


 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Editor: Universidad de Granada. Tesis Doctorales 
Autor: Lara F. Pérez 
ISBN: 978-84-9125-015-9 
URI: http://hdl.handle.net/10481/39635 

http://hdl.handle.net/10481/39635




 
 
 

 
 
 
 
 
 

ONSET AND EVOLUTION OF THE SCOTIA SEA BASINS, 
ANTARCTICA: TECTONIC, SEDIMENTARY AND 

PALAEOCEANOGRAPHIC IMPLICATIONS 
 

 

 

 

 

Lara F. Pérez 
 
 
 

PhD Thesis 2014 
 
 
 

INSTITUTO ANDALUZ DE CIENCIAS DE LA TIERRA 
Consejo Superior de Investigaciones Científicas 

Universidad de Granada 





DOCTORADO EN CIENCIAS DE LA TIERRA 
UNIVERSIDAD DE GRANADA 

 
 
 

ONSET AND EVOLUTION OF THE SCOTIA SEA BASINS, 
ANTARCTICA: TECTONIC, SEDIMENTARY AND 

PALAEOCEANOGRAPHIC IMPLICATIONS 
 

Memoria de Tesis Doctoral presentada por la licenciada 
en Ciencias del Mar Lara F. Pérez Miguel para optar al 
Grado de Doctor por la Universidad de Granada en el 
marco del Programa de Doctorado en Ciencias de la 
Tierra. 
 
Granada, Octubre de 2014 

 

 

Fdo.: Lara F. Pérez Miguel 

La presente tesis ha sido realizada bajo la dirección coordinada de Andrés 
Maldonado López Profesor de Investigación del Instituto Andaluz de Ciencias de la 
Tierra (Universidad de Granada – Consejo Superior de Investigaciones Científicas), junto 
con F. Javier Hernández Molina Profesor Titular de la Royal Holloway University of 
London.  

VºBº de los Directores: 

 

 

Fdo.: Andrés Maldonado López 

INSTITUTO ANDALUZ DE CIENCIAS DE 
LA TIERRA (CSIC-UGR) 

 

              
 

 

Fdo.: F. Javier Hernández Molina 

 Department of Earth Sciences 
ROYAL HOLLOWAY UNIVERSITY OF 

LONDON 
 

 

 

 





 

 

 

 

La doctoranda Lara F. Pérez Miguel y los directores de la tesis Prof. Andrés Maldonado López 
y Dr. F. Javier Hernández-Molina Garantizamos, al firmar esta tesis doctoral, que el trabajo ha 
sido realizado por el doctorando bajo la dirección de los directores de la tesis y hasta donde 
nuestro conocimiento alcanza, en la realización del trabajo, se han respetado los derechos de 
otros autores a ser citados, cuando se han utilizado sus resultados o publicaciones.   

 

Granada, Octubre de 2014 

 

Los directores  de la Tesis:       

 

 

 

 

Fdo.: Andrés Maldonado López   Fdo.: F. Javier Hernández-Molina 

 

 

La doctoranda: 

 

 

 

 

Fdo.: Lara F. Pérez 

 





 

 

 

 

 

 

 

 

 

 

 

A los que permanecieron a mi lado 





 

 

 

 

 

 

 

 

 

 

Has viajado por el mundo tal como era y tal como es, como parte del 

gran circuito que no conoce principio ni fin, sólo variación y retorno” 

Frank Schätzing 

EL QUINTO DIA 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 
 

La mayoría  de  las  cosas  que merece  la 

pena  hacer  en  esta  vida  se  declararon 

imposibles de realizar antes de intentarlo. 

 

Todas  las  verdades  son  fáciles  de  entender  una  vez 

descubiertas, el caso es descubrirlas (Galileo Galilei). 





 
 
 
 
 
 
 
 
 
 
 
 
 

AGRADECIMIENTOS 
 

La realización de esta tesis ha sido posible gracias a un contrato predoctoral 
del programa JAE-Predoc del Consejo Superior de Investigaciones Científicas 
(CSIC). El trabajo realizado durante estos años ha estado directamente 
relacionado y subvencionado por los proyectos:  

 Antarctic oceanic gateways & global change (CTM2008-06386 C02-01/ANT),  
 Pacific-Atlantic connection (CTM2011-30241-C02-01/ANT),  

E indirectamente por los proyectos CONTOURIBER (CTM 2008-06399-
C04/MAR), MOWER (CTM2012-39599-C03-02), UNESCO IGCP-619 e INQUA 
1204. 

Esta tesis no hubiera sido posible sin la colaboración y el apoyo de diversas 
instituciones que me han acogido temporalmente durante mis estancias breves 
desde el año 2011: 

 Instituto Geológico y Minero de España (IGME) 
 Facultad de Ciencias del Mar – Universidad de Vigo 
 Institute of Petroleum Engineering - Heriot Watt University 
 Departamento de Geología – Instituto de Geofísica “Daniel Valencio” de la 

Universidad de Buenos Aires 
 Istituto Nazionale di Oceanografia e Geofisica Sperimentale (OGS) y en 

particular al PNRA Programma Nazionale di Ricerche in Antartide por 
financiar parte de mi estancia en Trieste. 

 Earth Sciences Department - Royal Holloway University of London, 
London (UK) y en particular al COMPASS consortium y el Continental 
Margins Research Group (CMRG) por la colaboración establecida y la 
financiación recibida. 

La International Association of Sedimentologist (IAS) ha subvencionado 
parcialmente parte de estas estancias así como la presentación de mi trabajo en 
congresos internacionales, junto con la Association of Polar Early Career 
Scientifics (APECS) y el Scientific Committee of Antarctic Research (SCAR).  



Pero una tesis doctoral es un largo camino que no es posible recorrer a solas, 
yo he tenido la suerte de irme encontrando personas que me han acompañado y 
han luchado a mi lado. Mi mayor agradecimiento es para todos aquellos que 
han participado directa o indirectamente en el desarrollo de esta tesis, bien por 
su apoyo científico o por sus palabras de ánimo en el momento indicado. A 
todos los que me ayudáis y corregís, los que me habéis apoyado 
incondicionalmente, incluso cuando peor iban las cosas, porque lo mejor de este 
trabajo es vuestro. 

En especial me gustaría dar las gracias a mis tutores, Andrés Maldonado y 
F. Javier Hernández-Molina, sin cuya paciencia y dedicación esta tesis no 
hubiera llegado a su fin. A Andrés Maldonado, por darme la oportunidad de 
trabajar en la Antártida, por la paciencia y el tiempo dedicado. A F. Javier 
Hernández-Molina, porque lo empezó todo…, por enseñarme las 
particularidades de la ciencia, por contar conmigo y ayudarme siempre. 

Al grupo SCAN, por los datos que me han facilitado y la colaboración 
establecida. 

A la Universidad de Vigo y mis compañeros y profesores del departamento 
de Xeociencias Mariñas, porque todo comenzó allí. Pero también a la 
Universidad de Granada y al Departamento de Geodinámica porque me 
acogieron y me permitieron crecer. En particular a Jesús Galindo-Zaldívar, por 
su ayuda, sus consejos y la oportunidad de acercarme a la docencia; y a 
Patricia Ruano por su apoyo. Al Instituto Andaluz de Ciencias de la Tierra por 
acogerme y facilitarme las cosas. En especial a Yasmina Martos, Marga García, 
Carlota Escutia y Paco Lobo, por vuestra ayuda y apoyo. 

Al IGME, en particular a Fernando Bohoyo por las grandes discusiones 
científicas que tanto me han ayudado, pero sobretodo porque siempre estuvo 
cerca. A Estefanía Llave, por animarme, siempre. A Luis Somoza, Ricardo 
León, Teresa Medialdea y Javier González por animarme, por cuestionarme, 
por apoyarme ...  

Al Instituto Español de Oceanografía, en especial a Tomas Vázquez por toda 
su ayuda. 

A Emanuele Lodolo (OGS, Italia) por el gran apoyo que me ha brindado, por 
enseñarme tantas cosas. Dorrik Stow (Heriot Watt University, UK), Alejandro 
Tassone (Universidad de Buenos Aires, Argentina) por acogerme durante mis 
estancias, por la colaboración establecida y las discusiones iniciadas. A Jügen 
Adam (RHUL, UK) por su apoyo durante la fase final de mi tesis. A Alberto 
Piola por la paciencia y apoyo en la parte oceanográfica. 

A mis compañeros de Granada, a los que ya se han ido y los que siguen aquí, 
con los que he pasado la mayor parte de mi tiempo los últimos cuatro años. 
Porque hemos compartido los malos ratos, pero también los buenos y estos son 
los que me llevo, esas risas que me ayudaron a seguir hasta el final. Seguimos 
adelante, lo mejor está por venir!  

 



A esas personas que me he ido encontrando en este camino y se han quedado 
en mi vida, por ese apoyo que me han brindado, las risas y las charlas a medio 
camino entre ciencia y filosofía. Por los cafés con terapia y por continuar “at 
street level”. Espero que sigamos juntos muchos años más! 

A mi familia y amigos, los más cercanos, los de siempre por respetarme sin 
entenderme, por seguir a mi lado y por los buenos ratos que hacen que el 
mundo sea un poco mejor. En especial a mis padres por su apoyo incondicional 
y a Javi…, me quedo con los buenos momentos! 

En definitiva a todos vosotros que de un modo u otro habéis hecho posible 
que este trabajo se complete, por ser especiales, por ser como sois, por hacer que 
los días cuenten.  

 





i 

 

ABSTRACT 

The Scotia Sea is a complex area located in the Southern Ocean, to the east of Drake Passage. 
Internally it is formed by two small tectonic plates of a mainly oceanic nature. Structural highs of 
a continental nature, from the former continental bridge between South-America and the 
Antarctic Peninsula, surround the southern abyssal plains. The main aim of this study is to describe 
the onset and stratigraphic evolution of the south Scotia Sea sedimentary basins. The interplay 
between tectonics, sedimentary processes, oceanography and climate is explored to trace a 
regional evolution linked to water mass interchange between the Weddell Sea and the Pacific and 
Atlantic oceans. The basins´ stratigraphic architecture is studied in detail through a seismo-
stratigraphic and morpho-structural analysis of available multichannel seismic profiles. Gravity 
and magnetic anomaly models are additionally considered to constrain the nature and age of the 
basins. 

Scan Basin is the easternmost one within the southern Scotia Sea. The results expounded here 
point to two different formation processes in its southern and northern sectors. South of this basin 
lies Bruce Passage, a 3000 m deep gateway that connects Scan Basin with Jane Basin and the 
Weddell Sea. This passage represents one of the worldwide-identified examples of overflow, 
allowing the very first incursions of Weddell Sea Deep Water into the Scotia Sea and subsequent 
interaction with the main water masses of the Southern Ocean, including the Circumpolar Deep 
Water. The NE-SW oriented Dove Basin is located west of Scan Basin, and its crust is primarily 
oceanic; a roughly N-S oriented ridge in the central part of the Dove Basin is interpreted as the 
remnant spreading centre. This basin straddles the junction between the Circumpolar Deep Water, 
the Weddell Sea Deep Water and the South Pacific Deep Water. To the west, Protector Basin 
developed through a S-N propagating rift. The tectonic events involved in the initial evolution of 
this basin would control the basal stratigraphic architecture, whereas the Weddell Sea Deep Water 
and Circumpolar Deep Water interaction would drive the sedimentary processes from middle 
Miocene to Present-day. The southwestern corner of the Scotia Sea is occupied by the Ona Basin. 
The so-called Ona High traces two discrete abyssal domains: the Western and Eastern Ona basins. 
The Eastern Ona Basin is defined as the oldest sector of the Scotia Sea. The sedimentary record 
of all these basins holds evidence of Mass Transport Deposits related to tectonic and sedimentary 
events. Furthermore, diverse fluid leaks and Bottom Simulating Reflectors can be related to the 
presence of free gas or gas hydrates in the southern Scotia Sea. 

These small basins distributed over the southern Scotia Sea opened in a back-arc context, 
although they present different types of fragmentation associated with the processes undergone 
in the two end members of passive margins. The older Ona and Scan basins present fragmentation 
processes of volcanic passive rifting, whereas the fragmentation in the younger Dove and 
Protector basins responds to the model followed in magma-poor passive riftings.  

The resulting evolutionary model of the Scotia Sea entails two main phases: the Paleogene 
witnessed the onset of formation of the Scotia Sea, whereas eastward progress of the Scotia Arc 
took place during Neogene and Quaternary times. Within the latter phase, a primary change in 
the tectonic stress field of the Scotia Sea occurred between the two types of basins. It is related 
to the end of the Weddell Sea subduction and can be seen as the first change in the sedimentary 
pattern, dating from early Miocene. The second major change in the stratigraphic pattern took 
place in the middle Miocene and is tied to alterations in the palaeoceanographic context due to 
the opening of main gateways around the Scotia Sea coeval with tectonic readjustments. This 
allowed the intrusion of Weddell Sea Deep Water into the Scotia Sea, shifting the former 
Circumpolar Deep Water to a northern position and establishing the former as the bottom flow 
of the southern Scotia Sea, up to the Present. This tectonic change has been globally documented 
and is reported here in the northwest part of the Scotia Sea. Late Miocene and Late Pliocene 
paleoceanographic modifications enhanced the Weddell Sea Deep Water circulation in 
conjunction with climatic and tectonic episodes.  
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Regional changes are recorded in the sedimentary stacking pattern of the Scotia Sea, while 
regional tectonic and oceanographic events involved in phases of intense plate tectonic activity 
and ice-sheet oscillations in Antarctica can be related to major climatic events. The coeval 
occurrence of sedimentary, tectonic, climatic and palaeoceanographic events points to close 
interplay between these factors. Although the relationship between climatic and 
palaeoceanographic changes is broadly recognized, this contribution signals tectonics as a 
probable long- and short-term driver of both palaeoceanographic and climatic alterations. 



iii 

 

RESUMEN  
El Mar de Scotia se sitúa en el Océano Austral, al este del Estrecho del Drake en un área 
geológica muy compleja. Está formado por dos placas tectónicas de dimensiones pequeñas con 
una corteza de naturaleza principalmente oceánica. En su parte meridional y limitando las 
llanuras abisales se encuentran altos estructurales de corteza de naturaleza continental 
procedentes de la anterior conexión entre América del Sur y la Península Antártica. El objetivo 
principal de este estudio ha sido clarificar el inicio y la evolución estratigráfica de las cuencas 
sedimentarias existentes en la parte meridional del Mar de Scotia. Se aborda un estudio que 
engloba aspectos tectónicos, procesos sedimentarios, oceanografía y clima, y se propone un 
nuevo modelo de evolución regional que incluye el intercambio de masas de agua entre el Mar 
de Weddell y los océanos Pacífico y Atlántico. Se presenta un estudio regional de la arquitectura 
estratigráfica de las cuencas a través de análisis seísmo-estratigráfico y morfo-estructural de los 
perfiles de sísmica multicanal disponibles en el área. Además, se consideran modelos de 
gravedad y anomalías magnéticas en orden de constreñir la naturaleza y edad de las cuencas. 

La Cuenca Scan es la más oriental de las cuencas ubicadas en el sur del Mar de Scotia. Se han 
descrito las principales características morfoestructurales de esta cuenca y la reconstrucción 
seísmo-estratigráfica revela sus patrones de crecimiento. Aunque esta cuenca está formada 
principalmente por corteza oceánica los resultados obtenidos aquí revelan dos procesos de 
formación diferentes en los sectores sur y norte. La calibración estratigráfica con las regiones 
adyacentes y la distribución de las unidades en el registro sedimentario indican que esta cuenca 
se formó a través de procesos de fragmentación continental seguidos de la formación de 
corteza oceánica desde el Oligoceno al Mioceno. Esta edad sitúa a la Cuenca Scan entre las más 
antiguas del sur del Mar de Scotia, posiblemente coetánea a la apertura del Estrecho del Drake 
durante el Eoceno-Oligoceno. Las fases iniciales de su evolución están marcadas por la 
influencia de procesos de transporte en masa y turbiditas. Sin embargo, desde el Mioceno 
medio a la actualidad el desplazamiento hacia el este de la cuenca y la conexión con el Mar de 
Weddell facilitan la circulación de las masas de agua profundas y los procesos sedimentarios 
along-slope adquieren mayor importancia. Al sur de esta cuenca se localiza el Paso de Bruce, un 
portal oceánico de 3000 m de profundidad que conecta la Cuenca Scan con la Cuenca Jane y el 
Mar de Weddell. Este paso representa uno de los pocos ejemplos conocidos de overflow 
oceánicos profundos y a través de él tuvieron lugar las primeras inclusiones del Agua Profunda 
de Weddell hacia el Mar de Scotia y la interacción de la misma con la masa de agua principal del 
Océano Austral, el Agua Profunda Circumpolar.  

La Cuenca Dove está situada más al oeste y orientada NE-SW. Esta cuenca se formo durante la 
migración hacia el este del Arco de Scotia. Su corteza es principalmente de naturaleza oceánica 
con un alto central orientado aproximadamente N-S que ha sido interpretado como el antiguo 
centro de expansión de la misma. Sobre este alto se han obtenido muestras dragadas, los 
basaltos obtenidos derivan del manto astenosférico superior en un contexto tectónico de 
extensión generada por el back-arc y evolucionan en el tiempo a basaltos de cuenca de back-
arc pasando por basaltos de dorsal medio-oceánica. Las dataciones realizadas en estos últimos 
unidas a los modelos basados en anomalías magnética revelan una edad de formación de esta 
cuenca en torno a los 22.8-20.4 Ma. Aunque el registro sedimentario de la cuenca revela una 
fuerte influencia de procesos sedimentarios por transporte gravitatorio desde los altos 
adyacentes, esto sedimentos se encuentran posteriormente influenciados por la circulación de 
corrientes oceánicas profundas. En esta cuenca se registra la interacción entre el Agua Profunda 
Circumpolar, el Agua Profunda del Mar de Weddell y el Agua Profunda del Sureste Pacífico.  

Al oeste está ubicada la Cuenca Protector desarrollada a partir de un centro de expansión 
progradante de sur a norte. Los eventos tectónicos relacionados con la evolución inicial de esta 
cuenca controlan la disposición estratigrafía de la parte inferior del registro sedimentario 
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dominado por procesos down-slope. Sin embargo, la inclusión del Agua Profunda del Mar de 
Weddell durante el Mioceno medio inicia la interacción de la misma con el Agua Profunda 
Circumpolar que se ve desplazada a una posición más septentrional. La circulación de estas 
masas de agua profundas y la interacción entre ellas han controlado los procesos sedimentarios 
desde el Mioceno medio a la actualidad.  

El extremo suroeste del Mar de Scotia está ocupado por la Cuenca Ona, la cual se divide en dos 
subcuencas (Oeste y Este) por el Alto estructural de Ona. La cuenca Este ha sido reconocida 
como el sector de corteza oceánica más antiguo del Mar de Scotia y tiene por tanto una gran 
importancia en la reconstrucción de las primeras fases de apertura del Estrecho del Drake. El 
desarrollo de portales oceánicos someros permitió la conexión inicial entre los océanos Pacifico 
y Atlántico e inicio el aislamiento térmico de la Antártida durante el Eoceno medio-superior. El 
aislamiento completo llego con la profundización de esos portales durante el 
Eoceno/Oligoceno. 

El registro sedimentario de todas estas cuencas presenta evidencias de depósitos de transporte 
en masa que se relacionan con eventos tectónicos y sedimentarios. También se han identificado 
diferentes tipos de estructuras y facies sísmicas relacionadas con la existencia de migración de 
fluidos e hidratos de gas. 

Las cuencas sedimentarias del sur del Mar de Scotia se formaron en un contexto de back-arc, 
aunque su formación comenzó a partir de los dos tipos de fragmentación diferentes que tienen 
lugar en los márgenes pasivos. Las cuencas más antiguas, Ona y Scan, presentan procesos de 
fragmentación típicos de márgenes pasivos volcánicos mientras que la fragmentación en las 
cuencas más jóvenes, Dove y Protector, responden al modelo seguido en los márgenes pasivos 
no volcánicos. 

El modelo evolutivo para el Mar de Scotia resultante incluye dos fases principales: 1) el 
Paleógeno cuando se inició la formación del Mar de Scotia y 2) la progresión del Arco de Scotia 
hacia el este durante el Neógeno y Cuaternario. Dentro de esta última fase, el primer cambio en 
el campo de esfuerzos tectónicos del Mar de Scotia desde el inicio de la formación del Estrecho 
del Drake, ocurrió entre la formación de los dos tipos de cuencas anteriormente mencionados. 
Este cambio está relacionado con el final de la subducción del Mar de Weddell, el cual se ha 
datado en Mioceno inferior (alrededor de 22 Ma) y se considera el primer cambio importante en 
la arquitectura sedimentaria. El siguiente gran cambio en el patrón estratigráfico ocurrió en el 
Mioceno medio y está relacionado con un cambio en el modelo oceanográfico generado por la 
apertura de los principales portales oceánicos entorno al Mar de Scotia de forma coetánea al 
reajuste tectónico y una fase de subsidencia. Esta apertura permitió la intrusión del Agua 
Profunda del Mar de Weddell en el Mar de Scotia desplazando el Agua Profunda Circumpolar a 
una posición más septentrional e instaurándose como el flujo de fondo de la parte sur del Mar 
de Scotia hasta el presente. Este cambio tectónico ha sido registrado en la parte noroeste del 
Mar de Scotia, así como de manera global. Los sucesivos cambios ocurridos durante el Mioceno 
superior y Plioceno superior intensificaron la circulación del Agua Profunda del Mar de Weddell 
coetáneamente con episodios tectónicos y climáticos. 

La arquitectura sedimentaria en el Mar de Scotia ha estado marcada por la tectónica regional y 
los eventos oceanográficos que a su vez forman parte de episodios globales de intensa 
actividad tectónica y oscilaciones climáticas mayores. La coincidencia temporal de eventos 
tectónicos, sedimentarios, climáticos y oceanográficos sugiere una estrecha relación entre estos 
factores. Mientras que la relación entre eventos climáticos y paleocenaográficos ha sido 
reconocida, la tectónica puede actuar como factor de control de estos cambios. 
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1. INTRODUCTION 

The kinematic history of the Earth's continents and oceans has been constructed slowly, 
allowing the past position of the continents to be defined (Sclater and Fisher, 1974; Royer et 
al., 1992). In recent years palaeobathymetric charts were developed through a combination of 
palaeogeographic reconstructions with the age-depth relationship of ocean crust (e.g. Sclater 
and McKenzie, 1973; Sclater et al., 1977a, b, 1985). Nevertheless, gaps in knowledge remain, 
mainly related to the lack of a universal physical signature of the onset of oceanic crust 
production and the effect of the sediment load (Vink, 1982; Sykes et al., 1998a; Pérez-Díaz and 
Eagles, 2014). 

The disposition of the major tectonic plates is a critical part of these reconstructions. 
Tectonic plate evolution has been mainly related to mantle activity, the principal energy source 
responsible for shaping the Earth’s surface and for the long-term modulation of the 
atmosphere and oceans (Potter and Szatmari, 2009). It is known that huge tectonic processes 
such as continental rifting and oceanic drifting set the primary scenario of sedimentary record 
and basin development. However, the tectonic influence does not disappear once a basin has 
formed; rather, it persists as background with some peaks of activity related to local, regional 
and global events (Potter and Szatmari, 2009). Tectonics also determine the main sediment 
source, which could change over time, and they influence deep-water circulation by modifying 
the seafloor morphology and gateways location. 

Meanwhile, major and persistent deep-water flows near the seafloor determine in great part 
the sedimentary input in marine deep water settings. They influence the seafloor morphology, 
shaping it through along-slope (contour) processes and the development of Contourite 
Depositional Systems (CDSs) (Rebesco and Camerlenghi, 2008; Rebesco et al., 2014). 
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Tectonic and oceanographic events therefore control the sedimentary processes of any 
basin. Their imprint in the sedimentary record is merged with the register of climatic events 
and sea-level oscillations. The specific causal directionality of these relationships, the exact 
impact on deep sea sedimentation and the relative time scales on which they operate remain 
unclear. Addressing these uncertainties requires a better knowledge of long- and short-term 
sedimentation processes, and a well-constrained timeline of tectonic events that demonstrates 
their interaction with bottom current flows and other oceanographic processes. The 
sedimentary record of any oceanic basin is built through the interplay of these great drivers 
acting at variable time scales that alter their signature and influence over time (Hay, 1996; 
Hernández-Molina et al., 2014b). In short, the sedimentary record is essential for decoding the 
link between tectonic, climatic and oceanographic events. 

The Southern Ocean is one of the better-disposed areas worldwide for studying the 
interaction of these factors (Fig. 1·1). Particularly, the Drake Passage and adjacent Scotia Sea 
present a complex tectonic context resulting from several phases of tectonic events and 
associated palaeoceanographic changes (e.g. Dalziel et al., 2013a; Eagles and Jokat, 2014).  

 

Figure 1·1.- Southern Ocean bathymetry from GEBCO_08 Grid. The 
red polygon indicates position of the Scotia Sea and Drake Passage. 

The Drake Passage opening gave rise to the onset of the current model of Global 
Thermohaline Circulation. Hence, the Scotia Sea, since its formation, is a key area for the 
interchange and interaction of deep water masses between the Weddell Sea and the Pacific 
and Atlantic oceans (Fig. 1·1; Lawver et al., 1992; Lawver and Gahagan, 2003; Eagles and Jokat, 
2014). A number of sedimentary basins developed within the Scotia Sea (e.g. British Antarctic 
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Survey, 1985; Maldonado et al., 2014b), some of them exerting major impact on deep-water 
circulation due to their role as the main conduits for bottom water masses flows (Tarakanov, 
2009, 2012; Morozov et al., 2010). A detailed understanding of the sedimentary record of these 
basins is essential for documenting tectonic influences on bottom current development and 
their climatic implications. 

