Unrest (December 2010 — June 4 2011)
4.5.2.1. Initial (December 2010 — April 21 2011)

The regional network of OVDAS recognized firstrmgof unrest by the end of 2010,
observing a sporadic record of low frequency evasigssified as VLP and HB. The
subsequent installation of the seismic monitoringtien PHU at the southern flank of
Puyehue volcano in February 2011, and stations R@LCRAN in the northern sector of
PCCVC over the following two months, allowed captgrdetails of this seismicity through
time. During the first half of March, some VT evemer day were recorded witi<2-3 and
were located 4-10 km depth below Cordillera Nevéelg. 4.4A). By the end of this month
the number of VT events increased. A tendency ragiat during the first half of April when
pulses of this kind of quakes (mixed with some Idd &B events) lasting several days and
reaching a register up to 180 events/day with madas ofMI:4. After a cluster of seismicity

on April 18, a period of relative seismic calm culates this phase.

An InSAR image presented by Jay et al. (2014) fat @ctober 2010 to mid January 2011
shows no sign of surface deformation, but an ietedgram between 9 March and 8 May
suggest up to 5 cm line-of-sight (LOS) uplift akkghwith the north-western extend of Cordén
Caulle graben. This signal however, is consider®@ aropospheric effect by Wendt et al.
(2017).

4.5.2.2.Enhanced (April 22 - May 30)

A reactivation of seismicity during the last wesfkApril was crowned the Z7with a
very energetic eventM|:4.5) classified as HB, which indicated signs ofgma and/or fluid
migration (Supplementary Figure S1). This event Wwdowed by a cluster of decreasing
number of mixed VT and HB seismicity. During thesfihalf of May, the number of VT
events kept constant in ca. 30-40 events/day widlgmtudes up tdMl:3.5. Whereas HB
events start to be more notable and reached largagnitude MI:3.5-4). Preliminary
locations of these epicenters suggested a spaigahtion from deep (10 to 5 km depth)
sources below Cordillera Nevada, to shallower degttd km) toward the SE along Cordon
Caulle graben. After a relative seismic quiesceatctie mid of May, the second half of this

month was characterized by a relatively constatd cd seismicity of mixed VT and HB
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origin on the order of 35-45 events of each type @&y, but maximum magnitudes were
gradually increasing and locations were concemigattbward the central and eastern side of
the graben with shallower depths (Fig. 4.4A)

4.5.2.3. Final Unrest (31 May — 4 June)

The week before the eruption was characterizedrbincreasing number of shallow
events with a blend of seismic sources, showingxaofVT, LP, and mainly HB events. The
number of events, their energy and magnitudes gidincreased with time. On Juné&',2
OVDAS changed the volcanic alert to yellow (levgl B the following days seismicity rate
and magnitudes increased recording ca. 1600 HBtgvére day before the eruption (Fig.
4.2), and more than 200 events per hour some Hmefge the eruption (Supplementary
Figure S2, S3 and S4), with at least 25% of thepsmtingMI:3.0-4.9. Considering this
intense seismic activity, OVDAS decided to warred alert, activating the evacuation of the
population within a radius of 25 km from the voloaan the morning of Juné"4In this
period, the network started to record seismic agtigutside the Corddén Caulle graben,
suggesting the activation of a NNE-SSW branch oFEQFig. 4.4B).

4.5.3.Eruption (4 June 2011 — January 2012)
4.5.4.0nset (4 June,14:45 hours local time (18:49\03))

Culminating the intense seismic activity recordédhe end of the Final Unrest Phase,
a Plinian VEI=4 explosive eruption took place, opgra new vent near the intersection of the
northern branch of Cordén Caulle graben with a arestrace of LOFZ. A sustained and
vigorous eruptive column was fed from the ventaaés near 10kg/s (Pistolesi et al., 2015)
and rose to an altitude of 10-12 km in less thaa fuour.

4.5.5.Explosive (June 4 — June 14)

The paroxysmal starting phase lasted 2-3 days, avgyroclastic column that reached
up to 14 km height, and at least five episodes aitigd column collapse that generated
pyroclastic density currents mainly heading noRistolesi et al., 2015). Over the following
week, column height oscillated in response to feafjvariable-sized explosions and steadily
reduced to 4-8 km height (Fig. 4.2B).
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A SAR interferogram formed by scenes acquired Bta§ and 7 June 2011, captured
the surface deformation produced by the first 3sdafythe eruption (Jay et al., 2014; Wendt
et al., 2017). This InSAR image is characterizedvy lobes of large subsidence joined by
an area elongated along Cordén Caulle graben. Obe is collocated with the rim of
Cordillera Nevada and shows up to 1.2 m of LOS igsiginse, whereas the second less
prominent and less coherent lobe lies southwarth@fnew vent (Wendt et al, 2017). The
source of deformation has been modeled by two tiedlgoint sources at depths of 3.5-6 km,
with volume changes in the order of -0.02 to -Onf’ kJay et al., 2014, Wendt et al., 2017).
Wendt et al. (2017) demonstrated that the obseseéatmation signal could also be modeled
by a closing NW-oriented southward-dipping dikethaa significant component of left-lateral
strike slip movement, connecting the rim of Cortél Nevada with the active erupting vent
(Fig. 4.4C).

During the paroxysm, preliminary located eventsered the entire graben area and
the western flank of Puyehue Volcano, with an ingatr cluster located southward of the
active vent. After the paroxysm, a sharp decre&d¢Boevents and an increase of VTs was
recorded both with decreasing magnitudes with tifiies seismicity was accompanied with a
spasmodic tremor (Supplementary Material Fig. S5-#hich became the dominant
component of the seismic signal since 6 June (Beztial., 2015). The multi-frequency
character (0.4#z) and constant oscillations in the amplitude of titeenor (as measured by
the reduced displacement, Fig. 4.2C), evidenceddssiple combination of sources and
explosions, ash and gas output, and several pwtaclflows. Digital elevation models
constructed by Castro et al. (2016) from radar llgatemages, suggest that a laccolithic
intrusion started to develop at 8 June below thegptare vent in response to conduit
constriction (8-fold decrease in vent diameteryseal by the accumulation of blasts expelled

by Vulcanian explosions.

On 12-13 June, pulsating pyroclastic jets wereranied by an oscillating tremor
signal, increased number of HB events and vigoexymosions that cast large ballistic bombs
to distances of up to 2.5 km from the vent (Castral., 2013). By the end of this phase, the
rate of seismicity decreased, the amplitude ofgpasmodic tremor became minimal and

eruptive column height was lowered to less thank#a3

4.5.6.Effusive (15 June— 6 August)
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Since 15 June, the entire seismic network begamedord energetic low-frequency
pulses constitutive of a quasi-harmonic tremor {Beat al., 2015). The reduced displacement
of this signal was 10-15 times larger than the syuakic tremor of the explosive phase (Fig.
4.2C; Supplementary Material Fig. S5-A), and inthdaa significant change in the behavior
of the eruption. This was interpreted by OVDAS las bnset of an effusive phase. A lava
flow was actually confirmed on 17 June by satelliteages and later on 20 June by an
overflight (Bertin et al., 2015). As summarized Bertin et al. (2015), tremor particle
motions showed a P-wave nature with incidence anglese to sub-horizontal, pointing out
to a shallow source and with virtually no changéshe dominant frequency of the tremor
during the effusive phase. These tremor oscillateatures, suggest the fast movement of
magmas. A significant temporal correlation betwesgtuced displacemenDg) of the tremor
and discharge rates of lava flow estimated by lsatéinages (Fig. 4.2B), confirm this causal
relation (Bertin et al., 2015). Discharge ratesa§sdafter the start of the effusive phase were
as high as 70 Ws, whereas the average eruption rate during tse 20 days was 50 s
(Bertin et al., 2015). The initiation of the effusiphase was accompanied by a decrease in
the seismicity rate of VT and HB events, althouglke magnitude of these events were
somehow higher than during the end of the explogikase. The quiasi-armonic tremor
represented the beginning of magma supply (FidB} Ruring the first half of July the daily
number of seismic events kept relatively constantsng a prevalence of VT with respect to
HB and LP, whereas the effusion rate gradually eksed together with the reduced
displacement of the tremor. The last 2-3 weekshef ¢ffusive phase were marked by a
decrease of the seismicity rate, with relativelsgéamagnitudesMl:3-4.5) mostly for VT
events. Oscillation of the effusion rate reachqmbak of ca. 45 ffs the first days of August
and renewed energy of the tremor decline to a mimmat the end of the phase

simultaneously with the disappearance of the pgsic column.

