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Resumen

La Isla Decepcion es un volcan activo ubicado en las Islas Shetland del
Sur, Antartida. Aunque las ultimas erupciones ocurrieron en 1967-1970, el
volcan ha experimentado periodos de crisis sismicas en 1992, 1999 y 2015.
La actividad sismica del volcan Isla Decepcién ha sido registrada durante
tres meses al ano desde 1986 hasta el presente, coincidiendo con el verano
austral. En 2008 se instalaron tres estaciones sismicas permanentes ubicadas
en el volcan Isla Decepciéon (DCP), Isla Livingston y Caleta Cierva (CCV).
La presente tesis ha tenido como objetivo utilizar el registro continuo en el
volcén de la Isla Decepcion (incluidos los periodos invernales australes) desde
2008 para estudiar la actividad sismica a largo plazo del volcan, para mejorar
nuestra comprension del comportamiento, la sismicidad y los mecanismos que
generan la actividad volcanica. Asimismo, nos permite modelar la estructura
de la velocidad de las ondas S de las capas més superficiales de Decepcion
y determinar sus caracteristicas. A partir de este estudio sismoldgico de la
actividad y estructura del volcan Isla Decepcion se ha obtenido:

(1) Un modelo 1D de la estructura poco profunda de la costa y bahia
interior de la Isla Decepcién. Se ha utilizado series largas de registro de ruido
ambiental de diferentes estaciones terrestres y marinas desplegadas en la costa
y en el interior de la bahia de Isla Decepcién, con lo que se ha mejorado los
estudios de ruido observando la estabilidad de los picos.

(2) Identificacion de una nueva senial sismica llamada DLDS utilizando
un enfoque basado en la evaluacion de la energia sismica promedio contenido
en bandas de frecuencia seleccionadas. Se necesita una cantidad suficiente
de datos sismicos durante todo el ano para el andlisis de DLDS debido a su

larga duracién y a su modulacién estacional.

(3) Se distingue un enjambre precursor de VT distal al SE de la isla

7



Livingston que comienza cinco meses antes de la crisis sismica registrada en
Decepcién en febrero de 2015.

(4) Reconocimiento de una modulacién anual para algunas de las senales
sismicas de Decepcién. Esta modulacion anual esta relacionada con el ci-
clo estacional y otras variaciones atmosféricas, influenciada por factores ex-
ternos, que pueden inducir variaciones de presién en los fluidos volcani-
cos/hidrotermales, o ser un indicador de tendencias climaticas.

(5) Identificacién de un aumento y aceleracién de la actividad sismica a
partir del 2011 hasta la crisis sismica registrada en Decepcion en 2015.

(6) Se propone un modelo volcdnico para el comportamiento del volcan
Decepcién durante los 7.5 anos de registro continuo de DCP. El volcan empie-
za en un estado dormido en la fase 1 con un bajo nivel de actividad sismica.
En la fase 2 el volcan se despierta con aumento gradual de la actividad
sismica, donde se produce una intrusiéon magmatica profunda que aumenta
la cantidad de gas en el edificio volcanico. Finalmente, el volcan se inquieta
en la fase 3 con una aceleraciéon de sismicidad hasta llegar a una erupcion
fallida.

(7) El registro continuo de datos sismicos en Decepcién, incluso en una
sola estacién (DCP), permite un salto cuantitativo y cualitativo en nuestra
capacidad para caracterizar y comprender el comportamiento volcanico. Por
lo tanto, se enfatiza la necesidad de una red sismica permanente en el volcan

Isla Decepcion para la evaluacion de riesgos volcanicos.



Abstract

Deception Island is an active volcano located in the South Shetland Is-
lands, Antarctica. Although the last eruptions occurred in 1967-1970, the
volcano has undergone periods of seismic unrest in 1992, 1999, and 2015.
The seismic activity of the Deception Island volcano has been monitored
three months per year since 1986, coincident with the austral summers. In
2008, three permanent seismic stations were installed at Deception Island,
Livingston Island, and Cierva Cove, Antarctica. The present thesis has ai-
med to exploit the continuous seismic record at Deception Island since 2008
(including the southern winter periods) to study the long-term seismic acti-
vity of the volcano, in order to improve our understanding of the behavior,
seismicity and the mechanisms that generate the volcanic activity. It also
allow us to model the S-wave velocity structure of the shallow layers of the
island, as well as their characteristics. From this seismological study of the
activity and structure of the Deception Island volcano, we have obtained the
following results:

(1) Determination of 1D models of the shallow structure along the coast
and inner bay of Deception Island. Long series of ambient noise recordings
from different land and marine stations have been used, thereby improving
noise studies observing the stability of the peaks.

(2) Identification of a new seismic signal called DLDS, using an approach
based on the evaluation of the average seismic energy contained in selec-
ted frequency bands. Continuous records from permanent stations are used
for DLDS detection. Due to its long duration and seasonal modulation, the
analysis of DLDS require a sufficient amount of seismic data throughout the
year.

(3) A precursory swarm of distal VT earthquakes has been identified. The
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swarm occurred SE of Livingston Island, and started five months before the
2015 seismic crisis at Deception Island.

(4) Recognition of an annual modulation for part of the seismicity at
Deception Island. This annual modulation is related to the seasonal cycle
and other atmospheric variations, influenced by external factors, which can
induce pressure variations in volcanic/hydrothermal fluids, or be an indicator
of climatic trends.

(5) Identification of a generalized increase of the seismic activity, starting
in 2011 and accelerating during 2011-2014, reaching a climax during the
seismic crisis recorded at Deception Island in 2015.

(6) A volcanological model is proposed for the behaviour of Deception
Island during the 7.5 years preceding the 2015 crisis. The volcano is in a
dormant state up to 2010 (Phase 1), with a low level of seismic activity. In
2011 the activity shifts to an awakening state (Phase 2) characterized by
a gradual increase in seismic activity as a consequence of a deep magmatic
intrusion that increases the amount of gas permeating the volcanic edifice.
Finally, in 2014-2015 the volcano becomes restless (Phase 3) and the activity
accelerates, suggesting the occurrence of a failed eruption.

(7) The availability of continuous seismic data at Deception Island, even
with just one station (DCP), allows for a qualitative leap in our ability to
characterize and understand volcanic behaviour. This emphasizes the need
for a permanent seismic network at Deception Island for the assessment of

volcanic hazards.
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Capitulo 1

Introduccién y motivacion

1.1. Descripcion general

La Isla Decepcion es uno de los volcanes mas activos y peligrosos de la
Antéartida p.ej. [288, 28, 117]. Se sittia al suroeste de la cuenca del Rift del
Bransfield sobre el centro de expansion entre el archipiélago de las Shetland
del Sur y la Peninsula Antartica [128, 205] (Figura 1.1). Es una de las
zonas mas interesantes de la Antartida. Se encuentra en un contexto geo-
dindmico complejo, debido a la confluencia e interacciéon entre diferentes
unidades tecténicas de diferente escala, como son la placa Sudamericana,
la placa Antértica y las microplacas de Scotia, Phoenix y Shetland del Sur
[24, 107, 108, 121, 139, 183]. Adema4s, es una de las regiones con mayor sen-
sibilidad al cambio climatico en la Antartida debido a su localizacién en la
Antértica maritima entre el continente americano y el antértico [264].

Es un volcan activo, con mas de la mitad de su superficie cubierta por
glaciares (57 %), en el que actian al mismo tiempo diferentes fendmenos,
como actividad hidrotermal, emisiones fumarolicas, episodios de deformacion
y actividad sismica [63, 64, 150, 291, 316]. En los ultimos 200 afios se han
documentado varias erupciones. La primera erupcién documentada data de
1842 [327] y las més recientes de 1967-1970 [290], que ampliaron y cambiaron
la morfologia de la isla y destruyeron dos bases antarticas, la chilena ”Pedro
Aguirre Cerda”, y la base britdnica ”"B” [p. ej. 234, 291]. Desde entonces en
la isla no se han registrado més erupciones, aunque si se han registrado tres
crisis sismicas en 1992 [236], 1999 [150] y 2015 [10, 11].
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1.1. Descripcion general

Figura 1.1: Mapa de la regién de la Peninsula Antartica y las Islas Shetland
del Sur, que muestra la ubicacion de la Isla Decepcién en el Estrecho del
Bransfield. El intervalo de contorno de batimetria (GMRT) es de 200 m. El
triangulo cian representa la ubicacién de la estacion sismica DCP. La estrellas
blancas representan la ubicacién de las estaciones sismicas permanentes LVN

y CCV.

Isla Decepciéon posee una caldera inundada que se abre al mar, formando
un puerto natural, que proporciona refugio a las embarcaciones de las duras
condiciones climatoldgicas de la Antartida desde su descubrimiento en 1820.
Este puerto seguro se ha utilizado para la actividad comercial en el area
desde finales del siglo XIX con los cazadores de lobos marinos, a través de una
industria ballenera a principios de siglo XX hasta el turismo en la actualidad,

convirtiéndola en el centro del comercio en la Antértida [89].

Las caracteristicas geotermales de la Isla Decepcién favorecen la presencia
de diferentes especies de flora de alto interés ecolégico (por ejemplo, musgo
y liquenes). Muchas de ellas son desconocidas o raras en otra parte de la
Antértida [292]. Ademds, la isla alberga distintas especies de fauna como
son: petreles, cormoranes antarticos, pagalos, gaviotas, charranes y la mayor
colonia de pingiiino barbijo [49, 228]. También hay lobos marinos antarticos,
distintas especies de focas como las de Weddell, cangrejeras y leopardo y una

gran biodiversidad marina (poliquetos, equinodermos, algas, etc.) [27].

En los 1ltimos anos Decepcion se ha convertido en un laboratorio natural,
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1.2. Contexto Geoldgico

idoneo para investigar el cambio climatico, la sismicidad, la geologia, la flora,
la fauna, asi como para probar instrumentacién experimental, p.ej. [114, 289,
128, 315, 78, 121, 280, 66, 40, 330, 11, 158]. A partir de estos trabajos se ha
creado una amplia base de datos cientificos que la convierte en una de las
areas mejor estudiadas de la Antartida sobre todo en volcanologia, sismologia
y biodiversidad terrestre [305].

Actualmente la Isla Decepcién es visitada por decenas de cientificos y
personal militar de apoyo, y por miles de turistas, especialmente durante
el verano austral [28, 63, 117]. La actividad volcanica puede representar un
riesgo para las personas e instalaciones que operan en el area ademaés de para
el trafico maritimo y aéreo. Este hecho resalta la importancia de la vigilancia
del volcan para la mitigacion de riesgos. Desde 1986 hasta la actualidad, se
ha estado vigilando y estudiando la actividad sismica en la isla durante tres
meses al ano (verano austral). En 2008, en el marco del Ano Polar Inter-
nacional, se instalaron tres estaciones sismicas de banda ancha con caracter
permanente en la zona de las Islas Shetland del Sur (Isla Decepcién e Isla
Livingston) y la Peninsula Antértica (Caleta Cierva). Esto permite tener un
registro continuo de la actividad sismica del volcan Isla Decepcién (incluidos
los perfodos de invierno austral) desde 2008 y asi estudiar la evolucién a largo
plazo del volcan, para mejorar nuestra comprensién sobre el comportamien-
to, la sismicidad y los mecanismos que generan la actividad volcanica. Este

es el objetivo de la presente tesis doctoral.

1.2. Contexto geoldgico

La Isla Decepcién es un estrato-volcan situado en el extremo suroeste del
Estrecho de Bransfield, una joven cuenca marginal (<1.4 Ma) [84], orientada
NE-SO, de 60 km de ancho y 500 km de largo, situada entre la Peninsula
Antartica y las Islas Shetland del Sur. Este estrecho es una cuenca tras-arco
formada como consecuencia de la subduccién de la Placa Phoenix bajo la
Placa Antartica durante el mesozoico-cenozoico superior

[84], vy la interaccién con el movimiento hacia el oeste del limite de la
Placa Scotia-Antartica [121]. El Estrecho del Bransfield esta constituido por

tres subcuencas adyacentes y caracterizado por presencia de fallas norma-
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1.2. Contexto Geoldgico

les y vulcanismo activo [249, 152, 272]. La mayor parte de los terremotos
localizados en la regién son superficiales (<40 km) [249]. Se han identifica-
do algunos terremotos a profundidades intermedias al noroeste de las Islas
Shetland del Sur, lo que es consistente con la subduccién de la Placa de
Drake [152]. Muchos de estos terremotos poco profundos se agrupan alrede-
dor de centros volcénicos, lo que sugiere que probablemente tienen un origen
volcanico o volcano-tecténico, desencadenado por la actividad magmatica in-
trusiva [94, 272]. Estos centros volcanicos los conforman las Islas Decepcidn,
Penguin, Bridgeman y una serie de volcanes sumergidos que estan asociados

con el centro de extension del rift del Bransfield (Figura 1.1).

1.2.1. Caracteristicas geoldgicas y estructurales de la

Isla Decepcion

Isla Decepcién es un joven estrato-volcan con un didametro basal que al-
canza los 30 km sumergidos [289, 199] y 15 km de didmetro de la zona
emergida, limitado en todo su perimetro externo por acantilados verticales
de roca y hielo [290] (Figura 1.2). Posee un estrecho canal en el SO llamado
Fuelles de Neptuno que da acceso a su caldera inundada (Puerto Foster) de
unas dimensiones de 6x10 km y una profundidad de 180 m en el centro y
50 m en los Fuelles de Neptuno. El volcan se eleva ~1400 m del fondo del
marino hasta una altura méxima de 540 m (Monte Pond) sobre el nivel del
mar. La edad aproximada de la isla no esta clara. Birkenmajer et al. [46]
proponen una edad de terciario superior (Eoceno) en base a las observacio-
nes de nanofésiles. Shultz [287] y Keller et al. [170] consideran que el volcén
se construyé en los ultimos 0,2 Ma, a partir de dataciones radiométricas de
algunas rocas. Valencio et al. [311] y Baraldo et al. [23] senalan que todas las
rocas expuestas tienen polaridad magnética normal (Periodo de Brunhes), lo
que indica que es menor de 0.75 Ma. Esta conclusion también es compartida
por Marti et al. [205] basados en los estudios de estratigrafia y petrologia.
Los nuevos datos paleomagnéticos en combinacién con el estudio de tefra
realizados por Oliva-Urcia et al. [232] sugieren que las rocas expuestas de la
pre-caldera datan de > 12000 anos A.C., que para el colapso de la caldera
se data 8300 anos A.C., y para las unidades post-caldera de 2000 anos A.C.
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1.2. Contexto Geoldgico

Antoniades et al. [15] indican que la edad mé&s probable para el evento de for-
macién de caldera es de unos 3980 A.C. segun los estudios de sedimentologia,
tefrocronologia y de carbono 14.

Las principales etapas de construccién del edificio volcanico han sido tres;
pre-, sin-, y post-caldera [138, 44, 290, 205]. La primera etapa corresponde
a la formacién del escudo volcanico, con depdsitos pre-caldera representados
principalmente por el basamento no expuesto de la isla, el cual estd formado
por rocas basalticas, flujos de lava y diferentes tipos de depdsitos estrombo-
lianos [290, 205].

La segunda etapa corresponde al colapso de la caldera, con depdsitos sin-
caldera representados por la formacién de Toba de la Costa Exterior (OCTF)
compuesta principalmente por una secuencia gruesa de ignimbritas masivas
y depdsitos menores de surgencia piroclastica de composicion baséltica a
andesitica que forman un afloramiento casi continuo en el exterior de la isla
que se extiende desde Punta Macarroni hasta el sur de Punta Entrada y
alrededor y dentro de Puerto Foster [205].

La tercera etapa corresponde a la evolucion desde el colapso de la caldera
a la actualidad, con depdsitos post-caldera representados principalmente por
depositos estrombolianos y freatomagmaticos, generados por pequenas bocas
eruptivas independientes [290].

El mecanismo de la formacién de la caldera central de la isla ha sido un
enigma que ha dado lugar a diversos estudios y diferentes hipétesis. (1) La
caldera ha sido formada por el colapso del edificio volcanico debido a una o
varias erupciones a través de fallas anulares y radiales [233, 138, 44, 45], o
por los efectos de la tectonica regional sobre la geologia de la isla [289, 315,
237, 290, 201, 39, 205].

(2) La caldera corresponderia a una depresién no relacionada con ningin
evento eruptivo y formada progresivamente por extensién pasiva (no volcani-
ca) condicionada por el campo regional de esfuerzos a lo largo de conjuntos
de fallas normales ortogonales [206, 266, 207].

Hay estudios que han demostrado la ausencia de fallas anulares y radiales
[207]. Las anomalfas gravimétricas y magnéticas corroboran una tendencia
lineal NE-SO [237, 205]. La ubicacién epicentral de la sismicidad manifiesta

la existencia de fallas activas en el area de la Bahia Fumarolas, con tendencias
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Figura 1.2: Mapa de la Isla Decepcién. Disposicién de las erupciones histéricas y recientes. Principales sistema de
fallas principales segin [266, 315, 288, 201, 196, 85|. Distribucién de fumarolas, suelos calientes y actividad fumarélica
a partir del estudio [288]. El tridngulo cian representa la ubicacién de la estacion sismica DCP.
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1.2. Contexto Geoldgico

NO-SE y NE-SO coincidiendo con algunos de los sistemas de fallas principa-
les [64]. Ademas, se ha demostrado la existencia de un depdsito asociado a la
formacién de la caldera (Outer Coast Tuff Formation, OCTF) que podemos
encontrarlo en el exterior e interior de la caldera y en otras areas del Brans-
field como la Peninsula de Byers y en la Peninsula Antértica [290, 205, 15].
Por ello, se considera que la formacién de la caldera de la isla se debe a una
gran erupcién con un fuerte control tecténico regional [290, 205].

Nuevas investigaciones han descrito que el colapso de la caldera de la
Isla Decepcién habria ocurrido en el Holoceno, con un volumen de material
eyectado de unos 30-60 km? e indice de explosividad volcdnica (VEI) de 6
[15].

La estructura tecténica de Isla Decepcion (Figura 1.2), presenta tres sis-
temas de fallas principales. (1) La mas predominante es un conjunto de fallas
orientadas NE-SO, son casi paralelas al eje de expansién del Estrecho de
Bransfield [315, 266].

(2) El sistema de fallas orientado N-S, podria ser la consecuencia de la
combinacion del eje de expansion del Estrecho de Bransfield junto la compre-
sién de la subduccién de la fosa de las Shetland de sur [207]. (3) El sistema
de fallas orientado NO-SE, localizadas dentro del borde de la caldera son
dominantes en la isla y sus alrededores [266, 207].

Asi Rey et al. [266] postula que las causas de las fallas normales orientadas
NE-SO de las zonas profundas de la bahia (superiores a 160 m) se deben al
hundimiento y la inclinacion del lecho de sedimentos volcanicos localizados al
N, que esta relacionada con la actividad fumardélica. Ademas, se observa un
eje volcénico en el interior de la isla compuesto por varios conos volcanicos
con direccién 150°N (Figura 1.2).

La estructura interna de la Isla Decepcion estimada a partir de estudios
de sismica, con fuentes tanto activas como pasivas y de correlacion de ruido
sismico ambiental, permite conocer la existencia de multiples heterogeneida-
des laterales de velocidad [278, 208, 330, 199, 262, 261].

Saccorotti et al. [278] demuestran la existencia de una heterogeneidad
lateral de velocidad, entre el exterior y el interior de la caldera, relacionada
posiblemente con el sistema de fallas que bordean la caldera y que se ex-

tienden en el interior de la isla. Los estudios de atenuacién realizados por
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Martinez-Arévalo et al. [208] corroboran esta heterogeneidad lateral de velo-
cidad y ponen de manifiesto una alta atenuaciéon y un medio muy fracturado

con presencia de fluidos.

Zandomeneghi et al. [330] mencionan que hay fuertes contrastes laterales
de velocidad en la isla y alrededores, muchas de ellos supeditados a las di-
recciones de fallas principales NO-SE y NE-SO. Asimismo, se reconoce una
zona de alta velocidad al NO y SO de Isla Decepcion. Bajo Puerto Foster
existe una zona de baja velocidad. Ademas, observamos por un lado una am-
plia anomalia de baja velocidad localizada al Este de la isla y otra anomalia
de baja velocidad que se extiende por el Oeste de la isla. La zona de baja
velocidad en el interior de Puerto Foster se ha explicado por la presencia de
un volumen significativo de fusién parcial, por lo que se interpreta como la
existencia de una camara de magma poco profunda, cubierta por sedimentos,
que abarca desde los 2 km hasta al menos 5 km de profundidad [330, 34, 248].
Ademas, se determina la presencia de un cuerpo de alta atenuacién debajo
de la Bahia, desde la superficie hasta 4 km de profundidad [262, 261]. Pru-
dencio et al. [262, 261] consideran que la alta atenuacién de los dos primeros
km dentro de la Bahia Foster, en el centro de la isla, se asocia con un medio
muy fracturado con interacciones hidrotermales y depésitos piroclasticos y de
sedimentos. La estructura por debajo de 2 km presenta una alta atenuacion
y una baja velocidad, que puede deberse tanto a la presencia de una camara
magmatica como a la de un sistema hidrotermal e incluso la combinacion de

estos dos modelos.

Marti et al. [205] describen que la erupcién formadora de la caldera habria
destruido total o parcialmente la cAmara magmatica poco profunda al vaciar-
se y que es improbable que se haya creado una nueva camara magmatica tinica
a esa profundidad, sino que se trataria de pequenos reservorios de magma. La
anomalia observada en los estudios anteriores la relacionan principalmente
con la alteraciéon de las rocas por el sistema geotérmico desarrollado después
de la formacién de la caldera. Geyer et al. [117] describen que esta ano-
malia puede deberse al conjunto del sistema de conductos que interconectan

pequenos reservorios de magma y no a una sola cdmara magmaética.

Luzén et al. [199] describen la estructura de velocidad superficial de nueve

sitios en la costa interior de la isla, relativamente cerca entre si. Caracteri-
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zaron los primeros 400 m, diferenciando dos capas entre 100 y 300 m, con
unas velocidades de las ondas S alrededor de 0.2-0.8 y 0.7-1.1 km/s, res-
pectivamente. Estas capas estan compuestas por depositos piroclasticos y
sedimentos, con diferentes grados de compactacion. Este estudio senala una
marcada diferencia de velocidades S, que estan relacionadas con las carac-
teristicas intrinsecas de la isla. Por un lado, las velocidades mas bajas de onda
S se relacionan con la actividad hidrotermal. Por otro lado, las velocidades
mas altas se asocian a los depodsitos pre-caldera.

Otro aspecto revelador de la geologia de Decepcién es la existencia de
acuiferos superficiales propiciados por la presencia de una Bahia interior y el
alto gradiente térmico de la isla que favorece el deshielo, la percolacién y la
acumulaciéon de agua [315]. Estos acuiferos se han deducido de los estudios
geoquimicos realizados a las fumarolas y manantiales termales distribuidos
por distintos puntos de la isla [209] y por la presencia de rocas alteradas

hidrotermalmente en depésitos de piroclastos [204].

1.2.2. Vulcanismo

La isla ha sido construida por sucesivas erupciones volcanicas desde el
cuaternario hasta los tiempos recientes (Figura 1.2). Entre las erupciones
pre- y post-caldera se distinguen erupciones efusivas tempranas, piroclasticas
tempranas, traquiticas y freatomagmaéticas [24].

La primera erupcion histérica se data en 1842, cuando una expedicién
norte-americana [327] describié que todo el lado sur de la isla en las cercanfas
del Monte Kirkwood parecia estar en llamas.

En 1912 y 1917 hubo una serie de erupciones freatomagmaéticas en una
zona cercana a la bahfa de Fumarolas [235]. Roobol [273], mediante compa-
raciones de distintos mapas topograficos y fotografias aéreas de [171, 138],
considera otros procesos eruptivos en 1839 en Caleta Péndulo, 1871 y 1909
en el Lago Kroner, en 1927 en el suroeste de la isla, y en 1956 en las proxi-
midades del monte Pond, que no han podido ser verificados.

En 1967, tras un periodo de actividad sismica de hasta 300 eventos/mes
[100], se produjo una erupcién de tipo mixto, entre estromboliana y freato-

magmatica, en la zona de la bahia Teléfono, con dos centros eruptivos, uno
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en el mar, que provocé la formacion de una nueva isla alargada en direccion
NE-SO, y otro en la costa norte de Puerto Foster a 2 km al E de la nueva isla.
La erupcion fue relativamente corta, de 3 dias de duracion, con proyecciones
aéreas de bloques, bombas, lapilli y cenizas. Los volimenes estimados son de
unos 0.05 km? distribuidos por toda la isla. La columna de tefra alcanzé 6
km de altura y cubrié la totalidad de las Islas Shetland del Sur [100, 24, 290].

En 1969, la reactivacién de una fractura provoco una nueva erupciéon en
el lado Este de la isla. Esta erupciéon subglacial tuvo lugar en tres fracturas
que se extendieron a lo largo de 5 km, desde el norte de caleta Péndulo,
cruzando el glaciar del Monte Pond hasta el sur en Bahia Balleneros. La
erupcion fue principalmente estromboliana, tuvo una duraciéon de tan solo
dos dias y se registraron terremotos violentos y tremores diarios antes de la
erupcion, como sucedié en 1967. El volumen del material eyectado fue de
unos 0.03 km?, formado por lapilli, bombas y escorias. Se generaron lahares
y emisiones de piroclastos que destruyeron completamente la base chilena y
produjeron graves danos en la base inglesa situada en Bahia Balleneros. La
pluma se elevé hasta los 3000 m de altura [100, 24, 241].

En 1970 se produjo un nuevo proceso eruptivo, con una serie de erupcio-
nes freaticas y freatomagmaticas derivadas de 13 focos eruptivos terrestres y
marinos alineados aproximadamente NO-SE en bahia Teléfono, cerca de los
centros eruptivos de 1967. El volumen del material eyectado se calcula apro-
ximadamente de 0.1 km?, formado por bombas, bloques, flujos piroclasticos
y una columna de al menos unos 10 km sobre el nivel del mar. Esta actividad
explosiva se clasifica con un indice de explosividad volcanica (VEI) 3. La
principal consecuencia de este proceso eruptivo fue la anexién del islote de
1967 a la costa y un desplazamiento de la costa de bahia Teléfono aguas aden-
tro de unos 500 metros aproximadamente. No hay referencia directa de esta
erupciéon ya que la isla estaba deshabitada debido a que se produjo durante
el invierno austral, pero se cree que fue de corta duracién. Estas erupciones
fueron precedidas por movimientos sismicos, registrados por la base chilena
O’Higgins (ubicada a 170 km de la Isla Decepcién) [237, 100, 24, 247]

A partir de 1970 no ha vuelto a ocurrir una erupcién volcdnica, aun-
que existen varios campos de fumarolas, anomalias térmicas, deformacién

y actividad sismica, que demuestran que la actividad del volcan de la Isla
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Decepcién continia [63, 64, 150, 291, 316].

1.2.3. Actividad sismica de Isla Decepcion

Una de las herramientas geofisicas més ttiles para la vigilancia y el estudio
de la actividad volcanica es la Sismologia Volcénica [75, 218]. La sismicidad
asociada a los volcanes activos tiene una amplia gama de caracteristicas que
revelan la variedad de procesos involucrados en la generaciéon de senales sismi-
cas. La investigacion del origen de los eventos sismo-volcanicos y su relacion
con los procesos volcanicos constituye una poderosa herramienta para com-
prender la dindmica y estructura de un volcan, y puede a su vez proporcionar
una alerta temprana de erupcién volcanica [331].

Las senales sismicas generadas en un volcan son muy variadas. Las mas
caracteristicas del volcén Isla Decepcion son las sefiales de largo periodo (LP)
y los terremotos volcano-tecténicos (VT). La sismicidad LP son senales pu-
ramente volcanicas que incluyen los eventos LP y los tremores volcanicos
(TR). Los eventos LP de Decepcién presentan una llegada emergente y una
envolvente en forma de huso, con duraciones generalmente inferiores a 60
s. Se caracterizan por un contenido espectral cuasi monocromatico a bajas
frecuencias por debajo de 3 Hz [148]. Los mecanismos de generacién de estos
eventos se asocian a interacciones de fluidos como el magma, agua y gas con
la roca que los envuelve, por ejemplo, segiin el modelo de resonancia de grie-
ta propuesto por Chouet [74]. Los TR son senales sismicas continuas y de
larga duracién (minutos a dias o semanas) que normalmente se registran en
areas volcdnicas activas [6, 150, 216]. Muy a menudo muestran caracteristicas
espectrales similares a los eventos LP. Los TR de Decepcién generalmente
presentan una banda estrecha de frecuencias entre 1-4 Hz, pequenas ampli-
tudes y duraciones de unas pocas horas. Los TR se pueden interpretar como
la superposicién de eventos LP que ocurren cerca en el tiempo durante un
periodo de tiempo prolongado [13]. Se ha observado que los eventos LP y TR
muestran un area de origen y un espectro similar, aunque la duracién de la
fuente es mayor para los episodios TR [13, 6, 150]. La sismicidad LP en De-
cepcion se ha localizado en el area de Fumarolas, al norte de Bahia Fumarolas

y en la Playa de Obsidianas, que son areas de anomalias geoquimicas y térmi-
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cas en la isla. Se interpreta que los mecanismos que generan los episodios TR
y los eventos LP en Decepcion, que se asocian al modelo de resonancia de
cavidades rellenas de fluido, son originados por la circulacién de fluidos en el
sistema hidrotermal [13, 6, 150, 65]. Los terremotos VT son terremotos gene-
rados dentro del edifico volcanico [74, 216]. Los VT de Decepcién presentan
un contenido espectral amplio de hasta 30 Hz, con fases bien diferenciadas
y rangos de tiempos S-P de 4-5 s. Presentan generalmente bajas magnitu-
des, aunque se han registrado VT con magnitud superior a 3.5, y suelen ser
eventos superficiales [150]. Presentan distribuciones espaciales heterogéneas,
se han localizado por toda la isla [315], a lo largo del sistema de fallas NO-SO
[146] y en el interior de Puerto Foster [150]. Su origen esta relacionado con la
activacién de sistemas de fracturas en el edificio volcanico debido a cambios
en la distribucion de esfuerzos locales o regionales, originados por procesos
volcanicos [150, 65].

Desde que se restablecié la vigilancia sismica estacional en 1986, después
de las erupciones de 1967-1970, el nivel de sismicidad del volcan Isla De-
cepcién presenta una alta variabilidad. Se caracteriza por el dominio de la
sismicidad LP sobre los VT, salvo en las crisis registradas en 1992, 1999 y
2015 en los que predominaron los VT. Los eventos LP se registran aislados
o en enjambres. Sin embargo, los TR no se registran en todas las campanas,
normalmente no aparecen en las campanas de baja actividad. Esta sismici-
dad parece presentar una distribucién temporal con maximos de actividad
de tres a seis anos de forma recurrente [65]. Los eventos VT presentan dos
tipos de distribuciones temporales: de forma homogénea, generalmente con
un bajo nivel de actividad, o en enjambres VT que duran unos dias [65]. Las
campanas mas interesantes desde el punto de vista de vigilancia volcanica
han sido en las que se ha registrado una actividad anémala, como en las de

las campanas de 1992, 1999, 2015 y 2019 que pasamos a detallar.

En enero de 1992 hubo un aumento notable de la actividad sismica, se
registraron un total 776 eventos sismicos. Méas de la mitad de los eventos
registrados fueron seguidos por otro evento de caracteristicas similares en
menos de una hora. Se sintieron algunos terremotos (con magnitud superior
a 3) e incluso algunos episodios de tremor volcdnico. Este aumento en la

actividad junto con las anomalias gravimétricas y magnéticas registradas
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sugieren que la reactivacién del volcan se debid a una inyeccion magmatica
de 2 km de profundidad en el drea de la Bahia Fumarolas [237, 236, 110, 152].
Sin embargo, la inyeccién no tuvo suficiente energia para llegar a la superficie.
Rosado et al. [274] apoya la hipétesis de la inyeccién magmaética en base a los
cambios en las emisiones fumardlicas y al estudio de deformacién que refleja
un proceso mixto de transicion con extension que ocurrié en la isla desde
1992 hasta la siguiente campana en el que se tienen datos de deformacién en
1995-1996.

A principios de 1999, hubo un nuevo aumento de la actividad sismica.
De enero a febrero, se registraron un total de 3643 eventos sismicos, de los
cuales 2072 fueron terremotos VT, 1556 eventos LP y 15 eventos hibridos
[150, 148]. También hubo una serie de episodios de tremor (el 14 de enero
se registré un tremor intenso de 24 horas, con un claro cambio de frecuencia
de 1 a 2 Hz, el tremor més largo registrado hasta ese momento). La gran
mayoria de los eventos de VT ocurrieron cerca de la Bahia Fumarolas, a
profundidades entre 1 y 4 km. La magnitud de estos terremotos oscil6 entre
-0,8 y 3,4 [137] y la mayorfa de los hipocentros se agruparon en unos 8 km?.
Se observaron dos alineaciones: N 45° E y N 80°E. La aplicacién de técnicas
de localizacién precisa Almendros et al. [9] permitié visualizar algunos de los
planos de ruptura responsables de los eventos VT [64]. Las direcciones para
la mayoria de estos planos indican una tendencia NO-SE, mientras que un
nimero menor tuvo una tendencia NE-SO. La deformacién observada en la
isla muestra un proceso de inflacion, el mas significativo de los registrados en
la isla hasta ese momento. Ademas, se observaron cambios en la composicion
del gas y anomalias gravimétricas y geomagnéticas [41]. Por tanto, todas las
observaciones anteriores sugieren que el origen de la serie sismica se debid a
una inyeccién magmatica profunda [150, 148, 41, 64].