 

2. OBJECTIVES 

The main aim of this study is to determine the onset and stratigraphic evolution of the south 
Scotia Sea sedimentary basins. The sedimentary record of this area preserves the signature of 
the tectonic, sedimentary, oceanographic and climatic changes while also saving the interplay 
between these main factors. In addition to studying local implications, data are used to derive 
a broader, regional evolutionary context of the oceanographic interactions between the 
Weddell Sea and the Pacific and Atlantic oceans. 

To this end, the tectonic structures of the basins —both those related to their former 
evolution and those related to more recent processes— are taken into consideration. The 
stratigraphic architecture is regionally clarified with particular emphasis on the post-middle 
Miocene sedimentary track.  

To approach this general goal, particular objectives were set forth: 

 Identify the main local tectonic structures and the morpho-sedimentary character of 
the basins. 

 Perform a detailed stratigraphic analysis of the sedimentary record which 
discriminates the main stratigraphic discontinuities, detailing their signature, while 
distinguishing the main seismic units and their particular facies patterns. 

 Realise a basin analysis comparing and correlating all sedimentary basins in the 
south Scotia Sea. 

 Evaluate the different processes and controlling factors as they occurred on a 
geological timescale, highlighting the dynamics of the Antarctic deep-water masses 
and their global impact. 

 Determine cause-effect relationships between sediment distribution, local events 
(gateways opening, local tectonics, etc.), global climatic and eustatic changes, and 
the environmental evolution of Antarctica. 
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 Establish a regional model correlated with global events, integrating the main 
tectonic and stratigraphic events and describing their relationship with the 
oceanographic and climatic changes. 

 Fully integrate the Scotia Sea evolution in a regional model. 
 

3. STRUCTURE OF THE THESIS 

Scientific results obtained during the present thesis have been published or submitted for 
publication in different peer-review journals. According to the current norms of the University 
of Granada, the guidelines and formats requested by each journal are maintained in the present 
volume. Small changes in format may appear, for example in the references and figures, or the 
use of British or American English. The co-authors involved in each work are listed at the 
beginning of each chapter. Maintaining the original version of an article entails an element of 
repetition, as the research was done on the same region. Overlapping information is inevitable 
in the introduction, background summary, discussion and conclusion sections, where the 
regional and global implications of this compiled work are explained. Thus, in addition of the 
pertinent abstracts, this thesis is structured in the following chapters: 

Chapter 1: It presents a general introduction to the subject in terms of the 
conceptual and regional interest of this work, and highlights the main objectives 
and the structure of the thesis. 

Chapter 2: The background of the study area is described, with a first section on 
the geological context in terms of tectonics, stratigraphy and evolution, and a 
second section summarizing the main oceanographic considerations. 

Chapter 3: The database and methods used in this research are expounded, and 
some of the conceptual and regional terms used in the thesis are summarized. 

Chapter 4: This part focuses on the work undertaken in the eastern-most basin 
studied, Scan Basin (sometimes called North Discovery or Bruce-Discovery Basin). 
It describes the basin formation and its tectonic, sedimentary and 
palaeoceanographic evolution based on analysis of the sedimentary record. 

Chapter 5: Two research articles about Dove Basin are presented. The first 
addresses the basin age and formation mechanism, whereas the second highlights 
tectonic, sedimentary and palaeoceanographic implications. 
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Chapter 6: References to research about the main sedimentary processes 
occurring in the Protector and Pirie basins and their regional implications. 

Chapter 7: Research in the westernmost basin of the South Scotia Sea, called Ona 
Basin, is described in this chapter, with a focus on the onset and earliest evolution 
of the Scotia Sea. 

Chapter 8: This is the first section of the thesis discussion per se; it looks into 
tectonic and stratigraphic aspects and, eventually, their interplay and implications. 

Chapter 9: A continuation of the discussion, it goes through the evolutionary 
stages of the Scotia Sea and how they are linked in a conceptual model with global 
implications. 

Chapter 9: The conclusions of the thesis are presented here. This section is 
presented in English and Spanish, in following the current norms for an 
International PhD degree. 

Chapter 10: It offers a brief overview of the direction of future research efforts in 
view of several questions that remain unresolved. 

References: A list of the references employed in the thesis. 

Appendix: This part of the thesis volume comprises three works (two published 
and one to be submitted soon) beyond the scope of the regional model proposed 
for the Scotia Sea, but which prove important in some particular aspects: 

Appendix I: A study of recent MTDs identified in the southeastern Scotia Sea 
and their associations with seismicity, slope instabilities and depositional 
processes.  

Appendix II: Documented evidence of gas hydrates and fluid flow structures 
in the eastern Scotia Sea. 

Appendix III: Here, the northwestern corner of the Scotia Sea and its transition 
to the South Atlantic Ocean are considered in the context of sedimentary and 
palaeoceanographic evolution. 





 
 
 
 
 
 
 
 

 
 

2. GEOLOGICAL AND OCEANOGRAPHIC BACKGROUND 
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1. GEOLOGICAL FRAMEWORK 

1.1. Scotia Sea  

The Scotia Sea is encompassed in the circumpolar Southern Ocean as a deep basin mainly 
oceanic in nature. It is located to the east of the Drake Passage, which is in between the 
southern tip of South-America and the northern end of the Antarctic Peninsula (Fig. 2·1). Thus, 
the Scotia Sea is surrounded by the South Atlantic Ocean to the north and to the east, the 
Pacific Ocean to the west and the Weddell Sea to the south (British Antarctic Survey, 1985). 
Embracing the Scotia Sea, the Scotia Arc consists of continental fragments dispersed along its 
periphery (Barker et al., 1991; Bohoyo et al., 2007; Maldonado et al., 2014b).  

 

Figure 2·1.- Simplified bathymetric map of the Scotia Sea derived from the GEOSAT gravimetric anomaly 
map (Sandwell and Smith, 1997). Morphological and oceanographic features: ABk, Aurora Bank; AP, 
Antarctic Peninsula; BBk, Bruce Bank; BuBk, Burdwood Bank; DBk, Discovery Bank; DB, Dove Basin; DaBk, 
Davis Bank; EI, Elephant Island; HBk, Herdman Bank; JB, Jane Basin; JBk, Jane Bank; OB, Ona Basin; PB, 
Powell Basin; PrB, Protector Basin; SB, Scan Basin; SGI, South Georgia Island; SI, (south) Shetland Islands; 
SOM, South Orkney Microcontinent; SR, Shag (and Black) Rocks; SSI, South Sandwich Islands; TBk, Terror 
Bank. The red dots indicate the location of the sites of the ODP, DSDP and IODP in the region.  



Chapter 2 

12 
 

1.2. Tectonic context 

Two oceanic plates, the Scotia and Sandwich plates, form the Scotia Sea abyssal plain. These 
small tectonic plates accommodate the present-day sinistral motion between the large South-
America and Antarctic plates (Bohoyo et al., 2002). Internally, two main tectonic elements 
deserve mention, the West and East Scotia Ridges (WSR and ESR, respectively). The quiescent 
WSR is NE-SW oriented and made up of several segments separated by spreading corridors of 
strike-slip movement (Lodolo et al., 1997; Eagles et al., 2005); among the most important are 
Endurance and Quetz fracture zones. The ESR constitutes the active spreading centre of the 
back-arc system separating the Scotia and Sandwich plates. It is divided into several segments 
of diverse spreading rates (Larter et al., 2003; Leat et al., 2004; Nicholson and Georgen, 2013). 
A number of spreading centres have also created new oceanic crust behind the arc, forming 
the southern small basins (see Eagles et al., 2005; Maldonado et al., 2006b; Dalziel et al., 2013a; 
Eagles and Jokat, 2014). 

The east boundary of the Scotia Sea is formed by the South Sandwich Islands and the South 
Sandwich Trench (SST), the latter constituting the active subduction zone of the Atlantic Plate 
below the Sandwich Plate. The western boundary between the Antarctic and Scotia plates is 
formed by the SFZ (Fig. 2·2), which is oriented NW-SE and constitutes an intraoceanic fault with 
active left-lateral transpressive movement (Maldonado et al., 2000). The southern part of the 
SFZ is subducting, producing crustal thickening and uplift of Elephant Island (Trouw et al., 
2000).  

This area represents a triple junction between the Antarctic, Antarctic-Phoenix and Scotia 
plates. To the west, the former-Phoenix Plate is confined between the extinct Antarctic-Phoenix 
Ridge and the Shackleton and Hero fracture zones (Fig. 2·2). It is nowadays welded to the 
Antarctic Plate, forming the Antarctic-Phoenix Plate (Livermore et al., 2000), sometimes referred 
to as Aluk or Drake Plate. The Antarctic-Phoenix Plate subducts along the South Shetland 
Trench and below the South Shetland Block, a tectonic element fragmented from the Antarctic 
Peninsula continental crust. Here, roll-back stress led to the opening of the Bransfield Strait, a 
marginal basin whose crustal nature and extensional processes are a matter of much debate 
(Uyeda, 1977; Barker and Dalziel, 1983; Kim et al., 1992; Galindo-Zaldívar et al., 1996; González-
Casado et al., 2000; Catalán et al., 2013; Maestro et al., 2014).  

 The North and South Scotia Ridges (NSR and SSR, respectively) constitute the transcurrent 
boundaries of the Scotia Sea. They trend roughly E-W, respectively between South-
America/Scotia and Scotia/Antarctic plates (Fig. 2·2; British Antarctic Survey, 1985). The NSR 
represents the continuation of the Magallanes-Fagnano Fault System and the important 
orogenic system emerged in Tierra del Fuego (southern South-America). Thus, the NSR is a 
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major compressive boundary, orthogonal to the Patagonian Andes (Fig. 2·1; Platt and Philip, 
1995; Ramos, 1996; Tassone et al., 2001; Bry et al., 2004).  

The northern flank of the NSR is the front of an accretionary prism created by active 
subduction of the South-America Plate beneath the Scotia Plate (Ludwig et al., 1968). The result 
of the active convergence is the northern Malvinas/Falkland Trough (Fig. 2·2; Ewing et al., 1971). 
To the west, the morphologic expression of the subduction is a bathymetry depression 
(Cunningham and Barker, 1996), yet active thrusting has been identified at the foot of 
Burdwood Bank (Ludwig and Rabinowitz, 1982; Platt and Philip, 1995; Richards et al., 1996). 
This compressive context engages the outer part of the Fold-and-Thrust Belt formed by a 
system of asymmetric folds and associated thrusts (Menichetti et al., 2008). The southern flank 
of the NSR is characterized by strike-slip structures that determined different segments and 
stand out as structural highs in the continental slope. This flank corresponds to a combined 
sheared-passive margin that continues to the west along the Beagle Channel Fault System (Fig. 
2·2; Lodolo et al., 2003).  

 

Figure 2·2.- Tectonic setting of the Scotia Sea (modified from Maldonado et al., 2006b). Legend: 1, transform fault; 
2, active transcurrent fault; 3, inactive subduction zone; 4, active subduction zone; 5, active extensional zone; 6, 
active spreading centre; 7, inactive spreading centre; 8, continental-oceanic crust boundary. BCFS, Beagle Channel 
Fault System; FTB, Fold and Thrust Belt; MFFS, Magallanes-Fagnano Fault System; M/F T, Malvinas/Falkland Trough; 
SST, South Sandwich Trench; ST, (South) Shetland Trench. Basin nomenclature as in Figure 2·1. 

Transcurrent motion, a result of sinistral strike-slip faults of variable character, prevails along 
the SSR within a regional NE-SW compressional field (Bohoyo et al., 2007; Maestro et al., 2014). 
The rheological behaviour of oceanic and continental crusts and the changing orientation of 
segments along the ridge leads to folds, as well as extensive, compressive and pull-apart basins 
(Galindo-Zaldívar et al., 1996; Bohoyo et al., 2007; Civile et al., 2012). Several proposed 
reconstructions for the Scotia Plate agree that the SSR presents different tectonic activity along 
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several segments (Barker, 2001b; Eagles et al., 2005, Lodolo et al., 2006, Bohoyo et al., 2007; 
among the most recent). The E-W trend faults are generally subvertical and accommodate a 
purely sinistral regime (Fig. 2·2). Nevertheless, where the faults are oriented in a more NE-trend, 
they become progressively more transtensional, and deep basins are developed within the 
continental blocks (e.g. Hesperides Deep, the Deep Basin of southern Discovery Bank; Fig. 2·2; 
Bohoyo et al., 2007). The Bruce Deep is also interpreted as a wide pull-apart basin, separating 
the South Orkney Microcontinent (SOM) from Bruce Bank (Civile et al., 2012).  

The transpressive northern boundary of the western and central SSR is defined by a reverse 
fault (associated with local subduction) that overthrusts the continental South Shetland Block 
onto the oceanic crust of the Scotia Plate (Galindo-Zaldívar et al., 1996; Lodolo et al., 1997). 
The active structures continue along the northern border of the SOM, where compressive 
structures are recognised and the active oceanic/continental boundary is traced by the South 
Orkney Trench and a subsequent accrectionary prism (Maldonado et al., 1998; Busetti et al., 
2000). To the east, structures and morphologies associated with convergence have been 
observed (Klepeis and Lawver, 1996; Lodolo et al., 1997, 2010).  

Inside the Antarctic Plate and south of SSR, Powell Basin is mainly oceanic in nature and it 
is bounded by continental crustal blocks, with the exception of the southeastern part where it 
connects to the northwestern Weddell Sea (Fig. 2·1). This basin presents a NW-SE oriented 
spreading centre and marginal rifting sub-basins (Fig. 2·2; British Antarctic Survey, 1985; among 
others). To the east, Jane Basin is an arched one, south-bordering the SOM (Fig. 2·1). The 
spreading centre of the basin occurs near its axis and it is bound to the southeast by the island 
arc of Jane Bank (British Antarctic Survey, 1985; Bohoyo et al., 2002). East of the Jane Basin (Fig. 
1), the Weddell Sea abyssal plain opens to the southeast as part of the Southern Ocean (British 
Antarctic Survey, 1985). Most of the lithosphere created on the northern flank of its spreading 
centre, including even the ridge crest, is nowadays lost by subduction beneath the Scotia Sea 
(King et al., 1996; Bohoyo et al., 2002; Golynsky, et al., 2002; Lodolo et al., 2006). 

 

1.3. Regional stratigraphic architecture 

In the Scotia Sea, the sedimentary record distribution is highly variable (Fig. 2·3) —the 
igneous crust crops out locally, particularly in spreading centres, structural banks or zones with 
vigorous bottom currents (Maldonado et al., 2006b; Whittaker et al., 2013). Within the 
sedimentary record, five seismic units have been regionally identified on the basis of their 
seismic facies. They have been related, through seismo-stratigraphic correlation, to 
neighbouring areas such as the Weddell Sea, where seven seismic units have been discerned 
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(e.g. Lindeque et al., 2013); and the Malvinas/Falkland Trough where four seismic units have 
been identified from the early Miocene (Koenitz et al., 2008). The five of Scotia Sea are labelled 
V to I, from bottom to top (Table 2·I), and they are bounded by four well-distinguished 
stratigraphic discontinuities referred to as reflectors with sequential d to a labels in ascending 
stratigraphic order (Bohoyo, 2004; Maldonado et al., 2006a, b; Hernández-Molina et al., 2007).  

 

Figure 2·3.- Sediment distribution in the Scotia Sea based on the 5 arc-minute by 5 arc-minute global grid that is 
available from the National Geophysical Data Center (Nerlich et al., 2012; Whittaker et al., 2013). The seismic 
fragments show representative sections of the main sedimentary basins (Maldonado et al., 2006b), depth in seconds 
of two way travel time (TWTT). The seismic units identified are shown in the vertical bar attached to the seismic 
reflection profiles. The major discontinuity named Reflector-c is illustrated in the seismic records. 

These discontinuities constitute high-amplitude reflections of relative lateral continuity. 
Tentative ages have been attributed to these reflections based on magnetic anomalies of the 
basaltic oceanic crust, regional sedimentation rates and sequences dated by ODP Leg 113 sites 
in Jane Basin (Fig. 2·1, Table 2·I; Gersonde et al., 1990; Maldonado et al., 2006b). Reflector-c in 
particular is considered to be an indicator of a regional sedimentary change, since the three 
upper units reflect similar facies in the whole area and could be correlated at a regional scale 
(Fig. 2·3; Maldonado et al., 2006b; Hernandez-Molina et al., 2008a). Reflector-c is correlated in 
the Weddell Sea with a stratigraphic discontinuity that marks a shift from pre-glacial to post-
glacial conditions (Lindeque et al., 2013; Huang et al., 2014).  
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Unit I Late Pliocene 
Reflector-a 3.8 Ma 

Unit II Late Miocene-Early 
Pliocene 

Reflector-b 6.4 Ma 
Unit III Middle Miocene 

Reflector-c 12.6 Ma 
Unit IV Early-Middle Miocene 

Reflector-d 14.9 Ma 
Unit V Early Miocene 

Table 2·I.- Tentative age of the units and discontinuities 
previously estimated in the Scotia Sea. Modified from Maldonado 
et al. (2006b). 

Less known is the stratigraphic pattern along the northern areas of the Scotia Sea. The main 
stratigraphic boundary identified in Endurance Basin, south of South Georgia Island, is 
estimated to be older than 3 Ma and reflects the onset of the ice-advance periods (Owen et 
al., 2014). Otherwise, research centred on the Malvinas/Falkland Basin sedimentary record, just 
north of the NSR (Galeazzi, 1998; Ghiglione et al., 2010; Baristeas et al., 2013), describes five 
sedimentary super-sequences usually considered from the acoustic basement, which has an 
estimated age of 168 Ma (Galeazzi, 1998). Within the foredeep super-sequence (42 Ma), at 
least 12 sequences have been recognised and related to different system tracts (Galeazzi, 1998).  

 

1.4. Evolution of the Scotia Sea 

Regionally, the first events related to the current plates’ configuration took place during the 
Africa-Antarctica separation in the breakup of supercontinent Gondwana, which allowed the 
onset of oceanic seafloor spreading in the Southern Hemisphere from 160 Ma onward (Storey 
et al., 1996; Rogenhagen and Jokat, 2002; König and Jokat, 2006). Subsequently, oceanic 
spreading occurred in the Weddell Sea during late Jurassic. The older ages determined for the 
Weddell Sea oceanic crust are located in the southwest (e.g. ~147 Ma, Kovacs et al., 2002; ~155 
Ma, Ghidellla et al., 2002). At 110 Ma, the main southern oceanic basins were formed and 
reached depths below 4000 m water depth (Sykes et al., 1998a). Later on, during the late 
Cretaceous-Paleogene, the Andean Orogene formation shaped the Fold-and-Thrust Belt in 
southern South-America (Cunninghan, 1993; Klepeis and Austin, 1997; Tassone et al., 2008).  
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The formation and evolution of the Scotia Sea occurred as an east-migrating back-arc, in 
response to subduction of the Weddell and South Atlantic oceanic plates (e.g. Eagles et al., 
2005; Lodolo et al., 2006; Pearce et al., 2014) and hence it is completely linked to the Cenozoic 
detachment of the formerly adjacent South-America and Antarctic Peninsula. The opening of 
Drake Passage definitively separated these two landmasses in the final tectonic phase in the 
last process of fragmentation of Gondwana. Several tectonic reconstructions of this event have 
been proposed, some of them conflicting, dating it to between the Eocene and the Miocene 
(Lawver et al., 1992; Lawver and Gahagan, 2003; Geletti et al., 2005; Barker and Thomas, 2006; 
Livermore et al., 2007; Lodolo et al., 2010; Eagles and Jokat, 2014).  

In a regional scale reconstruction, by the late Eocene, all basins of the Scotia Sea were yet 
to open (Fig. 2·4), leaving the continental blocks of the southern Scotia Sea and SSR clustered 
and constituting the “continental bridge” between Tierra del Fuego and the Antarctic Peninsula 
(Fig. 2·5). Shortly after 50 Ma, the slow rate of South-America/Antarctic plate divergence in 
Tierra del Fuego ended when left-lateral transpression was established (Ghiglione et al., 2008; 
Eagles and Jokat, 2014). Divergence between continental blocks started around 41 Ma (Fig. 
2·5A), together with the onset of extension along the southeastern margin of the Antarctic 
Peninsula (Livermore et al., 2005; Eagles and Jokat, 2014). The eastern edge of the bridge 
marked a continent-ocean collision known as the Endurance Collision Zone (Ghidella et al., 
2002), which already forced subduction of the oceanic lithosphere of the northwest Weddell 
Sea beneath the ensemble continental elements (Leng and Gurnis, 2011). Recent petrological 
analysis relates this subduction to the Ancestral South Sandwich Arc associated with Pacific 
mantle flow (Pearce et al., 2001, 2014). The South Georgia Island and northern Scotia Sea banks 
were located to the east, detached from the former bridge by the so-called Burdwood 
Transform Fault (Fig. 2·5A; Eagles and Jokat, 2014), while their conjugates were located along 
the southern and eastern edges of the Weddell Sea (Livermore and Hunter, 1996; König and 
Jokat, 2006; Eagles and Vaughan, 2009).  

By the Oligocene, the Endurance Collision Zone had lengthened northwards (Fig. 2·5B; 
Livermore et al., 1994; Barker, 1995) and consequently the older Burdwood Transform Fault 
was overtaken by a new fault at the more northerly tip of the subduction zone which remains 
active to the present day along the NSR (Eagles and Jokat, 2014). At 26–20 Ma, convergence 
in Tierra del Fuego and the western Malvinas/Falkland Trough is evidenced by the formation 
of an accretionary prism along the northern flank of Burdwood and Davis banks, and young 
structures in the Fold-and-Thrust Belt (Cunningham et al., 1998; Klepeis and Austin, 1997; 
Kraemer, 2003; Bry et al., 2004).  
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Figure 2·4.- Oceanic spreading ages, a compilation of previously published works on different basins in the Scotia 
Sea, based on heat flow measurements in red (Lawver et al., 1991; Barker et al., 2013) and magnetic anomaly models 
in black; results and interpretations from Roach et al., 1978; King and Barker, 1988; Lawver et al., 1995; Coren et al., 
1997; Lodolo et al., 1997; Rodríguez-Fernández et al., 1997; Maldonado et al., 2000; Ghidella et al., 2002; Bohoyo et 
al., 2002; Eagles and Livermore, 2002; Vanneste and Larter, 2002; Bohoyo, 2004; Livermore et al., 2005; Eagles et al., 
2006; Galindo-Zaldívar et al., 2006; 2014; Nicholson and Georgen, 2013. See text for further explanation. 

Around 21 Ma, the segments of the Weddell Sea spreading centre arrived at the Endurance 
Collision Zone (Barker et al., 1982, 1984; Hamilton, 1989; Barker, 1995). By this time, with 
seafloor spreading well established on the WSR (Eagles et al., 2005), its northward propagation 
through the NSR and into the Malvinas/Falkland Trough occurred, deriving in the separation 
of Shag Rocks and Davis banks (Fig. 2·5B; Eagles and Jockat, 2014; Pearce et al., 2014). By the 
middle Miocene, the NW-trend convergence of the Weddell Sea along the southern boundary 
of the Scotia Sea had generated partial subduction of the oceanic crust, producing an 
accretionary prism along the northern boundary of the SOM and partial overlap of the SSR 
along the Elephant Island platform and northwestern SOM margins (Fig. 2·5C; Civile et al., 
2012). By then, the WSR spreading had decreased (Eagles et al., 2005) and the ESR oceanic 
spreading began. As a result, plate divergence started forming the Sandwich Plate (Fig. 2·5C; 
Vanneste and Larter, 2002; Nicholson and Georgen, 2013). Atlantic mantle flow contributes to 
the onset of the South Sandwich Islands Arc (Pearce et al., 2001; 2014) 

At about 6 Ma, with cessation of the activity of the WSR (Maldonado et al., 2000), the relative 
motion of the South-America and Scotia plates generated the actual plate boundary 
represented by the Magallanes-Fagnano Fault System (Fig. 2·5D; Lodolo et al., 2003). The last 
corner of the Phoenix Plate is still subducting beneath the Antarctic Peninsula, generating the 
Bransfield Strait, which opened during the upper Pliocene (Barker et al., 1991; Lawver et al., 
1995). This rift-related structure progressively migrated toward the E–NE in the Hesperides 
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Deep (Galindo-Zaldívar et al., 2004). The same processes led to the formation of the 
independent South Shetland Block (Civile et al., 2012). 

The SFZ, in turn, experienced tectonic uplift since middle Miocene with a noteworthy pulse 
around 3 Ma (Livermore et al., 2004; Martos et al., 2013). From the Quaternary to the Present, 
the SSR has acquired a distinctive transcurrent, left-lateral character. The subduction along the 
northern margin of the SOM seems to have ceased, and it was superimposed by a mainly 
transtensional system oriented W–NW (Bohoyo et al., 2007; Civile et al., 2012; Maestro et al., 
2014). 

 

Figure 2·5.- Reconstruction of the present-day bathymetry at: A) 41 Ma (Chron 13); B) 26 Ma (Chron 8); C) 10 Ma 
(Chron 5); and D) 6 Ma (Chron 3A); modified from Eagles and Jokat (2014). All motions with respect to present day 
East Antarctica. Double lines, mid-ocean ridges; Barbed lines, subduction. AP, Antarctic Peninsula; Bu, Burdwood 
Bank; BTF, Burdwood Transform Fault; CSS, Central Scotia; ECZ, Endurance Collision Zone; ESR, East Scotia Ridge; P, 
Powell Basin; SFZ, Shackleton Fracture Zone; SOM, South Orkney Microcontinent; SST, South Sandwich Trench; WSR, 
West Scotia Ridge. 