Combining SAR scenes for 7 June and 7 July, arfarbgram presented by Jay et al.
(2014) and Wendt et al. (2017) covering the warstage of the explosive phase and the
initiation of the effusive phase, was modeled vetkingle deflating point source located 5-6
km below the active vent and accounting for a vauchange of -0.12 to -0.17 RnfFig.
4.4D). Continuous GPS observations presented bydi\tnal. (2017) are readily explained
by this modeled source, although a significant inisfthe vertical GPS component in the

southern flank of Puyehue Volcano, likely pointsattocalized movement of LOFZ (Fig. 4.1)
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as can be also inferred by the occurrence of seigndlong the western branch of the fault

zone.
4.5.7. Declining (7 August — 30 September)

During this period, a small diffuse eruptive columvas observed, discharge rates of
lava keep constant at relatively low values (20r815) and seismic activity remained at low
levels. Sporadic VT events were recorded alongythben and south to the vent, likely along
the LOFZ. During the second half of September, rameiase of LP activity was recorded.
INSAR images and GPS data during this phase sktilv some subsidence but modeled point
sources comprise lower volumes compared with ptsvighases (Jay et al., 2014; Wendt et
al., 2017).

4.5.8. Resurging (1 October 2011— January 2012)

A rising number of LP seismic events during theosel half of September anticipated
a reactivation of the volcanic activity. This wassaciated with an increase in the amplitude
of the quasi-harmonic tremor and a new emissiamshf explosions and effusion of lavas that
lasted until January 2012. Jay et al. (2014) reybstubsidence until February 2012. INSAR
images studied by Delgado et al. (2016) howeveswskd a surface uplift of 0.8 m from
March 2012 until the end of 2015. In this work theterpreted this uplift as an intrusion of
magma at volumes similar to those expulsed dutied2011 eruption as modeled by Jay et al.
(2014) and Wendt et al. (2017), i.e. 0.125km

4.6. Results and Discussion
Here we present the advanced post-processingedadeismic data compared to the available
literature.
4.6.1.Local seismic velocity model and refined spedime evolution of relocated
seismicity

Local seismic velocities resulting during the s@€ty relocation process, are 1-2
km/s lower than the regional model of Bohm et 2002) at depth shallower than 6 km, with
values of Vp near 5 km/s and Vs around 2.8 km/ss Tdrge difference gradually decreases
between 6 and 10 km however, below 6 km depth, baitiels get closer (Fig. 4.3). This is
not surprising, since the model of Bohm et al. @0& for the entire arc-forearc crust
between 38° and 40°S, and our model has a loaaifisance behind PCCVC. Rather, low

velocities at shallow depths in figure 4.3, suggedbminance of recent volcano-clastic rocks
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likely affected by penetrative fracturing and/ortlas effect of an active hydrothermal system
(e.g. Sepulveda et al. 2006). A relatively sharpoacity contrast at 6 km depth likely
constitutes a mechanical-rheological limit thatldoact as a barrier for magma mobility and
be related to the stagnation of magma in a reservdie estimated depth of such a
discontinuity lays at the upper bound of depthsnfrdeformation sources modelled from
INSAR data (Jay et al., 2014; Wendt et al., 20hd) therefore, it is likely connected with the
main magmatic reservoir below PCCVC. Seismic eveatgstered by the network, were
relocated on this locally computed seismic veloaitydel and are shown in Figure 4.4 (A, B,
C and D). Comparatively few hypocentres were restrduring the initial unrest phase and
they are roughly concentrated below Cordillera Niev€aldera and the NW half of Cordén
Caulle graben above 5-6 km. This area roughly edé@scwith the location of modelled point
sources of surface inflation observed by INSAR somars, to several months before the
eruption (Furnier et al., 2010; Jay et al., 2014d ¢he main deflationary source during the
effusive phase of the eruption (Jay et al., 201énW et al., 2017). The fact that most of the
events recorded during the initial unrest sub-phasee classified as VT, suggests that
fracturing of rock above the main reservoir wasevgiling process to prepare the system for

the eruption.

1D Local Velocity Model
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Figure 4.3. One-dimensional seismic velocity model (Vp red; Mse) obtained in this work (bold lines)
compared with the one of Bohm et al. (2002, segetklime). The level 0 Km is related to the tople Cordon
Caulle graben (1.5 km above the sea level). ThexBehal. (2002) velocity model started in -2 km &he O km

is the sea level. Fuente: elaboracion propia.
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Figure 4.4(Re)locations of seismic events recorded befor, (feB) and after (right C-D) eruption onset.
Events are coloured by day following codes defif@dhe different phases of the eruption. Focal ma@isms
(A, C ad D) of some well-recorded events are alsons. White triangle is the eruptive vent. Locatioh
deformation sources modelled by Jay et al. (20tk4ty and Wendt et al. (2017, squares) are eithasparent
(if they are inactive at the time of the respecipamel) or coloured attempting to follow the codégach phase

of the eruption. Fuente: elaboracion propia.

The appearance of LP and HB events near the begjrofithe enhanced unrest sup-phase
(end of April 2011) likely responds to the initiadobilization of fluids (magmatic and/or
hydrothermal) from the reservoir toward the finaht: Hypocentres for events of this phase
do not show a clear migration of a seismicity frénoim one point to the other, but more a
south-eastward expansion of seismicity to shallodegths (<5 km) along Corddén Caulle
graben and to deeper levels (up to 10 km) belowdiera Nevada. The increasing number of
LP and HB events mixed with comparable numbers ®févents, suggest that increasing
amounts of fluids were injected at high pressucenfithe main reservoir below Cordillera
Nevada, gradually invading the fault system undsitm&ordon Caulle graben and opening

paths for the movement of magma and gases to tfecsu

At the intersection of the graben with the LOFZpwer brittle strength of the rock
massif was likely important for allowing the finapening of the vent. After several days of
shallow seismic activity along both structures (gmLOFZ), indicate the final unrest sub-
phase. Events recorded during this phase, formmeelsow diffuse grouping aligned with the
NW-SE branch of Cordén Caulle graben and a morgpsR&-SW alignment at the western
flank of Puyehue Volcano, that could be relatedwaitvestern branch of LOFZ. The erupting
vent is clearly located at the intersection of ¢hego groups of events. Two days before the
eruption, nearly 4200 counted events of all typesewconcentrated in a single and shallower
area where the vent was finally opened. The taotatgy calculated from these events during
the final pressurization of the system were 1.68%&0gs, representing an accumulated

moment equivalent to ;5.6 earthquake.

During the Explosive Phase of the eruption, theniber of recorded events was
gradually decreasing (Fig. 4.2) but their hypocenspread out from the vent area covering
the entire graben back to Cordillera Nevada (Fid).4The region identified as the sources of
the 2008-2009 inflation event, were followed by aimco-eruptive deflation (Jay et al.,
2014; Wendt et al., 2017). Also during this phasegroup of events formed a roughly NS
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alignment southward of the vent and covering thetar@ and southern flank of Puyehue
volcano. This area roughly have coincidences with decondary deflation source identified
by INSAR studies (Jay et al., 2014; Wendt et &17) and marks the possible activation of
the main trace of the LOFZ.

The main area occupied by locations of eventsrdezbduring the Effusive Phase,
does not differ markedly with respect of thosehef Explosive Phase. Although, we note that
seismicity tend to expand to the south-westernkflainthe complex and to deeper levels in
comparison with the previous phase. This correlstgl a larger depth of the deflation
source, that explains a more regional surface defton observed by INSAR (Jay et al.,
2014; Wendt et al., 2017) during the Effusive Phase

Events belonging to the Declining Phase maintaéndistribution and tendency of the
previous phase, but at the end of it the Resurgingse shows an expansion of seismicity
mostly outside the northwestern border of Cordillédevada caldera and southward of
Puyehue volcano. The seismic distribution of thiage occurs along the main trace of LOFZ.
By the second half of the Resurging Phase, seisweats tend to retract to locations similar
to the Effusive Phase.

4.6.2.Focal mechanisms

At the beginning of the Enhanced Unrest Phase @il 27", a large HB event
(MI:4.5) was recorded by the network. During this phadher events with similar features
(predominance of impulsive compressive polaritligh frequency at the beginning of the
signal, followed by dominant frequencies <8z were also registered. We used Full
Moment Tenor inversion (Full MT) with ISOLA softwarto obtain focal mechanisms of the
five largest events of this type in the EnhancedesnPhase, as shown in figure 4.4 (and
summarized in Supplementary Material Figure S6 Batlile S1). These waveform inversions
were complemented with the observation of firsivats (all compressive), as shown in Fig.
4.4. These events are dominated by a non-doublgleoNDC) focal mechanism, with
percentages of the double couple (DC) componeribwsas 10 to 40%. Full waveform
inversion of some of these events, confirmed thmidance of the NDC component before
the eruption (see Supplementary Material). This poment is formed by an undetermined
percentage of an isotropic component (ISO, alsoMnas volumetric; e.g. iZova et al.,

2013) and a compensated linear vector dipole (CL¥Bnhponent. This combination has
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been commonly interpreted in other volcanic areascaused by magma mobilization and
intrusion (Aki 1984; Julian and Sipkin 1985; Dreger al., 2000; Sarao et al., 2001;
Templeton and Dreger 2006), in contrast with ldtsig along a fault plane as for DC-

dominated focal mechanisms.