En 2015, el nivel de sismicidad aumento nuevamente. Se registré una alta
tasa de actividad sismica, tanto de sismicidad LP como VT y regionales. Los
terremotos V'T se produjeron espordadicamente a principios de diciembre. A
partir de diciembre y durante los dos meses posteriores tendieron a ocurrir
con mas frecuencia y se agruparon en enjambres (por ejemplo, 25 de diciem-
bre de 2014, 17 a 19 de enero y 25 a 26 de enero y 13 a 14 de febrero y 18 a

21 de febrero de 2015). Los terremotos de diciembre se localizaron dispersos
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hacia el SO de la isla. En enero, se localizaron algunos terremotos de baja
magnitud alrededor de Decepciéon y los enjambres de los dias del 17-19 y
25-26 enero se concentraron a ~ 20 km al SO de la isla. Sin embargo, en
febrero abarcaron el edificio volcanico completo. Las mayores magnitudes se
produjeron a finales de febrero, hasta 3.2. La mayoria de estos terremotos
ocurrieron el 13-14 y el 18-21 de febrero. Ademas, la sismicidad LP se inten-
sificé en el mes de febrero, registrando eventos LP y episodios de tremor cada
vez mas grandes y recurrentes. Este comportamiento anémalo en la actividad
sismica de Decepcion llevo a los investigadores a recomendar un cambio en el
estado de peligro. El Comité Polar Espanol elevé el nivel de alerta volcanica
a amarillo durante unos dias en febrero de 2015 [10]. Por otro lado, los estu-
dios de deformacién mostraron que se encontraba en un proceso de inflacion.
La correlacion entre la actividad sismica y el desplazamiento geodésico del
suelo muestra que en los procesos de inflacion hay un aumento de la actividad
sismica, mientras que en la deflacién hay una disminucién [274].

Desde entonces la actividad sismica ha vuelto a su estado normal. La
deformacién en cambio si ha sufrido un comportamiento anémalo como en
2019 que se observo un ritmo de deformacion muy elevado del orden de 2
cm/mes y se mantuvo mas o menos constante durante toda la campana lo
que llevé a los a los investigadores a recomendar un cambio en el estado de

peligro.

1.3. Motivacién y Objetivo

Isla Decepcion es un volcan vigilado desde los inicios de la investigacion
en la isla en los anos 50. La mayoria de los instrumentos sismicos desplega-
dos en la isla Decepcién han sido instalaciones estacionales, que solo podian
mantenerse durante las duraciones de las campanas antérticas (2-3 meses en
el verano austral) llevadas a cabo por las distintas instituciones y paises que
han estado vigilando el volcan en las ultimas décadas.

En 2008 en el marco del Ano Polar Internacional, el proyecto CORSHET
liderado por la Universidad de Granada permitié la instalacién de tres esta-
ciones sismicas de banda ancha con caracter permanente en la zona de las

Islas Shetland del Sur y la Peninsula Antartica. Este proyecto se enmarcaba
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dentro del programa POLENET, que agrupa a diversos proyectos internacio-
nales relacionados con la instalacién de nueva instrumentacion geofisica para
el desarrollo de las Ciencias de la Tierra en zonas polares.

Estas tres estaciones forman un perfil N-S de unos 170 km de largo,
que es aproximadamente perpendicular al Rift del Bransfield (Figura 1.2).
Las estaciones estan ubicadas en diferentes contextos geodindmicos: (1) LVN
(62°39 ' S, 60°23 " W) ubicada cerca de la base espaniola “Juan Carlos I” en
la Isla Livingston, en la microplaca de las Shetlands del Sur; (2) DCP (62 °59
'S, 60 °41 " W) cerca de la base espanola “Gabriel de Castilla” en el volcan
Isla Decepcidn, ubicada en el eje de extension del Rift del Bransfield; y (3)
CCV (64 °09 ' S, 60 °57 " W) cerca de la base argentina “Primavera”, en la
Placa Antartica, cada estacion esta equipada con un sismémetro electrolitico
de tres componentes de banda ancha (16 s) Eentec SP400; y un registrador de
datos de 24 bits de bajo consumo Eentec DR4000. La idea original es que la
alimentacion de energia la proporcionara el sistema de baterias, el panel solar
y generadores edlicos en las estaciones DCP y CCV (Figuras 1.5y 1.4) y en
LVN el sistema de alimentacion de la Base Juan Carlos I (Figura 1.3). Debido
a las duras condiciones climéticas de la zona tras el primer ano los generadores
edlicos se tuvieron que desinstalar, ya que no resistieron las fuertes rachas
de vientos. Se observé que con el sistema de baterias y los paneles solares
era suficiente para el funcionamiento de la estacion en DCP y CCV [63].
Estas estaciones han operado continuamente desde 2008 hasta 2015, excepto
por algunos periodos invernales en los que el suministro de energia fall6
temporalmente como resultado de las duras condiciones ambientales. Esta es
la primera vez que las estaciones permanentes sin supervision han operado de
manera eficiente durante varios anos en los sitios seleccionados. Este hecho es

especialmente importante para la vigilancia sismica del volcan Isla Decepcién.

1.3.1. Objetivos

El conjunto de datos registrados por la estacion DCP, brinda la opor-
tunidad unica de estudiar la actividad sismica a largo plazo del volcan Isla

Decepcién desde 2008 (incluidos los periodos de invierno austral), lo que nun-
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Figura 1.3: (arriba) Vista de la localizacién de la estacion LVN cerca de la
base espanola Juan carlos I, en Isla Livinstong. (abajo) detalle del interior
de la caja con la bateria y el sistema de adquisiciéon de datos de la estacion
sismica permanente en febrero de 2008.
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Figura 1.4: (arriba izquierda) Vista del la estacién DCP preparada para la
invernada. (arriba derecha) vista del panel solar sin los generadores edlicos.
(medio derecha) sensor Eentec SP400. (abajo derecha) detalle de la caja Peli
con el banco de baterias, sistema de adquisicion, antena GPS en febrero de
2008. (abajo izquierda) Vista del la localizacién de la estacion DCP en Isla
Decepcion cerca de la base espanola Gabriel de Castilla.
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Figura 1.5: (arriba) Vista del panel solar (medio) detalle del interior de la
caja con el banco de baterias y el sistema de adquisicién de datos, la antena
GPS de la estacién sismica permanente en febrero de 2008. (abajo) Vista del
la localizacion de la estacion sismica permanente en Caleta Cierva.
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ca se habia logrado. Este es el principal objetivo de la presente tesis. Ademas,
se pretende aprovechar toda la senal registrada en DCP aplicando analisis de
ruido ambiental y comparar los resultados con los obtenidos por diferentes
autores a partir de otros tipos andlisis. En concreto, los objetivos especificos
a alcanzar son los siguientes:

1. Identificar posibles precursores y estudiar la evolucién del volcan Isla
Decepcion a partir del comportamiento de los eventos volcanicos antes de la
serie sismica del 2015.

2. Utilizar el registro continuo para caracterizar eventos de larga duracién
como son los tremores volcanicos.

3. Determinar la distribucién temporal de los eventos sismicos a lo largo
de los anos de registro, observar si hay estacionalidad y efectos externos que
afecten a la sismicidad.

4. Caracterizar de forma completa la serie sismica registrada en 2015,
que se extendid temporalmente mas alld de la duracién de la campana de
vigilancia.

5. Modelar la estructura de la velocidad de las ondas S de las capas mas
superficiales de la isla, a partir de registros largos de ruido sismico, asi como

sus caracteristicas.

1.4. Esquema de tesis

La presente tesis se divide en 6 capitulos. El Capitulo 1, se describe la
geologia, tectonica y geodinamica de la region de estudio, asi como una in-
troduccién a la sismicidad volcanica de Isla Decepcion y los motivos para la
realizacion de este estudio.

En el Capitulo 2, se analiza el ruido sismico de diferentes estaciones des-
plegadas en Decepcion, para poder asi obtener un modelo del subsuelo de la
isla mas completo. Ademas, se ha comprobado que los estudios de analisis de
ruido mejoran notablemente con el uso de series largas y continuas de datos.

Tras realizar el estudio de ruido sismico y modelar la estructura de veloci-
dad superficial del volcan Isla Decepcidn, se realiza el andlisis de la sismicidad
de Decepcién donde se observa una senal de larga duracion que se registra

durante los meses del invierno austral. Para poder investigar el origen de esta
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senal en el capitulo 3 se realiza una comparacién de la sismicidad de las tres
estaciones sismicas permanentes localizadas en la zona de las Islas Shetland
del Sur y la Peninsula Antértica (LVN, DCP y CCV) para caracterizar es-
ta senal de larga duracién e identificar su origen y mecanismo. Ademas, se
analiza la evolucién en el tiempo de esta senal desde 2008-2015.

El siguiente paso fue analizar los datos de las estaciones permanentes para
observar si la crisis sismica registrada en la campana 2014-2015 continuaba
mas alld de los registros de las estaciones desplegadas durante el verano
austral en la Isla Decepcion. Donde se observa que no sélo continuaba, sino
que se detecta una crisis sismica cerca de la Isla Livisntong meses antes de la
contemplada en la campana. En el Capitulo 4 se analiza los eventos tecténicos
de las tres estaciones permanentes (DCP, LVN, CCV) junto a las estaciones
temporales desplegadas durante el verano austral en la Isla Decepcion en
2015, para determinar y caracterizar el comienzo, la localizacion y la fuente
de la crisis sismica, ademas de investigar la evoluciéon espacial y temporal
de la sismicidad y las posibles interacciones con la alta actividad sismica del
volcan Isla Decepcién.

En el Capitulo 5 se analizan las senales sismicas registradas en el volcan
Isla Decepcion por la estacion permanente de banda ancha (DCP) durante
el periodo 2008-2015, que precede y abarca a la crisis sismica del 2015 y, por
lo tanto, se aborda la evolucién a largo plazo de la sismicidad, la estaciona-
lidad, los efectos externos e internos que afectan a la actividad sismica y los
precursores observados en los datos.

El dltimo Capitulo 6, se resumen las aportaciones mas significativas de la

presente tesis y se proporciona una perspectiva hacia el trabajo futuro.
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Capitulo 2

Nuevos conocimientos sobre la
estructura de la Isla Decepcién
a partir del analisis de ruido
ambiental de series largas y

continuas de datos

Resumen

La relacién espectral horizontal a vertical (H/V) del ruido sismico am-
biental se ha utilizado en muchas aplicaciones, desde ingenieria civil hasta
estudios de cridsfera, para obtener informacion sobre la estructura de la su-
perficie. Este método rédpido y no invasivo se basa en la interpretacion de la
relacién entre las amplitudes espectrales de las componentes horizontal y ver-
tical de las vibraciones sismicas de fondo. En este estudio, se aplica el método
H/V y la inversién conjunta con curvas de dispersién para estimar la estruc-
tura poco profunda de la Isla Decepcién, en la Antartida. Hemos utilizado;
(1) siete anos de registros continuos de ruido para la estacién permanente
DCP desde 2008-2015; (2) las estaciones de la red desplegada temporalmente
durante los meses de verano en la isla desde 2008-2015; (3) un array desplega-

do temporalmente conformado por cuatro estaciones OBS dentro de Puerto
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Foster durante tres meses en el experimento sismico TOMODEC en 2005.
Por otro lado, hemos utilizado las curvas de dispersiéon determinadas en el
estudio de Luzén et al. [199], para mitigar los problemas de no unicidad. El
andlisis inicial revela variaciones en las tipologias de picos H/V, similares a
las encontradas en cuencas geotermales. Se han obtenido modelos 1D locales
de la estructura de velocidad sismica del subsuelo bajo cada estacion. Los
modelos incluyen capas muy superficiales bien definidas relacionadas con el
sistema hidrotermal de la isla. Ademas, es la primera aplicacion del méto-
do del H/V en sismémetros de fondo marino (OBS) en Decepcién, se han
estimado modelos de velocidad del interior de la bahia. Asimismo, se han

mejorado los modelos previos existentes para la Isla Decepcion.

2.1. Introduccion

El método H/V o HVSR (Horizontal to Vertical Spectral Ratio) es una
herramienta sencilla, econémica y no invasiva, a partir de la cual se puede
estimar la frecuencia fundamental de resonancia inducida por la estructura
superficial local, a partir de mediciones de ruido ambiental. El ruido ambien-
tal se produce por fuentes naturales (interacciéon de atmdsfera-océano-Tierra)
o fuentes antropogénicas (tréfico, industrias) que muestran cambios tempo-
rales y espaciales, p. ej. [174, 36, 59, 303]. El ruido sismico de origen ocednico
o microsismo comprende las bandas de frecuencias entre 0,05 y 2 Hz, gene-
rados por el acoplamiento de la energia de las tormentas entre el océano y la
tierra [59]. La curva H/V se calcula a partir del registro de una sola estacién
sismica de tres componentes. Consiste en el calculo del cociente espectral en-
tre la componente horizontal (H) y la vertical (V). La componente horizontal
la calculamos como la suma de los espectros en las direcciones Norte y Este.
Este método se utiliza en distintas disciplinas, desde la ingenieria civil hasta
los estudios de la criésfera [306, 174, 294, 329, 251, 131, 111, 253]. El método
H/V nos permite explotar la informacién contenida en el ruido sismico para
evaluar la respuesta sismica local y los efectos de sitio y, utilizando un mo-
delo fisico adecuado para el ruido, caracterizar las propiedades elasticas de
la estructura geolégica poco profunda [226, 282, 198, 254, 294, 113]. Lunedei

and Malischewsky [198] identifican dos lineas de investigacién principales; (1)
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considerar que la composicion del ruido contiene todo tipo de ondas elasticas
[197, 282, 294]; (2) considerar que el ruido esta compuesto por ondas superfi-
ciales [244, 16] de modo que la forma H/V esté gobernada por la elipticidad
de las ondas Rayleigh.

La Isla Decepcién es un estrato-volcan situado en el extremo suroeste del
Estrecho de Bransfield, una joven cuenca marginal orientada NE-SO de 60
km de ancho y 500 km de largo, situada entre la Peninsula Antartica y las
Islas Shetland del Sur (Figura 2.1). Este estrecho es una cuenca tras-arco
formada como consecuencia de la subduccién de la Placa Phoenix bajo la
Placa Antértica durante el mesozoico-cenozoico superior [84], y la interaccion
con el movimiento hacia el oeste del limite de la Placa Scotia-Antértica [121].
El estrecho esta caracterizado por presencia de fallas normales y vulcanismo
activo [249, 152, 272]. Las Islas Decepcién, Penguin y Bridgeman y una serie
de volcanes sumergidos estan asociados con el centro de propagacién del rift

del Bransfield.

Isla Decepcién presenta una morfologia singular en forma de herradura
con un didmetro basal que alcanza los 30 km [289, 288] y 15 km de didmetro
de la zona emergida, limitada en todo su contorno por acantilados verticales
de roca y hielo. Posee un estrecho canal en el SO llamado Fuelles de Neptuno
que da acceso a su caldera inundada (Puerto Foster) con unas dimensiones
de 6 x 10 km y una profundidad de 180 m en el centro y 50 m en los Fuelles
de Neptuno. El volcan se eleva ~1400 m del fondo del mar hasta una altura
méaxima de 540 m (Monte Pond) sobre el nivel del mar [288].

La Isla Decepcion ha sido un volcan muy activo durante toda su evolucién
y en la actualidad. Se han documentado méas de 20 erupciones en los ultimos
200 anos [28]. Las erupciones mds recientes se produjeron en 1967, 1969
y 1970 [290, 205], ademés de tres crisis sismicas en 1992, 1999 y 2014-2015
[236, 150, 10, 11]. También hay emisiones fumardlicas, actividad hidrotermal,
episodios de deformacién y un nivel moderado y muy variable de actividad
sismica [63, 64, 150, 291, 316]. Se han realizado diversos estudios geoldgicos,
geofisicos, geodésicos y geoquimicos, para poder entender la evolucién y la
dindamica volcanica de la isla y asi, ampliar nuestra capacidad para evaluar
los peligros volcanicos [315, 237, 13, 24, 288, 150, 68, 201, 39, 330, 34, 42,
248, 258, 262, 63, 232, 157, 274].
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Figura 2.1: (arriba) Mapa del estrecho de Bransfield y ubicacién de la isla
Decepcion sobre la batimetria (el intervalo de contorno es de 200 m). (abajo)
Mapa de la isla Decepcién, que muestra la ubicacion de las estaciones sismicas
utilizadas en este estudio. Los tridngulos indican estaciones sismicas (cian
para estaciones permanentes y azul para estaciones temporales y negro para
sismémetro de fondo ocednico). 50
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Asimismo, se han realizado experimentos de sismica, con fuentes tanto
activas como pasivas en el Volcan Isla Decepcién que han proporcionado es-
tructuras de velocidad en 2D y 3D, tanto del interior como en el exterior
(34, 330, 199, 262, 261]. La estructura de Decepcién presenta una hetero-
geneidad lateral de velocidad entre el exterior y el interior de la caldera,
relacionada posiblemente con el sistema de fallas que bordean la caldera y
que se extienden en el interior de la isla [278]. Ademds presenta una alta
atenuaciéon y un medio muy fracturado con presencia de fluidos [208]. Asis-
mismo se observan contrastes laterales de velocidad de ondas P en la isla y
alrededores entre los 0-10 km de profundidad, muchos de ellos supeditados
a las direcciones de fallas principales NO-SE y NE-SO [330]. Igualmente se
observa una zona de baja velocidad en el centro de Decepciéon bajo Puerto
Foster, que se relaciona con la presencia de un volumen significativo de fu-
sion parcial. Asi, los dos primeros km se asocian a un medio muy fracturado
con interacciones hidrotermales y depdsitos de piroclastos y de sedimentos
(330, 34, 199, 261]. Por debajo de 2 km se interpreta, por un lado como una
cdmara de magma poco profunda (entre 2 y 5 km de profundidad), cubierta
por sedimentos [330, 34, 248, 262, 261]. Por otro lado, con la presencia de
un sistema geotérmico, cubierto por sedimentos,[205, 261] e incluso la com-
binacién de estos dos modelos [261]. Estudios recientes proponen que esta
anomalia de baja velocidad puede deberse al conjunto del sistema complejo
de pequenos reservorios de magma remanentes, enfriados o recientes interco-

nectados entre si [117].

La estructura de velocidad superficial de los primeros 400 m en la costa
interior de la isla presenta dos capas de espesores medios de 100 y 300 m,
con velocidades de las ondas S entre 0.2-0.8 y 0.7-1.1 km/s, respectivamente.
Estas capas estan compuestas por depdsitos piroclasticos y sedimentos con
diferentes grados de compactacién y presentan una marcada variacion late-
ral de velocidades relacionadas con las caracteristicas estructurales de la isla.
Por un lado, las velocidades mas bajas de onda S se relacionan con la acti-
vidad hidrotermal. Por otro lado, las velocidades mas altas se asocian a los
productos y las estructuras pre-caldera, revelando la presencia de materiales

compactos a poca profundidad [199].

En este trabajo, aportamos més resoluciéon en la determinacion de los
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principales contrastes de velocidad a partir de la inversién conjunta del H/V
y las curvas de dispersién en la costa interior de la isla y en el interior de la
bahia, con lo que se mejora la precision de la profundidad de los principales
contrastes de velocidad y las caracteristicas de las capas que conforman dichas
contrastes. Se definen mejor las capas mas superficiales, de pocos metros de
espesor. Ademas, es la primera aplicaciéon del método del H/V en sismémetros
de fondo marino (OBS) en Decepcién, es posible determinar modelos de

velocidad del interior de la bahia.

2.2. Método

2.2.1. Metodologia del H/V

El método HVSR o H/V se basa en la interpretacién del cociente de los
espectros de Fourier de las componentes horizontal y vertical del movimiento
del suelo. Inicialmente este método fue usado para determinar la frecuencia
de resonancia del suelo y estimar la amplificacién méxima, lo que se emplea
para caracterizar los efectos de sitio en ingenierfa civil [226, 189, 301, 26].

El cociente H/V lo calculamos como la raiz cuadrada de la relacién entre
la densidad espectral de energia de las componentes horizontales (con indices

1y 2) sobre la direccién vertical (indice 3)[16] :

HIV (2,0) = \/El(x’;z(l‘ ]ji(x’“’) (2.1)

donde, E es la densidad espectral de la energia, w es la frecuencia angular y
x es la posicion.

Podemos encontrar una primera relacién matematica entre el H/V y la
estratigrafia basandonos en la resonancia de las ondas S en un medio de una

capa sobre un semi-espacio:

donde, 3 es la velocidad de onda S de la capa, h es su espesor y fy es la

frecuencia del primer pico que se observa en el H/V.
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Conforme avanzaban los estudios y los usos de la técnica H/V se fueron
desarrollando diferentes modelos matematicos méas completos para interpre-
tar toda la curva del H/V y su relacién con la estructura de velocidad bajo el
punto de medida [198]. En 2011 Sanchez-Sesma et al. [282] desarrollaron un
método matemédtico basado en la hipétesis de campos difusos (diffuse field as-
sumption, DFA) encontrando una conexién del H/V con la funcién de Green
(G) en el dominio de la frecuencia, que representa la respuesta impulsiva del
medio [281].

Sénchez-Sesma et al. [282] consideran que el ruido se comporta como un
campo difuso que contiene todos los modos de ondas elasticas. Un campo
difuso puede ser generado por fuentes lejanas emitiendo ondas con fases y
direcciones aleatorias y por scattering miltiple. Bajo la DFA se supone que
la energia relativa de cada estado sismico que compone la iluminaciéon cum-
ple el principio de equiparticién de energia. Si estas ondas se registran en
dos puntos, la correlacion del movimiento entre éstos nos permitiria recu-
perar la funciéon de Green entre ambos y mediante inversién, obtendriamos
la estructura de velocidad. Sénchez-Sesma and Campillo [281] explican que
la correlacion del movimiento entre dos puntos es proporcional a la parte
imaginaria de la funcién de Green entre ellos. Seguidamente, Sdnchez-Sesma
et al. [282] establecen que para un campo de ondas difuso la autocorrelacién
media en un punto y en una direccion dada, es proporcional a la densidad
de energia direccional en ese punto y, a su vez, a la parte imaginaria de la
funcién de Green para una fuente y un receptor coincidiendo en dicho punto.

Asi, el cociente H/V se puede expresar como:

L [2-P(rw) 2 Im(GFy (2 w))
H/V (@) —\/ Ps(z;w) —\/ Im(GFs3(x; x;w)) (23)

donde, GF es la funcion de Green, P es densidad de energia direccional.
Esta expresion relaciona mediciones de campo y propiedades intrinsecas
del medio. Permite la extraccién de informacion (inversién) a partir del ruido
sismico de manera rapida y econémica [282].
Garcfa-Jerez et al. [112], Pina-Flores et al. [254] desarrollaron un cédigo
informatico llamado HV-Inv (http://www.ual.es/GruposInv /hv-inv/) para el

célculo directo y la inversién de las relaciones espectrales H/V experimentales

23



2.3. Estaciones y datos

del ruido ambiental basado en la hipdtesis de campo difuso (DFA). El soft-
ware admite la inversién conjunta de curvas experimentales H/V y curvas de
dispersién para mitigar los problemas de no unicidad y nos permite modelar
la estructura de velocidad en capas bajo el sitio de medida a través del ajuste
de las curvas mediante el uso de varios algoritmos locales y globales: método
de Monte Carlo, simulated annealing dowhill simplex e interior point. Este
software reduce el tiempo y el costo computacional y es una herramienta muy
eficaz para los estudios de geofisica.

Asimismo, Lontsi et al. [195] desarrollaron un algoritmo para la interpre-
tacién de la curva H/V en el medio marino, ampliando el modelo de campos
difusos de Sdnchez-Sesma et al. [282]. Este algoritmo se desarrollé para consi-
derar los efectos de la capa de agua y las variaciones que presenta la relacién
H/V sobre una estructura sélida por la presencia de dicha capa encima de
ella. Considerando tres modelos con distintos espesores de la columna de agua
(8, 200 y 5000 m) simulan diversos ambientes marinos que abarcan desde las
zonas de aguas de escasa profundidad hasta los fondos oceanicos profundos
y comparan con la relacién H/V en tierra. Se observan pequenas variaciones
para la frecuencia del pico del H/V y variaciones de su amplitud de hasta un
50% en ambientes de aguas profundas. La disminucién de la amplitud del
pico se puede interpretar como un efecto de las reverberaciones de las ondas

P en la columna de agua.

2.3. Estaciones y datos

En este trabajo, utilizamos datos de distintas estaciones sismicas que
han operado en el volcan Isla Decepcién. Por un lado, tenemos una estacion
permanente (DCP) que consta de un sismémetro electrolitico de banda ancha
triaxial EENTEC SP400, con respuesta plana entre 0.06 y 50 Hz; y un sistema
de adquisicion de datos de 24 bits EENTEC DR4000, con registro local en
un disco duro a 100 sps [63, 157]. Por otro lado, tenemos cinco estaciones
temporales desplegadas en la isla sélo durante los veranos australes (OBS,
FUM, C70, BASE, CHI). No confundir la estacién OBS situada en la playa
Obsidianas con un sismémetro de fondo marino (Ocean Botton seismometer,

OBS). Las estaciones OBS y CHI estaban equipadas con sismémetros Mark-
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L4C de 1 Hz. Las estaciones BASE y C70 utilizaron sismémetros Lennartz-
3D/5s. Las cuatro utilizaban sistemas de adquisicién de datos SARA-SL04 de
24 bits, con un muestreo de 100 sps. La estacion FUM tenia un sismémetro
de tres componentes Mark-1.28 con respuesta extendida a 1 Hz [63, 11]. Era
el centro de un array sismico de pequena apertura. Los datos se muestrearon
a 100 sps mediante un sistema de adquisicién de 12 canales y 24 bits [63, 11].
Para finalizar, tenemos 4 OBS instalados en la Bahia Foster (S112, S213,
S113 y S114). Cada OBS estaba equipado con un sismémetro autonivelante
de tres componentes de banda ancha [330, 151] (Figura 2.1).

Hemos utilizado los registros de ruido obtenidos durante el periodo de
siete afios (2008-2015) para las estaciones instaladas en la costa interior de la
isla Decepcion. Para la estaciéon permanente DCP contamos con un registro
continuo. Para las estaciones desplegadas solo durante los veranos australes
(BASE; FUM; OBS; C70; CHI) disponemos de registros de dos a tres meses
cada ano. Para las estaciones submarinas instalas en interior de la bahia
durante la campana TOMODEC [151] en enero 2005 hemos utilizado unas
tres semanas de registro.

Ademas, hemos usado las curvas de dispersion calculadas por Luzén et al.
[199] a partir de registros de ruido ambiental obtenidos en varios arrays sismi-
cos desplegados cerca de la costa interior de la isla Decepcién. De este modo,
se podra realizar la inversién conjunta de la curvas de H/V y las curvas de
dispersién y asi disminuir el problema de no unicidad.

Hemos emparejado cada estacion tanto terrestre como marina con la curva
de dispersion obtenidas de los array sismicos desplegados en las areas mas
cercanas a nuestras estaciones, o en su defecto, en el medio mas parecido al
de la estacion (Cuadro 2.1).

2.4. Procesamiento de datos

Vamos a usar la estacion DCP como ejemplo para explicar el procedimien-
to utilizado para estimar todas las curvas de H/V y los modelos de velocidad
de la Isla Decepcion.

Para el procesamiento de datos hemos usado un programa escrito en len-

guaje Matlab llamado HV-Process (Pina-Flores y Garcia-Jerez, en proceso
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Estacion Coordenadas | Elevacion ‘ Curva de dispersion
DCP 62° 59’S, 60° 41'W 25
BASE 62° 58.667°S, 60° 40.751'W 40
FUM 62° 58.103’S, 602° 42.340'W 12 F2
OBS 62° 56.263’S, 60° 41.228'W 5 F2
C70 62° 55.230°S, 60° 38.011'W 5 J
CHI 62° 56.426°S, 60° 35.597'W 14 G
S112 | 62° 56’ 15,8”S, 60° 39’ 47,3"W -176,13 F2

S113 62° 57" 307S, 60° 38" 17,77W | -198,087
S114 | 62° 58’ 34”,7S, 60° 36" 39,2"W | -147,243
5213 | 62° 567 24,5” S, 60° 37’ 22,9"W | -157,368

Qo

Cuadro 2.1: Relacién de estaciones y curvas de dispersién. Los nombres de
las curvas de dispersion se referiran a los modelos proporcionados por Luzon

et al. [199]

de publicacién). Los registros son divididos en ventanas de longitud 80 s,
sin solapamiento, aplicando un taper coseno sobre el 5% de la ventana. Los
espectros son calculados y suavizados segiin el método de Konno y Ohma-
chi [175] con un pardametro de suavizado de 40. Calculamos las curvas a
frecuencias de 0.1 a 40 Hz, obtenemos sus promedios durante cada hora y
los representamos como funcién del tiempo en un "HVgrama” (Figura 2.2).
Retiramos manualmente las ventanas de tiempo de aquellas senales de cual-
quier tipo que generen perturbaciones en el HVgrama y calculamos la media
logaritmica de la curvas de H/V sobre el resto del tiempo. Aplicamos es-
te procedimiento al registro continuo de siete anos para la estacion DCP.
Este procedimiento se repitido para todas las estaciones y los resultados se
muestran en la Figuras 2.5 y 2.6.

Usando el software de inversién HV-inv (Figura 2.3), hacemos la inversién
conjunta del H/V medio calculado para la estacién DCP junto a la curva de
dispersién (E) calculada en Luzén et al. [199] (Cuadro 2.1).

Utilizamos como modelos iniciales los propuestos por [150, 330, 199] que
se describen en el Cuadro 2.2. En primer lugar ajustamos sus parametros a

partir de éstos modelos de referencia usando una combinacién de muestreo de
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' B [ T ¥
Tima [seg] an

Figura 2.2: Interfaz del programa HV process. (arriba izquierda) Se observa
los distintos valores para el filtro, la ventana y el suavizado. (arriba derecha)
Se muestra la curva H/V calculada para 24h de registro. (centro) se muestra
el HVgrama observando la estabilidad con el tiempo de las curvas. (abajo)
Se observa el sismograma de las tres componentes.
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Modelo capa | espesor (m) | V, (m/s) | V, (m/s) |
Vila et al. [316] 19 574 1500
20 838 1760
39 6000 4550
Ibanez and Carmona [146] 19 80 580 310
and Saccorotti et al. [278] 20 490 1500 940
39 840 1800 1090
semi-espacio 4500 2600
Ibanez et al. [150] 19 40 900
20 1960 2300
30 6000 4500
4° 12000 6000
semi-espacio 40 8000
Zandomeneghi et al. [330] 19 0| 1908.699
20 500 | 2939.982
39 1000 | 3640.216
40 1500 | 3869.476
59 2000 | 4092.861
6° 2500 | 4405.244
70 3000 | 4547.313
89 3500 | 4959.158
99 4000 | 5220.018
10° 4500 | 5499.106
semi-espacio 5000 | 5806.462

Cuadro 2.2: Rangos de modelos utilizados en el procedimiento de inversién
de curvas H/V.
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Figura 2.3: Interfaz del programa HV-Inv. (arriba izquierda) Se observan
los perfiles de V,, y V. (arriba centro) Se muestra la curva H/V calculada
y el ajuste del modelo. (arriba derecha) Se muestra la curva de dispersién
(DC) calculada y el ajuste del modelo. (abajo izquierda) Se observan los
parametros impuestos para el ajuste. (abajo derecha) Se observa el historial
del misfit.

Monte Carlo (en una primera etapa) y la optimizacion del (dowhill simplex
e (interior point (segunda y tercera etapa). Después se representa el mode-
lo obtenido, con el ajuste de las curvas H/V y la curva de dispersion (E),
Figura 2.4, y se manipula el modelo manualmente, modificando las capas,
reagrupandolas o dividiéndolas segtin la necesidad. Para finalizar se vuelve a
pasar las interacciones de muestreo de Monte Carlo y optimizacién (dowhill
simplex, hasta ajustar la curva tedrica a la experimental de la estaciéon DCP.
El modelo de capas obtenido para la estacién contiene el espesor, la velocidad
de la onda P, la velocidad de la onda S y la densidad. Este método se repitio
para todas las estaciones y los resultados se muestran en la Figura 2.8.

La funcién costo (misfit) para cada modelo probado, tanto para las H/V

como para las inversiones de la curva de dispersion se basa en la definicién:

mis fitx(m) = —— S (Xops (wi) — Xen(wi,m))

ny o3 (wi)

(2.4)

donde m representa un modelo dado, n representa el nimero de frecuen-

cias de cada observable invertido, X es el observable invertido oy es su des-
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Prosss vy Graphecs

m [ E—r

Figura 2.4: Interfaz del programa Forward HV-Inv. (arriba a la izquierda) Se
observan los distintos valores del modelo. (arriba a la derecha) Se muestra la
curva H/V calculada y el ajuste del modelo. (centro) Se observa el perfil de
V. (abajo a la derecha) Se observa la curva de dispersién (E) y el ajuste del
modelo.

viaciéon estandar y los subindices obs y th representan valores observados y

tedricos.

2.5. Resultados

Las curvas H/V para las diferentes estaciones de tierra de la Isla Decep-
cién se muestran en la Figura 2.5 y para las estaciones marinas de Puerto
Foster en la Figura 2.6. Todas las curvas presentan una gran estabilidad en
la frecuencia y amplitud del pico a lo largo del tiempo, como se observa en
el HVgrama. La estaciones de C70 y CHI presentan una leve variaciéon en
la frecuencia en 2015, debido al cambio de ubicacién de la estacién a unos
metros de su localizacién habitual por la gran cobertura de nieve de ese ano
en la isla.

En la Figura 2.5 se muestra como las curvas H/V de las estaciones de
tierra (DCP, BASE, OBS, CHI y C70) presentan un pico prominente f,
a 0.38 Hz, con amplitudes entre 3 y 7 (Cuadro 2.3). Atribuimos este pico

a un contraste de impedancia en la estructura profunda del suelo [26]. La
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estacién CHI muestra un segundo pico ancho a f; 3.50 Hz y amplitud 1.78,
por lo que no podemos asegurar que corresponda a un contraste importante
de velocidades [26]. La curva H/V de FUM presenta dos picos claros fy a
1.78 y f1 a 6.85 Hz con amplitudes mayores a 2, un valle muy pronunciado
a 2.86 Hz y un tercer pico a 0.20 Hz con una amplitud de 2.32. Las curvas
que presentan picos miultiples se relaciona con varios contrastes importantes
de variaciones en profundidad [26].

