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GAS HYDRATE OCCURENCE AND MORPHO-STRUCTURES ALONG 
CHILEAN MARGIN 

Iván de la Cruz Vargas Cordero 
 

ABSTRACT 
 
 During the last decades, the scientific community spent many efforts to study the 
gas hydrates in oceanic and permafrost environments. In fact, the gas hydrate 
occurrence has a global significance because of the potential energy resource 
represented by the large amount of hydrocarbon trapped in the hydrate phase. Moreover, 
it may play a role in global climate change, and it is also study because of the hazard 
that accumulations of gas hydrate may cause to drilling and seabed installations. In 
seismic data, the base of the gas hydrate presence is detected by a strong reflector, 
called BSR. Along the Chilean continental margin, in the last decades the BSR is well 
reported by several geophysical cruises. In particular, the BSR is recognized along the 
accretionary prism. An important aspect related to the gas hydrates is the estimate of gas 
concentration in the pore space by using seismic data. In fact, both compressional and 
shear wave velocities provide information about the presence of gas hydrate and free 
gas in marine sediments. A quantitative estimate of gas hydrate and free gas 
concentrations can be obtained by fitting the theoretical velocity to the experimental 
velocity. For this purpose, in this Thesis several seismic data are analyzed in order to 
detect, quantify and explain the gas hydrate presence in this region. 

Frontal and basal accretions were identified by interpreting six post-stack time 
migrated sections, which across the entire margin (continental shelf, continental slope, 
oceanic trench and oceanic crust). The trench infill southwards of Juan Fernandez Ridge 
is characterized by a succession of reflectors with high and low amplitude associated to 
turbidites. A thinner bed (0.3 s) was recognized in correspondence to the accretionary 
prism characterized by several morphological highs. These morphological highs were 
associated to different accretional stages. On the contrary, a thicker bed (0.8 s) was 
recognized in correspondence to an uplifted accretionary prism characterized by a 
smoother topography. Basal and frontal accretions can be related to the morpho-
structures recognized in this part of the Chilean margin. Negative and positive flower 
structures can help to explain the deformational variability of the Chilean margin, 
because negative flowers structures are associated to transtensional domain, where the 
continental slope morphology is characterized by normal faults, submarine erosive 
channels and slump heads. Positive flower structures, instead, are associated to 
transpresional domain and could explain the presence of older re-activated thrusts, 
slightly deformed slope basins. Moreover a strike-slip component affecting the oceanic 
crust, can also involve the continental margin, in fact on the continental slope, positive 
and negative flower structures can be associated to strike-slip faults parallel to the coast 
or to Riedel shear. 
 The BSR is an important indicator of gas hydrate and free gas presence and we 
performed a processing to enhance its presence. In all analysed sections, the BSR was 
recognized in correspondence to an ancient accretionary prism with different seismic 
characteristics along the margin. A strong and continuous BSR was recognized in the 
northern sector (offshore Itata) and southern sector (offshore Coyhaique), while a 
discontinuous and weak BSR was recognized in the central Chile (offshore Arauco and 
Valdivia). 
 In order to quantify the gas-phase, an advanced processing was performed. Two 
portions of sections were selected of about 20 km length. The first one is located in the 



central part (offshore Arauco) and another one is located in the southernmost part 
(offshore Coyhaique). In the Coyhaique offshore, the seismic section evidences the 
presence of a structural high that acts as structural trap for the gas and the fluid upwards 
migrating. Here, the BSR depth varies from 250 mbsf (in the middle of the accretionary 
prism) to 130 mbsf (in the structural high), reaching its maximum (330 mbsf) in the 
fore-arc basin. This depth variability is partially due to the different water depth and 
partially to the variable geothermal gradient, which varies from 35 to 95° C/km, caused 
by fluid migration that modifies the gas hydrate stability field. In the Arauco offshore, 
the BSR is strong and continuous only in a limited area, where it is possible suppose 
that the fluid is accumulated below the gas hydrate layer and, somewhere, the fluid 
reaches the seafloor. In this area, the BSR depth reaches 500 mbsf. Here, the higher 
BSR depth with respect to offshore Coyhaique can be justified by the high water depth 
and the presence of a lower geothermal gradient (about 30° C/km). 
 The results allowed us to recognize a high (2200 m/s) and low (1270 m/s) 
velocity layers associated to gas hydrate and free gas presence respectively. The highest 
gas hydrates and free gas concentrations were detected in the Coyhaique offshore (at 
44.5 °S) with an average of 12% and 1% of total volume respectively. By using the 
instantaneous amplitude, in particular using the BSR/seafloor ratio, it is possible 
conclude that the section located northernmost in offshore Itata (close to 36 °S; 
RC2901-728 section), can be considered an interesting reservoir of gas hydrates and 
free gas, because of the high estimated values of the BSR/seafloor ratio (>0.5). 

This study suggests that the gas hydrate can play an important role in this part of 
the Chilean margin for two main reasons. The first one is related to the potentiality of 
the hydrate reservoir. In fact, the local high concentrations of both hydrate and free gas, 
as suggested by previous and our studies, could be considered as a future energy 
resources. The second one is related to the important geo-hazard related to the gas 
hydrate destabilization. For example, high amount of the free gas, presumably in 
overpressure condition (Coyhaique offshore), could be naturally released and trigger 
submarine slides, inducing hydrate instability. Moreover, a possible strong earthquake 
could generate anomalous sea waves, which could affect at vicinity coast, inducing the 
gas hydrate destabilization. 



PRESENZA DI GAS IDRATO E DI MORFO-STRUTTURE LUNGO IL 
MARGINE CILENO 

Iván de la Cruz Vargas Cordero 
 

RIASSUNTO 
 

 Nel corso degli ultimi decenni, la comunità scientifica ha impiegato molti sforzi 
per studiare i gas idrati sia in ambiente oceanico sia nel permafrost. In effetti, la 
presenza di gas idrato ha rilevante importanza dal punto di vista globale, soprattutto a 
causa della potenziale risorsa energetica che rappresenta; infatti, una grande quantità di 
idrocarburi può essere presente in fase idrata. Inoltre, l’idrato può svolgere un ruolo 
chiave sia nel cambiamento climatico globale sia nell’ambiente circostante, come per 
esempio in seguito a eventuali perforazioni che possono rendere instabili  gli accumuli 
di gas idrato e, quindi, danneggiare gli impianti eventualmente presenti sul fondale 
marino. Nei dati sismici la base del gas idrato è rilevata da un forte riflettore chiamato 
BSR. Negli ultimi decenni, il BSR è stato rilevato lungo gran parte del margine 
continentale Cileno; in particolare, è stato riconosciuto nel prisma di accrezione. 
Quando si studiano i gas idrati è fondamentale stimare la concentrazione delle fasi di 
gas nello spazio poroso dalle velocità sismiche. Infatti, sia la velocità compressionale 
che di taglio forniscono informazioni sulla presenza di gas idrato e gas libero nei 
sedimenti marini. Una stima quantitativa della concentrazione di gas idrato e di gas 
libero può essere ottenuta dal confronto tra la velocità teorica e quella sperimentale. Per 
questo motivo, durante il lavoro di questa Tesi di Dottorato, sono stati analizzati diversi 
dati sismici al fine di individuare, quantificare e giustificare la presenza di gas idrato in 
questa regione.  
 Attraverso l'interpretazione delle sezioni post-stack migrate in tempo, a partire 
dalla piattaforma continentale e della scarpata continentale fino alla fossa e alla crosta 
oceanica, sono stati identificati i processi di accrezione frontale e alla base attivi lungo il 
margine Cileno. A sud del ridge di Juan Fernandez è stata identificata una successione 
di riflettori ad alta e bassa ampiezza, associata a depositi turbiditici. Un strato meno 
spesso, di circa 0.3 s, è stato osservato in corrispondenza di un prisma di accrezione 
caratterizzato da alti morfologici. Queste morfologie sono state associate a diverse fasi 
di accrezione. Al contrario, uno strato più spesso, di circa 0.8 s, si trova in 
corrispondenza di un sollevamento del prisma e di una scarpata continentale con una 
topografia più dolce. I processi di accrezione frontale e di accrezione alla base possono 
essere riferiti alle morfo-strutture trovate in questa regione. Nella scarpata continentale, 
sono state riconosciute strutture a fiore sia positive che negative, che possono fornire 
una spiegazione della variabilità dello stile deformativo lungo il margine. In effetti, le 
strutture a fiore negative sono associate ad un dominio transtensivo, dove la morfologia 
della scarpata continentale è caratterizzata da faglie dirette, canyon e frane sottomarini. 
D’altra parte, le strutture a fiore positive sono associate a un dominio transprensivo che 
può spiegare la presenza di thrusts re-attivati, come osservabile dalle leggere 
deformazioni nei piccoli bacini di scarpata. Inoltre, nella crosta oceanica sono state 
riconosciute faglie associate alla flessurazione della placca di Nazca, che possono essere 
ampiamente correlate a strutture di Reidel, inquadrate in una zona di trascorrenza 
dovuta alla non co-assialità delle due placche. 
  Il BSR è un importante indicatore della presenza di gas idrato e gas libero; per 
questo motivo, abbiamo effettuato un’accurata analisi dei dati sismici per evidenziare la 
sua presenza. In tutte le sezioni analizzate, il BSR è stato riconosciuto in corrispondenza 
di un antico prisma di accrezione. Un BSR forte e continuo è stato riconosciuto nel 



settore settentrionale (al largo di Itata) e nel settore meridionale (al largo di Coyhaique), 
mentre un BSR debole e discontinuo è stato riconosciuto nella zona centrale (al largo di 
Arauco e Valdivia).  Per quantificare le fasi di gas è stato eseguito un processing 
avanzato in due parti di sezioni sismiche della lunghezza di circa 20 km ciascuna. Il 
primo pezzo è localizzato nella parte centrale (al largo di Arauco), mentre il secondo 
nella parte meridionale (al largo di Coyhaique). Al largo di Coyhaique, la sezione 
sismica evidenzia la presenza di un alto strutturale, che funge da trappola per il fluido (e 
in particolare per il gas), che migra verso l'alto. In questa zona, la profondità del BSR 
varia da 250 mbsf (al centro del prisma di accrezione) fino a 130 mbsf (in prossimità 
dell’alto strutturale), raggiungendo la sua massima profondità (330 mbsf) nel bacino di 
avanarco. Questa grande variabilità della profondità del BSR è dovuta a due  fattori 
principali: la variabilità della colonna d’acqua e la variabilità del gradiente geotermico 
(da 35 a 95 °C/km), causata dalla variabilità della migrazione del fluido lungo il prisma 
di accrezione. Al largo di Arauco, il BSR si presenta forte e continuo soltanto in un area 
delimitata, dove è possibile supporre che i fluidi si accumulino al di sotto della base del 
gas idrato, mentre, in altre aree dove il BSR è discontinuo e debole, è presumibile che i 
fluidi raggiungano la superficie marina. In queste ultime aree, la profondità del BSR è 
pari a circa 500 mbsf. Un BSR così profondo può essere giustificato dalla elevata 
profondità della colonna d’acqua e dalla presenza di un ridotto gradiente geotermico 
(circa 30 °C/km).  
 Le analisi dei dati sismici hanno permesso di riconoscere un strato ad alta 
velocità (circa 2200 m/s), associato alla presenza di gas idrato e uno strato a bassa 
velocità (circa 1270 m/s),  associato alla presenza di gas libero. Le più alte 
concentrazione di gas idrato e di gas libero sono state rilevate al largo di Coyhaique 
(44.5 °S), le cui medie sono pari rispettivamente a 12% e 1% del volume totale. Dagli 
elevati valori del rapporto tra l’ampiezza istantanea del BSR e del fondo mare (> 0.5), è 
possibile estrapolare che la sezione situata a nord (vicino a 36 °S, al largo di  Itata) si 
trova in corrispondenza di un interessante serbatoio di gas idrato e gas libero. 
 I risultati di questa Tesi di Dottorato suggeriscono che il gas idrato svolge un 
ruolo importante in questa parte del margine Cileno per due principali motivi. Il primo è 
legato alla potenzialità del serbatoio di idrato. Infatti, le alte concentrazioni di idrato e di 
gas libero, rilevate al largo di Coyhaique, suggeriscono che il gas presente può essere 
considerato come una importante risorsa energetica, come documentato anche da 
precedenti studi. Il secondo motivo è legato agli importanti rischi geo-ambientali 
associati  alla  destabilizzazione del gas idrato. Per esempio, l'elevata quantità di gas 
libero, presumibilmente in condizioni di sovra-pressione, potrebbe essere liberato 
naturalmente, scatenando frane sottomarine, che, a loro volta, potrebbero indurre 
instabilità dell’idrato. Infine, è importante ricordare la possibilità che in questa area si 
verifichino forti terremoti, che potrebbero generare onde anomale, devastando le vicine 
coste abitate e inducendo, a loro volta, la destabilizzazione di gas idrato. 



PRESENCIA DE GAS HIDRATO Y CARACTERÍSTICAS 
MORFOESTRUCTURALES EN EL MARGEN CHILENO  

Iván de la Cruz Vargas Cordero 
 

RESUMEN 
 

 Durante las últimas décadas, la comunidad científica ha dedicado muchos 
esfuerzos al estudio del gas hidrato, tanto en ambiente marino como en ambiente polar. 
La presencia del gas hidrato reviste gran importancia desde el punto de vista energético, 
ya que una gran cantidad de hidrocarburos (principalmente metano) puede ser atrapada 
en la fase hidrato. Además éste puede tener repercusiones en el cambio climático global 
y en estudios de riesgo ambiental. Esto se debe a que la acumulación de gas hidrato, 
puede causar inestabilidad sobre las perforaciones e instalaciones del fondo marino. En 
los datos sísmicos, la base del gas hidrato se detecta a través de un fuerte reflector, 
llamado BSR. En el margen continental chileno, el BSR ha sido ampliamente 
reconocido por varios cruceros geofísicos. En particular, la BSR es reconocido en casi 
todo el prisma de acreción. Un aspecto importante desarrollado en esta tesis es la estima 
de la concentración de gas en el espacio poroso a través del análisis sísmico. Con la 
información de la velocidad sísmica de las ondas compresionales y de cizalla, es posible 
identificar la presencia de gas hidrato y gas libre en los sedimentos marinos. Una 
estimación cuantitativa de la fase gas, se puede obtener mediante la comparación entre 
la velocidad sísmica teórica y la velocidad sísmica experimental. En esta tesis son 
analizados diversos datos sísmicos de media a baja resolución con el fin de detectar, 
cuantificar y explicar la presencia de gas hidrato en esta región.  
 Procesos de acreción frontal y basal fueron identificados a través de la 
interpretación de seis secciones post-stack migradas en tiempo, que atraviesan todo el 
margen continental chileno (plataforma y talud continental hasta la fosa y corteza 
oceánica). Al sur de la Ridge de Juan Fernández fue reconocida una sucesión de 
reflectores de alta y baja amplitud, la cual puede ser asociada a depósitos turbidíticos. 
Una delgada capa (0,3 s) fue reconocida bajo el prisma de acreción, donde altos 
morfológicos y topografía irregular, fueron asociados a diferentes etapas de acreción. 
Por el contrario, una capa con un espesor mayor (0,8 s) fue reconocida en 
correspondencia con un prisma de acreción alzado y con topografia suave. Estos 
procesos de acreción frontal y basal, están estrechamente relacionados con las 
características morfoestructurales que presenta el margen continental en esta región y 
por lo tanto, contribuyen a su modelación morfológica. Mediante el reconocimiento de 
estructuras de flor positivas y negativas, es posible explicar en parte la variabilidad en el 
estilo deformativo que presente el margen en esta región, ya que estructuras de flor 
negativas pueden ser asociadas a un dominio transtensional, donde la morfología del 
talud continental es caracterizada de fallas normales, canales de erosión y cabeceras de 
slumps. Por otra parte, estructuras de flor positivas pueden ser asociadas a un dominio 
transpresional que podría explicar la presencia de cabalgamientos reactivados y de 
cuencas de talud deformadas. A través de este estudio, fue reconocida una componente 
transcurrente que afecta a la corteza oceánica y también el estilo deformativo del 
margen continental. De hecho, en el talud continental, estructuras de flor positivas y 
negativas puede ser asociadas a fallas de Riedel o a fallas transcurrentes paralelas a la 
costa.  
 El BSR es un importante indicador de la presencia de gas hidrato y gas libre, por 
eso se efectuó un procesamiento avanzado, para observar en mejor modo las 
características de este reflector. 



 En todos los sectores analizados, el BSR fue reconocido en correspondencia con 
un antiguo prisma de acreción, cuyas características sísmicas varían a lo largo de todo el 
margen . Un fuerte y continuo BSR fue reconocido en el sector norte (offshore Itata) y 
en el sector sur (Offshore Coyhaique), mientras que un débil y discontinuo BSR se 
reconoció en la zona central de Chile (Offshore Valdivia, Offshore Arauco). Con el fin 
de cuantificar la fase gas, se llevó a cabo un procesamiento avanzado para dos sectores 
del margen de alrededor de 20 km de longitud. El primero de ellos está situado en la 
parte central (offshore Arauco) y el otro se encuentra en la parte más meridional 
(offshore Coyhaique). Offshore Coyhaique, la sección sísmica evidencia la presencia de 
un alto estructural que actúa como trampa para el gas y los fluídos que migran hacia 
arriba. En este sector, la profundidad del BSR varía de 250 mbsf (en el centro del 
prisma de acreción) a 130 mbsf (en el alto estructural), alcanzando su máxima 
profundidad (330 mbsf) en la cuenca de antearco. Esta variabilidad en la profundidad 
del BSR se debe en parte a la diferencia de la profundidad en la columna de agua y a un 
gradiente geotérmico que varía de 35 a 95° C/km. Esta fuerte variabilidad en el 
gradiente geotérmico permite concluir que una importante migración de fluidos es 
presente en el sector y que por lo tanto, contribuye en gran parte a modificar la zona de 
estabilidad del gas hidrato. Offshore Arauco, el BSR es fuerte y continuo sólo en 
algunos sectores, donde es posible suponer que los fluidos se acumulan por debajo de la 
capa de gas hidrato, mientras que en zonas donde el BSR es débil y discontinuo, es 
posible suponer que los fluidos alcanzan el fondo marino. En este sector, la profundidad 
del BSR es aproximadamente de 500 mbsf. Este aumento en la profundidad del BSR 
con respecto offshore Coyhaique, puede ser justificado por una mayor profundidad de la 
columna de agua y por la presencia de un menor gradiente geotérmico (30°C/km). 
 Los resultados han permitido reconocer una capa de alta (2200 m/s) y baja (1270 
m/s) velocidad sísmica, asociada a la presencia de gas hidrato y gas libre, 
respectivamente. Las más altas concentraciones de gas hidrato y gas libre fueron 
detectadas en offsshore Coyhaique (44,5°S), con un promedio de 12% y 1% de volumen 
total de roca, respectivamente. Mediante el uso de la amplitud instantánea, en particular 
a través de la razon BSR/seafloor, es posible concluir que la sección situada más al norte 
(36°S offshore Itata; RC2901-728), puede considerarse un interesante yacimiento de gas 
hidrato y gas libre, debido a los elevados valores estimados para la razon BSR/seafloor 
(> 0,5).  
 Este estudio sugiere que el gas hidrato puede desempeñar un papel importante en 
esta parte del margen chileno por dos razones principales. La primera está relacionada 
con la potencialidad de la reserva de hidratos. De hecho, una alta concentración de gas 
hidrato y gas libre fue detectada en Offshore Coyhaique, la cual es corroborada también 
por otros estudios. De esta manera, un potencial recurso energético del futuro podría ser 
considerado en esta parte del margen. La segunda, está relacionada con la importancia 
desde el punto de vista geo-ambiental y con la desestabilización de gas hidrato. Por 
ejemplo, la gran cantidad de gas libre, probablemente en condición de sobrepresión 
(offshore Coyhaique), podría ser liberado naturalmente y desencadenar deslizamientos 
submarinos que inducirían a la inestabilidad del gas hidrato. Además, un posible 
terremoto podría generar tsunamis, que pueden afectar a la costa vecina y provocar 
desestabilización del gas hidrato. 
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I. INTRODUCTION  
 

During the last decades, the scientific community spent many efforts to study the 
gas hydrates in oceanic and permafrost environments. In fact, the gas hydrate 
occurrence has a global significance because of the potential energy resource 
represented by the large amount of hydrocarbon trapped in the hydrate phase (Milkov, 
2004). Moreover, it may play a role in global climate change (Kennett et al., 2003), and 
it is also study because of the hazard that accumulations of gas hydrate may cause to 
drilling and seabed installations (Hovland and Gudmestad, 2001). 

 
 The detection of a bottom-simulating reflector (BSR), by using seismic methods, 
has allowed to define the distribution of gas hydrate (e.g. Shipley et al., 1979; Hyndman 
and Spence, 1992; Berndt et al., 2004) along several continental margins. The BSR is 
associated to the acoustic interface between overlying sediment containing gas hydrate, 
which increases compressional seismic velocity, and underlying sediment containing 
free gas, which decreases compressional seismic velocity (Hyndman and Spence, 1992; 
MacKay et al., 1994). The BSR has been identified in seismic sections in accretionary 
complexes along convergent margin and passive margin settings (Shipley et al., 1979). 
  
 In the last decades, along the Chilean continental margin the BSR is well 
reported by several geophysical cruises. In particular, the BSR is recognized along the 
accretionary prism (Vargas et al., 2008; Grevemayer et al., 2003; Morales, 2003; Diaz-
Naveas, 1999; Brown et al., 1996; Bangs et al., 1993). An important aspect related to 
the gas hydrates is the estimate of gas concentration in the pore space by using seismic 
data. In fact, both compressional and shear wave velocities provide information about 
the presence of gas hydrate and free gas in marine sediments (Tinivella and Accaino, 
2000). A quantitative estimate of gas hydrate and free gas concentrations is obtained by 
fitting the theoretical velocity to the experimental velocity (Tinivella, 1999; Tinivella, 
2002).  
 
 The main goal of this study is to map the occurrences of gas hydrates along 
Chilean margin, estimate the gas hydrate and free gas concentrations and correlate their 
presence to the geological features evidenced by seismic sections. The study of this 
Thesis includes:  

a) determination of the velocity field by using the pre-stack depth migration; 
b) geological interpretation of velocity anomalies;  
c) determination of the gas hydrate and free gas concentrations by using reference 

velocity in absence of gas hydrate and free gas;  
d) estimation of geothermal gradient by using sea bottom and BSR depths and the 

sea bottom temperature, providing important information about the fluid 
circulation of the area;  

e) interpretation of seismic sections for a morpho-structural study in order to 
describe new insights regarding to geological features. 

 
 It is important to mention that raw seismic data used in this thesis were provided 
by Lamount Doherty Earth Laboratory, USA (LDEO) and Federal Institute for 
Geosciences and Natural Resources, Germany (BGR), which are kindly acknowledged.  
 
 Chapter II introduces the regional tectonic and geological setting of the Chilean 
margin, explaining the main features offshore and onshore. 
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Chapter III describes the seismic data and the methods used to process the data. 

The seismic processing can be summarized in: a) a standard processing to produce 
stacked and post-stack migrated sections (Vargas Cordero et al., 2008) and an advanced 
processing to obtain a detailed velocity model by using the pre-stack depth migration. 
The methods used to obtain information about the gas-phase concentration, the 
geothermal gradient and seismic attributes are explained.  
  
 Chapter IV describes the main morpho-structures, which can be recognized from 
seismic interpretation of stacked and post-stack time migrated sections. 
 
 Chapter V documents the investigation regarding the gas hydrate occurrence 
from advanced processing. Two seismic sections were analyzed, one in the northern 
sector (Arauco offshore; SO161-44 section) and another one in the southern sector 
(Coyhaique offshore; RC2901-734 section). The velocity field, gas-phase quantities and 
geothermal gradient were obtained. Moreover, by using the BSR/seafloor ratio a third 
section is analysed (Itata offshore; RC2901-728 section). 
  
 In the Chapter VI the main results are discussed and in the Chapter VII the 
conclusions for this study are presented.  
 
 Appendix A (geometry arrangement), Appendix B (Liu approach), Appendix C 
(stacked and post-stack time migrated sections) and Glossary (geophysical concepts) 
complement this thesis. Finally, the Appendix D includes two submitted papers to Geo-
marine Letters (title: “Seismic evidences of gas hydrate presence offshore Arauco and 
Coyhaique (Chile)”, by Vargas Cordero I., Tinivella U., Accaino F., Loreto MF., 
Fanucci F., Reitcher C) and Marine and Petroleum Geology (title:“Gas hydrate and free 
gas occurrences offshore Coyhaique, Chilean margin”, by Vargas Cordero I., Tinivella 
U., Accaino F., Loreto MF., Fanucci F). 
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II. REGIONAL GEOLOGICAL SETTING 
 
2.1 TECTONIC SETTING ALONG ANDEAN MARGIN 
 
 Andean Margin is extended for more than 8000 km and is characterized by 
tectonic processes regarding mainly by interaction between oceanic and continental 
plate. The main tectonic processes recognized along Chilean margin are erosion 
subduction and accretion subduction. The entire margin has resulted from subduction of 
the Nazca and Antarctic plates below the South American Plate. 
  