After the eruption onset (mainly Explosive, Effusiand Declining Phase), it was
possible to compute 26 focal mechanisms using itse rhotion method on well-recorded
VT’s (double couple earthquakes; Fig. 4.4). Mostthefse focal mechanisms, have been
described for events occurring during the Effudffese. We note three main sources acting
simultaneously during this phase. One of them iskathby events with dominantly reverse
focal mechanisms that are aligned with the nortliiamch of the graben. They show strikes
between NW to EW, i.e. roughly parallel to the lstrbf the Cordén Caulle graben. At the
southern limit of this graben, the second groupwents with a common focal mechanism of
normal faulting is recognized with a dominant NWik&t, which is totally parallel to the
graben. A third group of events with dominantlyk&rslip focal mechanisms, is recognized
at the eastern portion of the graben near thesattion with LOFZ, suggesting an activation
of this structure. Finally, ensuring the properduoning of ISOLA software, we tested the
guality of the solution using Full MT inversion. @hesults from the largest VT earthquake
recorded at June $0vere compared using both; waveform inversion igsolarities focal

mechanism, obtaining similar results.

4.6.3.Temporal variations of theb-value

We computed a temporary variation mivalue using the seismicity recorded from
May to December 2011 as shown in Fig. 4.2D. Atdhd of the Enhanced Unrest Phase, we
note that thé-valuewas relatively constant near 0.7, but enteringRimal Unrest, it started
to rapidly decrease to values less than 0.3, m@stlgys before the eruption. This is related
with a marked increment in the magnitude of HB &fid events, days before the eruption
onset (Fig. 4.2C). After this onset, the seismignitades decrease gradually but keeping
relatively constant number of events per day, whmbans that théb-value increases
constantly during the explosive phase. A coupldayfs before the beginning of the Effusive
Phase, thd-value stabilizes near 1.2, which is the maximum valumpoted for this time-
series. Days after the end of the Explosive Phaskies of b decreases again and then
increases to near 1, and this value is maintaingd onid July. The second half of the

effusive phase, is marked by a gradual decreasevafue until the end of August into the
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Declining Phase, but then this tendency reverth wimuch gradual increase until the end of

the analysed time window.

The development of an important seismic activityimg the volcanic crisis, allowed
us to define a local 1D velocity model for the \an complex. It was possible to calculate a
superficial velocity model lower than the regionalocity defined by Bohm el al. (2002),
which is consistent with an important hydrothermgstem described by Sepulveda et al.
(2005). In the same way, it was possible to idgraisecond relevant velocity change on 1D
close to 6 km depth. This discontinuity would faatle the lodging of shallow siliceous
magmas, which is a common feature observed in diilsesrical eruptions related to rhyolitic
magmas (e.g. Novarupta-Kadmai 1912 and Chaitén)20®is condition probably facilitate

the formation of surface magmatic chambers assmtiaith extensive hydrothermal systems.

With a 1D local velocity model defined, it was piliBe to relocate the seismic activity
establishing a space-time evolution of the seiggidihis model helped to understand how
different structures were reactivated throughoig t#olcanic complex in the eruptive crisis.
The initial Unrest Phase, showed a deepest setynfioainly VT) located under the Caldera
Cordillera Nevada, evidencing the reactivation afegp reservoir, which is consistent with
the INSAR data proposed by Fournier et al. (2014y, el al. (2014) and Wendt et al. (2016).
In the Enhanced Unrest Phase, the seismicity wpkykd mainly in the graben, migrating
its location towards the east, decreasing the seidepth. In this phase, it was possible to
identify a predominance of HB/VLP seismic activitwhich as a result of waveform
inversions was possible to define as a non-doutngle (NDC) origin. These results are
consistent with a migration of magmas/hydrotherfhatls through cracks/dikes as seismic
sources. This NDC seismicity related to volumetsmurces (compensated-linear-vector-
dipole [CLVD] + isotropic [ISO]), were charactertteby predominance of impulsive
compressive polarities, showing a high frequencthatbeginning of the signal, followed by
predominant frequencies below (Hz. This behavior has been interpreted as an intnusio
mechanism through dikes in active volcanic systéAld 1984; Julian and Sipkin 1985;
Chouet 2003; KZova et al., 2013). In this context, other volcasystems have shown similar
seismic events related with crustal deformatiorggesting the mobilization of magmatic
fluids (Dreger et al., 2000; Sarao et al., 2001mpketon and Dreger 2006). As shown in

Table S1 (Supplementary Material), waveform invamsiand polarities of first arrivals (Fig.
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4.4A), suggest a predominant NDC for their sourdes.this sense, the Okada model
deformation proposed for dike-source by Wendt et(2016) and the petrologic analyses
developed by Alloway et al. (2015), suggested ativeaaole of dikes in the process of
lodging, ascent and subsequent extrusion of rhgatitagmas in 2011 PCCVC eruption.
These studies are consistent with our resultseok#ismic sources that represent a movement
of magma into mesh-dikes along the graben strustuféie compressive polarities and
waveform inversions are consistent with a volungcethange generated by a magmatic
migration through open-cracks in a rhyolitic higlegsure system. If we want to define the
predominant stress field however, one possibilgytry to use the seismic waveforms
inversions to define P and T axes. The problem BCNsolution is that the results have an
important volumetric component, for that reasois ihard to find the location of the principal
stress field directiono(l) that finally triggers the eruption. In the Findtrest Phase, the NDC
dominate the seismic activity becoming shallowet eeactivating a branch of the LOFZ that
is located outside the graben (southern sectoB.Zl1 vent was located where the two most
important structures of the complex are interceptednfirming the most brittle and
heterogeneous area of the system. If we assumethbatinal phenomena triggering the
eruption was the super-pressurization system (phena consistent of seismic migration
along the graben) the local stress field in thecab before the eruption, is related by the

saturation of gases pushing the magma to the surfac

After the eruption onset, seismicity radically ngad during the Explosive Phase,
decreasing the earthquakes number and their magsituHowever, the main change
observed were produced in the frequency contemthefseismic signal. Before the eruption
(Final Unrest Phase) the seismicity predominance mainly the low frequency activity HB
(Supplementary Figure S1), meanwhile after the teonpthe seismogram showed only VT's
high frequency activity (Supplementary Figure SE)ese changes are consistent with the
evolution of volcanic processes. Before the erup{enhanced and Final Unrest phases), the
seismic source was related with magmas intrusiosutih to the dikes (HB seismicity). Then,
the post-eruption (opening of a high pressure systexplosive and Effusive Phases), were
controlled by a deflation of the system promotingimly VT seismicity. The solutions of the
focal mechanism at the end of the Explosive Phadetlze beginning of the Effusive Phase,
were located in the north wall of the graben, simgwhainly inverse solutions (Fig. 4.4). This

behavior is consistent with shallow intrusion o$agus magmas such as laccolith described
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by Castro el al. (2016). Whereas, the Effusive Phakowed solutions of the focal
mechanisms located in the southern wall of the egrapredominantly normal, being
consistent with the deflationary phase of the caxpLikewise, it was possible to establish
dextral slip solutions in both phases, consistdtit the LOFZ located in the east sector of the
graben next to the Puyehue volcano. During thediffuand Declining phases, a repetitive
seismicity was generated with a common source. Sihd@larity in the waveform, are
consistent with similar solutions of 10 focal mewisans (Fig. 4.4D, yellow arrows). The
average of this 10 azimuth of focal mechanism swist resulted in N150° (standard
deviation=18°; dip:24° to 82° and Rake:-45° to ¥%3videncing the participation of the
southern wall of the graben in the deflationaryetéjwe process. Finally, it should be noted
that this average azimuth was calculated accordirige Okada inversion reported by Wendt
el al. (2016), corroborating the importance of tsigicture in the hosting and migration of

magmas.