Las cuatro curvas H/V marinas presentan dos picos claros y con valores
de frecuencia y amplitud parecidos. El primer pico lo encontramos entre f; a
0.26 Hz y a 0.38 Hz y el segundo entre f; a 3.80 y a 5.13 Hz. Todos muestran
amplitudes (H/V) mayores a 4. Las curvas que presentan dos picos aparecen
cuando existen dos fuertes contrastes de impedancia a escalas diferentes,
correspondiendo el pico de baja frecuencia a la estructura profunda y el de
alta frecuencia a contrastes més superficiales [26].

En el Cuadro 2.3, representamos las frecuencias de los picos H/V y sus
amplitudes. Si nos fijamos en las amplitudes H/V a f, de las estaciones
tanto terrestres como marinas, observamos que van aumentando de S a N, en
mayor o menor medida, excepto en la S112, en que disminuye. Sin embargo,
la amplitud a f; en las estaciones marinas disminuye de S a N excepto en la
S112, donde aumenta.

En la Figura 2.7 se representan todos los curvas H/V y las curvas de
dispersiéon mas cercanas a la ubicacién de nuestras estaciones calculadas por
Luzén et al. [199]. Podemos apreciar que las curvas de H/V en DCP y OBS
tienen el mismo valor de fy y amplitud de pico, aunque difieren en la forma,
siendo el pico de OBS mas ancho. C70 y S213, una en tierra y otra en el
fondo marino, presentan la misma frecuencia, forma y amplitud del pico fo,
aunque es la estacién CHI la més cercana a S213.

Los resultados de las inversiones conjuntas a partir de la curva H/V y
curva de dispersiéon empiricas, muestran un notable ajuste de todas las formas
de las curvas H/V (no solo los picos principales) para las estaciones tanto
terrestres como marinas junto a las curvas de dispersion en las frecuencias
de 0.1 a 10 Hz (Figura 2.8). Tomamos los modelos asociados al mejor ajuste
como estimacion de la estructura de velocidad bajo cada estacion definida

por la Vp, Vi | py el espesor de cada capa. En la Figura 2.8 representamos
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<t

Ne)
Estacién N© Tipo fo | Amplitud f1 || Amplitud fo || Amplitud | foaue || Amplitud
mAximos maximo (Hz) fo| (Hz) fi (Hz) fo | (Hz) Joatte
DCP 2 pico claro y || 0.3837 5.875 | 0.2156 4.2
joraba anterior
BASE 2 pico claro y || 0.4032 5.229 | 0.2218 3.895
joraba anterior
FUM 3 multiples picos || 1.784 2,763 | 6.847 2.376 | 0.1959 2.322 | 2.885 1.351
OBS 1 pico claro || 0.3837 5.823
C70 1 pico claro || 0.3837 7.655
CHI 2 pico claro || 0.3837 3.714 | 3.495 1.784 1.215 1.6262
pico ancho posterior
S112 2 picos claros || 0.2877 4.702 | 4.663 12.08 0.5635 1.517
S113 2 picos claros || 0.2613 5.706 | 3.848 9.98 0.6203 1.427
S114 2 pico ancho || 0.3167 5.289 | 4.236 11.07 0.9109 1.739
pico claro posterior
S213 2 picos claros || 0.3837 7.227 | 5.133 8.121

Cuadro 2.3: Relacion de estaciones, curvas de dispersion y caracteristicas de los maximos de frecuencia H/V
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Figura 2.7: Representacion de todas las curvas H/V empiricas de las estacio-
nes y de las curvas de dispersion.

los resultados de las inversiones conjuntas a partir de la curva H/V y curva
de dispersién empiricas. En la parte izquierda observamos dichas curvas en
negro con barras relativas de error, sobre estas se encuentra una linea roja
que representa el mejor modelo obtenido. El resto de modelos probados estan
representados en distintos colores segun su misfit. A la derecha observamos
los perfiles de velocidades representados de igual modo. Adicionalmente se
representa el modelo medio en linea negra gruesa (promedio de los modelos

muestreados, considerando para cada uno un peso o probabilidad dependiente
del misfit).

Se observa que los perfiles medios de velocidad obtenidos son semejantes
al del mejor modelo obtenido, lo que es de esperar cuando se estd muestrean-
do el entorno de un tnico minimo del misfit. Los modelos que presentan
diferencias entre el modelo medio y el mejor modelo (dentro de las barras
relativas de error del modelo medio) son DCP y C70 a profundidades de
4500 y 3000 m, respectivamente. Esto muestra que la resolucién disminuye
con la profundidad de estos modelos. Sin embargo, los modelos CHI, S113

presentan diferencias en los primeros 10 y 150 m de profundidad. Esto mues-
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tra una baja precision en la determinacién de la estructura del subsuelo a
profundidades superficiales e intermedias, para las estaciones CHI y S113,
respectivamente. Cabe destacar que cada modelo alcanza una profundidad
diferente. El que presenta mayor profundidad es el de la estacion OBS, de
hasta 6000 m, y el mas superficial es el de la estacion FUM con 1500 m
(Figura 2.8) y (Cuadro A.2). Ademds, se pueden diferenciar contrastes de

velocidad y heterogeneidades laterales para los modelos obtenidos.

La velocidades estimadas de las ondas S para la mayoria de los modelos
de tierra presentan dos contrastes notables, uno en los primeros 100 m y
otro entre los 1100 y los 2600 m de profundidad. Se distinguen varias capas
bien definidas. Para los modelos de tierra, las estaciones DCP, BASE y C70
presentan 8 capas y para las estaciones de OBS, FUM y CHI presentan
siete capas. Las velocidades Vg de los modelos varfan de 202 m/s para la
capa menos profunda bajo la estaciéon FUM y 3100 m/s para la capa maés

profunda bajo la estacion C70.

Las estaciones marinas presentan cinco capas. Las velocidades de los mo-
delos presentan 100 m/s para la capa mds superficial bajo la estaciéon S114
y 2391 m/s para la capa menos superficial bajo la estacién S213. Se dife-
rencian cuatro distribuciones de velocidad para los modelos de las estaciones
que heterogeneidades laterales (Figura 2.9).

(i) Las estaciones de la costa oeste de la isla (DCP, BASE y OBS) presen-
tan una distribuciéon de velocidades Vg similares. Las capas mas superficiales
de los modelos son capas blandas (capa 1, 2 y 3, para DCP y BASE; capa 1y
2, para OBS) con velocidades de la onda S entre 300 y 720 m/s, se extienden
hasta unos 350 m de profundidad. Las capas intermedias (capa 4) presentan
velocidades de 1400 a 1700 m/s con una potencia de unos 900 m de espesor
extendiéndose hasta los 1250 m de profundidad. Seguidamente encontramos
unas capas mas profundas (capa 5, 6 y 7 para DCP y BASE; capa 5 y 6, pa-
ra OBS) con velocidades restringidas entre 2300 y 2900 m/s, con un espesor
entre 600-4000 m llegando hasta los 4800 m de profundidad. Las ultima capa
(capa 8 para DCP y BASE; capa 7, para OBS que corresponden con las ve-
locidades del semi-espacio las velocidades oscilan entre los 3000 y 3400 m/s.
El modelo de BASE y DCP presentan pocas diferencias debido a que estan

muy cerca las estaciones, separados por unos 76 m. Presentan dos inversiones
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Figura 2.8: Resultados de inversiones conjuntas a partir de curvas empiricas
de H/V y dispersion (lineas negras) para todas las estaciones. Las curvas
Bdsricas se colorean como sus correspondientes modelos de velocidad y den-
sidad. El mejor modelo conseguido se resalta en rojo.
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de velocidad a unos 7 m y a 1800 m. El modelo OBS no presenta inversiones
de velocidad y es mas lento que los de DCP y BASE en los primeros 2000
m. Se observan contrastes laterales de velocidad entre estos modelos a unos
100, 350 y 2200 m de profundidad ( Figura 2.9 a y a’).

(ii) Para las estaciones de las costa noreste de la isla (C70, CHI), la distri-
bucién de velocidad es similar salvo entre los 200 y 1200 m de profundidad.
Las capas més superficiales (capa 1, 2 y 3 para C70; capa 1, 2, 3 y 4 para
CHI) presentan velocidades de la onda S entre 280-760 m/s, se extienden
hasta los 200 m y 500 m de profundidad para CHI y C70, respectivamente.
Las capas intermedias (capa 4 y 5 para C70; capa 5 para CHI) presentan
velocidades de onda S de 1300-2100 m/s con un espesor de 500 a 1300 m,
extendiéndose hasta los 800 m para CHI y los 2640 m de profundidad para la
estacién C70. Se observan capas més profundas (capa 6 y 7 para C70; capa 6
para CHI) con un amplio rango de velocidades de onda S entre 900-3100 m/s,
con un espesor de 550 a 1890 m de potencia y se extienden hasta los 5000
m y 2500 m de profundidad para C70 y CHI, respectivamente. Finalmente
la tdltima capa (capa 8 para C70; capa 7 para CHI) que corresponde con el
semi-espacio presenta velocidades de onda S entre 2470-2744 m/s. El modelo
de C70 presenta una inversion de velocidad a 1200 m y este modelo es mas
rapido que el modelo de CHI. El modelo de CHI presenta una inversién de

velocidad en los primeros 50 m de profundidad ( Figura 2.9 b y b’).

(iii) El modelo de velocidad de FUM no se asemeja al resto de modelos
de tierra, siendo un modelo mas rapido y con capas mas delgadas. Las capas
més superficiales (capa 1 y 2) son capas blandas, presentan una velocidad
de onda S entre 202 y 313 m/s, se extienden hasta los primeros 52 m de
profundidad. Las capas intermedias (capa 3 y 4) presentan una potencia de
espesor entre 77 y 136 m, con velocidades de onda S muy restringidas entre
957-1091 m/s, se extienden hasta los 265 m de profundidad. La capas més
profundas (capa 5 y 6) presentan un amplio rango de velocidades de onda S
entre 1332 y 2120 m/s con espesores de 316 y 922 m, extendiéndose hasta los
1500 m de profundidad. finalmente la ultima capa (capa 7) que corresponde
al semi-espacio presentan velocidades de onda S de 2799 m/s. El modelo no

muestra inversiones de velocidad como el resto de modelos de tierra excepto
OBS (Figura 2.9 ¢y ¢).
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(iv) Los modelos de velocidad de las estaciones del interior de la bahia
presentan una distribucién de velocidad Vg similar presentan contrastes late-
rales a unos 150 m y 1500 m entre las estaciones. Las capas superficiales (capa
1) presentan velocidades de onda S muy bajas a 100-140 m/s, espesores de 4
a 7 m. La capa intermedia (capa 2) es una capa blanda, presenta velocidades
de onda S de 224 a 301 m/s, extendiéndose hasta los 15 m en S113, 16 m en
S112, 17 m en S114 y 27 en S213 m de profundidad. Seguidamente se observa
una capa (capa 3) presentan un espesor mayor que las capas anteriores de
130-187 m, con Vg en un amplio rango de velocidades entre 1100 y 1800 m/s,
extendiéndose entre los 150 y 220 m de profundidad. La capa més profundas
(capa 4) presenta valores de velocidad que varfan entre los 2300 y 2830 m/s,
con espesores entre los y los 900 m de potencia, se extienden hasta los 900 y
1200 m. La ttima capa (capa 5) que pertenece al semi-espacio presentan ve-
locidades que varfan entre 2888 y 3966 m/s. Los modelos de las estaciones de
S112 y S113 en el semi-espacio presentan velocidades de onda S por encima
de los 3400 m/s (Figura 2.9 d y d’).

2.6. Discusion

La técnica H/V aplicada a mediciones de ruido sismico ambiental regis-
trado en la isla Decepcién revela sitios que presentan curvas de H/V con
distintas caracteristicas. En funcién de éstas podemos agrupar las curvas en
tres grupos o patrones diferentes: (1) las estaciones terrestres instaladas en la
costa del interior de la isla, a excepcion de FUM, que presentan un pico claro
y ancho a baja frecuencia (~ 0.4 Hz), con amplitudes generalmente gran-
des (5-7); (2) las estaciones marinas en el interior de la bahia, con dos picos
claros y estrechos: uno a baja frecuencia (~ 0.2-0.4 Hz) y otro a frecuencia
media-alta (~ 4-5 Hz), con grandes amplitudes, siendo las del segundo pico
(8-12) generalmente mayores que las del primero (4-7); (3) la estacién de
tierra (FUM) instalada en una llanura aluvial en la costa del interior de la
isla, que presenta multiples picos anchos, uno a frecuencia baja (~ 0.2 Hz)
y dos a frecuencias medias-altas (~ 1.8 y 7 Hz), con amplitudes por encima
de 2.

En general, la forma y los valores de frecuencia de los picos se relacio-
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Figura 2.9: (izquierda) Representacién de todos los modelos de velocidad obtenidos a partir de la inversién conjunta.
(derecha) Representacion de las cuatro distrubicines de los modelos de velocidad. a) Modelos de la costa oeste (DCP,
BASE, OBS). a’) zoom de los primeros 400 m de los modelos de la costa oeste. b) modelos de FUM y S112 al Noroeste

de la isla. b’)

zoom de los primeros 400 m de los modelos Fum y S112. ¢) Modelos de la costa este ( C70, CHI). ¢’)

zoom de los primeros 400 m de los modelos de la costa este. d) modelos del interor de Puerto Foster. d’) zoom de

los primeros

400 m de los modelos del interor de Puerto Foster.
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nan con las caracteristicas de la estructura superficial. Si consideramos una
zona en la que la serie estratigrafica sea semejante, la frecuencia pico fy se
relacionara con el espesor de las capas blandas superficiales (habitualmente
sedimentarias). Los picos de menor frecuencia indican un mayor espesor de
los depdsitos y viceversa. Por otro lado, se relacionan los picos de gran am-
plitud con un fuerte contraste de impedencia entre estratos (p.e. entre los
sedimentos y el lecho rocoso). Los picos de mayor anchura suelen asociarse
transiciones méas paulatinas entre las velocidades propias del sedimento y las
del basamento (p.e. [106, 245]).

En estudios previos, los picos claros de baja frecuencia, < 1 Hz, se han re-
lacionado con cuencas sedimentarias [332, 245, 165], calderas [227], areas geo-
termales [106, 300, 19, 132] o con glaciares [252, 173] y los picos de frecuencias
medias-altas > 1H z, con capas poco profundas de sedimentos [332, 245, 165]
o con permafrost [252].

En estudios de HVSR centrados en entornos volcanicos se han observado
curvas de H/V con picos anchos de frecuencia fundamental f; (la frecuencia
més baja) entre 1y 7 Hz y una amplitud méxima entre 2 y 12, con las zonas
centrales del crater presentando valores fy menores que las laderas interiores
del crater [251, 293, 307, 227]. Asi, en estos entornos volcanicos encontramos
depdsitos con mayor espesor en las zonas centrales que en las laderas, con un
contraste de impedancia moderado.

Los valores de f; menores de 1 Hz, suelen aparecer en depdsitos de sedi-
mentos con mayor potencia que los encontrados en los entornos volcanicos
descritos anteriormente, como por ejemplo en cuencas sedimentarias y geo-
termales o glaciares gruesos.

Las cuencas sedimentarias profundas presentan picos claros de baja fre-
cuencia, < 1 Hz, en las zonas centrales con espesores mayores y va aumentan-
do la frecuencia fy conforme se van adelgazando los espesores de sedimentos
al acercarnos a los margenes de la cuenca, tipicamente con valores de f; de 1-5
Hz. Habitualmente se pueden observar variaciones laterales en fy y de la es-
tructura o el espesor sedimentario en distancias cortas [332, 165]. Asimismo,
las areas termales como la cuenca de Eugenea, en el norte de Italia, presentan
picos de frecuencia entre 0.78 a 1.9 Hz, tanto estrechos y de gran amplitud

como picos mas anchos con amplitud menor. Los picos amplios y de baja
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amplitud se asocian con las dreas de suelo blando sobre rocas fracturadas
que facilitan la circulaciéon hidrotermal de aguas mas calientes y presentan

una transicién suave de impedancia [106].

Estos valores de f; menores de 1 Hz suelen aparecer también en glaciares
gruesos con espesores de hielo de 700-1000 m y picos normalmente anchos

con frecuencias fy que oscilan entre 0.83-0.91 Hz [252].

Decepcién presenta una caldera central inundada de agua de mar, con sis-
temas de fumarolas y suelos calientes que bordean la costa del interior de la
bahia. La isla esta constituida por depdsitos piroclasticos de diferentes erup-
ciones y depésitos de aluvion, playa y pedregales [290, 205]. Las estaciones
de tierra de nuestro trabajo en Decepcién estan localizadas en el interior de
la costa de Puerto Foster, generalmente en playas abiertas, laderas o llanuras
aluviales, algunas de ellas en areas cercanas a fumarolas y suelos calientes de
la isla. La distancia entre estaciones es de aproximadamente 2-4 km, siendo
éstas de facil acceso, ya que su principal funcién es la vigilancia volcanica
(Figura 2.1). Sin embargo, no se han instalado sobre los distintos glaciares
que conforman la isla debido a la dificultad de acceso y a que interferiria con
su funcion principal. Nuestros datos muestran que los picos de las estaciones
de tierra son anchos con valores de amplitud similares a los estudios men-
cionados. Las estaciones marinas presentan dos picos estrechos con valores
de amplitud altos. La frecuencia fundamental sigue una distribucion espacial
también similar, con valores menores en el centro de la bahia (estaciones ma-
rinas) y aumentando en el margen de la depresién de la caldera (estaciones

de tierra). Sin embargo, las frecuencias fy son menores de 1 Hz.

Asi, nuestros resultados de las curvas de H/V experimentales presentarian
unas caracteristicas y distribucion similar a las de las cuencas geotermales.
Las estaciones marinas (5112, S231, S113 y S114) presentan picos estrechos
de baja frecuencia mientras que las estaciones de tierra (DCP, BASE, FUM,
OBS, C70 y CHI) presentan picos anchos de bajo valor de frecuencia de pico
fo (un poco mayores en frecuencia que los de la bahia). En consecuencia,
el interior de la bahia presentaria un mayor espesor de los depdsitos y un
mayor contraste de impedancia entre el sedimento y el basamento, que en el
margen de la depresion de la caldera en la costa interior de la isla. Ademas,

los picos de FUM y CHI, localizadas cerca de las dreas de fumarolas y suelos
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Figura 2.10: (derecha) Representaciéon de todos los modelos de velocidad
obtenidos a partir de la inversién conjunta. (Centro) zoon de los primeros
1600 m de todos los modelos de velocidad. (Izquierda) representacion de los
modelos obtenidos a partir de las curvas de dispersion por [199]

calientes, son anchos y de baja amplitud, por lo que se relacionarian con
areas de sedimentos sobre rocas fracturadas que favorecen la circulaciéon de

agua caliente.

En la Figura 2.10 y Figura 2.11, se muestran todos los modelos obteni-
dos a partir de la inversion conjunta y los modelos estimados por las curvas
de dispersion calculadas por Luzén et al. [199]. Se observa que los modelos
calculados con la curva E (DCP, BASE, S113 y S114) muestran la misma
tendencia, con algunas diferencias. La primera es que los modelos de las es-
taciones marinas S113 y S114 son mas rapidos, mientras que los modelos de
tierra DCP y BASE son mas lentos que el modelo E. Los modelos alcanzan
resoluciones diferentes, de 1500 m y 5500 m de profundidad para las esta-
ciones marinas y estaciones de tierra, respectivamente. Esta diferencia de
resolucion se debe a que las curvas de dispersién usadas para la inversion se
han calculado para areas mas cercanas a las estaciones de tierra que para las
marinas. La segunda diferencia radica en las capas poco profundas de baja
velocidad que se estiman en los primeros 20 m para los modelos del interior

de la bahia y la capa superficial de alta velocidad a unos 7 m en los mode-
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los de las estaciones de tierra, que no aparecian en el modelo E. La tercera
diferencia es que el contraste a 100 m del modelo E desaparece en los mode-
los de tierra mostrando una estructura més homogénea en los primeros 350
m, mientras que se mantiene el contraste a 1200-1300 m. Estas diferencias
son las aportaciones de la curva experimental H/V a los modelos. La curva
de dispersién controla la tendencia general ("suavizada”) de la velocidad de
onda S al aumentar la profundidad, mientras que la presencia de grandes
contrastes de velocidad tiene efectos més claros en el H/V (generacion de
picos). Por tanto, las curvas H/V pueden definir mejor las capas més super-
ficiales y determinar su espesor. Asi se mejora el modelo previo del oeste de

la costa interior realizado por Luzén et al. [199].

Para los modelos calculados con la curva de F2 (FUM, OBS y S112) se
observa una tendencia comun, con capas mas delgadas que las estimadas para
el modelo F2. Los modelos de OBS y F2 son muy similares, mientras que los
modelos de FUM y S112 presentan diferencias més notables en los primeros
400 m. Estas diferencias consisten en que el modelo de OBS no presenta
contraste superficial, al igual que el modelo F2, mientras que si se muestra
en los modelos de FUM y S112. Este contraste en el modelo es requerido por
la presencia de picos de altas frecuencias en las curvas H/V de FUM y S112
que definen esas capas mas superficiales. La curva de dispersion F2 no llega
hasta muy altas frecuencias, mientras que la curva H/V resalta las diferencias
en las capas superficiales. Por otro lado, el modelo F2 se estimé de un array
instalado en una zona més cercana a la estacion OBS que FUM y S112.
Asimismo, se observan diferencias entre las estaciones OBS y FUM separadas
por no mas de 2 km, que revelarian la presencia de heterogeneidades laterales
a 300 m y entre los 600 y los 1300 m de profundidad, siendo el modelo de
FUM mas réapido que el de OBS.

Para los modelos cuya inversién considerd la curva G (CHI y S213) se
observa una semejanza entre ellos, mostrando diferencias con el modelo G.
La primera diferencia la encontramos en las capas superficiales, donde el mo-
delo S213 presenta una capa de unos pocos metros de profundidad de baja
velocidad y el modelo CH presenta una inversion de velocidad en la segunda
capa. Sin embargo, el modelo G presenta una capa superficial de mayor ve-

locidad que las mostradas en los modelos anteriores y de gran espesor, hasta
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los 300 m de profundidad. Estas capas superficiales en los modelos de CHI
y 5213 se corresponden con los picos de alta frecuencia mostrados en las
curvas experimentales H/V de cada modelo. La segunda diferencia son los
contrastes de velocidad del modelo G a 300 m y a 1300 m, que los modelos
de S213 y CHI presentan a unos 200 m y 800 m. Como se ha mencionado
anteriormente, las curvas H/V precisan mejor la magnitud de los contrastes
en las capas superficiales que las curvas de dispersion.

Finalmente, para el modelo invertido con la curva J (C70), se observa
una tendencia de velocidad similar entre modelos, pero con los contrastes
de velocidad a menor profundidad en el modelo de C70 que en el modelo J.
Estas diferencias de posicién de los contrastes de velocidad van aumentando
con la profundidad. De este modo, se observa un gradiente mas suave de
crecimiento de la velocidad con la profundidad en el modelo J, mientras
que el modelo de C70 presenta un alto contraste a unos 500 m profundidad
consecuencia del pico de baja frecuencia de la curva H/V. En el modelo de
C70 por debajo de 500 m de profundidad nos encontramos ya velocidades de
onda S similares a las maximas de la curva de dispersién Rayleigh, por lo que
las capas inferiores presentan algunas incertidumbres al estar determinadas,
en esencia, sélo determinadas por el H/V.

En general, nuestros modelos mejoran los modelos previos y definen mejor
las capas més superficiales. Se definen con mayor resolucién los primeros 5000
m para las estaciones de BASE, DCP y OBS, los 2500 m para las estaciones
de CHI Y C70 y los primeros 1000 m para las estaciones del interior de
la bahia, las capas del semi-espacio en C70 y estaciones marinas presentan

varias incertidumbres.

2.6.1. Modelos de las estaciones de tierra

Los modelos de las estaciones en tierra se pueden agrupar en tres dis-
tribuciones de velocidad diferentes: modelos de la costa este, modelos de la
costa oeste y el modelo de Fumarolas. En las primeras capas presentan un
rango de velocidades Vg entre 202 y 760 m/s. Son capas blandas con un
espesor alrededor de 400 m, exceptuando la estacién FUM en que presenta

un espesor de sélo 52 m. La profundidad a que aparece esta discontinuidad
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varia entre los 100 y los 350 m, siendo el contrate entre las capas consistente
con los valores dados por diferentes autores [146, 280, 199] que muestran una
capa superficial de unos 100 m con Vs entre 200 y 800 m/s compuesta por
depdsitos de piroclastos post-caldera y sedimentos sueltos. Esta diferencia de
espesor de las capas de baja velocidad entre los autores antes mencionados y
nuestro rango refleja las limitaciones de los métodos usados. Por ejemplo, en
[280, 199] sélo se calculan las curvas de dispersion, por lo que tienen menos
resolucion en determinar la profundidad de los contrastes de velocidad que
la inversién conjunta con el H/V.

Existen diferencias en las capas superficiales de nuestros datos incluso
en estaciones cercanas. Por ejemplo, las estaciones FUM, OBS, C70 y CHI
presentan velocidades muy bajas de Vs, en la capa mas superficial, que van
aumentando de una estacion a otra de oeste a este. Estas estaciones se en-
cuentran ubicadas cerca de las areas caracterizadas por actividad hidroter-
mal, (FUM y CHI) o suelos calientes (OBS y C70) [290]. La circulacién de
agua caliente y sus efectos en los sedimentos que la rodean pueden ser respon-
sables de las bajas velocidades de onda S observadas en estos sitios [199]. En
las estaciones FUM y CHI estas capas son mas lentas y mas delgadas que en
OBS y C70. Esta diferencia puede ser debida a la geologia de la superficie, ya
que las estaciones OBS y C70 estan localizadas en playas caracterizadas por
la presencia de sedimentos marinos no consolidados, depdsitos de pedregales
y aluviales indiferenciados [205], mostrando una estructura mas homogénea
en los primeros 50-90 m.

En cambio, las estaciones FUM y CHI presentan varias capas delgadas
en los primeros 50 m. Esta diferenciacion entre las capas poco profundas se
puede corresponder a una capa muy superficial de sedimentos de la erosion
del borde de la caldera y de derrubios de ladera para FUM y CHI, respecti-
vamente seguida de una capa de sedimentos piroclasticos mas consolidados
de post-caldera.

Las estaciones DCP y BASE muestran una capa superficial delgada de
alta velocidad. Esta capa se puede deber a los sedimentos de piroclastos
consolidados de depdsitos post-caldera [290].

Marti et al. [205] interpretan estas capas superficiales descritas bajo las

estaciones de tierra, como propias de depdsitos de avalanchas de escombros
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formados por el colapso gravitacional de la pared de la caldera, depdsitos
volcénicos post-caldera o depdsitos de pedregales y abanicos aluviales.

Las capas intermedias presentan velocidades de onda S entre 1300 y 2100
m/s, con espesores de 800 a 1700 m, son capas mas duras que se extien-
den hasta 1250 m de profundidad para los modelos de la costa oeste y entre
los 800 y 2600 m de profundidad para los modelos de la costa este (CHI y
C70, respectivamente). Estas capas intermedias se pueden corresponder con
los depésitos de la formacion de la caldera (Quter Coast Tuff Formation,
OCTF), compuestos principalmente por una secuencia gruesa de ignimbritas
masivas y depdsitos menores de surgencia piroclastica de composicién basalti-
ca a andesitica, caracterizadas por velocidades mayores al comportarse como
una roca dura [205]. Para el modelo de FUM la capa intermedia presenta
velocidades de ondas S més bajas (957-1091 m/s) y capas més delgadas (77
y 135 m), que se extienden hasta los 265 m de profundidad. Esta capa in-
termedia se corresponde en velocidad de la onda S con las capas descritas
por [199] entre 100-400 m que interpretan como depdsitos post-caldera mas
consolidados.

Las capas mas profundas presentan variaciones significativas tanto en
espesor como en velocidad de las ondas S de un modelo a otro. Esto responde
al cardcter complejo de la estructura superficial para Decepcion. Los modelos
de la costa oeste presentan velocidades de Vg de 2300-2900 m /s, con espesores
entre los 600 y 2500 m. Sin embargo, los modelos de la costa este presentan
velocidades de Vg que varian entre los 1900 y los 3100 m/s y espesores de
1600-1900 m. Para el modelo de FUM las velocidades se encuentran dentro del
rango de los modelos de la costa oeste (1350-2100 m/s) pero a profundidades
menores (1500 m). Estas capas duras con altas velocidades y diferencias de
espesores pueden corresponder con los depdsitos basalticos formadores del

volcan en escudo y con la distribucién irregular de éstos [205].

2.6.2. Modelos de las estaciones del fondo marino

Los modelos de velocidad para el interior de la bahia presentan una ca-
pa superficial (capa 1) muy delgada (de unos pocos metros) y muy lenta

(100-140 m/s). Estos valores coinciden con los calculados para las curvas de
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dispersién de las ondas superficiales asociados a sedimentos pocos profundos
de espesores entre 3- 21 m y velocidades de onda S de (120 m/s) por Over-
duin et al. [239], para el estudio de ruido sismico del fondo marino alrededor
de la isla de Muostakh en el Mar Central de Laptev, Rusia. Las profundi-
dades a las que estan instalados los OBS de Puerto Foster son mayores que
los usados por [239], aunque este estudio no determina la dependencia de la

profundidad con la velocidad de la onda S.

Asi, la capa 1 de puerto Foster se puede considerar una capa delgada
de muy baja velocidad compuesta por sedimentos no consolidados saturados
en agua procedentes del aporte de relleno de la bahia reciente. La siguiente
capa (capa 2) es una capa blanda delgada (entre 10-20 m de espesor) con
velocidades de onda S entre 224-301 m/s, las estaciones més al noroeste de
la bahia, S112 y S213, presentan velocidades parecidas a las de las capas
superficiales de los modelos de la costa este (288-301 m/s), esta similitud
probablemente se deba a la cercania entre las estaciones de tierra y marinas,
por lo que los mismos materiales erosionados de las areas donde se encuen-
tran las estaciones de tierra, serian depositados dentro de la bahia bajo las
estaciones marinas. Estos depdsitos pueden corresponder a los sedimentos no
consolidados post-caldera caracteristicos por presentar bajas velocidades y
depdsitos volcanicos recientes producidos durante las erupciones [266, 34].

Las capas intermedias (capa 3) presentan velocidades muy restringidas
entre 606-675 m/s, excepto en la estacion S112 que presenta velocidades de
970 m/s, esta capa tiene mayor velocidad y espesor (100 m), esta diferencia
con las capas mas superficiales puede deberse a que nos encontramos ante
materiales compuestos por sedimentos de post-caldera més consolidados [128,
34]. La capa més profunda (capa 4) es una capa gruesa entre 600- 960 m de
espesor y muy rapida con velocidades de onda S entre los 1212- 1358 m/s,
esta capa dura se puede deber a los depdsitos de materiales intra-caldera
de OCTF compuestos principalmente por un gran volumen de ignimbritas
producida durante la erupcion de la formacion de la caldera en el Holoceno
[205].

Diferentes estudios realizados en la bahia interior de Decepcién describen
que su estructura interna compuesta por una capa rellena de sedimentos de

unos 2 km, asociada a un medio muy fracturado con circulacion de fluidos
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hidrotermales, por encima de una camara magmatica comprendida entre los
2-5 km de profundidad [330, 34, 248, 262, 261]. La capa superior compuesta
por sedimentos se ha descrito en tres unidades geofisicas principales; (1)
la unidad superior de < 100 m de espesor estd compuesta por sedimentos
de post-caldera y depésitos de las recientes erupciones [128, 34, 205] (2) la
unidad central con un espesor de unos 1200 m esta compuesta por depositos
de piroclasto mas consolidado o depdsitos inta-caldera de la formacion de la
caldera (OTCF) con velocidades de 2.5-3.5 km/s [128, 34, 205], (3) la unidad
inferior con velocidades de 4.5 km/s, compuesta por depdsitos mas duros
pre-caldera [128, 34, 205].

En nuestros resultados, esta capa de sedimentos de 2000 m de espesor
comprende 4 capas. Las dos primeras se corresponden con depodsitos post-
caldera y erupciones recientes caracterizados por bajas velocidades de onda
S, donde diferenciamos la capa 1 con materiales sueltos saturados de agua
procedentes del proceso de relleno de la bahia y la capa 2, que presenta
una variacion de velocidad suave respecto a la capa 1 y se puede interpretar
como sedimentos de igual composiciéon con menor contenido en agua o por
las interacciones del sistema hidrotermal con los sedimentos procedentes de
los depésitos post-caldera, caracterizados por bajas velocidades de onda S.
El contraste de velocidad existente a unos 100 m marca la transiciéon de
materiales blandos (las dos capas superiores) a maés rigidos, y se refleja en
el pico a altas frecuencias de las curvas H/V de las estaciones del interior
de la bahia. Estas dos capas poco profundas extendidas hasta los 100 m se
corresponderian con la unidad superior descrita anteriormente por [128, 34,
205].

Hay que aclarar que al modelar el pico de altas frecuencias estamos so-
brestimando en alguna medida su amplitud ya que no hemos contemplado los
efectos de la capa de agua sobre las estaciones. Al considerarla, se obtendria
un pico de alta frecuencia de menor amplitud [195]. Esta reduccién de am-
plitud en el pico depende de la altura de la columna de agua, pudiéndose
reducir hasta un 50 por ciento en columnas de varios kilémetros. Esto reper-
cute en que, en el modelo obtenido, las dos capas superficiales presentarian
un contraste de velocidad sobre la tercera algo més bajo que el real (o, dicho

de otro modo, el gradiente de crecimiento de la velocidad con la profundidad
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obtenido seria mas suave que el real).