 

2. OCEANOGRAPHIC SETTING 

The present day water mass distribution of the Southern Ocean has been generally 
described in Orsi et al. (1999), Naveira-Garabato et al. (2002b) and Meredith et al. (2013). 
Particularities of each region have likewise been studied, because the Southern Ocean and the 
water mass involved in its circulation represent key parts of Global Thermohaline Circulation 
and therefore of the Earth`s climatic system (Carmack, 1977; Naveira-Garabato et al., 2007; 
Meredith et al., 2013). 
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An acutely relevant area is the Weddell Sea, considered to be the main source (77%) of 
Antarctic Bottom Water (AABW; Orsi et al., 1999; Tarakanov, 2009, 2012; Morozov et al., 2010; 
Pardo et al., 2012). The AABW amounts to 41% of the global ocean volume, exerting important 
effects on the ventilation and heat transport of the world’s oceans (Orsi et al., 1999; Johnson, 
2008).  

In the Weddell Sea, the whole water column is involved in the clockwise oceanic circulation 
of the Weddell Gyre (Fig. 2·6; Orsi et al., 1993) which extends as far as about 30ºE (Deacon, 
1979; Gouretski and Danilov, 1993). Although a number of mixing processes take place among 
the water masses, a general structure of the Weddell Sea water column can be established (Fig. 
2·7A; e.g. Naveira-Garabato et al., 2002b). The Antarctic Surface Water (AASW) constitutes a 
thin, seasonally warmed and, relatively fresh layer (Brennecke, 1921) that lies over the Winter 
Water. The latter is formed when the mixed layer is convectively overturned at temperatures 
close to the freezing point during winter (Gordon and Huber, 1984). Below, the Warm Deep 
Water (WDW) enters the gyre at intermediate depths, separating it from the Antarctic 
Circumpolar Current (Klatt et al., 2005). On the surrounding continental shelf of the Weddell 
Sea, particularly by the southwestern and western shelves, the surface water masses become 
cool and salty, increasing their density during sea ice formation. As a result, they mix with WDW 
and constitute the Weddell Sea Deep Water (WSDW) and the denser Weddell Sea Bottom 
Water (WSBW; Orsi et al., 1993; Fahrbach et al., 1995; Weppernig et al., 1996). The WSDW is 
the main constituent of the AABW (Wittstock and Zenk, 1983; Locarnini et al., 1993; Orsi et al., 
1999) 

In addition to the significance of the Weddell Sea for dense water mass formation, the 
absence of barriers around the Antarctic Continent allows the vigorous eastward flow of the 
Antarctic Circumpolar Current (ACC), which encircles Antarctica and engages the whole 
Southern Ocean connecting the three major oceans (Orsi et al., 1999). The ACC constitutes a 
wind-driven flow from surface to seafloor that couples the transport of heat, freshwater, and 
other climatic tracers (Fig. 2·7B). Therefore, the Scotia Sea constitutes a key place for Global 
Thermohaline Circulation (Locarnini et al., 1993; Naveira-Garabato et al., 2007). 

Between 1050 and 3550 m water depth, the Circumpolar Deep Water (CDW) controls the 
Scotia Sea deep circulation flowing to the east as the deeper fraction of the ACC (Fig. 2·7C; e.g. 
Orsi et al., 1999). This water mass also has two fractions, the Lower and the Upper CDW (LCDW 
and UCDW, respectively; Fig. 2·7B, C; Tarakanov, 2012). Between the LCDW and the UCDW is 
found the Southeastern Pacific Deep Slope Water (SPDSW). The SPDSW is constituted by the 
deep southward flow along the continental slope of the west coast of South America, which 
reaches the Scotia Sea via Drake Passage (Fig. 2·7B; Well et al., 2003). 
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Also through Drake Passage (Tarakanov, 2009, 2012), the Southeast Pacific Deep Water 
(SPDW) comes from the southeastern Pacific Ocean where it is formed downstream of the deep 
western boundary current of the South Pacific Ocean (Warren, 1981), interacting with the deep 
waters of the Ross Sea (Naveira-Garabato et al., 2002a). The SPDW circulates eastward and 
occupies the Scotia Sea abyssal plain north of the Southern Antarctic Circumpolar Current Front 
(Fig. 2·6, 2·7B; Sievers and Nowlin, 1984; Arhan et al., 1999).  

The SPDW flows above the WSDW in southern latitudes (Fig. 2·7C; Naveira-Garabato et al., 
2002a, b). This last water mass occupies the main part of the Scotia Sea abyssal plain (below 
1500 to 2500 m water depth; Fig. 2·7C; Morozov et al., 2010). The water masses involved in the 
Weddell Gyre are disjoined in several branches northwest of the Weddell Sea (Orsi et al, 1999). 
Great amounts of each water continue into the Weddell Sea, yet one branch formed by WSBW 
and WSDW flows northwards through the SST (Fig. 2·7C). Another branch enters Jane Basin, 
while the WSDW fraction continues throughout the deeper passages of the SSR (Phillip, 
Orkney, Bruce and Discovery; Fig. 2·6) and expands into the Scotia Sea (Nowlin and Zenk, 1988; 
Locarnini et al., 1993; Schodlok et al., 2002). The bulk of the WSDW flows through Orkney 
Passage (Fig. 2·7C; 80%, Meredith et al., 2013) westwardly paralleling the northern SSR flank. 
Secondarily, the WSDW crosses Bruce Passage (20%, Meredith et al., 2013), generating an 
active, deep overflow over Scan Basin (Legg et al., 2009); later it circulates northwards along 
the west side of the basin (Fig. 2·6), where it strongly influences bottom processes (Hernández-
Molina et al., 2007; Lobo et al., 2011).  

 The water depths along the crest of NSR range from 200 to 2000 m (Fig. 2·7D). The 
exception is Shag Rocks Passage, which forms a ~3100 m deep gap (Deacon, 1933; Zenk, 1981). 
As a result, the NSR constrains the vertical structure of the ACC, forming a barrier to the 
northward flow of its deep components (Fig. 2·6, 2·7D). The shallower water masses such as the 
AASW and the Antarctic Intermediate Water (AAIW) cross the North Scotia Ridge and flow to 
the northeast to form the Malvinas/Falkland Current (Peterson and Whitworth, 1989; Piola and 
Gordon, 1989; Muñoz et al., 2012). The AAIW flows northward in the South Atlantic Ocean 
below the Sub-Antarctic Mode Water (SAMW), and above the southward-flowing North 
Atlantic Deep Water (NADW). It flows as an intermediate water mass as far north as 20°N, with 
trace amounts as far as 60°N (Talley, 1999). 

At greater depths, limited northward transport of CDW takes place over the shallower sector 
of the NSR east of 45ºW. The UCDW flows out of the Scotia Sea between the Estados (Staten) 
Island margin and the Burdwood Bank, and the 54-54 Passage (Fig. 2·7D), whereas the bulk of 
LCDW flows northwards through Shag Rocks Passage and a minor portion crosses Black Rocks 
Passage (Naveira-Garabato et al., 2002a; Smith et al., 2010).  
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Figure 2·7.- Vertical distribution of water masses based in isopycnal boundaries defined by Naveira-Garabato 
et al. (2002a, b, 2003) and Smith et al. (2010): A) Weddell Sea; B) Drake Passage; C) South Scotia Sea; D) North 
Scotia Ridge. Definition of the deep masses and climatological boundaries and position of the oceanographic 
ALBATROSS cruise tracks in Figure 2·6; please note that track A overcomes the map boundaries and reaches the 
Antarctic Peninsula. ASF, Antarctic Slope Front as defined by Whitworth et al., 1998. Shallower water masses: 
AASW, Antarctic Surface Water; LCDW, Lower Circumpolar Deep Water; SAMW, Sub-Antarctic Mode Water; 
SASW, Sub-Antarctic Surface Water; UCDW, Upper Circumpolar Deep Water; WDW, Warm Deep Water. 
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The outflow pathways of the SPDW from the Scotia Sea still spark debate. Oceanographic 
sections suggest that this water mass crosses through Shag and Black Rocks passages in an 
intermittent way (Peterson and Whitworth, 1989; Naveira-Garabato et al., 2002a) and through 
the gateway existing between Davis and Aurora banks (Zenk 1981; Arhan et al 1999; Naveira-
Garabato et al., 2002a). Therefore, most of the SPDW presumably flows within the Scotia Sea 
and through the Georgia Passage (Meredith et al., 2001; Naveira-Garabato et al., 2002a). The 
main transport of the WSDW across the NSR is also somewhat controversial (Locarnini et al 
1993; Cunningham et al., 1998; Arhan et al., 1999; Smith et al., 2010). According to some studies, 
it is unlikely that WSDW traverses the NSR even via Shag Rocks Passage (Naveira-Garabato et 
al., 2002b; Smith et al., 2010), pointing to Georgia Passage as the exit for the northeastward 
flow of WSDW (Fig. 2·6; Georgi, 1981; Naveira-Garabato et al., 2002b). North of the NSR these 
waters trace a relatively sharp anticyclonic loop and flow westwards along the southern flank 
of the Malvinas/Falkland Trough (Fig. 2·6; Cunningham and Barker, 1996; Howe et al., 1997; 
Cunningham et al., 1998; Hernández-Molina et al., 2009, 2010). 
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This section summarizes the main methods and assumptions involved in this thesis. 
However, further explanations are included in each corresponding chapter. 

 

1. DATASET 

The whole research study is mainly based on the Antarctic dataset acquired since 1992 by 
the SCAN Group as part of Spain´s Antarctic Program. Data were obtained aboard the BIO 
Hespérides from dredged samples and geophysical surveys of magnetic and gravimetric data, 
swath bathymetry, high resolution seismic profiles and Multichannel Seismic (MCS) reflection 
profiles, the latter being the main dataset supporting this work. Acquisition and processing 
systems are summarized in Table 3·I and detailed description is given in Bohoyo (2004). 

Data  Acquisition system  Processing  Representation  

Magnetic 
Geometrics G‐876 proton‐precession 
magnetometer (every 12.5 m) 

Diarly variation of the 
Earth´s Magnetic Field 

Magnetic anomalies: 
IGRF (several years) 

Gravimetric 
Bell Aerospace TEXTRON BGM‐3 
marine gravimeter 

Calibration: WORDEN‐
MASTER portable 
gravimeter 

Free‐air anomalies: 
LANZADA (including 
Eötvos correction) 

Swath 
Bathymetry 

SIMRAD EM 12S‐120 (Frequency: 

13kHz; Max. angular coverage: 120º; 
191 beams) Vertical resolution:0.1‐
0.4 m 

Calibration: SIPPICAN 
MK 12 (T5/T7) 
Software: NECTUNE/ 
CARIBES/CARIS 

Fledermaus software 

High resolution 
seismic‐acoustic 

reflexion 

Bottom Parametric Source, BPS, 
Bentech Subsea PS018 
(Frequency: 18kHz; High penetration 
mode: 500‐3700 Hz)  
Penetration: 150 m 
Resolution: 0.5‐1 m 

Real‐time standard 
processing:  
Chirp Mode  
TOPASTM Software 

Kingdom SuiteTM 
software 

Multichannel 
Seismic reflexion 

BOLT air guns  
 96 channels streamer 

DISCO/FOCUS System 
Kingdom SuiteTM 
software 

Table 3·I.- Summary of the main characteristics of the equipment used for the BIO Hespérides dataset. 
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The MCS profile dataset is completed south of 60° S with open access stack versions of 
internationally acquired profiles of the Antarctic Seismic Data Library System (SDLS). SDLS 
(http://sdls.ogs.trieste.it) is supported by the Scientific Committee on Antarctic Research 
(SCAR) and the Antarctic Treaty (ATCM XVI-12). See Table 3·II for acquisition and processing 
details of the MCS profiles used (Fig. 3·1).  

 

Figure 3·1.- Seismic database generated for this work. See Table 3·II for details. 

Additional seismic data were yielded from several geophysical cruises of the British Antarctic 
Survey. Supplementary free-access data were provided by the Academic Seismic Portal (ASP) 
of the Institute for Geophysics at University of Texas at Austin (UTIG). They were used in 
particular offshore the Tierra del Fuego, merged with previously published profiles (see Ludwig 
and Rabinowizt, 1982; Cunningham et al., 1998; Lodolo et al., 2006; Tassone et al., 2008; 
Anderson et al., 2010) and available seismic sections provided by the Geophysical Institute 
Daniel Valencio in relation to the Secretaría de Minería Argentina (TM data) (Fig. 3·1; See Table 
3·II for TM details –TESAC–).  

 

  



Geophysical 

Cruise 
IT_89&91  IT_92  IT_95  RAE  TH87&88  TH96  TH97  SA500  TESAC  ANT92  HESANT92/93 

ANTPAC97/98 

SCAN_1997 
SCAN_2001  SCAN_2004 

Year  1989/1990  1991/1992  1994/1995  1994  1988  1996/1997  1997/1998  1987/1988  1999  1992  1992/1993  1997/1998  2001  2004 

Research 

Vessel 
R/V OGS‐Explora 

R/V 

Akademik 

AlexanderKa

rpinsky 

R/V Hakurei‐ Maru 

R/V 

Almirante 

Camara 

A.R.A. Puerto 

Deseado 

BIO 

Hespérides 

Source 

2 arrays 

15 air guns 

each 

(45.16 liters) 

2 arrays 

15 air guns 

each 

(71.96 liters) 

2 GI guns 

(6.7 liters) 

1 array 

3‐4 air guns 

(9‐11 liters) 

2 water guns 

(13.1 liters) 

1 array 

GI gun 

(9.83 liters) 

1 array 

GI gun 

(65.55 liters) 

8 air guns  

(8.8 liters) 

2 Gl guns 

(7 liters) 

1 array 

7 air guns 

BOLT 

(16.3 liters) 

1 array 

6 air guns 

BOLT 

(15.26 liters) 

1 array 5 air guns BOLT 

(22.4 liters) 

1 array 5 air 

guns BOLT 

(29.6 liters) 

Marine 

streamer 

3000 m 

120 channels 

1500 m 

120 channels 

775 m 

32 channels 

600 m 

24 channels 
192 channels 240 channels 

1800 m 

72 channels 

1200 m 

96 channels 

2400 m 

96 channels 

Shot interval  50 m  25 m  50 m  25/50m  50 m  37.5 m  50 m 

Sampling 

rate 
4 ms    2 ms  4 ms      4 ms  2 ms 

Recorder  SERCEL SN 358 DMX system 

GAK‐120 

(Russian‐

manufac.) 

DFS‐V 

AESOP 

(Alliant 

Techsystem) 

SYNTRAC 

system 
DFS‐V 

SERCEL SN 

358 DMX 

system 

DFS V 
GEOMETRIC Strata Visor TM 

digital system 

Recording 

length 
12 s      6 s  5 s      6/10 s  10 s 

12 s 

 

Processing 

Software 

DISCO/FOCU

S System 
    SDS‐3.2          DISCO/FOCUS System 

Processing 

sequence 

Standard 

Time 

Migration 

Standard 

No Migration 

Standard 

Time Migration 

Table 3·II.- Oceanographic cruises, acquisition and post-processing methods of the MCS profiles analysed. UTIG, Geco-Placa and BAS Old are not included in this table because they are single- 
and multi-channel seismic profiles provided by different institutions, collected for different purposes by means of different acquisition systems, and the processing sequence applied was quite 
different; some specifications are available at the corresponding websites. The SCAN_2013 seismic profiles are not included in the table as they are high-resolution seismic lines obtained with 3-4 
BOLT airguns and 3-4 channels streamer (300-600 m) processed with Radex-Pro.  

2
9
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2. METHODS 

Regional morpho-sedimentary and seismo-stratigraphic analyses were carried out to derive 
morpho-structural maps based on a combined interpretation of the seismic profiles and the 
bathymetric background. The bathymetric base map used in this study comes from the 
GEOSAT gravimetric anomaly map (Fig. 2·1; Sandwell and Smith, 1997). Regional maps were 
generated using both GMTTM and ArcGISTM software. Version 2 of the Total Sediment Thickness 
of World’s Oceans and Marginal Seas was consulted when necessary (Whittaker et al., 2013). 
GPlates software served as support for regional reconstructions.  

For the purposes of this study, seismic stratigraphy was interpreted using the Kingdom 
SuiteTM software platform and following the interpretation criteria of basic seismic stratigraphic 
analytical methods (e.g. Payton, 1977; Vail and Mitchum, 1977). The seismic facies and 
amplitude character were considered to be the discriminating factors for identifying the base 
of the sedimentary record of each basin. Resolution of the upper sedimentary record (upper 
deposits) in the MCS lines provided for a more detailed analysis. The recognition of 
stratigraphic boundaries led me to define seismic units (Christie-Blick et al., 1990): the former 
are local unconformities that could be laterally conformities; whereas seismic unit 
discrimination is based on major seismic facies variations in the stratigraphic column, 
disregarding slight lateral changes. The two are referred to herein as stratigraphic 
discontinuities and seismic units, adopting nomenclature previously established for the region 
(Bohoyo, 2004; Maldonado et al., 2006a, b; Hernández-Molina et al., 2007). The depth of each 
discontinuity and the thickness of the sedimentary units are expressed in two-way travel-time 
seconds (TWTT).  

The age of the stratigraphic boundaries was estimated as in previous work (Maldonado et 
al., 2006a, b), according to the sedimentary rates obtained for Jane Basin from drilling during 
ODP Leg 113. Site 697 was drilled in the abyssal plain of Jane Basin, while sites 696 and 695 
were located on its western margin (Fig. 2·1). The deepest hole at Site 696 in Jane Basin reaches 
500-600 m below seafloor (Gersonde et al., 1990). 

Gridding of the selected seismic horizons and unit thickness was performed using a general 
kriging algorithm by means of Kingdom SuiteTM software or Golden Software SurferTM. The 
sparse, heterogeneous distribution of the available seismic profiles often caused gridding 
artifacts, which were excluded from the computation. 

In the case of the magnetic anomaly dating, measured profiles were compared with 
synthetic profiles obtained by the Gravmag program (Pedley et al., 1993). The intensity of 
remanent magnetization was taken as 6 A/m, and parameters of magnetized vectors were 
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adopted according to the Earth Dipole Magnetic Field, with a palaeoinclination of -73º. 
Seafloor magnetic anomaly models were constructed considering a magnetic layer of 0.5 km 
located at the top of the acoustic basement, determined by MCS profiles. The Gradstein et al. 
(2004) magnetic reversal time scale was taken into account for modelling. 

Local gravity anomaly models were necessary to discriminate different types of crust. The 
free-air anomaly was recorded and modelled with the GRAVMAG program (Pedley et al., 1993). 
Additionally, free-air gravity derived from GEOSAT satellite data (Sandwell and Smith, 1997) 
complements the ship record in the region. We compared satellite and ship anomalies to 
analyse the differences in frequency content deriving from the different resolution of the two 
acquisition methods. A density value of 1.03 g/cm3 was used to characterize the water column. 
The density value used to model the sedimentary layers is 2.2 (2.4) g/cm3. General values of 
2.85 g/cm3 and 2.95 g/cm3 were used to characterize the basement, according to typical 
densities of the oceanic crust in the region; 2.67 g/cm3 and 3.35 (3.25) g/cm3 were used for the 
continental crust and mantle, respectively (Galindo-Zaldívar et al., 2002; Larter et al., 2003; 
Bohoyo, 2004). More detailed values are specified in each particular chapter. In calculating 
depths and thicknesses, we considered acoustic velocities of 1.5 km/s, 2.2 km/s and 6.34 km/s 
for the seawater, sedimentary record and igneous oceanic crust, respectively, in view of 
velocities derived from seismic refraction profiles collected in Powell Basin (King et al., 1997).  

Finally, the nature of three dredge sites located in basement highs of Dove Basin was 
analysed by microscopic petrography and different geochemical methods at the Centro de 
Instrumentación Científica (CIC) of the University of Granada. This analysis determined the 
mineral compositions, 40Ar/39Ar dating and Cobalt dating. The results were incorporated into 
the present work to support the postulated hypothesis. Details regarding the analytical 
techniques are described in Puga et al. (2010) and Chapter 5 of the present thesis.  

 

3. TERMINOLOGY 

3.1. Conceptual terms 

Below some possibly conflicting terms are clarified and summarized: 

From a stratigraphic point of view, the unconformity at the base of the sedimentary record 
is referred to as the acoustic basement top. The discontinuities bounding seismic units are 
labelled as reflectors. Areas where a stratigraphic package is developed to its greatest relative 
thickness are designated as depocentres.  
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Continent-Ocean Transition Zones are defined as non-lineal, non-rigid, and diachronous 
zones with usually variable extension between pure continental and oceanic domains. They are 
adopted in the palaeogeographic reconstructions due to the need to assume a limit between 
crust of a continental versus oceanic nature, given the lack of a universal physical signature 
(Vink, 1982; Pérez-Díaz and Eagles, 2014).  

The term contourites refers to sediments deposited or substantially reworked by the 
persistent action of bottom currents (e.g. Stow et al., 2002; Rebesco, 2005). This term embraces 
a vast array of sediments affected to varying degrees by different types of currents (Rebesco 
et al., 2014). Thick, extensive sedimentary accumulations are considered contourite drifts or 
simply drifts. I adopted the contourite drift classification criteria from Faugères et al. (1999) and 
Rebesco (2005) (later modified by Faugères and Stow 2008; Fig. 3·2). In practical terms, different 
drift deposits exhibit a certain degree of overlap. Their gradation suggests that these deposits 
represent a continuous spectrum of phenomena, rather than discrete categories (Rebesco et 
al., 2014). An association of depositional and erosive features in the same area and generated 
by the same water mass is known as a Contourite Depositional System (CDS; Hernández-Molina 
et al., 2009).  

 

Figure 3·2.- Sediment drift types and inferred bottom-current paths. From Rebesco et al. (2014) with permission 
from the authors. The original classification was adapted from Rebesco and Stow (2001) and Stow et al. (2002). 
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Sediment waves are transverse bedforms and belong to a continuum of bottom-current 
features, mainly depositional, that represent smaller scale features than contourite drifts. They 
are often found in association with contourite drifts or large scale erosions in gateways or 
channels (Stow et al., 2013; Rebesco et al., 2014) 

The term contourite fan refers to a fan-shaped sedimentary body deposited downstream of 
a deep channel, passage or gateway due to active bottom currents. It is characterized by lobate 
or channel-levee seismic geometry and usually limited on both sides by channel-like features, 
as defined by Mézerais et al., (1993) and Faugères et al. (2002).  

Conceptually, a terrace is “an isolated, relatively flat horizontal or gently inclined surface, 
sometimes long and narrow, which is bounded by a steeper ascending slope on one side and 
by a steeper descending slope on the opposite side” (IHO, 2008). Only those terraces 
genetically related to the influence of bottom current would constitute contourite terraces (e.g. 
Preu et al., 2013). They have mixed contourite features developed within constructional 
(depositional) and erosive phases over geological times. 

Mass Transport Deposits (MTDs, equivalent to Mass Transport Complexes of Mulder (2011)) 
include the sedimentary record originated by the re-sedimentation of materials involved in 
some kind of gravity flow (Pickering et al., 1989). We adopt the Shanmugan (2012) definition 
of mass transport to denote the gravity-driven down-slope transport of aggregate particles 
(high sediment concentration), either as a coherent solid mass (slide and slump) or incoherent 
grain-fluid body (debris flow). Slide and debris flow are often confused in seismic register 
interpretation (Fig. 3·3; Rebesco and Camerlenghi, 2008). A turbidity current is a flow with 
Newtonian rheology, where sediment is supported by fluid turbulence and deposition occurs 
through suspension settling (Kuenen and Migliorini, 1950; Dott, 1963; Sanders, 1963; 
Middleton and Hampton, 1973; Shanmugan, 2006, 2012), though turbidites also include 
gravity-driving processes.  

The so-called fluid leaks involve structures formed by fluid flow processes related to vertical 
movement of any fluid (water, gas or liquid gas) through the stratigraphic column as defined 
in Judd and Hovland (2007). 

The time periods referred to here corresponded with those of the chronostratigraphic chart 
version 2013v1 published by Cohen et al. (2013). 

The geological time scales used for magnetic anomaly equivalences are based on Cande 
and Kent (1995) or Gradstein et al. (2012). 
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Figure 3·3.- Schematic cross sections illustrating the spectrum of slope 
deformational processes, including those that form mass-transport 
processes and deposits. Note that these processes form a continuum 
from very slow-moving creep (cm/yr) to very fast-moving debris falls 
(m/s), where grains move fully independently of one another. Modified 
from Posamentier and Martisen (2011). 

 

3.2. Regional domain considerations 

Generally speaking, the present thesis addresses the regional domains as they were defined 
in the British Antarctic Survey (1985) or in regional works published to date. There are some 
exceptions, however:  

The structural high Terror Bank has been referred to as the Terror Rise by previous authors 
(e.g. Eagles et al., 2005; Galindo-Zaldívar et al., 2006). We prefer to use the term “bank”, because 
“rise” would more specifically refer to the physiographic domain rising from the base of the 
continental slope to the abyssal plain. 

Previous studies have included Protector Bank and Pirie Basin as part of the Pirie Bank (e.g., 
Bohoyo et al., 2002; Galindo-Zaldívar et al., 2006), yet here they are considered as individual 
domains (see Chapter 6). 
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Abstract 
 

The N–S trending Scan Basin is the easternmost deep basin north of the South Scotia Ridge, 
which is a geologically complex structural elevation that hosts the strike-slip boundary 
between the Scotia and Antarctic plates. We characterized the main morpho-structural 
features of the basin by analyzing the available multichannel seismic reflection profiles. The 
reconstruction of the seismo-stratigraphy reveals the growth patterns of the Scan Basin. 
Seismic data and gravity modeling support the interpretation that the basin is mainly 
floored by oceanic crust, however its northern and southern provinces exhibit different 
seismic attributes. Stratigraphic calibrations with adjacent regions together with the 
distribution of sedimentary units indicate that this basin was formed by rifting processes 
and subsequent spreading accretion from the Oligocene to the Miocene. This age 
attribution suggests that the Scan Basin might be one of the oldest oceanic basins of the 
southern Scotia Sea —possibly coeval with the Eocene–Oligocene opening of the Drake 
Passage. The basin is the most direct connection between the Weddell Sea and the Scotia 
Sea, whereas the stratigraphic features reveal the occurrence of major paleoceanographic 
changes. The initial phases of the evolution were influenced by mass-transport and turbidite 
processes of sediment supply from the nearby continental margins of the eastern tip of the 
Antarctic Peninsula. From the Middle Miocene to the Present-day, the eastward motion of 
the basin due to plate tectonic and the connection with the Weddell Sea through gateways 
enabled instauration of the overflow of Weddell Sea Deep Water (WSDW) into the Scan 
Basin. The WSDW forced the northward migration of the Circumpolar Deep Water (CDW) 
and became progressively dominant, controlling depositional patterns. The results that we 
report here should prove essential for understanding the formation of the Scotia Sea, the 
beginning of the Scotia Arc fragmentation, and the increasing role played by Weddell 
Sea/Scotia Sea water-mass exchange. 
 