In general, thd-valueis a measure that quantifies seismic productioteims of its
spatial and temporal magnitudes for a specific/aotame (Scholz, 1968; Wyss, 1973). This
quantification allows to establish the charactérafor the different local tectonic stress
regimes (Wiemer et al., 1996; Schorlemmer et #&Q42 Schorlemmer et al., 2005). Both
temporal and spatial variations of thevaluehave been interpreted as changes in an active
framework regional tectonic stressé@un, 2013). In volcanic zones, thevaluehas been
associated with migration of magmatic/hydrotherfhats which affect widely the volcanic
arc (Enescu and Ito, 2003) or volcanoes such ad (Wyss et al., 2001), Augustin (Jacobs
and Stephen, 2011) and Yellowstone (Farrell e28@I09). Theb-valuewas also used to infer
the state of the differential stress) in active faults, since Schorlemmer et al. (20§fwed
the inverse relationship between this stress¢1-03) and theb-value (cp=1/b), which can
be interpreted as an indicator of crustal relaxapooduced after a major earthquake. In this
context,b-valuein the Final Unrest Phase showed a sharp decridesdg,due to a significant
seismic magnitude increment, related to a magnfiatid migrations. This response suggest
an imminent eruption triggering, due to a overpues®f the volcanic system (incremerg).

In the Explosive Phase, the pressure was releasedhiuge eruptive column producing a
spasmodic (poly-frequency) tremor (Supplementaryteklal S5-A). An increase of thie-

valuein this phase was observed, associated to a decoéadeismic magnitudes. Therefore, a
relaxation (deflation) of the volcanic system weneasure by GPS and InNSAR (Jey et al.,

2014; Wendt et al., 2016). In the beginning of Bffeisive Phase, thie-values again began to
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decrease due to a new increase in seismic magsitlities second decrease in thealueis
consistent with the maximum laccolith intrusion anthe vent and the emission of lava flows
to the surface of graben, which is representechbymiaximum values of the DR associated
with the quasi-harmonic tremor (Fig. 4.2b). Aftérat, the values of b increased again,
decreasing the magma supply rate and the releessihiity, suggesting that thevalueis
inversely proportional to the siliceous volcani¢idty that promote a higlsp. Finally, the
temporal evolution ob-valuein the volcanic crisis is consistent with the exmn of the
stress in the PCCVC. However, the key of this lugdbol is to detect rush stress changes in

an explosive volcanic system, being a useful todbtecast catastrophic siliceous eruptions.

The PCCVC 1960 eruption, is known in the scieatiigld due to a connection to the
Valdivia megathrust (M:9.5; Barrientos et al., 1990; Sepulveda et alQ520In general,
most of the volcanoes do not produce an eruptiter af megathrust, unless the precondition
of the volcano (static or dynamic stress (Hill ¢ @002; Brodsky et al., 1998). This
precondition play a key role in the processes d€amic reactivation. The dynamic stress
change added to a favourable orientation of thecgtre hosting the magma (PCCVC), could
promote the relaxation of the graben, favouringekieusion of magmas at high pressure as a
result of megathrust (Stanton-Yongue et al., 26E8ias et al., 2017). These observations are
consistent with the tectonic setting recorded | BCCVC during the last decade. Between
2007-2008 the volcanic complex recorded severakmwdfirst unrest) associated with an
intrusion of magma (INSAR, Fournier et al., 2010)haut an eruption, verifying that the
volcano was already in an unusual unrest. On Fepid' 2010, the south of Chile suffered
one of the largest earthquakes in its history (Md&régionMy:8.8), reactivating sections of
the most important faults along the Southern Chil®alcanic Arc (e.g. LOFZ, Andean
Transverse Faults ATF). This phenomena accelethtedhstallation of the seismic network
by OVDAS staff in the PCCVC at the end of 2010.c8iDecember 152010, an unusual
seismic unrest were recorded probably promoted Hey riew local stress configuration
generated after the Maule megathrust, favouringatttevation of the NW structure graben
containing magmas. In this context, after the finstest recorded in 2007-2008, the magmatic
fluids could climb easier due to the new configimatstress (post-megathrust period),

increasing the seismic activity after the megathrus

100



4.7.Conclusions

The 1D velocity model was useful to relocate lafl seismic activity and fundamental
to identify the spatio-temporal distribution of teeismicity. This model also helped to define
the main structures activated in the volcanic pgecsuch as the graben or the LOFZ. The
seismic sources before and after the eruption eaeilated through the analysis of inversion
and focal mechanisms, and these results alloweal identify the role of the magma intrusion
before the eruption and the subsidence thereaéactivating the local faults (LOFZ). The
fluctuation of the b-value before, during and aftee eruption, were helpful to identify these
phases along the eruption. The tectonic configomaaround the PCCVC and the existence of
a megathrust recorded before the eruption suggdsikabetween this two phenomena
however, this connection requires a previous camithe volcano must be in a active status
before the earthquake, and a correct orientationhef structure that host the magma is

required.
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CAPITULO V: Sintesis y conclusiones

La crisis volcanica registrada por el CVPCC dwa011 fue la primera gran
erupciéon explosiva de caracter riolitico que estativamente bien documentada por redes
sismicas y geodésicas locales. Estas observagagesen que la erupcion estuvo controlada
por la reactivacion de las estructuras del basastrumbo NW que controlaron no solo el
ascenso de magmas a través de diques, sino quésaggremplazamiento del reservorio
magmaético principal (Fig. S7). El desarrollo defpsa actividad sismica durante la crisis
volcanica nos permitié definir un modelo local ddocidad 1D para el complejo volcanico.
Este nuevo modelo evidencié velocidades considemadrite menores a los valores
regionales propuestos por Bohm el al. (2002), tadak consistentes con un arco volcanico
activo. Adicionalmente, fue posible identificar umelevante discontinuidad, la que se
manifestd por un importante cambio de velocidadasano a los 6 km de profundidad,
estructura que facilitaria el alojamiento de magmiliseos poco profundos, caracteristica
comun observada en otras erupciones rioliticagrias como Novarupta-Kadmai 1912 vy
Chaitén 2008, favoreciendo la formacion de camanagmaticas superficiales. Con un
modelo local de velocidad més preciso y representde la corteza, se consiguiod relocalizar
la actividad sismica mas relevante, logrando obtem&a detallada evolucién espacio-
temporal de la sismicidad durante las fases presy @ruptiva, identificando las principales
estructuras que participaron en el proceso erughiy y NNE). La actividad sismica mas
profunda comenz6 debajo la Caldera Cordillera NaV&@CN), sugiriendo el emplazamiento
del reservorio principal bajo la caldera. La adad sismica luego migro a través del graben
hasta el vent de 2011, distante 11 km del reseryvoractivando toda la estructura de rumbo
NW. Dias antes de la erupcion, se logré identifiaaeactivacion de la SFLO, sugiriendo que
el vent de 2011 se localiz6 en la intersecciongdaben (NW) con el SFLO de rumbo NNE.
Sismicamente también se logré identificar un carebida evolucion del proceso eruptivo. Si
bien las fuentes sismicas comenzaron siendo deroviglcano-tectonico (VT) bajo la CCN,
estas evolucionaron hasta predominar la sismicdtadipo hibrido (HB) dias antes de la
erupcion. Para poder identificar la fuente (origde)los sismos de muy baja frecuencia
(VLP) que se registraron durante la fase pre-erapte realizaron inversiones de onda, las
gue arrojaron un origen de tipo volumétrico, dem@dbs "No Doble Cupla" (NDC), los que
fueron interpretados como actividad sismica retami@ con importantes pulsos de
ascenso/migracion de fluidos magméticos a travésumi red de diques controlados

principalmente por el graben (estructura NW). Lagnaiion de magmas también fue
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consistente con la evolucion espacio-temporal dgshaicidad, la que migré de Oeste a Eeste
a lo largo del graben, produciéndose una supdifia@én de los enjambres dentro del
graben desde la CCN hacia el crater de 2011, testdri km entre sDespués del inicio de

la erupcion, la sismicidad cambi6 radicalmente o&stambios fueron consistentes con la
evolucién de los procesos volcéanicos, ya que derantase pre-eruptiva, la fuentes sismicas
estuvieron relacionadas con el ascenso/migraciomadgmas (HB, VLP de tipo NDC),
mientas que la fase post-erupcion (fases explgsafasiva), la sismicidad estuvo controlada
por sismos de tipo VT asociados con la deflaci@iafiso) del sistema volcanico y por un
tremor quasi-armoénico relacionado con la emisioinggonentes flujos de lava rioliticas en
superficie. Debido a las caracteristicas poco baleis que posee el tremor quasi-armonico,
fue posible utilizar esta sefial para identificafegldmeno de extrusién de lavas rioliticas en
superficie y ademas lograr cuantificar la tasardesién de lavas. Hay volcanes que debido a
condiciones climéticas extremas y/o geograficagnessible llegar a realizar una estimacion
confiable de las tasas de descarga promedios ds, lpar lo tanto con el analisis sismico de
esta sefial de tremor (amplitud, frecuencia dom@atistancia fuente-receptor y @), es
posible lograr estimar de forma facil y precisatdaa de descarga (emisién de lavas) en
superficie. De hecho, de la misma manera que Battag al. (2005) encontré relaciones
empiricas entre amplitud de tremor y las tasasujie de lava, hemos observado una relacion
general entre dDg del temblor cuasi-armdnico y tasas de descargaquiadas en el tiempo,
sugiriendo que dDg se puede utilizar como un proxy de la tasa dei@fus lo largo de todo

el ciclo eruptivo. Las elevadas tasas de descdrgareadas para el CVPCC muestran que los
altos valores serian mas comunes para las erugcisiticicas de lo que se pensaba,
especialmente durante las etapas iniciales deupcién, esto debido a las implicancias
directas que se generan al momento de evaluasglaien el manejo de una crisis volcanica
explosiva.