La capa 3 se constituye posiblemente de materiales mas consolidados de-
bido a la subsidencia, pertenecientes a depdsitos post-caldera. La transicién
de materiales blandos a m&as duros se produce a unos 200 m de profundi-
dad, en la interaccién de la capa 3 con la capa 4 que es més rapida y con
espesores mayores que el resto. Esta discontinuidad de velocidades se corres-
ponde con el pico de menor frecuencia en las curvas H/V. La capa profunda
se puede componer de materiales depositados por la formacion de la caldera
(intra-caldera OTCF), compuestos por un volumen mds o menos constante
de ignimbritas masivas que se comportan como roca dura, con velocidades
mayores a 1500 m/s. La velocidad en la capa 4 es mas baja debido a la
presencia de materiales muy fracturados y el sistema hidrotermal, que se
caracteriza por alterar las rocas y disminuir la rigidez, disminuyendo asi la
velocidad de la onda S. De este modo, esta capa puede pertenecer a la unidad
central descrita anteriormente por [128, 34, 205].

La ultima capa que corresponde con el semi-espacio presenta heteroge-
neidades verticales y laterales con velocidades de 2800-4000 km/s. Aunque
la resolucién del método para estas capas es muy limitada al sobrepasar las
velocidades obtenidas con las curvas de dispersion, presentando grandes in-
certidumbres, posiblemente estan relacionadas con estructuras y productos
pre-caldera, correspondientes a la tercera unidad descrita por [128, 34, 205].

La inversién conjunta de las curvas experimentales H/V y de dispersién
nos ha permitido definir el modelo hasta los primeros 1500 m de profundi-
dad en el interior de la bahia caracterizando bien las capas de sedimentos
que se encuentran encima de la cdmara magmatica, sin embargo, no se ha
llegado a la profundidad donde se encuentra la caAmara magmatica. Esto se
debe principalmente a que hemos utilizado curvas de dispersion que no son
propias del interior de bahia. Para poder llegar a la profundidad de la caAmara
recomendamos desplegar una red de OBS més densa con estaciones de tierra
que operen simultaneamente y calcular una curva de dispersién experimental
propia de la bahia o realizar correlaciones entre las estaciones de los arrays
de tierra (usado para el estudio de ruido sismico en Luzén et al. [199]) para
llegar a frecuencias mas bajas en la curva de dispersién experimental.

En la Figura 2.12 se observan perfiles de la velocidad de A- A’ con di-
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Figura 2.12: Muestra los perfiles que se han sefialado en la Figura (2.1).
(arriba) Perfil de A-A’ que contiene las estaciones OBS, S112, S213, CHI.
Muestra las curvas H/V y modelos de velocidad de onda S para cada estacid??
(abajo) perfil de B-B’ que contiene las estaciones DCP,BASE, S113, CHI.
Muestra las curvas H/V y modelos de velocidad de onda S para cada estacion.



2.6. Discusién

recciéon NNO-NNE que comprenden las estaciones OBS, S112, S213 y CHI y
B-B’ con direccién NO-NE que contienen las estaciones DCP, BASE, S113
y CHI marcados en la Figura 2.1, donde se muestran las curvas H/V y los
modelos de velocidad para cada estacion del perfil. Se recalcan las heteroge-
neidades laterales y verticales entre estaciones relativamente cercanas.

En las curvas de H/V de los perfiles se observan que los picos de baja
frecuencia disminuyen de valor conforme nos acercamos al centro de la bahia,
lo que revela un mayor espesor de sedimentos en el centro de la bahia o una
velocidad menor. Los valores de la amplitud de este pico disminuyen de NNO-
NNE. Esto refleja un contraste de velocidad moderado en las estaciones de
tierra y mas bajo en las estaciones marinas, las capas que controlan este
contraste de velocidad se encuentran entre los 800 y 1500 m de profundidad.

Los modelos de velocidad presentan variaciones laterales entre capas con-
forme nos movemos del borde de la caldera al interior de ésta. Se observan
dos capas comunes en los primeros 1600 m de profundidad entre las estacio-
nes, con caracteristicas similares, donde la velocidad disminuye y el espesor
aumenta en el centro de la bahia. Ademas, se observa un espesor menor y
mas capas superficiales diferenciadas en el parte este que en la parte oeste
del borde de la caldera.

Estas diferencias de espesores de depdsitos de igual material y capas en el
lado este se pueden deber a la superposiciéon de materiales nuevos generados
por las erupciones recientes y a la distribucién heterogénea de los productos
y lavas de las erupciones que han formado la isla [22, 288, 247]. Por ejemplo,
las tultimas erupciones del 1967-1970 se localizan en el norte, cerca de las
estaciones de OBS, C70 y CHI. Asf las capas muy delgadas y superficiales
de la parte noreste de las estaciones de C70 y CHI se podrian deber a los
depositos de los materiales de estas erupciones recientes, que en las estaciones
del oeste (DCP y BASE) no se encuentran.

Por otro lado, se describen tres cuencas submarinas que conforman Puerto
Foster [77, 265]: la Subcuenca 1, que ocupa todo el norte de la bahia, separada
de la Subcuenca 2, que va desde el Stanley Patch a bahia Balleneros por una
monoclina en ENE relacionada con una falla NNO-SSE [77], y la Subcuenca
3 localizada en la bahia Fumarolas. Las subcuencas estan rellenadas por

distintas capas de sedimentos. Se observa que la Subcuenca 1, que alcanza
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mayores profundidades, estda hundida y se interpreta que el hundimiento de
su parte suroeste fue acompanado por un levantamiento en la zona noreste
[265]. En los perfiles de la Figura 2.12 se observa este levantamiento de bloque
en la parte este, donde las capas de iguales caracteristicas van apareciendo
a menores profundidades cada vez y reduciendo sus espesores. Ademas, hay
que tener en cuenta que, en la zona noreste, hasta Fumarolas, se centra el
sistema hidrotermal, donde encontramos las estaciones OBS, S112, y CHIL.
Las curvas H/V de estas estaciones presentan picos anchos de baja amplitud,
que se relaciona con un medio muy fracturado por el que circulan aguas
calientes. Estos picos controlan un contraste de velocidad moderado entre
los 800 y 1500 m de profundidad. Asi el sistema hidrotermal se extenderia
hasta los 1500 m de profundidad. Como se ha mencionado anteriormente, el
sistema hidrotermal altera los materiales con los que interacciona y puede

que la reduccion de espesor en el este se deba a dicha interaccion.

2.7. Conclusiones

En este trabajo se aplica la técnica de H/V basada en la interpretacién
de la relacion entre las amplitudes espectrales de las componentes horizontal
y vertical de las vibraciones sismicas de fondo y la inversiéon conjunta con
curvas de dispersion para mitigar los problemas de no unicidad. Este método
rapido y no invasivo se ha utilizado para estimar la estructura poco profunda
de la Isla Decepcién, en la Antartida. Se han utilizado series largas de registro
de ruido ambiental de diferentes estaciones terrestres desplegadas en la costa
interior y un array de estaciones marinas en el interior de la bahia de Isla
Decepcién, con lo que se han mejorado los estudios de ruido observando la
estabilidad de los picos y se ha obtenido un modelo del subsuelo de la costa y
bahia interior de la Isla mas completo. Lo que aporta mas informacion sobre
las propiedades del medio cuyo conocimiento es importante para mejorar
la interpretacién de la actividad sismica del volcan como por ejemplo la
actividad de largo periodo que es mas superficial relacionada con el sistema
hidrotermal de la isla [6].

Se observa un patrén de picos que responde al comportamiento de una

cuenca geotermal con los picos estrechos de menor frecuencia en el centro
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de la bahia y aumentando un poco las frecuencias y la anchura de pico en
el borde en la costa interior de Puerto Foster. Por lo que presentarian un
mayor espesor de los depésitos y un mayor contraste de impedancia entre el
sedimento y el basamento en el interior de la bahia, que en el margen de la
depresién de la caldera en la costa interior de la bahia. Ademés, los picos de
FUM y CHI tienen baja amplitud y son anchos, por lo que se relacionan con
areas de sedimentos sobre rocas fracturadas que favorecen la circulaciéon de

agua caliente.

Se mejora el modelo previo obtenido por Luzén et al. [199] para las capas
mas superficiales del drea de los sitos de la costa interior de la bahia donde
estan localizadas las estaciones y para las estaciones de fondo marino del
interior de la bahia. Esta mejora la aporta la curva experimental H/V que
recalca la presencia de contrastes de velocidades. Asi, las curvas H/V definen
mejor las capas mas superficiales y nos permiten explorar los primeros km

de la corteza.

Se aplica el método H/V a estaciones de fondo marino instaladas en el
interior de la bahia. Se definen cuatro capas superficiales de sedimentos en
los primeros 1500 m, con la restriccion de que las curvas de dispersién no
son justo las del sitio donde se localizan los OBS y no contemplamos los
efectos de la capa de agua, por lo que el contraste que controla el pico de alta
frecuencia seria mas fuerte al mostrado. No se ha resuelto el modelo para la
profundidad de 2000 m donde se encontraria la anomalia de baja velocidad
descrita por [330]. Recomendamos realizar curvas de dispersién con el array

de estaciones de fondo marino y con muchos puntos de medicion.

Se diferencian tres grupos de modelos de tierra: modelos de la costa este,
modelos costa oeste y modelo FUM. Se observa heterogeneidades laterales y
verticales entre las estaciones. Los modelos de la costa oeste presentan ca-
pas de mayor espesor y mas rapidos. Se identifican varias capas; una capa
superficial de depdsitos post-caldera mas o menos consolidados, una capa
intermedia depdsitos de OCTF y una capa profunda de depdsitos de pre-
caldera. Los modelos de la costa este presentan capas de menor espesor y
mas lentos. Se observa unas capas superficiales afectadas por el sistema hi-
drotermal constituidas por depdsitos post-caldera mas o menos consolidados

y una capa intermedia de depdsitos de OCTF. El modelo FUM presentan
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capas mas superficiales, delgadas y rapidas.

Se encuentran evidencias del sistema hidrotermal en las estaciones FUM,
OBS, CHI Y S112, S113, S114 desde la parte NE cruzando la bahia y en
el NO. El sistema hidrotermal se extiende al menos hasta los 1500 m en el
interior de la bahia y en las estaciones de tierra hasta 2500 m profundidad
en CHI y 1500 m en OBS.
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Capitulo 3

Detection of long-duration
tremors at Deception Island
volcano, Antarctica

Summary

We analyze seismic data from permanent seismic stations located on De-
ception Island volcano, Livingston Island, and Cierva Cove, Antarctica, and
identify a type of signal named Deception long-duration signals (DLDS).
They are characterized by low amplitudes, long durations (several hours to
days), frequency content limited to the 0.5-5 Hz band, and are detected only
at Deception Island. We develop a semi-automated method to systemati-
cally detect the occurrence of DLDS during February 2008-January 2015.
We identify 276 DLDS episodes with amplitudes in the range of 0.5-2 pm/s
and durations from 3 h to 13 days. The temporal distribution shows an
annual modulation, suggesting a seasonal effect. DLDS activity generally in-
creases during the austral winter, although the annual distributions display
two different behaviors. Some of them have a single maximum in the winter,
while others are bimodal and show a second maximum during spring. Seve-
ral mechanisms can explain the occurrence of long-duration signals. However,
the only mechanism that explains the spectral content, duration, temporal
distribution, and station coverage of the DLDS is the occurrence of volcanic
tremors. Tremor generation at Deception Island has been explained by the

resonance of fluid-filled conduits within the hydrothermal and/or shallow vol-
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canic conduits. However, the long durations of the DLDS require a triggering
mechanism that could be active for a long time span. The seasonal modu-
lation of the DLDS suggests the influence of external effects. Most DLDS
episodes can be related to periods with high-amplitude oceanic microseisms,
which can induce an external forcing and introduce pressure variations in the
volcanic/hydrothermal fluids. However, in some cases DLDS occur indepen-
dently from oceanic noise amplitude. These cases precede summer surveys
with large numbers of seismic events, indicating an increasingly restless state
of the volcano. They can be produced by triggering mechanisms of internal,
volcanic origin, such as the occurrence of changes in the stress distribution in
the volcano edifice induced by magma dynamics, or fluctuations in the rate

of volcanic gas supply.

3.1. Introduction

Seismic signals with long durations (hours or days) are a common occu-
rrence in seismic records throughout the world. They originate from several,
different dynamic processes that lead to the continuous release of elastic
energy in the shallow crust. Long-duration signals include: microseisms ge-
nerated by atmosphere-ocean-land interactions; volcanic tremors produced
at volcanoes; non-volcanic tremors related to fault creeping in subduction
zones; vibrations produced by wind gales and other local meteorological phe-
nomena; ground motions induced by glacial dynamics, and anthropic noise
generated by human activities.

All these signals have been traditionally regarded as seismic noise, mainly
due to our inability to extract useful information from them. However, the
definition of seismic noise is subjective. A particular seismogram may be
referred to as signal or noise, depending on the purpose of the study.

In fact, many of these long-duration signals, previously treated as noise,
are currently being re-evaluated, using newly developed methods and capa-
bilities, for applications including investigations about the Earth’s structu-
re [76, 155, 156, 243, 317|, detailed dynamics of tectonic motions in sub-
duction zones and strike-slip faults [37, 276, 286] interactions between the

atmosphere-ocean-land systems([322, 36, 215, 212, 18|, and ice dynamics in
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glacial environments [94, 318].

In particular, volcanic tremor is a continuous signal recorded at most
volcanoes around the world. The analysis of volcanic tremors is crucial to
characterize the volcano plumbing systems and identify active portions; un-
derstand the interactions between the volcanic fluids and the surrounding
crust; and even to produce eruption forecasts [75, 176, 217]. Additionally, it
has forced the development of several techniques for seismic source tracking
and location, such as array methods[12, 7, 86, 120, 220, 280] and amplitude
locations|[30, 29, 179].

In this paper, we analyze seismic data from permanent seismic stations
located on Deception Island volcano, Livingston Island, and Cierva Cove,
Antarctica. We observe the occurrence of long-duration signals with different
characteristics. In particular, at Deception Island volcano we find the oc-
casional occurrence of low-amplitude, sustained seismic signals with energy
confined within the 0.5-5 Hz frequency range and variable durations up to a
few days. For these signals, we investigate waveforms, spectral contents and
temporal distribution. We compare them with the data from other sites, and

conclude that at least some of these signals are volcanic tremors.

3.2. Geological setting

The area of the Bransfield Strait is among the most interesting regions in
Antarctica, from a geodynamic point of view (Figure 3.1). It is located in a
complex regional tectonic framework characterized by the confluence of two
main plates (South American and Antarctic) and three microplates (Scotia,
Phoenix and South Shetland) [24, 107, 108, 121, 139, 183]. The Bransfield
Strait separates the South Shetland and Antarctic plates. It constitutes a
spreading center aligned in NE-SW direction through three adjacent basins,
and it is characterized by the presence of normal faults and active volcanism
[249, 152, 272]. Most earthquakes in the region are shallow, with depths b40
km [249]. A few deeper earthquakes have been identified NW of the South
Shetland Islands, which is consistent with the subduction of the Drake Pla-
te [152]. Many of these shallow earthquakes are clustered around volcanic

centers,which suggest that they probably have a volcanic or volcano-tectonic
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origin, triggered by intrusive magmatic activity [94, 272]. Subareal volcanoes

SOUTH AMERICA P.

/e
SCOTIA P.

_ ANTARCTIEP.

Inactive Spreading Active ;prea:ling
Ridge Ridge

Inactive subduction Active subduction
Fault Zone Active Extensional
Zone

Figura 3.1: (a) Map of the Scotia area, showing the most important plate
boundaries and the area of study (red box). SST = South Shetland Trench;
SSB = South Shetland Block; SFZ = Shackleton Fracture Zone; BB = Brans-
field Basin; SOM = South Orkney Microcontinent. (b) Map of the Bransfield
Strait, displaying the positions of normal faults, spreading centers, and vol-
canic edifices. The seismic stations used in this study are depicted by white
stars.

in the Bransfield Strait are Deception, Penguin, and Bridgeman Islands. The-
re are also several submarine seamounts and remnant volcanic centers south

of Livingston, Greenwich, and King George Islands [e.g. 185, 290]. Recent vol-
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canic in this region has been dominated by the eruptions of Deception Island,
which is among the most active and hazardous volcanoes in Antarctica. 20
eruptions have been documented in the 19th and 20th centuries [28, 235, 290].
The last eruptions occurred in 1967, 1969 and 1970 [e.g. 290]. There are al-
so fumarolic emissions, hydrothermal activity, deformation episodes, and a
moderate, highly variable, level of seismic activity [63, 64, 150, 291, 316].
Deception Island is one of the busiest zones in Antarctica, especially during
the austral summer. It is visited annually by dozens of scientists and military
personnel, and thousands of tourists. This fact highlights the importance of

volcano monitoring for hazard mitigation [28, 63].

3.3. Instruments and data

The data we use come from a permanent network set up by the Anda-
lusian Institute of Geophysics of University of Granada, Spain (IAGUGR).
Three broadband seismometers were installed in February 2008 in the area
of the Bransfield Strait. They form a N-S profile about 170 km long, which
is approximately perpendicular to the Bransfield Rift. Stations are located
within different geodynamical contexts:(1) LVN (62°39'S, 60°23'W) located
near the “Juan Carlos I” Spanish base at Livingston Island, in the South
Shetlands micro-plate; (2) DCP (62°59'S, 60°41"W) near the “Gabriel de
Castilla” Spanish base at Deception Island volcano, located on the extension
axis of the Bransfield Rift;and (3) CCV (64°09'S, 60°57'W) near the “Prima-
vera” Argentinean base, on the Antarctic plate (Figure 3.1).Each station is
equipped with an electrochemical, three-component, broadband (16 s) seis-
mometer Eentec SP400; and a low power, 24-bit data-logger Eentec DR4000.
Stations are powered with batteries and solar panels [63].

Seismic data are recorded in miniseed format [2] on a hard disk with an
estimated capacity for 20 months of data. The amount of data generated is
around 10 GB per year and station. The stations are visited once a year to
perform basic maintenance and recover the seismic data.

These three stations have operated continuously since 2008, except for
a few winter periods when the power supply temporarily failed resulting

from the harsh environmental conditions. This represents the first time that
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unsupervised, permanent-recording stations have operated efficiently for se-
veral years at the selected sites. This fact is especially important for the
seismic monitoring of Deception Island volcano. The only precedent is the
SEPA experiment carried out in the Bransfield Strait area between 1997
and 1999 [272]. Since 1994, Deception has been monitored intermittently,
during summer surveys (December—February) under the Spanish Polar Pro-
gram [63, 146, 148]. The present dataset provides the unique opportunity
to study the long-term seismic activity of Deception Island volcano and the
Bransfield Strait area since 2008 (including the austral winter periods), which

has never been achieved.

3.4. Data analysis

We perform a preliminary analysis of the seismograms based on the SEI-
SAN package [135]. Seismic data are incorporated into a continuous database,
and a visual inspection of the seismograms is carried out using 30-minute win-
dows. This allows for the identification of different types of seismic events,
and the characterization of their waveforms, durations, spectral contents,
temporal distributions, etc.

During this process, unusual signals were identified at DCP, that were
not recorded at LVN or CCV. These signals have low amplitudes and may
last for a long time (several hours or days). (Figure 3.2) shows seismograms
and spectrograms of the ground motion recorded at the three stations for a
ten-day-long time interval. Focusing on the 0.5-5 Hz band, there is virtually
no energy recorded at LVN and CCV, while at DCP there is a signal lasting
for N8 days. We refer to this kind of signals as Deception long-duration
signal (hereinafter DLDS). The DLDS is a continuous signal with average
amplitudes varying slowly over time scales of hours. However, zooming in
their waveforms (Figure 3.3), it becomes evident that they are formed by a
continuous series of energy packets. Particle motions are basically chaotic and
do not show any preferred polarization, apart from a general dominance of
the horizontal motions. The amplitude of the vertical component is generally
around 60 % of the horizontal amplitudes (Figure 3.4). Due to their low
amplitudes and sustained durations, DLDS are hardly identifiable during the
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Figura 3.2: Examples of vertical-component velocity seismograms and spec-
trograms for the three stations LVN (a), DCP (b), and CCV (c). The ho-
rizontal lines indicate the frequency bands selected for the analysis. Notice
that the frequency axis in the spectrogram is displayed in logarithmic scale.
The data correspond to ten days starting on 25/08/2012.

routine inspection of seismograms. The comparison between data from LVN,
DCP, and CCV, is essential to achieve the identification of these signals.

For our study, we selected a continuous seismic dataset extending from
February 2008 to January 2015. This dataset is long enough to identify the

average characteristics of the DLDS and their temporal behavior patterns.

Given the large amount of data, an efficient procedure is required in order

to identify and quantify the occurrence of DLDS.
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Figura 3.3: Example of the waveform of the final stages of a DLDS re-
corded at DCP. We show the vertical-component seismogram recorded on
20/09/2009. The top panel corresponds to 24 h; the bottom panel displays 2
min of data.

Several methods can be applied to detect DLDS with limited computatio-
nal and operational efforts. Some of them are based on the parameterization
of the characteristics of seismic events, in order to achieve an automatic de-
tection and classification [32, 33, 43, 61, 82, 92, 119, 149]. Other methods use
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Figura 3.4: Comparison of the average amplitudes on the three components
of ground motion for a DLDS episode recorded at DCP between15/09/2009
and 21,/09/2009.

simpler approaches based on the variations of the seismic amplitude envelope,
which do not require any training or a priori information. For example, the
real-time seismic amplitude measurement (RSAM) method [96, 256] evalua-
tes the average seismic amplitude in long-duration time windows, indepen-
dent of the seismicity they may contain. Related to the RSAM method is the
seismic spectral amplitude measurement (SSAM) method [190, 257, 297,
in which, the amplitude information obtained from the signal spectrum is
averaged in several narrow frequency bands.

In this work, we adapt the essence of the RSAM and SSAM philosophies
and develop a semi-automated method to detect the occurrence of DLDS.
This method is based on the distribution of seismic energy in a few, selected
frequency bands. The choice of these frequency bands is crucial. It is based
on the knowledge of the different types of events recorded and the expertise
accumulated during our work on Deception Island since 1994. The method

calculates the seismic energy density of the vertical-component seismogram
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in the selected frequency bands, averaged in long-duration windows.We will
refer to this energy as “filtered and averaged seismic energy” (FASE). We
make a careful selection of the frequency bands, so that each band represents
particular types of seismic signals. This focused selection simplifies the inter-
pretation of the results and constitutes an improvement over the RSAM or
SSAM methods, where the average energy was blindly calculated in a single
band (RSAM) or in multiple narrow bands (SSAM).

We select four bands for the FASE calculations. The lower limit is defined
by the instrumental response of the seismometer, which in our case is flat
between 16 s and 50 Hz.

The first band (F1) extends from 0.07 to 0.125 Hz (8-15 s). In this
band, the only signals that may contribute are teleseismic events or very-
long-period (VLP) volcanic signals. At Deception Island volcano broadband
seismometers have been occasionally deployed, but no VLPs have been ever
reported [65]. Therefore, we expect that the F1 FASE will correlate with the
occurrence of teleseisms.

The second band (F2) ranges from 0.125 to 0.5 Hz (2-8 s). In this band we
find the dominant contribution to be oceanic noise. This microseismic noise
constitutes a background signal that is recorded everywhere in the Earth
(17, 177, 298, 299], originating from perturbations in the ocean-atmosphere
system.

The third band (F3) extends from0.5 to 5 Hz. This frequency band is ge-
nerally named “long-period” in Volcano Seismology [e.g. 74, 75, 217]. Long-
period (LP) events and volcanic tremor, which are among the most cha-
racteristic signals in active volcanoes, are quasi-monochromatic signals with
dominant frequencies in the 0.5-5 Hz range. At Deception Island, several
studies indicate that LP events and volcanic tremors also lay within this
frequency band [6, 65, 63, 146, 150].

The fourth band (F4) ranges from 5 to 15 Hz. A variety of seismic
events can contribute to this high-frequency band, for example, tectonic
and volcano-tectonic (VT) earthquakes, hybrid events, ice-quakes and gla-
cial dynamics [5, 97, 122, 123, 124, 150, 182]. These signals usually have a
wide frequency content, occasionally extending well below and above the F4

band. Other sources of seismic energy that may be present in this band are
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noise produced by local weather (wind and storms), cultural noise, etc.

For each of these bands, we calculated FASE as the spectral power den-
sity of the vertical-component seismogram in the selected frequency band,
averaged in long time windows. We used a moving window of 10 min, with
an overlap of 5 min, for the whole 7- year study period. This analysis is prin-
cipally focused on long-lasting signals, and prevents the detection of isolated
transient signals such as local earthquakes, icequakes, etc. However, they may

still be detected when they occur closely in time, forming seismic swarms.
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Figura 3.5: Example of FASE measured in the F1, F2, F3 and F4 bands for
the three stations LVN, DCP, and CCV. The time window extends for ten
days, starting on 25/08/2012 (the data shown in Figure 3.2). The FASE axes
are displayed in logarithmic scale.

Figure 3.5 shows an example of FASE estimates for the LVN, DCP and
CCV stations. The dominant seismicity patterns can be identified from the
relative importance of the FASE in the different bands.

About 90 % of the time, there is a clear energy prevalence of the F2 band,
corresponding to a seismic wave field dominated by the contribution of ocea-

nic microseism. The level of energy can be so large that it occasionally leaks
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into the adjacent bands (F1 and F3). In the F2 band, the seismic data show
long-lasting wave trains with slowly varying amplitudes, and consequently
FASE displays smooth variations. In the F1 band, FASE is characterized by
the occasional occurrence of narrow peaks with durations smaller than a few
hours, corresponding to teleseismic surface waves. In the F3 and F4 bands,
we observe sporadic signals lasting several hours or days. The F4 band ge-
nerally displays the smallest values of FASE. The F3 and F4 bands are very
variable, sometimes following similar trends.

If we compare the FASE results for the three stations LVN, DCP and
CCV, we observe that they are basically identical in the low-frequency bands
F1 and F2, while we find notable differences in the high frequency bands F3
and F4 (Figure 3.5). These similarities and differences are also evident in the
spectrograms (Figure 3.2). The similarity of the level and temporal varia-
tions of FASE calculated at stations separated by several tens of kilometers
suggest the contribution of a common, distant seismic source located at re-
gional distance. In contrast, FASE differences among stations instead point
to dominant contributions from local sources.

Stations LVN and CCV usually present a similar trend in the F3 band,
although the absolute values of FASE can be different. However, station DCP
sometimes shows a completely different amplitude pattern compared to the
other stations, with much higher FASE values and an independent energy
trend (Figure 3.5). These differences are related to the occurrence at DCP
of DLDS, which are basically confined to the F3 and are not recorded at
LVN and CCV. Finally, in the F4 band, the three stations show different
FASE patterns and absolute values. At DCP, FASE in the F3 and F4 bands

sometimes show similar trends.

3.5. Results

Using the procedure described above, we have identified the occurrence of
DLDS searching for periods when FASE in the F3 band is high at DCP, and
shows a different trend compared to the F2 band, which generally contains
the highest energy density. We have also compared the results with stations
LVN and CCV, to corroborate that the detected signals are indeed DLDS. In
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this way, we have identified 276 DLDS episodes during the period between
2008 and 2015.

Although DLDS are basically contained within the F3 band, they have
slightly different frequency contents. For example, we find signals extending
from 3 to 5 Hz (Figure 3.6a) and from 0.5 to 5 Hz (Figure 3.6b, ¢). For some
DLDS, part of the energy may occasionally leak into the F4 band. The FASE
peaks in the F3 band usually coincide with periods of high FASE in the F2
band. However, this is not always the case, and we occasionally find peaks
in the F3 FASE that are not temporally related to high F2 FASE (Figure
3.6Db).

DLDS are characterized by low amplitudes (in the range 0.5-2 pum/s; Fi-
gure 3.7a) and highly variable durations (ranging from3 h to > 13 days;Figure
3.7b). The most frequent durations are around 15-40 h. These long durations
suggest a remarkably stable source mechanism. Both amplitude and duration
remain within similar limits during the whole period analyzed, and there is
no evident temporal pattern. Similarly, there is no clear relationship between
duration and amplitude of the DLDS.

The temporal distribution of the DLDS between 2008 and 2015 is shown in
Figure 3.7 and Figure 3.8. In Figure 3.7 we show the occurrence of individual
DLDS episodes, while in Figure 3.8 we present the cumulative duration of
DLDS computed on a monthly basis. Given the large variability of the DLDS
durations, we believe that this representation provides an improved picture
of the overall DLDS activity. We observe that DLDS occur during the whole
period, with activity of up to 200-600 cumulative hours (8-24 days) per
month. These numbers indicate that DLDS are a common occurrence at
Deception Island volcano.

The most striking characteristic of the temporal distribution of DLDS is
the annual periodicity. Most part of the DLDS are recorded in the period
from June to October (around the austral winter),which suggests a seasonal
effect. The annual maximum is reached in winter in 2008, 2009 and 2012; in
late autumn in 2010; and in early spring in 2011, 2013 and 2014.

In addition, we find two types of annual distributions. In the first pattern,
there is a single dominant peak around the winter. This is observed in 2008
(July) and 2010 (June). In the second pattern,we find a bimodal distribution
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Figura 3.6: Examples of seismograms and spectrograms of DLDS recorded
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the same than in Figure 3.5.
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Figura 3.7: Representation of: a) the durations (top) of the DLDS as a
function of time and histogram (right); b) average amplitudes (bottom) of the
DLDS as a function of time and histogram (right). Notice that the durations
are represented in logarithmic scale.

with two separate peaks. This occurred in 2009, 2012, 2013 and 2014. These
peaks are observed in August and October in all cases except in 2009, when
they occur in July and October. Although they are not observed exactly in
the same months, in these years, there is one peak in winter and another
peak in early spring. The distribution of DLDS during 2011 is quite peculiar
and different from the distributions for the other years. There is very small
DLDS activity during most of the year, including the winter. The maximum
rate occurs very late in the year, and the DLDS activity decreases sharply

immediately thereafter.

The minimum DLDS rates are consistently observed during the austral
summer. In these periods there are some seismic sources that may effectively
increase the noise level and reduce our ability to detect the DLDS. Thus,
the question of whether the observed annual cycle might be an apparent
effect related to the low detectability of DLDSs during the summer should
be addressed.

The Gabriel de Castilla Base is located at roughly 500 m from station
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Figura 3.8: Temporal distribution of the DLDS activity recorded at DCP
from February 2008 to January 2015. The bars show the total duration of all
DLDS recorded during each month. The gray bands indicate the periods of
operation of the Gabriel de Castilla Base during the summer surveys.

DCP and it operates from the end of spring to the end of the summer,
providing support for 10-40 people. The base operations include electric ge-
nerators, machinery, tow trucks, small vehicles, etc., which produce anthropic
noise that may partially mask the DLDS, making them difficult to detect and
identify.

Wind storms and other local meteorological effects can be another source
of noise that mask the DLDS. In Figure 3.9, we show measurements of wind
speed provided by the Spanish Meteorological Survey (AEMET). We observe
that wind is a highly variable phenomenon, but in general, both the average
wind speed and the wind speed variability increase during the winter. Ne-
vertheless, the level of seismic noise actually recorded by the station during
the winter is likely reduced due to the snow and ice coverage that isolates the
seismometer from the external atmospheric conditions. It is possible that the
station records more wind noise during the summer, even if the wind speed
is not especially high, contributing to a greater amount of noise a reduced
DLDS detectability during the summer.
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We observe that often there are no DLDS around the summer, even in
periods when the Gabriel de Castilla Base is closed to people. This occurs, for
instance, in November 2010, March 2012, March—April 2013, and April 2014
(Figure 3.8). During these periods the DCP station has no nearby sources of
anthropic noise. Unfortunately, these periods generally coincide with high-

speed winds (Figure 3.9).
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Figura 3.9: Comparison between DLDS activity at DCP (empty bars) and
wind speed measured at a meteorological station located on Livingston Island
(blue line). The wind speed plot has been smoothed using a median algorithm
with a window length of ten days. The gray bands indicate the periods of
operation of the Gabriel de Castilla Base during the summer surveys.

The detection capabilities should be homogeneous during the winter half
of the year as there is no human activity nearby, and the seismometer is
efficiently isolated from the local windstorms. Nevertheless, we find that the
DLDS activity is not constant, and there seems to be a modulation related
to the annual cycle of the seasons.

We conclude that, although anthropic and meteorologic noise may play
an important role in the detectability of DLDS, there are some hints that the
general decrease of DLDS activity during the summer is, to some extent, a

real feature. Therefore, there is a seasonal effect in the temporal distribution
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of the DLDS, although it may not be as remarkable as it appears in Figure
3.8.

3.6. Discussion

We analyzed continuous seismic data recorded at three stations located
in the Bransfield Strait, Antarctica, during 2008-2015. Using an approach
based on the calculation of the average seismic energy in selected frequency
bands, we have identified a type of signal named DLDS, with the following
characteristics: (1) they have long durations between several hours and seve-
ral days; (2) they have small amplitudes and their energy is mostly limited
to the F3 band; (3) they are recorded only at Deception Island; and (4) they

show a seasonal trend with maximum rates during the austral winter.

3.6.1. Seismic sources producing long-duration signals

There are several processes that may generate seismic signals with long
durations at Deception Island volcano, including teleseisms, ocean-atmosphere
interactions, storms, wind, glacial dynamics, or volcanic processes.

Teleseisms, as mentioned above, produce low-frequency surface wave tra-
ins that may last up to a few hours with energy mostly in the F1 frequency
band (Figure 3.2 and Figure 3.5). We have identified a few hundreds of these
peaks, which correspond to catalogued teleseisms.

The atmosphere-ocean-land interactions are generally regarded as the ori-
gin of microseismic noise in the Earth [36, 59, 134, 169, 194, 215, 303, 322].
Atmospheric pressure variations couple with the ocean, and induce seismic
waves in the seafloor, producing a continuous signal in the 2-8 s band. Tem-
poral variations in the microseismic frequency band are related to oceanic
storms [20, 21, 60, 116]. In our data, we isolate the microseismic noise in the
F2 band. FASE in the F2 band correlates negatively with pressure ( Figure
3.10), confirming the atmospheric oceanic origin of these signals. Neverthe-
less, another possibility is that DLDS could be related to the interactions of
oceanic microseisms with the peculiar ring-shaped morphology of Deception

Island. Seismic waves could be trapped within the inner bay, producing a re-
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Figura 3.10: Comparison between measurements of wind speed (blue) and
atmospheric pressure (green) at Livingston Island (top), provided by the
Spanish Meteorological Survey (AEMET); and seismograms, spectrograms
and FASE at LVN (middle) and DCP (bottom). FASE colors are F1 (red),
F2 (green), F3 (blue) and F4 (black). The frequency axes in the spectrograms
are displayed in logarithmic scale.

sonance that, under certain conditions, might result in an increase of energy
in the F3 band.