The Andean margin is characterized mainly by areas of normal and flat-slab 
subduction (Ramos, 1999). The subduction geometry has allowed to recognize singular 
features along-strike of the entire margin, thus in areas of normal subduction and flat-
slab subduction, the tectonic processes evidences important variations. Where the 
subduction is normal, accretion and erosion processes are evidenced, while in areas of 
flat-slab plays an important role the accretion processes.  
  

Several authors have analyzed the Andean margin and proposed various 
classifications in order to identify discrete segments. The Andean margin have been 
subdivided mainly on: distribution and geochemistry of Quaternary volcanism (Stern, 
2004); long-term tectonic evolution (Jordan et al., 1983; Mpodozis and Ramos, 1989); 
distribution and style of active deformation (Dewey and Lamb, 1992); configuration of 
the pre-Andine basement (Ramos,1999); variations in elastic thickness (Tassara and 
Yáñez, 2003) and lithospheric-scale structure (Tassara, 2005). I described the main 
tectonic and geologic features along Andean margin of South America by using 
classification of Ramos (1999) between the Gulf of Guayaquil (4°S) and the Magallanes 
Strait (52°S). Northern segment, central segment, southern segment and austral segment 
are described in this chapter. The entire margin is characterized by a vector of 
convergence oblique (N78°E) that reaches an orthogonal direction in the austral 
segment. The rate of convergence decreases toward the south (9 to 6.6 cm/year). 
Southwards of the Taitao triple junction the rate of convergence reach 2 cm/year. 

 
The Northern segment is located between the Gulf of Guayaquil, Ecuador and 

Arequipa, Perú (5°S-14°S) is limited northwards by Carnegie ridge and southwards by 
Nazca ridge (Fig. 2.1). This segment is characterized by normal subduction (dips 35°). 
The morpho-structures are resulted of extensional tectonics and subduction during early 
Mesozoic times (Mégard, 1987). A compressive phase successive migration of 
magmatism and deformation towards the foreland uplifted Peruvian Andes is 
documented. In the last 5 My a flat slab subduction is developed “Peruvian flat-slab” 
with one dipping about 5° (Baranzangi an Isacks, 1976), with presence of contraction 
and reverse faults (Schwartz, 1988; Sébrier et al., 1988). Along this segment, the Blanca 
Cordillera tectonic uplift is located, forming one of the highest regions of the Andes 
(6800 m). Important intraplate shallow seismicity is detected along eastern Cordillera 
and the Subandean zone (Suarez et al., 1983; Dorbath et al., 1991). This segment is 
characterized by lack volcanism. 

 
The Central segment is located between Arequipa and northern Argentina (14°S-

27°S). This sector comprises southern Perù, Bolivia, northern Chile and Argentina. This 
segment is characterized by normal subduction (dips 30°) and an active volcanic arc. 
The foreland is characterized by the presence of the Altiplano-Puna Plateau 
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Fig 2.1: Tectonic map along Andean margin. The study area is represented by the blue 

rectangle. Modified by Melnick (2007). 
 

 
that represents an uplift thermally induced (Isacks, 1988) and the Sierras subandinas, 
which correspond to thin-skinned belt that is build for the active deformation of the 
Altiplano-Puna Plateau (Ramos et al., 2002). 

 
The southern segment is located between central and southern Chile (27-46°S) 

and is limited northwards by Juan Fernandez ridge and southwards by Chile rise (Fig. 
2.1). This sector is characterized by Pampean flat-slab segment (27°-33°30’S), which 
presents a lack of volcanism and a foreland uplift (Sierras Pampeanas) with highest 
mountains of the Andes, such as the Aconcagua massif (6989 m). South of Pampean 
flat-slab segment, the Andean margin is characterized by normal subduction (dips 30°) 
extending from 33 to 46°30’S up to the Chile triple junction.  
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 The austral segment is developed southwards of triple junction until the 
Magallanes strait (46°30’S-52°S). In this segment, the Antarctic Plate is subducted 
almost orthogonal to the trench below the South American Plate at only 2.4 cm/year 
(DeMets et al., 1990). 
 

2.2 GEOLOGICAL AND STRUCTURAL SETTING FOR STUDY AREA 
 
2.2.1 Geological setting 
 

The study area is located between 35° to 45°S along Chilean margin in the 
southern segment previously described, from offshore Maule region to offshore 
Coyhaique region. The main morphological and geological features are described in the 
following two units: a) Continental hinterland and b) Continental margin. 

 
The continental hinterland comprises the coastal platform, the Coastal 

Cordillera, the Longitudinal Valley or Central Depression and Principal Cordillera, 
which constitute the emerged lands, while the continental margin is represented by the 
continental shelf, continental slope and oceanic trench, which constitute the submerged 
lands.  
 
a) Continental hinterland 
 
 The coastal platform comprises uplifted shelf deposits consisting of late 
Cretaceous to Quaternary marine and minor continental deposits (Pineda, 1986) that 
outcrop in coastal flatlands and low altitude ranges. The main morphological feature of 
the coastal platform is the Arauco Peninsula. The Arauco Peninsula is an uplifted block 
of continental shelf that records temporally and spatially discontinuous marine and 
continental fore-arc basin formation since the late Cretaceous. Episodes of uplift and 
erosion alternate with subsidence, sedimentation and sea-level changes (Pineda, 1986; 
LeRoux and Elgueta, 1997; Melnick et al., 2006b). Since the early Quaternary, active 
fore-arc deformation was dominated by regional coastal uplift (Nelson and Manley, 
1992). This suggests that significant basal accretion of sediments is taking place under 
the margin (Glodny et al., 2006). Evidence for basal accretion is interpreted in seismic 
data at 38°15' S (Krawczyk et al., 2006) and also includes a zone of enhanced seismicity 
and relatively low P-wave seismic velocities in the Arauco area (Bohm, 2004). 
  

The coastal cordillera is narrow mountain belt located the coast and the 
Longitudinal Valley. It is 10-100 km wide and ranges in elevation from 1500 m at 
Nahuelbuta (38°S) to only few hundred meters in the Valdivia region (40-41°S). Rocks 
of the Coastal Cordillera include those from a Permo-Triassic accretionary complex and 
a Permo-Carboniferous magmatic arc (Herve, 1988). The Permo-Triassic accretionary 
complex is constituted by the metamorphic rocks of two parallel belts. These belts are 
called the Western Series and the Eastern Series, and, in the northern part of the region, 
they are intruded by the synmetamorphic granitoids of the Nahuelbuta Mountains (e.g. 
Cingolani et al., 1991; Glodny et al., 2005). The Western Series basement consists of a 
tectonic mélange of metapelites, metabasites, metacherts, metagreywakes and 
serpentinites. These rocks are penetratively deformed and are characterized by an 
intense planar transposition and schistocity. This unit has indications for a high-
pressure/low-temperature metamorphic history (Goldny et al., 2005) and is interpreted 
as the basal part of a Permo-Triassic accretionary wedge developed along the SE-
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margin of Gondwana. In the Eastern Series, rocks are metagreywakes, phyllites, 
hornfelses, and gneisses, which show indications for a low-pressure/high temperature 
metamorphic history (greenschist to granulite facies). These rocks present a lack any 
strong foliation associated with the emplacement of a Carboniferous batholith (Hervé et 
al., 1988, Willet et al., 1999). The Permo-Carboniferous magmatic arc, which forms a 
prominent batholith in the Coastal range (Nahuelbuta Mountains) north of 38°S (Fig. 
2.2), resulted from a major phase of granitoid magmatism along the entire western 
margin of Gondwana (Herve, 1988; Lucassen et al. 1999). The geochemistry and 
isotopic composition of this batholith and associated metamorphic and sedimentary 
rocks indicate major recycling of continental crust by the late Paleozoic magmatism 
(Lucassen et al., 2004) 
  

The Longitudinal Valley is an on average 70 km wide, Tertiary to Quaternary 
depocenter between the Coastal and Main Cordillera. It parallels the margin for about 
1000 km from Santiago to Puerto Montt, where it subsides below sea level. It has been 
tectonically active as a graben throughout the Tertiary (Lavenu and Cembrano, 1999; 
Jordan et al., 2001), but is uplifting at least since the Holocene (Hervé and Ota, 1993). 
Between 39.5 and 40°S, the Longitudinal Valley is discontinued by a basement high 
(Loncoche Horst). Tertiary volcano-sedimentary deposits of the Longitudinal Valley 
have thicknesses up to 3000 m and maximum ages dating into the Eocene (Muñoz et al., 
2000; Jordan et al., 2001). These deposits are overlain by Pliocene-Quaternary volcanics 
and volcanoclastics, and fluvial and fluvioglacial deposits. The Longitudinal Valley 
shows a W to NW-directed, parallel drainage which cuts deep into the seaward dipping, 
uplifting surface (Endlicher and Mäckel, 1985). The internal active deformation pattern 
of the Longitudinal Valley suggests coeval margin-parallel extension, shortening, and 
block rotation (Lavenu and Cembrano, 1999). 
  
 The Principal Cordillera, with mean altitudes decreasing from ~2700 m at 36° S 
to ~1000 m at 42° S. It includes the southern active volcanic arc that coincides with the 
axis of a long-lived magmatic arc that was constructed in the Jurassic and has occupied 
a relatively stationary position since (Mpodozis and Ramos, 1989). In general, only 
Pliocene to Recent subaerial volcanic complexes are preserved. South of 39° S, higher 
exhumation rates related to glacial erosion and transpressional tectonics have lead to 
exposure of the ~5–15 km-deep roots of the magmatic arc (Seifert et al., 2005). North of 
39° S, the Mesozoic–Cenozoic volcano-sedimentary cover is still preserved. 
Voluminous, Jurassic to Recent, subduction-related magmatism is restricted to the 
Principal Cordillera (López-Escobar, 1984; Lucassen et al., 2004; North Patagonian 
Batholith south of 40° S, see Pankhurst et al., 1999). Most intrusions between 36 and 
42° S are late Cretaceous to late Tertiary in age (Lucassen et al., 2004). West of the 
Cordillera, isolated Mesozoic magmatism at the coast and a mid-Tertiary belt (Muñoz et 
al., 2000) of scattered volcanic and intrusive rocks are also present. 
 
b) Continental margin 
 
 The continental margin is characterized by a continental shelf constituted by 
numerous basins of differing size (descriptions and profiles in Mordojovich, 1981; 
Gonzalez, 1989). Between 34-45°S basin fill comprises a basal late Cretaceous marine 
unit, Eocene-middle Miocene coastal and coal bearing lagoon facies, late Miocene-early 
Pliocene lower bathyal siltstones and late Pliocene-Pleistocene near-shore sands (Finger 
et al., 2007). Cretaceous to Miocene sequences fill discrete depocenters with thicknesses 
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of 0.8-3.1 km. These units are uncomfortably covered by the Plio-Quaternary sequence, 
which in turn is continuous over most of the shelf. In Navidad, Arauco and Chiloè 
basins, as well as in boreholes H and D1, the late Miocene-early Pliocene unit consists 
of slope apron sediments with benthic foraminifers and ostracodes that indicate down-
slope transport, deposition at lower bathyal depths, and rapid subsidence (Finger et al., 
2007; Encinas et al., 2005).  
 

The continental slope is characterized by a lower slope associated to the 
accretionary prism. This accretionary prism is built by turbidites that are incorporated 
from trench fill to the lower slope as accreted sediments (Bangs and Cande, 1997), 
while in the upper slope an important volume of sediments terrigenous from Andean arc 
volcanic rocks (Strand, 1995) are deposited onto a continental metamorphic basement 
(Mordojovich, 1981). 

 
The oceanic trench is filled by sediments of partly more than 2 km thickness 

locally appearing rather as a flat plain than as a bathymetric depression (Bangs and 
Cande, 1997). The trench infill is composed of interbedded turbiditic and hemipelagic 
strata, which show certain cyclicity in their seismic reflection pattern that is interpreted 
as the influence of global climate cycles on sedimentation (Rauch, 2005; Volker et al., 
2006). The oceanic basement represents the Nazca Plate subducting beneath of the 
South- America Plate and is constituted by pelagic sediments and oceanic basalts. 
 
2.2.2 Structural setting 
 

The study area is characterized by a prominent along-strike segmentation that is 
evident in both geological and geophysical data. Much of the along-strike segmentation 
is controlled by pre-existing structures, particularly the NW-SE (Fig. 2.2). The Bío-Bío-
Aluminé fault (BBAF) separates two major tectonic domains. The block north of the 
BBAF is characterized by Quaternary shortening and compression in the back-arc and 
significant late Miocene inversion (Folguera et al, 2003). The region south of the BBAF 
is characterized by along-strike transtension in the intra-arc since the Pliocene (Melnick 
et al., 2007), westward migration and narrowing of the volcanic arc since the early 
Pleistocene (Stern, 1989; Lara et al., 2001), and uplift and contractional deformation in 
the fore-arc (Melnick et al., 2006b).  
  

Another important structure is the Lanalhue fault zone (LFZ), which contact 
between the Western and Eastern Series, reactivated as a crustal-scale, sinistral, strike-
slip fault. Major activity of the LFZ was inferred for Permo-Triassic times (Rapela and 
Pankhurst, 1992; Glodny et al., 2005) with possible Cenozoic reactivation. Late shear 
increments at semibrittle to brittle conditions have been isotopically dated at 280–270 
Ma (Burón, 2003; Ardiles, 2003). North of the Lanalhue fault trace, the late Paleozoic 
fore-arc zonation pattern, with markers like the western edge of the late Paleozoic 
magmatic arc, is displaced by nearly 100 km toward the present-day Andean trench.  
  

To the south, the Arauco region is bound by the Mocha-Villarica fault zone 
(MVFZ), which crosses the entire active margin. The Mocha-Villarica fault zone is 
defined by Melnick et al (2003) on the basis of structural data from Mocha Island, 
bathymetry from the SPOC project (Völker et al., 2006) and regional morphology and 
structure within the Central Valley and Principal Cordillera. This boundary is clearly 
marked by the change in erosion level across the Mocha-Villarica fault zone. South of 
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the Mocha-Villarica fault zone, the deeper parts of the magmatic arc are exposed, 
whereas north of the fault zone, Mesozoic–Cenozoic volcano- sedimentary cover rocks 
are still preserved. In the fore-arc, the Mocha-Villarica fault zone controls the uplift that 
produced Mocha Island and it is evident as a 1500 m-high, NW-trending fault-scarp in 
the continental slope that sinestrally offsets the trench. In the arc, the alignment over 
some 50 km of the Villarica, Quetrupillan and Lanin volcanoes is the Quaternary 
expression of the Mocha-Villarica fault zone. 
  
 The Liquiñe-Ofqui fault zone (LOFZ) is the dominating structural element of the 
intra-arc zone of the Patagonian Andes and extends for ~1200 km from 38°S to 46.5°S. 
This fault zone is a dextral strike-slip system that accommodates about half of the 
margin-parallel component of oblique subduction (Rosenau, 2004) and deformation 
resulting from collision of the Chile Rise with the South American continent (Cembrano 
et al., 2002). South of 44°S, fission-track thermochronology (Thomson, 2002), 
structural data, and 40Ar/39Ar ages of syntectonic micas in mylonitic shear zones 
(Cembrano et al., 2002) show that the Liquiñe-Ofqui fault zone has acted since ca. 7 Ma 
as a transpressional zone related to the indention and subduction of the Chile Rise. 
Between 39.5°S and 42°S, fault kinematic data (Lavenu and Cembrano, 1999; Rosenau, 
2004) and 40Ar/39Ar ages of syntectonic micas (Cembrano et al., 2000) suggest a 
dominantly strike-slip regime and both transpressional as well as minor transtensional 
tectonics within the intra-arc zone since the Pliocene.  
  

López-Escobar et al (1995) noticed that most of the late Quaternary 
stratovolcanoes and minor eruptive centers south of 38°S are either associated with 
~NNE-trending faults of the Liquiñe-Ofqui fault zone or form N50–70°E- and N50–
60°W-oriented arc-oblique alignments. Following the model proposed by Nakamura 
(1977), they interpreted the N50–70°E alignments as indicative of the orientation of the 
axis of maximum horizontal stress, and the N50–60°W alignments as pre-existing 
crustal fractures that also served as channels for magma ascent. South of 38°S, NE 
orientations of maximum horizontal stress and strike-slip stress indicators characterize 
the tectonic regime of the intra-arc zone today (Reinecker et al., 2004). South of 
~39.5°S, the Liquiñe-Ofqui fault zone is a prominent fault-zone system expressed 
morphologically by arc-parallel and arc-oblique fiords and glacial valleys. To the north, 
in the area of this study, transtensional deformation characterizes the Liquiñe-Ofqui 
fault zone (Potent and Reuther, 2001; Melnick et al., 2002; Rosenau, 2004). The fault 
zone loses its morphological expression along the axis of active volcanoes. 
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Fig. 2.2: Geological map of the study area with the main structural units. 

 
 
 
 



11 

III. SEISMIC DATA AND PROCESSING 
 
3.1 SEISMIC DATA 
 

The data used in this study were recorded along the Chilean margin, offshore 
Arauco, Valdivia and Coyhaique by American and German researcher teams. For three 
seismic lines, prestack data are available; two of them were acquired during RV-Conrad 
American cruise (1988; RC2901-734 and RC2901-728 seismic lines), and another one 
was acquired during RV-Sonne German cruise (2001; RV161-44 seismic line). About 
other three seismic lines, only post-stack data are available (RV161-35, RV161-40 and 
RV161-29) and were provided by German researchers of the Federal Institute for 
Geosciences and Natural Resources (BGR) and the Chile University. The main seismic 
acquisition parameters are detailed in the Fig. 3.1. 

 
Fig 3.1: Seismic acquisition parameters. A) Seismic acquisition parameters of 
RVSO161 seismic profiles (location map on the right). B) Seismic acquisition 

parameters of RC2901 seismic profiles, (location map on the left). 
 

The RV161 seismic profiles have been obtained using a 3000 m long digital 
multiple streamer with 132 channels (Fig. 3.1.A). The seismic source was a tuned array 
of 20 guns providing a total volume of 54.1 l. The RC2901 seismic profiles were 
acquired using a 240-channel digital streamer with 12.5 m group spacing and offsets up 
to 3300 recorded shots from a tuned array of 10 guns with a total volume of 64.1 l (Fig. 
3.1.B). 

 
The processing was performed using Seismic Unix (SU) package. Seismic Unix 

is an open source seismic utilities package supported by the Center for Wave 
Phenomena (CWP) at the Colorado School of Mines (USA). 

 
In order to obtain an accurate image, a standard processing was performed 

followed by the post-stack time migration (Phase Shift and Stolt methods, see Glossary; 
Fig. 3.2.A). Once recognized the Bottom Simulating Reflector (BSR) an advanced 
processing by using the prestack depth migration (PreSDM) was performed (Fig. 3.2.B). 
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At the end of this step, an accurate velocity field and a prestack depth migrated section 
were obtained. In addition, a seismic attributes analysis was performed to the stacked 
section obtained after a processing that preserves the relative amplitudes. By using the 
instantaneous frequency, amplitude and phase sections, a better interpretation of the 
seismic signal is possible. 

 
Fig. 3.2: Chart of seismic processing. A) Standard processing and B) advanced 

processing 
 
3.2 STANDARD PROCESSING  
 

Seismic data were converted from SEGY to SU format. SU format consists of 
the SEGY traces only. The ebcdic (taper information) and binary reel (cruise 
information) headers are not preserved in the SU format. Once converted in SU format 
by using the first arrival (direct wave) a checking of the minimum offset was done. In 
fact, assuming the seismic water velocity equal to 1480 m/s (from direct wave analysis), 
a time shift of 0.12 s was identified in the SO161-44 seismic line. It was corrected 
shifting in 0.12 s all seismic data.  

 
The next step was to define the setting geometry of the prestack data (calculus 

by setting geometry, see Appendix A). The setting geometry consists in the assignment 
of a specific collection of header fields of interest into a file. For example: source-
receiver coordinates, offset and common midpoint (CMP). In our study, the source-
receiver coordinates were defined arbitrarily without consider the geographic 
coordinates, the offset and common mid point (CMP) were calculated by using the 
source-receiver coordinates previously calculated. A CMP distance of 6.25 and 12.5 m 
was defined (see Table 1). In the case of SO161-44 seismic line, two different streamers 
were considered: the first one of 24 channels spaced every 12.5 m and the second one of 
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108 channels spaced every 25 m. The setting geometry was assigned separately and, 
then, integrated as a single streamer.  

Table 3.1: Geometrical parameters 
Seismic lines offsetmin-max(m) Intertrace (m) CMP (m)  Fold coverage 

 
RC2901-734 500-3287  12.5 6.25 30 
RC2901-728 185-3380 12.5 6.25 30 

SO161-44 150-3125  25 12.5 28 
 
3.2.1 Filtering and Gain 

 
In order to improve the signal to noise ratio, the application of filter and gain 

(for theory see Glossary) play an important role in the seismic signal processing. Low 
and high frequencies associated to noise must be removed by using an adequate filter. 
Moreover, decay of amplitudes due to dispersion and absorption of the energy must be 
recovered by using a gain. In order to attenuate the noised signals and correct the effects 
on amplitude due to wavefront, spherical divergence correction, band pass filter (15-70 
Hz) and gain (operator of gain exponential time power, TPOW with ranging 0.5 to 1) 
were applied. In the SO161-44 seismic line, strong noises associated with out-of-plane 
reflections (‘sideswipe’), probably due to the irregular morphology of the investigated 
strata, were recognized. In order to attenuate these noises, a dip filter in F-K domain 
was applied. In detail, the first step was to convert the seismic data from T-X (time-
space) to F-K (frequency-wavenumber) domains by using the Fourier transform. In the 
F-K domain aliasing effects were recognized; therefore, an interpolation every two 
traces was performed. By using interpolated data, all slopes between 0.0008 and 
0.00055 were filtered using the operator dipfilter, where the slopes are defined as dt/dx. 
Finally, the interpolation was removed in order to obtain the original seismic data (Fig. 
3.3). 

 
Fig 3.3: Dipfilter for shot gather 2000. Left: shot gather (SO161-44) without dipfilter. 

Right: shot gather with dipfilter. 
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3.2.2 Stack velocity Analysis and Normal Moveout 
 
Once filter and gain were applied to the seismic data, a stacking velocity analysis 

was performed. The goal is to sum records that illuminated the same subsurface point, 
in order to increase signal to noise ratio by using the multi fold coverage idea. The 
stacking velocity analysis uses the common midpoint gathers (CMP) corresponding to a 
theoretical common reflection point. In this way, the reflections to the same subsurface 
point show moveout along of the offset that is represented by a hyperbolic function 
(Yilmaz, 2001). To be able to sum reflections, it is necessary to correct the different 
recordings, and move them to a reference time that is the zero-offset. This correction is 
the so-called Normal Moveout (NMO; for the theory see Glossary). The stacking 
velocity analysis by using the semblance technique includes the NMO correction. The 
technique involves searching for the VNMO that better align the reflections, and, 
therefore, maximizes the summation (for the theory see Glossary). In the semblance, the 
areas of maximum energy are associated to VNMO that better align the reflections (Fig. 
3.4). The stacking velocity analysis allows to obtain a stacking velocity model (Fig. 
3.5), which is build by interpolating of each velocity function, which is obtained picking 
the maximum energy into the selected semblances.  

 
Fig. 3.4: chart stack velocity analysis 

 
 Regarding the seismic data here analysed, we considered a stacking velocity 
analysis every 100 CMP (e.i every 1250 m in the SO161 seismic line and every 625 m 
in the RC2901 seismic lines), in which a velocity function for each CMP was obtained. 
Then, the velocity function was interpolated and a stacking velocity model was build 
(Fig. 3.5). Once obtained the stacking velocity model, the NMO corrections and 
stacking of each CMP were performed. In the stacking step, all traces of all CMPs are 
summed and reduced to an unique trace (trace to zero offset). The result is a zero-offset 
or stacking section. The stacking sections for SO161-44, RC2901-728 and RC2901-734 
are reported in the Appendix C. A mute, band-pass filter (15-70 Hz) and mixing traces 
were applied to obtain the final stacking section. 
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Fig 3.5: RMS or Stack velocity models 

 
3.2.3 Post-stack time migration 

 
The migration is a powerful tool, which permits to better image the seismic 

reflections, because it moves dipping reflections to their true subsurface positions and 
collapses diffractions, increasing spatial resolution. A post-stack time migration was 
performed for the stacked sections. Several tests were completed by using of the Stolt 
and phase shift methods (see, Glossary). These methods operate in the Fourier domain 
and are called f-k migration methods. For example, the Stolt method starts with the 
conversion of wavefield to f-k domain and, then, maps the wavefield from ω (angular 
frequency) to kt (wavenumber). Then, the imaging principle was invoked by t=0 to 
obtain the wavefield to kx ,kt. In addition, the method suggests that traces at zero offset 
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section could be stretched to simulate a recording made in an effective constant velocity 
medium, to which a constant velocity f-k migration could be applied.  

 
The phase shift method operates with the same principles of the Stolt method, 

but it includes the extrapolation downward of the transformed wavefield. An important 
difference between both methods is that the phase shift considers vertical velocity 
variations; instead, the Stolt method assumes a constant velocity (Yilmaz, 2001). 