Después del inicio de la erupcién, los mecanismoalés calculados durante la fase
efusiva mostraron soluciones principalmente normakendo consistentes con la fase
deflacionaria del complejo. Asimismo, fue posibltablecer soluciones de deslizamiento
dextral, siendo consistentes con el SFLO, sistemeasg localiza en el sector Este del graben
y que tuvo un rol en la fase final de la erupcibabido a la profusa sismicidad registrada en
la pared sur del graben, se calculé el azimut pdioneara los 10 mecanismos focales mas
importantes de esta zona, arrojando un valor deONXBesviacion estandas=18°),
sugiriendo la participacién del muro sur del graberel proceso deflacionario. Cabe destacar

que este acimut promedio es consistente con lasidvede Okada reportada por Wendt el al.
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(2016), corroborando la importancia de esta estracen el hospedaje y migracion de
magmas durante el ciclo eruptivo. El valor de lues medida que cuantifica la produccién
sismica en términos de sus magnitudes espacidi@sporales en una crisis volcanica. En
este contexto, los bajos valores de b registraddi®® antes de la erupcién evidenciaron un
sistema volcanico sobrepresionado, relacionado iogportante actividad sismica. Ya
generada la erupcion, la presion del sistema disydiny con ello, el aumento del valor b,
sugiriendo una disminucion de las magnitudes sesniDurante la fase efusiva, los valores
de b nuevamente fluctuaron siguiendo el patrénsadéscrito, por ende, se propone que el
valor de b es inversamente proporcional a la atiivolcanica silicea. Finalmente, la
evolucién temporal de b puede ser utilizada patectler cambios bruscos de estrés en
sistemas volcanicos explosivos, siendo una herrdeniétil que podria pronosticar futuras
erupciones de caracter explosivo.

En general, la mayoria de los volcanes no entractvidad después de un terremoto,
a menos que las condiciones previas de un voldarodogre acelerar un proceso inestable
en gestacién. De igual forma, un cambio de esirésmdco sumado a la orientacién favorable
de una estructura que alberga un magma somerojapfuinentar el ascenso de fluidos
magmaticos. Estas observaciones son consistentesl coarco tectonico registrado para el
CVPCC antes de la erupcion de 2011, ya que dutastafios 2008-2009 el volcan registro
un cambio de alerta volcanica (Alerta Naranja) pobd de una intensa actividad sismica
precursora, seguido un afio después por un terredeotoagnitud Mw:8.8 (Febrero 27 de
2010). De esta forma, se sugiere que la inestadilieblcanica registrada en 2008-2009
sumada a la configuracion tectonica de las estrastque alojan el magma (NW) pudieron
favorecer el movimiento/ascenso de fluidos magrodtiproducto del terremoto Mw:8.8,
acelerando el proceso eruptivo para el CVPCC. Fieate si consideramos que este sistema
volcanico esta inmerso en una estructura NW orlenfavorable a una respuesta estatica
(Stanton-Yongue 2016) y dinamica (Farias et al.1720gatillada por terremotos de
subduccion, es posible perturbar un reservorio ndéigmo hidrotermal somero, ya que el

CVPCC posee uno de los sistemas hidrotermalesmpamtantes de la zona sur del pais.
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Material Suplementario

Here we present a number of figures and a tabtectitapliment part of the results discussed
in the main text.

POCZ Station Cordon Caulle Voleano [27-04-2011 06:56:02 GMT]
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Figure S1.HB the typical waveform of the seismic events beftite eruption. Earthquake
classified as HB registered by POC station on Apfil, 2011, with arMI:4.6. The amplitude
iS measurement in micrometers/second. Below, itvshthe spectra in seismic power and
finally the spectrogram in Hz. This event haR 8,956.1 criand was recorded throughout
the RNVV, from the Lascar volcano (1,950 km) to tHedson volcano (610 km), distant
respectively of the PCCVC. Fuente: elaboracion jarop
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Puyehue (PHUZ) Station Codron Caulle Volcano (CCV) 04-June-2011 24 hours/30 minutes
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Figure S2.Continuous seismic record at PHU station seismogpgertical component) 24

hours/30 minutes registered on Jun&',02011.Two classes of earthquakes are highlighted
given that represent the seismic onset processné @wption and the subsequent post-
eruptive seismic change. The first was classified/BP recorded before the eruption (17:54
GMT, yellow dot). The second earthquake highlightexd generated after the eruption (23:00
GMT, red dot). Each of them is detailed in the depmntary figures S3 and S4. Fuente:

elaboracion propia.
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PHUZ station - Cordon-Caulle Wolcano [04-06-2011 17:54:02 GMT)
T

: Amp, = 5602.1863 umis.
DOO0 fre e[ .............................. M T ............................................... -

4000 !

75402 17:54:23 17:54:46 17:55:07

Power Spect

o
in

Frecuency (Hz)

Time (g)

Figure S3.Earthquake classified as VLP registered by PHticstaon June 04th 2011 17:54
GMT (yellow dot Fig. S1), before the eruption waiMl:4.9. The amplitude is measurement
in micrometers/second. Below, it shows the speatraseismic power and finally the

spectrogram in Hz. This event ha&B= 35.608 crA Fuente: elaboracién propia.
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PHUZ Station - Cordon-Caulle YWolcano [04-06-2011 23:00:10 GMT]
1000 T

Ay, = 1680 8034 um/s.

23:00:10 23:00:19 23:00:27 23:00:36

Paower Spact

Frecuency (Hz)

Time (s)

Figure S4. VT the predominance waveform of the seismic eveafter the eruption.
Earthquake classified as VT registered by PHUtatin June 022011 23:00 GMT, with a
MI:3.8. The amplitude is measurement in micrometecsfsd. Below, it shows the spectra in

seismic power and finally the spectrograntin Fuente: elaboracion propia.
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Figure S5-A. The velocity seismogram of spasmodic tremor withrelated spectrogram
pattern.S5-B. The velocity seismogram of tremor with its relasmectrogram highlighting
the quasi-harmonic pattern within the dominant desgpy. PHU is the closer station to the

vent (~8 km, Figure 1). Fuente: elaboracion propia.
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Event data-time: 20110427 6:56:9  Displacement (m). Inversion band (Hz) 0.06 0.07 0.1 0.15

6.01E-005 NS 227E-005 EW 4 93E-005 Z
i

—

2.38E-005 2.35E-005 1.69E-005

1.23E-005

9.34E-005
1

Figure S6.Hybrid (HB) seismic inversioMI:4.5 registered on April 27 2011 filtered 0.06-
0.15Hz Red seismogram shows the synthetic signal, whéeblack seismogram represents
the signal recorded by different stations. The bfusnbers represent the reduction of
variance. The amplitudes of the signals are nomedland also are shown in meters. Fuente:

elaboracion propia.
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Figure S7. Conceptual model of the main structures presenemtide Puyehue-Cordon
Caulle volcanic complex (PCCVC). The figure showsmic activity (random dots), a main
magmatic reservoir under the Caldera Cordilleraaday a zone of transit of magmas under
the Cordon Caulle, a shallow hydrothermal systechamew branch of the LOFZ, which is
intercepted with the northern wall of the grabereverthe eruption of Jund'42011 occurred.
Additionally, the location of the historical eruptis and their possible deep feeders. Fuente:

elaboracion propia.
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Data Deep (km) | Stations Filter % DC Variance Focal
(time GMT) Magnitud inversion | %CLVD+ISO Reduction | Mechanism
e
April 27 4.3 POC | 0.07-0.15 DC=16.6 0.7
06:56 MI=4.5 0SO CLVD+ISO=83.4
CAL
May 05 4.6 POC | 0.09-0.18 DC=39.6 0.6
02:09 MI=4.2 PHU CLVD+ISO=60.4
RAN
May 17 4.1 POC 0.1-0.21 DC=34.5 0.62
14:31 MI=3.7 PHU CLVD+ISO=65.5
RAN
May 27 4.2 POC | 0.07-0.17 DC=9 0.55
08:30 Ml=4.1 PHU CLVD+ISO=91
RAN
May 30 4.0 POC 0.12-0.2 DC=28.6 0.56
19:36 MI=3.6 PHU CLVD+ISO=71.4
RAN

Table S1.Focal mechanisms inversions of large HB events hid tinrest enhanced

phase.Main characteristics of the earthquakes &¢fer eruption made with ISOLA software.