Wind storms produce irregular bursts of local seismic noise. According to

Dziak et al. [93], seismic noise above 10 Hz in the Bransfield Strait area is
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dominated by the effect of wind. Therefore, we expect to find the contribution
of local weather in the F4 band. In fact, F4 FASE can be directly correlated
with wind speed (Figure 3.10). Moreover, we observe that F4 FASE at LVN
and DCP stations display similar trends. These stations are just 40 km
apart (compared to 132 km between DCP and CCV), which explains the
coincidence of FASE peaks originating from wind noise.

Glacial dynamics can also produce long-duration seismic signals. Several
ice-related phenomena may produce vibrations that propagate as seismic wa-
ves, for example, glacier calving, thaw water flow, ice shelf motions, iceberg
detachment and disintegration, or iceberg scraping on the seafloor [255]. So-
me of these phenomena generate transient icequakes, although long-duration
tremors have been reported as well [224, 200]. These ice-related tremors show
a strong seasonal variation, reflecting the freezing-thawing cycle, and reach
a maximum level in the austral summer [94, 93]. They often display a mo-
nochromatic or even harmonic character, with smoothly varying frequencies
(frequency gliding). The frequency content of glacial tremors is highly varia-
ble, although the main contributions are generally found in the 0.5- 10 Hz
range [71, 200, 302, 328].We therefore expect to observe these signals in the
F3 and F4 bands.

Volcanic processes are another likely source of continuous signals at the
Deception Island volcano. Volcanic tremors are long-duration signals (from
minutes to days or weeks) typically recorded in active volcanic areas. Vir-
tually all eruptions are accompanied by tremors, probably caused by pressure
fluctuations of degassing magma [216]. However, they may also occur at vol-
canoes with no eruptive activity.

Several models have been developed to explain the origin of volcanic tre-
mors, such as: the resonance of fluid-filled conduits [101, 72, 74], fluctuations
in the flow of volcanic or hydrothermal fluids [164, 163], viscoelastic reaction
of the magma to bubble growth and collapse [176, 270, 269], or repetiti-
ve transients produced by flow instabilities and/or stick-slip [145, 191, 283].
Volcanic tremors have energy mostly in the 0.5-5 Hz band [74], and therefore
they lay fully within our F3 band.

Finally, tectonic (or non-volcanic) tremors are a continuous signal de-

tected at active tectonic areas such as subduction zones and large trans-
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form faults. They have been reported, for example, in Japan, Cascadia, and
Mexico, although their global distribution is still being ascertained [276].
Tectonic tremors originate in deep ( 30 km) sections of major faults [e.g.
181, 214, 231]. Source models invoke slow frictional interactions at the plate
interface, although several observations suggest that fluids may play an im-
portant role as well [166, 231]. Tectonic tremors may last for days and weeks,
which coincides with our observations of DLDS. Moreover, tremor energy is
generally contained in the 1-10 Hz range [37], which approximately coincides
with our F3 band.

3.6.2. Origin of Deception long-duration signals

All mechanisms reported above are able to produce long-duration signals.
However, some of them are limited to frequency ranges that do not coincide
with the F3 band containing the DLDS. For example, teleseismic surface
waves are confined to the F1 band; oceanic microseisms lay in the F2 band;
wind noise and local storms are mostly contained in the F4 band.

The focusing effect of the morphology of Deception Island on oceanic
microseisms could explain why DLDS are just recorded at DCP. However,
we observe that not all strong microseisms produce DLDS, and some DLDS
are uncorrelated with oceanic noise (Figure 3.6b). Therefore, there is not a
clear relationship between these effects.

Glacial tremors may be contained in the F3 band. However, in our da-
ta the most common glacial signals are transient icequakes with broadband
energy in all frequency bands F1-F4 (Figure 3.11). They are recorded prima-
rily at LVN and CCV stations, which is consistent with their locations being
surrounded by great glaciers. At the DCP station the ice coverage is very
small compared to the other two sites. We have identified some ice-related
tremors at CCV, but they are rare and have never been recorded at DCP.
Additionally, glacial activity should reach a maximum during the summer,
which is not observed in the DLDS.

Non-volcanic tremors have frequencies within the F3 band, as observed
for the DLDS. However, this type of event should respond to a regional-scale

source related to the roots of hypothetical large faults existing in the area, for
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Figura 3.11: Seismogram and spectrogram of 2 h of data containing glacial
signals recorded at CCV on 11/04/2010. The frequency axis in the spectro-
gram is displayed in logarithmic scale.

example in the South Shetland subduction zone. If the source of the DLDS
were located near the base of the crust, at depths of tens of kilometers, then
the DLDS should be detected at distances on the order of the source depth.
Therefore, we cannot explain why DLDS are only recorded at DCP. The
absence of DLDS in LVN and CCV ensures that their source process must

occur within the shallow crust of Deception Island.

Therefore, we can exclude most of the effects discussed in the previous
section. The only mechanism that is able to explain the duration, amplitude,
spectral content, temporal distribution, and station coverage of the DLDS is

the occurrence of volcanic tremors at Deception Island.

The seismic activity of the Deception Island volcano has been monito-
red by the IJAG-UGR during summer surveys since 1994, usually from early
December to late February, using seismic networks and arrays [146, 148, 65,
63]. Volcanic tremors have been reported in several of these surveys, gene-
rally identified by visual inspection of the seismograms. For example, during

1999-2011 volcanic tremor was identified in all surveys, except those with the
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lowest activity (20042005, 2008-2009) and the 20102011 survey [65]. Vol-
canic tremors are described as quasi-monochromatic signals with frequencies
between 1 and 4 Hz, although some episodes of spasmodic tremors displa-
yed energy in two frequency bands: 1-3 Hz and 4-8 Hz [13, 150, 148, 315].
Tremor amplitudes are generally small compared to other types of seismi-
city [63]. Reported tremor durations range between less than a minute and
a few hours [150]. The longest duration was observed during the 1999 seis-
mic crisis, when volcanic tremor exceptionally reached a duration of around
24 h [148]. Although tremor source locations are difficult to identify, the
application of array techniques has allowed for the determination of a few
tremor source areas at the Deception Island volcano. They are generally as-
sociated with zones with a high thermal gradient and fumarolic emissions,
such as Cerro Caliente, Fumarole Bay, Telefon Bay, and Obsidianas area
[13, 6, 65, 87, 146, 150, 219, 240].

Volcanic tremor generation can be explained by the resonance of fluid-
filled conduits, which is the source model that best suits the characteristics of
the observed tremors at the Deception Island volcano [6, 65, 146]. Sustained
seismic radiation results from the trapping of energy within volcanic cracks
and conduits filled with magmatic or hydrothermal fluids, which produce
sharp impedance contrasts with the surrounding elastic medium [74, 75]. In
order to achieve the long durations observed in volcanic tremors, the excita-

tion mechanism has to remain active during long time spans.

The DLDS reported here and the volcanic tremors previously described at
the Deception Island volcano share similar characteristics. First, we observe
that they are both sustained signals with long durations. Tremor durations
reported during the annual surveys are short compared to DLDS, although
this might be due to the difficulties associated with the visual detection of
weak, long-duration signals characterized by very emergent onsets. Second,
they share a similar range of frequencies, contained within our F3 band (0.5-5
Hz) which is the typical frequency band for LP seismicity reported at vol-
canoes around the world. Third, they are both recorded only at Deception
Island; they are not detected at Livingston Island or Cierva Cove, located
in non volcanic environments. Therefore, the DLDS source process must oc-

cur within the shallow crust of the Deception Island volcano. Taking into
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account all of these observations, we conclude that the DLDS are indeed
volcanic tremors.

However, if the DLDS are volcanic tremors, then we have yet to explain
why volcanic tremors have an annual periodicity, as shown in Figure 3.8.
To address this point, we must consider the mechanisms that might trigger
volcanic tremors at Deception Island.

There are several phenomena that can give rise to volcanic tremors in an
active, unstable volcanic system such as Deception Island. Some of them are
internal factors, like the mechanisms triggering tremors in other volcanoes. We
may think of the instabilities induced by the presence of a near-surface mag-
ma chamber, the circulation of magma and other fluids within the volcanic
conduits, or stress changes, related to local deformation, or to the activation
of local and regional fault systems [64, 146, 330]. However, internal mecha-
nisms are unable to explain the observed seasonal modulation of the DLDS
activity.

Consequently, we have to consider external (non-volcanic) effects that
might modulate the volcanic and/or hydrothermal activity with the requi-
red periodicity. Interactions between unstable volcanic systems and external
phenomena have been described in the literature. For example, there are
reports about volcanic activity triggered or modulated by intense rainfalls,
large earthquakes, tides, changes in crater lake levels, pressure variations,
etc. [83, 109, 167, 213, 222, 229, 246, 250, 267, 304]. Some of these external
effects may display annual cycles, and therefore could be invoked to explain
the observed seasonal modulation of the DLDS (Figure 3.8). For example, the
interactions of shallow aquifers with the hydrothermal system [150] are affec-
ted by seasons. At Deception Island, the amount of liquid water percolating
the shallow structure is larger during the summer than in the winter when
most surface water is frozen. The extra thaw water may alter the equilibrium
within an unstable hydrothermal system, and thus more tremors would be
expected during the summer [13]. However, our results point to the opposite
effect, since we observe more tremors during the winter (Figure 3.8).

External effects modulating the seismic activity at the Deception Island
volcano have also been described by Stich et al. [298]. They studied series

of rhythmic LP events with stable inter-event times recorded at Deception
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Island in 2009. They compared the LP event production rate with the domi-
nant frequency of the oceanic microseisms, and concluded that the LP series
was triggered by the effect of oceanic microtremors with amplitudes of 1-6
pm on an unstable hydrothermal system.

Although this mechanism has been proposed for LP events,we must keep
in mind that LPs and tremor are originated by the same processes [12, 75,
176, 331]. At Deception Island, volcanic tremors and LP events are similar in
terms of waveform, spectral content, wave polarization, and source locations
[13, 6, 148]. Tremors only differ from LP events in their much longer duration.
Therefore, external effects modulating LP activity may also trigger volcanic
tremors (i.e. DLDS).

The energy of oceanic microtremors varies during the year. These va-
riations may induce a seasonal behavior in the seismic activity of Decep-
tion Island, and in volcanic tremors in particular. At high-latitudes in both
hemispheres, microseismic energy is larger during the local fall and winter
[130, 299]. However, in Antarctica the trend can be reversed due to the sea
ice coverage which softens the effect of ocean waves and efficiently suppresses
the local sources of micro-seismic noise [14, 20, 130].

We use the F2 FASE as a measure of the oceanic microseism energy at
Deception Island (Figure 3.12). We can see that there are annual oscillations
with minima during the austral summer, although the amplitudes and precise
distributions are quite irregular. These variations can be linked for example
to peculiarities in the ice coverage. For example, the 2008 and 2010 winter
maxima in F2 FASE occur when the Bransfield Strait is partially free of ice
(Figure 3.13). In the remaining years, there is no winter peak, and accordingly
the ice coverage is larger. The same effect can be observed in the spring of
2009, 2010, and 2011.

Figure 3.12 compares the DLDS activity (volcanic tremors) and the F2
FASE representing the amplitude of oceanic noise. The oscillations of mi-
croseismic energy are often correlated with variations in the DLDS activity.
There are periods of high F2 FASE that coincide with intense DLDS activity.
For instance, this happens during the DLDS maxima in July 2008, October
2009, June 2010, and October—-November 2011. Examples can also be seen
in Fig. ba and c. Following Stich et al. [298], we propose that in these ca-
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Figura 3.12: Comparison between DLDS activity (empty bars) and amplitu-
de of the oceanic microseism, represented by the F2 FASE (green line). The
gray bands indicate the periods of operation of the Gabriel de Castilla Base
during the summer surveys.

ses, volcanic tremors are triggered by the small instabilities induced in the
hydrothermal system by high-amplitude microseisms generated by oceanic
pressure variations. Microseism amplitudes are in the range 0.1-10 pm/s,
which are comparable with the results of Stich et al. [298].

Periods with high F2 FASE but small DLDS activity are also observed,
for example in April 2008, October 2010, and April 2013 (Figure 3.12). In
these cases, we have to keep in mind that the presence of high amplitude mi-
crotremors is a necessary condition to trigger DLDS, but it is not sufficient as
adequate instabilities of a susceptible volcanic system are also required. The
threshold levels in internal pressure variations required to actually trigger
volcanic tremors may be different at different times. These thresholds may
become larger when the conditions within the volcanic system are stable. As
a consequence, the level of DLDS activity may be small even in the presence
of high amplitude microtremors.

These observations suggest that high-amplitude microseismic noise may

constitute a feasible trigger mechanism for volcanic tremors, thus explaining
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Figura 3.13: Images of ice coverage for January, May, August and October of
each year since 2008 to 2014. Purple line median ice edge 1981-2010 (modified
from the NSIDC Sea Ice Index, [102].

the general features of the temporal distribution of DLDS activity. Neverthe-
less, in some cases we find intense DLDS activity that does not coincide
with high levels of F2 FASE. This happens in July 2009, August—November
2012, July—October 2013, and August—October 2014. Figure 3.5b is also an
example of a DLDS event uncorrelated with the F2 FASE. These cases are
most interesting. If the only triggering mechanism were the presence of ocea-
nic microtremors, DLDS should not be produced during these quiet periods,
even assuming a lowered triggering threshold. Therefore the origin of this
particular DLDS activity must be related to another triggering mechanisms,
probably related to the internal dynamics of the Deception Island volcano.
To corroborate this point, we compare the DLDS activity with the seismic
activity recorded during the summer surveys at Deception Island volcano
(Figure 3.14). We use the number of seismic events as a proxy to characterize

the volcanic activity at Deception Island [65, 63]. In this case, we can see that
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Figura 3.14: Comparison between DLDS activity (empty bars) and number
of seismic events recorded during the temporal surveys at Deception Island
(purple bars). The gray bands indicate the periods of operation of the Gabriel
de Castilla Base during the summer surveys. Notice that the number of events
is displayed in logarithmic scale.

2009-2010, 2012—2013, 2013-2014 and 2014-2015 are the most active surveys
in the seven years analyzed.We observe that a few DLDS are present during
most surveys, except for 2010-2011. In this survey, there was a low level
of seismic activity, with no reported observations of volcanic tremors. But
in general, the relationship between DLDS activity and number of events
recorded during the surveys is far from obvious.

However, if we focus just on DLDS activity uncorrelated with oceanic
microseisms, we find that it clearly precedes the most active surveys. The
July 2009 DLDS peak precedes the 2009-2010 survey, which is among the
most active in the 1999-2011 period [65]. Likewise, the DLDS activity during
the winter/spring of 2012, 2013 and 2014 precedes the ensuing 2012-2013,
2013-2014, and 2014-2015 surveys, which display a high (and increasing)
level of activity [10]. These years are precisely those showing a bimodal dis-
tribution with two separate peaks of DLDS activity. On the contrary, the
quietest surveys (2008-2009, 2010-2011, and 2011- 2012) occur after years
with a single peak of DLDS.
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Therefore, our interpretation is that DLDS are volcanic tremors occurring
in response to sustained mechanisms that are able to trigger the tremor source
continuously for long time spans. In most cases the excitation seems to be
related to the influence of oceanic microtremors on an unstable hydrothermal
system, as evidenced by the coincidence of DLDS activity peaks and periods
of high F2 FASE. However, in some cases there is no such relationship, and
we believe that the excitation must be then produced by a different, probably

internal, mechanism.

In particular, there are at least two triggering mechanisms that may ac-
count for the generation of these ocean-noise-uncorrelated DLDS. The first
one is the occurrence of changes in the state of stress of the volcanic edifice.
These changes can be shown, for example, by volcano-tectonic earthquake
series and also by static deformation of the free surface, and both pheno-
mena have indeed been observed at Deception Island [10, 39, 99, 148, 237].
Stress changes can modify the pressure distribution and alter the equilibrium
in the shallow volcanic and hydrothermal conduits, thus facilitating the oc-
currence of long duration tremors. Stress changes can be originated by local
and regional tectonics. Regional tectonics are dominated by extension of the
Bransfield rift, which produces normal fault systems parallel to the rift di-
rection [107, 121]. Local tectonics at Deception include several other fault

systems, and are greatly influenced by the magma dynamics [98, 225, 248|.

A second triggering mechanism could be related to the volcanic gas supply.
DLDS could be triggered either by fluctuations of the net gas flux and/or
by the interactions with the complex plumbing system. This mechanism
has been invoked to explain long-period events and tremor at volcanoes
[72, 164, 268] and hydrothermal tremors at geysers [168, 313]. Gas emissions
are common at Deception Island volcano. The most prominent fumaroles are
located at Fumarole Bay, with temperatures around 100°C and sulfur-rich
gases [68, 67, 180]. Diffuse emissions of CO2 are also reported at sites around
the coast of Port Foster, where significant thermal anomalies are also found
[237, 240]. In previous analyses, we have found that there is a close rela-
tionship between LP seismicicty and gas emissions, at least for some time
periods. For example, changes in the chemical composition of fumarolic ga-

ses and deposits were documented during the 1999 seismic crisis [148, 68].
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The same observation was also reported during the 20032004 seismic survey
[67], which was one of the most active in the 1999-2011 period [65]. Additio-
nally, detailed array analyses of LP seismicity during the 2009-2010 survey
demonstrated a clear temporal correlation between the activity of a seismic
source near Cerro Caliente and diffuse CO2 measurements at Fumarole Bay
[240]. Fluctuations in the gas flux through the hydrothermal system and sha-
llow volcanic conduits of Deception Island can be produced by the supply
of fresh, undegassed magma into the system, either as deep or shallow in-
trusions [148, 240]. These fluctuations may occur over long time scales, and

constitute a primary triggering mechanism for long-term volcanic tremors.

3.7. Conclusions

Using an approach based on the evaluation of the average seismic energy
contained in selected frequency bands, we have identified the occurrence of
276 DLDS episodes between February 2008 and January 2015. Their main
characteristics are: (1) they have very long durations, between several hours
and several days; (2) their energy content is mostly centered in the F3 band
(0.5-5 Hz); they have low amplitudes, which are uncorrelated to the dura-
tion of the events; (4) they are recorded only at Deception Island, and not
at nearby ( 30 km) stations; and (5) they apparently show a seasonal modu-
lation, with minima of activity during the austral summers.

Several mechanisms can potentially be invoked to explain the generation
of long-lasting signals at the Deception Island volcano. However, only a few
of them generate signals whose frequency is limited mainly to the F3 band.
We can mention the seismic signature of glacial and iceberg dynamics, and
the occurrence of tectonic tremors. However, none of them can explain the
fact that DLDS are detected exclusively at Deception Island.

We conclude that the DLDS are volcanic tremors, most likely origina-
ting from instabilities in the hydrothermal system and/or shallow volcanic
conduits. The triggering mechanism may be related to pressure variations
induced by the effect of oceanic microseisms [298], which results in the an-
nual modulation. However, some peaks of tremor activity are uncorrelated

with the amplitude of oceanic noise. They correspond to one of the peaks of
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the bimodal distributions of DLDS observed in 2009, 2012, 2013 and 2014.
In these cases, we notice that they precede summer surveys with a high le-
vel of seismic activity. This suggests that they may be triggered by internal,
purely volcanic mechanisms, and thus reveal the state of volcanic activity of
Deception Island volcano.

This is the first time that this type of long-lasting volcanic tremor is
reported at Deception Island volcano. Surely this does not mean that they
had never occurred before, only that they had not been detected until now.
The reasons for this are twofold, and involve both technical advances and
the development of new methods. On one hand, DLDS is easiest to identify
during the winter, when the signal to noise ratio is largest. Seismic data at
Deception Island are available since the late 80s, but limited to temporal
surveys carried out during the austral summers. Continuous records from
permanent stations are only available since 2008. The analysis of DLDS has
not been feasible until now, when a sufficient amount of year-round seismic
data has become available. On the other hand, the low amplitudes and long
durations of the DLDS make them very difficult to identify in routine analyses
of seismic data. A specific method focused on the long-period band is required
to distinguish these signals from variations in the background seismic noise.

Consequently, these long-duration tremors have never been considered in
any of the previous evaluations of the seismic activity of the Deception Island
volcano. Our results indicate that tremors at Deception are more common
than previously assumed, to the extent of being almost continuous during
some periods. The actual significance of these low-amplitude signals in terms
of the overall dynamics of the volcano has yet to be ascertained.

The period corresponding to the 2014-2015 summer survey was especially
active, to the point that a change in the volcanic alert level from green
to yellow was issued by the Spanish Polar Committee [10]. The increasing
volcanic tremor activity observed since 2012 might be considered a precursor
to this activity. However, the confirmation of this point requires a continued

analysis over a longer time period.

The procedure described in this analysis is a fast and effective method
for the detection of long-duration signals with limited frequency content. It
is therefore very well suited for the detection of volcanic tremors at active
volcanic areas. It could be helpful as a routine monitoring tool to identify and
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evaluate the volcanic tremor activity, which is very important for volcanic
hazard assessment.We have used this procedure to facilitate the identifica-
tion and quantification of hundreds of tremors recorded at Deception Island
during 7 years (2008-2015). However, it can be easily adapted to any other
volcanic system, using the knowledge about the frequency content of the dif-
ferent signals recorded in the area to establish the most adequate frequency

bands.
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Capitulo 4

Volcano-Tectonic Activity at
Deception Island Volcano

Following a Seismic Swarm in
the Bransfield Rift (2014-2015)

Summary

In September 2014 there was a sharp increase in the seismic activity of
the Bransfield Strait, Antarctica. More than 9000 earthquakes with magni-
tudes up to 4.6 located SE of Livingston Island were detected over a period
of 8 months. A few months after the series onset, local seismicity at the
nearby (~35 km) Deception Island volcano increased, displaying enhanced
long-period (LP) seismicity and several outbursts of volcano-tectonic (VT)
earthquakes. Before February 2015, VT earthquakes occurred mainly at 5-20
km SW of Deception Island. In mid-February the numbers and sizes of VT
earthquakes escalated, and their locations encompassed the whole volcanic
edifice, suggesting a situation of generalized unrest. The activity continued in
anomalously high levels at least until May 2015. Given the spatial and tem-
poral coincidence, it is unlikely that the Livingston series and the Deception
VT swarm were unrelated. We propose that the Livingston series may have
produced a triggering effect on Deception Island volcano. Dynamic stresses
associated to the seismic swarm may have induced over pressure in the uns-

table volcanic system, leading to a magmatic intrusion that may in turn have
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triggered the VT swarm. Alternatively, both the Livingston earthquakes and
the VT swarm could be consequences of a magmatic intrusion at Deception
Island. The Livingston series would be an example of precursory distal VT
swarm, which seems to be a common feature preceding volcanic eruptions

and magma intrusions in long-dormant volcanoes.

4.1. Introduction

The Bransfield Strait, Antarctica, is located between the Antarctic Pe-
ninsula and the South Shetland Islands (Figure 4.1). It is a region dominated
by an extensional regime, promoted by the separation of the South Shetland
microplate and the Antarctic plate [107, 69, 202]. The Bransfield rift has
a NE-SW direction, forming a series of extensional basins. Several volca-
nic edifices can be found along the rift, some of them subaereal and some
submarine.

Deception Island is a prominent volcano of the Bransfield rift (Figure
4.1). It is among the most active volcanoes in Antarctica, with more than
20 eruptions documented in the last two centuries [28]. Recent eruptions
took place in 1967-1970 [e.g., 290]]. Other signs of volcanic activity include
an extensive hydrothermal system, fumaroles, gas emissions, surface deforma-
tions, and a generally moderate but highly variable level of volcano seismicity
236, 150, 65, 10]

In the framework of the Spanish Polar Program, the Andalusian Institute
of Geophysics, University of Granada (IAG-UGR) has carried out research
projects at Deception Island since 1994 to investigate the seismic activity and
structure of the volcano and surrounding areas [e.g. 152, 13, 6, 146, 150, 148,
35, 330, 64, 114, 199, 65, 262, 63, 261, 151, 157] The IAG-UGR also moni-
tors the seismic activity of Deception Island volcano, and provides scientific
advice for the management of the volcanic alert system. Seismic monitoring
is based on a temporary seismic network deployed generally from December
to February, coinciding with the operation of the Gabriel de Castilla Base.
Moreover, since 2008 three permanent broadband stations are maintained in
the region, at Cierva Cove, Deception Island, and Livingston Island [63].

Two major seismic crises have been reported since 1986, when seismic
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Figura 4.1: (top) Map of the Bransfield Strait and Deception Island, showing
the locations of the seismic stations used in this study. Red squares mark the
areas zoomed in the next plot. Triangles indicate seismic stations (cyan for
permanent stations, blue for temporary stations). Notice that OBS is the
name of a station, and does not refer to an ocean-bottom seismometer. Red
dots in the left panel show the epicenters of earthquakes reported by the
International Seismological Center [153] in the period 2014-2015. Bathymetry
contour interval is 200 m. The dashed circle indicates a submarine volcanic
feature labelled Edifice A by Gracia et al. [126]. (bottom) Operating periods
of the seismic stations.
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monitoring was re-established at Deception Island after the 1967-1970 erup-
tions. They occurred in 1992 [236] and 1999 [148] and were characterized
by a sharp increase in the number and magnitude of volcano-tectonic (VT)
earthquakes, reaching rates of tens of earthquakes per day and maximum
magnitudes around 3. They have been interpreted as consequences of abor-
ted magmatic intrusions.

After 1999, the seismic activity was relatively quiet, with a general do-
minance of long-period (LP) seismicity and occasional bursts of LP seismic
activity, for example in the 2003-2004 and the 2012-2013 surveys [65, 10].

This behavior changed drastically in the 2014-2015 survey, when a very
large number of earthquakes of tectonic and volcanic origin was detected.
The number of events was one order of magnitude larger than the sum of
all earthquakes recorded in the previous 15 years. During the survey, data
from the temporary seismic network was preliminarily analyzed in near real-
time. LP seismicity was unusually frequent and intense. Tectonic and VT
earthquakes also occurred in large numbers. In the last weeks of the survey,
the number of local earthquakes at Deception Island escalated. At the same
time, LP seismicity became conspicuous, displaying increasingly larger and
more recurrent LP events and tremor episodes. These observations, in the
context of extensive seismo-volcanic activity, led to a change in the volcanic
alert system. The Spanish Polar Committee established the volcanic alert
level at yellow (enhanced monitoring to corroborate the observed anoma-
lies) for a few days in February 2015 [10]. In the present work we analyze
the seismicity of Deception Island and surrounding areas during the period
August 2014-May 2015, using both temporary and permanent stations. We
investigate the spatial and temporal evolution of the seismicity, and assess

the possible interactions with the activity of Deception Island volcano.

4.2. Instruments

Since February 2008 the IAG-UGR maintains three permanent seismic
stations (LVN, DCP and CCV, see Figure 4.1) at Livingston Island, Decep-
tion Island, and Cierva Cove [63, 157]. Additionally, from December 2014 to

February 2015 a temporary network composed of five short-period seismic

122



4.3. Data analysis and results

stations [1, 323, 63, 136] was set up at accessible areas around Port Foster
(Figure 4.1). For further details about these instruments, see Supplementary
Text S1.

4.3. Data analysis and results

We analyze the seismic activity in the Bransfield Strait area during the
period August 2014-May 2015. We combine data with different spatial and
temporal coverages: (1) permanent stations with a sparse spatial distribu-
tion, but continuous recording [11]; and (2) temporary stations with a dense
spatial coverage of Deception Island volcano, operating between December
2014 and February 2015 [8]. The details of the earthquake detection and
location procedures are described in the Supplementary Text S2

[192, 135, 146, 137, 330, 136, 199, 314, 309, 63].

4.3.1. Permanent station data

The permanent station data reveal the occurrence of a seismic swarm
comprising several thousand earthquakes in a time frame of a few months. P
and S arrival times were obtained for 9526, 2535, and 513 earthquake records
at LVN, DCP, and CCV, respectively. Some earthquakes are large enough to
be included in global catalogs (see Figure 4.1).

In most cases, earthquake amplitudes were largest and S-P delays shor-
test at station LVN. Thus the main focus of earthquake activity was closest
to Livingston Island. Most earthquakes have S-P delays in the range 2.9-3.5 s
at LVN (Figure 4.2a). Some of these earthquakes were also detected at DCP,
with smaller amplitudes and S-P delays of 6.9-7.5 s (Figure 4.2b, blue). Only
the largest earthquakes were detected at CCV, with S-P times of ~19.5 s. Es-
timated magnitudes range up to 4.6, and are characterized by a b-parameter
of ~1 (Figures S1 and S2). There is no dominant earthquake, and there are
12 events with magnitudes above 4.0, mostly during September. The total
seismic moment is 7.8 - 10! Nm, equivalent to a magnitude 5.2 earthquake.

The seismic activity began with two short-lived pulses of small-magnitude
earthquakes on August 15 and 22, 2014. On August 31, the number of earth-
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Figura 4.2: (a) S-P times at station LVN during the period August 2014-May
2015. The panels show the S-P delays versus time (center); the daily number
of earthquakes (top); and the S-P time distribution, with a bin width of
0.25 s (right). A dashed line marks the end of the recording period. Inverted
triangles denote 12 earthquakes reported by ISC. Red vertical lines indicate
the span of the temporary network operations. Black lines show the evolution
of the number of earthquakes (top) and cumulative seismic moment (center).
(b) Same than (a) for DCP. Colors identify local (tsp < 6 s, red) and distant
(tsp > 6 s, blue) earthquakes. Green and magenta dots correspond to OBS
and C70, respectively. Black lines displaying the evolution of the earthquake
number and moment are calculated using VT earthquakes only (red dots).
Note the change in scale in the histograms for times after December 1 and
S-P times below 6 s. (c) Epicenter locations in December (left), January
(center), and February (right). Dot colors are coded by time and dot sizes
are scaled by magnitude. Triangles indicate station locations. The black star
marks the position of the submarine volcano Edifice A (see Figure 4.1).
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quakes increased again, and remained very high for about a month. This
is the most intense period of the swarm, in terms of earthquake rates and
seismic moment. By October 4, the series had already produced 50 % of the
earthquakes and 87 % of the total moment release. Earthquake rates dimi-
nished slowly during the following six months, with some irregular bursts
on October 15, November 24, and December 20, 2014. Station LVN stopped
functioning in April 1, 2015, although by that time the series had practically
faded out.

At DCP, several earthquakes belonging to the Livingston series have been
detected (blue dots in Figure 4.2b). Nevertheless, there are also earthquakes
characterized by smaller S-P times, in a broad range spanning 1-5 s (red
dots in Figure 4.2b). The small S-P times indicate that they are local, VT
earthquakes, occurring within the volcanic edifice of Deception Island. P
and S arrivals for 408 VT earthquakes were identified, although many other
earthquakes were too small for reliable phase identification. This number
is small compared to the activity recorded at Livingston Island. However
these events are highly significant, because they may represent a seismic
reactivation of the volcano.

VT earthquakes occurred sporadically up to early December. Later on,
they tended to occur more frequently and were grouped in clusters (e.g.,
December 25, 2014, January 17-19 and 25-26, February 13-14 and February
18-21, 2015). The highest magnitudes occurred in late February (Figures 4.2b
and S3). The activity continued through March and April, with two clusters
(April 2-5 and 9-12) displaying even lower S-P delays. This indicates events
located near or within the Deception Island caldera. The seismic activity
decayed by the end of the recording period (May 10, 2015). However, although
the magnitudes are low, the number of earthquakes is still relevant, and we

cannot establish precisely how long this series may have continued.

4.3.2. Temporary network data

Basic location capabilities were maintained from December 8 to February
22 (red lines in Figure 4.2). In this period, the network detected a part of

the Livingston Island series, and several bursts of local VT seismicity at De-
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ception Island volcano (Figure 4.2b). Very often VT earthquakes were very
small, and could be detected only at the closest stations. Therefore they can-
not be located, although they can be counted and their S-P times measured
to have a rough idea of their temporal and spatial distribution. For example,
green and magenta dots in Figure 4.2b correspond to VT earthquakes at
station OBS and C70. It can be noticed that the February 13-14 cluster is
most active at OBS, and thus its source should be closest to OBS. Similarly,
at C70 there is more activity in the December and January clusters. Since
C70 is closer to Livingston, more Livingston swarm earthquakes are detected,
with slightly smaller S-P times (~6 s).

Figure 4.2c shows the results of the source location procedure. A total
of 835 earthquakes have been located, and several features of the spatial
and temporal distribution of the earthquakes can be noticed. For example,
there is a relevant seismogenetic zone located near the E tip of Livingston
Island at about (62°7'S, 60° 0'W) This area comprised ~50 % of the located
earthquakes, with magnitudes in the range 1.0-2.0, and was active during the
whole summer survey (December-February). The distribution of earthquakes
around Deception Island is more irregular. In December, there were just a few
earthquakes scattered towards the SW. Most of them occur around December
25. In January, a few low-magnitude earthquakes were located around De-
ception. There was also a small cluster ~20 km SW of Deception, comprising
the earthquakes occurring in January 17-19 and 25-26. But in February the
situation changed. First, there were many more earthquakes near Deception
Island volcano, close to or within the caldera. Second, the epicenters encom-
passed the complete volcanic edifice. Finally, many earthquakes have large
magnitudes up to 3.2. Most of these earthquakes occurred in two clusters, on
February 13-14 and 18-21.

Calculated earthquake depths are mostly limited to the first 10 km of
the crust, although a few solutions suggest the presence of deeper sources,
down to 20-25 km, both in the Livingston cluster and near Deception Island
volcano. Therefore, these earthquakes seem to occur in the shallow crust.
However the depth resolution is limited due to the irregular station coverage,

and further interpretations should be avoided.
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4.4. Discussion

4.4.1. The 2014-2015 Livingston seismic swarm

The Bransfield Strait is an area of active seismicity. Despite the poor per-
manent station coverage, the ISC catalog [153] comprises ~200 earthquakes
with magnitudes above ~4.0 since 1960. In the past decades, a few detailed
studies have revealed a significant background of low-magnitude microseis-
micity around the Bransfield rift [249, 152, 272, 94]. Most earthquakes are
shallow (<10 km), but intermediate-depth earthquakes have been also iden-
tified [152, 272]. They are interpreted as a consequence of the subduction of
the Drake plate under the South Shetland continental block.