 
In our case, the best results were obtained by using the phase shift method. To 

compute the post-stack time migration, the velocity field was converted from a RMS 
velocity field to interval velocity field decreased of 10% (Fig. 3.6). In the case of 
SO161-40, SO161-29 and SO161-35 seismic lines, for which only stacked seismic data 
are available, a phase shift migration by using the water seismic velocity (1480 m/s) 
was performed. The post-stack time migrated sections are reported in the Appendix C. 
Finally, the band pass filter (15-70 Hz), mixing traces and muting were applied to 
obtain the final post-stack migrated sections. 

 
3.3 SEISMIC ATTRIBUTES ANALYSIS 
 
 In order to better characterize the seismic properties along the seismic profiles, a 
seismic attribute analysis was performed; in particular, the instantaneous amplitude was 
calculated. To preserve the amplitude, stacked sections without filter were used. To 
extract the instantaneous amplitude, a mute above/below seafloor and BSR was 
performed in order to mask the other reflections. Then, the instantaneous amplitude is 
calculated by using the analytic signal obtained by using the Hilbert transform (Yilmaz, 
2001). Once calculated the instantaneous amplitude, the normalized amplitude with 
respect to the maximum value was evaluated. By using the instantaneous amplitude at 
seafloor and BSR, physical features of the layers can be identified. For example, low 
values of instantaneous amplitude at seafloor reflector can be associated to low 
reflectivity strength and, therefore, to the zones where the energy is dispersed (i.e. 
slump and slide presence), while high values of instantaneous amplitude at BSR can be 
associated to high free gas concentration below it or high gas hydrate concentration 
above it or to over-compaction of sediments. In order to compare the BSR strength 
along different sections, the BSR/seafloor ratio was calculated. The BSR/seafloor ratio 
is a value that must to range from 0 to 1; therefore, values greater than 1 are inaccurate 
and can be associated to scattering effects due to dispersed energy by irregular geometry 
(Yilmaz, 2001); for this reason, the values higher than 1 were deleted.  
 
3.4 ADVANCED PROCESSING 

 
The main morphological features and the bottom simulating reflector (BSR) 

were recognized in all migrated sections. In order to identify and quantify the gas 
hydrate and free gas amounts, an advanced processing was performed in the area where 
the BSR is particularly evident. Two parts of the seismic profiles were selected. The 
first one is located in the northern sector (SO161-44 seismic line; about 22 km) close to 
37.5°S. The second one is located in the southern sector (RC2901-734 seismic line; 
about 20 km) is located close to 44.5°S (Fig. 5.1; Chapter V). The procedure included 
the determination of the velocity field by using iterative of the prestack depth migration 
(PreSDM). The method uses the layer stripping approach. In this approach, the layers 
are modelled in depth. For each layer, several iterations are required and a common
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Fig. 3.6: Interval velocity model used by post stack time migration. 

 
image gathers (CIGs) analysis is included for every iteration (Liu, 1995; see Appendix 
B). The procedure to obtain the final velocity model may be outlined as follow: 
 
a) Initial model 
 

The initial velocity-depth model was created by an uniformly spaced grid. In the 
SO161-44 section, the grid had 401 levels with  the size of 10 m in depth and, 
horizontally, 1401 samples distanced 25 m. In the RC2901-734 section, the grid had 
301 levels with size of 10 m in depth and, horizontally, 2440 samples distanced each 
12.5 m. In both sections, a constant velocity of the 1480 m/s was assumed (water 
seismic velocity from direct wave analysis). 
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b) Modelling wavefront traveltime 
 
In order to perform the PreSDM, one needs first to compute a travel time using a 

velocity depth model. Travel times are computed as a travel time table. The traveltime 
table is a grid that correlates every depth point with all possible travel times associated 
with that point and, then, it is matched with a sample of the input data. 

 
To compute the wavefront traveltimes, the paraxial ray tracing method was used 

(Beydoun and Keho, 1987); then, traveltimes in shadow zones are compensated by 
solving eikonal equation (Beydoun and Keho, 1987; Cerveney, 1985). In the RC2901-
734 section due to memory limitations, the initial depth velocity model was divided in 
two equal parts; so, two traveltime tables with 1441 receivers distanced every 12.5 m 
and 771 shots distanced every 25 m were generated. In the SO161-44 section, because 
of the complexity of the strata, the traveltime table was computed increasing the take off 
angle from 60 to 70 and the number of rays from 61 to 141. A fan of rays wider and 
with more number of rays increases the area of incidence and the possibility of that a 
same point in depth can be illumined more times (Fig. 3.7). In fact, for models with 
strong lateral variations, it is necessary to trace much more rays in order to obtain an 
accurate interpolated traveltimes and amplitudes (Zelt and Ellis, 1988). Moreover, the 
layers were smoothed, because the ray tracing is most stable if the local velocity 
gradient is near zero (Liu and Bleisten, 1995).  
 
c) Performing Kirchhoff pre-stack depth migration 
 

The Kirchhoff Pre-Stack Depth Migration (PreSDM) is based on diffraction 
summation method. The method search for the input data in the x-t plane for energy 
(seismic data survey) that would have resulted if a diffracting source (the so-called 
Huygen’s secondary source) were located at a particular point in the output x-z plane. 
This search is conducted by summing all the amplitudes in the x-t plane along the 
diffraction curve corresponding to Huygen’s secondary source. This summation is 
mapped onto the point in the x-z plane (Yilmaz, 2001). 

 
The migration scheme is based on the 2D shot pre-stack migration. The 

migration methodology begins with an initial weighted sum of all amplitudes on shot 
point by using Kirchhoff integral, and a second summation corresponding to the 
multiple coverage redundancy (from Common Image Gathers CIGs), in order to obtain 
a depth migrated stack (Fig. 3.8). After each new migration, the velocity model is 
updated and a new traveltime table is computed that will be used for the next migration. 
 
 
d) Updating and velocity Analysis  
 

In order to obtain an accurate velocity field, an iterative approach was used. The 
approach is described by Liu (1995) and consists in the estimate of the velocity by using 
the perturbation theory. The perturbation theory is used when the velocity distribution 
has strong velocity lateral variations. In this case, it is not possible to relate the residual 
velocity with a hyperbolic function. The residual velocity is calculated from residual 
moveout by computing a derivate function of imaged depths with respect to the 
velocity. In fact, the formula gives a general description of the relationship between 
residual moveout and residual velocity. This relationship between residual moveout and  
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Fig 3.7: Wavefield superimposed with velocity model. A) take-off angle 60 and number 

of rays equal to 61. B) take-off angle of 70 and number of rays equal to 141. 
 
residual velocity is calculated by using the Kirchhoff integral. In this way, Liu (1995) 
calculate two migration outputs which have the same phase, but different amplitudes. 
One uses the original amplitude; the other one uses the small perturbation of the original 
amplitude. Thus, the ratio of the amplitudes of these two outputs will evaluate the 
velocity residual (see appendix B).  

 
After PreSDM, the traces are sorted into Common Image Gathers (CIGs). 

Migrated events in CIGs may exhibit deviations in depth along offset due to incorrect 
migration velocity. Residual moveout analyses measures the deviations by using the 
semblance method in order to correct the curvatures on CIGs (Liu, 1995). Every 
reflection imaged in a CIG represents the same point in depth. The semblance provides 
a normalized measurement of each trace of the stack of all common offset migrated 
images (Chauris and Noble, 2001). The reflections in the CIGs are imaged as areas of 
maximum energy in the semblance, which may be located to the right or to the left of  
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Fig 3.8: PreSDM chart. Modified by Etiene (2003) 

 
the r-parameter (Fig. 3.9.A). R-parameter is a measurement of the deviations along the 
offset; therefore a non-zero r-parameter means the presence of moveout and an incorrect 
velocity. A zero r-parameter means absence of moveout and a correct velocity (Fig. 
3.9.A). If the r-parameter has a negative value it means that the velocity needs to be 
increased. On the contrary, for positive value, it needs to be decreased.  

 
To generate an accurate velocity model, we used layer stripping approach. In 

this approach, the layers are modelled in order of depth. To define each layer, it is 
necessary to select continuous reflectors that will constitute the boundaries of the layers. 
In practice, these reflectors are constructed by picking made on the stack section 
obtained after of the migration (Fig. 3.9.B). To update the velocity in a layer, several 
iteration are required. Once the correct velocity is reached, the first layer is fixed. Then, 
the updating for a second layer picked on the CIG semblance by picking of second 
reflector is started. This pattern is continued downwards in depth until the last layer of 
interest is updated. For example, in the RC2901-734 section a constant velocity set to 
1480 m/s (seismic water velocity) was used to perform the first PreSDM. Then, the 
PreSDM was performed and the r-parameter corresponding to the seafloor reflections 
was picked on the CIG semblance. Once the r-parameter was picked, the error velocity 
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A) 

 
B) 

 
Fig 3.9: CIGs Analysis and layer stripping approach for RC2901-734 section A) In the 
left CIG and Semblance with a correct velocity for seafloor reflections and an incorrect 
velocity for BSR. In the right the final iteration with the correct velocity for BSR. B) 

Layer stripping approach. 
 
is estimated by using the Liu approach (Liu, 1995, see appendix B) and the velocity 
model is updated. After five iterations, the maximum energy was focalised for r-
parameter near to zero. Once fixed the seafloor reflections, the analysis of a second 
layer (top: the seafloor; bottom: a horizon between the seafloor and the BSR) was 
started. After 28 iterations, the velocity of the second layer was fixed. A third layer (top: 
horizon between the seafloor and the BSR; bottom: BSR) was updated after 30 
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iterations. Finally the velocity in the free gas zone below the BSR and above the so-
called BGR (Base of free Gas Reflector) was updated after 26 iterations. A gradient was 
included below the BGR and the final velocity model was smoothed before performing 
the final PreSDM (Fig. 3.9.B). In order to obtain an accurate image and attenuate the 
stretching effects, we produced a stack considering the offset smaller than 2500 m 
instead of 3287 m. A mixing traces and pass band filter was applied to the final stack. 
 
  In the SO161-44 seismic line the same procedure was used. Four horizons were 
considered, the first one included the seafloor reflector (5 iterations to update the 
migration velocity). The second one was a horizon between seafloor and BSR (28 
iterations) the third horizon was the BSR (40 iterations) and the fourth horizon was the 
BGR (20 iterations). Finally a stack with maximum offset at 2500 m instead of 3125 m 
was obtained. A mixing and pass band filter was applied to the final stack. 

 
In order to check the reliability of our final velocity models, we perturbed the 

velocities of ±5%, and we performed two new PreSDMs for each seismic line. We 
evaluated the semblances considering: the final velocity model and the models 
increased/decreased of 5%. Figure 3.10 shows the semblances of the RC2901-734 
seismic line of a selected CIG. Note that the energy is well focalised only in the middle 
panel, suggesting that our velocity model has an error less than 5%, in agreement with 
previous studies (Tinivella et al., 2002). 

 
Fig. 3.10: Semblances of the CIG 41000 obtained performing the PreSDM for RC2901-

734 seismic line by using the final velocity model decreased of 5% (left panel), the 
original model (middle panel) and the velocity model increased of 5% (right panel). The 

energies at the sea bottom and the BSR are indicated by arrows (see text) 
 
3.5 GEOTHERMAL GRADIENT AND THEORETICAL BSR DEPTH 
 

It is possible to calculate the geothermal gradient (dT/dz) by using the following 
formula: 

dT/dz=(TBSR –TSEA )/(ZBSR- ZSEA), 
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where TBSR and TSEA are the temperatures at the BSR and the seafloor respectively; 
ZBSR and ZSEA are the depths at the BSR and the seafloor respectively (Grevemayer et 
al., 2003). The BSR and the seafloor depths were obtained from the PreSDM sections; 
the seafloor temperature (equal to 2.2° C) is taken from CTD measurements off Chile 
from ODP 141 drill (Grevemeyer and Villinger, 2001). The estimate of the temperature 
at BSR is based on the dissociation temperature-pressure function of gas hydrates 
(Dickens and Quinby-Hunt, 1994; Sloan, 1998; Fig. 3.11). We considered two cases: i) 
only methane and ii) methane and ethane. In fact, the well data indicates that other gases 
are present, mainly ethane with a saturation of 1% (Froelich et al., 1995). For this 
reason, we considered a mixture of methane (99%) and ethane (1%). 

 
Fig 3.11: The gas hydrate stability zone on the continental margins is defined by the gas 

hydrate phase (red line), which is mainly controlled by temperature, pressure and gas 
composition. 

 
3.6 GAS HYDRATE AND FREE GAS ESTIMATES 
 

The method for estimating gas hydrate and free gas concentrations compares 
velocity anomalies with respect to theoretical velocity curves in absence of gas. By 
calculating theoretical velocity model, Tinivella (1999) used Domenico’s approach in 
order to reproduce the velocity field in absence of gas or full water saturation. A 
qualitative estimate of concentrations can be obtained by comparing the theoretical 
velocity for full-water saturation to the experimental velocity, evaluated by a PreSDM 
velocity analysis. Positive anomalies indicate the presence of gas hydrates while 
negative anomalies indicate the presence of free gas (Fig. 3.12). A quantitative estimate 
was obtained by fitting the theoretical velocity to the experimental velocity (velocity 
model obtained by PreSDM). The method considers two main distributions to calculate 
the concentrations of free gas in the pore space: uniform distribution (free gas and water 
in all pore space) and patchy distribution (all free gas in patches without water). In this 
study, a uniform distribution of free gas in pore space was considered (less than 1300 
m/s; Tinivella et al., 2002). In absence of direct measurements, we consider the 
Hamilton trend for the porosity and density versus depth (Hamilton, 1979), assuming 
the initial porosity equal to 60% as measured in a ODP well located in the same region 
(Grevemeyer and Villinger, 2001).  
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Fig. 3.12: Plots of velocity and concentration profiles versus depth. Left: Comparison 
between the theoretical velocity curve (dashed line) and VSP-derived velocities (solid 
line) at the Blake Ridge. Right: predicted concentrations; the positive anomalies above 

BSR correspond to gas hydrates concentrations and negative anomalies below BSR 
correspond to free gas concentrations (after Tinivella, 1999). 
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IV. GEOLOGICAL INTERPRETATION OF SEISMIC DATA 
 
4.1 INTRODUCTION 
 
 The Central-South Chilean margin is characterized by a peculiar 
geomorphology. Compressive and extensional structures shape a continental margin 
with great morphological variability. The main morphological units are: the oceanic 
crust, the oceanic trench, the continental slope and the continental shelf. 
  

The oceanic crust is characterized by a rough morphology, which is the effects 
of seamounts and faults with small offset. These morphologies are covered by an 
variable pelagic thickness (100 m; Ranero et al, 2006). In proximity of the plate bend 
(flexure zone) normal faults are evident, while at the base of sedimentary wedge, the top 
of the oceanic basement is characterized by seawards vergence overthrusts, which also 
involve the deepest beds of the sedimentary trench fill. 
  

The oceanic trench is wide and flatness due to the sedimentary fill, which 
increase its thickness southwards. The trench fill depth decreases northwards from 4100 
m at 44°S to 5400 at 36°S (Linquist et al, 2004). In the southernmost part (44°S), the 
trench fill shapes a broad plain, disappearing as morphological unit. The width of the 
flat-lying trench fill varies from 25 to 100 km. In general, the width of the flat 
depression decreases northwards. The trench is shaped of an axial channel parallel to the 
entire margin, which displace its course oceanwards in correspondence with submarine 
fans, there it is connected to distributary channels (Thornburg and Kulm, 1987).  
  

The continental lower slope is characterized by a steep-dipping about 10° and 
shows morpho-structures, which are related to active accretion. The upper slope slightly 
steep (5° dip) is shaped by small slope basins and structural discontinuities. The upper 
slope is directly connected with the continental shelf. In this area, the upper slope do not 
present the typical fore-arc basin, even if it is evident in the upper slope at south of the 
Triple Junction Chile. 
  

The continental shelf is wide with presence of several sedimentary basins onto a 
continental basement. North to 33°S, the continental shelf is very narrow, rarely 
exceeding a width of more than 5 km. South to 33°S, the shelf is wider but variable (10 
km at 35°S) and usually between 40 and 60 km wide further south, although it is 
reduces to 12 km at the latitude of the Arauco peninsula (37-38°S), and widens to 100 
km in the southernmost part (46°S). 
  

The submarine canyons deeply incised represent an important morphological 
feature. These submarine canyons show different morphological features. In the 
northern sector, the submarine canyons (San Antonio, Biobío and Toltén) have incised 
up to 1000 m into the slope bedrock comprising almost the entire continental shelf 
(heads near to the shoreline). Their mouths have cut to the base of the slope and their 
thalwegs deflect around local topographic relief and generally follows tectonic 
lineaments (Sick et al., 2006). In contrast, in the southern sector the submarine canyons 
(Callecalle and Bueno) are not deeply incised (only up to 300 m) and, comprising 
mainly the continental slope, their thalwegs evidence low sinuosity. In the northern 
sector, the submarine canyons has a V-shaped profile on the upper slope and an 
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irregular to flat profile on the lower slope, whereas in the southern sector these show 
steep walls and U-shaped valleys.  

 
In this chapter, the main morpho-structures by interpreting of the seismic 

sections are described. The interpretation was divided in two paragraphs: a) Oceanic 
basement-oceanic trench and b) Continental slope. For completeness, the interpretation 
includes some seismic sections reported by other authors in literature. 
 
4.2 SEISMIC INTERPRETATION: OCEANIC BASEMENT AND OCEANIC 
TRENCH 
 
4.2.1 SO161-09 stacked section  
 
 The SO61-09 seismic line located offshore Agua Dulce (northwards Juan 
Fernandez Ridge) is characterized by an irregular oceanic basement top with a thin bed 
of pelagic sediments. From shots 0 to 400, extensional structures (normal faults) are 
recognized, while in proximity at the trench fill, compressional structures (underthrusts 
and thrust sheet) were recognized (from shots 400 to 600; Fig. 4.1). The sedimentary 
trench fill configure a small sedimentary wedge with depth equal to 8.5 s (equivalent to 
6375 m depth, supposing a seismic water velocity equal to 1500 m/s), which reaches its 
maximum thickness at the base of the slope (at about 0.5 s). Strong amplitude 
reflections (about 10 s; from shots 600-800) were associated to the top of the oceanic 
basement (Fig. 4.1). 
 
 4.2.2 SO161-12 stacked section  
 

The seismic line SO161-12 is located offshore Maitencillos (close to 29°S) at 
north of the Juan Fernandez ridge. The oceanic crust is thinly covered by pelagic 
sediments. Seawards, extensional structures (horst and graben) were recognized. From 
shots 400-600, a seamount, which can be related to the bulge formation was recognized. 
The sedimentary trench fill (8.3 s of depth) is significantly reduced configuring a 
narrow sedimentary wedge (Fig. 4.2). Strong reflections at base of the sedimentary 
wedge (at 9 s) were associated to the oceanic basement top. A morphological high in the 
base of slope (anticline ramp) was recognized (Fig. 4.2).  
 
4.2.3 RC2901-728 time migrated section  
 

RC2901-728 time migrated section, located offshore Itata (36°S), is 
characterized by a regular oceanic basement top, with a small number of structures in 
the westernmost part, while in depth underthrust structures are evident (CDPs 4500-
5500; Fig. 4.3). A pelagic bed with a maximum thickness of about 0.3 s (from CDPs 0 
to1000) on the oceanic basement top was recognized. Note, that the pelagic bed become 
thinner in depth. (Fig. 4.3).  

 
A progressive onlap termination of the stratified trench sequence, over the 

pelagic bed was recognized (Fig. 4.3, line drawing section). The sedimentary trench fill 
shapes a sedimentary wedge with depth of about 6.5 s (equivalent to 4875 m depth, 
supposing a seismic water velocity equal to 1500 m/s) and maximum thickness equal to 
2 s in proximity to the base of the slope (Fig. 4.3). The trench fill is characterized by a 
succession of horizontal reflectors that appears similar in terms of amplitude, thus high 



 
 
 
 

 
Fig 4.1: SO161-09 stacked section provided by Juan Diaz Naveas. 



 
 
 
 
 

 
Fig. 4.2: SO161-12 stacked section provided by Juan Diaz Naveas. 

 
 
 
 
 
 

 
 



 
 

Fig 4.3: RC2901-728 post-stack time migrated(top) and line drawing (bottom) sections. 
 
 
 



IV. GEOLOGICAL INTERPRETATION OF SEISMIC DATA 

 27

and low amplitude reflectors were recognized. In the shallowest bed of the trench fill, 
the horizontal reflectors are truncated by the axial channel, which here appears recently 
incised (150 m of depth; supposing a water seismic velocity equal to 1500 m/s).  

 
In the base of the slope, an anticline ramp characterized by slightly deformed 

sediments was recognized (Fig. 4.3). 
 

4.2.4 SO161-24 stacked section  
 

SO161-24 seismic line is located quite parallel to Biobío canyon axis (close to 
37.5°S). In the oceanic basement, active normal faults with a little displacement were 
recognized and were associated to the bend of the Nazca’s plate (Fig. 4.4). The 
sedimentary trench fill with depth about 6.2 s and maximum thickness equal to 1.8 s is 
characterized by two main beds; the shallowest bed (1 s of thickness) is characterized by 
horizontal reflectors with high amplitude. This bed constitutes the turbiditic sequence 
related to Biobío submarine canyon; in fact, fan lobe deposits are recognized, which are 
incised by small channels partially filled (Fig. 4.4). Note, that the axial channel here is 
partially filled. The deepest bed is characterized by chaotic reflections with higher 
amplitude in proximity at the base of slope (Fig. 4.4).    
 
4.2.5 SO161-44 post-stack time migrated section  
 

SO161-44 time migrated section located offshore Arauco (close to 38°S) shows 
similar features with respect to the previous section. The oceanic basement is 
characterized by subvertical normal faults, which form horst-graben structures. These 
normal faults tend to continue and penetrate into the sedimentary trench fill. Faulting 
has characteristics of syn-sedimentary growth, because the offset decreases towards 
surface (Fig. 4.5). Note that at about 8 s a high amplitude reflector can be associated to 
the base of oceanic crust (Fig. 4.5; see also stacked section in Appendix C), the so-
called Mohorovich discontinuity (Moho). The trench fill with a depth of about 6 s and 
maximum thickness equal to 2 s (CDP 5400; Fig. 4.5) is characterized by three main 
levels or beds. The first one corresponds to onlap subparallel reflectors with high 
amplitude (from CDPs 4000 to 5800) overlaying to the oceanic basement top. Note that 
this bed shows slightly deformed reflectors; the second one is characterized by a 
transparent bed with low amplitude deposited over the first bed. This bed is interested 
by syn-sedimentary normal faults. The third one comprises the shallowest level of the 
trench fill (Fig 4.5). This bed is characterized by a succession of high and low amplitude 
reflectors, which seawards area deposited in (from CDPs 3000 to 2000) onlap over the 
pelagic bed. Here, the entire bed is affected by normal faults of small offset. This bed is 
truncated by the axial channel, which here is already filled (Fig. 4.5). In the base of the 
slope, slightly deformed reflectors, thrust and underthrusts affect the trench fill and are 
associated to an active accretion. The base of the transparent level can be associated to 
decollement surface between basal and frontal accretion process. 
 
4.2.6 SO161-42, SO161-37 seismic lines reported by Volker et al (2006) 

 
 Both SO161-37 and SO161-42 seismic lines are located North and South of 
Mocha Island respectively and show similar characteristics; in fact, an irregular oceanic 
basement with presence of normal faults was recognized. These faults affect almost the 
entire sedimentary trench fill. The trench fill is characterized by four self-similar levels 
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associated to turbiditic deposits, well described by Volker (2006). An axial channel 
deeply incised and poorly filled is recognized. In proximity of the base of the slope, 
slightly deformed sediments configure the active accretion. 

 
4.2.6 SO161-35 post-stack time migrated section  
 

SO161-35 post-stack time migrated section, located southwards Mocha island 
close to 38.5°S, shows an irregular oceanic basement top, which is formed mainly by 
seamounts (from CDPs 1000 to 2000) and large horst-graben structures (from CDPs 0 
to 1000). From CDPs 3500 to 5500, underthrusts in the oceanic basement top were 
recognized. Normal faults (CDP 4500) with high offset (1 s) displace the oceanic 
basement top increasing the roughness of it. The sedimentary trench fill with depth of 
about 5.9 s and maximum thickness equal to 2 s is characterized by a succession of 
beds. In depth, overlying to the oceanic basement top, chaotic reflectors with a 
transparent seismic pattern were recognized. Subhorizontal and slightly deformed 
reflectors constitutes the second level; here, the bed is affected by normal faults 
decreasing its offset toward the surface (Fig 4.6). The third level is characterized by 
chaotic reflections. Horizontal reflectors with high amplitude are deposited over this 
third level, which constitute an erosive unconformity (Fig. 4.6). Note that this level is 
truncated by the axial channel, which in this section is deeply incised and controlled by 
normal faults configuring a half graben structure. 
 
4.2.7 SO161-29 post-stack time migrated section  
 
 SO161-29 post-stack time migrated section, located offshore Valdivia (39°S), is 
characterized by an oceanic basement lesser rough that the previous section (Fig. 4.7). 
Subvertical normal faults at the oceanic basement top are recognized. Note that the 
faults sometimes reach the seabottom. Toward the slope this structures reach its 
maximum offset at about 0.2 s (CDP 900; Fig. 4.7). The sedimentary trench fill, with a 
depth of about 5.5 s and maximum thickness equal to 1.5 s, is characterized by a 
transparent bed with low amplitude (about 6.5 s); this bed is deposited in onlap over the 
oceanic basement top. Subhorizontal reflections strongly reflecting (1 s of thickness) 
with some lateral variations of amplitude are deposited over the transparent level (Fig. 
4.7). In the shallowest part, these reflections are slightly curved and constitute fan lobes 
of the Calle-Calle canyon. On the seabottom, small erosive channels and a broad-flat 
axial channel were recognized (Fig. 4.7). 
 