It highlights its depth,Local MagnitudéJ(), the stations used in the inversions, the filter

range, the percentages of the mechanism involvethanseismic source, the reduction of

variance, and finally a graph to the focal mechanisbtained. The locations of these

earthquakes are showed in the figure 4 (left). Ddduble couple, ISO=isotropic, CLVD=

compensated linearly dipole vector. Full wave isi@n of some of these events confirmed

the dominance of the NDC component. Fuente: elaiimrgropia.
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Anexos
Metodologias
Modelo 1 D De Velocidades En EI Complejo VolcanicBuyehue Cordén Caulle CVPCC

El problema del tiempo de llegada de una onda s&generada por un sismo es una funcién
no lineal de:

1.- Las coordenadas de la estacion (s)

2.- el hipocentro (h, incluyendo el tiempo de onige

3.- Campo de velocidades (m),

Es asi que “el tiempo observado” sera igual a:
t observado=f (s h m)

En general, tanto los parametros hipocentrales cemcampo de velocidad, son
desconocidos. Las Unicas variables medibles corcdages podemos trabajar son: a) los
tiempos de llegada a cada estacion, y b) la ulinage cada una de estas estaciones. Para
comenzar debemos trabajar bajo un modelo inicraleleque trazaremos los rayos de una
fuente (hipocentro) a una receptora (estacionglgutaremos los tiempos de llegada teéricos
(tcalc). La diferencias entre los tiempos obsersagdos calculados (el tiempo de viaje
residual “tres”), se pueden resumir como funciatefas diferencias entre el tiempo estimado
y el tiempo verdadero, este ultimo relacionado trvelocidad, para finalmente ajustar
(mediante correcciones) el modelo inicial. Es nagesconocer la dependencia de todas las
observaciones (los tiempos de viaje entre fuerdepter) y corregirlos. Esta dependencia es
moderadamente no lineal para los pardmetros deidath incluso en un modelo 1-D (Pavlis
y Booker , 1983). La aplicacion de la serie de dage primer orden en el desarrollo de la
ecuacion (1) nos permitira acercarnos a una raidoiéal entre el tiempo de desplazamiento

residual, el ajuste de los hipocentrabK) y la velocidad Ami).
of of
tx:es‘tmbs'tcx:11|::=z‘lk=1,45[; Ahk‘hz i=1.n(—)_mi Amj+e, (1)

La localizacion de los sismos, tiene el potend@introducir errores sistematicos. De
igual manera, el modelo de capas puede dar lugearametros de velocidad sesgados
(Vander Hilst y Spakman. 1989), no obstante, l&usion de ambos parametros (solucion de

los hipocentros y el modelo de velocidad) en elcedimiento no nos garantiza
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necesariamente una recuperacion exitosa de l@bdi§tin de velocidades. Bajo el supuesto
de errores distribuidos normalmente, y la existede perturbaciones en el modelo, el trabajo
con minimos cuadrados (RMS) nos ayudara a aprorisaa una solucion mas probable; la
gue estara relacionada directamente con la famdizoluciones del modelo de referencia
inicial. De ahi la importancia de elegir un modielicial coherente con los datos.

Establecer el modelo 1-D.

En general, el uso de modelos sismicos de refracsitplifica la eleccion de capas
de velocidad constante. Por otro lado, inferirdaatificacion estructural mediante el uso de
informacion geoldgica también nos puede llevaregielun buen modelo inicial. No hay que
olvidar que para definir un buen modelo, se debsfimid varias capas, las que deben ir
aumento su velocidad con la profundidad. Se reawhaieutilizar espesores en la corteza
superior que no superen los 2 km, y en la cortefaior que no sobrepasen los 5 km. Se
debe tener presente que al momento de seleccinaastacion de referencia, esta no muestre
importantes efectos de sitio, que posea un extesggstro y que preferentemente esté situada
hacia el centro de la red.

Geometria e intervalos de velocidad del potencialodelo 1-D

Para trabajar con el programa VELEST, se debe geler como maximo 500
eventos (es decir, aquellos con el mayor numen® de alta calidad, con un azimut < 180°),
que posean una calidad B o A y de preferencia,acutida el area de trabajo. Relocalizar los
sismos con la rutina VELEST utilizando un coefitéede amortiguacion de 0,01 para los
pardmetros hipocentrales, 0,1 tanto para los mdade las estaciones como para los
pardmetros de velocidad y una relacion Vp/Vs 1,487%. “Cabe destacar” que para obtener
una buena solucién, se sugiere invertir los tiemg®#os hipocentros en cada iteracion, pero
tanto los retardos de las estaciones como los pdrdsnde velocidad, solo en la segunda
iteracion. Esto se consigue modificando el archinadest.cmn”/linea 37 en “invertratio” debe
tener un nimero 2. Repita este procedimiento vagass, pero no olvidar utilizar las nuevas
velocidades referidas al modelo 1-D con los nueetardos de las estaciones utilizando las
nuevas localizaciones hipocentrales. Trate de redloumero de capas cuando sea posible,
mediante la combinacion de capas adyacentes cooidaties similares. En la mayoria de los
casos, es preferible evitar capas superficialesba@a velocidad, ya que normalmente

introducen inestabilidades en el calculo de lasicsgohes. Kissling (1994), sugiere que los
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datos obtenidos por disparos o explosiones agtiéisi no deben ser incluidos en la inversion
del modelo 1-D calculado mediante hipocentros sigmiNo obstante, estos datos deberian
ser utilizados para establecer las velocidadesanasc a la superficie o para probar el

rendimiento del modelo 1-D minimo resultante ercado de contar con localizaciones de
hipocentros superficiales. El objetivo de este mh@tale ensayo y error es establecer
geometrias razonables del modelo cortical y losrespondientes intervalos para los

pardmetros de velocidad y los retardos para cddei@s. Cuando la ubicacion de los sismos,
los retardos de las estaciones y los valores decidald no varien significativamente, los

valores RMS totales a lo largo de todas las ingaes deben mostrar una reduccion
significativa con respecto a las primeras rutin@salmente, el calculo del modelo de

velocidad 1-D y los retardos calculados en cada dmadas estaciones deben tener su
correspondencia desde el punto de vista de la gieoléor ejemplo, las estaciones con
residuos negativos de tiempo deben estar en &ealed de alta velocidad con respecto a la
estacion de referencia. Si se cumplen todos esimpgisitos, el resultado podria ser una
actualizacion exitosa del modelo 1-D.

Relocalizacion y seleccion final de Eventos

Para tener un resultado final de nuestro modelpgba volver a relocalizar todos los
eventos utilizando la version actualizada de unetwd-D con los residuos de las estaciones
obtenidos. Las nuevas localizaciones pueden sealcetadas con las siguientes rutinas:
HYPQO71 [Lee y Lahr, 1975], HYPOINVERSE [Klein, 19781YPOELLIPSE [Lahr, 1980] o
con VELEST, esto dltimo se puede llevar a cabondia tanto los parametros de las
estaciones, como el modelo de velocidad (con elendn®99). En términos generales,
podemos repetir todo el proceso, pero amortiguamdd,01 los hipocentros; en 0,1 el retado
de las estaciones, y en 1,0 el modelo de veloci@hdbjetivo de este paso es calcular el
modelo 1-D (parametros de velocidad y los residimdas estaciones) para minimizar los
errores totales dados por una geometria casi @javalocidad, dado por el valor 1. Se
recomienda probar la estabilidad del resultadopldeando sistematicamente y al azar, tanto

los hipocentros como los parametros de velocidad.
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Datos sismolégicos del CVPCC

Este trabajo se llevo a cabo con la sismicidadhcst registrada por la Red Nacional
de Vigilancia Volcanica RNVV. De un total de 1756nso0s localizados durante el afio 2011-
2013, se seleccionaron 425 sismos, los cualesroontan una buena localizacion, es decir,
calculos con 8 0 més fases y con un azimut < ¥0%intesis, sismos de calidad B o A que
tuvieran una optima distribucién de sus localizae® Para el caso de la erupcién del 2011,
la distribucién se extendié desde la Caldera CerdilNevada hasta el flanco este del volcan
Puyehue. La estaciobn que se utiliz6 como referepaia el programa VELEST fue la
estacion Puyehue (PHU), y el modelo con el queosgenz6 a trabajar fue el 1-D publicado
por Bohm et al. (2002) en la zona sur de Chile. €@® sugiere en el manual, solo se
trabajaron con menos de 9 iteraciones en cadaaifesdases de aproximaciones al modelo
final. En el anexo se adjuntaron los parametrosedgada del programa y algunas
observaciones que el usuario debe tener presenteraénto de ejecutar el programa. Si bien
todas las estaciones poseen un importante efqubgridfico, se trabajo con una referencia de
alturas promedio para el CVCC de 1,5 km por sobneivel del mar. Como archivos de
entrada se utiliz6 el modelo de velocidad propugsio Bohm et al., 2002. La primera
iteracion (cero) efectuada por el VELEST, arrojo RNMS= 32, evidenciando un fuerte
contraste entre los retardos utilizados para cat#ién, la localizacidén de las estaciones y el
modelo de velocidad propuesto. Tal y como se seigderel manual, las iteraciones fueron
realizadas con todos los grados de libertad taata @l modelo (0,1), como para el retardo de
las estaciones (0,1) y la ubicacion de los hipaosn(0,01). Luego de realizar varias pruebas
incrementado y disminuyendo tanto las velocidadesoclos espesores de las capas (sobre
todo de los primeros 3 horizontes), los valores RS para cada iteracion fueron
disminuyendo progresivamente, destacando que satestuaban no mas de siete iteraciones
por fase. Si los valores eran favorables, se tom#ds nuevas localizaciones y el nuevo
modelo (ya mas ajustado) y se volvia a iterar enasgunda fase (de 5 a 7 iteraciones), esto

con el objeto de lograr disminuir aun mas el vderRMS.