 
 
Keywords:  

Basin analysis; Bottom currents; Reflection seismic and gravity; Scotia Sea; Weddell Sea; Antarctica 

 
Highlights 

 Two steps of opening: Oligocene in the south and Miocene in the north 
 Particular initial growth patterns due to older age and continental proximity 
 Middle Miocene new sedimentary stacking pattern: dominant along-slope processes 
 Reconstruction of the connections between the Weddell Sea and the Scotia Sea  
 Onset of a huge contourite fan via overflow of the WSDW across the Bruce Passage 
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1. INTRODUCTION 

The South Scotia Ridge (SSR) is a strike-slip boundary between the Scotia and Antarctic 
plates that entails a complex geological structure comprising continental blocks, narrow 
troughs, pull-apart basins, thinned transitional crust elements and arrays of fault segments 
developed within the oceanic crust (Fig. 4·1A) (Barker and Thomas, 2004; Civile et al., 2012; 
Barker et al., 2013). The southern margin of the Scotia Sea hosts a series of restricted basins 
separated by structural highs (Fig. 4·1B) presumed to be of a continental-crust nature (British 
Antarctic Survey, 1985; Mao and Mohr, 1995; Maldonado et al., 1998; Udintsev et al., 1999; 
Bohoyo, 2004; Eagles et al., 2005; Galindo-Zaldívar et al., 2006; Bohoyo et al., 2007; Lodolo et 
al., 2010). The difficulty of interpreting the available magnetic anomalies of these basins has 
led to significant discrepancies in the ages attributed to their development (Hill and Barker, 
1980; Barker, 2001a; Bohoyo, 2004; Eagles et al., 2006; Galindo-Zaldívar et al., 2006; Lodolo et 
al., 2006, 2010). Thus, the several tectonic reconstructions of the southern margin of the Scotia 
Sea proposed to date reveal significant differences and remain a subject of debate. 
Furthermore, the regional sedimentary record comprises several seismic units that show 
significant thickness variations and document the main tectonic and depositional processes 
that occurred in the region (Maldonado et al., 2000, 2003; Bohoyo, 2004; Geletti et al., 2005; 
Maldonado et al., 2006a, b; Hernández-Molina et al., 2008b; Dalziel et al., 2013b; Lindeque et 
al., 2013). 

The Scan Basin is the easternmost basin identified along the southern region of the Scotia 
Sea. It represents the most important unrestricted connection between the Weddell Sea and 
the Scotia Sea, and is also adjacent to one of the most important deep regional gateways, the 
Bruce Passage (Fig. 4·1C). This passage significantly influences the water mass exchange 
between the two seas and enables one of the few known examples of deep submarine 
overflows (Legg et al., 2009). It is therefore an essential area for paleoceanographic 
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reconstructions of the southern oceans since its unique physiographic and oceanographic 
setting has affected the bottom current dynamics and, by extension, the depositional units of 
the basin, as recorded by the main morphological and stratigraphic features (Maldonado et al., 
2003, 2006b; Hernández-Molina et al., 2007; Lobo et al., 2011). Here we discuss the structural 
and stratigraphic aspects of the Scan Basin and propose a model for its sedimentary, tectonic, 
and paleoceanographic evolution. 

 

Figure 4·1.- A) Tectonic setting of the Scotia Sea (modified from Maldonado et al., 2006b). Legend: 1, transform 
fault; 2, active transcurrent fault; 3, inactive subduction zone; 4, active subduction zone; 5, active extensional zone; 
6, active spreading center; 7, inactive spreading center; and 8, continental–oceanic crust boundary. B) General 
physiographic map of the southern margin of the Scotia Sea, with the principal geological elements discussed in 
the text. The main water masses are denoted as: CDW, Circumpolar Deep Water; WSDW, Weddell Sea Deep Water; 
and WSBW, Weddell Sea Bottom Water. Bathymetric contours from satellite-derived data (Smith and Sandwell, 
1997). Morpho-structural elements: BP, Bruce Passage; DP, Discovery Passage; EP, Elephant Platform; OP, Orkney 
Passage; PP, Philip Passage; SOM, South Orkney Microcontinent. The purple dots represent the location of the sites 
695, 696 and 697 of ODP Leg 113. The red line indicates the position of Fig. 4·7. C) Location of the multichannel 
seismic profiles used in the present work. The red segments correspond to the presented figures. 

 

2. TECTONIC AND OCEANOGRAPHY IN THE FRAMEWORK OF THE SCOTIA SEA 

2.1. Tectonic setting 

The Scan Basin is situated in the southern Scotia Sea (Fig. 4·1A), a deep oceanic basin that 
developed during the Cenozoic, between the formerly adjacent Antarctic Peninsula and South 
America. The opening of the Drake Passage definitively separated these two landmasses, 
establishing the conditions for incipient intermediate and deep water exchange between the 
Pacific and Atlantic oceans, an event which represented the last tectonic phase in the process 
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of fragmentation of the supercontinent Gondwana. Several tectonic reconstructions of this 
event have been proposed, some of which are conflicting, dating the opening between the 
Eocene and the Oligocene (Lawver et al., 1992; Lawver and Gahagan, 1998; Barker, 2001a; 
Lawver and Gahagan, 2003; Eagles et al., 2005; Geletti et al., 2005; Livermore et al., 2005; Eagles 
et al., 2006; Lodolo et al., 2006; Maldonado et al., 2006b; Livermore et al., 2007; Lodolo et al., 
2010; Dalziel et al., 2013b; Maldonado et al., 2014a). The geologic elements, once part of the 
continental link between South America and the Antarctic Peninsula, are now distributed along 
the periphery of the Scotia Sea and constitute the Scotia Arc (Fig. 4·1A). The tectonic 
deformation and fragmentation that accompanied the formation of the Scotia Sea were 
particularly relevant along the southern margin (Lodolo et al., 2006; Bohoyo et al., 2007; Lodolo 
et al., 2010; Civile et al., 2012), where strike-slip motion prevailed (Fig. 4·1A, B). The SSR, which 
presently bounds to the south of the oceanic Scotia Plate, is the product of this long tectonic 
history. It is a very complex tectonic feature comprising a series of submarine elevations and 
relatively shallow banks (from west to east: the Terror, Pirie, Bruce, Discovery and Herdman 
banks), some of which have a continental-crust nature and the largest of which is the South 
Orkney Microcontinent (SOM) (Fig. 4·1B). 

Several small oceanic basins (from west to east: the Ona, Protector, Dove and Scan basins) 
have formed among the continental crustal blocks along the southern margin of the Scotia 
Plate (British Antarctic Survey, 1985; Bohoyo et al., 2002; Galindo-Zaldívar et al., 2002; Eagles 
et al., 2005; Galindo-Zaldívar et al., 2006; Eagles et al., 2006; Lodolo et al., 2006; Bohoyo et al., 
2007; Lodolo et al., 2010; Maldonado et al., 2014a). Different ages have been proposed for 
them, often based on contrasting interpretations of the magnetic anomalies or heat flow data 
(Hill and Barker, 1980; Barker, 2001a; Bohoyo, 2004; Eagles et al., 2006; Galindo-Zaldívar et al., 
2006; Barker et al., 2013; Maldonado et al., 2014a). The discrepancies are especially marked in 
the cases of the Protector Basin, for which ages of 34–30 Ma, 25.2 Ma and 17–14 Ma have been 
proposed (Bohoyo, 2004; Eagles et al., 2006; Galindo-Zaldívar et al., 2006; Barker et al., 2013), 
and the Dove Basin, for which ages of 41–34 Ma, 43Ma and 23–20 Ma have been suggested 
(Eagles et al., 2006; Barker et al., 2013; Galindo-Zaldívar et al., 2014). The Scan Basin is the 
easternmost of these small basins (Fig. 4·1C), with a suggested age of 30.2 Ma (Barker et al., 
2013). It is bounded by the Bruce Bank, to the west and by the Discovery Bank, to the east 
(British Antarctic Survey, 1985; Galindo-Zaldívar et al., 2002; Bohoyo, 2004; Bohoyo et al., 2007; 
Lobo et al., 2011). To the south is the Bruce Passage: a 3000 meter-deep gateway that is 
constricted eastward by a WNW–ESE oriented basement high and that connects the Scan Basin 
with the Jane Basin (Fig. 4·1B) (Bohoyo et al., 2002; Hernández-Molina et al., 2007). The Jane 
Basin is an arched basin situated to the south of the SOM, on the Antarctic Plate (British 
Antarctic Survey, 1985), and is bound to the southeast by the Jane Bank. The basin formation 
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was dated between 17 and 14.4 Ma on the basis of the oceanic magnetic anomalies (Bohoyo 
et al., 2002). During ODP Leg 113, Site 697 was drilled in the abyssal plain of the Jane Basin, 
whereas sites 696 and 695 were located in its western margin (Fig. 4·1B) (Gersonde et al., 1990). 
The Powell Basin is situated to the west of the SOM and, with the exception of the southeastern 
part, is bounded by continental crustal blocks (Fig. 4·1B) (British Antarctic Survey, 1985; King et 
al., 1997). The ages estimated for this basin vary widely: 27–17.6 Ma (Coren et al., 1997; Lodolo 
et al., 1997), 29–23 Ma (Rodríguez-Fernández et al., 1997), 29.7–22.1 Ma (Eagles and Livermore, 
2002) and 50–47 Ma (Livermore et al., 2005). 

 

2.2. Oceanographic setting 

The sedimentary processes in the Scotia Sea are presently influenced by two main water 
masses (Orsi et al., 1999; Naveira-Garabato et al., 2002b; Maldonado et al., 2003; Hernández-
Molina et al., 2006a; Hillenbrand et al., 2008): the Circumpolar Deep Water (CDW), which forms 
the lower fraction of the Antarctic Circumpolar Current (ACC) and flows eastward around the 
Antarctic continent; and the Weddell Sea Deep Water (WSDW), which is a deep-water mass 
formed in the Weddell Sea. The WSDW flows within the cyclonic circulation of the Weddell 
Gyre, where it divides into two branches in the northwest (Fig. 4·1B). It influences the deep 
circulation of the Scotia Sea, as there are several gateways (from west to east: the Philip, Orkney, 
Bruce and Discovery passages) that connect the Weddell and Scotia seas through the SSR (Fig. 
4·1B).  

One of the WSDW branches enters the Jane Basin, continues throughout the SSR gateways 
and finally, penetrates into the Scotia Sea, where it further divides into two sub-branches. One 
of these subbranches flows westward through the Orkney Passage (~80%, Meredith et al., 
2013), paralleling the SSR flank (Fig. 4·1B). The second sub-branch crosses the Bruce Passage 
(~20%, Meredith et al., 2013), generating an active, deep overflow over the Scan Basin (Legg 
et al., 2009), and later circulates northward along the west side of the basin, where it strongly 
influences bottom current processes (Hernández-Molina et al., 2007; Lobo et al., 2011). 

Although the present water-mass circulation is well characterized regionally, there are 
uncertainties concerning the Southern Ocean paleocirculation, and much speculation remains 
over the time of onset and the climatic and sedimentary effects of the ACC. Some authors have 
proposed that the ACC began during the Cenozoic, as a series of deep-water gaps opened 
around Antarctica (Kennett, 1977). Most researchers agree that the ACC developed close to the 
Eocene/Oligocene boundary (Lawver and Gahagan, 2003; Barker and Thomas, 2004; Livermore 
et al., 2004); however, others have suggested younger ages, around the Oligocene/Miocene 
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boundary (Barker, 2001a; Pfuhl and McCave, 2005) or during the Middle Miocene (Dalziel et 
al., 2013b). The Drake Passage is usually considered the last barrier for complete establishment 
of circum-Antarctic deep-water flow (Lawver et al., 1992; Lawver and Gahagan, 2003). 
Nevertheless, some authors have suggested earlier opening of the Drake Passage than the 
Tasmanian Gateway at 37 Ma (Exon et al., 2001; Scher and Martin, 2006). Estimated times of 
the removal of this final barrier, based on regional and local tectonic considerations, range 
from 16–22 Ma to 31–34 Ma (Barker and Burrell, 1977; Barker et al., 1982; Lawver and Gahagan, 
1998; Barker, 2001a; Lawver and Gahagan, 2003; Livermore et al., 2004; Barker and Thomas, 
2006). Moreover, the WSDW remained confined within the Weddell Sea until the progressive 
opening of the SSR gateways and oceanic basins (after opening of the Drake Passage) enabled 
it to enter into the Scotia Sea, largely proposed from the Middle Miocene (Bohoyo et al., 2002; 
Maldonado et al., 2003; Bohoyo, 2004; Maldonado et al., 2006b; Hernández-Molina et al., 
2006a; Lodolo et al., 2006; Bohoyo et al., 2007; Hernández-Molina et al., 2007; Lodolo et al., 
2010). Generation of the seaways due to changing tectonic regime in the Scotia Sea region 
controlled the evolution and pathways of the CDW and the WSDW flows (Barker and Hill, 1981; 
Barker, 2001a; Maldonado et al., 2003, 2005; Hernández-Molina et al., 2007; Dalziel et al., 
2013b). 

 

3. DATA AND METHODS 

3.1. Morpho-structural map 

The bathymetric base map used in this study is derived from satellite data (Smith and 
Sandwell, 1997); the 2500 m contour has been taken to morphologically discriminate regionally 
between basinal areas and surrounding margins, highs and banks. The morpho-structural map 
was obtained by combined interpretation of the seismic profiles and the bathymetric map (Fig. 
4·1C). 

 

3.2. Seismic data 

We analyzed a total of eleven Multichannel Seismic reflection (MCS) profiles that were 
mostly acquired by Spanish and Italian institutions (profiles SCAN and IT) during several 
geophysical cruises (Fig. 4·1C). The MCS profiles were migrated in time, except for the Russian 
RAE37-23 profile. Most of these seismic data are available in stack version in the Antarctic 
Seismic Data Library System hosted at OGS (http://sdls.ogs.trieste.it). The main data acquisition 
parameters are summarized in Table 4·I. 
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Geophysical 
Cruise 

IT_89 IT_91 RAE SCAN_1997 SCAN_2004 SCAN_2008 

Year 1989/90 1990/91 1994 1997 2004 2008 

Profiles IT89AW39A IT91AW95 RAE37-23 

SCAN1997_SC12B 

SCAN1997_SC13 

SCAN1997_SC14A 

SCAN2004_SC03 

SCAN2004_SC04 

SCAN2004_SC06 

SCAN2004_SC07 

SCAN2008_SC12 

Research 
Vessel 

R/V OGS-Explora R/V OGS-Explora 
R/V Akademik 

Alexander 
Karpinsky 

BIO Hespérides BIO Hespérides BIO Hespérides 

Source 

2 arrays  

15 air-guns each 

(45.16 liters) 

2 arrays  

15 air-guns each 

(45.16 liters) 

1 array  

3-4 airguns  

(9-11 liters) 

1 array 

5 airguns BOLT 

(22.4 liters) 

1 array 

5 airguns BOLT 

(29.6 liters) 

1 array 

5 airguns BOLT 

(29.6 liters) 

Marine 
streamer 

3000 m 

120 channels 

3000 m 

120 channels 

775 m  

32 channels 

2400 m  

96 channels 

2400 m  

96 channels 

2400 m 

96 channels 

Shot 
interval 

50 m 50 m 50 m 50 m 50 m 50 m 

Sampling 
rate 

4 ms 4 ms 2 ms 2 ms 2 ms 2 ms 

Recorder 
SERCEL SN 358 

DMX system 
SERCEL SN 358 

DMX system 

GAK-120 
(Russian-

manufactured) 

DFS V digital 
system 

GEOMETRIC 
Strata Visor TM 
digital system 

GEOMETRIC 
Strata Visor TM 
digital system 

Recording 
length 

12 s 12 s 6 s 10 s 12 s 12 s 

Processing 
Software 

DISCO/FOCUS 
System 

DISCO/FOCUS 
System 

SDS-3.2 
DISCO/FOCUS 

System 
DISCO/FOCUS 

System 
DISCO/FOCUS 

System 

Processing 
sequence 

Standard 

Time Migration 

Standard 

Time Migration 

Standard 

No Migration 

Standard 

Time Migration 

Standard 

Time Migration 

Standard 

Time Migration 

Table 4·I.- Cruise details and acquisition parameters of the seismic profiles used in this study. 

The seismic reflection marking the top of the basement is not well discerned in most parts 
of the basin, and the nature of the crust is often difficult to decipher by MCS profiles alone, in 
contrast to several MCS profiles of the Scotia Sea (Maldonado et al., 2000, 2006b). We 
considered the seismic facies and the amplitude character to be the discriminating factors for 
identifying the base of the sedimentary record of the basin. Conventional seismic stratigraphic 
analysis (e.g. Payton, 1977; Vail and Mitchum, 1977) was used to identify and correlate the 
stratigraphic units. The principal discontinuities (or main stratigraphic horizons) have been 
individualized following the nomenclature proposed by Bohoyo (2004) and Maldonado et al. 
(2006b). Five stratigraphic units (from oldest to youngest: Units V to I) were identified within 
the sedimentary record of the Scotia Sea, according to their seismic facies and seismo-
stratigraphic correlations with neighboring areas. Furthermore, we discerned two older units 
that had not previously been described (Units VII and VI). The stratigraphic horizons were 
picked using Kingdom Suite® software. The depth of each reflection and the thickness of the 
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seismic units are expressed here as two-way travel-time (TWTT). Gridding of the picked 
horizons was performed using a general kriging algorithm. The sparse, heterogeneous 
distribution of the available seismic profiles has often caused gridding artifacts, which we 
eliminated from the computations.  

Numerous sedimentary features observed in the seismic profiles of the Scotia Sea and 
northern Weddell Sea are interpreted as contourite deposits (Maldonado et al., 2003, 2005, 
2006b; Martos et al., 2013). The term contourite fan refers here to fan-shaped sedimentary 
bodies deposited downstream of a gateway exit by active bottom currents, characterized by 
lobate or channel-levee seismic geometry and usually limited on both sides by channel-like 
features, as defined by Mézerais et al. (1993) and Faugères et al. (2002). Thick, extensive 
sedimentary accumulations are considered “contourite drifts” or “drifts”. In practical terms, 
different drift deposits exhibit a certain degree of overlap. Their gradation suggests that these 
deposits represent a continuous spectrum of phenomena, rather than separate categories 
(Rebesco et al., 2014). 

 

3.3. Age attribution 

To attribute tentative ages for the identified seismic units, we considered previously 
proposed age models by Maldonado et al. (2003, 2005, 2006b). Accordingly, Unit V would be 
older than 14.9 Ma; Unit IV, older than 12.6 Ma; Unit III would have been deposited between 
12.6 and 6.4 Ma (during the Middle–Late Miocene); Unit II, before 3.4 Ma; and Unit I (the 
youngest), from 3.4 Ma to the Present. The age of each stratigraphic discontinuity was 
estimated based on the magnetic anomalies of the igneous oceanic crust and on the 
sedimentation rates estimated in the Scotia Sea (Maldonado et al., 2003, 2005, 2006a). These 
authors obtained the sedimentation rates from Gersonde et al. (1990) and, similarly to them, 
we provisionally adopted these values to estimate a tentative age for the lower unit and the 
discontinuity that had not been previously described, Reflector-e as the bottom boundary of 
the Unit V. The average depth of Reflector-e within the Scan Basin that we calculated, by 
applying an average acoustic velocity of 2200 m/s (King et al., 1997), was about 1500 m below 
the seafloor (mbs). However, the deepest hole at Site 696 in the Jane Basin reaches only 500–
600 mbs (Gersonde et al., 1990); consequently, we could not estimate a precise age for 
Reflector-e based on the available data. Nevertheless, considering assumptions made by 
Maldonado et al. (2005, 2006a), we tentatively attribute this discontinuity to the Oligocene. 
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3.4. Gravity data and models 

Along the same tracks of the MCS profiles of the BIO HESPÉRIDES cruises (Table 4·I and Fig. 
4·1C), we acquired gravity data with a Bell Aerospace TEXTRON BGM-3 marine gravimeter (Figs. 
1 and 2). The free-air anomaly was recorded and modelled with the GRAVMAG program 
(Pedley et al., 1993). Additionally, we used free-air gravity derived from GEOSAT satellite data 
(Sandwell and Smith, 1997) to complement the ship record in the region (Fig. 4·2A). We 
compared satellite and ship anomalies to analyze the differences in frequency content derived 
from the different resolution of the two acquisition methods (Fig. 4·2B). 

We based the morphological and geometric constraints of the gravity model on the seafloor 
bathymetry and the sediment thickness derived from profile SCAN2008_SC12 MCS (Fig. 4·2). 
For the depth and thickness calculations, we considered acoustic velocities of 1500 m/s, 2200 
m/s and 6340 m/s for the seawater, the sediment and the igneous oceanic crust, respectively, 
taking into account the velocities derived from seismic refraction profiles collected in the 
Powell Basin (King et al., 1997). The seismic reflections attributed to the Mohorovicic 
discontinuity (Moho) were used to constrain the crust–mantle boundary in the model (Fig. 
4·2C). 

The thickness of layers 2 and 3 of the oceanic crust in this sector is ~8 km. The density value 
used to model the sedimentary layers in the Scan Basin is 2.2 g/cm3. Density values of 2.85 
g/cm3 and 2.95 g/cm3 were used to characterize the basement (Fig. 4·2C), according to the 
typical densities of the oceanic crust in the region (Galindo-Zaldívar et al., 2002; Larter et al., 
2003; Bohoyo, 2004). 

 

Figure 4·2.- A) Gravity map of the Scan Basin (Sandwell and Smith, 1997). The areas discussed in text are 
marked as I, II, III and IV. B) Comparison between free-air satellite anomaly and underway free-air anomaly 
along the SCAN2008_SC12 profile. C) Gravity model for the SCAN2008_SC12 profile. A density value of 1.03 
g/cm3 was used to characterize the water column. The density value used for the sedimentary layer in the Scan 
Basin is 2.2 g/cm3. Density values of 2.85 g/cm3 and 2.95 g/cm3 were used to characterize the igneous oceanic 
crust of the Scan Basin (Bohoyo, 2004). 
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4. MORPHO-STRUCTURAL FEATURES IN THE SCAN BASIN 

The axis of the Scan Basin roughly trends N–NE, but it exhibits an irregular triangular shape 
in plan-view as its width increases to the north, from ~40 to ~150 km. The average water depth 
of the basin is 3000 m and the seafloor is generally sub-horizontal, although the average water 
depth decreases from west to east (Fig. 4·1C). This fact implies that the Scan Basin is about 400 
m shallower than the rest of the south Scotia Sea basins to the west, and about 500 m shallower 
than the westernmost Ona Basin. The adjacent Bruce and Discovery banks exhibit irregular 
morphology. The average depth of each bank is about 1500 m, although some areas are 
shallower than 1000 m, particularly in the Discovery Bank (Fig. 4·1C), as reported previously by 
Galindo-Zaldívar et al. (2002). 

The main morpho-structural features of the Scan Basin that we identified are shown in Fig. 
4·3A. A relatively high amplitude reflection at the base of the sedimentary record is rather 
continuous in most of the surveyed area (Figs. 4·4 and 4·5). However, different seismic facies 
are observed below that reflection, between the northern and southern provinces of the basin 
(Fig. 4·6). In the northern province, a distinct contact between the sedimentary record and the 
acoustic basement is determined (Figs. 4·5 and 4·6). Below this contact, the crust shows chaotic, 
irregular and locally high-amplitude reflections dipping basinward. In deeper crustal areas 
(between 6 and 8 s TWTT), we identified discontinuous high-amplitude reflections deepening 
to the west, which we attribute to the Moho (Fig. 4·5B). In contrast, in the southern province 
the distinction between the sedimentary cover and the acoustic basement is less evident (Figs. 
4·4 and 4·6). Within the southern crust, we have recognized high amplitude reflections with low 
lateral continuity over a chaotic, high amplitude reflection zone. This sector features 
horst/graben structures trending N45°E. There are two main grabens that occur at different 
depths (the eastern one is deeper: ca. 0.5 s TWTT) (Figs. 4·3 and 4·4) and are separated by a 
gentle basement high, which is slightly asymmetric and displaced to the eastern side of the 
basin. 

The average depth of the basement/sedimentary cover contact in the basin is 5–6 s (TWTT). 
This contact is deeper in the southeast, close to the Discovery Bank margin (Fig. 4·3). Away 
from this area the basement top is shallower, reaching values below 4 s (TWTT).  

Normal faults develop small structural depressions in the basin crust (Fig. 4·4B) and in the 
banks. In the basin plain, they are more abundant to the southeast. In the banks, most of the 
faults form perched basins of variable size that deepen to the south. Several fault arrays also 
affect the basin sedimentary record, but only a few of them offset the entire record. Fluid 
migration-related structures have been identified along some of these faults, mostly in the 
central sector of the Scan Basin (Fig. 4·3). 
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Figure 4·3.- A) Geological sketch of the Scan Basin based on the 
seismic and stratigraphic analysis, showing the main 
morphostructural elements. The contours of the top of the basement 
are shown in blue (values expressed in TWTT). B) 3D view of the top 
surface of the basement. 