The seismicity of the Bransfield Strait often takes the form of spatio-
temporal clusters [272, 148, 94]. They are localized near volcanic features,
including not only volcanic islands such as Bridgeman and Deception, but
also submarine structures such as Orca volcano and other fissure-like rid-
ges. The close relationship between seismic swarms and volcanic structures
suggests that these earthquakes could be originated by ongoing magmatic
activity [272, 94].

In this context, our data demonstrate the occurrence of an intense seismic
swarm near Livingston Island in 2014-2015. It is the most numerous swarm
ever reported in the Bransfield area, comprising ~9000 earthquakes detected
along a period of 8 months. The swarm started in early September 2014,
following some precursory seismicity in August. The largest earthquakes (up
to magnitude 4.6) and earthquake rates (up to ~180 events per day) took
place in the early stages of the series (September-October). There were two
phases of maximum earthquake production during September, although large
earthquakes were also recorded in October. After September, the number
of earthquakes decayed slowly with time, with occasional bursts of activity
(Figure 4.2). The seismicity lasted for 8 months, until it faded out in April-
May 2015. The operation of a seismic network at Deception Island during
2.5 months (Figure 4.1) allowed for the location of a small part of the series.
The results identify a source region near the eastern tip of Livingston Island

(Figure 4.2¢). Given the stability of the S-P times displayed in Figure 4.2, we
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hypothesize that this is also the source region of the whole Livingston series.
The small variability of the S-P delays also suggests that the earthquakes
occurred within a spatially limited source area.

The Livingston swarm could be originated either by tectonic stresses ac-
ting on the shallow crust, due to the opening of the Bransfield Rift, or by
instabilities caused by a localized magmatic intrusion. Both processes are
likely to happen in that area off Livingston Island. On one hand, the region
is under an extensional tectonic regime. Geodetic studies have shown that
the Antarctic Peninsula and the South Shetland Islands are moving apart
at a rate of 7-10 mm/year [90, 38]. Thus the occurrence of series of tectonic
earthquakes is expected, similar to those produced at other oceanic ridges
[e.g. 277]. On the other hand, the region displays active volcanism [188].
Earthquake swarms generally occur near volcanic structures, which suggest
that most of them may have a volcanic origin [150, 272, 94]. The presence
of shallow magma reservoirs along the Bransfield Rift is also supported by
results from seismic profiles [129, 76], seismic tomography [34, 330], magne-
totelluric data [248], and gravity and magnetic surveys [69, 70].

The b-parameter of the series, near 1, seem to favor a tectonic origin. It is
generally accepted that volcanic sequences have a larger b-parameter; however
there are many exceptions to this rule [271], and therefore this observation
does not completely exclude a volcanic origin.

Nevertheless, the duration of the Livingston swarm is very long, and dis-
plays a relatively slow decay of the earthquake rates (Figure 4.2a). In general,
tectonic series responding to a mainshock-aftershock sequence show a faster
decay in the number of earthquakes. They usually follow the modified Omo-
ri law, with p-values between 0.7 and 1.5, and c-values of a small fraction
of a day [e.g. 172, 310]. In our case, a good fit between the earthquake ra-
tes and the modified Omori law cannot be found. This suggests that the
Livingston swarm is not a mainshock-aftershock series, responding to the
re-accommodation of the stress field after a large fracture event. Instead, it
may be a continuous process involving heat and fluid flow within the shallow
crust in the source region, induced by magmatic activity. A similar result was
obtained for the June 1999 seismic sequence of the Endeavour Segment of the

Juan de Fuca Ridge [50, 51]. The anomalously large number of earthquakes,
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long duration of the series, and absence of a clearly dominant mainshock
were interpreted as a demonstration of the volcanic origin of the series.

Another indication comes from the variations in the S-P times observed
in Figure 4.2. First, there is a slight drift in the S-P times at the beginning
of the series (Figure 4.2a). At the series onset, earthquakes have S-P times
near 3.2 s, that reduce gradually to ~2.9 s in late September. No equivalent
changes are observed at DCP. Second, there is a splitting of the S-P times,
starting in late October, with average values around 2.9 and 3.2 s. This can
be also observed in the data from C70 (Figure 4.2b). The first observation
suggests a propagation of the source, that becomes slightly closer to LVN with
time. Source migration could be explained by multiple phenomena, including
fault propagation, diffusive processes, and fluid and magma motions [279, 29,
52, 88]. The second observation implies the simultaneous activation of two
nearby sources. This is not common in tectonic sequences, and would suggest
the interplay with hydrothermal or volcanic fluids.

Finally, it is remarkable that the swarm location is apparently unrelated
to any volcanic structure. Detailed analyses of the bathymetry show the
presence of normal faults in the source region, aligned with the Bransfield
rift [25], while the closest volcanic structure is further south [127]. However,
the location uncertainties must be considered. Moreover, we have used a
simple layered model based on the Deception Island structure. There are
evidences that the seismic velocity in the South Shetland continental block
is faster than near the rift [34, 330]. Therefore, if the source-LVN path were
faster than the source-DCP path, the source might be actually located further
from LVN than imaged in Figure 4.2c. This could place the source closer to

Edifice A, that could be held responsible for the earthquake swarm.

4.4.2. Relationship with the VT swarm at Deception
Island volcano

Exceptionally intense VT activity occurred at Deception Island volcano

a few months after the onset of the 2014-2015 Livington swarm. Source lo-

cations encompass the whole volcanic edifice, revealing a situation of gene-

ralized unrest.
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Figura 4.3: Total number of VTs (red) and LPs (blue) recorded during the
temporary seismic surveys carried out between 1997 and 2017. Event counts
were performed at stations CHI and OBS, respectively. The number of VT's
includes many earthquakes that are too small to be located. Crosses in the
top panel indicate the durations of the surveys in the scale shown by the
right-hand y-axis.

This episode of VT seismicity is similar to those reported in 1992 and 1999
236, 150, 148, 65]. In 1992, 776 earthquakes were recorded in two months,
with a maximum magnitude of 3.4, including four felt earthquakes [236]. In
1999, 2072 VT earthquakes were recorded during two months, with maximum
rates of 80 earthquakes per day and maximum magnitude of 3.4, including
two felt earthquakes [150]. In 2015, a few thousand earthquakes are reported
over a period of five months [10], although most of them are too small to be
identified at more than one station. About 400 VT earthquakes have been
located, with maximum rates of 45 earthquakes per day and a maximum
magnitude of 3.2. Thus we could hypothesize that the 2015 VT swarm may
be also related to the stress changes induced by a magmatic intrusion at
shallow depths, as proposed for the other two episodes [236, 148].

However, there are two noticeable differences. On one hand, the 1992 and
1999 series died off after a few months. The seismicity levels at Deception
Island volcano after the 2015 swarm have been anomalously high, not only
during the swarm itself, but during the following years as well. Figure 4.3
shows the total numbers of VT earthquakes and LP events reported during

summer surveys from 1998 to 2017. The network configuration and detec-

130



4.4. Discussion

tion capabilities have been basically the same since 2001 [63], and therefore
these numbers are readily comparable. The activity increased in 2015 and
has continued in anomalous levels also in the 2015-2016 and 2016-2017 sur-
veys, although it seems to be decaying back to normal thresholds. On the
other hand, seismic activity during the 1992 and 1999 episodes was loca-
lized solely at Deception Island. The 2015 VT activity occurred after the
largest seismic swarm (in terms of number of earthquakes and earthquake
rates) ever reported in the Bransfield area. Given the relatively close tem-
poral and spatial coincidence, it is unlikely that these two events could be
completely unrelated. Deception Island is a highly fractured volcanic edifi-
ce with an extensive hydrothermal system [e.g. 236, 64, 205] in a unstable
state, as revealed for example by the VT series described above and the
conspicuous presence of LP seismicity [65, 63]. In the last years, this insta-
bility seems to be increasing. For example, there are evidences that pressure
variations related to high-amplitude microtremors are able to trigger long-
duration tremors [157] and induce regular series of LP events [298], what
had not been observed before. Moreover, Jiménez-Morales et al. [157] no-
ticed that between 2012 and 2014 the number and durations of volcanic
tremors at Deception Island had been growing steadily. In this scenario, the
occurrence of the Livingston swarm could have had a triggering effect on
Deception Island volcano. Earthquake-generated dynamic stresses traveling
as seismic waves are capable of triggering additional earthquakes at remote,
critically stressed faults [see 140, and references therein|. Triggering is not
always immediate, and time delays of hours to days are common [104, 58].
Similarly, static and dynamic strains produced by earthquakes can indu-
ce pressure changes in distant magma bodies. In certain situations, these
pressure variations might drive volcanic activity, including seismic swarms,
enhanced gas emissions, thermal anomalies, deformation, and even volcanic
eruptions [193, 143, 210, 160, 203, 133, 187, 321, 320, 53, 54, 3, 105, 230].
For earthquake-volcano interactions, longer time delays are reported, ran-
ging up to several years [210, 230]. Proposed mechanisms include triggering
by frictional failure, where dynamic stresses can be large enough to exceed
the frictional strength of faults; and triggering through excitation of crustal

fluids, where dynamic strains are thought to induce fluid transport and chan-
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ges in pore pressure, reducing the effective normal stress in the fault plane
and lowering the threshold required for failure [e.g. 56, 58, 140]. Additional
mechanisms focusing on the interactions with magmatic and hydrothermal
fluids include the rectified diffusion and advective overpressure models; en-
hanced bubble nucleation in a supersaturated magma; and detachment and
sinking of crystal-rich aggregates [57, 143, 203, 140]. In our case, a direct
dynamic triggering of the VT earthquakes by the Livingston swarm can be
ruled out, given the long delay between the start of the Livingston series
and the seismicity at Deception Island [e.g. 144, 104, 296, 142, 58]. [e.g.
144, 259, 104, 296, 142, 58]. Maximum peak dynamic strains at Deception
Island are on the order of 107¢ — 1077 [144, 285], which exceed the triggering
thresholds reported in some cases [e.g. 321, 312]. We hypothesize that these
strains may have induced pressure variations in the Deception Island volcanic
system, by some of the mechanisms described above. In due time (months),
the critically pressurized magma could build up sufficient overpressure to
trigger a response in the form of a magmatic intrusion [143, 203, 140]. Static
stress changes would then affect the brittle regions of the volcanic edifice,

and generate the VT swarm.

Alternatively, the Livingston swarm and the VT activity at Deception
Island can both be consequences of magmatic processes taking place at the
volcano. However, the notion that the most distant swarm starts months
before the local seismicity at the volcano seems largely counterintuitive. Ne-
vertheless, White and Mccausland [324] demonstrate that distal VT swarms
located at distances of 2-40 km are usually the earliest precursors prece-
ding volcanic eruptions in long-dormant volcanoes. These earthquakes have
a swarm-like nature, and start days to years prior to the magmatic eruptions.
White and Mccausland [324] also report magmatic intrusions preceded by dis-
tal VT earthquake swarms, and infer an empirical relationship between the
cumulative seismic moment and the intruded volume. In order to justify why
distal VT seismicity precedes volcanic activity, Coulon et al. [81] simulated
the propagation of heat and pressure pulses through the volcanic hydrother-
mal system. Their results show that, even with modest horizontal /vertical
anisotropy, pressure changes associated with a magmatic intrusion can affect

distal regions before significant effects are produced in the volcanic edifice.
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Therefore, the 2014-2015 Livingston swarm could be another example of
a distal VT swarm accompanying a magmatic intrusion at Deception Island
volcano. Pressure pulses would propagate laterally, reaching the region SE of
Livingston Island, where the interaction with critically stressed faults may
have produced the seismic swarm. Local VT earthquakes and LP seismicity
at Deception Island were initiated later, when the pressure pulses reached the
shallower levels of the volcanic edifice. The volume-moment relationship of

White and Mccausland [324] implies that the volume intruded is ~ 5-107 m?3.

These two models assess the relationship between the Livingston swarm
and the VT activity at Deception Island volcano. They share a common
feature: the occurrence of a magmatic intrusion beneath Deception Island
volcano, that originates the local VT activity. This mechanism was also pro-
posed for the 1992 and 1999 seismic swarms [236, 150, 148]. The models
differ in considering the Livingston swarm as a cause or an effect of the in-
trusion. The main drawbacks are, respectively, the small magnitudes of the
Livingston earthquakes, and the absence of distal VT swarms in 1992 and
1999. In any case, these interpretations suggest that Deception Island is in a
highly susceptible and unstable state, and confirm the dynamic interactions
that can be expected at an active volcanic system. The results also under-
line the importance of seismic monitoring at Deception Island, to provide
quantitative bases for volcanic hazards assessment.
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Capitulo 5

Long-term evolution of the
seismic activity preceding the
2015 seismic crisis at Deception

Island volcano, Antarctica
(2008-2015)

Summary

Deception Island is an active volcano located in the South Shetland Is-
lands, Antarctica. Although the last eruptions occurred in 1967-1970, the
volcano has undergone periods of seismic unrest in 1992, 1999, and 2015.
In this work, we analyze continuous seismic data obtained by a permanent
station for the period 2008-2015 preceding the 2015 unrest. We identify dif-
ferent types of seismic signals including tectonic and volcano-tectonic (VT)
earthquakes and long-period (LP) seismicity, using a combination of visual
and automated techniques. The temporal evolution of the seismicity displays
three differentiated stages. In Phase 1 (2008-2010) the volcano was in a dor-
mant state characterized by a moderate level of seismicity dominated by
low-energy LP seismicity, and very few VT earthquakes. In Phase 2 (2011-
2014), there was a gradual increase in the level of LP events and tremor,
and an acceleration of the number and energy of VT earthquakes. In Phase

3 (2014-2015) the seismicity reached a climax, with the occurrence of seismic
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swarms comprising thousands of earthquakes, displaying maximum activity
in September-October 2014 and February 2015. We propose that the change
from Phase 1 to Phase 2 was due to a magmatic intrusion into the plum-
bing system at Moho depths. The emplacement of fresh magma increased
the amount of gas (and heat) permeating the volcano edifice, triggering VT
earthquakes in brittle regions and favoring the occurrence of LP seismicity in
the shallow hydrothermal system. During Phase 2 the intrusion became in-
creasingly shallower, as evidenced by the acceleration of the seismicity rates,
the detection of thermal anomalies, and a change in the deformation pattern
that for 2013-2015 corresponded to an inflation process. Finally, in Phase 3
the intrusion reached its shallowest point before stalling at a depth of 6-10
km. The stress perturbations propagated through crustal fluids and produ-
ced a distal VT swarm SE of Livingston, as well as proximal VT swarms and

very intense LP seismicity at Deception Island.

5.1. Introduction

There are over a thousand active volcanoes worldwide and about 500 mi-
llion people exposed to volcanic hazards. Throughout history, researchers ha-
ve developed different techniques and instrumentation for volcano surveillan-
ce and monitoring, in order to understand how volcanoes work and, whenever
possible, provide timely warnings to the population [211]. Volcano seismology
is among the most useful volcano monitoring techniques [e.g. 75, 218]. The
seismicity associated with active volcanoes has a wide range of characteris-
tics that reveal the variety of processes involved in the generation of seismic
signals. The investigation of the origin of the seismo-volcanic events and their
relationship to volcanic processes constitutes a powerful tool to understand
the dynamics and structure of a volcano, and may in turn allow us to forecast
a volcanic eruption [331].

Deception Island (Figure 5.1) is one of the most active volcanoes in Antar-
ctica, with ~20 eruptions documented in the last 200 years [28]. Other signs
of volcanic activity include the presence of fumarolic emissions, hydrothermal
activity, deformation cycles, and a moderate, highly variable level of seismic
activity [316, 150, 65]. The last eruptions (1967-1970) led to the destruction
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of two Antarctic Bases operating on the island [e.g. 234, 291]. The impact of
a potential volcanic eruption at Deception Island is additionally maximized
by the presence of scientific personnel and tourists, which visit the island in
ever-increasing numbers, especially during the summer [28].

Since 1994 researchers from the Andalusian Institute of Geophysics, Uni-
versity of Granada, Spain, in collaboration with other Spanish and interna-
tional teams, are involved in seismic monitoring at Deception Island volcano.
Monitoring surveys coincide with the activity and operation of the Gabriel
de Castilla Spanish Base, with is a summer-only facility. Therefore, seismic
monitoring at Deception Island has been essentially discontinuous, covering
just ~25% of the time. In spite of this, a significant amount of research
about the structure and dynamics of the Deception Island volcanic system
has been carried out [13, 6, 146, 64, 115, 199, 65, 219, 240, 87], including the
investigation of two major seismic crises in 1999 and 2015 [150, 11].

In the framework of the International Polar Year 2007-2008, we addres-
sed several technological updates to the Deception Island monitoring network
[63]. Among them, we achieved the deployment of a permanent, broadband
seismometer based on a low-power acquisition system, that has been in ope-
ration since February 2008.

In this paper, we analyze the seismic activity recorded at Deception Is-
land during the years preceding the 2015 unrest (from February 2008 to May
2015). For the first time, we use a 7.5-year-long time series of continuous seis-
mic data, and thus we can address the long-term trends, the evolution of the
seismicity, the possible precursors, and the general behaviour of the volcano
seismicity before the last seismic crisis. The results deepen our knowledge of
the seismic activity of Deception Island, and improve the overall understan-

ding of the volcano.

5.2. Seismicity of Deception Island volcano

The local seismic activity of Deception Island volcano comprises different
types of earthquakes. The most conspicuous signals are volcano-tectonic (VT)
earthquakes and long-period (LP) seismicity, which includes seismic signals

such as LP events and volcanic tremor [13, 150, 65].
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Figura 5.1: (top) Map of the Antarctic Peninsula and South Shetland Islands
region, showing the location of Deception Island in the Bransfield Strait.
The bathymetry (GMRT) contour interval is 200 m. (bottom left) Map of
Deception Island. The cyan triangle represents the location of the seismic
station DCP. (bottom right) Photos of the permanent seismic station DCP.
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VT earthquakes are consequences of brittle fractures that occur within
the volcanic edifice. At Deception Island volcano, VT earthquakes present
a broad spectral content, up to 30 Hz, and S-P times below ~4 s (Figure
5.2). Their source is related to the activation of fracture systems in the vol-
canic edifice due to changes in the distribution of local stresses, originated
by volcanic processes. Several mechanisms have been proposed to explain
the stress changes causing VT earthquakes at Deception Island, such as the
instabilities induced by a shallow magma reservoir [64] and the dynamics of
shallow aquifers, where partial sealing may produce an increase of pressure
inside the micro-fractures [68, 64]. However, during unrest periods the most
likely cause is the intrusion of magma at depth [236, 150, 11].

LP events (Figure 5.2) are the dominant type of seismicity at Deception
Island volcano. They present an emergent arrival and spindle-shaped enve-
lope, with durations generally shorter than 60 s. They are characterized by
a quasi-monochromatic spectral content at low frequencies below 3 Hz [148].
However, LP events with frequencies above that limit have been occasionally
reported [6]. For example, since 2009 LP events with frequencies up to 8 Hz
are relatively common [65].

Volcanic tremors are continuous, long-lasting seismic signals (minutes to
days or weeks) normally recorded in active volcanic areas [6, 150, 216]. They
very often display spectral characteristics similar to LP events. Tremors recor-
ded at Deception Island are generally narrow-band signals, with frequencies
limited to the 1-4 Hz band, small amplitudes, and durations shorter than
a few hours (Figure 5.2). However, some tremor episodes showed energy in
other frequency bands. For example, episodes of spasmodic tremor contain
energy at frequencies up to 8 Hz [13, 150, 148, 316, 63]. Similarly, some tre-
mor episodes last much longer, from several hours to several days. Jiménez-
Morales et al. [157] analyzed these episodes, initially termed Deception long-
duration signals (DLDS) and concluded that they are volcanic tremors.

Previous studies evidence that LP events and tremor share similar source
regions and processes [13, 12]. Thus, tremor and LP events are assumed to be
different manifestations of the same source process [150]. Volcanic tremor is
often understood as the result of the overlapping of simple events that occur

closely in time during a long time span [13].
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Figura 5.2: Examples of seismic signals recorded at Deception Island volcano: (A) Long-period event, LP; (B) Regio-
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5.2. Seismicity of Deception Island volcano

LP events have been extensively studied in different volcanoes, and several
mechanisms have been proposed to explain their origin. The most accepted
source model is the resonance of fluid-filled cavities, activated by pressure
changes [5, 73, 74]. Other models invoke non-linear fluid flow phenomena
[164, 163], and bubble dynamics and magmatic degassing [270, 186, 161].
A more recent model suggests that LP events could be produced by slow

failures in the unconsolidated material of the upper volcanic edifice [31].

The model that best suits the LP seismicity of Deception Island volcano
is the resonant crack model [13, 6, 150, 65]. LP sources are shallow, and
associated to areas with a high thermal gradient and fumarolic emissions,
such as Cerro Caliente, Fumarole Bay, Telefon Bay and Obsidians Beach
[6, 65, 87, 146, 150, 219, 240]. Therefore, LP seismicity most likely origi-
nates from instabilities in the hydrothermal system and/or shallow volcanic
conduits [6].

Additionally, there are other types of events at Deception Island. They
might not be as common as LP seismicity, or as significant for the volcano
dynamics as VT earthquakes, but still they are frequently detected in the
seismograms, specially in recent years. For example, we can mention short-
period (SP) events and harmonic tremors (HTR). SP events are characterized
by very short signal durations (~3 s), a broad spectral content reaching very
high frequencies, and a strikingly fast attenuation with distance. Harmonic
tremors (HTR) are sustained signals characterized by a harmonic spectrum
with equispaced overtones of a fundamental frequency. These types of events
have not been described quantitatively before, although they are briefly men-
tioned in some works. Ibdnez and Carmona [146] and Carmona et al. [65]
reported the occurrence of SP events during summer surveys. Based on qua-
litative similarities and the fact that about 60 % of the surface of Deception
Island is covered by glaciers, they proposed that SP events are icequakes
[260, 295, 62]. Similarly, Almendros [6] reported the detection of harmonic
tremor episodes during the period 1994-1996. Harmonic tremors have been
related to geothermal areas and volcanic environments in different eruptive
phases [145, 283, 176, 191, 7]. They appear as well in ice-related phenomena
such as iceberg and glacial dynamics [71, 200, 302, 328]. Additionally, they

can be originated by artificial sources [e.g. 95].
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5.2. Seismicity of Deception Island volcano

The level of seismic activity at Deception Island volcano is highly variable.
Based on the observations from seismic monitoring surveys between 1994 and
2011, Carmona et al. [65] proposed that there are two regimes of activity:
dormant and restless. The dormant state is characterized by the dominance of
LP seismicity, although there might be also some VT earthquakes in response
to changes in the local stress distribution, and other signals. The restless state
is characterized by a high level of volcanic seismicity, in particular a large
number of VT earthquakes. This state implies an important change in the
stress distribution, and thus drastic modifications in the conditions of the

volcano interior that could eventually end up in an eruptive process.

Deception Island has been restless at least three times (1992, 1999, 2015)
since 1986 when seasonal seismic monitoring was re-established after the
1967-1970 eruptions. From December 1991 to February 1992 there was a
notable increase in seismic activity [236]. A total of 766 seismic events were
recorded by a seismic station operating near the Argentinian Base. Some of
them were felt, with magnitudes higher than 3. Although the epicentral area
of the recorded activity could not be determined with precision, indirect
evidence shows that the source area was probably located in Port Foster,
only 2-3 km from the coast. In January 1999 there was a new increase in
seismic activity [150, 148]. A total of 3643 seismic events were recorded in
two months. More than half were VT earthquakes, with magnitudes ranging
between -0.8 and 3.4 [137]. Again, the two largest earthquakes in the series
were felt by personnel of the Spanish Base. The hypocenters were roughly
aligned from Fumarole Bay to Pendulum Cove, at depths between 1 and 4
km. In early 2015, VT activity increased again [11]. A few thousand VT
earthquakes were recorded at Deception Island in a period of 5 months, from
December 2014 to April 2015, with a maximum magnitude of 3.3. About 400
VT earthquakes were located, but in this case the epicentres were spread
throughout the volcanic edifice at depths down to 10 km and more. LP
seismicity was unusually frequent and intense [10]. Additionally, the VT series
was preceded by an intense seismic swarm SE of Livingston Island, that
started in September 2014 and extended for at least 8 months. In all three
cases, the seismic series have been interpreted as a consequence of the stress

changes induced by magmatic intrusions [236, 150, 11].
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5.3. Instruments and data acquisition

We use data from a permanent seismic station (DCP) operating at De-
ception Island volcano since February 2008 [63, 157, 11]. The station is based
on a triaxial, electrolytic broadband seismometer EENTEC SP400, with flat
response between 0.06 and 50 Hz; and a 24-bit data acquisition system EEN-
TEC DRA4000. The seismometer is located at 62° 59’S, 60° 41’W, near the
Spanish base Gabriel de Castilla (Figure 5.1). The datalogger samples the
three channels of the seismometer at 100 sps, and seismic data are stored
locally in miniseed format. Power is provided by a 95 W solar panel, con-
nected to a bank of 12 V batteries with a combined capacity of ~600 Ah.
Absolute timing is obtained by GPS. The station includes a monitoring sys-
tem for temperature, battery voltage and power consumption (Figure 5.3),
developed by University of Granada technicians. The total power consum-
ption is very low (about 1 W), which allows the station to survive through
the winter, when low-light conditions greatly reduce the panel efficiency and
battery recharge.

In any case, despite the low temperatures and extreme weather of Decep-
tion Island, the station has operated reasonably well for many years. Figure
5.3 shows that DCP operated continuously during the period 2008-2015, ex-
cept for short interruptions caused by annual servicing and data download,
and a timing problem in October 2009. In May 2015 the station stopped due
to a failure in the automatic re-start system after a temporary loss of power,

and it did not record again until December.

5.4. Data analysis

We select 7.5 years of seismic data, from February 2008 when the sta-
tion was deployed at Deception Island volcano, to May 2015, after the 2015
seismic crisis. The large volume (140 Gb) of miniseed seismic data has been
processed using the SEISAN software [238]. SEISAN is a package designed
for seismic database management and analysis. The database is built of seis-
mic events linked to files containing the event information, including phase

pickings (arrival times, amplitude, period, azimuth and apparent velocity)
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Figura 5.3: (top) Battery voltage during the operation of the station. (midd-
le) Temperature measured at the station. (bottom) Operating periods of the
seismic station. Pink areas indicate malfunction in the voltage/temperature
datalogger; gray areas represent lack of seismic data due to station mainte-
nance; and the salmon area corresponds to a period when the GPS malfun-
ctioned and seismic data had inaccurate time.

and waveform data. SEISAN includes several tools to visualize seismograms,
identify seismic events, determine spectral parameters, assess magnitudes,

locate earthquakes, plot epicenters, etc.

The event identification procedure is based on a visual inspection of the
seismograms. Although the level of microseismic noise varies with weather
and ocean conditions, it is usually the dominant feature of the seismogram,
specially at frequencies below 1 Hz. On the other hand, the cultural noise is
low, despite the occasional presence of human activity on the island. In the
frequency band where seismo-volcanic events have relevant content (0.5-10
Hz), the signal-to-noise ratio is generally good and high-quality records have
been obtained. We use different filters to improve the signal-to-noise ratio and
enhance our ability to identify seismic events. First, we visualize the vertical-

component seismogram using a 0.5-10 Hz filter, with a 5-minute window and
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a 12-line setup (1 hour) simultaneously on screen, for a quick overview and
an efficient identification of broadband events such as volcano-tectonic and
regional earthquakes. Then, we use 2-8 Hz filter, with a 2-minute window
and 10-line setup (20 minutes), adequate for the identification of long-period
events and short-duration volcanic tremor episodes.

Seismic events were classified in five groups characterized by different
waveforms, durations, and spectral contents: long-period events (LP); tre-
mor episodes (TR); volcano-tectonic earthquakes (VT); regional earthquakes
(RE); and short-period events (SP). Additionally, we include high-frequency
LP events (LPH), a subgroup of LP events with high dominant frequencies
above 4.5 Hz; and harmonic tremors (HTR), a subgroup of tremors characte-
rized by spectra with harmonic characteristics. Teleseismic earthquakes have
been also identified, although they are not analyzed in this study. The classi-
fication is based on the combined visualization of seismograms and spectro-
grams, which allows us to observe simultaneously the evolution of the signal
and its spectrum, and quickly assess the relationship between waveform and

frequency content.

In order to quantify the characteristics of the seismic events, we estimated
the signal durations and maximum amplitudes using the waveform envelopes.
For long-period seismicity, we also calculated the dominant frequencies from
the maximum of the smoothed amplitude spectrum. For tectonic and volcano-
tectonic earthquakes, durations and amplitudes can be used to calculate the
earthquake magnitude. Additionally, we measured the delay between the P

and S phase arrivals, which is related to the hypocentral distance.

Source locations of tectonic and volcano-tectonic earthquakes could be
roughly estimated from a single, three-component station using the azimuth
to the source (obtained from the particle motion of the first P-wave arrival)
and the distance to the source (obtained from the difference between the
P and S wave arrivals). Unfortunately, for most earthquakes the incidence
angles are high, and the retrieved source directions have large uncertain-
ties, which in practice prevents us from obtaining reliable source locations.
Nonetheless, we can still estimate the source distance from the difference bet-
ween the P and S wave arrivals, tp —tg. The method requires a model of the

crustal velocities of the area. For Deception Island volcano, there are several
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studies about the local velocity structure [278, 330, 199]. However the spatial
extents of these 3D models are limited to the shallow structure of Decep-
tion Island, and cannot be extrapolated to the Bransfield Strait, where the
velocity structure is quite different [e.g 76]. Source locations reported in the
area have been based on average, flat-layered velocity models [146, 65, 11].
To characterize the relationship between S-P times and distance, we use an
empirical approach. We selected all available source locations obtained with a
local seismic network during austral summer surveys in the period 2000-2015
(65, 11]. Using the source coordinates, we calculate the distances to station
DCP and compare these values to the S-P times (Figure 5.4). These data are
adequately fitted by a second-order polynomial given by:

D =048 (tg—tp)* +3.62- (ts —tp) (5.1)

which is valid for distances up to 150 km (S-P times of 14 s). We use this

equation to obtain estimates of source distances for all earthquakes recorded
at DCP.

We estimated the magnitudes of tectonic and volcano-tectonic earthqua-
kes using a duration magnitude scale. This type of magnitude is based on
the observation that, for local earthquakes, the duration of the seismogram
is relatively independent of the nature of the seismic source or the epicen-
tral distance, but strongly dependent on the magnitude of the seismic events
(184, 47, 48, 4].

Lee et al. [184] proposed a formula to estimate the earthquake magnitude

based on the duration of the signal:
M =2logT —0.87 (5.2)

where 7 is the earthquake duration in seconds. Note that there should be also
a distance-dependent term; however for local earthquakes it is very small and
can be neglected without significant errors. Although originally proposed for
California, this formula is widely used to estimate earthquake magnitudes in

other regions as well.

Havskov et al. [137] proposed a specific duration magnitude scale for
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Figura 5.4: Earthquake distances versus S-P times for tectonic and volcano-
tectonic earthquakes (blue dots) located by a local seismic network during
the summer surveys in 2000-2015 at Deception Island. The red line represents
a polynomial fit of the data.

Deception Island volcano:
M =28logT — 2.7 (5.3)

where 7 is the earthquake duration in seconds. They calibrated this formula
using local earthquakes at small distances up to ~20 km, recorded during
the 1999 seismic series [150].

In our analysis, we use the duration-magnitude formula of Havskov et al.
[137] for very local earthquakes (S-P times below ~5 s) that propagate basi-
cally in the highly fractured and attenuating crust within or around Decep-
tion Island volcano. For earthquakes at distances of 30-150 km (S-P times
above ~5 s), that propagate mostly within the Bransfield Basin and the
South Shetland crust, we used instead the equation proposed by Lee et al.
[184].
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5.5. Results

The analysis of the 2008-2015 dataset at station DCP yielded a database
of about 150000 seismic events. There are different event types characterized
by a variety of frequency contents, waveforms, durations, amplitudes, magni-
tudes, etc. Table 5.1 shows the total number of events detected for each event
type, as well as the number of events detected during each year. LP events
(LP, LPH) constitute the most common type of seismicity (Table 5.1) repre-
senting about 86 % of the recorded events. The remaining event types are
less numerous, although they are also significant. For example tectonic and
volcano-tectonic earthquakes (RE, VT) constitute about 7.5 % of the signals,
but their magnitudes can be large and therefore they are very important to
understand the release of seismic energy at Deception Island. Similarly, tre-
mor episodes (TR, HTR) constitute just about 4 % of the signals, but given
their long durations their contribution to the release of energy can still be

significant.

5.5.1. Long-period events (LP, LPH)

LP events with dominant frequencies below 4.5 Hz are conspicuous all
over the recording period, with a total of 120586 events. Nevertheless, in
recent years LP events with higher dominant frequencies (LPH events) ha-
ve been recorded as well (Figure 5.5). LPH events are relatively uncommon,
comprising just 9282 events (7 % of the total number of LP events). Figure 5.6
shows a summary of the results for LP events, including their temporal distri-
bution, amplitudes, dominant frequencies, and durations. The most obvious
feature of their temporal distribution is a remarkable increase in the number
of LP events after 2011. Most LPH events are recorded during this period
as well. Maximum LP activity generally occurs in the same time of the year
(September-October). Maximum event rates are 4115 event/month in 2011,
3770 events/month in 2013, and 11415 events/month in 2014. Maximum
event rates for LPH are one order of magnitude lower, e.g. 417 events/month
in 2011, 397 events/month in 2012, and 2110 events/month in 2013. LP du-
rations range between 5 and 60 s. The most usual durations are around 8-10

s. LPH durations tend to be shorter, with average values around 4-6 s. Event
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amplitudes are usually small (1-4 pm/s), although they may reach higher
values up to 25 pm/s. For example, we find many LP events with amplitudes
above 5 pum/s in October-November 2014, also with durations longer than

usual (Figure 5.6).
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Figura 5.5: Examples of LP events recorded at DCP, with dominant fre-
quencies of 2-3 Hz (bottom) and 6-8 Hz (top). In both panels, we show the
vertical-component seismogram, and the corresponding spectrogram on top.