Resultados

Luego de efectuar muchas pruebas tanto en el madeto en los grados de libertad

gue ejecutan los parametro de entrada del progvdeh& ST, se llego a un RMS minimo de
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0,18; arrojando ademas de un nuevo modelo de deldes, los retardos (delay) asociados a
cada una de las estaciones que componen la reday@aria de los retardos mostraron valores
positivos que no superaron los 0,6 segundo. Desplento de vista geoldgico, cada uno de
estos retardos calculados sefialan zonas de meloaideg entre la estacion de referencia
(PHUZ) y sus pares, no obstante, las estacionedidadas en el flanco oeste del volcan
(Futangue FUTZ, Rucatayo TAYZ y Lican LICZ) posdes valores mas altos de retardo,
destacando el hecho de que todas ellas se localitedor de la Caldera Cordillera Nevada,

lugar donde se localiza el reservorio principalaehplejo volcanico.

Se adjunta el archivtvelest.cmn” que controla los pardmetros y la ejecucion detokivos

adicionales que utiliza el programa VELEST.

Fkkkkk CONTROL-FILE FOR PROGRAM VELEST (28- SEPT1993) **kkx
*** (‘all lines starting with * are ignored!)
*** (‘(where no filename is specified,
***  |eave the line BLANK. Do NOT delete!)
*** next line contains a title (printed on output):
CAULLE VOLCANO. INITIAL 1-D MODEL AUG/2013
***  gtarting model based on dbasualto 2013
*** olat olon icoordsystem  z#hi itrial ztrial ised
-40.5005 72.1956 0 0.0 0 0.00 0
*** negs nshot rotate
425 0 0.0
*** isingle iresolcalc
0 0
***dmax itopo zmin veladj zadj lowloclay
100.0 0 0.0 0.2 500
***nsp swtfac vpvs nmod
2 0.50 1.78 1
*** othet xythet zthet vthet stathet
0.01 0.01 001 1.0 0.1
***nsinv  nshcor nshfix  iuseelev iusester
1 0 0 1 1

*** jturbo icnvout istaout ismpout
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1 1 1 1

*** jrayout idrvout ialeout idspout irfloutirfrout iresout

0 0 0 0O O 0 0
*** delmin ittmax invertratio

0.01 7 2
*** Modelfile:
caulle.mod

*** Stationfile:

caulle.sta

Observaciones para el lector:

El programa posee varios archivos de entrada canlecalizacion de las estaciones
(*.*.STA), el modelo de velocidad inicial (*.*.MOD)os pardmetros para ejecutar el Velest
(velest.cmn) y los datos sismoldgicos de las laaalones (*.*.CNV), no obstante, cada uno
de estos archivos posee un formato especifico.rHamoer atencion en cada uno de los

archivos mencionadogo debe quedar ninguna linea adicional al final@®a uno de los

archivos de entrada, lineas vacias o espaciss,que en ocasiones, esto puede traer

problemas al momento de ejecutar el sofrware Vel@sterrores que no estan especificados

en el manual.
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Distribucion Temporal Del Parametro b En EI Complejp Volcanica Puyehue Cordon
Caulle CVPCC

El método utilizado para calcular la “Distribucidle la Frecuencia de Magnitudes”
(DFM) fue propuesto por Ishimoto & Lida, (1939) wi&mberg & Richter, (1944),

logioN = a - bM (2)

donde N es el nimero acumulativo de sismos con iags mayores o iguales a Ky b
son constantes. El pardmetr@’ ‘fepresenta la actividad en un volumen especifict” el
decaimiento del tamafio de los sismos en ese misshonen. Wiemer y Wyss. (2000)
sugieren realizar una estimacion rigurosa de ladgemeidad espacial y temporal de la
magnitud de completitudVc) antes de procede con el calculo delor de h ya que la
eleccion de magnitudes menores puede distorsien&FM cuya distribucion es asumida
como una ley de potencia (ecuacionMyg. se define como la magnitud por encima de la cual
la red es capaza de detectar actividad en el @spanipo. LaMc puede cambiar en el
tiempo, ya que la instalacion de nuevas estacipnede generar mayor sensibilidad en la red,
lo que se traduce en una disminucidn del valoadéd Una buena aproximacion ddk se
puede realizar construyendo un histograma del nmehersismos versus la magnitud. En este
grafico, laMc quedara definida por sobre el mayor nimero decsisasociados con una
determinadaml.

El valor de bes inversamente proporcional a la magnitud meHidefiniendo asi una
magnitud minimaMmin= Mc para una muestra dad2e esta forma, se calcularon Melores
de b mediante la “Maxima Probabilidad” usando la sigtéeecuacion obtenida dstsu,
(1965);Aki, (1965); Bender (1983):

1
b= — ] 2
7 oge 2

~ Vmin

De esta forma se cumple gMe> Mc.

El valor de bse calcula a partir de la pendiente de una reatgué se construye
mediante la aproximacion de una linea recta s@pritiva de acumulacién de la frecuencia
de magnitudes de los sismos localizados. El céldeld tanto temporal como espacial fue
propuesto por Wiemer, (1996, 1997, 1998), en el seamapea la distribucion temporal o

espacial deb, este Ultimo mapeado tanto en planta como en pdadad, utilizando un
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namero de sismos (N°) predeterminado (50<N°<30fnalmente=100-150). La totalidad de
los sismos son grillados en un reticulado espacighs dimensiones dependeran del nimero
de sismos y del area de la zona de estudio. Eblpdaimbién realizar un grillado tomando
cilindros con un radio y profundidad determinadueso el sélido utilizado (esfera, cilindro o
cubo) para calcular el valor de b dependera debdoéque el usuario utilice. Finalmente, este
tipo de andlisis de la sismicidad nos permitirfenbt imagenes del valor b en funcién del

tiempo y del espacio (Wiemer et al., 1998).

Variacion temporal del b-valueen el CVPCC

En el caso del CVPCC, se seleccionaron los sisngarrocalizados (calidades B y
C, con errores minimos en la horizontal menores7& &m y en la vertical de 1,5 Km),
registrados durante enero 2011 a diciembre de 2883omenzo6 por relocalizar todos los
sismos trabajados por el grupo de analistas, hdwikimcapié en cada una de las lecturas “P”
y “S”, sus respectivos pesos y polaridades. Pacélelilo de IaMl se utilizaron las estaciones
Ranco, Pocura y Puyehue; trabajando con un prondsalias lecturas de las componentes
horizontales para cada una de estas estaciones.ePaélculo temporal del valor dg se
trabajé con un total de 1750 sismos, todos loadtigaen el area del CVPCC, los cuales
corresponden a las etapas pre, sin y post-eruggivproceso volcanico. Con el objeto de ver
como varia el valor de b con respecto al numersisieos y eventualmente a su magnitud de
completitud M¢).

En relacion al calculo del valor de b temporahfinente se escogio la ventana de 125
eventos con un overlap del 75% y uMx que actuara de forma fija e igual 1,6
respectivamente (Figura M1). Dicha figura represettanalisis de las magnitudes, esto con
el fin de determinar la sensibilidad de la red stiandel CVPCC.

Magnituce Histogram
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Figura M1. Histograma de lad/l registradas por la red de estaciones del CVPC@edes
enero de 2011 a diciembre de 2013,1750 sismosstadh (barra amarilla) el mayor numero

de sismos (178) con uméc=1,6. Fuente: elaboracion propia.