Hyperbolic and chaotic diffractions at the top of the crust are commonly identified in the 
eastern and western margins of the Scan Basin and generally outcrop at the seafloor (Figs. 4·3, 
4·4 and 4·5). However, local hyperbolic and irregular diffractions at the top of the basement are 
usually identified in the basin. These features are especially prevalent in the southern edge of 
the basin, which is bounded by a complex array of strike-slip faults that constitute its structural 
boundary with the Jane Basin (Fig. 4·1B). 

The crustal features of the bounding banks are characterized by strong reflections below an 
irregular surface separating the depositional units. Continuous high-amplitude reflections are 
identified at lower depths, over chaotic high-amplitude reflections. The average depth of the 
top of the crust in the banks is below 3 s (TWTT) and the minimum depth occurs in the 
Discovery Bank (less than 2 s TWTT).  
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Figure 4·4.- A) Multichannel Seismic Profile IT91AW95 (top) and an interpreted line drawing (bottom) across the 
southern Scan Basin. B) Multichannel Seismic Profile RAE37-23 (left) and an interpreted line drawing (right) across 
the southern Scan Basin. V: volcanic manifestations. The mass-movement deposits are shown in gray. The locations 
of the corresponding profiles are shown in Fig. 4·1C. 

The GEOSAT-derived map shows that the Scan Basin is characterized by a −20 mGal 
minimum (I in Fig. 4·2A) occurring in its southern sector, and a small isolated anomaly in its 
northern sector (II). The basin is surrounded by positive anomalies immersed in a general +0 
to +30 mGal field (Fig. 4·2A). The basin plain is confined in the southern part by the Discovery 
Bank (III) and Bruce Bank (IV) where the strongest positive anomalies (up to +200 mGal) are 
observed (Fig. 4·2A). 
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Figure 4·5.- A) Multichannel Seismic Profile IT89AW39A (top) and interpreted line drawing (bottom) across the 
northern Scan Basin. B) Multichannel Seismic Profile SCAN2004_SC07 (top) and interpreted line drawing (bottom) 
across the northern Scan Basin. The Mohorovicic discontinuity is shown. V: volcanic manifestations. The mass-
movement deposits are shown in gray. The locations of the corresponding profiles are shown in Fig. 4·1C. 

 

5. STRATIGRAPHIC FEATURES 

A total of seven seismic units are identified in the region. The deposits are best developed 
in the Scan Basin plain, where the complete set of seismic units is characterized. The marginal 
banks show a variable distribution of deposits and some of the seismic units are reduced or 
absent, such as units VII and VI which are described in the basin record (Section 5.2). 
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Figure 4·6.- Comparison of the oceanic crust in the northern (right) and 
southern (left) Scan Basin. The red arrows indicate the top of the 
basement. 

 

5.1. Bank record 

We identified a set of basal chaotic reflections over the basement of the banks that form 
patches within the largest morphological depressions of the banks (Fig. 4·7). Above the basal 
reflections, a set of moderate-amplitude reflections dipping to the fault surfaces delineates 
thick wedges that fill depressions of the basement and reach thicknesses of up to 0.75 s (TWTT). 
These deposits are most developed to the south, where large perched basins are observed 
above the Bruce Bank (Fig. 4·7). 

Over these underlying tectonized units, the sub-horizontal sedimentary record on top of 
the banks shows a highly irregular distribution (Figs. 4·7 and 4·8). The average thickness is 0.8 
s (TWTT), reaching 1.0 s (TWTT) over the large perched basins of the Bruce Bank (Figs. 4·7 and 
8). The record of the sub-horizontal deposits shows three discontinuities in the northern region, 
and one more, lower discontinuity in the southern region, which reveals a more complete 
stratigraphic record in the southern Bruce Bank. The deposits reach a maximum thickness of 
1.6 s (TWTT) in the southern part of the Discovery Bank (Fig. 4·8), although these deposits are 
highly deformed and the main stratigraphic discontinuities are not resolved. 
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Figure 4·7.- Part of line SCAN2004_SC03 acquired in the southern part of 
the Bruce Bank. The Pre-rift (light green) and Syn-rift (brown) deposits are 
shown, as are the main stratigraphic discontinuities identified in the 
perched basins of the banks. The location of the corresponding profile is 
shown in Fig. 4·1B. 

 

5.2. Basin plain record 

The depressions of the basement top in the basin plain are filled by chaotic, high-amplitude 
reflections that we identified as seismic Unit VII (Figs. 4·4, 4·5A and 4·9A). This unit becomes 
thicker to the south, where the eastern graben shows a record of about 1 s (TWTT) but the 
deposits in the western graben are only about 0.75 s (TWTT) (Table 4·II and Fig. 4·10A). This 
unit is sealed by a high-amplitude, laterally continuous reflection. The sedimentary record 
shows an average thickness of 1.82 s (TWTT) above this discontinuity, being generally thicker 
in the eastern than in the western regions (Fig. 4·8). The maximum thickness (2.6 s TWTT) occurs 
in the southeastern edge of the basin, adjacent to the Discovery Bank margin (Fig. 4·8). 

Five main stratigraphic discontinuities (called reflectors) can be distinguished in the 
sedimentary record of the Scan Basin over Unit VII (Fig. 4·9), bounding six seismic units (Fig. 
4·9). The main stratigraphic features of each unit are depicted in Table 4·II and Fig. 4·9. 



  Scan Basin 

53 

 

 

Figure 4·8.- Distribution map of the entire sedimentary record of the 
Scan Basin superimposed over a simplified structural map (see legend in 
Fig. 4·3). The contours are expressed as TWTT.  

Seismic Unit VI 

Unit VI is bounded at its top by Reflector-e (Fig. 4·9B). The thickness decreases to the north, 
as do the amplitude and the continuity of its internal reflections (Table 4·II). The reflections are 
mainly concordant with local onlaps over the highs. Unit VI is restricted to the western part of 
the basin, showing three main N–S aligned depocenters (Fig. 4·10B), the central one of which 
reaches the greatest thickness (>0.6 s TWTT). 

Seismic Unit V 

Unit V exhibits high or very high-amplitude, low lateral-continuity reflections, but its 
amplitude and continuity increase to the northwest (Table 4·II and Fig. 4·9). The reflections 
exhibit local onlaps and toplaps, but they are mostly concordant in the area. Unit V is thickest 
in the southeast of the basin, with a major depocenter that reaches 1 s (TWTT) in thickness 
close to the Discovery Bank margin and trends roughly W–E (Fig. 4·10C). 
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Units 

Seismic Facies 

Thickness and 
Distribution 

Seismic configuration Boundaries 
Top/Bottom 
termination 

Shape 

Unit I 

Many reflections middle 
amplitude; quite lateral-
continuity (↓ N) 
Transparent in the SE part 

Seafloor 
-- 

Reflector-a 

Concordant 
configuration 

-- 
Onlap 

Tabular 
(furrows + 
sedimentary 
waves)  

Increases its 
thickness to the 
N; depocentres 
>0.4 s (TWTT) 

Unit II 
Few reflections high 
amplitude; medium lateral-
continuity (↓ SE)  

Reflector-a 
-- 

Reflector-b 

Toplap  
-- 

 Onlap 

Wedge 
thinner NW 

Major thickness 
(0.6 s TWTT) in 
the E side 

Unit III 

High amplitude; lateral-
continuity (Both ↑ top ↓ SE)  
Southward-directed 
progradations in the S  

Reflector-b  
-- 

Reflector-c 

Truncation  
-- 

Onlap 
Downlap  

Wedge 
Widespread 

0.4 s (TWTT) 
parallel to 
Discovery Bank 

Unit IV 

Few reflections high amplitude 
(↑ SE); low lateral-continuity 
(↑NW)  
Wavy seismic facies to the NE 

Reflector-c 
-- 

Reflector-d 
Onlap Tabular 

Important in the 
E side of the 
basin; in the 
central part >0.6 
s (TWTT)  

Unit V 
High-very high amplitude; low 
lateral-continuity (Both ↑ NW) 

 Reflector-e 
-- 

Sedimentary- 
Record-Base / 

Reflector-e 

Toplap  
-- 

Concordant 
configuration 

Onlap 

Irregular 

No significant 
thickness, major 
in W side.  
Depocentre in 
SE edge >1 s 
(TWTT) 

Unit VI 
Medium amplitude; medium 
lateral-continuity 

Reflector-e  
-- 

Igneous Crust 
Top/Sedimentary- 

Record-Base 

Concordant 
configuration  

-- 
Onlap  

Wedge 
pinged out N  

Only in W side. 
Three main 
depocenters 
>0.6 s (TWTT) 

Unit VII 
Chaotic; locally stratified; 
different amplitude; low lateral-
continuity 

Sedimentary- 
Record-Base  

-- 
Igneous Crust 

Top 

 

Restricted to 
depressions
Especially  
E graben 

Maximum 
thickness in the 
SE part >1 s 
(TWTT) 

Table 4·II.- Main seismic characteristic of the seismic units identified in the Scan Basin. 

Seismic Unit IV 

Unit IV shows scarce, high-amplitude, low lateral-continuity reflections. To the northeast, we 
identified wavy seismic facies locally (Table 4·II and Fig. 4·9). Onlap terminations are frequent 
and locally toplaps were identified; nonetheless, toward the top the reflections are mostly 
concordant. Within the basin, Unit IV is thicker than 0.2 s (TWTT). The depocenter axis presents 
a NW–SE orientation over the central part of the basin and reaches a thickness of over 0.4 s 
(TWTT) (Fig. 4·10D). 



  Scan Basin 

55 

 

 

Figure 4·9.- The main stratigraphic discontinuities and seismic units identified in this work. A) Part of line 
SCAN2004_SC03 in the southeast part of the Scan Basin. B) Part of line SCAN2004_SC07 in the northern central part 
of the Scan Basin, showing minor discontinuities that delimit subunits. The locations of the corresponding profiles 
are shown in Fig. 4·1C, Note that due to the fragment location the lower units (VII and VI) are not identified in both 
segments. The adjacent table lists the tentative geological period of sedimentation attributed to each unit and the 
age (in Ma.) of the main discontinuities, as taken from Bohoyo (2004) and Maldonado et al. (2006a, b). 

Seismic Unit III 

Unit III exhibits high-amplitude reflections, which decrease in continuity to the southeast 
and shows wavy seismic facies (Table 4·II and Fig. 4·9). Basal onlaps are common, with scarce 
downlaps. Top erosional truncations are also widespread. Southward-directed progradations 
occur within this unit in the southern part of the basin. Unit III is generally thicker than 0.4 s 
(TWTT). The main NE–SW oriented depocenter is located close to the Discovery Bank (Fig. 
4·10E). To the southeast of the basin, there is an individualized body within Unit III, which is 
mostly composed of wavy reflections of high-amplitude and high lateral continuity (Table 4·II) 
and reaches a thickness of 0.4 s (TWTT). 

Seismic Units II and I 

Unit II comprises scarce high-amplitude, moderate lateral-continuity reflections (Table 4·II 
and Fig. 4·9). Onlap and toplap terminations are common. In contrast, Unit I shows moderate-
amplitude, high lateral continuity reflections (Table 4·II and Fig. 4·9). Concordant terminations 
are most common, although onlap terminations are also observed. Wavy seismic facies are 
detected in both units, where they become more abundant as the sediment becomes younger. 



Chapter 4 

56 

 

The main depocenter of Units II and I is located close to the eastern margin in the central 
region of the basin and reaches more than 1.0 s (TWTT) in thickness. It generally trends NW–
SE. The sedimentary thickness decreases to the southwest (Fig. 4·10F). The external shape of 
these units is rather tabular, with a relatively homogeneous average thickness of over 0.4 s 
(TWTT) (Fig. 4·10F). This fact is noteworthy considering the irregular geometry of the former 
deposits. Units III, II and I generally exhibit a regionally smooth wedge shape that becomes 
thinner northwestward. 

 

Figure 4·10.- Sediment distribution maps of the Scan Basin superimposed on a simplified structural map. A) Unit 
VII, indicating the maximum thickness of each area; B) Unit VI thickness; C) Unit V thickness; D) Unit IV thickness; E) 
Unit III thickness; F) thickness of the junction of Unit II and Unit I. Main structural features as shown in Fig. 4·3. 

 

5.3. Erosional and depositional features 

Depressions of variable size, considered as furrows, are recognized in the sedimentary 
record of the Scan Basin, mainly between Reflector-c and the seafloor. The deepest ones are 
located to the south of the basin. They are abundant in the southwest, where they generally 
occur associated with Reflector-c and toward the top of Unit IV. The furrow morphologies are 
particularly associated with Reflector-b in the southeastern part of the basin (Fig. 4·4A), 
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although they are not observed below Reflector-a in the northern part of the basin. Therefore, 
there is a northward migration of the furrows from Reflector-c to the present seafloor. Wedge-
shaped chaotic seismic facies are found over the entire basin (Figs. 4·4 and 4·5). Their thickness 
ranges from 0.05 to 0.2 s (TWTT), with an average value of 0.15 s (TWTT). They occur within the 
five upper units, but are mainly concentrated in the two younger units, where they are thickest. 
They are also relatively abundant in Unit IV. 

 

6. DISCUSSION 

6.1. Nature of basement 

The basement of the surrounding banks exhibits seismic facies of continental or transitional 
nature, which is extremely thin in the vicinity of their margins (Figs. 4·4 and 4·5) (Galindo-
Zaldívar et al., 2002; Maldonado et al., 2006b; Bohoyo et al., 2007; Lodolo et al., 2010). The 
margins of the Scan Basin and the banks have evidence of widespread volcanic intrusions that 
generally outcrop at the seafloor (Figs. 4·3, 4·4 and 4·5), although common buried volcanic 
intrusions are also identified.  

The basement shows characteristics of Layers 2 and 3 of the igneous oceanic crust in the 
basin plain, although the seismic facies of the northern (from 59°30′S northward) and southern 
provinces (from 59°30′S southward) have different features (Figs. 4·3, 4·4, 4·5 and 4·7). The best 
fit for the gravity model is obtained with a small change in the density of the crust, although 
the two values used both correspond to igneous oceanic crust (Fig. 4·2B, C). The differences in 
the basin crust are further supported by variations in the tectonic pattern (Figs. 4·2 and 4·3) 
and in the orientation of the seafloor magnetic lineations (Anatoly Schreyder, pers. comm.). 

 

6.2. Onset of the Scan Basin 

The Scan Basin resulted from crustal extension and continental fragmentation coeval with 
magmatic intrusions, which led to separation of the Discovery and Bruce banks, similarly to 
other southern Scotia Sea basins (Fig. 4·11). During this period the two sets of chaotic 
reflections were deposited over the banks, forming the pre-rift and syn-rift deposits 
respectively (Fig. 4·7). However, the syn-rift deposits of these banks are thicker than the syn-
rift deposits described elsewhere in the southern Scotia Sea (e.g. Galindo-Zaldívar et al., 2006; 
Maldonado et al., 2006b; Pérez et al., 2014b), an observation that might reflect a longer rifting 
period or more abundant sediment supply in the Scan Basin than for neighboring areas.  
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The northern and southern provinces of the basin reveal different tectonic processes and 
probably a different age of development (Fig. 4·3). The northern province seems to have 
developed from a NW–SE spreading center, although a well-developed ridge is not observed 
in the available seismic profiles (Fig. 4·5). The older depositional units are not identified in this 
region, which suggests that this part of the basin developed during a more recent spreading 
phase. The southern Scan Basin shows, in contrast, a subdued spreading center that trends NE–
SW and numerous volcanic intrusions (Fig. 4·3). These characteristics suggest an initial phase 
of crustal thinning and diffuse spreading, with abundant volcanic intrusions that become 
progressively organized into a spreading center in the axial region of the basin, which becomes 
buried and relict with time. The presence of volcanic inclusions is supported by the 
identification of crust-top seismic facies comparable with the “dipping reflectors” defined by 
Hinz (1981) in areas where an intense phase of volcanism occurred during and shortly after 
continental break-up. These reflectors are typical of restricted passive ocean margins; although 
their origins are unknown, some evidence suggests that their formation was associated with 
volcanism (Hinz, 1981; Hinz et al., 1999). The combination of the two spreading systems implies 
that the Discovery Bank rotated clockwise and drifted eastward as a consequence of the basin 
evolution. We tentatively attribute the boundary between the northern and southern provinces 
of the Scan Basin to a transcurrent fault that might extend between two spreading corridors of 
the West Scotia Ridge into the southern Scotia Sea (Fig. 4·2). This interpretation is supported 
by the change in the tectonic pattern and orientation of the seafloor magnetic lineation.  

An estimated age of 30.2 Ma for the Scan Basin was proposed on the basis of heat flow 
measurements (Barker et al., 2013). The oldest recognized magnetic anomaly in this basin is 
C7A (26 Ma-Late Oligocene [Anatoly Schreyder, pers. comm.]). These estimates suggest that 
this basin is older than Dove and Protector basins, dated on the basis of magnetic anomalies 
and dredged rocks (Galindo-Zaldívar et al., 2006, 2014), but is similar in age to the Powell Basin, 
at least according to some of the proposed ages (Eagles and Livermore, 2002) and most 
probably younger than the Ona Basin in the southwestern Scotia Sea, where an age of Eocene 
back-arc spreading is proposed (Maldonado et al., 2014a). Based on the identification of 
magnetic anomalies to the north of the Scan Basin, Bohoyo (2004) proposed northward 
development of the oceanic crust from two different spreading centers, and estimated ages of 
21–14.4 Ma for an E–W ridge in the west, and 18.7–15.6 Ma for a NW–SE ridge in the east. 
Recent swath bathymetry and dredged rocks data indicate, in addition, arc volcanism in the 
Central Scotia Sea region, north of the Scan Basin, that was active between 30 and 10 Ma 
(Dalziel et al., 2013b). 
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The older age of spreading implies that the Scan Basin developed to the west of its present 
location —probably close to the original continental bridge between the Antarctic Peninsula 
and South America during the initial phases of break-up. We tentatively suggest that the Scan 
Basin began to develop adjacent to the Powell Basin, during the Oligocene and later drifted 
eastward during the Miocene. That would have happened when other regional basins (Dove, 
Jane and Protector) and the northern part of the Scan Basin experienced sea-floor spreading 
(Barker and Burrell, 1977; Barker et al., 1982; Lawver et al., 1992; Lawver and Gahagan, 1998; 
Barker, 2001a; Lawver and Gahagan, 2003; Livermore et al., 2005; Eagles et al., 2006; Galindo-
Zaldívar et al., 2006; Lodolo et al., 2006, 2010; Galindo-Zaldívar et al., 2014). 

 

6.3. Sedimentary growth patterns 

Comparison of the sediment distribution and total thickness among the several basins in 
the southern Scotia Sea provides useful insight on their growth patterns (Coren et al., 1997; 
Lodolo et al., 1997; Rodríguez-Fernández et al., 1997; Maldonado et al., 1998; Bohoyo et al., 
2002; Eagles and Livermore, 2002; Maldonado et al., 2006b). The sedimentary record of the 
Scan Basin, with an average sediment thickness of 1.8 s (TWTT) and a maximum thickness of 
2.6 s (TWTT), is markedly thicker than that of adjacent basins (Fig. 4·8). For example in the 
Protector and Dove basins the reported average thicknesses are 1.2 and 1.3 s (TWTT) 
respectively (Eagles et al., 2006; Galindo-Zaldívar et al., 2006; Maldonado et al., 2006b; Civile et 
al., 2012; Pérez et al., 2014b). In high-latitude basins, ice-related processes influence sediment 
transport and deposition, even far away from the continental sources (Laberg and Vorren, 1996, 
2000; Rebesco and Stow, 2002; Whittaker and Müller, 2006; Engen et al., 2009; Lindeque et al., 
2013). Moreover, for relatively isolated basins, different sedimentary processes must be 
considered. In those environments, the sedimentary processes are deeply influenced by water-
mass circulation, which tends to flow along the margins providing a higher uniform 
sedimentary cover. Other processes that contribute to the infilling of isolated basins are mass 
transport movements that eventually generate thick deposits of restricted distribution 
(Winterer et al., 1988; Ercilla et al., 2008). 

The main sedimentary input of the Scan Basin would stem from the submerged adjacent 
continental margins of the Bruce and Discovery banks. However, as the basin was just 
beginning to form, its proximity to the Antarctic Peninsula–South America continental bridge, 
and the dismantling of the continental connection, might have generated the sediments that 
went on to form the older units. We propose that the thick depositional sequences observed 
in the southern Scan Basin were developed early (Oligocene) and resulted from the 
paleogeographic location of the basin at that time. This basin was initially located about 1100 
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km to the west (i.e. closer to the continent) and therefore, was exposed to a higher supply of 
sediment mainly from down-slope processes.  

During its development, the Scan Basin was also under the direct influence of the WSDW, 
which overflows the Bruce Passage (Fig. 4·11). Large amounts of sediment have been carried 
into the Scan Basin from the Miocene to the Present, due to the opening of the connection 
through the Jane Basin. Consequently, a well-developed contourite fan is formed by the upper 
deposits, from the Scan Basin to the central Scotia Sea previously reported by Maldonado et 
al. (2003) and Hernández-Molina et al. (2007, 2008c). In addition to the sediment transported 
by icebergs, that northward current carried large volumes of fine-grained sediment in 
suspension directly from the continental ice sheets that drain into the Weddell Sea. This 
connection between the Weddell and Scotia seas strongly distinguishes the Scan Basin from 
other westward basins (Pérez et al., 2014b). Although the Orkney Passage is the deepest 
passage of the South Scotia Ridge and the principal outflow of the WSDW passes through it 
(Naveira-Garabato et al., 2002b; Meredith et al., 2011, 2013), the WSDW also overflows through 
the Bruce Passage directly into the Scan Basin, thereby avoiding valleys and troughs where the 
sediment would otherwise be lost before reaching the sedimentary basin. 

 

6.4. Stratigraphic evolution and paleoceanographic implications 

The growth patterns of the deposits in the Scan Basin were mainly influenced by two factors: 
the tectonic evolution of the basin —particularly plate movements and development of 
gateways— and paleoceanography, largely related to the evolution of the ACC and entry of 
the WSDW into the basin. 

Based on the peculiarities of the seismic facies of Unit VII, we suggest that this unit 
comprises volcaniclastic-sedimentary deposits (Fig. 4·9A). We propose that these deposits were 
probably formed by interaction between volcanic activity during the initial phase of crustal 
thinning and oceanic spreading, and high terrestrial sediment input from the dismantling 
continental bridge, which filled the depressions in the southern Scan Basin igneous crust (Figs. 
4·3 and 4·10A). The western margin of the basin provides most of the sediment that constitutes 
the Unit VI deposits during the subsequent phase (Fig. 4·10B). The deposits of Unit VI are 
characterized by several small, base-of-slope depocenters restricted to the western flank of the 
basin plain (Fig. 4·10B). This distribution suggests very active down-slope processes generating 
turbidite systems, from a dynamic margin that is probably experiencing continental block 
fragmentation and thinning. Furthermore, there is a southward increase in thickness, which 
also corresponds to a deeper oceanic crust (Figs. 4·5 and 4·10B). Unit VI identified in the Scan 
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Basin is not present in the adjacent basins located along the south Scotia Sea, nor is it found 
in the Jane Basin. Thus, we hypothesized that if the top of Unit VI (Reflector-e) formed during 
the Oligocene (tentative estimate), then these deposits would be older than the sedimentary 
sequences previously identified in the region (Bohoyo et al., 2002; Bohoyo, 2004;Maldonado 
et al., 2006b; Pérez et al., 2014b). However, the Unit VI of the southern Scan Basin is tentatively 
correlated to a similar Unit VI described from the southwestern Scotia Sea (Martos et al., 2013; 
Maldonado et al., 2014a) and also tentatively attributed to the Oligocene, although some age 
differences may exist between these older deposits. 

The deposits of Unit V are distributed in a contrasting pattern (Fig. 4·10C). The main 
depositional center is located in the southeast flank of the basin plain, attached to the margin 
of the Discovery Bank and prograding westward and northwestward into the basin plain. This 
suggests that in the changing scenario of continental fragmentation, the Discovery Bank 
becomes the most important source of sediments. The sediments were transported slightly 
northwestward, due either to the tectonics of the margin or perhaps to the insertion of flows 
from the Weddell Gyre into the Scotia Sea.  

The deposits of Unit IV exhibit similar distribution pattern as Unit V (Fig. 4·10D), although 
its main depositional center shows a predominant axial distribution along the basin plain 
detached from the Discovery Bank margin (Fig. 4·10D). These deposits reveal, in addition to the 
down-slope sediment input, the influence of a northeastward flow moving along the basin 
plain. We attribute this sedimentary pattern to the onset of the connection between the Jane 
Basin and Scan Basin during the Middle Miocene, which allowed increased incursions of the 
WSDW into the Scotia Sea (Fig. 4·11). 

 

Figure 4·11.- Paleogeographic and paleoceanographic reconstruction based on the main results of the present 
study. Legend: 1, transcurrent fault; 2, subduction zone; 3, inactive spreading center; 4, fracture zone; and 5, active 
spreading center. Abbreviations: BB, Bruce Bank; BP, Bruce Passage; DB, Dove Basin; DBk, Discovery Bank; HB, 
Hermand Bank; JB, Jane Basin; JBk, Jane Bank; OP, Orkney Passage; PB, Pirie Bank; PrB, Protector Basin; SB, Scan 
Basin; SOM, South Orkney Microcontinent; and TB, Terror Bank. 