The number of LP events shows temporal variations with annual period
that suggest a seasonal effect. Two different seasonal behaviours are observed
in the seven years of study. In 2008 and 2009, the maxima are reached in the
austral summer. After 2010, the maxima are instead reached in September
and October, during the austral spring, while the minima occur during the
austral summer months. This trend is clearest in 2011, 2013 and 2014 (Figure
5.6). During the first three years, LPH events were scarce and tended to occur
in the summer months. Since 2011, they are scattered along the year, and
the seasonal trend is less clear. In any case, we find higher concentrations in
the winter/spring months (Figure 5.6).

LP events often occur in series that last for minutes to hours (Figure
5.7). These series can occasionally present evenly-spaced events (rhythmic
LPs) as described by Stich et al. [298]. They are characterized by events
with very similar waveforms, durations around 8 s, frequencies of 2-3 Hz,

and fixed inter-event times in the range of 10-20 s. They may occur at any
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5.5. Results

time throughout the year, although they are most common during the aus-
tral spring months (September-October). Sometimes, rhythmic LP series are
discontinuous, appearing as minute-long packages of five overlapping events

characterized by slightly longer durations and broader spectra.

5.5.2. Tremor episodes (TR, HTR)

Volcanic tremors (TR) constitute a common form of seismic activity at
Deception Island volcano, with 5113 episodes during 2008-2015. Although
their numbers are much smaller than LP events, tremors are long-lasting
signals, therefore their energy is important as well. These signals have been
always present at Deception Island volcano since the start of seismic moni-
toring in the 1950s, and often reported after the opening of the Gabriel de
Castilla base in 1986 [315, 236, 150]. TR episodes show energy basically in
the 1-9 Hz range. They present different spectral characteristics (Figure 5.8).
Some of them are relatively broadband, with no clear dominant frequency.
Others display energy in a narrower frequency band below 4-5 Hz. Spasmodic
tremors characterized by a continuous low-frequency band and discontinuous
high-frequency energy packets are also identified. Finally, a very interesting
observation is the detection of 432 harmonic tremors (HTR) with a funda-
mental frequency between 1-3 Hz and regular overtones up to 18 Hz, which
decrease in intensity as they increase in frequency.

Figure 5.9 shows the main characteristics of TR episodes, including ma-
ximum amplitudes, dominant frequencies, and durations. We observe that
amplitudes are mostly limited to 1-10 pm/s. Harmonic tremors tend to be
smaller, with amplitudes of 1-3 pm/s. The dominant frequencies cluster in
the 2-3 Hz band, although they may reach up to 8-9 Hz. TR durations vary
from minutes to one hour. We cannot identify longer-duration tremors due
to the limitations of the applied method (i.e. analysis window of 1 hour).
Most of the detected TR episodes are relatively short and last less than 15
minutes. HTR are even shorter, basically with durations below 5 minutes.
Jiménez-Morales et al. [157] developed a specific method optimized for the
detection of long-duration signals, and reported 276 long-duration (hours to

days) tremors at Deception Island between 2008 and 2015, with amplitudes
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in the range of 0.5-2 pum/s, and frequency content limited to the 0.5-5 Hz
band. These data are not included in our results, but will be added later
for the discussion. We observe no clear relationship among TR frequencies,
amplitudes, and durations (Figure 5.9). For example, we find TR episodes

with similar durations and different dominant frequencies (Figure 5.8).

TR episodes occur during the entire period of study, with rates up to
several hundred events per month. They present a heterogeneous temporal
distribution, with three maxima in 2009 (133 episodes/month), 2013 (223
episodes/month) and 2014 (730 episodes/month). These maxima occur ap-
proximately in the same time of the year (around September). Relative ma-
xima of 50-80 tremors/month are also found occasionally during the austral
summer months. Except for the above mentioned peaks, from 2008 to 2013
the number of events does not exceed 100 per month, with an average of 24
events/month. However, in 2014 we identified a sudden increase in the TR
activity, compared to previous years (Table 5.1). A high rate of occurrence
of volcanic tremor episodes (about 200 episodes/month) was observed from
February to November 2014, except for September and October when the-
re were over 700 events/month. The minimum rate during this period (115
events/month) was larger than the average of the previous years. In December
2014 there was a significant decrease in TR activity to 40-50 episodes/month,

with rates similar to the pre-2014 levels.

Harmonic tremors are rare events at Deception Island, that barely reach
maximum rates of a few tens of events per month. They have a striking
temporal distribution, with most part of the HTR episodes concentrated
in the austral summer months (Figure 5.9). We find some exceptions, for
example during the winter of 2009, but their temporal behavior is strikingly
regular. In the period 2008-2013, maximum activity reached 20-60 events
per month. After 2014, the maximum number of events becomes lower (5-15
events/month). Except for these maxima, the monthly number of harmonic
tremors did not exceed 14, with an average of about 5 events/month.

The spectral characteristics of some tremors are similar to those observed
for the LP signals. In some cases, we can even identify wave packets that can
be interpreted as LP events, although we cannot isolate their onset or end

due to the close overlapping. In fact, we observe a continuous gradation from
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Figura 5.9: Summary of results for TR and HTR episodes at station DCP during 2008-2015. From top to bottom
we show the number of tremor episodes per month, maximum amplitudes, dominant frequencies and durations. On
the right, we display histograms of the distribution of these characteristics. Numbers indicate the maximum values
reached in each case. Colors identify TR (blue) and HTR (magenta) signals. The labels in the top panel represent
the month when the annual maximum is reached.
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series of clearly isolated LP events to sustained-amplitude volcanic tremors.

5.5.3. Tectonic and volcano-tectonic earthquakes (V'T,
RE)

Regional tectonic earthquakes (RE) and local volcano-tectonic (VT) earth-
quakes are very common as well at Deception Island. We recorded 11099
earthquakes at station DCP during 2008-2015, of which 3974 are VT earth-
quakes and 7125 are RE earthquakes. They are characterized by relatively
impulsive P-wave onsets, clear S-wave arrivals, and broadband spectral con-
tent (Figure 5.10). The separation between these two types relies on the
hypocentral distances, which in our case is directly related to the difference
between the P and S phase arrivals. VT earthquakes occur within the Decep-
tion Island volcanic edifice and have a small value of tg — tp, while regional
earthquakes associated to fault systems outside Deception Island should ha-
ve larger values. The tg — tp threshold is set at 5 s, which implies a source
distance of about 30 km (Equation 5.1).

The temporal distribution of the VT and RE events is shown in Figure
5.11. It shows a low level of activity in the first years, and a gradual in-
crease in activity in recent years. On one hand, the VT activity since 2011
increases considerably, and it is especially high in 2014-2015. Before 2011 this
activity was low, always below 100 events per year (Table 5.1), with small
peaks in 2008 (12 event /month), in 2009 (14 event /month), and 2010 (38
event/month). Since 2011 the activity becomes greater and increases with ti-
me from 154 events in 2011 to 1536 events in 2014 (Table 5.1), with maxima of
229 events/month in 2013, 714 events/month in 2014, and 586 events/month
in 2015. On the other hand, the rate of RE earthquakes increases moderately
after 2013 and escalates during the 2014-2015 series at Livingston Island (Ta-
ble 5.1 and Figure 5.11). The distribution of RE events maintains a behavior
similar to the distribution of VTs. They are recorded regularly, although at a
low rate in the first years (<40 events/year), with maxima of 3 events/month
in 2008, 7 events/month in 2009, and 8 events/month in 2010. After 2013,
this rate increases to >110 events/year, with maxima of 25 events/month in

2013 and 131 events/month in 2015. In 2014, there was a significant increase
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in the number and energy of REs, reporting 6579 events and a peak rate of
5252 events/month.

S-P times of VT events are concentrated around 0.8-2.3 s (Figure 5.11).
This range represents a hypocentral distance of 3-11 km. We observe a high
concentration of S-P times around 7-8 s in the last part of the selected period.
These S-P delays imply a distance of ~50 km from DCP, and correspond to
the Livingston series detected between September 2014 and May 2015 [11].

The durations of the VT earthquakes range between 10 and 50 s, with
an average around 20 s. Magnitudes vary between 0.5 and 3.3, although
most events lay in the range 0.5-1.5 (Figure 5.11). RE earthquakes display
durations between 15 and 360 s, with an average around 52 s. Estimated
magnitudes vary between 0.5 and 4.5, with the most frequent magnitudes in
the range 1-2.5 (Figure 5.11).

Figure 5.12 shows the cumulative number of events and cumulative seis-
mic moment for VT and RE earthquakes during 2008-2015. In Table 5.2 we
report the average rates of event production and seismic moment release for
selected time periods.

We observe that for most of the 2008-2015 period the production of RE
earthquakes is stable, with average rates of 0.09 earthquakes per day from
February 2008 to January 2013 and 0.33 earthquakes per day from January
2013 to August 2014. In terms of seismic moment, and although the largest
earthquakes obviously produce steps in the cumulative seismic moment, the
average release is roughly constant, at a rate of 3.4 - 10 N-m/day. However,
in September 2014 the earthquake rate rockets up to almost 200 events per
day, as a consequence of the Livingston series. In October the earthquake
production relaxes to 43 events per day, and then to about 4 events per day
in November. This decreasing trend continues except for a brief period in
February 14-22, when the rate reaches 14 events per day. From September
2014 to February 2015 the total seismic moment release is ~ 4.24 - 106
N-m. Therefore 82 % of the total moment release related to RE earthquakes
occurs in just 7% of the time period (6 months). The earthquake production
rate reached 1.4 - 10" N-m/day in September. This rate reduces to 2.1 -
10 N-m/day in October and keeps reducing from 3.1 - 10'* N-m/day after
November to 4.3 - 10'2 N-m/day at the end of the recording period.
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Figura 5.11: Summary of results for VT and RE earthquakes at station DCP
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kes, S-P time delays, distances, durations, and magnitudes for RE (blue) and
VT (red) earthquakes. On the right, we display histograms of the distribu-
tion of these characteristics. Numbers indicate the maximum values reached
in each case.

The number of VT earthquakes increased at more variable rates. Initially
the earthquake production rate was small (0.16 earthquakes per day in 2008-
2010). However, this rate increased steadily during the following years, to
0.43 earthquakes per day in 2011-2012, 1.12 events per day in February 2013-
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April 2014, and 1.80 events/day in April-August 2014. The only exception to
this steady trend is the occurrence of a VT swarm in January 2013, with a
production rate of about 11 earthquakes per day. In any case, in September
2014 we witness a sudden increase of the VT earthquake production rate
at Deception Island, reaching 26 events per day, which represents ~15 times
more earthquakes than in the previous period. In October the production rate
decreased to 4.2 earthquakes per day, but in December the rate increased
again, reaching 12 events per day in December-February, and a peak rate
of 55 events per day during February 14-22. Finally, during the remaining
period the rate went down to 4.8 earthquakes per day. The cumulative seismic
moment also varied at rates increasingly higher. In 2008-2012 the moment
rates were about 2-5-10'° N-m/day. In February 2013 the rate increases to
1.1- 10" N-m/day, and in April 2014 there was yet another increment to a
rate of 2.6 - 10'' N-m/day. Again, the January 2013 swarm was an exception
to this smoothly increasing trend, and produced about 1.0 - 1012 N-m/day.
The moment rate during September 2014 increased to 8.7 - 10'* N-m/day.
Although the moment release in October relaxed to a lower rate of about
1.9-10" N-m/day, there was another surge to come. At the end of December
the moment rate increased to 1.9-10'2 N-m/day, and from February 14 to 22
it reaches a peak rate of 1.0 - 10'®* N-m/day. After that, the rate of moment
release drops to a value of 3.2 - 10'! N-m/day.

5.5.4. Short-period events (SP)

SP events are a characteristic signal often recorded at Deception Island,
specially after 2012. They have a very short duration (a few seconds), and a
broadband frequency content up to very high frequencies of 30-50 Hz (Figure
5.10). We have identified 3591 SP events at DCP during 2008-2015 (Figure
5.13). Durations range between 1 and 8 s, with most events lasting 2-4 s.
They present amplitudes up to tens of um/s, although about 87% of the
SP events have small amplitudes below 5 pm/s. Assuming that their energy
scales with duration similarly to the VT earthquakes, we can assign mag-
nitudes using Equation 5.3. In this way, we find that they are low-energy

signals, characterized by negative magnitudes down to -2.5 and an average
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dMgy/dt VT | dAN/dt VT | dMy/dt RE | AN/dt RE
Period 10'°Nm/day | events/day | 10'2Nm/day | events/day
2008-01-01 - 2009-08-10 2.2 0.16
2009-08-10 - 2011-01-01 49 ' 0.09
2011-01-01 - 2013-01-07 ’ 0.43 34
2013-01-07 - 2013-02-02 101.6 10.73 '
2013-02-02 - 2014-04-11 10.9 1.12 0.33
2014-04-11 - 2014-09-01 26.1 1.80
2014-09-01 - 2014-09-27 872.5 25.70 1400.3 194.0
2014-09-27 - 2014-10-28 193 419 211.3 42.89
2014-10-28 - 2014-12-18 30.8 378
2014-12-18 - 2015-02-14 187.0 11.99 12.1 ’
2015-02-14 - 2015-02-22 994.1 54.96 ' 14.23
2015-02-22 - 2015-05-10 31.5 4.75 4.3 0.90

Cuadro 5.2: Average earthquake production and seismic moment release rates
for VT's and REs during significant periods.

magnitude of about -1.3. Given these small magnitudes, they must be very
local signals originating in the close vicinity of the seismic station.

In Figure 5.13 we show the monthly occurrence of SP events. Although the
distribution is heterogeneous, in general the activity was low from February
2008 to November 2012 with <180 events/year (Table 5.1). The maxima of
the annual distributions occurred in November 2008 (3 events/month), June
2009 (36 events/month), August 2010 (93 events/month) and March 2011
(40 events/month). Since December 2012 the activity increased significantly,
often reaching values of several hundred events per month, and an average
of over 500 events/year (Table 5.1). In this period the annual maxima oc-
cur in December 2012 (359 events/month), August 2013 (408 event/month),
October 2014 (218 event/month) and January 2015 (92 events/month).

5.6. Discussion

We have quantified the seismic activity recorded at Deception Island vol-
cano by a permanent seismic station during the period 2008-2015. It is the
first time that such a long, continuous time series has been recorded and

analyzed. Although there were some (analog) seismometers at Deception Is-
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land before the 1967-1970 eruptions, they were discontinued and no seismic
data was collected again until 1986. From 1986 to 2008, seismic monitoring
has been intermittent, covering just the austral summer months and thus
leaving out about 75 % of the time. Moreover, during those years seismic ins-
truments have been diverse; they have been deployed at different locations;
and analysts throughout this period have not been the same, therefore might
not apply exactly the same criteria. In our case, we use a permanent broad-
band station, located at the same site for many years. In order to extract the
most information from this dataset, a single operator has reviewed all data,
applying the same criteria and standards. This ensures that the results are
comparable and that we have a homogeneous, complete, and detailed seismic

database.

Event detection and classification was based on the visual observation of
the waveform characteristics, frequency content, and duration of the signals.
Although this method is robust, it is also laborious and time-consuming. We
are aware of other alternatives, for example based on automatic detection
and recognition methods [79, 33, 119, 149, 82], which would have saved time
and effort, even if the database would not be as complete. These methods
are quickly improving, but they still have some problems, such as the discri-
mination of events in noisy conditions, the dependency on the training da-
tasets (often short and heterogeneous, analyzed by multiple operators, using
multiple instruments with different responses and different distances to the
source), etc. In particular, the identification of volcanic tremors is difficult
to address, due to their duration, although recent work has improved their
detectability [308]. Given its homogeneity, temporal extent, and the variety
of signals included, our database may constitute a significant contribution to

test and improve automatic methods [159].

The availability of a continuous time series allows for the characterization
of the temporal evolution of the seismicity, the detection of patterns and
trends in the types of events and level of seismicity, and the assessment of
the relationship between the seismic and volcanic activity. This is specially
interesting if we consider that the selected period precedes the 2015 unrest of
Deception Island, when the volcano underwent a series of changes suggesting
the intrusion of a large volume of magma into the plumbing system [11].
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In the following, we first describe the long-term evolution of the seismic
activity in the period 2008-2015, the seven years preceding the 2015 seismic
unrest at Deception Island volcano, and how Deception Island evolved from
a background seismicity level in 2008 to an intense seismic swarm in 2015.
We also discuss some temporal variations that appear in the data but are
unrelated to the intrusion process. And finally, we provide a volcanological
interpretation of the changes in the seismicity patterns observed during 2008-
2015.

5.6.1. Behavior of the seismicity preceding the 2015

seismic crisis at Deception Island volcano

The most striking feature of the temporal distribution of the seismicity
during the period 2008-2015 is that the number and energy of seismic events
generally increased with time. This can be seen in Figure 5.14, where we
summarize the numbers of events per month for all event types during 2008-
2015, including the long-duration tremors reported by Jiménez-Morales et al.
[157]. The increase in the seismicity started around 2011 and slowly accele-
rated until the seismic swarms that took place in Livingston and Deception
Islands at the end of 2014 and beginning of 2015. This trend is clearest for
those event types that are considered the most significant proxies for volcano
monitoring (VT earthquakes, LP seismicity).

Different types of earthquakes correspond to different sections of the vol-
cano. VT and RE earthquakes occur in the upper crust, and therefore may
reflect the changes occurring in the deep plumbing system. LP events and
TR are linked to shallow sources within the hydrothermal system, and thus
limited to the shallowmost part of the volcanic edifice. Therefore they are
most sensitive to changes in the shallow conduits and the effect of gas and
heat supply on the hydrothermal system. With this in mind, we view the
panels of Figure 5.14 as roughly sorted by source depth, from top to bottom:
temperature, SP events, LP seismicity, VT & RE earthquakes, and deforma-
tion.

Based on the evolution of the seismic events, we distinguish three periods
with roughly homogeneous behavior: Phase 1 (from the beginning of 2008
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to the end of 2010) characterized by a background level of seismic activity;
Phase 2 (from the beginning of 2011 to August 2014), when the seismicity
increased gradually; and Phase 3 (from August 2014 to May 2015), when the
seismicity reached its climax. In Table 5.3 we show the average numbers of
events per month for the different phases, that are described below. These
numbers have been already estimated for VT and RE earthquakes (Table 5.2)
from the slopes of the cumulative number of events (Figure 5.12). In Table 5.3
we report simple averages, i.e. the ratio between the total number of events
during the selected period and the number of months, for all event types.
This allows for a more significant comparison of VT and RE earthquakes

with the remaining types.

5.6.1.1. Phase 1 (2008-2010): background seismicity

During the first three years of observations, the seismic activity of De-
ception Island volcano was relatively low (Figure 5.14). It was dominated by
LP seismicity, with very few instances of VT earthquakes. We report 12041
LP events, which implies an average rate of 335 events/month (Table 5.3).
TR episodes were common as well, specially during the second half of 2009.
V'T's were scarce and sporadic, and displayed mostly small magnitudes below
1. We detected 180 VT events, i.e. an average rate of about 5 events/month.
Seismic moment was released at ~ 1.7 - 10" N-m/month (Table 5.3). RE
earthquakes were similarly scarce with a total of 90 events in three years.
The average rate was ~2.5 events/month and the seismic moment release
was 0.9 - 10'* N-m/month.

5.6.1.2. Phase 2 (2011-2014): increasing trends

After three years of background behavior, between January 2011 and
July 2014 the level of seismicity increased gradually (Figure 5.14). We can
roughly differentiate three subphases from January 2011 to December 2012
(Phase 2a), from January 2013 to March 2014 (Phase 2b), and from April to
July 2014 (Phase 2c). The first noticeable changes occur during Phase 2a. LP
events became more frequent, with average rates of about 1326 events/month,

four times larger than in Phase 1. VT earthquakes became more numerous
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as well, around 15 events/month, a three-fold increase compared to Phase 1.
This increase was not accompanied by a change in the seismic moment relea-
se, indicating that they were still low-magnitude events. During Phase 2b, the
number of LP events increased again to an average of 1924 events/month. VT
earthquakes were produced at a rate of 48 events/month, a three-fold increase
compared to Phase 2a. In this period, and after a small VT swarm on January
2013, the seismic moment release rate also tripled from 1.6 -10'? N-m/month
to 4.6 - 1012 N-m/month (Table 5.3), indicating that there was also a genera-
lized increase in the magnitudes of the VT events (Figure 5.11). Finally, in
Phase 2c LP events reached an average production of 2606 events/month. In
this period the number of VT earthquakes increased to 61 events/month, and

their energy doubled to a seismic moment release rate of 9.0-10'* N-m/month.

While the acceleration of the VT earthquake activity during Phase 2 is
obvious, for LP events the changes may seem more subtle. For example from
Phase 2a to Phase 2c we report a four-fold increase in the number of VT
earthquakes and a six-fold increase in the moment release rate. However, the
number of LP events barely doubled from Phase 2a to Phase 2c. Neverthe-
less, we note that the number of TR episodes escalates, growing from 23
episodes/month in Phase 2a to 206 episodes/month in Phase 2c. There is a
close relationship between LP and TR signals, in the sense that when LP
events occur closely in time, they overlap and are no longer considered as
individual events, but as a TR episode. Therefore we believe that these va-
riations in the TR numbers, combined with the trends of LP events, indicate
an acceleration of the LP seismicity rate similar to the one observed for VT

earthquakes.

RE earthquakes maintained a similar behavior during Phases 1 and 2a,
with the same earthquake production and moment release rates. However,
we note that their numbers increased slightly during Phases 2b and 2c¢ from
3 to about 8 events/month. Although the seismic moment release during
most of Phases 1 and 2 stayed below 1.0 - 10! N-m/month, we observe that
in Phase 2b there was a temporary increment in the seismic moment to
2.2-10* N-m/month, corresponding to the occurrence of relatively large (M
3.5-4.0) but distant earthquakes (see Figure 5.11). Overall, the number of RE

earthquakes in Phases 1 and 2 is small, and we do not find any significant
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trends in their temporal evolution.

Other types of signals did not show the acceleration observed for VT
earthquakes and LP seismicity. This is the case of SP and LPH events, that
reached their maximum rates during Phase 2b, but then displayed a decrease
of activity during Phase 2c¢ and beyond.

Previous studies based on temporary summer surveys showed that du-
ring the 2012-2013 survey the number of VT events was quite large, while in
2013-2014 survey it dropped again to background levels [11, 118]. Looking
at Figures 5.11 and 5.14 we realize that the 2012-2013 survey included the
January 2013 cluster of VT earthquakes that started Phase 2b. On the con-
trary, the 2013-2014 survey coincided with a brief period of low VT activity
at the beginning of 2014. This example emphasizes the need for continuous
monitoring to understand the long-term behavior of the volcano, otherwise

the partial sampling may lead to errors in the interpretation.

5.6.1.3. Phase 3 (2014-2015): seismic swarms

The third stage extended from August 2014 to May 2015 (Figure 5.14).
The period started with the onset of the Livingston series that reached its
maximum in September-October 2014 [11]. After a relatively quiet period,
there was a second outburst of seismicity around February 2015. These events
define the Phases 3a (August-November 2014) and 3b (December 2014-May
2015).

Since the Livingston series occurred relatively far from Deception Island,
with S-P times at DCP in the range 5-7 s, these seismic events are classified as
RE earthquakes. Therefore, during Phase 3a we observed a sudden increase
in the number and energy of RE earthquakes (note the changes in scale in
Figure 5.14). Their numbers raised to more than 5000 earthquakes/month in
September 2014, with an average rate of 1615 events/month during Phase 3a.
The seismic moment release in this period reached a maximum value around
1.4 - 10" N-m/day (Table 5.2).

Nevertheless, a most important observation is that the Livingston swarm
was not independent of the local seismic activity at Deception Island. The
numbers of VT earthquakes, LP events, TR episodes, DLDS, and even SP
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events, also increased drastically during Phase 3a (Figure 5.14, Table 5.3).
In particular, during September 2014 we detected 714 VT earthquakes, the
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Figura 5.14: Comparison of the temporal evolution of monthly averaged tem-
peratures, monthly number of seismic events, and annual deformation pat-
terns during the 2008-2015 period. (a) Soil temperature (dashed line) and air
temperature (empty bars); (b) SP events; (¢) HTR episodes; (d) LPH events;
(e) LP events; (f) TR episodes; (g) long-duration tremors (from Jiménez-
Morales et al. [157]); (h) RE earthquakes; and (i) VT earthquakes. The green
line in (g) represents the average amplitude of the oceanic microseisms. The
black and red lines in (h) and (i) represent the cumulative seismic moment.
(j) Sketch of the deformation produced during each year: red for inflation-
uplift, blue for deflation-subsidence, green for transitional processes (from
Rosado et al. [274]).

highest monthly rate in the entire analyzed period. The seismic moment
release reached a value of 8.7-10'? N-m/day. Similarly, there were over 11000
LP events that month. The average earthquake production rates in this Phase
3a are 268 events/month for VT's and 7260 events/month for LPs, much larger
than in Phases 1 and 2.

In Phase 3b there was a second burst of VT activity at Deception Island.
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The number of VT earthquakes started to increase in December and January,
and reached a maximum of 586 events in February 2015, with average produc-
tion rates of 283 events/month, even larger than in Phase 3a. Additionally,
in February the earthquakes began to display large magnitudes above 3, re-
sulting in a peak moment release rate of 1.0 -10'® N-m/day during February
14-22; the largest rate reported for VT earthquakes in the 2008-2015 period
(Figure 5.12, Table 5.2). Since this happened when the Gabriel de Castilla
Base was open, and therefore the volcanic alert system of Deception Island
was in operation, at this point a change in the alert level from green to yellow
was issued [10]. Shortly after that, the VT swarm started to decay, although
by the end of the recording period the number of earthquakes was still well
above the background level.

The VT swarm during Phase 3b was accompanied by a small increase in
the number of RE earthquakes, confirming again the interconnection between
the Livingston series and Deception Island. There was also a small peak in
the LP seismicity, with a level of activity similar to the Phase 2. However,
this second VT swarm did not involve a generalized increase of the seismicity
of Deception Island and surrounding areas, as the first one had done. This is
an important difference, that may be related to the underlying mechanisms

triggering the seismic series, and will be discussed below.

5.6.1.4. Temporal variations unrelated to the intrusion process

Although the most important observation in Figure 5.14 is the accelera-
tion of the seismic activity that accompanies the magmatic intrusion, we also
realize that some variations in the temporal distributions of seismic events
seem to be utterly unrelated to the volcanic activity.

For example, we note that the temporal evolution of some event types
display cycles with a period of one year. This annual modulation is evident
in most of the LP seismicity. In some cases, we observe maximum activity in
summer and minimum in winter (pattern S). The most obvious example is
the distribution of HTR episodes, which clearly occur preferentially during
the summer, with the only exception of a winter peak in 2009 (Figure 5.14c¢).

It is also observed for LPH events during Phase 1. In other cases, we observe
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maximum activity in winter and minimum in summer (pattern W). This is
quite clear for DLDS, that are basically missing during the summer, and for
LP events during Phase 2. It might also be observed for LPH during Phase
2, and perhaps for TR episodes that display winter peaks in 2009 and 2013,
but these cases are not as obvious. During Phase 1, LP events seem to have

a bimodal behavior, with peaks both in summer and winter.

The annual variations of the LP seismicity could be a response to the sea-
sonal cycle. We assume that LP seismicity is generated by interactions within
the shallow hydrothermal system of Deception Island. Seasonal changes in
environmental variables (temperature, pressure, water influx) may alter the
conditions of the hydrothermal system, and produce the modulations obser-
ved in the data.

For example, the relatively high temperatures reached in the austral sum-
mers (Figure 5.14a) may produce the melting of the glaciers that cover the
island, and increased rainfalls. These phenomena increase the volume of thaw
water that percolates into the shallow aquifers, altering the equilibrium of
the unstable hydrothermal system and producing enhanced LP seismicity
[13, 146, 150, 65]. This could be a mechanism that generates the pattern S,
for example in HTR episodes. And indeed, we observe that there is a correla-
tion between the number of HTR episodes and the duration and temperature
of the summer, with highest activity during the longer and warmer summers
(e.g. 2008-2009) and lowest activity during the shorter and colder summers
(e.g. 2013-2014).

Another example could be the effect of the oceanic microtremors, who-
se amplitude has seasonal cycles and is generally larger during the winter
(Figure 5.14g). Microtremors may induce pressure variations in volcanic and
hydrothermal fluids, favoring the occurrence of LP seismicity [298, 157]. This
mechanism could explain the occurrence of pattern W, and has been invoked
for example to explain the temporal distribution of DLDS [157]. The same
could apply to the generation of LP events. However, the correlation between
oceanic microtremors and LP seismicity is not complete. For example, during
Phase 1 the microtremor levels are high, although the LP seismicity is low.
On the contrary, during Phase 2 the oceanic microtremors have lower ampli-

tudes, but the LP seismicity increases. This indicates that the LP seismicity
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is not only triggered by the oceanic effect, but mainly by the dynamics of

the volcanic system.

In any case, the seasonal cycle is not the only annual cycle at Deception
Island. We must consider also the human presence, which is intense during
the summer and practically negligible during the winter. This may affect the
number of seismic events in two ways. First, the human activity could be res-
ponsible for some of the signals, that would then display a pattern S. Second,
the human activity might contribute to decrease the signal to noise ratio at
station DCP, and reduce the detectability of small-amplitude seismic events
during the summer, producing a pattern W. Since HTR occur during the
months when the Gabriel de Castilla Base is open, we wonder if these signals
are produced by human activity. The Base is close to station DCP (~200
m). However, after years of seismic monitoring we are able to recognize seve-
ral base-related noise sources (electric generator, engines, heavy machinery
and vehicles, etc), and none presents a harmonic signature. Moreover, some
HTR occur during rest (nocturnal) periods when the anthropic activity is
negligible; or when the Base is closed, for example in May and July 2009,
August 2011, or April 2015. Therefore, we can safely rule out the human
factor produced by the activities at the Base.

The temporal evolution of SP and LPH events (Figure 5.14b,d) seem to be
also unrelated to the volcanic activity. These events were very scarce during
Phase 1. They did increase during Phase 2 like the remaining earthquake
types, reaching a maximum activity in Phase 2b. However, in Phase 2¢ their
numbers started to decrease and did not maintain the accelerating trends
displayed by VT earthquakes and LP seismicity. During the climactic Phase
3, their numbers were not significant or did not display increasing trends as
the rest of the seismicity. These temporal distributions suggest that SP and
LPH events were produced by source mechanisms that were not driven by,

or a consequence of, the magmatic intrusion.

SP events have been interpreted as icequakes by Ibanez and Carmona
[146] and Carmona et al. [65]. Icequakes are earthquakes produced in brittle
ice Sprenke et al. [295], for example associated with extensional failure (cre-
vassing) of glacier cracks [319, 275, 62]. However, since the station DCP is

located more ~2 km away from the nearest glacier (Figure 5.1), we believe
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that the source of SP events could not be realistically linked to glaciers. Still,
there might be other likely mechanisms, also related to the cryosphere. For
example we propose the dynamics of the permafrost layer that covers most of
the island [125, 154]. Sudden changes in the permafrost, related to freezing
and thawing cycles, or permafrost degradation, may induce brittle failure
along microcracks, which could be the source of SP events.

The similar temporal distributions observed for SP and LPH events sug-
gest that their sources might share some characteristics, i.e. both event types
could be related to the cryosphere. Thus LPH events might also have a gla-
cial origin. LP events have been reported in glacial environments [263, 162].
As in volcanic or hydrothermal environments, they could be produced by
the acoustic resonance of fluid-filled cavities within an elastic matrix; in this
case, the fluid would be thaw water, and the solid would be ice [221]. The
high-frequency spectral content of LPH, compared to the volcanic and hy-
drothermal LPs, may be related to a combination of smaller crack sizes and
lower gas content [178, 75].

5.6.2. Volcanological interpretation

The 2014-2015 seismic activity at Deception Island and surrounding areas
has been investigated by Almendros et al. [11]. The seismic swarm recorded
near Livingston Island in 2014-2015 comprised ~9000 earthquakes with mag-
nitudes up to 4.6 over a period of 8 months, although the most important
part of the swarm took place in September-October 2014. Between Decem-
ber 2014 and May 2015, the seismic activity at Deception Island volcano was
anomalously high as well, with swarms of VT earthquakes and increasingly
large and recurring LP events and TR episodes. Almendros et al. [11] propo-
sed two hypotheses to explain the relationship between the Livingston series
and the Deception Island activity. In the first one, the Livingston swarm is
a tectonic series related to the extension of the Bransfield rift that acts as
a trigger of the VT swarm at Deception Island. The dynamic stresses asso-
ciated with the largest earthquakes [141] may have induced an over-pressure
in the unstable volcanic system of Deception Island, leading to a magmatic

intrusion that in turn may have triggered the VT swarm.
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However, Almendros et al. [11] favor a second hypothesis, in which the
Livingston earthquakes and the VT swarm could be both the result of a
magmatic intrusion beneath Deception Island. The Livingston series would
be a distal V'T precursory swarm, which appears to be a common feature that
precedes volcanic eruptions in long-dormant volcanoes [325]. The magmatic
intrusion could have started some time during 2014, while its consequences
started to reveal in September (distal VT seismicity near Livingston) and
February (proximal VT swarm at Deception Island).

There are other evidences suggesting that the magmatic intrusion could
have started earlier. For example, Rosado et al. [274] analyzed GPS measu-
rements at Deception Island during 1991-2018, and described changes and
trends in the volcano deformation. Figure 5.14j shows a sketch of their re-
sults during the 2008-2015 period. In the first five years, Deception Island
was either undergoing processes of decompression (deflation-subsidence) or
transitional processes without a clear deformation pattern. However, in 2013
the deformation patterns changed to inflation and uplift, revealing an increa-
se in the internal pressure within the volcano. Rosado et al. [274] interpreted
this uplift process during 2013-2015 as a consequence of a magmatic intru-
sion, and a precursor of the 2015 seismic unrest.