4.2.8 SO161-40 post-stack time migrated section  
 

SO161-40 post-stack time migrated section, located at south of Chiloe island 
(43.5°S), is characterized by a irregular oceanic basement with presence of normal 
faults and thrusts in proximity to the base of the slope (from CDPs 5000 to 6000). 
Discontinuous and high amplitude reflector (from CDPs 3000 to 5000) in the deepest 
part of the oceanic crust (7.5 s) was recognized. Note that this reflector follows the bend 
of the oceanic crust; therefore, it can be associated to the Moho discontinuity (Fig. 4.8). 
The sedimentary trench fill, with a depth about 5 s and a maximum thickness equal to 
2s, is characterized by two main levels. The first one shows an onlap transparent bed 
over the oceanic basement top. Note that this level is affected by faults and underthrusts 
(Fig. 4.8). The second one is characterized by a succession of beds, which are formed 
by a transparent level and one other highly reflecting. Normal faults affect these levels. 



 
 
 
 
 
 

 
Fig. 4.4: SO161-24 stacked section provided by Juan Díaz Naveas. 

 



 
 

 
Fig. 4.5: SO161-44 post-stack time migrated (top) and line drawing(bottom) sections 



 
Fig. 4.6: SO161-35 post-stack time migrated (top) and line drawing (bottom) sections



 

 
Fig. 4.7: SO161-29 post-stack time migrated (top) and line drawing (bottom) section 



  
Fig. 4.8: SO161-40 post-stack time migrated (top) and line drawing (bottom) sections  
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From CDPs 4000-6000, at about 5 s depth an uncomformity surface was recognized. 
Below this uncomformity surface, toplap termination reflectors are evident, while above 
the uncomformity surface a level with onlap termination and buried channels were 
recognized. From CDPs 6500 to 7000 (2 s of thickness), slightly deformed sediments 
associated to active accretion are recognized (Fig. 4.8). 

 
4.2.9 RC2901-734 post-stack time migrated section  
 
 The last line was considered in the RC2901-734 time migrated section, located 
offshore Coyhaique (44.5°S). It is characterized by a regular oceanic basement. At 
about 8 s, a reflector with high amplitude was associated to the Moho discontinuity 
(Fig. 4.9). The sedimentary trench fill, with depth of about 4.4 s and maximum 
thickness equal to 1.8 s, is characterized by two main levels. A high amplitude reflector 
(at about 5 s) constitutes the decollement surface, which separates these two main 
levels, both characterized by a succession of semitransparent reflectors. From CDPs 
2000 to 2500, slightly deformation associated to active accretion was recognized. 
Upslope an anticline ramp represents a small accretionary prism developed over a 
duplex complex, which is constituted of underthrusts. 
 
4.3 SEISMIC INTERPRETATION: THE CONTINENTAL SLOPE. 
 
4.3.1 RC2901-728 post-stack time migrated section 

 
In this section, the lower slope is characterized by the presence of thrusts with 

seawards vergence. In the base of lower slope, an anticline ramp was recognized, which 
was associated to a recent accretion stage, while upslope many thrusts configure an 
imbricated complex that can be associated to several stages of accretion and constitute 
the ancient prism (approximately 15 km width). At about 8 s, a high amplitude 
reflections can be related to a decollement surface between the underplated sediments 
and the frontally accreted sediments. Below this level, another reflector with high 
amplitude can be associated to the oceanic basement top. An uplifted slope basin behind 
of a subvertical thrust defines an half graben basin characterized by divergent and 
continuous reflectors (Fig. 4.10). The subvertical thrust increases the steep angle in this 
sector and, therefore, increases the possibility of slumping process. In fact, downwards 
and upwards of the slope basin chaotic reflections with low instantaneous amplitude 
(Fig. 4.10 zoom instantaneous amplitude section) were associated to slump deposits 
(CDPs 8000 and 9500, respectively). From CDPs 8000 to 13000, a strong and 
continuous Bottom Simulating Reflector (BSR) was identified and can be associated to 
gas hydrate presence. From CDPs 10500 to 11500, the negative flower structure was 
recognized (Fig. 4.10). In depth, reflections with high amplitude were associated to the 
continental basement top. This basement can be related to the Palaeozoic metamorphic 
rocks, which constitute the main geological unit onshore. 
 
4.3.2 SO161-24 stacked section 
 

In this sector, a more steep-dipping and wider (approximately 25 km width) 
lower slope is evident. This means that an important accretionary prism has been 
developed. It is also important to underline that, in this section, two reflectors with high 
amplitudes at 6 s and at 8 s can be associated to a decollement surface and the oceanic 
basement top (Fig. 4.11), respectively. Note that both reflectors show pull-up features 
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because of the incorrect stacking velocity. In depth, underthrust structures at the oceanic 
basement top configure a duplex structure (Fig. 4.11). Upslope four main thrust 
structures were recognized. Two of them originate small slope basins, which show 
similar characteristics with the previous section. In the upper slope (from CDPs 3000 to 
4800), subparallel reflectors with lateral amplitude variations configure the shallowest 
level; below it, a deeper level with chaotic reflections is deposited over the deepest level 
characterized by high amplitude and inactive faults of high offset (0.8 s). This level is 
associated to the metamorphic basement. From CDPs 4800 to 5600 a negative flower 
structure was recognized (Fig. 4.11). 
 
4.3.3 SO161-44 post-stack time migrated section 
 
 In this section, the lower slope is smaller that in the SO161-24 section (15 km 
width), but it has a similar steep-dipping with respect to the previous section. In the base 
of the lower slope, slightly deformed sediments are associated to recent active accretion, 
which involve only the shallowest bed of the sedimentary trench fill (about 0.8 s of 
thickness; Fig. 4.12). At 7 s in the trench infill, a strong reflector with high amplitude 
can be associated to a decollement surface. Below the decollement, a semitransparent 
thin bed (0.2 s of thickness) was recognized. Generally, this seismic pattern can be 
related to deformed sediments due to the underplating process or to the presence of 
fluids. These features can generate seismic energy absorption, as reported in literature 
(Moore et al, 1991). In the lower slope (about 6 s and 7.5 s), the decollement surface 
and the oceanic basement top show pull-up features (Fig. 4.12). A thrust succession 
upslope configure a steep-dipping in the lower slope, which terminate abruptly in 
correspondence to a normal fault scarp with offset of about 1 s (close to CDP 7000). 
Here, the chaotic reflections associated to mass-wasting (slump, slide) were recognized. 
Note that fault scarp marks the boundary between lower slope and upper slope. 
 
 The upper slope shows an irregular topographic disrupted by two main thrusts 
(at CDPs 7000 and 8000). Chaotic reflections, observed in the shallow and deep part, 
can confirm that the entire sedimentary is affected by deformation (Fig. 4.12). From 
CDPs 7200 to 7600 (5 km of width) morphological highs configure a depressed zone 
characterized by a graben structure. Slope basins over these thrusts were recognized; 
even if the slope basin located about CDP 7000 seem to be entirely deformed. At about 
3.2 s , a discontinuous and strong BSR was recognized. Reflections with high amplitude 
at about 4 s can be associated to the metamorphic basement. From CDPs 8000 to 10000, 
three sedimentary sequences can be recognized; the first one overlain to the 
metamorphic basement and is characterized by chaotic reflections with lateral variations 
of thickness, reaching its maximum thickness at CDP 8000 (1 s) and decreasing 
landwards it (0.5 s). The second one is characterized by low amplitude showing a 
semitransparent seismic pattern with chaotic reflections. The third one is shallowest and 
characterized by subparallel reflections with local high amplitude (Fig. 4.12). 
 
4.3.4 SO161-35 post-stack time migrated section 
 

In this section, the lower slope is characterized by irregular topographic 
disrupted by a morphological high (about CDP 9000), which represents the boundary 
between a recent (6 km width) and an earlier (20 km width) accretionary prism. 
Downslope a thrust succession closely spaced was recognized, while upslope two main 
thrusts widely spaced configure the ancient prism (Fig. 4.13). At about 7 s and 8 s, 



 
Fig. 4.9: RC2901-734 post-stack time migrated (top) and line drawing (bottom) sections 



 
Fig. 4.10: RC2901-728 post-stack time migrated (top) and line drawing (bottom) sections. The insert in the bottom panel reports a detail of the istantaneous amplitude.  



 
Fig 4.11: RC2901-24 stacked (top) and line drawing (bottom) sections 



 
4.12. SO141-44 post-stack time migrated (top) and line drawing (bottom) sections 

 



 
Fig. 4.13: SO141-35 post-stack time migrated (top)and line drawing (bottom) sections 
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reflections with high amplitudes and pull-up features were associated to top of the 
underplated sediment bed and to the oceanic basement top. From CDPs 9200 to 10000 a 
weak and discontinuous BSR was recognized (Fig. 4.13). Note that anomalous 
morphological highs associated to mud volcanoes were recognized. These mud 
volcanoes can be related probably to fluid escapes from gas hydrate stability zone. From 
CDPs 10200 to 11500, two main slope basins were recognized. Note that these basins 
are affected mainly by the displacement of the thrusts. At the right side of the basins, 
normal faults configuring "half-graben" structures were recognized (Fig. 4.13). At about 
5 s, reflections with high amplitude associated to the continental basement top were 
recognized. Upslope from CDPs 12000 to 13000, normal fault scarps with little offset 
about 0.1 s can be associated to strike-slip faults reported in literature (Melnick, 2007). 
In depth, a high amplitude reflector can be associated to the continental basement top 
(Fig. 4.13). 
 
4.3.5 SO161-29 post-stack time migrated section 
 
 In this section, the continental slope cannot be divided in lower and upper slope; 
here, it seems that the entire slope follows the same inclination. Moreover, the entire 
slope is characterized by an irregular topographic, which is associated mainly to 
compressive structures. At the base of the slope, chaotic reflections are associated to 
presence of thrusts, everyone evidence anomalous morphological highs (Fig. 4.14), 
which can to be associated to different stages of accretion. In depth, as evident in the 
previous sections, reflections with high amplitude at 6.5 s and 7 s are associated to the 
top of the underplated sediments and the top of the oceanic basement respectively (Fig. 
4.14). Upslope slope basins were recognized. Note, that these basins  are affected by 
normal faults, which somewhere constitute important flower structures. In fact, two 
main positive flower structures were recognized (about CDPs 3500 and 5500; Fig. 
4.14). A continuous and weak BSR is locally evident. In depth, close to 4 s, reflections 
with high amplitude (from CDPs 4500 to 6200) were recognized and associated to the 
continental basement top. Note that landwards these reflections are less evident. From 
CDPs 6000 to 8000, the sedimentary sequence shows similar seismic patterns with the 
previous sections (Fig. 4.14). 
 
4.3.6 SO161-40 post-stack time migrated section 
 
 In the trench, slightly deformed sediments are associated to active accretion. 
Note that almost entire sedimentary trench fill is involved by accretion processes, while 
a thin bed of about 0.2 s of thickness (semitransparent reflections) is interested by 
underplating processes (Fig. 4.15). The accretionary prism from CDPs 7000 to 7800 is 
already 10 km width. In the base of the lower slope, a thrust structure forms an anticline 
ramp, which is associated to a recent accretion stage. In depth, chaotic reflections and 
inactive faults affect the sedimentary sequence; here, the top of the underplated 
sediments and oceanic basement is less clear, but some high amplitude reflections can 
be recognized at 6 s and 7 s (Fig. 4.15). From CDPs 7400 to 8400, scarps are evident 
and can be associated to normal faults that origin mass-wasting. In depth from CDPs 
8000 to 9000, a strong and continuous BSR was recognized. Note that BSR is 
interrupted by active faults that configure a possible flower structure. At about 3 s, 
reflections with high amplitude, affected by faults, were associated to the top of the 
continental basement. Upslope from CDPs 9000 to 10000, a morphological high and 
submarine channel (3 km width), controlled by normal faults, were recognized (Fig. 



VI. GEOLOGICAL INTERPRETATION OF SEISMIC DATA 

 32

4.15). This structural high can be associated to northen continuation of a small island 
located in the southern part, while the submarine channel can be associated to an 
incipient submarine canyon.  
 
4.3.6 RC2901-734 post-stack time migrated section 
 

In the lower slope from CDPs 2500 to 3550, typical morpho-tectonic structures 
of the accretionary complexes with seaward vergence, in which sediments are deformed 
and piled up to form a typical “imbricate thrust fan” (wide 6 km) are recognized. In 
depth at about 5s and 6 s, high amplitude reflectors are associated to the underplated 
sediment top and the oceanic basement top, as evident in Fig. 4.16. Upslope from CDPs 
3800 to 5000, a smoother topographic is associated to ancient accretionary prism. At 
about CDP 5000, we can recognise a structural high with depth equal to 1.4 s below 
seafloor (equivalent to 1050 m depth, supposing a seismic water velocity equal to 1500 
m/s), in which the upper slope starts. Note that this structural high represents the west 
boundary of a small fore-arc basin. A strong and continuous BSR is detectable mainly 
along of the ancient accretionary prism (from CDPs 4000 to 5500), across the structural 
high and along the seaward side of the fore-arc basin (Fig. 4.16). The fore-arc basin is 
characterized by slightly deformation and quite continuous reflectors that landward dip 
(see CDPs 5500-6500). On both sides, the basin is interested by normal faults, along 
which the basin may deepen. The BSR is not easily detectable between CDPs 6500-
7500, where shallower stratifications are sub-horizontal and the deeper sediments are 
affected by compressive deformations and backthrusts structures. Below backthrusts, 
some high amplitude reflectors can be associated to the continental basement top. From 
CDPs 7500 to 8000, chaotic reflections were associated to slumps deposits (Fig. 4.16). 
 
4.4 SEISMIC INTERPRETATION: CONTINENTAL SHELF. 
 

Wide sedimentary basins characterizes the continental shelf along Chilean 
margin. In the northernmost part (36°S), the RC2901-728 section is characterized by a 
smoothed seafloor with small morphological highs, which are related to inverse faults 
and folding. In depth (from CDPs 12500 to 20000), a low amplitude bed with 
semitransparent seismic pattern was recognized (Fig. 4.17 above). From CDPs 12500 to 
16000, chaotic reflections are recognized below the semitransparent transparent bed, 
landwards (from CDPs 16000 to 18500); this bed shows a succession of high 
amplitudes and low amplitudes reflectors (Fig. 4.17 above). Note that this level is 
affected by folding as evidenced by presence of anticline and syncline shapes (from 
CDPs 16000 to 18000). From CDPs 14500-16500 and CDPs 18000-20000, high 
amplitude reflections were recognized at about 1.8 s, which can be associated to the 
continental basement top (Fig. 4.17). In the SO161-44 section, similar features are 
recognized in the inner shelf. Prograding wedges were recognized, which can be 
associated to sea level changes (transgressions and regressions), well reported by Pineda 
(1986). In this section and southwards, a marked shelf break is recognized (Fig. 4.17 
below left and right sections and Fig. 6.1 chapter VI). In two sections (SO161-35 and 
SO161-40), the break shelf is disrupted by submarines channels or canyons. 
Southwards, the sedimentary basins reach a a maximum thickness of about 4 s and are 
less affected by deformation (SO161-29; Fig 4.17 ). 



 
Fig. 4.14: SO141-29 post-stack time migrated (top) and line drawing (bottom) sections. 



 
 

Fig 4.15 SO141-40 post-stack time migrated (top) and line drawing (bottom) sections 



 
 

Fig 4.16 RC2901-734 post-stack time migrated (top) and line drawing (bottom) sections 



 
Fig. 4.17: Post stack time migrated sections and line drawing section. Above RC2901-728 continental shelf section and below at left SO161-29 shelf edge section and at right SO161-44 continental shelf section 
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V. INVESTIGATION OF GAS HYDRATE OCCURRENCE 
 
5.1 INTRODUCTION 
 
 Clathrates of gas, commonly called gas hydrates, are crystalline solids composed 
of gas and water molecules that are stable at high pressure, low temperature, and high 
gas concentration (Fig. 5.1A), conditions that are met in the upper few hundred meters 
of sediment on many continental slopes and deep ocean basins. Gas hydrate crystals, 
resembling ice in appearance, have been retrieved from the seafloor at several locations. 
In most of these cases, the dominant gas in the solid phase is methane, produced 
through the bacterial decomposition of organic material in deep-sea sediments. Some 
gas hydrates, however, have been recovered with high concentrations of CO2, hydrogen 
sulfide, or thermally generated methane, ethane and heavier hydrocarbons. Because of 
contamination problems with most recovery methods, other gases, such as noble gases, 
and other chemical constituents in the crystal lattice, have not been examined 
rigorously. The complete range of compositions of natural marine gas hydrates is 
unknown. Individual gas hydrate deposits are complex and dynamic systems, in which 
gas molecules can be transferred among solid hydrates, gas bubbles and dissolved 
phases as conditions change. New gas is generated at shallow depth by bacteria and at 
much greater depth by heat. As this dissolved gas migrates upward, it forms gas bubbles 
where the pore waters are saturated, and, eventually, may form gas hydrate where the 
temperatures and pressures are appropriate. 

 
To detect the presence of gas hydrate and to define its distribution, the 

geophysical techniques allowed the observation of a bottom-simulating reflector (BSR) 
in the seismic reflection sections (e.g. Shipley et al., 1979; Hyndman and Spence, 1992; 
Berndt et al., 2004). This reflector is associated with the acoustic interface between 
overlying sediment containing gas hydrate (Hyndman and Spence, 1992), which 
increases seismic velocity, and underlying sediment containing free gas (Fig. 5.1B; 
MacKay et al., 1994), which decreases seismic velocity. The BSRs have been identified 
in seismic sections in accretionary complexes along convergent margin and passive 
margin settings (Shipley et al., 1979). 

 
Along the Chilean continental margin, the BSR is well reported in the last 

decades by several geophysical cruises. In particular, the BSR is recognized along all 
the accretionary prisms (Vargas et al., 2008; Grevemayer et al., 2003; Morales, 2003; 
Brown et al., 1996; Bangs et al., 1993; Diaz-Naveas, 1999). An important aspect related 
to the gas hydrates is the estimate of gas concentration in the pore space by using 
seismic data. In fact, both compressional and shear wave velocities provide information 
about the presence of gas hydrate and free gas in marine sediments (Tinivella and 
Accaino, 2000). A quantitative estimate of concentrations of gas hydrate and free gas 
can be obtained by fitting the theoretical velocity with the experimental velocity 
(Tinivella, 1999; Tinivella, 2002). 
  

Evaluations of methane hydrate distribution indicate that between 103 and 106 Gt 
of carbon (C) may be found in coastal sediments and permafrost. Until recently, a 
consensus value of 11000 Gt C (a quantity equivalent to twice that of all other fossil 
fuels combined) was considered a reasonable estimate (Kvendvolden, 2000). The last 
estimates of the global hydrate inventory has been downsized to 500-2500 Gt C (Milkov 
et al., 2004). While this reduction is substantial and requires a re-evaluation for the 
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resource potential of gas hydrates, concentrated reserves may still contain significant 
amounts of methane. Independently from the global estimate, the gas hydrate is of 
global interest (i) because of the potential energy resource represented by the large 
amount of hydrocarbon trapped in the hydrate phase (Milkov, 2004), (ii) because it may 
play a role in global climate change (Kennett et al., 2003), and (iii) because of the 
hazard that accumulations of gas hydrate may cause to drilling and seabed installations 
(Hovland and Gudmestad, 2001). 

 
A) 

 
B) 

 
Fig. 5.1: In A) crystalline solid of gas hydrate; the water molecules build up an ice 

crystal (a solid structure, then) composed of regular dodecaedres, and each dodecaedre 
traps a gas molecule. In B) a submarine sedimentary section containing gas hydrate 
(above) and free gas (below) the bottom-simulating reflector (BSR). This reflector 

marks the base of the gas hydrate stability zone (GHSZ). The P-wave velocity profile 
(Vp) indicates a thick sub-BSR free gas zone (FGZ) with downward-decreasing 
concentration of free gas. The dashed line is an empirical velocity curve for soft 

terrigenous muds (Hamilton, 1979), shown here for comparison (by Haacke., et al, 
2007). 

 
i) Potential energy resource 

 
Gas hydrates can be considered as potential energy resource for two reasons. 

The first one is related to enormous amount of methane that is apparently sequestered 
within clathrate structures at shallow sediments depths (1000-2000 m below seawater 
surface) and the second one is related to the wide geographical distribution of the gas 
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hydrates. In fact, natural gas hydrate occurs worldwide in oceanic sediment of 
continental and insular slopes and rises of active and passive margins, in deep-water 
sediment of inland lakes and seas, and in polar sediment on both continents and 
continental shelves (Fig 5.2). In aquatic sediment, where water depths exceed about 300 
m and bottom water temperatures approach 0° C, gas hydrate is found at the seafloor to 
sediment depths of about 1,100 m. In polar continental regions, gas hydrate can be 
present in sediment at depths between about 150 and 2000 m. Thus, natural gas hydrate 
is restricted to the shallow geosphere where its presence affects the physical and 
chemical properties of near-surface sediment.  
 The gas industry has been slow to develop methodologies to recover methane 
from gas hydrates. Three principal methods are being considered: thermal stimulation, 
depressurization and inhibitor injection (Holder et al, 1984). In thermal stimulation, 
thermal energy is released into the gas hydrate bearing strata in order to increase the 
temperature to cause gas hydrate dissociation. In depressurization, the pressure in the 
gas hydrate deposit is lowered to cause gas hydrate dissociation. Injection of inhibitors 
such as methanol shifts the pressure-temperature equilibrium dissociating gas hydrate. 
Dissociated gas hydrate can serve as one source of methane; migrated methane from 
deep below the gas hydrate zone is another possible source. Some examples of methane 
recovered from gas hydrates in permafrost are: Messoyakha gas field in western Siberia 
(Rusia) and Mallik gas field in the Mackenzie Delta (Canada). Even if in ocean 
environments the gas hydrates not are still exploited, India, Japon, Korea and USA 
engage effort greats  for future ocean exploitation. 

 
Fig. 5.2: Worldwide distribution gas hydrates. The black circles show recovered gas 

hydrates samples and white circles show inferred gas hydrates based on BSRs and well 
logs by Kvenvolden and Lorenson, 2007. 

 
ii) Global climate change 

 
The dissociation of accumulated hydrate deposits and the rapid release of large 

quantities of methane, a powerful greenhouse gas (some 26 times more powerful than 
CO2), could have dramatic climatic consequences, leading to further atmospheric and 
oceanic warming through accelerated decomposition of the remaining hydrates. Reagen 
et al (2007) simulate the dynamic response of several types of oceanic gas hydrate 
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accumulations to temperature changes at the seafloor and assess the potential for 
methane release into the ecosystem and suggest that while many deep hydrate deposits 
are indeed stable under the influence of rapid seafloor temperature variations, shallow 
deposits, such as those found in arctic regions or in the Gulf of Mexico, can undergo 
rapid dissociation and produce significant carbon fluxes over a period of decades. 
During Pleistocene global climate changes probably caused methane release from gas 
hydrates deposits is possible, even if the opposite may also release methane. During 
global warning, glaciers and ice caps melt, contributing water to the oceans; oceans also 
thermally expand, and these factors causes a rise in sea level. This sea level rise cause 
an increase in subsurface hydrostatic pressure that stabilizes gas hydrate deposits on the 
continental slope and on polar continental shelves. Meanwhile , onshore, the increasing 
air temperature destabilize continental gas hydrates at times scales of hundreds and 
thousands of years, releasing methane that may reach the atmosphere. During a global 
cooling cycle the whole system reverses. Glaciers and ice caps grow, removing water 
from the oceans and oceans thermally contract. The result is a eustatic fall in sea level 
and regression of the oceans from continental shelves. During regression the pressure on 
gas hydrates decreases, and the gas hydrates become unstable. In the polar regions, 
continental gas hydrates deposits buried under and increasing ice load of advancing 
glaciers, thus gas hydrates become stable. Thus, during global warning and cooling, i.e. 
during interglacial and glacial climates, gas hydrates deposits should respond to surface 
pressure and temperature changes. 
 
iii) Geo-hazard  
 

During gas-hydrate formation, methane and water become immobilized as a 
solid, restricting pore space and retarding the migration of fluids. Solid water (rather 
than liquid water) occupies the pore spaces, and the sedimentological processes of 
consolidation and mineral cementation are greatly inhibited, although gas hydrate itself 
can act as metastable cementation (bonding) agent. The permeability of the sediment to 
gases and liquids decreases as more gas hydrate forms. Eventually, gas hydrate may 
occupy much of the pore space within the zone of gas-hydrate stability. During 
continued sedimentation and further burial of the gas hydrates: the hydrates will become 
buried so deeply that the temperature will increase according to the regional geothermal 
gradient. The hydrates will then no longer be stable, and will disintegrate into a liquid 
water and gas mixture. The basal zone of the gas hydrate becomes under-consolidated, 
possibly over-pressured because of the release of the methane, leading to the 
development of a zone with low shear strength where failure could be triggered and 
massive landslides could occur. With the landslides, more gas could escape 
(Kvenvolden, 1999; McIver, 1982). The same previous conditions can be caused by the 
lowering of sea level, thus submarine slope failure can follow giving rise to debris 
flows, slumps and slides, accompanied by the release of methane gas into the water 
column. Some examples are found on the continental slope and rise of SW Africa, 
slumps on the U.S Atlantic continental slope, large submarine slide on Norwegian 
continental margin, etc. Moreover, local-scale hazards also result when the pressure-
temperature conditions of gas hydrates are perturbed anthropogenically, for example, 
during drilling and production operations, which can cause failures and well-site 
subsidence. 