The deposits of Unit III show a main elongated wedge in the basin plain, attached to the 
southwestern margin of Discovery Bank (Fig. 4·10E). This sediment distribution indicates both 
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down-slope flows from the bank, and along-slope transport and deposition by northward 
flowing bottom flows that tend to concentrate the deposits along the eastern margin of the 
basin due to the Coriolis effect. The wavy body identified in the southeast region of this unit 
probably resulted from the completion of the opening of Bruce Passage and the increase of 
WSDW overflow across the Scan Basin.  

The distribution of Units II and I indicates not only enhanced northeastward WSDW 
influence, but also localized down-slope flows from the central region of the eastern margin of 
the Discovery Bank (Figs. 4·10F and 4·11). We deduce that the bottom currents increased 
progressively, from the fact that the wavy seismic facies become progressively more 
widespread in younger units after Reflector-c, and the furrows also show a northward migration 
from the southern region in Units III and II to the northern region in Unit I. We attribute the 
relative abundance of the wavy facies in Units II and I of the Scan Basin, in comparison to other 
basins of the southern Scotia Sea, to the proximity of the Bruce Passage and to the morphology 
of the basin that channelize the flow derived from the Weddell Gyre into the Scotia Sea, via the 
Jane Basin and the Bruce Passage, since the Middle Miocene (Maldonado et al., 2006b; 
Hernández-Molina et al., 2008b). 

Once the Jane Basin was fully opened (Bohoyo et al., 2002) and the Bruce Passage had 
formed a deep gateway, the progressive incursion of the WSDW controlled the bottom water 
circulation and displaced the CDW northward (Fig. 4·11). Consequently, an extensive contourite 
fan (Maldonado et al., 2003; Hernández-Molina et al., 2007, 2008c) developed during 
deposition of Units III, II and I, which suggests a clear dominance of along-slope sedimentary 
processes and would explain the northwest lateral shift of the depocenters from Unit III to Units 
II and I (Figs. 4·10E, F and 4·11). The conspicuous furrows would indicate the increasing 
influence of the WSDW and also the northward increase in the bottom flow competence 
through time (Hernández-Molina et al., 2007; Lobo et al., 2011). 

Other important processes to be considered in the development of the deposits of the Scan 
Basin are overflows in the gateway (Fig. 4·11). Overflows develop when water masses pass 
through narrow passages and undergo hydraulic transport and mixing (Girton et al., 2006). 
Owing to their density anomaly, the masses descend and accelerate behind the passages 
(Gordon et al., 2004). The WSDW, as an overflow through the Bruce Passage, influences the 
Scan Basin; as such, it is one of the few examples of overflow bottom water, together with the 
Gibraltar Strait and the Faroe Strait (Ambar and Howe, 1979; Legg et al., 2009; Serra et al., 2010). 
In the Scan Basin, sheeted facies with furrows evolve into wavy facies northward. These 
sequences of facies might be related to overflows, as similar facies and erosive features have 
been described at the exit of the Gibraltar Strait, where an extensive sandy-sheeted drift 
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affected by furrows has been identified (Nelson et al., 1993; Hernández-Molina et al., 2006b; 
Llave et al., 2007; Hernández-Molina et al., 2014a). The behavior of the WSDW as an overflow 
would have caused a more uniform and laminar sedimentation within the three upper units 
than in the older units, in addition to the development of the furrows and forcing the northward 
migration of depocenters. 

 

7. CONCLUSIONS 

Tectonics and sedimentary growth patterns of the Scan Basin reveal several characteristics 
that differentiate it from the other southern Scotia Sea basins. By analyzing these features, we 
gained crucial insight into the initial stages of the connection between the Pacific Ocean and 
the Atlantic Ocean. Indeed, early stages of the formation of the Scotia Arc are recorded in the 
basin, as are the clues on how development of new gateways enabled incursions of the deep 
flows from the Weddell Gyre into the Scotia Sea. Therefore, this area is an exceptional location 
for reconstructing the evolution of the deep flows between the Weddell and Scotia seas. 

The nature of the basement, the tectonic reconstructions and the deposit distribution 
support the Scan Basin opening in two stages, in a process that had strong regional tectonic 
and paleoceanographic implications. In the first stage, tectonic stretching was active and 
followed by continental fragmentation with volcaniclastic deposition. This phase might have 
been coeval with the development of the Powell Basin, during the initial phases of opening of 
the Drake Passage. During this stage, the sediment was directly supplied from the nearby 
continental margins of the Antarctic Peninsula and the dismantled continental bridge, and 
therefore down-slope processes were dominant. 

The second stage began with seafloor spreading in the northern part of the basin, which 
was active during the Miocene, similarly to the adjacent southern Scotia Sea basins. Sediment 
supply during this stage evolved drastically over time, due to the interplay between tectonic 
and paleoceanographic influences. There is a thick depositional body that extends into the 
basin from the southwestern part, which we attribute to the influence of deep flows from the 
Weddell Gyre, after the opening of the connection with the Weddell Sea through evolving 
gateways.  

Until the Middle Miocene (Units VI, V and IV), large sediment input was mainly derived from 
gravitational processes of the surrounding continental margins that were experiencing 
continental fragmentation and drifting. But, an important change in the sedimentary stacking 
pattern occurred in the Middle Miocene with the onset of a huge contourite fan within the 
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Scan Basin related to the northward overflow of the Weddell Sea Deep Water (WSDW). This 
onset was favored by the opening of the Bruce Passage as a result of the regional tectonics. 
Tectonics facilitated a strong eastward migration of the depocenters in Units V, IV and III, which 
was probably due to deepening of the gateway and to the configuration of the Discovery Bank. 
Although tectonics was a major factor (especially related to Discovery Bank) an interplay 
between down-slope and along-slope processes was dominant in the evolution of the 
deposition of these units. 

The contourite fan that we identified is among the best examples of these types of 
sedimentary drifts worldwide. It has been developing since the Middle Miocene (Units III, II and 
I), under the clear dominance of bottom current related sedimentary processes. The fan, which 
thins toward the north, has been built up by the northward migration of these units (especially 
since the Late Miocene), via progressive northward migration of both the WSDW and 
Circumpolar Deep Water (CDW). 
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Abstract 
 

Dove Basin is situated in the south-central Scotia Sea, between Pirie and Bruce banks, and 
was formed during the development of the Scotia Arc. The basin has a roughly sigmoidal 
shape, with a prominent NNE SSW elongated ridge located in its central part, the Dove 
Ridge, which is considered as an extinct spreading axis. A NE-SW elongated tectonic high, 
the Dove Seamount, is located in the northeastern region of the basin, bounded by a 
normal fault dipping to the southeast. Dredged rocks and geophysical data were collected 
during the SCAN2004 and SCAN2008 cruises. Dredged samples were recovered from three 
positive features in the center of the basin, two from Dove Ridge, and one from Dove 
Seamount. Igneous rocks along the Dove Ridge are mainly tholeiitic basalts, derived from 
asthenospheric upper mantle within an extensional supra-subduction back-arc tectonic 
setting, which evolved over time from back-arc basin basalts (BABB) toward Mid Oceanic 
Ridge Basalts (MORB). Altered olivine-bearing fine-and medium-grained basaltic rocks 
were also dredged from Dove Ridge and the seamount, together with minor oceanic island 
arc basalts and basaltic andesites. The mantle source was affected, up to early Miocene 
times, by a subducted oceanic slab related to an arc to the east, with Dove Basin forming 
in a back-arc position.  Minor alkaline oceanic island basalts dredged at the seamount might 
represent a final extensional stage, genetically related with the dying Dove Ridge volcanism 
or, less probably, to a later, late Miocene-Pliocene extensional stage, producing incipient 
volcanism deriving from a deeper mantle source. 
40Ar/39Ar dating of MORB samples dredged from the Dove Ridge provided ages of 20.4 ± 
2.6 to 22.8 ± 3.1 Ma. These outcrops were later coated by Fe Mn crusts with Co-
Chronometer ages ranging from at least 12.6 Ma and probably up to 18 Ma. Analysis of 
magnetic anomaly profiles shows the best fit in the central profile, corresponding to chrons 
C6B (21.7 Ma) to C7 (24.5 Ma), although alternative ages may be proposed due to the short 
length. This interpretation supports the 40Ar/39Ar dating of a late Oligocene to early 
Miocene age. The spreading was asymmetrical, the asynchronous age of extinction of 
spreading in the basin being confirmed by the variable character of magnetic anomalies. 
The western part extended faster than the eastern part, suggesting an eastward location 
for a westward deepening subduction zone. 
The age obtained for the Dove Basin is older than the age previously proposed for the 
Protector Basin located to the west, thus suggesting an opposite polarity for the 
development of some small oceanic basins of the southern Scotia Sea with respect to others 
generated by an eastward migrating arc over subducted Atlantic oceanic floor. This 
apparent contradiction could be explained by considering the Dove Basin as originated 
from an Oligocene to early Miocene arc-back-arc spreading system, which would 
contribute to the eastward general development of the Scotia Arc, meanwhile Protector 
Basin was formed by a middle Miocene extensional phase, not genetically related with the 
main oceanic spreading along the Dove Basin. 
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Highlights 

 Dove oceanic back-arc basin contributed to the eastward Scotia Arc migration 
 Magnetic anomalies, 40Ar/39Ar and Co ages support a 25-21Ma oceanic spreading 
 Dove Basin is older than westward Protector Basin 
 Youngest alkaline oceanic island basalts and normal faults occur north of the basin 
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1. INTRODUCTION 

The former continental connection between South America and the Antarctic Peninsula, 
bounded eastward by the South Atlantic passive margin and westward by the former 
subduction of the oceanic crust of Phoenix Plate, was broken and dispersed during the 
eastward development of the Scotia Arc (Barker, 2001b). In a broad sense, the inner part of the 
arc may be considered as a complex back-arc, having mainly undergone extension, while 
compression is accommodated in the external part of the arc (Fig. 5A·1).  

 

Figure 5A·1.- Geological setting of the Dove Basin in the framework of the Scotia Arc. BB, Bruce Bank; BrB, Bransfield 
Basin; CHT, Chile Trench; DBk, Discovery Bank; ESR, East Scotia Ridge; HFZ, Hero Fracture Zone; JB, Jane Basin; JBk, 
Jane Bank; PAR, Phoenix-Antarctic Ridge; PB, Pirie Bank; PoB, Powell Basin; SOM, South Orkney Microcontinent; SSB, 
South Shetland Block; SST, South Shetland Trench; WSR, West Scotia Ridge. 
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 Two main overprinted arcs have been distinguished in the Scotia Sea (Barker et al., 
1982): the former connected the curved South Georgia Island and Discovery Bank, surrounded 
by regions of inactive oceanic spreading axes, whereas the younger one is located in the 
eastern Scotia Sea along the still active Sandwich arc-back-arc system. The main features of 
the West Scotia Ridge are well-understood. There is a general consensus regarding the end of 
oceanic spreading of the West Scotia Ridge. Anomaly 5 (9.8 Ma) is the last well recognized 
anomaly (BAS, 1985; Barker, 2001b), but spreading may have continued up to anomaly 3A, 6.6 
Ma (Maldonado et al., 2000). There are differences in interpretation of the oldest identified 
anomalies in the western Scotia Sea, varying between C8 (25.9 Ma; BAS, 1985; Barker, 2001b) 
and C10 (28 Ma; Lodolo et al., 2006).The basement age of the Central Scotia Sea is a subject of 
debate, with ages of more than 40 Ma proposed in its northern part for an initial spreading 
stage (Livermore et al., 2005; Eagles et al., 2006; Eagles, 2010), although arc-derived rocks have 
been dredged and dated by 39Ar/40Ar as 28.5 and 11.6 Ma (Dalziel et al., 2013b).  

The simplest hypothesis about Scotia Arc development suggests that, in the framework of 
an eastward migrating arc, the newly developed regions to the east should be progressively 
younger than the western ones. The southern part of the Scotia Arc, formed by a succession of 
small oceanic basins bounded by continental blocks (Fig. 5A·2), constitutes a suitable area to 
test this assumption during arc development. Protector Basin is one of the small oceanic basins 
located in the southwestern part of the Scotia Sea (Fig. 5A·2). This basin is attributed to the 
middle Miocene, spreading between Chron C5Dn (17.4 Ma) and chrons C5ACn–C5ABr (13.8 
Ma) (Galindo-Zaldívar et al., 2006), although older ages have been suggested (34-30 Ma, Eagles 
et al., 2006). Dove Basin is the next eastward small sized basin, located between Pirie Bank to 
the west and Bruce Bank to the east; there Eagles et al. (2006), in a single profile, roughly 
recognized Anomaly C15 (34.7) to C18 (41 Ma), very old in comparison with Protector Basin. 
Barker et al. (2013) determined even older ages (42 to 43 Ma) in different sites of the oceanic 
crust, based on heat flow measurements. 

The Dove Basin constitutes a key area to understanding the development of the southern 
Scotia Arc and was previously poorly known. The age and tectonic development of this basin 
has regional implications for determining the sequence of deformations during the 
development of the Scotia Arc. It has global significance because of its importance in 
understanding the age of opening of the Drake Passage ocean gateway, the development of 
the Antarctic Circumpolar Current and the thermal isolation of Antarctica, that had wide 
implications for global evolution (Barker and Thomas, 2004). 

 The aim of this contribution is to present new bathymetric, petrological, geochemical, 
radiometric, magnetic, gravity and stratigraphic data on the Dove Basin oceanic crust in order 
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to constrain its origin, age and evolution, and to discuss their implications in models of Scotia 
Arc development. 

 

Figure 5A·2.- Location of the Dove Basin in the southern part of the Scotia Arc. A) Scotia Arc satellite bathymetry 
from Smith and Sandwell (1997). B) Detailed view of the southern part of the Scotia Arc including position of dredges 
and seismic profiles. AP, Antarctic Peninsula; BB, Bruce Bank; BS, Bransfield Strait; DB, Dove Basin; DBk, Discovery 
Bank; EI, Elephant Island; HB, Herdman Bank; JB, Jane Basin; JBk, Jane Bank; PB, Pirie Bank; PrB, Protector Basin; SB, 
Scan Basin; SI, South Shetland Islands; SFZ, Shackleton Fracture Zone; SOM, South Orkney Microcontinent; SSI, South 
Sandwich Islands; TR, Terror Rise. 

 

2. METHODOLOGY 

The Dove Basin was surveyed during SCAN2004 and SCAN2008 cruises on board the R/V 
HESPERIDES by means of rock dredging and geophysical techniques (multibeam bathymetry, 
gravity, magnetic and multichannel seismic) along several transects orthogonal to the basin 
margins (Figs. 5A·2 and 5A·3). Samples from three dredge sites located in basement highs 
within the basin were analyzed by petrographic, geochemical and geochronological methods.  
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Figure 5A·3.- Multibeam bathymetry and location of the 
profiles and dredges in Dove Basin obtained on board the R/V 
Hespérides during SCAN 2004 and SCAN 2008 cruises. Blue, 
deep areas; red, shallow areas. 

 

2.1. Geophysical measurements 

Swath bathymetry data were recorded using SIMRAD EM-12 equipment and processed with 
NEPTUNE software. Multichannel seismic reflection (MCS) profiles located orthogonal to basin 
margins were obtained with a tuned array of five Bolt air guns with a total volume of 22.14 l, a 
shot interval of 50 m and a 96 channel streamer with a length of 2.4 km. The MCS data were 
recorded by a GEOMETRIC Strata Visor digital system with a sampling record of 2 ms interval 
and 12 s recording length. The MCS profiles were processed with a standard sequence that 
included migration using a PROMAX system. Gravity data were obtained with a Bell Aerospace 
TEXTRONBGM-3 marine gravimeter. The free air anomalies were calculated using Lanzada 
software (Carbó, pers. comm.) including Eötvos correction, considering ship navigation data. 
Total intensity magnetic field data were obtained every 12.5 m with a Geometrics G-876 proton 
precession magnetometer. After elimination of spikes and filtering, the magnetic anomalies 
were calculated using International Geomagnetic Reference Field 2010 (IAGA, 2010).  
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2.2. Seafloor magnetic anomaly dating 

 Measured profiles were compared with the synthetic profiles obtained by the Gravmag 
v.1.7 program (Pedley et al., 1993). The intensity of remanent magnetization was taken as 6 
A/m and parameters of magnetized vector were taken according to the Earth dipole magnetic 
field, with a paleoinclination of -73º. Seafloor magnetic anomaly models were constructed 
considering a magnetic layer of 0.5 km located at the top of the acoustic basement determined 
by MCS profiles. The Gradstein et al. (2004) magnetic reversal time scale was taken into account 
for modeling. 

 

2.3. Petrological and geochemical methods  

In order to characterize the composition of oceanic crust, three sites were sampled in the 
southern (dredge 1), central (dredge 2) and northern (dredge 3) regions of Dove Basin plain 
(Figs. 5A·2 and 5A·3). While dredges 1 and 2 are located near prominent highs in the central 
part of the basin representing the relict ridge (DR samples) related to spreading center, dredge 
3 is situated along a prominent fault scarp exposing the igneous crust along the Dove 
Seamount (DS samples) (Fig. 5A·4). Mineral compositions of dredged rocks were obtained with 
a CAMECA SX50 electron microprobe at the CIC (Centro de Instrumentación Científica of 
Granada University). Whole-rock major-element and Zr concentration were determined on 
glass beads made of 0.6 g of powdered sample diluted in 6g of Li2B4O7 using a PHILIPS Magix 
Pro (PW-2440) X-ray fluorescence (XRF) spectrometer at the CIC. Trace elements other than Zr 
were determined at the CIC by ICP-mass spectrometry (ICP-MS) using a PERKIN ELMER Sciex-
Elan 5000 spectrometer. Sr-Nd isotope analyses were carried out at the CIC where whole-rock 
samples were digested using ultraclean reagents, and analyzed by thermal ionization mass 
spectrometry (TIMS) using a Finnigan Mat 262 spectrometer after chromatographic separation 
with ion exchange resins. More details for electron microprobe mineral phase analyses and 
whole-rock analytical techniques used in the CIC are described in Puga et al. (2010). 

 

2.4. 40Ar/39Ar dating 

40Ar/39Ar laser step-heating analysis on a sample of whole rock basalt was carried out at the 
IFM-GEOMAR Geochronology Lab using a 20W Spectra Physics Argon-Ion laser and a MAP 
216 series noble gas mass spectrometer.  
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2.5. Cobalt dating 

Bulk mineralogical X-Ray diffraction profiles, obtained in three samples of powdered crust 
using XPERT PRO of PANalytical Bulk ferromanganese crust, were measured for major elements 
(Al, Fe, Mn, Ca, Mg, Si, K, Ti and P) and trace elements (V, Co, Ni, Cu, Zn, Pb, Sr, Ba, As and Mo) 
by X-ray fluorescence using a MagiX of PANalytical instrument with Rh radiation. Na was 
measured using atomic absorption with a VARIAN FS-220. The bulk REE (Rare Earth Element) 
contents of the ferromanganese crusts were determined by (ICP-MS) in a RENAISSANCE 
instrument. The growth rate of the crusts was calculated by the “Co-Chronometer” method, 
derived by Manheim and Lane-Bostwick (1988).  

Multi-elemental spot analyses of Fe, Mn, Al, Si, Co, Ni, Cu and Ce were carried out across 
continuous profiles (R3-profile) from the base to the edge of the crust using Electron Probe 
Micro Analysis (EPMA) with a JEOL JXA-8900M Superprobe. The “Co-Chronometer” was used 
to determine the growth rates and ages based on the analysis of 426 analysis spots for the 
EPMA profile of the ferromanganese crust.  

 

3. THE STRUCTURE OF THE DOVE BASIN 

3.1. Bathymetry  

Dove Basin is a small oceanic basin with a sigmoidal shape, about 200 km long in a NNE-
SSW direction and 150 km wide. A prominent elongated high, 50 km long and up to 10 km 
wide (Dove Ridge), is located along its axis (Fig. 5A·3). Southward an isolated high on the 
abyssal plain, slightly displaced westward with respect to the prolongation of the Dove Ridge, 
signals the termination of the ridge, while northeastward an oblique NE-SW oriented scarp 
about 50 km in length determines the northern ends and the location of the Dove Seamount. 
The basin is roughly symmetrical in the central region, whereas the northern and southern 
sections are asymmetrical, with a large plain in the western part of the basin. In addition, the 
margin of Bruce Bank is more irregular than the margin of the Pirie Bank.  

 

3.2. Structure and deposits from multichannel seismic reflection profiles  

Dove Basin is crossed by three seismic profiles: SC03 and SC02 extend from Pirie to Bruce 
Banks in the central and southern sections, respectively; and SC07 allowed us to constrain the 
northern termination of the basin (Figs. 5A·3 and 5A·4). Typical seismic facies of the oceanic 
igneous crust with high amplitude reflections of low lateral continuity are present in the abyssal 
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plain basement within the Dove Basin. These facies laterally evolve to chaotic reflections, typical 
of continental crust. In addition, some volcanic intrusive bodies are identified in both types of 
crust, often close to the basin´s northern and southern boundaries and within the Bruce Bank 
domain. The Dove Ridge, attributed to the spreading axis, is buried below the sedimentary 
record in our MCS profiles (Figs. 5A·3 and 5A·4). The northern profile shows the presence of a 
recent normal fault dipping southeastward that deforms the oceanic crust and determines the 
uplift of the Dove Seamount in the upthrown block (Fig. 5A·4). Bathymetric data confirm that 
the related scarp has a NE-SW orientation and a length of about 50 km. 

 

Figure 5A·4.- MCS profiles across the Dove Basin and interpretation. A) Profile SC07. B) Profile SC03. C) Profile SC02. 
CC, continental crust; CO, Oceanic crust; C/OB, continent ocean boundary. 

 



Chapter 5A 

78 

 

3.3. Gravity Models 

Free air anomaly gravity models of two profiles crossing Dove Basin (SC02 and SC03) (Fig. 
5A·5) were used to assess the continent–ocean boundary and reveal the main features of Moho 
depth, which are not fully constrained in the available MCS profiles (Fig. 5A·4). The seafloor 
geometry was derived from MCS profile interpretation, and seismic unit depths in time were 
converted to depth using velocities of the available seismic refraction profiles in Powell Basin 
(King et al., 1997) and standard values (including oceanic crust, continental crust and 
sediments). 

 

Figure 5A·5.- Gravity models of central (SC 03) and southern (SC 02) Dove Basin profiles. 

The oceanic crust of Dove Basin is surrounded by highly thinned continental crusts of Pirie 
Bank to the W and Bruce Bank to the E. In both profiles, the spreading axis is roughly located 
in the center of the basin although in the northern profile (SC03) is slightly displaced westwards. 
However, the oceanic crustal thickness clearly shows an asymmetry and crust is thinner in the 
western area than in the eastern. Moreover, the top of the oceanic crust is shallower in the 
eastern area, more marked in the southern profile (SC02), supporting the asymmetry of the 
basin (Fig. 5A·5). In addition, the prominent crustal thickening close to the spreading axis in the 
SC03 profile suggested by the gravity models, contrasts with a relatively thin oceanic crust in 
the spreading axis of the southern SC02 profile. 
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4. PETROLOGICAL AND GEOCHEMICAL CONSTRAINTS OF THE DOVE OCEANIC CRUST 

4.1. Types of dredged rocks  

In situ dredged rocks represent 20% to 25% of samples in sites 1 and 2, while they amount 
to 50% in site 3. The microscopic view of a representative selection of these autochthonous 
rock types is shown in Fig. 5A·6, while Table 5A·I gives the chemical composition of these and 
other complementary rocks; it also indicates the number of the dredge from which each 
analyzed rock derives, the name of the rock type, its tectonic setting and its probable age. 
Further samples of allochthonous origin include a large variety of ice-transported rocks. The 
sample rocks considered as allochthonous are mainly metamorphic, derived from plutonic and 
volcanic acidic igneous rocks and, in smaller proportion, basic igneous rocks and shales, 
probably originated in a Mesozoic continental active margin. These allochthonous rocks show 
petrological and geochemical similarities with the Mesozoic rocks forming part of the Andean 
Cordillera and some of the crustal blocks currently surrounding the Scotia Sea, which derive 
from the pre-Cenozoic junction between South America and the Antarctic Peninsula. 

 

4.2. Petrological description of autochthonous type of dredged rocks  

Sample DR2-2 (Fig. 5A·6-1 and Table 5A·I), from dredge 2, is a vitrophyric mid-oceanic ridge 
basalt (MORB), with scarce phenocrysts of calcic plagioclase (bytownite-labradorite), Mg-
olivine (crysolite), clinopyroxene (diopside) and chromian spinel, surrounded by a matrix in 
which microcrysts of dispersed plagioclases prevail in a brown glass with abundant vesicles. 
This basalt represents the characteristic type of the Dove spreading axis. The sample was 
wrapped by a Fe-Mn crust that also partially impregnates the glassy matrix and lines the 
vesicles.  

Sample DS 3-1 (Fig. 5A·6-2 and Table 5A·I), from site 3, corresponds to an olivine 
microgabbro, coming from a back-arc basin basaltic magma (BABB) representative of those 
recovered in sites 2 and 3. This rock type, very abundant in both dredges, is formed by a lattice 
of Ca-plagioclase (bytownite-labradorite-andesine) crystals with augitic pyroxene that 
surround olivine pseudomorphosed by phyllosilicates, and locally actinolite, together with 
ilmenite and interstitial magnetite. The phyllosilicates that replace the olivine are also present 
filling fissures that cut across the igneous plagioclases, indicating that the rock was affected by 
a process of post-magmatic transformation very rich in fluids, not present in the MORB rocks 
described in the previous paragraph.  

 



  

Nº (#) 1  2 3  4 5 6 7  8 9  10  11 12  13 

Label 
DR 1CA-

8  DR 2-2N DR 2-2  DR 2-5 DS 2-10 DS 3-1 DS 3-6  DS 1-6 DS 2-9  DS 1-5  DS 1-13 DS 3-9  DS 2-6 

Dredge number 1  2 2  2 3 3 3  3 3  3  3 3  3 

Rock type 
Calc.B 

And  
Thol. 