Additionally, in the austral winter of 2012, Berrocoso et al. [40] detected
an increase in seawater temperatures at Colatinas Point and in soil tempera-
tures at Cerro Caliente, near the location of fumaroles and hot springs. Both
phenomena suggest an increase in the gas flux from depth, carrying heat by
advection. Again, they interpreted these observation as a precursor of the
2015 unrest.

These evidences suggest that the intrusion process may have started as
early as 2012, about 2.5 years before the 2015 seismic unrest of Deception
Island volcano. And yet, our results demonstrate that the changes in the
seismicity started even earlier. At the end of 2010 or beginning of 2011, we
observe several phenomena indicating that the volcano was showing signs
of a renewed activity. What may have been happening at Deception Island
volcano during this 2008-2015 period? In order to include all observations,
we propose the following model.

After the 1999 unrest [150], Deception Island volcano entered into a quiet
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period. Carmona et al. [65] studied the seismic activity at Deception during
austral summers from 1999 to 2011. They concluded that the volcano was in
a low-activity mode that they described as a dormant state. This dormant
state was characterized by a moderate level of seismicity dominated by LP
events and TR episodes produced in the shallow hydrothermal system, and
very few VT earthquakes distributed across the volcanic edifice. Our data
overlaps with this period for three years (2008-2010) corresponding to Phase
1, and we observe precisely the same behavior. Therefore, during Phase 1

Deception Island was still in a dormant state.

The situation changed in 2011. During Phase 2, fresh magma was em-
placed at deep crustal levels beneath Deception Island. The supply of fresh
magma into a magma reservoir at depth could increase the amount of degas-
sing. These gases permeate through the volcanic edifice. When they reach a
brittle volume, perhaps with pre-existing fractures, the increase in the pore
pressure may decrease the normal stress across the faults and act as a lubri-
cant favoring the fault motion [e.g. 55, 284]. Therefore the gradual increase
in the number and energy of VT earthquakes could be due to an increment
in the gas flux through the volcanic edifice produced by the fresh magma
supply. Similarly, the increase in the gas flux could also justify the chan-
ges in the number of LP events and TR episodes. LP seismicity increased
suddenly in Phase 2, with average numbers that were several times larger
than in Phase 1. LP seismicity is related to fluid-solid interactions within the
hydrothermal system of Deception Island [13, 6, 147]. The increase of gas
coming through the hydrothermal system would result in a larger number
of LP events. Additionally, the advective heat carried by the gas can alter
the thermal equilibrium of the hydrothermal system, producing anomalous
variations in the temperatures of hot springs and soils, as the ones reported

by Berrocoso et al. [40].

There is a delay of some months between the increase of the VT earth-
quakes and the increase of LP events. This may be due to the differences in
source depth. VT earthquakes are produced in the upper crust, at depths on
the order of several km. Therefore they are close to the magma reservoirs
and the gas pulse reaches the VT source regions promptly. On the contrary,

LP events are produced in the shallow hydrothermal system, at depths of
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hundreds of meters, where the gas front arrives later. The observed delay
would be related to the time needed by the gas to percolate from the VT
source region to the hydrothermal system.

The absence of deformation during Phase 2a suggests that the initial
batches of magma may have entered the plumbing system at large depths near
the crust-mantle boundary, that for Deception Island is located at a depth
around 15 km [242, 117]. Conversely, the observation of uplift during Phases
2b and 2c indicates that in 2013 the magma intrusion became shallower.
Rosado et al. [274] estimated the parameters of the deformation source using
a Mogi model. For the process observed during 2014, the volume change was
0.01 km?® and the center of the deformation was located beneath the north
half of Port Foster, at a depth of about 6 km.

The degassing rates were apparently stable until a new batch of magma
rised, increasing the degassing (and the seismicity). The enhanced gas supply
could explain the increasing rates of VT and LP seismicity during Phases 2b
and 2c. Additionally, the extensional stress produced by the intrusion increa-
sed the permeability of the medium, which further favored the circulation of
hydrothermal fluids and the generation of LP activity [103].

The increase in the number of SP and LPH events during Phases 2a and
specially 2b may be related to the enhanced heat supply brought by the vol-
canic gas permeating the island. Even if the sources of these event types are
basically external to the volcano, they could still be influenced by the gas
and heat flux through the surface. Indeed, the thermal anomalies reported by
Berrocoso et al. [40] during 2012 apparently triggered the most active period
of SP and LPH activity. However, the number of events decreased during
Phase 2c¢ and 3, indicating that the relationship with the volcanic activity
is poor or even nonexistent. There are many factors controlling this seismic
activity including atmospheric and climatic variables, therefore a more de-
tailed study is required to understand their source mechanisms and temporal
variations.

The unrest process reached a climax during Phase 3, with the occurren-
ce of intense seismic swarms at Deception Island and surrounding areas.
Fresh magma intruded into shallower levels, not only increasing the volume

of gas permeating through Deception Island, but also destabilizing the stress
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state of the volcanic edifice. This translated into peaks of VT earthquakes
and enhanced LP seismicity. Additionally, the pressure pulses propagated
through crustal fluids. They generally expand faster in horizontal direction,
following the layering of the crust [80]. A preferential direction for this propa-
gation would be the Bransfield rift, oriented SW-NE. When the perturbation
reached a seismogenetic region SE of Livingston Island, perhaps related to the
Bransfield rift or Humpback volcano [11], it produced distal VT seismicity,

that we observe as RE earthquakes.

The second swarm of VT earthquakes at Deception Island during Phase
3b was similar to the first in terms of earthquake numbers and magnitudes.
However, the simultaneous levels of LP seismicity and distal VT activity
were much smaller than during Phase 3a. This difference is significant, and
suggests that the intrusion might have already started to slow down or even
decay. In fact, the deformation reported by Rosado et al. [274] indicates that
during 2015 Deception Island underwent a fast subsidence process (Figure
5.14j) with horizontal deformation rates of ~2.3 cm/year. We hypothesize
that this process may have already started during Phase 3b, hence the diffe-
rences between the behavior of the volcano during the September 2014 and
February 2015 VT swarms.

The minimum depth reached by the magma might be estimated from
the depth of the earthquake hypocenters during Phase 3b. The compari-
son among the 1992, 1999, and 2015 seismic unrest episodes shows that
the 1992 and 1999 episodes were produced by shallow (<4 km), short-lived
(months), low-volume (~4-10* m?®) intrusions, while the 2015 unrest was due
to a deep (<10 km), long-lasting (years), large-volume (~5-10% m?) intrusion
(A. Moreno-Vacas, submitted manuscript). An additional constraint comes
from the depth of the Mogi source estimated by Rosado et al. [274] for the
2014 inflation, which is about 6 km. These depths are consistent with the
characteristics of the Deception Island plumbing system described by Geyer
et al. [117]. Therefore, it is likely that the magmatic intrusion might have

reached a minimum depth in the range 6-10 km.

We have to underline that the occurrence of a VT swarm at Deception
Island, simultaneous with the Livingston series, has not been reported be-

fore. Almendros et al. [11] investigated the seismic activity at Deception
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and Livingston Islands during this period, combining the information from
the permanent stations DCP and LVN and a temporary network deployed
at Deception Island during the 2014-2015 austral summer. Although they
described the sporadic occurrence of a few dozens of VT earthquakes from
August to November, on their data there is no indication of a swarm of VT
earthquakes at Deception Island in that period. The reason for this is that
they used an automated algorithm to detect the VT earthquakes recorded
at station DCP. However, given the large number of earthquakes from the
Livignston series that were being simultaneously detected, the signals very
often overlapped and it was quite difficult to individuate each earthquake,
especially the smaller ones, using automatic, unsupervised methods. After a
careful revision of the data, we have been able to determine the occurrence

of a large number of VT earthquakes at Deception Island during this period.

The model described here is consistent with the phenomena observed in
similar volcanic environments. White and McCausland [326] used long-term
datasets preceding eruptions at long-dormant (>20 years) volcanoes to pro-
pose a model with a 4-step progression of geological and seismological stages.
The first stage is a deep intrusion, sometimes revealed by deep seismicity un-
der the volcano edifice. In a second stage, magma ascends to the upper crust
and produces distal VT seismicity. A third stage is characterized by local
seismicity in the volcano edifice including VT earthquakes and LP seismi-
city. Finally, in the fourth stage repetitive seismicity accompanies the final
magma ascent to the surface. In the case of Deception Island, the observa-
tions indicate that the activity has gone through the deep intrusion stage
(during Phase 2), and through distal and proximal seismicity, i.e. stages 2
and 3 (during Phase 3), with magma accumulating in the upper crust and
producing VT and LP seismicity. However, there was no final ascent of mag-
ma, and therefore no eruption. In this sense, the 2015 unrest of Deception
Island can be described as a failed eruption [223], since the magmatic intru-
sion producing anomalous seismicity, deformation, and degassing, stalled at

6-10 km and was not able to reach the surface.
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5.7. Conclusions

In this paper we analyzed the seismic activity of Deception Island volcano
and surrounding areas using data from a permanent seismic station operating
during 2008-2015. This period precedes the 2015 seismic unrest, and therefore
we were able to address the long-term evolution of the seismicity and the

likely precursors observed in the data.

Overall, the most important observation is that VT earthquakes and LP
seismicity started to increase years before the 2014-2015 seismic crisis at
Deception Island. We can distinguish three periods with more or less homo-
geneous behavior: Phase 1 (2008-2010), Phase 2 (2011-2014), and Phase 3
(2014-2015). Phase 1 is characterized by a low level of seismic activity. In
Phase 2 we observe a gradual increase of the seismic activity, that can be
considered a precursor of the 2015 unrest. There are three different stages
defined by successive increments in the rates of seismicity. Finally, in Phase
3 this increase accelerates until we reach a failed eruption that was accom-

panied by enhanced LP seismicity and proximal and distal VT swarms.

We propose a model in which the volcano starts at a dormant state during
Phase 1. In Phase 2 there is a deep magmatic intrusion that increases the
amount of gas permeating the volcanic edifice. This gas is responsible for the
increase in the VT and LP rates. In Phases 2b and 2c¢ the magma starts to
intrude to shallower levels yielding enhanced degassing, thermal anomalies,
higher seismicity rates, and an observable inflation of the volcanic edifice.
Finally, in Phase 3 (2014-2015) the magma intrusion increases its volume
and produces a generalized alteration of the stress field at Deception Island,
giving rise to the earthquake swarms. However, the upward progression of

magma stalled, and no eruption was finally observed.

With these results, we need to modify the dormant vs restless paradigm
describing the activity of Deception Island volcano [65]. The 1992 and 1999
unrest episodes had been short-lived processes lasting a few months, with
sharp onsets and localized effects on the volcanic edifice, mostly within the
caldera. On the contrary, the 2015 unrest was preceded by a gradual increase
of seismicity (and other indications of renewed activity) lasting several years,

and had continuing effects also in the following years [11, 91]. This long-term
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volcanic process does not properly fit within the dormant /restless dichotomy.
Deception was definitely dormant during Phase 1 and restless during Phase
3. During Phase 2 it had already departed from the dormant state, without
truly becoming restless yet. The volcano was in a state that we could defi-
ne as awakening. This intermediate awakening phase was characterized by
increasing precursory activity (seismicity, deformation), and it is crucial to

understand the behavior of the volcanic system.

Additionally, we have detected and characterized signal types that are
not usually reported, such as SP, LPH, and HTR events. These signals may
not be wholly significant for the volcano dynamics, since they probably have
an external origin related to the cryosphere (e.g. glaciers, permafrost). Ne-
vertheless, and although a detailed study is beyond the scope of the present
paper, they have an impact in other disciplines such as glacial studies or at-
mospheric sciences. Given that they are strongly affected by external factors
such as the seasonal cycle and other atmospheric variations, their long-term

evolution might be indicators of climatic trends.

At Deception Island, monitoring surveys during austral summers have
been carried out since 1986 up to the present. However, they are essentially
discontinuous. This is the first time that a long (7.5 years) time series of
continuous seismic data is available. Moreover, the data are obtained with
the same type of instrument; at the same location; and the analysis has been
performed by the same operator applying the same criteria and techniques.
Thus, we have produced a homogeneous seismic catalog that we use to cha-
racterize the evolution of the seismic activity during the years preceding the
2015 seismic unrest. In addition, this catalog constitutes an excellent tool
to train and test the methods for automatic recognition and classification of

seismo-volcanic signals.

The maintenance of permanent seismic stations in a remote Antarctic
island, subject to harsh weather and prolonged night periods, is a technical
challenge for seismologists. In any case, our results demonstrate that it is a
worthwhile effort, since the continuous data, even with a single station, allow
for a quantitative leap in our ability to characterize and understand the
volcanic behavior. Therefore, we emphasize the need for a permanent seismic

network at Deception Island volcano. Ideally it should be a multi-parameter
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instrumental network, monitoring at least seismology, deformation, and gas,
with real-time transmission and analysis. The continuous data provided by
such a network would definitely boost our knowledge of the volcano dynamics

and expand our ability to assess volcanic hazards.
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Capitulo 6
Conclusiones y trabajo futuro

En resumen, las principales contribuciones de mi trabajo al estudio y la

comprension del comportamiento de la isla Decepciéon son:

(1) Se ha mejorado los estudios de ruido observando la estabilidad de los
picos y se ha obtenido un modelo del subsuelo de la costa y Bahia interior de
la Isla mas completo. Lo que aporta mas informacién sobre las propiedades
del medio cuyo conocimiento es importante para mejorar la interpretacion
de la actividad sismica del volcan como por ejemplo la actividad de largo
periodo que es mas superficial y esta relacionada con el sistema hidrotermal
de la isla [6].

(2) Identificacién de una nueva senal sismica llamada DLDS utilizando
un enfoque basado en la evaluacion de la energia sismica promedia contenida
en bandas de frecuencia seleccionadas. Se necesita una cantidad suficiente de
datos sismicos durante todo el ano para el anélisis de las DLDS debido a su

larga duracién y a su modulacién estacional.

(3) Se distingue un enjambre precursor de terremotos VT distales al SE
de la isla Livingston que comienza en septiembre 2014. Los enjambres de VT
distales parecen ser una caracteristica comun que precede a las erupciones
volcanicas y a las intrusiones de magma en volcanes. Se determina el inicio,
las caracteristicas y la duracion de la crisis sismica de Livingston a través del
andlisis de los registros continuos de las estaciones permanentes, ya que sin
la presencia de estos datos continuos no hubiera sido posible la deteccion de

este enjambre.
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(4) Reconocimiento de una modulacién anual para algunas de las senales
sismicas de Decepcién. Esta modulacion anual estd relacionada con el ci-
clo estacional y otras variaciones atmosféricas, influenciada por factores ex-
ternos, que pueden inducir variaciones de presién en los fluidos volcani-
cos/hidrotermales, o ser un indicador de tendencias climéticas.

(5) Identificacién de un aumento y aceleracién de la actividad sismica
desde 2011 hasta la crisis sismica registrada en Decepcion en 2015.

(6) Se presenta un modelo volcanico para el comportamiento del volcén
Decepcién durante los 7.5 anos de registro continuo de DCP. El volcan inicia
este periodo en un estado durmiente (fase 1), con un bajo nivel de actividad
sismica. En la fase 2 comienza a despertarse con un aumento gradual de la
actividad sismica debido a una intrusiéon magmatica profunda que aumenta la
cantidad de gas que penetra en el edificio volcanico. Finalmente, en la fase 3 el
volcan esta definitivamente inquieto, con una aceleracién de la sismicidad que
culmina en una erupcién fallida, acompanada por un aumento de sismicidad
de largo periodo y enjambres de VT proximales y distales.

(7) Se enfatiza la importancia de la elaboracién de un catélogo sismico
homogéneo. Este constituye una herramienta muy util para la caracterizacion
de la evolucién de la sismicidad de Decepcion, ya que puedes comparar la
actividad de unos anos con otros. Ademds de entrenar y probar los métodos
de reconocimiento y clasificacién automaética de senales sismo-volcanicas. A
partir de datos obtenidos con el mismo tipo de instrumento; en el mismo
lugar; y analizado por la misma operadora aplicando los mismos criterios y
técnicas.

(8) El registro continuo de datos sismicos en Decepcién, incluso en una
sola estacion (DCP), permite un salto cuantitativo y cualitativo en nuestra
capacidad para caracterizar y comprender el comportamiento volcanico. Por
lo tanto, se enfatiza la necesidad de una red sismica permanente en el volcan

Isla Decepcion para la evaluacion de riesgos volcanicos.

6.1. Trabajo futuro

En la Isla Decepcion, se han realizado diversos estudios multidisciplina-

res para estudiar las caracteristicas geoldgicas, quimicas y fisicas del volcan.
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Estos estudios o experimentos realizados han sido de corta duraciéon o dis-
continuos como la vigilancia volcanica realizada durante los veranos australes
desde 1986 hasta la actualidad. Hemos insistido durante la exposicién de este
trabajo de la importancia del uso de instrumentos permanentes en Decep-
cién. Asi, mejorar la vigilancia y el estudio de la dinamica del volcan y poder
mitigar los peligros en el area.

Se considera que para ampliar el conocimiento del volcan isla Decep-
cion deberiamos conocer todas las variables que interactian con el siste-
ma volcanico que generan distintas senales sismicas. Estas variables son por
ejemplo los glaciares, acuiferos, sistema atmosférico, mareas deshielo, perma-
frost etc. Para ello se proponen diversos estudios e instalaciones que facilitan
la diferenciacion, la identificacién, clasificacion y localizacion de las senales
sismo-volcénicas en el volcan.

La instrumentacion y tecnologia recomendada es:

(1) Instalacién y mantenimiento de estaciones sismicas permanentes en
el area del Bransfield o como minimo mantener las estaciones permanentes
de Isla Livingston y Caleta Cierva ya que estas estaciones nos han permitido
diferenciar senales sismicas propias de Decepcion como las DLDS e identificar
precursores de la erupcién fallida ocurrida en el volcan en 2015 como los
enjambres VT distales ocurridos al SE de Isla Livingston cinco meses antes.

(2) Desplegar una red sismica densa y permanente en la isla Decepcién
constituida por estaciones sismicas que abarquen el perimetro interior de la
isla, junto a tres arrays sismicos permanentes instalados en el area de Bahia
Fumarolas, Crateres del 70 y glacial negro. Estas estaciones son necesarias
ya que las senales sismicas de Decepcién se caracterizan por ser muy locales
y registrarse en una o dos estaciones.

(3) A estas estaciones simicas se recomienda instalarle sensores de viento
y camaras. Estos sensores se usarian para descartar senales producidas por
rachas de viento, animales e incluso identificar senales inusuales como por
ejemplo las generadas por el movimiento de la Banquisa. (4) Desplegar una
red de OBS a largo plazo en la Bahia del volcan Isla Decepcién incluidos
los periodos de invierno austral. Debido a los avances tecnoldgicos actuales
es posible el mantenimiento y el registro continuo de datos procedentes de

estaciones de fondo marino. Esto ampliaria la red sismica de la isla
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6.1. Trabajo futuro

Los estudios recomendados son:

Realizar un estudio sismoldgico de las estaciones permanentes desplega-
das en el Bransfield junto a las de Decepcion. Asi, se puede establecer las
diferencias de sismicidad, tipo de senales y fuentes que originan dicha sismici-
dad en cada estacion. De modo que se pueda determinar las senales generadas
solo por la actividad volcanica. Una de las posibles dificultades que podemos
encontrar en este estudio es la distincion entre senales glaciares y volcanicas.
Estas senales presentan caracteristicas muy similares, como por ejemplo las
senales de largo periodo (LP, TR) que se registran tanto en glaciares como
en volcanes y la tnica forma de diferenciarlas es poder localizarlas.

Analizar los datos del ruido ambiental registrados en la red sismica per-
manente para desarrollar modelos de velocidad superficiales mas completos
mediante la inversién conjunta de las curvas experimentales de HV y de
dispersién. Asi como realizar estudios de inversién conjunta de telesismos y
curvas HVs para obtener un modelo de velocidad méas profundo. De modo
que se pueda establecer la profundidad de las fallas, determinar el espesor
del permafrost, establecer la configuracién del sistema magmatico, etc. Un
obstaculo que se puede encontrar es no alcanzar la profundidad de la camara
magmatica en los modelos de velocidad, como ha ocurrido en el Capitulo 2
de este trabajo. Se recomienda calcular una curva de dispersion experimental
propia de la bahia o realizar correlaciones entre las estaciones de los arrays
para llegar a frecuencias mas bajas en la curva de dispersién calculada.

Realizar campanas de simicas activas para desarrollar nuevos estudios de
reflexion, refraccion y una nueva tomografia y compararla con la realizadas
anteriormente. Esto nos permitiria por ejemplo determinar la profundidad
en la que se detuvo la erupcion fallida registrada en Decepcion en 2015.

Realizar estudios hidrogeolégicos para caracterizar los acuiferos de la isla.
Asi como realizar estudios glaciologicos y mejorar el conocimiento de todos los
glaciares de la isla y su comportamiento. Con ello, se mejora el conocimiento
de la isla, las interacciones que se producen entre las distintas variables del

volcan y las senales que generan.
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Capitulo 7
Conclusions and outlook

In summary, the main contributions of my work to the study and unders-

tanding of the behavior of Deception Island are:

(1) Determination of 1D models of the shallow structure along the coast
and inner bay of Deception Island. Long series of ambient noise recordings
from different land stations deployed on the inner coast and from marine
stations deployed on the seafloor of Port Foster have been used, thereby

improving noise studies observing the stability of the peaks.

(2) Identification of a new seismic signal called DLDS using an approach
based on the evaluation of the average seismic energy contained in selec-
ted frequency bands. Continuous records from permanent stations are used
for DLDS detection. Due to its long duration and seasonal modulation, the
analysis of DLDS require a sufficient amount of seismic data throughout the

year.

(3) A precursory swarm of distal VT earthquakes has been identified.
The swarm occurred SE of Livingston Island, and started five months before
the 2015 seismic crisis at Deception Island. The onset, characteristics and
duration of this crisis are determined by the analysis of continuous records
from permanent stations. Without these continuous data it would not have

been possible to detect this crisis and its significance.

(4) Recognition of an annual modulation for part of the seismicity at
Deception Island. This annual modulation is related to the seasonal cycle

and other atmospheric variations, influenced by external factors, which can

189



7.1. Outlook

induce pressure variations in volcanic/hydrothermal fluids, or be an indicator
of climatic trends.

(5) Identification of a generalized increase of the seismic activity, starting
in 2011 and accelerating during 2011-2014, reaching a climax during the
seismic crisis recorded at Deception Island in 2015.

(6) The importance of the elaboration of a long homogeneous seismic
catalog is emphasized. It constitutes a very powerful tool to characterize
the evolution of the seismicity at Deception Island volcano. The results are
homogeneous in the sense that data were obtained with the same type of
instrument; in the same place; and analyzed by the same operator applying
the same criteria and techniques. In addition, the catalog can be used to
train and test the capabilities of automatic methods for the recognition and
classification of seismic-volcanic signals.

(7) A volcanological model is proposed for the behaviour of Deception
Island during the 7.5 years preceding the 2015 crisis. The volcano is in a
dormant state up to 2010 (Phase 1), with a low level of seismic activity. In
2011 the activity shifts to an awakening state (Phase 2) characterized by
a gradual increase in seismic activity as a consequence of a deep magmatic
intrusion that increases the amount of gas permeating the volcanic edifice.
Finally, in 2014-2015 the volcano becomes restless (Phase 3) and the activity
accelerates, suggesting the occurrence of a failed eruption.

(8) The continuous recording of seismic data at Deception Island, even
just one station (DCP), allows a quantitative leap in our ability to characte-
rize and understand the volcanic behaviour of Deception Island. It therefore
underlines the need for a permanent seismic network on the Deception Island

volcano for the assessment of volcanic hazard is emphasized.

7.1. Outlook

At Deception Island, several multidisciplinary studies have been carried
out to study the geological, chemical and physical characteristics of the vol-
cano. These studies or experiments have been usually of short duration or
discontinuous, such as the volcanic surveillance carried out during the aus-

tral summers from 1986 to the present. This work underlines the importance
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7.1. Outlook

of the use of permanent instruments in Deception Island to improve our
knowledge of the dynamics of the volcano, and to help mitigate the volcanic
hazards in the area.

In order to expand the knowledge of the Deception Island volcano we
should know all the variables that interact with the volcanic system respon-
sible for the generation of different seismic signals. These variables are related
for example to glaciers, aquifers, atmospheric system, tides, permafrost dy-
namics, etc. For this purpose, several studies and tools are proposed that
facilitate the differentiation, identification, classification and localization of
seismo-volcanic signals in the volcano.

The recommended instrumentation and technology are:

(1) Installation and maintenance of permanent seismic stations in the
Bransfield area, at least the stations in Livingston Island and Cierva Co-
ve, since these stations have allowed us to discriminate seismic signals from
Deception Island, such as the DLDS, and identify precursors of climactic
volcanic activity. This happened in the volcano in 2015, i.e. the distal VT
swarms that occurred SE of Livingston Island five months earlier.

(2) To deploy a dense, permanent seismic network on Deception Island
made up of at least 8-10 seismic stations that cover the inner perimeter of the
island, together with three permanent seismic arrays installed in the area of
Fumarole Bay, Craters of 70s and Black Glacier. These stations are necessary
because the seismic signals of Deception Island volcano are very local and
registered at one or two stations.

(3) Together with these seismic stations, it is recommended to install wind
sensors and video cameras. These sensors would be used to discard signals
produced by gusts of wind, animals and even identify unusual signals such
as those generated by the movement of the ice floe.

(4) Deploy a long-term OBS network at inner bay of Deception Island,
including austral winter periods. With the current technological advances,
the maintenance and continuous recordings of data from seafloor stations is
feasible. This would expand the seismic network on the island.

The recommended studies are:

A seismological study of the permanent stations deployed in the Bransfield

Strait together with those at Deception Island. With this information it is
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7.1. Outlook

possible to establish the differences in seismicity, type of signals, and sources
that originate the seismicity in each station. This may help discriminate the
signals generated by volcanic activity at Deception Island. One of the possible
difficulties that we can find in this kind of study is the distinction between
glacial and volcanic signals. They share some characteristics, such as the long-
period character of signals recorded in both glaciers and volcanoes. A good
estimate of source location might help in the classification and interpretation
of these signals.

Analyze the ambient seismic noise recorded in the permanent seismic
network to develop more complete velocity models by joint inversion of the
experimental HV and dispersion curves. As well as conducting joint inversion
studies of teleseisms and HV curves to obtain a deeper velocity model. These
models can aid in the interpretation of the shallow structure, including the
depth of the faults, the thickness of the permafrost layer, the configuration
of the magmatic system, etc. Reaching the depth of the magmatic chamber
in the velocity models is a challenge, as evidenced in Chapter 2. It is re-
commended to calculate an experimental dispersion curve typical of the bay,
or to make correlations between the stations of the arrays to reach lower
frequencies in the calculated dispersion curve.

Active seismic experiments to develop new studies of reflection, refraction
and tomography and compare the results with previous models. For example,
this would allow us to determine the depth at which the 2015 failed eruption
stalled.

Carry out hydro-geological studies to characterize the aquifers in the is-
land. Similarly, we recommend conducting detailed studies to improve our
knowledge of the glaciers and their behavior regarding the interactions bet-

ween the cryosphere and the volcano.
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Apéndice A
Resultados H/V

A.1. Inversion conjunta

A continuacién mostramos en detalle los resultados de inversiones con-
juntas a partir de curvas empiricas de H/V y dispersién (lineas negras) para
todas las estaciones. Las curvas tedricas se colorean como sus correspondien-
tes modelos de velocidad y densidad. El mejor modelo conseguido se resalta
en rojo.
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A.1. Inversiéon conjunta
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A.1. Inversiéon conjunta
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A.1. Inversiéon conjunta

H/V ratio

400

Phise velocity

Depth 'm)

Dispersion curve [ F2) 1000

1200

1400

Figura A.3: Resultados de
para la estacién FUM.

inversiones conjuntas a partir de

400

1000

1200

1400

1600

0 2000 4000 0

Velocity Vo [2

curvas empiricas de H/V y

73.82

35.21

17.01

16.73

Misfit
=
S

T

16.15 [§

15.57 =

15.29 |

5000 10000

dispersién (lineas negras)

198
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A.1. Inversiéon conjunta

H/V ratio

| 11

[—— W curves c70]

7028.16

4649.01

2269.85

Amplitude [

0.5 1
Frequency [Hz|

W w; 2051
= =
2885
Rayleigh we
2500 F _ Dispersion curve ( J)
= 2838 [
g 2782
R 27.25
26.69
0.5 1 |
Eraguency [Ha) 0 1000 2000 3000 4000 0 2000 4000 6000 8000

Velocity Vs [T Velocity Vp [ 7]

Figura A.5: Resultados de inversiones conjuntas a partir de curvas empiricas de H/V
para la estacién C70.

y dispersién (lineas negras)

200



A.1. Inversiéon conjunta
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A.1. Inversiéon conjunta
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A.1. Inversiéon conjunta
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A.1. Inversiéon conjunta

H/V ratio

— HV curwe 5114

0.5 1
Frequency [Hz|

Depth 'm]
Depth 'm)]

Ruayleigh wiane

Dispersion curve (E)

Phise velocity

102.05

59.31

39.03

3863 [

0.5 1 0 1000 2000 3000 0 2000 4000 6000

Frequency [Hz Velocity Vo [2 Velocity Vi [2]

i .9: Resultados de inversiones conjuntas a partir de curvas empiricas de / v dispersion (lineas negras
Figura A.9: Resultados de inversiones conjuntas a partir de curvas empiricas de H/V y dispersién (lineas negras)

para la estacién S114.

204
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A.2. Modelos

A.2. Modelos

A continuacién mostramos los modelos de la estructura de velocidad ubi-
cada debajo de todas las estaciones del estudio.

Modelo | Espesor (m) V, (m/s) V, (m/s) Densidad (kg/m?)
DCP 3.5 1167 696.5 912
105.6 3759 494.9 673.6

245.2 1522 706.4 996.7

891.6 3457 1650 841.6

269.9 4673 2567 1795

791.4 3742 2376 1460

2508 4973 2918 1539

0 5595 3786 2799

BASE 6.15 1176 718.6 912.9
87.5 3757 478.3 748.3

241.8 1375 724.1 1085

911.7 3383 1638 817.2

2278 4669 2583 1811

1057 3748 2461 1489

2439 4951 2921 1496

0 5592 3439 2761

FUM 5.999 344.8 197 2085
49.02 686.8 404.2 2094

87.72 1508 870.9 2134

238.6 1756 1086 2315

162.4 2269 1345 2140

155.9 2140 1345 2140

0 3021 1787 2465

Cuadro A.1: Modelos de la estructura por capas que muestran los valores
de espesor, V,, V, y densidad obtenidos de la inversién conjunta de las
estaciones de tierra del lado Este DCP, BASE, FUM y las curvas de dispersién
E, E y F2 | respectivamente.
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A.2. Modelos

Modelo | Espesor (m) V,, (m/s) Vg (m/s) Densidad (kg/m?)
OBS 84.91 1743 300.2 1052
279.2 1493 785.5 493.7

929.3 2775 1425 978.1

175.2 2806 1546 679.8

624.3 2575 2534 2000

3971 2974 3093 926.2

0 6986 4505 1382

C70 43.68 1344 322.5 990.3
116.6 2872 517.7 990.3

308.9 1428 753.1 1177

706.1 3302 2041 1000

1344 5318 1985 1750

496 6037 2903 1706

1938 4660 3469 1463

0 4632 2700 1112

CHI 5.198 676.9 450.4 2709
9.917 950.4 356.1 3420

10.43 424.1 281.8 1950

193.6 1239 589.7 1692

585 2471 1314 1261

1690 3113 1914 1753

0 5445 2744 1248

Cuadro A.2: Modelos de la estructura por capas que muestran los valores de
espesor, V,,, V y densidad obtenidos de la inversién conjunta de las estacio-
nes de tierra del lado Noroeste OBS, C70 y CHI y las curvas de dispersion
F2, J y G, respectivamente.
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A.2. Modelos

Modelo | Espesor (m) V, (m/s) V, (m/s) Densidad (kg/m?)
S112 3.072 573.9 100.1 1623
12.71 895.3 307.9 2898

136 1169 996.2 2586

866.1 2822 1313 1284

0 5417 3674 1567

S113 4.608 748.3 108.9 1167
12.8 512.9 261.9 1493

162.9 1071 675.3 1810

958.8 2510 1296 1770

0 5953 3966 1464

S114 3.999 5973.9 100.1 1623
10.74 895.3 224.7 2898

140.6 1169 606.4 2586

762.6 2822 1358 1284

0 5417 2842 1567

5213 3.934 573.9 145.6 1623
11.85 895.3 288.8 2898

136 1169 996.2 2586

926 2822 1313 1284

0 o417 2458 1567

Cuadro A.3: Modelos de la estructura por capas que muestran los valores

Y,

de espesor, V,,

Vs v densidad obtenidos de la inversiéon conjunta de las

estaciones de marinas S112, S113, S114 y S213 y las curvas de dispersion F2,

E, E, G, respectivamente.
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A.3. Modelo 3D

A.3. Modelo 3D

A continuacion mostramos los modelos 3D de la estructura de velocidad
ubicada debajo de todas las estaciones del estudio.

Figura A.11: Situacién de las estaciones sismicas analizadas. (a) Las esta-
ciones marcadas como OB (en azul) son OBS emplazados en el fondo de la
bahia. El resto son las estaciones terrestres , todas ellas cercanas a la ori-
lla. (b) La imagen muestra de forma general los modelos de velocidad 1D
obtenidos.
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Modelo 3D
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Figura A.12: Modelos de velocidades 1D: (a) para las Vp, (b) para las Vs; y

(c) imagen conjunta.



Apéndice B
Catalogo de senales

A continuacién vamos a mostrar distintos ejemplos de senales exdticas
registradas en la estacion DCP durante el curso de tiempo que nos compete

en este trabajo.
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