 
In this chapter the main results obtained by the seismic data analysing by using 

an advanced processing are shown. Three seismic sections where the BSR is strong and 
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continuous were analyzed. Two of them are located in the northern part along Offshore 
Cauquenes region close to 36°S (RC2901-728) and offshore Arauco region close to 
37°30’S (SO161-44) respectively and an another one is located in the southern sector 
along offshore Coyhaique close to 44°30’S (RC2901-734; Fig. 5.3).  

 
Fig 5.3: Location map of the study area. Northern sector include RC2901-728 (not 

detailed velocity model available) and SO161-44 (detailed velocity model available) 
seismic lines. Southern sector include RC2901-734 (detailed velocity model available) 
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 By using the prestack depth migration (PreSDM), an accurate velocity model 
was obtained for SO161-44 and RC2901-734 seismic sections. Moreover, the final 
velocity model was converted in a final concentration model in order to quantify the 
gas-phase. To better describe the seismic properties of the gas hydrate and free gas 
layers, the instantaneous amplitudes at BSR and seafloor were calculated in all sections. 
Finally, by using the seabottom and BSR depth and knowing the seabottom 
temperature, the geothermal gradient was estimated.  
 
5.2 RESULTS 
 
5.2.1 Final velocity models and pre-stack depth migrated sections 
 
a) Northern sector (SO161-44 seismic line) 
 
 In the northern sector the final velocity model (SO161-44) allowed to recognize 
a layer characterised by high velocity (1900 m/s; above BSR) associated to gas hydrates 
presence and an another discontinuous layer characterised by low velocity (1600 m/s; 
below BSR) associated to free gas presence (Fig. 5.4). This discontinuity between the 
gas hydrate- and free gas-bearing sediments can be mainly associated to a gas free layer, 
even if we can not detect its base, probably, because the free gas layer thickness is 
outside of the vertical seismic resolution.  

 
 In the northern sector, the PreSDM section showed lateral amplitude variations 
of the reflections associated to the BSR. Thus, in the central part (10000-14000 m) a 
strong and continuous BSR was recognized, while westwards and eastwards of it, the 
BSR is weak and discontinuous. The depth of the BSR in this part is of about 500 
meters below seafloor (mbsf) with a possible thickness of the free gas layer of about 50 
m. The base of the free gas reflector (BGR) was recognized locally, in particular in the 
central part (see zoom Fig. 5.4). 

 
Fig 5.4: SO161-44 final velocity model with superimposed the prestack depth migrated 

section. Right: zoom across BSR. 
 
b) Southern sector (RC2901-734 seismic line). 
 
 In the southern sector, a layer characterised by high velocity (1700-2200 m/s; 
above the BSR) and low velocity (1268-1400 m/s; below the BSR) associated to gas 
hydrate and free gas presence respectively were recognized (Fig. 5.5). A strong lateral 
velocity variation is evident along the section. In particular, a low velocity across the 
BSR is reached in proximity of the structural high, while a high velocity above the BSR 
is present in the fore-arc basin. 
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The PreSDM section revealed in the southern sector a strong, continuous and 
shallow BSR (180 mbsf), increasing its depth toward the sides of the structural high 
(250 mbsf in the accretionary prism and 330 m in the fore-arc basin). The BGR was 
identified showing a strong continuity with a free gas layer thickness of about 70 m 
(Fig. 5.5). The stratification of the fore-arc basin sediments is mainly parallel to the sea 
floor and, for this reason; it is difficult to recognize the BSR. In this sector, the most 
important feature is the evidence of fault and fluid escape zones in proximity of the 
structural high (insert in Fig. 5.5). 

 
Fig. 5.5: RC2901-734 final velocity model with superimposed the prestack depth 

migrated section. The insert indicate a detail of the BSR and BGR in proximity of the 
structural high. 

 
5.2.2 Geothermal gradient and theoretical BSR depth 
 
 By using the seafloor and BSR depths and knowing the sea bottom temperature 
(in our case equal to 2.2 °C from direct measurements; Grevemayer and Villenger, 
2001), the geothermal gradient was estimated. In the northern sector, the results 
indicated a uniform geothermal gradient ranging from 25 to 30°C/km (Fig. 5.6a). In the 
southern sector the result indicated a variable geothermal gradient along the seismic 
section, with a maximum value equal to 95° C/km, located in correspondence of the 
structural high, and a minimum value equal to 35° C/km, eastwards and westwards of it 
(Fig. 5.6b). The well data indicated that other gases are present, mainly ethane with a 
saturation of 1%  along South Chile (Froelich et al., 1995). For this reason, two cases 
were considered to evaluate the theoretical BSR depth: the first one considering only 
methane (solid lines in Fig. 5.6) and the second one considering a mixture (dashed lines 
in Fig. 5.6b) of methane (99%) and ethane (1%). Note that the effect of the ethane is 
very slight.  
 
5.2.3 Gas hydrate and free gas concentrations 

In the northern sector (SO161-44 seismic line) the results of the gas-phase 
estimates showed that the highest gas hydrates concentrations are located in the central 
part, where the BSR is most strong (about 5-8%), while the concentration decreases 
toward both sides in a range of 0-1% of total volume. The free gas shows a similar gas 
distribution trend of the gas hydrate layer; in fact, the highest concentration values 
(about 0.2%) area detected in the central area, while the lowest concentration values are 
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detected in correspondence of the morphological highs (Fig. 5.7). An average of gas 
hydrates and free gas concentrations in the northern sector (SO161-44 seismic line) 
equal to 4% and 0.1% respectively was obtained. 

Fig. 5.6: Geothermal gradient. a) Northern sector; b) Southern sector. 
 

 
Fig. 5.7: SO161-44 concentration model with superimposed the prestack depth 

migrated section 
 
In the southern sector, the results of gas-phase estimates indicate high variability 

along the section. The highest gas hydrate concentrations are located in the fore-arc 
basin (about 23%), while, westward the gas hydrate concentration decreases in 
correspondence of the structural high and, then, the concentration increases toward to 
the accretionary prism (about 4-9%). About the free gas distribution, a quite opposite 
trend was observed; in fact, the highest concentration (2.4%) was located in proximity 
of the structural high, while the concentration decreases toward to the both sides, 
reaching the value of about 1% (Fig. 5.8). Finally, an average of gas hydrate and free 
gas concentrations equal to 12% and 1% of total volume respectively was obtained. 



V. INVESTIGATION OF GAS HYDRATE OCCURRENCE 

 41

 
Fig. 5.8: RC2901-734 concentration model with superimposed the prestack depth 

migrated section. The negative values indicate the free gas concentration 
 
6.2.3 Instantaneous amplitude analysis 
 
 In order to better define the gas hydrate and free gas layers, a seismic attributes 
analysis was performed. The instantaneous amplitude was calculated along of the three 
seismic sections. In the northern sector, the RC2901-728 stacked section is 
characterized by increasing instantaneous amplitude values toward the inner part; this 
trend is locally interrupted in correspondence to some structural discontinuities as faults 
and fluid escapes (Fig. 5.9). Similar features are evidenced in the SO161-44 stack 
section, in which the highest values of instantaneous amplitude are located in 
correspondence of a slope basin with some structural discontinuities (Fig. 5.9). In the 
southern sector, the RC2901-734 stacked section is characterized by strong 
instantaneous amplitude in correspondence to the structural high, while the lowest 
values are located in correspondence to the accretionary prism and in the fore-arc basin, 
where some structural discontinuities are present (Fig. 5.9).  
 
 In order to compare the instantaneous amplitude along of all stacked sections, 
the BSR/Seafloor ratio was calculated. The BSR/seafloor ratio shows anomalous values 
associated to the scattered energy on the seafloor, thus, values greater than 1 were not 
considered. The results indicated values about 0.5 in the inner part of the RC2901-728 
section (Fig. 5.10), where the BSR is strong and continuous. Note that similar values 
(>0.5) were found in correspondence of the structural high in the RC2901-734 (southern 
sector), while lowest values (<0.25) were located in the central part of the SO161-44 
section. The different values of BSR/seafloor ratio obtained along the two sections are 
in agreement with the gas-phase estimate: low concentration means low BSR/seafloor 
ratio and high concentration means high BSR/seafloor ratio.  
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Fig: 5.9: Instantaneous amplitude stacked section and normalized instantaneous 

amplitude calculated at BSR.  
 

 
Fig. 5.10: BSR/seafloor ratio along study area. The rectangles indicate the area where 

the BSR is evident.  
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VI. DISCUSSIONS 
 

Morpho-structures recognized along the Chilean margin are the base for 
identifying the processes contributing to model the Andean margin. This discussion is 
focussed on the processes of continental growth (accretion processes) and destruction 
(erosion processes) that characterize the study area. In this way, I discuss the main 
results for: a) oceanic basement and oceanic trench, b) continental slope and continental 
shelf. Moreover, relationships between geological structures and BSR presence are 
discussed as indicator of gas hydrate presence. Finally, I develop a preliminary study of 
environmental risk associated to gas hydrates presence.  
 
6.1 OCEANIC BASEMENT AND OCEANIC TRENCH 
 

In the study area, the oceanic basement and oceanic trench show different 
morphological features. In the northernmost part from 29° to 31°S, the oceanic 
basement is characterized by an irregular top (SO161-12 and SO161-09; Fig. 4.1 and 
4.2; see also appendix C). This roughness is caused mainly by normal faults, seamounts 
and overthrusts. The presence of these morphologies can be associated to bending prior 
to subduction and the presence of Juan Fernandez Ridge. Parallel faulting at Juan 
Fernandez ridge (Fig 6.1 and 6.2) has been interpreted as syngenetic normal faulting 
associated with the building of the seamounts (Yañez et al., 2001; Kopp et al., 2004), 
while the overthrust structures can be associated to the collision of Juan Fernandez 
Ridge with the continental crust, originating oceanic basement thrusts with seawards 
vergence.  

 
 The oceanic trench in this sector is characterized by a thin bed of sediments 
reaching a maximum thickness of about 1.1 km (considering a constant seismic velocity 
for trench sediments of 2200 m/s proposed by Volker et al., 2006). This thickness 
(about 1 km) is in agreement with results reported by Schweller et al. (1981) for this 
area, while southwards of the Juan Fernandez Ridge, the trench infill contains more than 
2.5 km thick turbidites. The reduced trench infill northwards of the Juan Fernandez 
Ridge is related to the topographic barrier that it constitutes, which impede the transport 
of sediment along the trench axis. Moreover, significantly reduced precipitation in the 
northern sector (1m/yr; New et al., 2002) is a factor that conditions the material supply 
from hinterland to the trench. Thus, the irregular oceanic basement and reduced trench 
fill, can be relate to greater friction in the incoming plate supporting erosion processes 
reported also by other authors (Ranero and von Huene, 2000; von Huene and Ranero, 
2003; Sallares and Ranero, 2005; Ranero et al., 2006). Nevertheless, downslope on 
SO161-12 profile we observe the presence of a small accretionary prism formed from 
“flakes” of oceanic basement (ophiolitic complex). 

 
South of 36°S, the oceanic basement shows similar features in almost all 

sections. Seawards the oceanic crust is characterized by a regular top with few normal 
faults. Note, that these faults can be associated to the bending of the subducting Nazca 
Plate (see bathymetric map in Fig. 6.1). Only the SO161-35 seismic line, located close 
to 38°S (southwards Mocha Island), is characterized by an irregular morphology, which 
can be associated to a subducting seamount chain. In this sector, the trench infill is 
characterized by a succession of high amplitude and low amplitude reflectors, which 
can be interpreted as turbidites with a maximum thickness equal to 2.8 km (assuming an 
average seismic velocity equal to 2200 m/s). In fact, other authors had interpreted this 
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succession as a cyclic stratigraphic sequence formed by turbidites (Blumberg et al., 
2008; Völker et al., 2006; Thornburg et al., 1987).  

 
Southwards the trench fill thickness is maintained almost constant; it probably 

means that the entire margin is characterized by similar subduction rate, subduction 
angle and sedimentation rates. In fact, from 36° to 46°S, the climatic conditions are 
characterized by high precipitation rates; therefore, an important sediment supply from 
hinterland to trench is recognized, while the subduction angle and the rate are about 30° 
and 6.6 cm/yr respectively (Angermann et al., 1999). These conditions along this part of 
the margin can explain why the main process seems to be the accretion subduction, 
while northwards of the Juan Fernandez Ridge dry climatic and flat-slab conditions are 
the main responsible of erosion subduction processes. Southwards of Juan Fernandez 
Ridge, the trench fill in some cases shows a strong reflector at about 1 and 1.2 s below 
seafloor. This reflector was associated to the decollement surface, which represents the 
boundary between underplated sediments layer (below it) and off-scraped sediments 
(above it). Moore (1989) defined the decollement zone as a low permeability 
hemipelagic mud bed lying below a more permeable trench turbidite bed. In this sector, 
a variable thickness of the underplated sediment layer was recognized. In fact, at 36°S 
(RC2901-728 section) and at 43°S (SO161-40 section) the thinnest bed (0.3 s) was 
recognized (Fig. 6.1), while from 37° to 40°S (SO161-44, SO161-35 and SO161-29 
sections) and 44.5°S (RC2901-734 section) the thickest bed (0.8 s) was recognized. The 
thickness of underplated bed can play an important role on the morphology of entire 
margin, because a thick underplated bed can supply greater amount of basally accreted 
material generating an uplifted accretionary prism (Glodny et al., 2005). In fact, in our 
sections the accretionary prism is uplifted in correspondence of a thicker underplated 
bed (Fig 6.1; see SO161-44, SO161-35, SO161-29 and RC2901-734 sections).  

 
6.2 CONTINENTAL SLOPE  
 
6.2.1 Continental slope 

 
Northwards of the Juan Fernandez ridge the continental slope is characterized by 

a smoothed topography (Fig. 6.1), while southwards of the ridge a rougher topography 
was recognized. In the lower slope, a small accretionary prism was recognized, which is 
associated to frontal accretion, even if the main process seems to be the erosion 
subduction. The high roughness of the oceanic basement (horst-graben structures with 
high offset and seamounts) increases the friction and, therefore, also increases the 
erosive capacity of subducting plate. Upslope many normal faults with small offset (Fig. 
6.1) are associated with gravitate collapses. These collapses can be related to eroded 
material from the base of the continental basement or to the superficial extension due to 
seamounts and sedimentary masses subduction (Kukowski and Oncken, 2006). The 
upper continental slope is characterized by midslope basins. These basins are the main 
vessel of the reduced sediment supply from hinterland and, therefore, they contribute to 
decrease the sediment supply to the trench. These basins are well described by Contardo 
et al., (2008) and its formation is associated to the seamounts subduction. In fact, this 
sector is characterized by the presence of the Juan Fernandez ridge and the small 
seamounts located northwards of the ridge. The Juan Fernandez ridge subduction is 
evidenced on the continental slope by the presence of a morphological high (Punta 
Salinas Ridge). Note that, northwards and southwards of it, depressed areas are 
recognized (midslope basin and Valparaiso basin; Fig. 6.2). Southwards of Juan 



 
Fig 6.1 : Line drawing sections along the entire margin. Note that in the northernmost section (S0161-12), the line drawing was made by using time migrated section reported by Ranero et al (2006). At right the 

location bathymetric by using topographic data from Smith and Sandwell, 1997. 
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Fernandez Ridge the slope basins would be controlled by basal accretion of large 
volumes of underplated sediment underneath the buttress, which in turn drives 
deformation and tilting of the upper part of the slope (Contardo et al., 2008). This 
process is strongly connected to the available volume of sediments at the trench and the 
basal properties of the prism. 

 
Fig. 6.2: Bathymetric map at north of Juan Fernandez Ridge by using bathymetric data 

from Smith and Sandwell (1997). The red lines show bending faults and the dashed 
black lines inferred lineament. 

 
Southwards of the Juan Fernandez Ridge (36-46°S) the continental slope is well 

defined by two steep-dipping, the first one constitutes the lower slope with angle 
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ranging from 5° to 10°, while the upper slope is characterized by angles ranging from 2° 
to 5°. The lower slope can be associated to the accretionary prism, while the upper slope 
to the deformed fore-arc basin. In this area, the continental slope shows a rougher 
topography, which is characterized by several submarine canyons (San Antonio, Biobío, 
Lleu-Lleu, Calle-Calle), small erosive channels and structural lineaments associated to 
strike-slip faults (Fig. 6.3). In this sector, the accretionary prism is characterized by 
morphological highs, which were related to episodic accretion stages as reported by 
Bangs and Cande (1997). In fact, an irregular lower slope characterized by 
morphological highs and thrusts were recognized (Fig. 6.1; RC2901-728 and SO161-40 
sections). 

 
Relationships between the thickness of the underplated sediment bed and the 

morphology of lower slope can be described. Thus, thicker underplated sediment bed 
contributes to formation of steeper slopes, while thinner underplated sediment bed to 
formation of rougher slopes. In RC2901-728 and SO161-40 sections, a thin underplated 
sediment bed (0.5 s) is in agreement with a rougher slope, while in the SO161-44 and 
SO161-35 sections a thicker underplated sediment bed (1.2 s) evidence a steeper and 
smoother slope. In this way, a greater amount of underplated sediments can determine 
the formation of duplexes below the accretionary prism affecting accreted sediments 
and uplifting the lower prism, as evidenced in SO161-44, SO161-35 and SO161-29 
sections. It seems that the off-crapped material provides accommodation of thrusts 
during uplifting generating sub-horizontal thrusts. On the contrary, in areas where a 
thinner underplated sediment bed is recognized, the accretionary prism shows thrusts 
with high offset, which are related to an episodic accretion frontal. In this case, the 
underplated material plays a minimal influence. In this way, we can suppose that the 
evolution for these prisms will be similar to the prisms shown in the previous analyzed 
sections. 

 
Slope basins were recognized in all sections. Note that the slope basins with 

more development are in correspondence to the sections where an important 
underplated sediments bed and seamounts were evidenced (Fig. 6.1; SO161-44, SO161-
35 and SO161-29 seismic lines). Thus, we can confirm the hypothesis that the formation 
of these basins are related to basal accretion and seamount subduction, as described 
northwards by Contardo et al., (2008). Flower structures were recognized in two 
sections. At 36° S (RC2901-728 seismic line; Fig. 6.1) a negative flower structure was 
recognized, while positive flower structures were recognized at 39.5° S (SO161-29 
seismic line; Fig 6.1). These flower structures are in agreement with NW strike-slip 
faults reported by Melnick et al. (2006), even if they could be associated to structures 
with NS strike related to non coaxial convergence between the Nazca and South-
America plates. These flower structures are an important indicator regarding to 
deformational variability on the continental slope. These structures can explain re-
activation of thrusts on the upper slope as evidenced in the SO161-44 and SO161-35 
sections. A transpressional tectonic (positive flowers) generate compression on the 
shallowest sequences deforming it and re-activing older thrusts. Moreover, a 
trantensional tectonic (negative flowers) can be responsible of depressed areas, erosive 
channels o slump heads located on the upper slope (Fig 6.3). 
 
 Northwards of Juan Fernandez Ridge the shelf is very narrow, while southwards 
the shelf widens (around 60 km) and comprises relatively deep basins (Itata, Arauco, 
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Valdivia and Putricahue basins)  well described by Mordojovich (1981) on a most 
probably Paleozoic metamorphic basement.  

 
Fig. 6.3: Bathymetric map at south Juan Fernandez Ridge by using bathymetric data 

from Smith and Sandwell (1997). The red dashed-dotted line shows the axial channel. 
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6.2.2 Strike-slip deformation zone  
 
 The Andean margin is characterized by an oblique convergence between Nazca 
plate beneath the South-America continent with an average direction of N77°E (DeMets 
et al., 1990). Thus, is possible suppose a dextral strike slip fault due to the shear stress 
generated by the interaction between both plates (Nazca an South-America plates). In 
the hinterland, regional dextral strike slip faults are recognized by many authors 
(Cembrano et al. 2005; Gonzales et al., 2003; Riquelme et al., 2003; Siame et al., 1997; 
Rosenau 2004). In the northernmost sector (22-28°S), the Atacama Fault Zone (AFZ) 
and Precordilleran Fault Zone (PFZ) are recognized. In the Central part (30°S) and 
Southern sector (36-47°S), El Tigre Fault (ETF) and Liquiñe-Ofqui Fault Zone (LOFZ), 
respectively are described (see Fig. 6.4). 

 
Fig 6.4: Cartoon of the kinematic framework of the Chilean margin by Hoffman-Rothe 

et al., (2006). 
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 On the oceanic crust, faults associated to the bending of the Nazca Plate were 
recognized in correspondence with shallow earthquakes and distensive focal 
mechanisms as is expected (Fig. 6.5). Note, that these structures are not parallel to the 
trench axis and evidences a rotation with ranging of 15° to 20° (Fig. 6.2 and 6.3). We 
can assume, that these faults are Riedel shear caused by a strike-slip deformation zone. 
Note, that these Riedel shear are re-activate as normal faults when the bending of the 
Nazca Plate act as main process.  
 
 The strike-slip component affecting the oceanic crust, can also involve the 
continental margin, in fact on the continental slope, positive and negative flower 
structures from seismic sections were recognized. Note, that symmetrical flower 
structures (Fig. 6.1; RC2901-728 section), can be associated to strike-slip faults parallel 
to the coast or to Riedel shear previously described. While asymmetrical flower 
structures (Fig. 6.1; SO161-29 section), can be associated to oblique strike-slip faults to 
the coast with NW-SE strike (Melnick, 2007; Fig. 6.5 A). If we suppose that these faults 
correspond to anti-Riedel shear (antithetic faults to them previously described), these 
faults should have NNE-SSW strike. We can assume that these faults correspond to 
earlier anti-Riedel faults related to a sinistral strike-slip component (90 My ago), 
reported by Hoffman-Rothe et al., (2006). Thus we can related this faults to past 
periods, where a sinistral kinematic was recognized. Note, that these faults are inversely 
re-activate with local transpressive components in recent periods, where a dextral 
kinematic is recognized. The sub-superficial seismicity in correspondence of these 
faults is not well detailed, but the focal mechanisms are characterized by transpressive 
components (Fig. 6.5 A and B) 
 
6.3 RELATIONSHIPS BETWEEN GEOLOGICAL FEATURES AND BSR 
PRESENCE 
 
6.3.1 BSR and its relation with accretion processes 

 
 Bottom simulating reflectors (BSRs) observed on seismic sections are often 
considered as indicators for the existence of free gas, delineating the base of the gas 
hydrate stability zone. Southwards of Juan Fernandez ridge the BSR was recognized in 
all sections. The BSR is strong and continuous in the RC2901-728, SO161-40 and 
RC2901-734 sections, while a weak and discontinuous BSR was recognized in the 
SO161-44, SO161-35 and SO161-29 sections (Fig. 6.1). So, we can observe a 
relationship between the BSR and the accretion processes; in particular the BSR is 
strong and continuous in correspondence to the frontal accretion processes, while it is 
weak and discontinuous in presence to basal accretion processes. We can suppose that 
the uplifting by basal accretion generates extensional tectonic movements, which can 
favour fluid escape and, consequently, the change of temperature. So, the depth of the 
gas hydrate stability zone is strongly variable along the seismic line and, consequently, 
the BSR disappears or becomes weaker. Moreover, a lower geothermal gradient 
(30°C/km) in the northern sector (SO161-44 section) is in agreement with an older 
oceanic crust (35 Ma, Müller, 1997), where a reduced fluid circulation can be expected. 
Whereas in the southern sector (RC2901-734 section), an higher and variable 
geothermal gradient (50-95°C/km) is in agreement with a younger oceanic crust (15 Ma 
, Müller, 1997), where the increased fluid circulation can be expected. It is worth to 
mention that only the processed stacked data of lines SO161-29, SO161-35 and SO161-
40 were available. The main target of the processing of the available post-stack data was 
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A) 

 
B) 

 
Fig. 6.5: A) seismicity and black focal mechanisms from the ISSA network.Blue focal 
mechanisms from shallow (<15 km) earthquakes of the NEIC and USGS catalogues by 
Melnick, 2007. B)Seismicity and focal mechanics map along Chilean Margin by Lange, 

2008; NEIC catalogue, 1973–2007, M ≥ 4 and Catalogue (1990-2007) M 3.9-7.6 
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to image the deeper structures and, maybe, a new processing focalized to enhance the 
shallower reflections can highlight new features. Note that the BSR features might be 
explained considering several factors. We can associated a weak and discontinuous BSR 
mainly to a reduced circulation and an active tectonic. However, in the northernmost 
part (Itata Offshore; RC2901-728 section) a strong and continuous BSR is in 
disagreement with an older oceanic crust. We can argue that, while a reduced 
circulation from oceanic crust can be expected, stable tectonic conditions and methane 
biogenic sources can explain a strongest and continuous BSR in this area. In fact, in 
Itata offshore from bathymetric data, a smoother continental slope can be recognize, 
which can be related to stable tectonic conditions, while southwards (Arauco and 
Valdivia offshore) an irregular continental slope characterized by submarine canyons, 
erosive areas, structural lineaments can be related to unstable tectonic conditions (Fig. 
6.3).  