Basalt 
Thol. 

Basalt  
Thol. 
Basalt 

Thol. 
Basalt 

Thol. 
Basalt 

Thol. 
Basalt  

Thol. B 
And 

Thol. B 
And  

Calc. 
Basalt  

Calc. 
Basalt 

Calc. B 
And.  H-K Calc. Basalt 

Tectonic setting OAB  MORB  MORB / BABB  BABB/OAB  
BABB / 
OAB  OAB  OIB 

Probable Age Miocene  Early Miocene  Pre-Miocene  Pre-Miocene  
Pre-

Miocene  Pre-Miocene  
Post-Early 
Miocene 

Major elements % wt.                   

SiO2 50.38  45.43 46.04  49.16 48.59 48.19 48.26  51.16 51.81  49.78  50.17 56.28  46.57 

TiO2 1.00  1.21 1.19  2.46 0.94 0.94 0.95  1.07 1.03  1.77  0.74 0.70  1.93 

Al2O3 17.62  21.13 22.17  16.77 17.93 17.85 18.16  16.67 17.30  17.08  20.63 17.64  15.01 

Fe2O3 7.92  12.59 12.54  13.63 7.78 7.76 7.83  7.59 7.36  11.10  7.96 6.19  11.48 

MnO 0.15  0.16 0.16  0.16 0.12 0.12 0.12  0.12 0.14  0.20  0.22 0.08  0.16 

MgO 5.14  1.71 1.57  5.23 8.28 8.41 8.19  9.00 7.91  5.70  4.63 4.45  10.36 

CaO 4.41  10.30 7.68  6.73 10.65 10.94 10.95  4.37 5.08  6.97  10.52 6.60  8.02 

Na2O 5.78  3.20 3.34  3.24 2.51 2.48 2.51  4.55 5.14  2.24  2.82 4.36  2.89 

K2O 1.28  0.65 0.56  0.56 0.18 0.17 0.21  0.75 0.24  0.83  0.58 1.63  1.58 

P2O5 0.15  0.58 0.25  0.31 0.08 0.08 0.08  0.12 0.12  0.57  0.11 0.20  0.48 
LOI = Ignition 
loss 5.86  2.93 4.00  1.12 2.35 2.28 2.31  4.15 3.44  2.98  0.96 1.15  0.36 

Total 99.69  99.89 99.50  99.37 99.41 99.22 99.57  99.55 99.57  99.23  99.34 99.28  98.85 

Mg# 56  20 21  43 68 68 67  70 68  50  54 59  64 
Trace elements ppm.                   
Sc 25.3  38.5 37.2  30.7 25.1 27.4 26.6  28.3 25.7  29.5  27.5 18.4  22.6 
V 232  232 223  172 169 172 170  189 174  260  220 152  183 
Cr 103  249 277  138 266 265 256  179 176  118  76 93  324 
Co 29  47 48  42 32 38 34  28 31  36  37 19  51 
Ni 54  90 85  23 131 145 143  68 118  59  36 42  249 
Cu 83  119 117  24 66 69 66  67 61  53  87 31  51 
Zn 84  154 196  144 77 62 83  79 80  117  71 58  108 
Ga 16.1  15.6 15.7  22.3 13.9 13.5 13.7  13.5 13.2  18.6  18.3 18.1  19.1 
Rb 22.1  14.9 13.4  8.8 4.4 4.3 4.9  6.0 2.2  14.5  9.1 24.7  16.2 
Sr 415  318 313  496 99 113 109  29 294  458  501 365  635 
Y 14.1  35.0 34.2  38.4 19.2 20.9 20.4  21.2 21.7  30.2  12.6 16.6  23.0 
Zr 92.4  80.9 90.2  172.0 56.2 55.5 56.7  72.5 72.4  158.1  42.5 103.6  167.1 
Nb 4.19  3.46 3.50  5.62 1.07 1.07 1.10  1.82 1.99  8.16  1.31 3.42  31.40 
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Ba 73  41 44  275 7 10 10  16 81  453  143 336  224 
Hf 2.12  1.92 2.03  4.45 1.69 1.61 1.65  1.90 2.01  3.46  1.31 2.70  4.13 
Ta 0.26  0.77 0.80  0.41 0.10 0.12 0.12  0.17 0.17  0.54  0.11 0.27  2.16 
Pb 4.26  3.66 4.65  1.97 0.57 0.31 0.36  0.79 1.31  10.07  8.21 4.90  2.82 
Th 1.86  0.25 0.25  0.54 0.09 0.10 0.11  0.28 0.31  1.70  1.20 2.38  2.56 
U 0.67  1.40 1.36  0.34 0.03 0.04 0.04  0.17 0.13  0.34  0.31 0.90  0.92 
La 10.19  16.97 16.93  12.47 1.81 2.00 1.99  3.70 3.94  21.38  5.10 15.35  24.48 
Ce 22.46  10.37 10.03  33.47 5.43 5.85 6.09  7.80 9.13  51.83  12.83 32.12  49.01 
Pr 3.07  3.43 3.52  5.34 1.07 1.15 1.16  1.49 1.65  6.85  1.71 4.27  6.04 
Nd 12.83  15.70 15.98  27.12 6.09 6.70 6.62  7.70 8.05  29.99  7.85 17.55  24.40 
Sm 2.89  3.98 3.88  7.01 2.32 2.53 2.41  2.53 2.63  6.75  2.21 4.00  5.45 
Eu 1.05  1.37 1.40  2.52 0.85 0.90 0.87  0.82 0.86  2.11  0.83 1.28  1.79 
Gd 2.73  4.96 4.79  7.76 2.88 3.17 3.02  3.06 3.35  6.21  2.26 3.65  5.24 
Tb 0.44  0.82 0.85  1.25 0.50 0.56 0.54  0.52 0.58  1.01  0.37 0.55  0.80 
Dy 2.59  5.20 5.23  6.98 3.43 3.63 3.53  3.46 3.86  5.98  2.30 3.12  4.51 
Ho 0.53  1.12 1.15  1.43 0.72 0.80 0.77  0.75 0.83  1.17  0.50 0.62  0.90 
Er 1.36  3.12 3.08  3.71 1.98 2.27 2.10  2.13 2.30  2.98  1.33 1.63  2.27 
Tm 0.20  0.50 0.46  0.54 0.29 0.34 0.32  0.32 0.34  0.43  0.22 0.26  0.32 
Yb 1.19  3.06 2.76  3.40 1.89 2.07 2.05  2.03 2.21  2.67  1.36 1.69  1.93 
Lu 0.17  0.47 0.42  0.47 0.28 0.29 0.29  0.29 0.33  0.40  0.20 0.25  0.29 
Isotopes                    

Rb(ppm)   14.933 13.394  8.844 4.414 4.27 4.943  5.999 2.248  14.535  9.128 24.682  16.229 

Sr(ppm)   318.473 312.943  495.855 98.947 112.76 109.246  28.994 294.229  458.243  501.237 364.666  635.078 

87Sr/86Sr   0.705131 0.704019  0.703105 0.702926 0.702889 0.702938  0.705568 0.705227  0.704536  0.704227 0.703561  0.703405 

Error   0.0007 0.003  0.003 0.004 0.003 0.002  0.003 0.002  0.004  0.003 0.0016  0.003 

Sm(ppm)   3.94 3.884  7.013 2.316 2.527 2.411  2.53 2.632  6.748  2.211 4.001  5.454 

Nd(ppm)   16.37 15.984  27.116 6.094 6.698 6.615  7.701 8.049  29.985  7.853 17.552  24.402 

143Sm/144Nd   0.512567 0.512573  0.512775 0.513109 0.51317 0.513153  0.513039 0.513064  0.512754  0.512711 0.513025  0.512958 

Error     0.000008 0.004   0.004 0.002 0.0018 0.003   0.003 0.002   0.003   0.002 0.002   0.002 

Mg#=(100xMgO/Mgo+FeO) molar ratio                 

                    

Table 5A·I.- Dove Basin whole-rock analyses.  
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Sample DS 2-9 (Fig. 5A·6-3 and Table 5A·I), from site 3, corresponds to a BAB tholeiitic 
basaltic andesite. Its variolitic texture with hypocrystalline and vesicular matrix indicates a quick 
cooling volcanic rock. During or after magma cooling, an interaction with hot fluids originated 
the filling of some vesicles by chlorite spherulites, inter-layered chlorite-smectite and locally 
pumpellyite.  

 

Figure 5A·6.- Microphotographies of thin sections of dredged rocks.1, Vitrophyric and vesicular MORB-type basalt 
with well-preserved olivine crystals (Ol), chromian spinel (Sp) and altered brown glass in the matrix. 2, BABB tholeiitic 
microgabbro, with olivine crystals (Ol) totally pseudomorphosed by oceanic-floor metasomatic minerals and 
unaltered clinopyroxene (Cpx). 3, Tholeiitic basaltic andesite, BABB-type, with variolitic texture, and vesicles partly 
filled by oceanic-floor metasomatic minerals. 4, Calc-alkaline basalt, with clinopyroxene (Cpx), calcic-plagioclase (Pl), 
and minor magnetite (Mt), together with olivine phenocrysts pseudomorphosed by calcite (Cc) surrounded by 
corrensite. 5, Calc-alkaline basaltic andesite, with olivine (Ol) and plagioclase (Pl) crystals partly transformed into 
phyllosilicates. 6, OIB-type alkaline basalt containing abundant unaltered olivine phenocrysts (Ol) in a vitrophyric 
groundmass with abundant Ca-plagioclase microcrysts. 
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Sample DS 1-13 (Fig. 5A·6-4 and Table 5A·I), also from site 3, exhibits a scarce type of calc-
alkaline oceanic-arc basalt (OAB). It is a porphyric rock with a microcrystalline matrix of 
abundant, strongly zoned, plagioclase phenocrysts, augite, magnetite, and olivine 
pseudomorphosed by calcite and corrensite in oceanic-floor metasomatic conditions.  

Sample DR1CA-8 (Fig. 5A·6-5 and Table 5A·I), from site 1, represents the only rock type in 
dredge 1 that could have developed in the Dove arc-back-arc system. It is an OAB calc-alkaline 
basaltic andesite, with phenocrysts of Ca plagioclase, pyroxene and olivine in a partially glassy 
matrix. Olivine crystals are conserved partly unaltered, similarly to the DR2-2 basalt of the 
central part of Dove Ridge, and unlike the other samples dredged along this ridge.  

Finally, sample DS 2.6 (Fig. 5A·6-6 and Table 5A·I), from site 3, corresponds to an oceanic- 
island basalt (OIB), which is scarce in dredge 3. This basalt is formed by abundant idiomorphic 
phenocrysts of olivine, and some others of calcic plagioclase, in a vitrophyric matrix with 
microcrysts of plagioclase, olivine and chromian spinel. Given the scarce or null grade of 
alteration of this rock, and especially of its olivine crystals, this type of basalt would have 
originated in a later magmatic episode, following those that formed the main part of the Dove 
Basin oceanic floor. 

The affinities of the samples recovered at Dove Seamount (site 3) indicate that igneous 
rocks exposed in this fault scarp represent the extension of the Dove spreading axis (sites 
1 and 2), according to the back-arc composition of most dredged rocks (Table 5A·I). 

 

4.3. Geochemical classification of the igneous rocks 

The analyses of representative types of dredged rocks throughout Dove Basin that were 
identified as autochthonous are shown in Table 5A·I and plotted in Figs. 5A·7 and 5A·8, 
together with some selected rocks dredged in the Scotia Arc spreading centers (cf., Pearce et 
al., 2001). We used the SiO2:K2O diagram, of Peccerillo and Taylor (1976) (Fig. 5A·7A), and the 
Co:Th diagram (Fig. 5A·7B). The latter was proposed by Hastie et al. (2007) as the most 
appropriate for classification of altered or metamorphosed rocks, generated in an island arc 
geodynamic environment. 

Most of the igneous rocks from the Dove Basin are basalts and, in smaller proportion, 
basaltic andesites, like those dredged in the Antarctic Scotia Arc spreading centers (Fig. 5A·7A-
B, see legend for symbols). They mainly plot in the fields corresponding to tholeiite and calc-
alkaline rock series. Moreover, there are scarce OIB basalts, richer in K2O and Th than the other 
dredged rocks, which are projected in the fields corresponding to shoshonitic or high-K calc-
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alkaline series. Some of the samples are included in different fields in each one of these two 
diagrams, mostly due to a post-magmatic enrichment in alkalis that may apparently change 
tholeiitic to calc-alkaline affinity. In those cases, we chose the most appropriate classification 
according to their more immobile trace elements, while also taking into account the 
composition of their post-magmatic minerals (Table 5A·I).  

 

Figure 5A·7.- K2O-SiO2 (A) and Th-Co (B) classification diagrams for the igneous autochthonous Cenozoic 
rock types dredged along the Dove Ridge, together with dredged rocks from the Antarctic Ridges from 
Pearce et al. (2001). See legend and Table 5A·I for meaning of symbols, provenance of plotted rocks and 
analysis numbers. Compositional fields from Peccerillo and Taylor (1976) in Fig. 5A·7A: L-K T or IAT= low-K 
tholeiite or island arc tholeiite; CA= calc-alkaline; H-K CA= high-K calc-alkaline; SHO= shoshonite. 
Compositional fields from Hastie et al. (2007) in Fig. 5A·7B: B= basalt; BA/A= basaltic andesite and andesite; 
D/R= dacite and rhyolite (latites and trachytes also fall in the D/R fields). 

 

4.4. Tectonic setting and petrogenesis of the Dove magmas 

The tectonic setting Dove magma genesis was assessed based on the projected ratios of 
some of their trace elements (Nb/Yb vs. Th/Yb and Th/Nb vs. Ba/Nb), the REE, normalized to 
chondrites, and the isotopic ratios of Nd and Sr (Table 5A·I, Fig. 5A·8). We included also for 
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comparison dredged rock data from other Scotia arcs, spreading centers and margins (Pearce 
et al., 2001; Leat et al., 2004; Pearce and Stern, 2006; Dalziel et al., 2013b). 

The diagram based on the relationships of incompatible elements Nb and Th normalized to 
Yb makes it possible to differentiate extensional setting MORB and OIB magmas from the more 
compressive fields of oceanic and continental arcs (Fig. 5A·8A). Some of the Dove dredged 
rocks, mainly the basalts with unaltered olivine from the central part of the ridge (Sample DR2-
2, Fig. 5A·6-1 and analyses #2, 3), plot in the extensional MORB field, similarly to most basalts 
from the other Antarctic Ridges, whereas tholeiitic basalts and dolerites with 
pseudomorphosed olivine (DS3-1, Fig. 5A·6-2 and #8), from both Dove Ridge (DR 2-5, #4) and 
Dove Seamount (DS # 5 to 7) plot very near the MORB field, as do some basalts of the East 
Scotia Ridge (ESR). Meanwhile, other tholeiitic basaltic andesites from this seamount (DS # 8-
9), and the calc-alkaline basalt (DS-1.5 #10), occupy transitional positions between the mid-
oceanic-ridge (MORB) and oceanic-island-arc (OIA) fields. This transitional field is typical for 
projection of magmas originated in back-arc-basin (BAB) tectonic settings, closer to the arc 
and, consequently, more affected by fluids deriving from the underlying subducted oceanic-
floor slab that increases their Th/Yb ratios (Pearce and Stern, 2006). Some minor rocks dredged 
at the seamount (DS1-13, Fig. 5A·6-4 and # 11), and the southern Dove Ridge (DR1CA-8, Fig. 
5A·6-5 and #1), plot into the overlapping field of oceanic and continental arc rocks, coincident 
with some recently dredged rocks from the Central Scotia Arc (CSA arrow) and the South 
Sandwich Arc (SSA arrow) (in Dalziel et al., 2013b), which suggests their provenance from an 
oceanic arc. Finally, the alkaline basalt (DS 2-6, Fig. 5A·6-6 and #13) is plotted in the OIB field, 
along with some basalts from the WSM, and would represent the more recent volcanic rock 
dredged at the Dove Seamount based on the lesser alteration degree of its igneous minerals. 

Fig. 5A·8B shows the REE patterns, normalized to chondrites, of mean values of the 
different types of Dove Basin oceanic floor rocks (MORB, BABB, OAB and OIB), compared with 
the mean values of basalts from the Antarctic ridges (West Scotia Ridge, WSR; Antarctic-
Phoenix Ridge, APR and East Scotia Ridge, ESR), as well as other representative mean values of 
E-MORB, OIB and IAT (Island Arc Tholeiites) (Sun and McDonough, 1989). This comparison 
confirms the geodynamic setting of the different types of Dove rocks deduced from the 
previous diagram (Fig. 5A·8A), and shows the differences between the REE patterns of the two 
main types of basaltic magmas that form the oceanic floor of the Dove Basin: a) the oldest, 
microgabbros and basalts, with olivine pseudomorphosed by ocean-floor metasomatism (Fig. 
5A·6-2, 5A·6-3), dredged at the Dove Seamount and ridge, which derive from a deeper mantle 
source, as indicated by their low Yb values and higher slope from Sm to Lu, typical of BABB 
and transitional BABB/MORB magmas; and b) the youngest, Miocene basalts containing fresh 
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olivine (Fig. 5A·6-1), identified only on the central part of the Dove Ridge, that come from a 
shallower mantle source, similar to those of the Antarctic ridges, corresponding to MORB, 
generated in a more extensional tectonic setting than the previous BAB magmas and, 
consequently, containing higher Yb values. 

The slope from Sm to Lu in the Dove Ridge basalt is similar to those of the three Scotia Arc 
ridges compared here, and its values of HREE (Tb to Lu) are also coincident with those of WSR. 
Yet their values of LREE and MREE, higher than in WSR, are characteristics of E-MORB magma, 
and their REE pattern resembles the mean value of the different segments of ESR (see 
composition of these segments in Pearce et al., 2001). The higher LREE values in the Dove Ridge 
basalt than in the other Antarctic oceanic spreading centers could be explained by a smaller 
percentage of melting in their mantle source during magmagenesis. Moreover, the negative 
anomaly of Ce seen for this basalt may have been produced by postmagmatic reactions in 
oceanic-floor metasomatic conditions (Fig. 5A·6), or during the process of formation of the Fe-
Mn crust that surrounds this basalt, which presents a positive Ce anomaly. 

The REE-patterns of the two scarcer rock types recovered in dredge 3 of Dove Seamount 
(Table 5A·I, DS analyses # 11-13) respectively follow those of IAT basaltic andesites and of OIB 
alkaline basalts, as indicated by further trace elements discriminant of a magmagenesis 
tectonic setting (Fig. 5A·8A). They originated in deeper magma sources than BABB and MORB-
type Dove basalts, given their minimal Yb amount and other immobile HREE contents. 

The isotopic ratios 87Sr/86Sr vs. 143Nd/144Nd (Fig. 5A·8C) show most of the rocks dredged in 
the Scotia spreading centers, which are projected inside the ellipse represented in the upper 
part of the Mantle Array in Pearce et al., (2001). However, some of the rocks of their margins 
(West Scotia Margins, WSM), which in Fig. 5A·8A show an OIB character, occupy either the area 
corresponding to OIB or a nearby sector with higher values in Sr isotope ratios, probably due 
to sea floor alteration. The Dove Basin rocks are mainly located along the Mantle Array, with 
some dispersion due to the increase in the Sr isotopic ratios of some BABB and OAB very 
affected by postmagmatic oceanic-floor metasomatism (Fig. 5A·6). Most of the BABB of Dove 
Seamount are projected inside the field of the Antarctic spreading axes. The basalts and olivine 
microgabbros from the central part of the Dove Ridge show, in contrast, a marked decrease in 
their 143Nd/144Nd ratios that displace them to less appropriate areas for magmas coming from 
an oceanic mantle, and outside of the field of MORB that would correspond to them due to 
their REE and other trace elements (Fig. 5A·8A, B). The explanation behind this isotopic anomaly 
affecting the basalt (DR2-2) and microgabbro (DR 2-5), of different ages but a similar 
geological and geographical localization, could be the higher proximity of this part of the Dove 
Ridge with respect to the genetically related arc and the subducted slab generating the back-
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arc, and to the special chemical processes that take place in similar tectonic settings, as occurs 
in segments 2 and 9 of the active ESR (Leat et al., 2004). One peculiarity of these back-arc ridge 
areas, which are next to the arc and the underlying subducted slab, is the decrease of the Nd 
isotopic ratios. These isotopic variations are also characteristics of some volcanic seamounts, 
such as Nelson of the South Sandwich Arc, located next to the ESR-9 segment (Leat et al., 2004), 
whose values for the Nd and Sr isotopic ratios are similar to those of the Dove basalt (Fig. 
5A·8C). 

The Th/Nb vs. Ba/Nb ratios of the Dove Basin rocks are plotted together with those of the 
Scotia Arc spreading centers for comparison (Fig. 5A·8D). According to Pearce and Stern (2006), 
the Ba/Nb and Th/Nb ratios are indicative of the contribution to the asthenospheric mantle of 
fluids or melts coming from the subducted slab that increase in Ba, Th, and other lithophile 
elements, the magmas formed in the back-arc spreading centers. This total subduction 
component is subdivided into a “deep component” indicated by the Th/Nb ratio in the 
diagram, and another subduction “shallow component” related to the Ba/Nb ratio. In the 
diagram, the MORB-type and BABB-type basalts from Dove Basin, less contaminated by fluids 
deriving from the underlying subducted slab (analyses #5-8 in Table 5A·I), are projected next 
to those from the Scotia Arc spreading centers, particularly those from the ESR. Some Dove 
rocks of transitional composition, from a more compressive tectonic setting (analyses 9-10), 
are projected next to the South Sandwich Arc rocks indicating a higher addition of subduction 
fluid to the mantle source from which these magmas derived, thus producing an enrichment 
in Ba and Th components (Fig. 5A·8D). Moreover, those of OIA-type (analyses 11-12) are 
plotted inside the area corresponding to the South Sandwich Arc, similarly to their plot in Fig. 
5A·8A. Therefore, the rocks dredged from Dove Basin, in terms of their nature (Figs. 5A·6 and 
5A·7) and their spatial distribution (Figs. 5A·8A, D), may be representative of a complete 
Oligocene-Miocene arc-back-arc system. The main magma types forming the oceanic floor of 
the Dove Basin would have originated along a pre-Miocene back-arc spreading center 
finalizing its development under more extensional conditions, giving place to the early 
Miocene MOR- type basalt dredged at the central part of the Dove Ridge. 

Regarding the OIB olivine alkaline basalt dredged at the Dove Seamount, according to its 
lesser degree of oceanic-floor alteration with respect the other rocks of Dove Basin (Fig. 5A·6) 
and its chemical composition (#11 in Table 5A·I, and Figs. 5A·7 and 5A·8), may be considered 
as a final manifestation of the magmatism that occurred along the Dove spreading center. The 
scarce volcanism originating OIB-type Dove basalts was developed in extensional tectonic 
conditions that affected a deeper mantle source than those originating the BAB and MOR-type 
basalts which are characteristics of the Dove oceanic floor and ridge (Fig. 5A·8). 
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Figure 5A·8.- Geochemical plots of Cenozoic magmatic rocks dredged along the Dove Basin (this work), compared 
with dredged rocks from the Antarctic Ridges (Pearce et al., 2001) and South Sandwich Arc (Leat et al., 2004), on 
discriminant diagrams for tectonic settings of oceanic magmas. Meaning of symbols as in legend of Fig. 5A·7. (A) 
Nb/Yb vs. Th/Yb according to Pearce (2008) and Dalziel et al. (2013b), differentiating the extensional field for MORB 
and OIB magmas from those corresponding to oceanic and continental arcs, and the transitional field between them 
characteristic of the BAB magmas originated closer to the subducted slab. (B) Chondrite-normalized REE diagram 
comparing the different patterns corresponding to Dove dredged rocks with average values of different types of 
oceanic basalts. Normalizing values are according to Boynton (1984). (C) Initial values of 87Sr/86Sr vs. 143Nd/144Nd 
isotope ratios diagram. The ellipse containing the plot of the Antarctic Ridges, and some of the Dove basalts, is 
taken from Pearce et al. (2001). The isotopic fields corresponding to IAT (Island Arc Tholeiites), ACM (Active 
Continental Margins), OIB and MAR (Mid-Atlantic-Ridge) are taken from Wilson (1989), Cipriani et al. (2004) and 
Workman and Hart (2005). (D) Plot of the Dove Basin dredged rocks on Th/Nb vs. Ba/Nb diagram from Pearce and 
Stern (2006) for the East Scotia Sea rocks, which are distributed along the dashed line from South Atlantic MORB to 
the field indicated by the ellipse corresponding to the South Sandwich Arc rocks.  
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5. THE AGE OF THE OCEANIC CRUST 

5.1. 40Ar/ 39Ar ages of oceanic samples 

Two samples coming from a fragment of basaltic composition (Sample DR2-2, Fig. 5A·6-1), 
dredged from the Dove Ridge, were analyzed (Fig. 5A·9). The first sample shows a short plateau 
in the diagram (33.2 % of 39Ar) supporting an age of 20.4 ± 2.6 Ma, while the second sample 
has a better developed but irregular plateau (51.8 % of 39Ar) pointing to an age of 22.8 ± 3.1 
Ma. Despite the low-K content, the sample provides a reliable plateau age. These analyses 
reveal an age between 20.4 and 22.8 Ma, which seems to be reasonable for the magmatism of 
the MORB-type samples in Dove Ridge. 