En relacion a los resultados obtenidos analizaadovériaciones temporales del valor de b
(Figuras M2), se pudo observar que dias antes eleipion, el valor de b mostr6é un abrupto
descenso, rasgo que predominé independientemerite lifese de datos utilizada, o de los
valores seleccionados para el célculo de b; evidedo que dicha variacion esté relacionada
con el proceso volcanico, y mas especificamente|amestabilidad generada por el ascenso
de magmas y sus importantes magnitudes. De igualafoen la figura M3 (derecha),

podemos observar los errores asociados a cada eilasdventanas seleccionadas para
calcular el valor de b. Las metodologias utilizapasa calcular dichos errores (estimacion de
la incertidumbre), fueron las propuestas por AK9GG) [ec. 3, barras verticales celestes] y las
de Shia & Bolt. (1982) [ec. 4, barras verticalessfas], esta Ultima sugerida para el célculo

espacial del valor de b.

=

b* i‘,(u-— m)

.f (3) e 2030h™ |
N O'I 30b NN =D

(4)

Donde N es el numero de sismas s el promedio del muestreo de las magnitudes.

M>4.0
bvalue
W
&
M > 4.0

bvalue

0.8

08 BRRALF 3
L | L

06fF [ L__ SRR 25
I .“__r:__

04t ,
ﬁ— 2
|
|

dis 02

06

04f

02fF

L 1 1 L L 1 0 L L - L L L 1
20 201135 20114 201145 20115 201155 20116 2011.3 2011.35 2011.4 201145 20115 2011.55 2011.6
tiempo tiempo

121



Figura M2. Izquierda, valor de b temporal para la serie ei@pio Normal de 1750 sismos localizados
por la RNVV durante el afio 2011. Derecha, valob diedicando ademas la extensidn de cada una de
las ventanas temporales de 125 sismos (lineassqzules errores calculados para cada una de estas
ventanas tanto por el método de Aki. (1965) bagtaste, como por el de Shia & Bolt. (1982), barras
purpuras. En verde se destacan los sismos mayetédl ¢ con la linea gruesa de color purpura, el

origen de la erupcion (04 de junio de 2011). Fuesitdoracion propia.

Luego de analizar muchas combinaciones tanto ddapvé25, 50 o 75%) como del nimero
de sismos (50-75-100-125-150) para construir ehlbes temporal, se logré observar que
“como rasgo general’, las grandes variaciones dalorv de b se mantienen

independientemente de los valores utilizados. Fiaate, se escogié la ventana de 125

eventos con un overlap del 75% y unadye actuara de forma fija e igual 1,6.
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Inversiones de ondas sismicas (ISOLA software)

El proceso de inversibn de onda sismica tiene cdmalidad encontrar una
aproximacién y reconstruccion de la fuente sismingante el proceso, se deben considerar
tanto las propiedades fisicas del medio (elasticida la corteza, velocidad, densidad,
coeficientes de atenuacion), como la respuestaumental, para lograr reconstruir la onda
sismica y su propagacion. Debido a la gran cantaadhformacion se decidié invertir la
actividad sismica més relevantd|$3,0) y calcular el tensor de momento actuante [zara
actividad mas representativa de la crisis volcan®an varios los trabajos avocados a
determinar el tensor momento para sismos de catécténicos (Sokos et al., 2012; Hicks &
Rietbrock 2015); no obstante, trabajos relacionados soluciones isotropicas (ISO,
conocidas también como volumétricas) o de tipo CL(dIpolo de vector lineal compensado)
asociados con sistemas volcanicos activos son gaacidos (Kizova et al., 2013), donde
las soluciones propuestas sugieren una combindeidnentes CLVD+ISO= No Doble Cupla
(NDC). Es evidente que en zonas volcanicas es lposittontrar mecanismos puros de tipo
Doble Cupla (DC), pero por lo general aparecenrepas de sismos tipo VT (enjambres),
donde no existe un evento principal que luegolgatiplicas (Mogi 1963). No obstante, para
el caso particular del CVPCC, los sismos NDC (HBPYlen un comienzo aparecieron de
forma aislada, sin que estuvieran precedidos ppoitantes sismos de tipo VT o enjambres.
Los sismos que posteriormente presentarian mecasisambinados (CLVD+ISO=NDC) se
caracterizaros por presentar un predominio absalatpolaridades impulsivas compresivas,
una alta frecuencia en el comienzo del evento, I[pago registrar frecuencias por debajo de 1
Hz. Considerando la participacion de fluidos hidrotales y/o magmaticos asociados a
mecanismos NDC en su fuente, se calculé el tensmmento (TM) sismico, utilizando
inversiones de ondas. Las inversiones calculadagazaron tanto para eventos de tipo
VLP-HB como para sismos tipo VT. Las inversionedleearon a cabo utilizando ondas de
cuerpo (fue corroborada su existencia con polatnade ondas) y un filtro< 0,25 Hz. El
software utilizado para las inversiones fue “ISOLArsi6n 2013 (Sokos y Zahradnik 2008).
Este programa esta basado en iteraciones de dégoidwo punto-fuente para ondas de
cuerpo. El célculo de las funciones de Green adoca campo de onda total generado
producto del comportamiento elastico de la cortezarealizd siguiendo la metodologia
propuesta por Bouchon (1981). El tensor momentca&silado con el método de minimos
cuadrados. El tiempo de origen y la posicion egpate la fuente puntual (centroide) se

buscaron en el entorno al hipocentro relocalizado YELEST. Luego de ingresar la
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respuesta instrumental de las estaciones y definmodelo de velocidad local (calculado

mediante VELEST), se procedié a integrar la seBatalocidad ya que el programa trabaja
con desplazamientos y no con velocidades. De iguada, y para corroborar que la relacion

sefal/ruido estuviera por sobre los parametros sagics para invertir las sefiales, se
graficaron en el dominio de la frecuencia y dahi®, buscando la frecuencia esquina y con
ello el predominio de las bajas frecuencias, edibague el registro se distorsiona producto
del bajo coeficiente sefial/ruido. Finalmente, pelraélculo de las inversiones se utilizo la
aproximacioén a la solucién: “Gnico punto de origetérando cada 1 km desde 0,25 a 12,25
km de profundidad y se utilizé la inversion de tifioll wave inversion" (Full MT) para

obtener tanto el TM como el mecanismo focal as@cadsta fuente sismica.

Existe un consenso sobre el hecho de obtenenuaesion correcta. Para ello, una red
debe tener una distribucion espacial adecuada,resegmluciones hipocentral, un modelo de
velocidad preciso y una diferencia adecuada eerléxivn sefal-ruido (Sokos y Zahradnik,
2008). En el caso de la actividad sismica de CVP&&Qrabajé con fuentes sismicas cuyas
MI> 3,0. Sin embargo, para corroborar que las satesioobtenidas fueran estables
(sugiriendo una solucién Unica) debido a los aftoscentaje volumétricos de tipo NDC, se
decidi6 poner a prueba el sismo mas representatiomayor magnitud registrado durante el
periodo pre-eruptivo para probar la componentemétrica (VLP, 27 de abril de 2011). Para
verificar la estabilidad de la fuente y la posiblriacion de las soluciones, se insertaron
diferentes porcentajes de ruidos aleatorios emspiograma (Vavr§uk 2007). Para esto se
construyd una sefial de ruido con frecuencias alaatpor debajo de 1.0 Hz, utilizando
amplitudes que alcanzan el 10, 20 y 30% de la @amdpiredominantes del sismo VLP (Fig.
M3). Finalmente, cada ruido obtenido se agregd @um la sefial VLP previamente
seleccionada con el fin de verificar la estabilididlas soluciones de las inversion con los

diferentes porcentages de ruido incoprporados.
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Moment (Nm) : 1.437e+lé

Mw : 4.7

VOL% :86.2

DC% : 0

CLVD% :13.8

Var.red.: (for stations used in inversion):0.51
Var.red. (for all stations) 10.51

0 20 4 e 80 100 120 140 160 1800 20 40 6 8 100 120 140 180 1800 20 4 e 8 100 120 140 160 180
Time (sec) Time (sec) Time (sec)

Figura M3.- Solucion obtenida de la inversién generada dels¥irP registrado el 27 de abril de
2011. Color rojo el sismograma sintético y en negtosismo registrado por la RNVV. Las
frecuencias utilizadas fueron de 0.03 a 0.2 Hz. hdmeros azules representan la reduccion de
varianza, valor que cuantifica el ajuste entre andediales. Las amplitudes de cada sismo se destacan
en metros. Si bien las soluciones no tuvieron lsmmai calidad que las calculadas en la figura S5, la

solucién obtenida continda sugiriendo un predomitedcCLVD+ISO. Fuente: elaboracién propia.

Finalmente, si el lector requiere mas detallessia metodologia, se sugiere bajar y leer el
manual del software ISOLA en:

http://seismo.geology.upatras.gr/isola/manual.html
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