 
6.3.2 BSR and its relations to seismic velocity, concentration and geothermal gradient. 
 

The results of gas hydrates investigation allowed us to recognize lateral 
variations in both analysed seismic lines (SO161-44 and RC2901-734 sections). In the 
northern sector (offshore Arauco; SO161-44 section), we found that the highest and 
lowest velocities are observed where the BSR is present. Note that the reflector selected 
below the BSR can be only locally associated to the BGR (Chapter V, Fig. 5.4). In the 
southern sector (offshore Coyhaique; RC2901-734 section), above the BSR, the lowest 
velocity is observed in proximity of the structural high. On the contrary, the highest 
velocity is present in the for-arc basin (Chapter V, Fig. 5.5). We think that in this area 
the high velocity can be related to two main factors: 1) the gas hydrate presence and 2) 
the change in petro-physical properties related to the different compaction of marine 
sediments. In fact, continental glaciations effects, documented along southern part of 
Chilean margin (Rabassa and Clapperton, 1990), may cause the porosity reduction and 
the consequent velocity increase. So, we think that in this sector the values of gas 
hydrate concentration that we can estimate from seismic velocity must be significantly 
decreased. Below the BSR, we observed an opposite trend: the free gas zone is thicker 
where the BSR is shallower. Moreover, the lowest velocity observed in proximity of the 
structural high is in agreement with the hypothesis that it can be considered as a 
geometrical trap for the accumulation of fluid.  

We can draw similar conclusions analysing the estimation of the gas-phase 
concentrations, derived by the velocity models. In fact, the high velocity above the BSR 
means high gas hydrate concentrations (until 7% and 23 % in the northern and southern 
sectors respectively) and the low velocity below the BSR means high free gas 
concentration (0.2% and 2.4 % in the northern and southern sectors respectively). We 
want to stress that in absence of direct measurements our estimate is affected by 
inaccuracy and we think that the main reliable result is the information about the 
relative variable distribution of both hydrate and free gas in the pore space along the 
margin. Neverless, our estimation is consistent with the values obtained by other authors 
analysing different data in the same area (Bangs et al., 1993; Froelich et al., 1995; 
Brown et al., 1996). For example, Brown et al. (1996) estimated that the gas hydrate 
concentration ranges from 5 to 20% of the pore volume, while the free gas 
concentration ranges from 1 to 3 % of volume. In any case, our procedure can be used 
to determine variability at regional scale, as confirmed by the order of magnitude of our 
estimate. 
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The BSR is generally present along the inner part of the accretionary prism. In 
the northern sector, the BSR is strong and continuous mainly between 9000 and 13000 
m (Chapter V, Fig. 5.4), becoming discontinuous in correspondence to the structural 
highs. In the southern sector, the BSR is present from the middle part of the 
accretionary prism to the first part of the fore-arc basin (Chapter V, Fig. 5.5). In this 
part, the BSR disappears and this fact may be due to three main reasons: a) high 
sediment compaction that reduces the porosity and the connection between the pores 
(Rabassa and Clapperton, 1990); b) parallel sediment stratification that masks the BSR 
presence; c) absence of gas due to lateral migration toward the structural high.  

In the southern sector, the seismic section evidences the presence of a structural 
high that acts as a structural trap for the gas and the fluid upwards migrating. In the 
northern sector, the BSR is strong and continuous only in a limited area, where we can 
suppose that the fluid is accumulated below the gas hydrate layer and, somewhere, the 
fluid reaches the seafloor.  

The structural high divides the frontal prism by the fore-arc basin. Here, the 
shallower sediments are affected by some discontinuities as evidenced by diffractions. 
In this part, the BSR amplitude reaches its maximum value, suggesting the highest 
presence of free gas below it. Probably, the different fluid circulation due to the tectonic 
can influence the gas accumulation and the gas hydrate formation, explaining, partially, 
the presence/absence of the BSR and its variable strength along the margin.  

The presence of active faults and fluid circulation is also related to the strong 
variability of the BSR depth. In fact, in the southern sector the BSR depth varies from 
250 mbsf (in the middle of the accretionary prism) to 130 mbsf (in the structural high), 
reaching its maximum (330 mbsf) in the fore-arc basin. This depth variability is 
partially due to the different water depth and partially to the variable geothermal 
gradient, from 35 to 95° C/km (Chapter V, Fig. 5.6), caused by fluid migration that 
modifies the gas hydrate stability field. The maximum depth of the BSR, reached in the 
fore-arc basin, is associated to the decrease of geothermal gradient from 65 to 40° 
C/km. This strong decrease could be caused by a combination of reduced fluid 
circulation, increased sedimentation rates, or morphological effect, as can happen along 
the flank of a structural high (i.e., Rupper 1997; Ganguly et al., 2000). In the northern 
sector, where the BSR is present, the BSR depth reaches 500 mbsf. Here, the higher 
BSR depth with respect to the southern sector can be justified by the high water depth 
and the presence of a lower geothermal gradient (about 30° C/km). It is worth to 
mention that our estimated geothermal gradient values are in agreement with published 
values reported in literature (Bangs et al., 1993; Brown et al., 1996; Grevemeyer et al, 
2003).  

By comparing the BSR/seafloor ratio for three sections, we relate the results of 
gas-phase amounts obtained in two of them (by using advanced processing) with a 
northernmost section  (Itata Offshore, RC2901-728). In fact, we not perform a detailed 
velocity analysis of the RC2901-728 seismic line, and, consequentely, we have not 
information about the gas hydrate and free gas concentrations and distributions. So, we 
decide to characterize the RC2901-728 section by using the observed relationship 
between BSR/seafoor values and hydrate/free gas concentrations of SO161-44 and 
RC2901-734 lines. In fact, high BSR/seafloor values (0.5) in both sections were related 
to high gas-phase concentrations, while the lower BSR/seafloor values (0.25) were 
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associated to low gas-phase concentrations. The BSR/seafloor values are in agreement 
with low and high concentrations of gas hydrate and free gas obtained from advanced 
processing. Thus, the RC2901-728 can be considered an interesting sector from 
explorative point of view, as confirmed by recent acquisition leg. In fact, massive 
hydrates was drilled by Juan Diaz Naveas during 2004 on-board the R/V AGOR Vidal 
Gormaz, as part of the FONDEF Project “Submarine Gas Hydrates: A New Source of 
Energy for the Twenty-First Century” of the Chilean government. 
 
6.4  ENVIRONMENTAL RISK DUE TO THE GAS HYDRATE PRESENCE.  

Our study suggests that the gas hydrate can play an important role in this part of 
the Chilean margin for two reasons. The first one is related to the potentiality of the 
hydrate reservoir. In fact, the local high concentrations of both hydrate and free gas, as 
suggested by previous and our studies, could be considered as a future energy resources. 
The second one is related to the intense seismicity that affects this area (Grevemeyer et 
al., 2006; Lange D., 2008; Fig. 6.5). A possible strong earthquake could generate 
anomalous sea waves, which represent important geohazard for human activities along 
the coasts. On the other hand, an earthquake can destabilise hydrates, amplifying the 
geohazard phenomena, as evidenced by several authors (i.e., Meinert et al., 2005). 
Moreover, the high amount of the free gas, presumably in overpressure condition and 
present in correspondence of the structural high in the southern sector, could be 
naturally released and trigger submarine slides toward the sides of the structural high, 
inducing hydrate instability.  

 On the other hand, we modeled different scenarios that could destabilize or 
stabilize gas hydrates. The stability of gas hydrates varies with temperature and 
pressure. During the Last Glacial Maximum (LGM; 20.000 yr ago), sea level was lower 
by 80-100 m (Nisbet, 1992), reducing the hydrostatic pressure and enhancing the 
probability of hydrate dissociations. On the contrary, now the scenario will be a sea 
level rise of 100 m, increasing hydrostatic pressure and stabilizing the gas hydrate. We 
suppose a fall of sea level equal to 100 m associated to LGM and a rise of sea level 
equal to 100 m associated to present time. A constant seabottom temperature was 
considered, because the deep-sea temperature should not vary significantly for deep sea. 
We evaluated the BSR variations by Coyhaique offshore, because here the highest free 
gas concentrations were obtained and the water depth is shallower. The Fig. 6.6 shows 
the BSR thickness variation for rising and falling of the sea level. In A) supposing a sea 
level rise of 100 m, gas hydrate is formed; in this case, we calculated gas hydrate 
thickness considering a variable geothermal gradient as reported in the Chapter V for 
Coyhaique offshore. In this case, the BSR depth increases (deeper BSR); therefore, the 
free gas below BSR will form gas hydrate. Thus, we calculate the actual free gas 
thickness and the new volume of gas hydrate. Now, the total volume of free gas-bearing 
sediments is equal to 76.262.500 m3, which means 762.625 m3 of free gas volume 
(considering an average concentration of 1% of total volume). Considering that the free 
gas is constituted by only methane, we can calculate the equivalence methane at 
standard conditions (STP), considering that 1 m3 of methane in depth (density of CH4 
equal to 0.653 kg/m3 at STP), which results equal to 270 m3 of methane at STP. Thus, 
methane at STP is equal to 205.908.750 m3, which will form a total volume of gas 
hydrate equal to 1.286.929 m3. If we suppose that a family use 2000 m3/yr of methane, 
so, the formed gas hydrates by sea level rising could satisfy the annual consume of 
about 103.000 families. 
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In B) supposing a sea level fall of 100 m, free gas is released; in this case, the 

BSR depth decrease (i.e. shallower BSR). We calculate the gas hydrate thickness that 
will be dissociated. Thus, a sediment total volume containing gas hydrate will be equal 
to 90.775.000 m3, resulting equal to 9.077.500 m3 of gas hydrate (considering an 
average gas hydrate concentration of 10% of total volume). Then, methane at STP will 
be equal to 1.452.400.000 m3 (assuming that 1m3 of gas hydrate is equal to 160 m3 of 
methane at STP). In this case, the released methane could satisfy the annual consume of 
about 726.200 families.  

 
Thus, in present time the gas hydrates formation is a scenario plausible for deep 

sea, while in shallower sea the retreat of glaciers destabilize the gas hydrates present 
onshore, contributing to release of free gas , which can reach the atmosphere. Moreover, 
the Chilean margin is characterized by a active tectonic, which also might be 
considered, because to mass-wasting processes can destabilize gas hydrates and favour 
the free gas release. During LGM in the study area, the gas hydrates was dissociated 
contributing to possible sliding and slumping processes on continental slope. In fact, 
slump deposits were recognized on lower slope (see Fig. 6.1; RC2901-728, SO161-35 
and SO161-44 sections), which could be associated to past periods when the sea level 
was lowered. 

 

Fig. 6.6: BSR thickness and its thickness variations versus sea level change. In A) rising 
100 m of the sea level and in B) falling 100 m of the sea level.  
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VII. CONCLUSIONS 
 

The investigation presented in this Thesis provides new insights on gas hydrate 
occurrence along Chilean margin from 35° to 45° S. Multichannel seismic data allowed 
us to identify the BSR in six seismic lines. Moreover, by interpreting seismic sections, 
relationships between geological morpho-structures and gas hydrate presence were 
described.  

 
Basal and frontal accretion processes were recognized in all sections. The trench 

infill southwards of Juan Fernandez Ridge is characterized by a succession of reflectors 
with high and low amplitude associated to turbidites. By recognizing the underplated 
bed top and oceanic basement top, the basal accretion thickness can be identified. A 
thinner bed (0.3 s) was recognized in correspondence to an accretionary prism 
characterized by several morphological highs. These morphological highs were 
associated to different accretional stages. On the contrary, a thicker bed (0.8 s) was 
recognized in correspondence to an uplifted accretionary prism characterized by a 
smoother topography. We can argue that basal and frontal accretions are the main 
processes that model this part of the Chilean margin. Moreover, upslope negative and 
positive flower structures were recognized. These structures can help to explain the 
deformational variability of the Chilean margin, because negative flowers structures are 
associated to transtensional domain, where the continental slope morphology is 
characterized by normal faults, submarine erosive channels and slump heads. Positive 
flower structures, instead, are associated to transpresional domain and could explain the 
presence of older re-activated thrusts, slightly deformed slope basins. Moreover a strike-
slip component affecting the oceanic crust, can also involve the continental margin, in 
fact on the continental slope, positive and negative flower structures can be associated 
to strike-slip faults parallel to the coast or to Riedel shear. 

 
Strong and continuous BSRs were recognized in correspondence to the frontal 

accretion processes, while weak and discontinuous BSRs were recognized where basal 
accretion processes seems to be evident. However, relationships between BSR features 
and accretion processes might be better evaluated by performing an accurate seismic 
analysis in all sections. In this study, an accurate seismic analysis of only two sections 
(SO161-44 and RC2901-734 sections) was performed. Anyway, it is possible to 
extrapolate that strong and continuous BSRs can be developed in presence of frontal 
accretion processes, because it is most probable that high-fluid flux can occur in 
compressive conditions. On the other hand, weak and discontinuous BSR can be 
associated to basal accretion, because off-crapped sediments can uplift the entire 
accretionary prism originating extensional movements, which could favour fluid 
escapes. 

 
The seismic analysis of the Arauco offshore (38°S; SO161-44 section) and the 

Coyhaique offshore (43.5°S; RC2901-734 section), allowed us to recognize a hydrate 
layer above the bottom simulating reflector, and the free gas layer below it. The velocity 
field is affected by strong lateral variation, showing maximum (above the BSR) and 
minimum (below the BSR) values in the Coyhaique offshore. Here, the highest gas 
hydrate and free gas concentrations were detected (23% and 2.4% of total volume 
respectively), even if the high velocity can be partially caused by over-compaction. The 
estimated geothermal gradient, from BSR seismic depth, ranges from 35 to 95 °C/km. 
In the Arauco offshore, the highest gas hydrate and free gas concentrations are equal to 
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7% and 0.2% of total volume respectively, and the geothermal gradient results uniform 
and equal to 30° C/km. A decreased geothermal gradient in the Arauco offshore is in 
agreement with a older oceanic crust, which can explain the lower gas concentrations 
here found. Note that this affirmation is not valid in the Itata offshore (36°S), where a 
older oceanic crust and high gas-phase concentrations are expected. In this area, the 
BSR and gas concentrations can be controlled by an increased fluid flux probably from 
biogenic sources; on the other hand, the tectonic stability, which characterize this area, 
can contribute to store free gas below the gas hydrate stability zone. 

 
In conclusion, this study suggests that the gas hydrate can play an important role 

in this part of the Chilean margin for two main reasons. The first one is related to the 
potentiality of the hydrate reservoir. In fact, the local high concentrations of both 
hydrate and free gas, as suggested by previous and our studies, could be considered as a 
future energy resources. The second one is related to the important geo-hazard related to 
the gas hydrate destabilization, which can effect the human activities along the coasts. 
For example, the high amount of the free gas, presumably in overpressure condition and 
present in correspondence of the structural high in the Coyhaique offshore, could be 
naturally released and trigger submarine slides toward the sides of the structural high, 
inducing hydrate instability. Moreover, a possible strong earthquake could generate 
anomalous sea waves, which could affect at vicinity coast, inducing the gas hydrate 
destabilization. 
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GLOSSARY 
 
GAIN: is a time-variant scaling. The gain level of the display should be selected such 

that reflections of interest overlap to form continuous events. Hopefully random 
noise will not overlap and will therefore appear discontinuous. The gain is usually 
specified in decibels relative to the calculated average amplitudes. Typically the 
0dB level is set so the average amplitude is 1/2 trace spacing, so +3dB would 
ensure the average was 1 trace spacing and ensure overlap. Very high amplitudes 
will usually be clipped at 4 traces excursions. For instance, geometric spreading 
correction is applied to compensate for wavefront divergence early in processing. 
Often, gain is applied to seismic data for display. An automatic gain control 
(AGC) is applied to seismic data to bring up weak signals. Gain must be used 
care, because it can destroy signal character.  

 
 
For example, an AGC with very small time gate makes strong reflections 
indistinguishable from weak reflections. Some gain types are: 

AUTOMATIC GAIN CONTROL (AGC): is the commonest (and often most 
dangerous) scaling type used. A sliding window of fixed length is used to compute 
the average amplitude within the window. This average is compared to a reference 
level and the gain computed for a point in the window. The window then slides 
down one sample and the next gain correction is computed. The process continues 
until the whole trace has been gained.  

ROBUST AGC: is sometimes used in which the minimum and maximum samples 
within a window are excluded before computing the average. In this method 
amplitude extremes are preserved.  

REVERSIBLE AGC: This type of AGC is sometimes applied before multi-channel 
noise suppression such as removal multiple. The principal is to equalise the data 
but store the AGC scalars. The multi-channel process is then applied and the AGC 
scalars are then removed. Under certain circumstances this can be effective, but 
must be treated with caution when AVO analysis is required.  

EQUALISATION: usually refers to a whole trace AGC in which the average amplitude 
of each trace is set to a fixed value.  

EXPONENTIAL: specified in dB per second.  
POWER: time to a power usually between 1.8 and 2.4.  
PROGRAMMED GAIN CONTROL: usually the amplitude decay curve (amplitude 

versus time) of a trace or group of traces is smoothed and the resulting function 
gained such that the decay is minimal. Larger gain values are generally applied at 
later times to compensate for energy decay. Gain factors may be applied in zones 
as indicated on the figure. 

GEOMETRIC DIVERGENCE (also called 
spherical divergence or spherical spreading) in 
which single "representative" velocity function is 
usually used for a data according to the formula 
gain = 1/( velocity squared multiplied by two-way 
travel time). The adjacent figure shows 
schematically the application of gain corrections to 
account for amplitude decay with time. 
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FILTER: A part of a system that discriminates against some of the information 

entering it. The discrimination is usually in the basis of frequency, although other 
bases such as wavelength, moveout, coherence, or amplitude may be used. 

BAND PASS FILTER: is an electronic device or circuit that allows signals between 
two specific frequencies to pass, but that discriminates against signals at other 
frequencies. Some bandpass filters require an external source of power and 
employ active components such as transistors and integrated circuits; these are 
known as active band pass filters. Other bandpass filters use no external source of 
power and consist only of passive components such as capacitors and inductors; 
these are called passive band pass filters. 

The illustration is an amplitude-vs-frequency graph, also called a spectral plot, of the 
characteristic curve of a hypothetical bandpass filter. The cut off frequencies, f1 
and f2, are the frequencies at which the output signal power falls to half of its level 
at f0, the center frequency of the filter. The value f2 - f1, expressed in hertz (Hz), 
kilohertz (kHz), megahertz (MHz), or gigahertz (GHz), is called the filter 
bandwidth. The range of frequencies between f1 and f2is called the filter pass band. 

Bandpass filters are used primarily in wireless transmitters and receivers. The 
main function of such a filter in a transmitter is to limit the band width of the 
output signal to the minimum necessary to convey data at the desired speed and in 
the desired form. In a receiver, a bandpass filter allows signals within a selected 
range of frequencies to be heard or decoded, while preventing signals at unwanted 
frequencies from getting through. A bandpass filter also optimizes the signal-to-
noise ratio (sensitivity) of a receiver. 
In both transmitting and receiving applications, well-designed bandpass filters, 
having the optimum bandwidth for the mode and speed of communication being 
used, maximize the number of signals that can be transferred in a system, while 
minimizing the interference or competition among signals. 

DIP FILTER: A dip filter is a two-dimensional filter that is intended to weight 
information depending on its dip and not on its frequency content. Dip filters may 
be designed by Fourier analysis which tends to make filters of great extent, or by 
partial differential operators which makes filters that are short, but imperfect near 
Nyquist frequencies. This filter is applied in a two-dimensional Fourier transform 
over time and space so-called FK transform, where F is the frequency (Fourier 
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transform over time) and K refers to wave-number (Fourier transform over space). 
The space dimension is controlled by the trace spacing and (just like when 
sampling a time series) must be sampled according to the Nyquist criterion to 
avoid spatial aliasing. In the F-K domain there is a two-dimensional amplitude and 
phase spectrum but usually only the former is displayed for clarity with colour 
intensity used to show the amplitudes of the data at different frequency and wave-
number components. Several noise types such as groundroll or seismic 
interference may be more readily separated in the FK amplitude domain than the 
time-space domain and therefore will be easier to filter before the inverse 
transform is applied. 

 
NORMAL MOVEOUT CORRECTION: The dynamic or Normal Moveout (NMO) 

correction is a spin-off of the increasing data redundancy that was due to the 
evolution of data acquisition techniques during the 1950s. The goal is to sum 
recordings illuminating the same subsurface point, in order to increase both signal-
to-noise and primary-to-multiple reflection ratios, using the multi-fold coverage 
idea (Fig. 1). 

 
Fig 1: Principle of NMO-Correction. The Reflections are alligned using the 
correct velocity, such that the events are horizontally. Then all the separate traces 
are stacked (summed). 

 
The traveltime curve of the reflections for different offset between source and 
receiver is calculated 
using: 

 
From this formula the NMO-correction can be derived and is given by: 

 
The Moveout ∆t is the difference in traveltime for a receiver at a distance x from 
the source and the traveltime t0 for zero-offset distance. The NMO-Correction 
depends on the offset and the velocity. In contrast to the static correction, the 
correction along the trace can differ.  
 
To obtain a flattening of the reflections, the velocity must have the correct value. 
When the velocity is too low, the reflection is overcorrected; the reflection curves 
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upwards. When the velocity is too high, the reflection is undercorrected; the 
reflection curve curves downwards (Fig. 2). 

 
 
 

 
 

Fig 2: NMO-Correction of a Reflection. (a) Reflection is not corrected; (b) with 
proper Velocity; (c)Velocity is too low; (d) Velocity is too high. 

 
The aim of the velocity analysis is to find the velocity that flattens a reflection 
hyperbola, which returns the best result when stacking is applied. This velocity is 
not always the real RMS velocity. Therefore, a distinction is made between: 
• vstack: the velocity that returns the best stacking result. 
• vrms: the actual RMS-velocity of a layer. 
For a horizontal layer and small offsets, both velocities are similar. When the 
reflectors are dipping then vstack is not equal to the actual velocity, but equal to the 
velocity that results in a similar reflection hyperbola. 
By stack velocity analysis the velocity spectrum was obtained. The velocity 
spectrum is obtained when the stacking results for a range of velocities are plotted 
in a panel for each velocity side by side on a plane of velocity versus two-way 
travel-time. This can be plotted as traces or as iso-amplitudes. This method is 
commonly used by interactive software to determine the velocities. to determine a 
velocity spectrum in this study the semblance method was used: 

 
Where n=number of NMO corrected traces in the CMP gather; w=amplitude value 
on the i-th trace at two way time t and st=amplitude of stacking; where: 
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MIGRATION: is a tool used in seismic processing to get an accurate picture of 

underground layers. It involves geometric repositioning of return signals to show 
an event (layer boundary or other structure) where it is being hit by the seismic 
wave rather than where it is picked up. Migration was first used in the 1920's, and 
today, it is has evolved into many variations. Two of the more important migration 
methods are: pre-stack and post-stack migration. 

TIME MIGRATION: A migration technique for processing seismic data in areas where 
lateral velocity changes are not too severe, but structures are complex. Time 
migration has the effect of moving dipping events on a surface seismic line from 
apparent locations to their true locations in time. The resulting image is shown in 
terms of traveltime rather than depth, and must then be converted to depth with an 
accurate velocity model to be compared to well logs. 

DEPTH MIGRATION: A step in seismic processing in which reflections in seismic 
data are moved to their correct locations in space, including position relative to 
shotpoints, in areas where there are significant and rapid lateral or vertical changes 
in velocity that distort the time image. This requires an accurate knowledge of 
vertical and horizontal seismic velocity variations. 

PRE-STACK MIGRATION: is essentially when seismic data is adjusted before the 
stacking sequence occurs. The popular form of pre-stack migration is depth 
migration (PreSDM). PRESDM requires the user to know more about velocities of 
the layers. Once the user inputs these into the data with velocity analysis methods, 
there will be some error in the image. This error is caused by dipping reflectors or 
diffractions. The PreSDM will adjust the picture according to the velocities given.  

 Pre-stack migration is often applied only when the layers being observed have 
complicated velocity profiles, or when the structures are just too complex to see 
with post-stack migration. Pre-stack is an important tool in modelling salt diapirs 
because of their complexity and this has immediate benefits if the resolution can 
pick up any hydrocarbons trapped by the diapir. Overall, pre-stack migration, 
depth and time, is a valuable tool in better imaging seismic data, but it is limited 
by the amount of time and money required to conduct a pre-stack migration. Most 
of the pre-stack migration will be run when post-stacking has failed to resolve the 
layers or structures. However, with advances in computers, pre-stack migration 
will eventually become more economical. 

POST STACK MIGRATION: is the process of migration in which the data is stacked 
after it has been migrated. This process is for many reasons, mainly because of its 
reasonable cost compared to pre-stack migration. As in pre-stack migration, post 
stack migration is based on the idea that all data elements represent either primary 
reflections or diffractions. This is done by using an operation involving the 
rearrangement of seismic information so that reflections and diffractions are 
plotted at their true locations. The reason that migration is needed is due to the fact 
that variable velocities and dipping horizons cause the data to record surface 
positions different from their sub-surface positions. The stacking is accomplished 
by making a composite record by combining traces from different records. 
Filtering is involved with stacking because of timing errors or wave-shape 
difference among the data being stacked. A disadvantage of using post stack 
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migration compared to pre-stack migration is that it does not give as clear results 
as pre-stack. Post stack usually gives good results though, when the dip is small 
and where events with different dips do not interfere on the migrated section 

KIRCHHOFF MIGRATION METHOD: 
The Kirchhoff migration is a method of seismic migration that uses the integral 
form (Kirchhoff equation) of the wave equation. All methods of seismic migration 
involve the back propagation (or continuation) of the seismic wave field from the 
region where it was measured (Earth's surface or along a borehole) into the region 
to be imaged. In Kirchhoff migration, this is done by using the Kirchhoff integral 
representation of a field at a given point as a (weighted) superposition of waves 
propagating from adjacent points and times. Continuation of the wave field 
requires a background model of seismic velocity, which is usually a model of 
constant or smoothly varying velocity. Because of the integral form of Kirchhoff 
migration, its implementation reduces to stacking the data along curves that trace 
the arrival time of energy scattered by image points in the earth. 
The method assumes that every point in the subsurface is a scatter point which 
scatters waves coming from a source point S. The wavefield collected at the 
Earth’s surface is a superposition of waves coming from every scatter point. In 
migration, we propagate the surface wavefield back to subsurface scatter points 
and collect wavefield at t = 0 to get the image of subsurface structure.  
Let P(xs, xr, z = 0) be the wavefield at the Earth's surface. The wavefield at every 
scatter point is : 

 
where, xs and xr are the x coordinates of source and receiver, respectively; rs and rr 
are the travel distances from source to scatter point and from scatter point to 
receiver, respectively; vd and vu are the velocities of downgoing and upgoing 
raypaths, respectively. 

 
is the amplitude scale factor. 
So the image of the subsurface is represented by : 

 
 
 
STOLT MIGRATION METHOD: 

On most computers the Stolt [1978] method of migration is the fastest one by a 
wide margin. For many applications, this will be its most important attribute. For a 
constant-velocity earth it incorporates the Huygens wave source exactly correctly. 
Like the other methods, this migration method can be reversed and made into a 
modeling program. One drawback, a matter of principle, is that the Stolt method 
does not handle depth variation in velocity. This drawback is largely offset in 
practice by an approximate correction that uses an axis-stretching procedure. A 
practical problem is the periodicity of all the Fourier transforms. In principle this 



GLOSSARY 

 73

is no problem at all, since it can be solved by adequately surrounding the data by 
zeroes. 
A single line sketch of the Stolt method is this:  

 

The steps of the algorithm are: 
1. Double Fourier transform data from p(t, x,0) to P(ω,kx ,0). 
2. Interpolate P onto a new mesh so that it is a function of kx and kz. 

3. Scale P by the cosine  (The cosine is the Jacobian of the 
transformation.). 
4. Inverse Fourier transform to (x, z)-space. 

 
The Stolt method is sometimes described as .normal moveout done in the Fourier 
domain. Unfortunately, unlike normal moveout, it does not correctly describe a 
medium where the velocity depends on depth z. 

 
PHASE-SHIFT MIGRATION METHOD: 

The phase-shift method of migration begins with a two-dimensional Fourier 
transform (2D-FT). This transformed data is downward continued with 
and subsequently evaluated at t=0 (where the reflectors explode). Of all migration 
methods, the phase-shift method most easily incorporates depth variation in 
velocity. The phase angle and obliquity function are correctly included, 
automatically. Unlike Kirchhoff methods, with the phase-shift method there is no 
danger of aliasing the operator. (Aliasing the data, however, remains a danger.) 
Equation (1) referred to upcoming waves. However in the reflection experiment, 
we also need to think about downgoing waves. With the exploding-reflector 
concept of a zero-offset section, the downgoing ray goes along the same path as 
the upgoing ray, so both suffer the same delay. The most straightforward way of 
converting one-way propagation to two-way propagation is to multiply time 
everywhere by two. Instead, it is customary to divide velocity everywhere by two. 
Thus the Fourier transformed data values, are downward continued to a depth  
by multiplying by  

 

Ordinarily the time-sample interval  for the output-migrated section is chosen 
equal to the time-sample rate of the input data (often 4 milliseconds). Thus, 
choosing the depth , the downward-extrapolation operator for a 
single time step  is 
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Data will be multiplied many times by C, thereby downward continuing it by 
many steps of . 
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APPENDIX A: GEOMETRIC ARRANGEMENT  
 
 The geometric corrections involve the re-organization of the common-shot 
records into a large number of new records. These records include source-receivers 
coordinates, offset and common-midpoint (CMP).  
1) The source-receiver coordinates (sx,gx), respectively will be: 
 
   sx=fldr*∆s;   note that the first sx must be ≥(offsetmin+ ng*∆g) 
   gx=sx-offsetmin-(∆g*tracf);  note that the first tracf must be =0 
 
where fldr is the field record number with  ∆s interval of distance,  
and tracf trace number, ng total number of receivers with ∆g interval of distance 

 
 

2) The offset will be: 
 
   offset=(gx-sx) 
 
3) CMP coordinates will be: 
 
   CMP=(sx+gx)/2;   and  with interval ∆m=1/2min (∆s, ∆g ) 
 
4) At each midpoint the maximum fold (number of traces summed into each trace of a 
common-midpoint stack) will be:  
 
   foldmax=1/2(ng*∆g/∆s) 
 
 
In our case, the calculus of RC2901-734, RC2901-728, SO161-44 lines seismic will be: 
∆s=50, 50, 50 m, respectively 
∆g=12.5, 12.5, 25 m, respectively 
ng=224, 240, 120 number of receivers, respectively 
Thus, ∆m=6.25, 6.25, 12.5 m and foldmax=28, 30, 30 traces 
 
 In the case of the RV161-44 seismic line the calculus for CMP coordinates and 
its interval was simplified considering only the receivers distanced every 25 m. 
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APPENDIX B: LIU APPROACH 

 
By Migration velocity analysis doctoral thesis, 1995  

 
Iterative approach 
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APPENDIX C 
STACKED AND POST-STACK TIME MIGRATED 

SECTIONS 
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Abstract  
 
Gas hydrate occurrence, along Chilean continental margin, has been well documented in the 
last decades. In order to better define the seismic character of the hydrate-bearing sediments, 
we performed an advanced processing. We selected a part of a RC2901-734 seismic line 
located offshore Coyhaique to perform a detailed velocity analysis by using the pre-stack 
depth migration.  

The velocity model allowed us to recognize two important layers: the first one, located 
above the bottom simulating reflector with high velocity (1 700 - 2 200 m/s) with a maximum 
thickness of 250 m, and the second one, below it,  characterized by low velocity (1 250 - 1 
400 m/s), indicating the presence of the free gas. The migrated section detected a weak 
reflector associated to the base of free gas layer at about 70 m below the bottom simulating 
reflector. 

By using depth information and sea bottom temperature, we estimated geothermal 
gradient. The results indicated a variability of it (35 - 95 °C/km). The highest values are 
located in correspondence of a structural high zone, while the lowest values are located 
toward the accretionary prism and the fore-arc basin. 

In order to quantify the gas-phase amounts, we converted the velocity model into gas-
phase concentration model by using theoretical models. The results indicated that the highest 
concentrations of the gas hydrates (23%) are located in correspondence to the fore-arc basin 
and the highest concentration of free gas (2.4%) are located in correspondence to the 
structural high zone, which may be considered as a natural trap for the fluids. The average 
concentrations are equal to 12% and 1% of volume for gas hydrate and free gas respectively.   

In conclusions, in this area a high fluid circulation has been recognized and the 
presence of high amount of gas hydrate  can involve environmental risks. 

  
Keywords: gas hydrate, BSR, seismic velocity, gas-phase concentration, pre-stack depth 
migration, CIG analysis, Chilean margin. 
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1. Introduction and geological setting 
 
During the last decades, the scientific community spent many efforts to study the gas hydrates 
in oceanic and permafrost environments. In fact, the gas hydrate occurrence has a global 
significance because of the potential energy resource represented by the large amount of 
hydrocarbon trapped in the hydrate phase (Milkov, 2004). Moreover, it may play a role in 
global climate change (Kennett et al., 2003), and because of the hazard that accumulations of 
gas hydrate may cause to drilling and seabed installations (Hovland and Gudmestad, 2001) 

The detection of a bottom-simulating reflector (BSR), by using seismic methods, 
allows us to define the distribution of gas hydrate (e.g. Shipley et al., 1979; Hyndman and 
Spence, 1992; Berndt et al., 2004). The BSR is associated with the acoustic interface between 
overlying sediment containing gas hydrate, which increases compressional seismic velocity, 
and underlying sediment containing free gas, which decreases compressional seismic velocity 
(Hyndman and Spence, 1992; MacKay et al., 1994). The BSR has been identified in seismic 
sections in accretionary complexes along convergent margin and passive margin settings 
(Shipley et al, 1979).  

Along the Chilean continental margin, the BSR is well reported in the last decades by 
several geophysical cruises. In particular, the BSR is recognized along the accretionary prism 
(Vargas et al., 2008; Grevemayer et al, 2003; Morales, 2003; Diaz-Naveas, 1999; Brown et al, 
1996; Bangs et al, 1993). An important aspect related to the gas hydrates is the estimate of gas 
concentration in the pore space by using seismic data. For this reason, both, compressional 
and shear wave velocities provide information about the presence of gas hydrate and free gas 
in marine sediments (Tinivella and Accaino, 2000). A quantitative estimate of gas hydrate and 
free gas concentrations is obtained by fitting the theoretical velocity with the experimental 
velocity (Tinivella, 1999; Tinivella, 2002). 

Our study area is located along offshore Coyhaique on continental slope between 44°-
45°S (Fig. 1). This area is characterized by subduction of the Nazca Plate below the South 
American continental plate. The Nazca Plate is subducting beneath the Chile margin along the 
Chile trench at a rate of about 66 km/my (Angermann et al., 1999; Kendrick et al., 2003).  
Seismic Line RC2901-734, here analysed, is located about 150 km north of the Taitao triple 
junction (Behrmann et al, 1992). High heat flow, associated with the active spreading ridge, 
has greatly elevated thermal gradients near the ridge (Behrmann et al, 1992; Lewis et al., 
1995). Leg 141 drilling in the vicinity of the Chile triple junction furnished an estimate of 
around 18% and 1% of volume of gas hydrate and free gas concentrations, respectively 
(Lewis et al., 1995). In addition, during the Pliocene, was occurred an inversion from erosive 
to accretionary conditions in the fore-arc basin. (Melnick et al, 2007). This is an important 
aspect to consider, because the accretionary process is characterized by intense deformation 
style and, therefore, the velocity anomalies can be not only associated to the gas hydrate 
presence. 

Our main goal is to map the occurrences of gas hydrates in the South Chilean margin 
and estimate the gas hydrate and free gas concentrations. The procedure includes: a) 
determination of the velocity field by using the pre-stack depth migration (PreSDM), b) 
geological interpretation of velocity anomalies and c) determination of the gas hydrate and 
free gas concentration by using reference velocity in absence of gas hydrates and free gas. By 
using sea bottom and BSR depths and the sea bottom temperature, the geothermal gradient 
was estimated.  
 
2. Geophysical data and processing 
 
2.1 Standard processing  
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We analysed the seismic data acquired during the RV/Conrad (January-Febrary 1988), in the 
frame of the project mid-ocean spreading ridge (Chile Ridge) of the Ocean Drilling Program 
(ODP). In particular, we analysed the RC2901-734 seismic line. The acquisition parameters 
are the following: an array of 10 air guns, tuned to suppress the bubble pulse with a total 
volume of 61.3 1; a shot interval of  20 s, producing a shot spacing of approximately 50 m; 
and a streamer length of  3 km, consisted of 224-channel with 12.5 m of group interval.  

In order to identify the BSR, first of all we performed a standard processing by using 
free software Seismic Unix (SU). We stacked the data after a detailed stacked velocity 
analysis (performed every 100 CDP, i.e. 625 m) and after an application of a band-pass filter 
(15-70 Hz). The stacked section was filtered and, then, a post-stack time migration was 
performed by using the phase-shift method that provides the best results if compared with the 
other methods (Kircchoff and Stolt migrations). The final migrated section was reported in 
Figure 2. 
2.2 Advanced processing and velocity model building 
Once recognized the BSR in the post-stack time migrated section, we selected a part (20 km) 
of the line, where the BSR is strongest and more continuous, to perform an advanced 
processing. The target is to obtain a detailed velocity model by using a layer stripping 
approach and the PreSDM (Kirchhoff algorithm) iteratively. This method adopts the output of 
the pre-stack depth migration (the common image gathers, CIGs) to determine iteratively an 
accurate velocity field (Yilmaz, 2001). To define the initial velocity-depth model, we created 
an uniformly spaced grid with constant velocity. We used the paraxial ray tracing method to 
compute the wavefront traveltimes (Beydoun and Keho, 1987); the traveltimes in shadow 
zones are compensated by solving eikonal equation (Beydoun and Keho, 1987; Cerveney, 
1985). The method, which we used to estimate the velocity by the use of the PreSDM (see 
details in Liu, 1995), is based on the analysis of two outputs of the PreSDM. The first one is 
obtained with an initial weighted sum of all amplitudes on shot-point, by using Kirchhoff 
integral, while the second output is the summation corresponding to the multiple coverage 
redundancy (from CIGs) producing a depth migrated stack (see details in Liu, 1995). The 
elaboration of the two outputs allows to determine the velocity error and, then, to update the 
velocity model (Liu, 1995). 

After the PreSDM, the output traces are sorted into CIGs. If the migrated reflections in 
CIGs are flat, the correct migration velocity is used to migrate the data (Yilmaz, 2001). On 
the contrary, the not flatness reflections in the CIGs indicates error in the migration velocity 
choice. In this last case, residual moveout analyses measure the deviations by using the 
semblance method in order to correct the curvatures on the CIGs (Liu, 1995). In fact, the 
semblance provides a normalized measurement of the flatness of the reflection events in the 
CIGs (Chauris and Noble, 2001). The reflections in the CIGs are imaged as areas of 
maximum energy in the semblance. The energy in the semblance is quantified by r-parameter, 
which is a measurement of the flatness deviations of the reflections along the offset. 
Therefore, a non-zero r-parameter means the presence of move-out and an incorrect velocity. 
If the r-parameter has a negative value it means that the velocity needs to be increased. On the 
contrary for positive value, it needs to be decreased. A zero r-parameter means that the 
velocity used is correct. To obtain an interval velocity in selected layers, we focalised the 
velocity analysis at selected reflections. At each selected reflection, the update of the velocity 
model is performed picking the r-parameter in correspondence of the maximum energy in the 
semblance and translating the value of r-parameter in terms of velocity error. Then, we 
computed a new migration with  the updated velocity model; the procedure stops when the 
energy is well focalised around the r-parameter equal to zero for all selected reflections.  

In our case, the initial velocity is assumed constant and equal to 1 480 m/s (water 
seismic velocity), assuming horizontal and vertical spacing of the grid equal to 10 and 12.5 m 
respectively. Once the first PreSDM was performed, we picked in the CIG semblance, the r-
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parameter corresponding to the seafloor reflection. The estimated velocity is correct if the 
maximum energy is focalised to zero, that is to say the r-parameter approaches or equals to 
zero (see panel in the middle of Fig. 3; Yilmaz, 2001); we reach this result after five 
iterations. Then, we started the velocity analysis for a second layer (top: the seafloor; bottom: 
a horizon between the seafloor and the BSR, hereafter called horizon 1). After 28 iterations, 
we fixed velocity for the second layer. A third layer (top: the horizon 1; bottom: the BSR) was 
updated after 30 iterations. Finally, we updated the velocity in the free gas zone below the 
BSR and above the so-called Base of free Gas Reflector (BGR) after 26 iterations. A velocity 
gradient was included below the BGR and the final velocity model was smoothed before 
performing the final PreSDM. In order to obtain an accurate image and attenuate the 
stretching effects, we produced a stack with maximum offset of 2 500 m. A trace mixing and 
band-pass filter were applied to the final stacked section. 

In order to check the reliability of our final velocity model, we perturbed it of ±5%, 
and we performed the PreSDM. We evaluated the semblances considering: the final velocity 
model and the models increased/decreased of 5%. Figure 3 shows the semblances of a 
selected CIG. Note that the energy is well focalised only in the middle panel, suggesting that 
our velocity model has an error less than 5%. 
2.3 BSR-derived geothermal gradient 
It is possible to calculate the geothermal gradient (dT/dz) by using the following formula: 

dT/dz=(TBSR –TSEA )/(ZBSR- ZSEA), 
where the T is the temperature and the Z is the depth of the BSR and the seafloor (index SEA; 
i.e. Grevemayer, et al, 2003). The BSR and the seafloor depths were obtained from the 
PreSDM section and the seafloor temperature (equal to 2.2° C) is taken from CTD 
measurements off Chile from ODP 141 drill (Grevemeyer and Villinger, 2001). The estimate 
of the temperature at BSR is based on the dissociation temperature-pressure function of gas 
hydrates (Sloan, 1998; Dickens and Quinby-Hunt, 1994). We considered two cases: i) only 
methane and ii) methane and ethane. In fact, the well data indicates that other gases are 
present, mainly ethane with a saturation of 1% (Froelich et al., 1995). For this reason, we 
considered a mixture of methane (99%) and ethane (1%). 
2.4 Estimation of gas hydrate and free gas quantities. 
The method for estimating gas hydrate and free gas concentrations consists of comparing 
velocity anomalies with theoretical velocity curves in absence of gas-phases. We can use a 
modified Domenico’s approach in order to reproduce the velocity field in absence of gas or 
full water saturation (Tinivella, 1999). A qualitative estimate of concentrations can be 
obtained by comparing the theoretical velocity for full-water saturation to the seismic 
velocity, evaluated by the PreSDM velocity analysis. Positive anomalies indicate the presence 
of gas hydrates, while negative anomalies indicate the presence of free gas. A quantitative 
estimate was obtained by fitting the theoretical velocity to the experimental velocity (velocity 
model obtained by PreSDM), increasing the parameters of the theoretical model related to the 
gas-phase concentrations. The method can model two main distributions to calculate the 
concentrations of free gas in the pore space: uniform distribution (gas and water in pore 
space) and patchy distribution (all gas in patches without water). In our case, we considered a 
uniform distribution of free gas in pore space, because of the low velocity observed in the free 
gas layer (less than 1 300 m/s; Tinivella, 2002). In absence of direct measurements, we 
consider the Hamilton trend for the porosity and density versus depth (Hamilton, 1979), 
assuming the initial porosity equal to 60% as measured  in a ODP well located in the same 
region (Grevemeyer and Villinger, 2001).  
3. Results 
3.1 Stacked section 
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Post-stack time migrated section, showed in Fig. 2, allowed us to recognize sub-horizontal 
reflectors on the oceanic trench. From CDP 2 500 to 3 550 typical morpho-tectonic structures 
of the accretionary complexes with seaward vergence, in which sediments are deformed and 
piled up to form a typical “imbricate thrust fan”, are recognized. Below these sediments, a 
high amplitude reflector is evident at about 1 s from the seafloor. Note that a strong and 
continuous BSR is detectable along the inner part of the accretionary prism, across the 
structural high and along the seaward side of the fore-arc basin.  

The fore-arc basin is characterized by slightly deformation and quite continuous 
reflectors that dip landward (see CDPs 5 500-6 500 in Fig. 2). The BSR is not easily 
detectable between CDPs 6 500-7 500, where shallower stratifications are sub-horizontal  and 
the deeper sediments are affected by compressive deformations. On both sides, the basin is 
interested by normal faults, along which the basin may deepen.  
 
3.2 Velocity model and PreSDM sections 
The procedure to perform the PreSDM section allowed us to reconstruct the velocity field and 
to obtain an accurate depth image. The final velocity model shows that the layer above the 
BSR is characterized by high velocity (1 700-2 200 m/s), which can be associated to gas 
hydrate presence. A layer below the BSR is characterized by low velocity (1 250-1 400 m/s) 
and can be associated to free gas presence (Fig. 4). A strong lateral velocity variation is 
evident along the section. In particular, a low velocity across the BSR is reached in proximity 
of the structural high, while a high velocity above the BSR is present in the fore-arc basin. 

The PreSDM section revealed a possible gas hydrate and free gas thickness of about 
330 m and 70 m respectively. The amplitude of the BSR is variable along the section and is 
inversely proportional to the velocity, as expected. The most important feature is the evidence 
of fluid escape zones in proximity of the structural high (insert in Fig. 4). In the fore-arc 
basin, the sediment stratification is mainly parallel to the sea floor and, for this reason, it is 
difficult to recognize the BSR. 

 
3.3 BSR-derived geothermal gradient 
By using the seafloor and the BSR depths and knowing the sea bottom temperature (equal to 
2.2° C; Grevemeyer and Villinger, 2001), we have estimated the geothermal gradient. Results 
indicated a variable geothermal gradient along the seismic section, with a maximum value 
equal to 95° C/km, located in correspondence of the structural high, and a minimum value 
equal to 35° C/km eastwards and westwards of it (Fig. 5). For completeness, we evaluated the 
theoretical BSR depth considering that the hydrate contains only methane (solid lines in Fig. 
5a) and a mixture of methane (99%) and ethane (1%; dashed lines in Fig. 5a). Note that the 
effect of the ethane is very slight. In Fig. 5b, we reported the geothermal gradient estimated 
along the seismic section analysed and used for the successive modelling. 
 
3.4 Estimation of gas hydrate and free gas quantities 

The results of our gas-phase estimates indicate high variability along the section. Note 
that we considered a variable geothermal gradient, as discussed in the previous paragraph and 
reported in Fig. 5b. The highest gas hydrate concentration is located in the fore-arc basin 
(about 23%), while, westward, we have not evidences of relevant gas hydrate presence in 
correspondence of the structural high and, then, the concentration increases toward to the 
accretionary prism (about 4-9%). About the free gas distribution, we observed a quite 
opposite trend; in fact, the highest concentration (2.4%) is located in proximity of the 
structural high, while the concentration decreases toward to the both sides, reaching the value 
of about 1% (Fig. 6). Finally, we obtained an average of gas hydrate and free gas 
concentrations equal to 12% and 1% of total volume respectively.   
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4. Discussion and conclusions 
 
The BSR is present from the middle part of the accretionary prism to the first part of the fore-
arc basin. It misses in the area affected by intense deformations, characterized by faults and 
fractures that cut sediments and reach the seafloor, providing efficient flow pathways for fluid 
escape. This process decreases the gas concentration within sediments.  
 The seismic section evidences the presence of a structural high that can act as a 
structural trap for the gas and the fluid upwards migrating and coming from lateral sediments, 
if we suppose that the hydrate layer is an impermeable layer. The structural high represents 
the highest part of the accretionary prism dividing the frontal prism by the fore-arc basin. 
Here the sediments are affected by intense deformation and discontinuities, which, locally, 
could reach the seafloor, as evidenced by some diffractions (Figs. 2 and 4). In this part, the 
BSR amplitude reaches its maximum, suggesting the highest presence of free gas below it. 
Moreover, the presence of the BSR, as revealed by many authors (i.e., Loreto et al., 2007), is 
a good indicator of fluid circulation and tectonic activities. 

The presence of active faults is also related to the strong variability of the BSR depth. 
In fact, by our analysis, the gas hydrate thickness varies from 250 m (in the middle of the 
accretionary prism) to 130 m (in the structural high), reaching its maximum (330 m) in the 
fore-arc basin. This variable depth can be justified supposing a variable geothermal gradient 
(from 35 to 95° C/km; Fig. 5b), caused by fluid migration that modifies the gas hydrate 
stability field. The estimated geothermal gradient values are in agreement with published 
values reported in literature (Bangs et al., 1993; Brown et al., 1996). The maximum depth of 
the BSR, reached in the fore-arc basin, is associated to the decrease of geothermal gradient 
from 65 to 40° C/km. This strong decrease could be justified by a combination between 
reduced fluid circulation and increased sedimentation rates, or with morphology effect, as can 
happen along the flank of a structural high a (i.e., Rupper 1997;  Ganguly et al., 2000). 

The seismic velocity analysis indicates strong lateral variations in agreement with the 
previous observations. In fact, above the BSR, the lowest velocity is observed in proximity of 
the structural high, where a strong fluid circulation is supposed. On the contrary, the highest 
velocity is present in the for-arc basin. We think that in this area the high velocity can be 
related to two main factors: 1) the gas hydrate presence and 2) the change in petro-physical 
properties related to the different compaction of marine sediments. In fact, continental 
glaciations effects, documented along southern part of Chilean margin (Rabassa and 
Clapperton, 1990), may cause the porosity reduction and the consequent velocity increases. 
So, we think that in this sector the values that we obtained must be significantly decreased. 
Below the BSR, we observe an opposite trend: the free gas zone is thicker where the BSR is 
shallower. Moreover, the lowest velocity observed in proximity of the structural high is in 
agreement with the hypothesis that it can be considered as a geometrical trap for the 
accumulation of fluid in the pore space. 

We can draw similar conclusions analysing the estimation of the gas-phase 
concentrations, derived by the velocity model. In fact, the high velocity above the BSR means 
high gas hydrate concentrations (until 23 %) and the low velocity below the BSR observed in 
proximity of the structural high means high free gas concentration (2.4 %). We want to stress 
that in absence of direct measurements our estimate is affected by inaccuracy and we think 
that the main reliable result is the distribution of both hydrate and free gas in the pore space 
along the margin. Neverless, our estimation is consistent with the values obtained by other 
authors analysing different data in the same area (Bangs et al., 1993; Froelich et al., 1995; 
Brown et al., 1996). For example, Brown et al. (1996) estimated that the gas hydrate 
concentration ranges from 5 to 20% of the pore volume, while the free gas concentration 
ranges from 1 to 3 % of volume. In any case, this procedure can be used to determine 
variability at regional scale, as confirmed by the order of magnitude of our estimate. 
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Our study suggests that the gas hydrate can play an important role in this part of the 
Chilean margin from two points of view. The first one is related to the potentiality of the 
hydrate reservoir. In fact, the local high concentrations of both hydrate and free gas, as 
suggested by previous and our studies, could be considered as a future energy resources.  

It is important to underline that this area is characterised by intense seismicity 
(Grevemeyer et al., 2006). A possible strong earthquake could generate anomalous sea waves, 
which represent important geohazard for human activities along the coasts. On the other hand, 
an earthquake can destabilise hydrates, amplifying the geohazard phenomena, as evidenced by 
several authors (i.e., Meinert et al, 2005). Moreover, the high amount of the free gas, 
presumably in overpressure condition and present in correspondence of the structural high, 
could be naturally released and trigger submarine slides toward the sides of the structural 
high, inducing hydrate instability and the related effects. This scenarios could be taking in 
account in the environmental studies in this part of the Chilean margin. 
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Figure5
Click here to download high resolution image APPENDIX D: SUBMITTED PAPERS
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Figure captions 

Fig. 1: Location map of the RC2901-734 seismic line (solid line) and the analysed part (dotted 

line).

Fig. 2: Post-stack time migration and line drawing sections, in which the main features are 

indicated.

Fig. 3: Semblances of the CIG 41 000 obtained performing the PreSDM by using the final 

velocity model decreased of 5% (left panel), the original model (middle panel) and the 

velocity model increased of 5% (right panel). The energies at the sea bottom and the BSR are 

indicated by arrows. 

Fig 4: The final velocity model superimposed to the depth-stack migrated section. Insert: 

detail of the depth section in proximity of the structural high, in which the BSR and the BGR 

are evident. 

Fig. 5: a) Theoretical BSR depth evaluated considering diverse geothermal gradients (from 25 

to 105 °C/km). The solid lines refer to the modelling considering hydrate of only methane, 

while the dashed lines are evaluated considering a mixture of gases (99% methane and 1% 

ethane). The seafloor and the BSR depth are indicated by the red solid line and red circles 

respectively. b) BSR-derived geothermal gradient along the section.  

Fig 6: Concentration model of the gas hydrates (positive values) and the free gas (negative 

values) obtained by the velocity model (see text). 

Figurecaptions
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Abstract  
In this study two seismic sections offshore Arauco (northern sector) and Coyhaique (southern 
sector) are analysed to better define the seismic character of the hydrate-bearing sediments.  

The velocity model allowed us to recognize the hydrate layer above the bottom 
simulating reflector, and the free gas layer below it. The velocity field is affected by strong 
lateral variation, showing maximum (above the BSR) and minimum (below the BSR) values 
in the southern sector. Here the highest gas hydrate and free gas concentrations are detected 
(23% and 2.4% of total volume respectively), even if the high velocity can be partially caused 
by overcompaction. The estimated geothermal gradient ranges from 35 to 95 °C/km. In the 
northern sector, the highest gas hydrate and free gas concentrations are of 7% and 0.2% of 
total volume respectively, and the geothermal gradient results uniform and equal to 30° C/km. 

Finally, it is worth to mention that, in our study area, the presence of high amount of 
gas hydrate can involve environmental risks. 

 
Keywords: gas hydrate, BSR, seismic velocity, gas-phase concentration, pre-stack depth 
migration, CIG analysis, Chilean margin. 
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1. Introduction and geological setting 
 
During the last decades, the scientific community spent many efforts to study the gas hydrates 
in oceanic and permafrost environments. In fact, the gas hydrate occurrence has a global 
significance because of the potential energy resource represented by the large amount of 
hydrocarbon trapped in the hydrate phase (Milkov, 2004). Moreover, it may play a role in 
global climate change (Kvenvolden, 1998; Kennett et al., 2003), and hazard that 
accumulations of gas hydrate may cause during drilling and seabed installations (Hovland and 
Gudmestad, 2001) 

The detection of a bottom-simulating reflector (BSR) by using seismic methods 
allowed to define the distribution of gas hydrate (e.g. Shipley et al., 1979; Hyndman and 
Spence, 1992; Berndt et al., 2004). The BSR is associated with the interface between 
overlying sediment containing gas hydrate, which increases compressional seismic velocity, 
and underlying sediment containing free gas, which decreases compressional seismic velocity 
(Hyndman and Spence, 1992; MacKay et al., 1994). The BSR has been identified in seismic 
sections in accretionary complexes along both convergent and passive margin settings 
(Shipley et al, 1979).  

Our study area is located along offshore Arauco and Coyhaique on continental slope 
between 38°-45°S (Fig. 1). This area is characterized by subduction of the Nazca Plate below 
the South American continental plate. The Nazca Plate is subducting with a rate of about 66 
km/my (Angermann et al., 1999; Kendrick et al., 2003). High heat flow, associated with the 
active spreading ridge, has greatly elevated thermal gradients near the ridge (Behrmann et al, 
1992; Lewis et al., 1995). Leg 141 drilling in the vicinity of the Chilean triple junction 
furnished an estimate of around 18% and 1% of volume of gas hydrate and free gas 
concentrations respectively (Lewis et al., 1995). In addition, during the Pliocene, an inversion 
from erosive to accretionary conditions was occurred in the fore-arc basin. (Melnick et al, 
2007). 

Along the Chilean continental margin, the BSR was detected in the last decades by 
several geophysical cruises. In particular, the BSR is recognized along the accretionary prism 
(Bangs et al, 1993; Brown et al, 1996; Diaz-Naveas, 1999; Grevemayer et al, 2003; Morales, 
2003; Vargas Cordero et al., 2008). An important aspect related to the gas hydrates is the 
estimate of gas concentration in the pore space by using seismic data. For this reason, both 
compressional and shear wave velocities provide information about the presence, distribution 
and amount of gas hydrate and free gas in marine sediments (Tinivella and Accaino, 2000). A 
quantitative estimate of gas hydrate and free gas concentrations is obtained by fitting the 
theoretical velocity field with the experimental velocity field (Tinivella, 1999; Tinivella et al, 
2002). 

With the aim to study the gas hydrate in the Chilean continental margin we analysed 
two seismic lines, the first one located in the northern sector offshore Arauco and the second 
one located in the southern sector offshore Coyhaique (Fig.1). In fact, our main goal is to map 
the occurrences of gas hydrates in the Chilean margin and estimate the gas hydrate and free 
gas concentrations by using seismic data.  

The procedure adopted includes: a) determination of the velocity field by using the 
pre-stack depth migration (PSDM), b) geological interpretation of velocity anomalies and c) 
determination of the gas hydrate and free gas concentrations by using reference velocity in 
absence of gas hydrates and free gas. Then, from sea water and BSR depths and the sea 
bottom temperature, the geothermal gradient was estimated. Moreover, to better analyse the 
seismic properties of the hydrated layer, the instantaneous amplitude was calculated and the 
values at the BSR were extracted to have information about its variability along the margin. 
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2. Material and Methods 
2.1 Seismic data 
We analysed the seismic data acquired by the RV/Sonne (January-Febrary 2001) in the frame 
of the project “Subduction Processes Off Chile (SPOC)” and by RV/Conrad (January-Febrary 
1988), in the frame of the project “mid-ocean spreading ridge (Chile Ridge)” of the Ocean 
Drilling Program (ODP). We analysed the SO161-44 and RC2901-734 seismic lines 
respectively (Fig. 1).  

The SO161-44 seismic line was acquired using a 3000 m long digital multiple 
streamer with 132 channels. The seismic source was a tuned array of 20 air guns, providing a 
total volume of 54.1 l. The shot interval was 50 m.  

The RC2901-734 seismic line was acquired with a 3000 m long digital single 
streamer, with 224 channels. The seismic source was a tuned array of 10 air guns with a total 
volume of 61.3 1, with a shot spacing of 50 m. 

The seismic processing was performed by using the open source Seismic Unix 
software (SU; Cohen and Stockwell, 2001). 

 
2.2 Advanced processing and velocity model building 

In order to identify the areas where a detailed velocity analysis is necessary, we 
performed standard processing to produce stacked and post-stack migrated sections (Vargas 
Cordero et al, 2008). 

Once recognized the BSR in the post-stack time migrated section, we selected a part 
(about 20 km) of the two lines to perform an advanced processing, where the BSR is strongest 
and more continuous. The target is to obtain a detailed velocity model by using the PSDM 
(Kirchhoff algorithm) iteratively and with a layer stripping approach. This method adopts the 
output of the pre-stack depth migration, the Common Image Gathers (CIGs), to determine 
iteratively an accurate velocity field (Liu, 1995; Yilmaz, 2001). To define the initial velocity-
depth model, we created a uniformly spaced grid with constant velocity. We used the paraxial 
ray tracing method to compute the wavefront traveltimes (Beydoun and Keho, 1987); the 
traveltimes in shadow zones are compensated by solving eikonal equation (Cerveney, 1985; 
Beydoun and Keho, 1987). The method, which we used to estimate the velocity by the use of 
the PSDM, is based on the analysis of two outputs of the PSDM (see details in Liu, 1995).  

After the PSDM, if the migrated reflections in CIGs are flat, we can adfirm that the 
correct migration velocity to migrate the data is used (Yilmaz, 2001). On the contrary, the not 
flatness of the reflections in the CIGs indicates error in the migration velocity choice. In this 
last case, residual moveout analyses measure the deviations by using the semblance in order 
to correct the curvatures on the CIGs (Liu, 1995). The energy in the semblance is quantified 
by r-parameter, which is a measurement of the flatness deviations of the reflections along the 
offset. If the r-parameter has a negative value, it means that the velocity needs to be increased. 
On the contrary, for positive value, it needs to be decreased. A zero r-parameter means that 
the velocity used is correct. To obtain an interval velocity in selected layers, we focalised the 
velocity analysis at selected reflections. At each selected reflection, the update of the velocity 
model is performed picking the r-parameter in correspondence of the maximum energy in the 
semblance and translating the value of r-parameter in terms of velocity error. Then, we 
computed a new migration with the updated velocity model; the procedure stops when the 
energy is well focalised around the r-parameter equal to zero for all selected reflections.  

We assumed an initial velocity constant and equal to 1480 m/s (water seismic 
velocity), assuming horizontal and vertical spacing of the grid equal to 10 and 25 m for the 
SO161-44 and 10 and 12.5 for the RC2901-734 sections. Once the first PSDM was 
performed, we picked in the CIG semblance the r-parameter corresponding to the seafloor 
reflection. The estimated velocity is correct if the maximum energy is focalised to zero, that is 
to say the r-parameter approaches or equals to zero (see panel in the middle of Fig. 2; Yilmaz, 
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2001); we reach this result after three and five iterations by SO161-44 and RC2901-734 
seismic sections respectively. Then, we started the velocity analysis for a second layer (top: 
the seafloor; bottom: a horizon between the seafloor and the BSR, hereafter called horizon 1). 
After 25 and 28 iterations for the two lines respectively, we fixed the velocity for the second 
layer. A third layer (top: the horizon 1; bottom: the BSR) was updated after 40 and 30 
iterations for the two lines respectively. Finally, we updated the velocity in the free gas zone, 
i.e. below the BSR and above a reflection that locally corresponds to the the so-called Base of 
free Gas Reflector (BGR), after 20 and 26 iterations for the two lines respectively. A velocity 
gradient was included below the BGR and the final velocity models were smoothed before 
performing the final PSDM. In order to obtain an accurate image and attenuate the stretching 
effects, we produced a stacked section of the CIGs considering the maximum offset of 2500 
m. A trace mixing and band-pass filter were applied to final stacked sections of CIGs. 

In order to check the reliability of our final velocity models, we perturbed the 
velocities of ±5%, and we performed two new PSDMs for each seismic line. We evaluated the 
semblances considering: the final velocity model and the models increased/decreased of 5%. 
Figure 2 shows the semblances of the RC2901-734 seismic line of a selected CIG. Note that 
the energy is well focalised only in the middle panel, suggesting that our velocity model has 
an error less than 5%, in agreement with previous studies (Tinivella et al., 2002). 

 
2.3 BSR-derived geothermal gradient 
It is possible to calculate the geothermal gradient (dT/dz) by using the following formula: 

dT/dz=(TBSR –TSEA )/(ZBSR- ZSEA), 
where TBSR and TSEA are the temperatures at the BSR and the seafloor respectively; ZBSR and 
ZSEA are the depths at the BSR and the seafloor (Grevemayer et al., 2003). The BSR and the 
seafloor depths were obtained from the PSDM sections; the seafloor temperature (equal to 
2.2° C) is taken from CTD measurements off Chile from ODP 141 drill (Grevemeyer and 
Villinger, 2001). The estimate of the temperature at BSR is based on the dissociation 
temperature-pressure function of gas hydrates (Dickens and Quinby-Hunt, 1994; Sloan, 
1998). We considered two cases: i) only methane and ii) methane and ethane. In fact, the well 
data indicates that other gases are present, mainly ethane with a saturation of 1% (Froelich et 
al., 1995). For this reason, we considered a mixture of methane (99%) and ethane (1%). 
 
2.4 Estimation of gas hydrates and free gas quantities. 
The method for estimating gas hydrate and free gas concentrations consists of comparing 
seismic velocity with theoretical velocity curves in absence of gas-phases. We used a 
modified Domenico’s approach in order to reproduce the velocity field in absence of gas or 
full water saturation (Tinivella, 1999). A qualitative estimate of concentrations was obtained 
by comparing the theoretical velocity for full-water saturation to the seismic velocity, 
evaluated by the PSDM velocity analysis. Positive anomalies indicate the presence of gas 
hydrates, while negative anomalies indicate the presence of free gas. A quantitative estimate 
was obtained by fitting the theoretical velocity to the experimental velocity (velocity model 
obtained by PSDM), increasing the parameters of the theoretical model related to the gas-
phase concentrations. The method can model two main distributions to calculate the 
concentrations of free gas in the pore space: uniform distribution (gas and water in pore 
space) and patchy distribution (all gas in patches without water). In our case, we considered a 
uniform distribution of free gas in pore space, because of the low velocity observed in the free 
gas layer (less than 1300 m/s; Tinivella et al, 2002). In absence of direct measurements, we 
consider the Hamilton trend for the porosity and density versus depth (Hamilton, 1979), 
assuming the initial porosity equal to 60% as measured in a ODP well located in the same 
region (Grevemeyer and Villinger, 2001).  
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3. Results 
 
3.2 Velocity model, PSDM and instantaneous amplitude sections. 
The procedure to perform the PSDM section allowed us to reconstruct the velocity field and 
to obtain an accurate depth image. In the northern sector (SO161-44), the final velocity model 
shows a high velocity layer (1800-2000 m/s) above the BSR, which can be associated to gas 
hydrate presence. Below the BSR, local low velocities of about 1400 m/s were detected and 
associated to the free gas presence (Fig. 3). In the southern sector (RC2901-734), the high 
velocity layer associated to the gas hydrate presence reaches a maximum value equal to 2200 
m/s, while below the BSR a continuous low velocity layer associated to the free gas presence 
reaches a minimum value of 1250 m/s. A strong lateral velocity variation is evident along the 
sections. In particular, in the southern sector the hydrate layer shows a minimum value of 
about 1700 m/s, in correspondence of a structural high, whereas the maximum value of about 
2200 m/s is present in the fore-arc basin segment (Fig 3).  

In the northern sector, the PSDM section allowed us to recognize a discontinuous BSR 
with a depth of 500 mbsf (meter below seafloor), while in the southern sector a strong, 
continuous and shallower BSR (180 mbsf) was recognized. The BGR was identified in both 
sections showing a strong continuity only in the southern sector; we determined a free gas 
thickness of about 70 m (Fig. 3). On the contrary, in the southern sector, the stratification of 
the fore-arc basin sediments is mainly parallel to the sea floor and, for this reason, it is 
difficult to recognize the BSR. 

The instantaneous amplitude of the BSR varies along the sections and is inversely 
proportional to the velocity below the BSR, as expected (Fig. 3). Where the BSR is strong and 
continuous, the instantaneous amplitude shows the highest values, while around faults and 
fluid escapes zones the lowest values are recognised, as confirmed by a less evident BSR 
(Fig. 3).  

 
3.3 BSR-derived geothermal gradient 
By using the seafloor and the BSR depths and knowing the sea bottom temperature (equal to 
2.2° C; Grevemeyer and Villinger, 2001), we estimated the geothermal gradient. In the 
northern sector the geothermal gradient is about 30°C/km. On the contrary, in the southern 
sector a variable geothermal gradient was recognized: the maximum value equal to 95° C/km 
is obtained in correspondence of the structural high, and the minimum value equal to 35° 
C/km is obtained eastwards and westwards (Fig. 4).  
 
3.4 Estimation of gas hydrate and free gas quantities 
The results of the gas-phase estimate indicate high variability along the sections. Note that in 
the southern sector the estimate was evaluated considering a variable geothermal gradient 
(from 35 to 95 °C/km) to obtain a more reliable result.  

In the northern sector, the highest gas hydrate concentration is located between 9000 
and 13000 m (about 7% of total volume; Fig. 5), while in the southern sector the highest 
values are located in correspondence of the fore-arc basin (about 23% of total volume; Fig.5). 
On the other hand, the highest free gas concentrations, in the northern sector, are detected 
where highest gas hydrates concentrations are present (0.2% of volume), whereas in the 
southern sector we observed a free gas distribution with an opposite trend compared to the 
hydrate distribution. In fact, the highest free gas concentration (2.4%) is located close to the 
structural high, where the lowest gas hydrates concentration is present. Along this line, toward 
the both sides the concentration decreases, reaching the value of about 1% (Fig. 5). Finally, in 
the northern sector we obtained an average of gas hydrate and free gas concentrations equal to 
4% and 0.1% respectively, while in the southern sector the average concentrations increase to 
10% and 1% respectively.  

APPENDIX D: SUBMITTED PAPERS



 6

4. Discussion and conclusions 
 
The seismic velocity analysis indicates strong lateral variations in both the analysed seismic 
lines. In the northern sector, we found that the highest and lowest velocities are observed 
where the BSR is present (Fig. 3). Note that the reflector selected below the BSR can be only 
locally associated to the BGR. In the southern sector, above the BSR, the lowest velocity is 
observed in proximity of the structural high. On the contrary, the highest velocity is present in 
the for-arc basin. We think that in this area the high velocity can be related to two main 
factors: 1) the gas hydrate presence and 2) the change in petro-physical properties related to 
the different compaction of marine sediments. In fact, continental glaciations effects, 
documented along southern part of Chilean margin (Rabassa and Clapperton, 1990), may 
cause the porosity reduction and the consequent velocity increases. So, we think that in this 
sector the values that we can estimate for gas hydrate concentration, from seismic velocity, 
must be significantly decreased. Below the BSR, we observed an opposite trend: the free gas 
zone is thicker where the BSR is shallower. Moreover, the lowest velocity observed in 
proximity of the structural high is in agreement with the hypothesis that it can be considered 
as a geometrical trap for the accumulation of fluid.  

We can draw similar conclusions analysing the estimation of the gas-phase 
concentrations, derived by the velocity models. In fact, the high velocity above the BSR 
means high gas hydrate concentrations (until 7% and 23 % in the northern and southern 
sectors respectively) and the low velocity below the BSR means high free gas concentration 
(0.2% and 2.4 % in the northern and southern sectors respectively). We want to stress that in 
absence of direct measurements our estimate is affected by inaccuracy and we think that the 
main reliable result is the information about the relative variable distribution of both hydrate 
and free gas in the pore space along the margin. Neverless, our estimation is consistent with 
the values obtained by other authors analysing different data in the same area (Bangs et al., 
1993; Froelich et al., 1995; Brown et al., 1996). For example, Brown et al. (1996) estimated 
that the gas hydrate concentration ranges from 5 to 20% of the pore volume, while the free 
gas concentration ranges from 1 to 3 % of volume. In any case, our procedure can be used to 
determine variability at regional scale, as confirmed by the order of magnitude of our 
estimate. 

The BSR is generally present along the inner part of the accretionary prism. In the 
northern sector, the BSR is strong and continuous mainly between 9000 and 13000 m, 
becoming discontinuous in correspondence to the structural highs. In the southern sector, the 
BSR is present from the middle part of the accretionary prism to the first part of the fore-arc 
basin. In this part, the BSR disappears and this fact may be due to three main resons: a) high 
sediment compaction that reduces the porosity and the connection between the pores (Rabassa 
and Clapperton, 1990); b) parallel sediment stratification that masks the BSR presence; c) 
absence of gas due to lateral migration toward the structural high.  

In the southern sector, the seismic section evidences the presence of a structural high 
that acts as a structural trap for the gas and the fluid upwards migrating. In the northern 
sector, the BSR is strong and continuous only in a limited area, where we can suppose that the 
fluid is accumulated below the gas hydrate layer and, somewhere, the fluid reaches the 
seafloor (Figs. 3 and 5).  

The structural high divides the frontal prism by the fore-arc basin. Here the shallower 
sediments are affected by some discontinuities as evidenced by diffractions (Figs. 3 and 5). In 
this part, the BSR amplitude reaches its maximum value (Fig. 3), suggesting the highest 
presence of free gas below it. Probably, the different fluid circulation due to the tectonic can 
influence the gas accumulation and the gas hydrate formation, explaining, partially, the 
presence/absence of the BSR and its variable strenght along the margin.  
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The presence of active faults and fluid circulation is also related to the strong 
variability of the BSR depth. In fact, in the southern sector the BSR depth varies from 250 
mbsf (in the middle of the accretionary prism) to 130 mbsf (in the structural high), reaching 
its maximum (330 mbsf) in the fore-arc basin. This depth variability is partially due to the 
different water depth and partially to the variable geothermal gradient, from 35 to 95° C/km 
(Fig. 4), caused by fluid migration that modifies the gas hydrate stability field. The maximum 
depth of the BSR, reached in the fore-arc basin, is associated to the decrease of geothermal 
gradient from 65 to 40° C/km. This strong decrease could be caused by a combination of 
reduced fluid circulation, increased sedimentation rates, or morphological effect, as can 
happen along the flank of a structural high (i.e., Rupper 1997; Ganguly et al., 2000). In the 
northern sector, where the BSR is present, the BSR depth reaches 500 mbsf. Here, the higher 
BSR depth with respect to the southern sector can be justified by the high water depth and the 
presence of a lower geothermal gradient (about 30° C/km). It is worth to mention that our 
estimated geothermal gradient values are in agreement with published values reported in 
literature (Bangs et al., 1993; Brown et al., 1996; Grevemeyer et al, 2003).  

In conclusion, our study suggests that the gas hydrate can play an important role in this 
part of the Chilean margin for two reasons. The first one is related to the potentiality of the 
hydrate reservoir. In fact, the local high concentrations of both hydrate and free gas, as 
suggested by previous and our studies, could be considered as a future energy resources. The 
second one is related to the intense seismicity that affects this area (Grevemeyer et al., 2006; 
Lange D., 2008). A possible strong earthquake could generate anomalous sea waves, which 
represent important geohazard for human activities along the coasts. On the other hand, an 
earthquake can destabilise hydrates, amplifying the geohazard phenomena, as evidenced by 
several authors (i.e., Meinert et al, 2005). Moreover, the high amount of the free gas, 
presumably in overpressure condition and present in correspondence of the structural high in 
the southern sector, could be naturally released and trigger submarine slides toward the sides 
of the structural high, inducing hydrate instability. These scenarios should be taking in 
account in the environmental studies in this part of the Chilean margin. 
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Figure captions 

 
Fig. 1: Location map of the SO161-44 and RC2901-734 seismic lines (solid lines)  
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Fig. 2: Semblances of the CIG 41000 obtained performing the PSDM for RC2901-734 
seismic line by using the final velocity model decreased of 5% (left panel), the original model 
(middle panel) and the velocity model increased of 5% (right panel). The energies at the sea 
bottom and the BSR are indicated by arrows (see text). 
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Fig 3: The final velocity model superimposed to the prestack depth-stack migrated section. 
Insert: detail of the depth section in proximity of the structural high, in which the BSR and the 
BGR are evidents. Above each section (A) Northern sector; B) Southern sector), the 
instantaneous amplitude of the BSR is reported and normalized to the maximum value. 
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Fig. 4: Theoretical BSR depth evaluated considering diverse geothermal gradients (from 25 to 
105 °C/km). A) Northern sector the solid lines refer to the modelling considering hydrate of 
only methane. B) Southern sector the dashed lines are evaluated considering a mixture of 
gases (99% methane and 1% ethane). The seafloor and the BSR depths are indicated by the 
red solid line and red circles respectively. 
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Fig 5: Concentration models of the gas hydrates (positive values) and the free gas (negative 
values) obtained by the velocity models (see text) in the Northern (A) and Southern (B) 
sectors. 
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