 

Figure 5A·9.- 40Ar/39Ar geochronological data for MORB rock from 
Dove Ridge (sample DR2-2, Fig. 5A·6-1). 
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5.2. Age of the Co-rich ferromanganese crust on Dove Ridge 

The Co-rich ferromanganese crusts analyzed in this study were collected from the Dove 
Basin Ridge in depths ranging from 2000 to 2500 m (Fig. 5A·3). These ferromanganese crusts 
stain in situ tholeiitic basalts on the crests and flanks of the ridge (Fig. 5A·10). The SCAN-
2004/DR2-2 sample consists of Co-rich ferromanganese crust up to 3 cm thick (Fig. 5A·10A, B). 
The substrate for this crust is altered tholeiitic basalt. The ferromanganese crusts are brownish-
black in color, showing a roughly botroidal surface texture. The internal structure is porous, 
with development of a densely packed layered texture and vesicular basalt at the base. 

5.2.1 Chemical composition and origin of ferromanganese crusts 

Mn was the most abundant element in the ferromanganese crust in bulk sample, followed 
by Fe, Si, Ca, Na, Mg and Ti (Tables 5A·II, 5A·III). The abundance of the major elements is 
correlated with the mineralogical characteristics observed under petrographic and electronic 
microscopy and by XRD analysis: predominance of Fe–vernadite (Fig. 5A·10C), and quartz and 
goethite as accessories (Fig. 5A·10D).The crust presents some ferromanganese layers rich in 
fragments of detrital minerals (siliciclastic) with poor sorting and different composition, 
morphology and high degree of sharpness, which are characteristic of ice-rafted debris (Fig. 
5A·10D). The Mn/Fe ratio was 1.15, characteristic for ferromanganese crusts formed by 
hydrogenetic processes (Fig. 5A·10E) from cold seawater, as occurs in the Pacific and Atlantic 
oceans (Hein et al., 2000; Hein, 2004). The most abundant trace metals in the studied crusts 
were Co, Ba, Ni, V, Pb and Zn. Co content of crust (0.4 wt.%) is close to that of seamount cobalt-
rich crusts (Hein et al., 2000), with Co contents several times higher than those of basin 
ferromanganese nodules (Baturin, 1988; González et al., 2010). The ferromanganese crust 
shows abundant total REE contents (ƩREE 0.37 wt.%) with a maximum content of Ce (0.19 wt.%) 
(Table 5A·III). The abundance of REE is characteristic of hydrogenetic crusts in opposition to 
the lower contents in hydrothermal or diagenetic ferromanganese deposits (Usui and Someya, 
1997; Hein et al., 2000; 2010). The chondrite-normalized REE pattern (Fig. 5A·10F) shows a 
strongly positive Ce anomaly (1.94) in accordance with typical values for hydrogenetic crusts 
in the Pacific Ocean (Hein et al., 1997). In addition, the positive Ce anomaly may reflect the 
redox conditions of seawater, indicating lower oxygen content of seawater than in other areas 
with a more negative Ce anomaly (Glasby et al., 1987; Hein et al., 1997). The geochemical results 
(high contents in metals, strongly positive Ce anomaly and high contents in REEs) indicate a 
slow generation of ferromanganese crusts from cold seawater and a minimal influence of 
hydrothermal fluids in the crust formation. In relation to average continental crustal abundance 
(Taylor and McLennan, 1985), several elements were enriched in the ferromanganese crust by 
factors of different orders: Mo (519), As (270), Pb (265), MnO (165), Co (136), Ce (57), Ni (23), 
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Zn (10) and V (9). These enrichment factors indicate the high scavenging power for metals of 
Fe-Mn oxy-hydroxides during hydrogenetic formation of crusts. Al, Si, K, Na and Ca were 
depleted in comparison with the continental crustal average composition by a factor of 
between 1.7 for Na and 13 for Al (Table 5A·III). The low contents in Al and Si (ƩSiO2+Al2O3 = 9.2 
wt.%) underline the minimal presence of detrital sediments in the crust, which is characteristic 
of hydrogenetic precipitation of oxides from cold ambient seawater over hard rock substrates 
over long time periods. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Table 5A·II.- Bulk composition of Co-rich ferromanganese crust from the Dove Ridge (sample 
SCAN-2004/DA2-2). (*) Means of Fe-Mn crusts for the North West Pacific and Atlantic oceans (Hein, 
2004). (**) Bulk composition of the Continental Crust (Taylor and McLennan, 1985). (-) No data. 

 

 

Dove Ridge 

Fe-Mn crust 

NW Pacific * 

(n= 1478) 

Atlantic * 

(n= 25) 

Continental 

Crust ** 

Mn/Fe 1.15 1.40 0.65 0.02 

Al2O3 (wt.%) 1.24 1.89 2.91 15.9 

Fe2O3 28.60 21.60 30.90 9.1 

CaO 3.29 5.74 0.74 7.4 

MgO 1.64 2.16 2.19 5.3 

MnO 29.71 28.55 18.09 0.18 

P2O5 0.96 2.75 1.79 0.18 

K2O 0.48 0.68 5.29 1.1 

Na2O 1.87 2.16 2.92 3.1 

SiO2 7.96 7.92 11.78 57.3 

TiO2 1.44 1.29 1.59 0.9 

LOI 22.8 - 14.6 - 

V (µg/g) 2,157 515 825 230 

Co 3,947 6,372 3,574 29 

Ni 2,371 5,403 2,685 105 

Cu 342 1,075 774 75 

Zn 764 680 598 80 

As 270 165 289 1 

Sr 1,379 1,212 1,341 260 

Mo 519 455 429 1 

Ba 3,733 1,695 1,716 250 

Tl 112 - 95 0.36 

Pb 2,117 1,777 1,108 8 
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Figure 5A·10.- Fe-Mn crusts from Dove Basin. A and B) Botrioidal surface and cross-cut section of the Fe-Mn 
crust from the Dove Ridge. C and D) SEM photo-micrographs. In large parts the crust is formed by a continuous 
succession of sub-parallel microlayers of Fe-rich vernadite (Fe-ver). Some layers are enriched in goethite (goe) 
and siliciclastic minerals, essentially quartz (qtz). E) Plot of the studied ferromanganese crust, as hydrogenetic, 
on the ternary diagram of Bonatti et al. (1972) for the classification of ferromanganese oceanic deposits. F) 
Typical REE patterns (chondrite-normalized) for hydrogenetic Co-rich ferromanganese crust from the Dove 
Ridge showing positive Ce and Gd anomalies. G) R3-profile for electron probe microanalysis and growth rate 
determination. H) R3-profile age models obtained for the ferromanganese crust from the Dove Ridge 
established by application of the equation proposed by Manheim and Lane-Bostwick (1988) and assuming 
constant growth and variable growth rate (blue line) and constant growth rate (red line). 
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The results obtained for Co and other metals by EPMA measurements across a continuous 
profile in the Co-rich ferromanganese crust SCAN-2004/DA2-2 are summarized and presented 
in Table 5A·IV. In the layers of the crust, the Co contents ranged from 240 µg/g to 1.79 wt.%. 
Co-rich layers also show high contents of Mn and Ce, and low contents in Si and Al. On the 
other hand, high contents of Si (up to 26.2 wt.%) correspond with layers of high porosity rich 
in detrital grains of quartz and occasionally with high contents in Al, indicating a minor 
presence of phyllosilicates. In addition, these layers show low contents in Mn, Co and Ce. 

 

 

 

 

 

 

 

 

 

 

 

Table 5A·III.- Bulk REEs content of Co-rich ferromanganese crust from the 
Dove Ridge (sample SCAN-2004/DA2-2). (*) Means of Fe-Mn crusts for the 
North West Pacific and Atlantic oceans (Hein, 2004). (**) Bulk composition 
of the Continental Crust (Taylor and McLennan, 1985). (-) No data. 

5.2.3 Growth rates and ages of the crusts 

 The growth rates calculated from the “Co-Chronometer” method (Manheim and Lane-
Bostwick, 1988) for the studied crust were variable, ranging between 0.26 and 10.10 mm/Ma. 
The average growth rate calculated for the R3-profile (Fig. 5A·10G) in the crust was 1.62 
mm/Ma, which is a typical growth rate for hydrogenetic ferromanganese crusts from the Pacific 
Ocean (Hein et al., 2000; Hein, 2004). The EPMA profile in layers with a high Co content (0.8-
1.7 wt.%) showed a minimal influence of detrital input (low Si) and, consequently, their growth 
rates ranging between 0.26 and 1 mm/Ma are interpreted as closer to the reality for this crust 
grown by hydrogenesis. A positive Pearson correlation (0.66 at 99% confidence level) exists 
between Co and Ce. In consequence, a positive correlation could be established between low 

 
Dove Ridge 
Fe-Mn crust 

 

NW Pacific * 
(n= 1478) 

Atlantic* 
(n= 25) 

Continental 
Crust** 

 

La (µg/g) 455 202 277 16 

Ce 1,879 1,022 1,430 33 

Pr 108 102 74.6 3,9 

Nd 457 162 251 16 

Sm 117 41.6 71.4 3,5 

Eu 28.4 9.9 10.4 1,1 

Gd 121 26 62.4 3,3 

Tb 17.1 7.53 10 0,6 

Dy 107 57.8 52.9 3,7 

Ho 21.9 6.6 9.3 0,78 

Er 57 31.9 31 2,2 

Tm 8.3 4.3 3.6 0,32 

Yb 51.2 17.7 23.8 2,2 

Lu 7.5 3.3 4.3 0,3 

LREE 3,016 1,529.6 2,104 72.4 

HREE 419.4 165.03 207.7 14.5 
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growth rate and high Ce accumulation in the ferromanganese crust. The layers enriched in Mn, 
Co and Ce and resulting low growth rates could be related to the development of the Oxygen 
Minimum Zone by oceanographic changes (sea-level, seawater mass circulation patterns) or 
tectonic events. Nevertheless, the high Si content (up to 26 wt.%) in the EPMA profile showed 
the layers having a maximum influence of detrital input to have very high growth rates (10.1 
mm/Ma). These layers reflect the influence in the area of ice-rafted sediments during glacial-
interglacial events. We propose that strong depletion of Co in the crust reflects the intensity of 
falling drop-stones from glacial contributions. 

 Two growth rates were calculated for the crust, based on the application of constant (1.62 
mm/Ma) or variable (0.26-10.1 mm/Ma) accretion rates, respectively (Fig. 5A·10H). Based on 
the calculated geochemical model, assuming that growth and accretion rates were constant 
over the time span of crustal formation, the age of the crust should be 12.6 Ma (Fig. 5A·10H). 
Moreover, assuming that growth was constant and accretion rate was variable, in view of the 
different growth rates calculated using the EPMA results, a crustal growth time of 18 Ma was 
estimated (Fig. 5A·10H). We consider this second age of 18 Ma to be more realistic given the 
variations observed in textural, mineralogical and geochemical characteristics in the 
ferromanganese crust.  

 

 

 

 

 

 

 

 

 

Table 5A·IV.- Chemical electron probe 
microanalysis across a continuous R3-profile from 
the edge to the base of the Co-rich ferromanganese 
crust from the Dove Ridge. (<DL) Below detection 
limit. Minimum contents for Co, Ni, Cu and Ce are 
below detection limit. 

 

SCAN-2004/DA2-2 

R3-Profile 

Mean 

(n= 426) 

Max. 

 

Min. 

 

Mn/Fe 1.18 1.04 0.11 

Al (wt.%) 0.62 5.29 0.08 

Fe 19.1 35.56 4.25 

Mn 22.59 37.10 0.47 

P 0.37 0.54 0.01 

Si 3.28 26.18 0.65 

Co 0.7 1.79 0.024  

Ni 0.34 0.89 0.01 

Cu <DL 0.12 0.001 

Ce 0.18 0.43 0.001 
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5.3. Seafloor spreading magnetic anomalies 

The Dove Basin central magnetic profile (SC03) is one of the most complete ones modelled 
in the small basins of the southern Scotia Sea and reveals a set of symmetrical seafloor 
spreading magnetic anomalies with a spreading axis characterized by positive anomalies (Figs. 
5A·3, 5A·11). Symmetrical anomalies are also identified in profile SC-M, located to the north 
and crossing the Dove central seamount, which is characterized by negative anomalies. The 
southern profile (SC02), however, shows a more irregular pattern with low intensity anomalies 
on its eastern side and cannot be modelled. Moreover, in the northernmost profile (SC07) the 
spreading axis is characterized by positive anomalies; and in the eastward part of the profile, 
the presence of a sharp normal fault separated the oceanic crust of Dove Basin from another 
piece of oceanic crust that probably included an older spreading axis. 

 Due to the short length of the anomaly profiles, several models ranging from anomalies 
C15 to C18 (as proposed by Eagles et al., 2006) to anomaly C5 (as proposed in the nearby 
Protector Basin, BAS, 1985; Galindo-Zaldívar et al., 2006) fit the observed anomalies. However, 
according to the 20.4 and 22.8 Ma 40Ar/39Ar ages for the end of spreading, we found the best 
fit when C7 (24.5 Ma) to C6B (21.7 Ma) are considered for the basin spreading (Fig. 5A·11).  

 

6. DISCUSSION 

The Dove Basin is one of the small oceanic basins located in the southern Scotia Sea, 
bounded by submarine banks of stretched continental crust that resulted from the eastwards 
migration of a tectonic arc (Barker, 2001b; Eagles et al., 2005, 2006; Galindo-Zaldívar et al., 
2006; Maldonado et al., 2006b; Bohoyo et al., 2007; Lodolo et al., 2010). The nature, structure, 
age and significance of this basin have not been previously discussed in detail. The new data 
presented in this work, taking into account dredged rocks, radiometric dating and accurate 
magnetic, gravity and seismic profiles provide a comprehensive base for characterizing the 
main features of the basin and assessing its origin, age and evolution within the context of the 
development of the Scotia Arc.  
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Figure 5A·11.- Magnetic anomaly models of Dove Basin profiles. 
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6.1 The age of oceanic spreading 

The Tectonic Map of the Scotia Arc (BAS, 1985) records the main bathymetric features of 
the basin, but does not label the basin or identify the magnetic anomalies. Eagles et al. (2006) 
suggest, based on oceanic basement depth, an Eocene age for Dove Basin, which is supported 
by regional data (Livermore et al., 2005); this was their argument for selecting, among several 
alternatives, an age of 34.7 to 41 Ma (C15 to C18) for the basin development. Barker et al. 
(2013) considered heat flow measurements to suggest ages of 42 to 43 Ma for Dove Basin 
oceanic crust, although does not take into account the different thermal behavior of small 
oceanic basins. 

The 40Ar/39Ar analyses of the samples from NE-SW axial Dove Ridge yield ages of 20.4 ± 2.6 
to 22.8 ± 3.1 Ma (Fig. 5A·9). Although this could be attributed to ice-rafted rocks, the MORB 
affinity makes this unlikely, and supports the samples being in-situ basement rocks and 
suggests that the end of spreading in this basin occurred between 22.8 and 20.4 Ma. The 
elongated ridge only outcrops in the central part of the basin and is subdued below the 
sediment cover north and southward. In addition, the negative magnetic anomalies in this 
sector (Profile SC-M) contrast with the positive magnetic anomalies in the other northern and 
southern profiles (SC03 and SC07, Fig. 5A·11), where the bathymetric expression of the ridge is 
absent. The dated basalts therefore probably represent the latest erupted and cooled rocks 
forming the spreading axis, about 22.8 Ma to 20.4 Ma. Analysis of the ‘Co-Chronometer’ ages 
determined on thick Fe-Mn crusts surrounding the dated basalts, dredged from Dove Ridge, 
allowed us to establish the age of their permanent exposure on the seafloor (Fig. 5A·10). The 
obtained ages of 18 Ma, with a minimum of 13 to 13.5 Ma, are fully compatible with the 
proposed age for the last volcanic eruptions at the central axis ridge. 

 The dated basalts most likely represent the latest episodes of volcanic eruption at the ridge 
axis. The magnetic anomaly profiles are too short to precisely recognize the magnetic chrons. 
The radiometric ages, however, reveal the best fit when considering spreading between C6B 
(21.7 Ma) and C7 (24.5 Ma), reaching C6A in the central axis of the ridge. These ages are 
significantly younger than the ages proposed by Eagles et al. (2006), which are supported by 
basement depths. Although the age-depth relationships are well accepted for large oceans 
(Parson and Sclater, 1977), the thermal subsidence behavior of small oceanic basins, like Dove 
Basin, has not yet been analyzed in detail.  

Regardless of the ages, the presence of altered microgabbros both in Dove Ridge and Dove 
Seamount opens additional unsolved questions. The variable degree of transformation of 
olivine in the different types of basalts points to the possibility that the oceanic floor of Dove 
Basin was originated in different stages. The oldest one could correspond to rocks whose 
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olivine is completely replaced by metamorphic-metasomatic minerals, as occurs mainly in site 
3 and in some samples from site 2. Less altered rocks occur along the Dove Ridge (site 1) 
forming AOB basalts with partly altered olivine, and MORB basalts (site 2) with unaltered 
olivine, which would represent a latter expression of arc-back-arc volcanism along this ridge. 
The regular pattern of seafloor spreading magnetic anomalies, in addition to the BABB 
character of the microgabbros and the MORB character of the dredged basalts, both in site 2, 
would support a single oceanic spreading period in the central region of the basin, which would 
evolved along the time toward increasing extensional tectonic setting and culminate in an 
ephemeral MORB stage.  

A younger age is suggested, moreover, for the freshest OIB-type sample (DS 2.6 from site 
3, Figs. 5A·3 and 5A·6), which may represent the last volcanic episode forming the oceanic crust 
of Dove Basin. Similar OIB-like basalts have been identified in different regions of the Scotia 
Sea, including the oceanic ridges and margins (Pearce et al., 2001), and also at some 
surrounding crustal blocks and basins of the South Scotia Ridge. Barber et al. (1991) identified 
OIB-type basalts in the western margin of the SOM and northwestern Powell Basin as probably 
Pliocene or more recent in age. Some samples of 28 Ma, dredged at the WSM (Pearce et al., 
2001), could also be classified as formed in OIB tectonic conditions according to their plot in 
Fig. 5A·8A. 

Haase et al. (2011) and Pearce (2013) identified and discussed the meaning of OIB-like 
volcanic rocks in seamounts at the axis of the Antarctic-Phoenix and West Scotia ridges, which 
they dated as being about 2 Ma younger than the cessation of spreading. These authors 
interpret the post-spreading OIB magmatism to have originated from residual mantle melts 
genetically related with the death of both spreading axes. To consider this probable origin as 
applicable to the Dove OIB-type rocks as well, we would need to obtain radiometric dating of 
this rock type. The absence of oceanic-floor alteration in these rocks suggests, however, the 
younger age than any other rock type dredged in Dove Basin, including the early Miocene 
MORB (Fig. 5A·6). The scarcity of this volcanism supports the possible genetic relationship of 
Dove OIB with residual melts derived from depth below the Dove spreading axis during its 
dying stage (Fig. 5A·12D). In the less probable case that the Dove OIB sample would be dated 
as late Miocene or more recent (Fig. 5A·12E), it would be necessary to relate this incipient 
volcanic process with an extensional stage able to affect a very deep mantle source and to 
generate very scarce volcanic activity, yet without a genetic relationship with Dove Ridge 
spreading. 
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Figure 5A·12.- Ages of the oceanic basins of the Scotia Arc (A) and tectonic setting during the 
development of the Dove Basin (B to E), modified from Bohoyo (2004). B, Initial stage<25 Ma, pre-
Miocene BABB magmatism along the Dove Ridge and Seamount corresponding to a Oligocene-
Miocene remnant arc-back-arc system of the South Scotia Sea. C, 25-20 Ma, Early Miocene 
extensional stage originating MORB-type volcanism along the Dove Ridge central spreading axis. D, 
20-10 Ma, Scarce OIB volcanism from residual melts probably related with the death of this ridge and 
early-middle Miocene extensional stage originating both the Fe-Mn crust deposits along the Dove 
Ridge, and the final opening of Protector and Scan basins. E, 10 Ma to Present, Late extensional stage 
(Pliocene?) probably originating localized OIB-type volcanism at different areas of the Scotia Sea, 
followed by development of the ESR and the South Sandwich Arc northeast of the Oligocene-Miocene 
Dove arc-back-arc system. DB, Discovery Bank. ESR, East Scotia Ridge. HB, Herdman Bank. ID, 
Intermediate domain. JB, Jane Bank. PB, Pirie Bank. PrB, Protector Basin. ScB, Scan Basin. SOI, South 
Orkney Island. SOM, South Orkney Microcontinent. SSI, South Sandwich Islands. TR, Terror Rise. ACC, 
Antarctic Circumpolar Current. WSDW, Weddell Sea Deep Water. WSBW, Weddell Sea Bottom Water. 
1, Transcurrent fault. 2, Subduction zone. 3, Active spreading axis. 4, Inactive spreading axis. 5, Ridge 
spreading axis. 6, Extensional deformation. 7, development of Fe-Mn crusts. 
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6.2 Late faulting 

 The development of a large, NE-SW oriented normal fault dipping southeastward 
affects the northeastern region of Dove Basin and generates a tectonic seamount that exposes 
the oceanic crustal basement in its footwall. This fault is compatible with the late NW-SE 
regional extension that characterized the southern Scotia Sea and also with the sinistral 
transpressive regime that characterized the Scotia-Antarctic plate boundary (Pelayo and Wiens, 
1989; Galindo-Zaldívar et al., 1996). This structure contributes to the regional sigmoidal shape 
of the basin (Fig. 5A·3). 

 

6.3 Petrogenetic model of Dove Basin magmatism in the context of Scotia Arc evolution  

The spatial variation of the chemical composition of the back-arc spreading axis magmas 
partly depends on the distance to the arc and the slab subducting below it, together with the 
temporal evolution of magmatism developing the back arc basin ridge. Hence, back-arc areas 
such as those forming the oceanic floor of Dove Basin can have a spatial gradation of magma 
types from MORB, through transitional BABB-type magmas, in areas farther from the spreading 
axis and closer to the arc, until typical OIA-types are erupted in areas strongly affected by 
subduction. This petrogenetic model may be applied to the autochtonous rocks dredged along 
the Dove Basin, which comprise the different rock types integrating an arc-back-arc system 
(see Fig. 5A·8A, D). 

The Dove Basin dredged rocks may be interpreted as a back-arc basin entailing, eastward, 
the Bruce and Discovery banks, which during Oligocene-Miocene would have been located 
perhaps closer to the Dove spreading axis than now (Fig. 5A·12B), plausibly forming together 
with Dove Ridge the remnant Dove arc-back-arc system. 

This system may resemble, though at a somewhat reduced scale and including continental 
banks, the geometry of the current system formed by the Eastern Scotia Ridge (ESR) and the 
South Sandwich Arc (SSA) (Fig. 5A·12A). Therefore, the development of the Dove Basin would 
represent an intermediate step in the Scotia Arc evolution that culminated in the present arc-
back-arc system formed by the SSA and the ESR of the East Scotia Sea (Figs. 5A·1, 5A·2 and 
5A·12A).  

Barker et al. (1982) suggested the existence of an arc-back-arc system previous to the 
present one in the East Scotia Sea, based on the IAT nature of some Miocene rocks dredged in 
the southeastern Discovery Bank. For these authors, the Miocene subduction of oceanic 
lithosphere of the Antarctic plate below Discovery Arc indicated the development of a back-



  Dove Basin 

101 

 

arc zone probably located in the area occupied at present by the Scan Basin and its 
continuation in the Central Scotia Sea. We show, however, that the Dove Basin is formed by a 
back-arc magmatic ridge (Figs. 5A·8A-D and 5A·12A), which constitutes the only spreading 
center clearly identified in the central southern Scotia Sea by petrological and geochemical 
methods. According the present information, the evolutionary model for the eastern Scotia Sea 
during the Oligocene-Miocene period should integrate: a) the back-arc spreading axis located 
along the Dove Basin, given the predominant BABB rock types that form its oceanic floor; b) 
the early Miocene 40Ar/39Ar age dating the last volcanic episode of the MORB-type Dove Ridge 
basalt; c) the scarce OIB type dredged at the Dove seamount; d) the arc affinity of some samples 
dredged in Dove Basin; and e) the plausible higher proximity of the Dove Ridge to the 
Discovery Bank Mesozoic crustal block (Figs. 5A·2 and 5A·12B-C). 

The subduction process generating the relict Oligocene-Miocene arc-back-arc system 
might have initiated eastward of Discovery and Bruce Banks, while the two were attached 
during Oligocene time and the BABB-type magmatism forming the back-arc oceanic floor of 
the Dove Basin was developing (Fig. 5A·12B). This magmatic stage would have ended in early 
Miocene with E-MORB magma development during an ephemeral stage of more extensional 
volcanism, only identified in the central area of the Dove Ridge (Fig. 5A·12C). The asymmetry 
of the Dove Basin, where the western abyssal plain is wider and floored by thinner oceanic crust 
than the eastern flank (Figs. 5A·3, 5A·4 and 5A·5), is in agreement with an eastward location of 
the associated subduction zone of oceanic lithosphere deepening westward, similarly to the 
present oceanic slab of Atlantic lithosphere subducting under the South Sandwich Arc. 

If we consider that the ages of development of the West Scotia Sea oceanic floor are 
comprised between 28 and 6.5 to 3.5 Ma (Maldonado et al., 2000; Barker, 2001b; Eagles et al., 
2006; Lodolo et al., 2006) and that of the East Scotia Ridge developed from 15 Ma (Vanneste 
et al., 2002; Larter et al., 2003), the Dove Ridge, would have contributed during an Oligocene-
early Miocene period to the eastward migration of the Scotia Arc. However, if we compare the 
proposed ages of development of Protector (17.4 Ma to 13.8 Ma, Galindo-Zaldívar et al., 2006) 
and Dove basins (22.8 to 20.4 Ma, this paper), the polarity of development appears to be 
opposite to the expected ages of an eastward migrating arc (Fig. 5A·12). This apparent 
contradiction could be explained considering the origin of the Dove Basin, during previous 
Oligocene to early Miocene successive BABB, MORB and probably OIB-type magmatic stages, 
as a consequence of its location above an upward convective asthenospheric system, which 
did not affect the western area corresponding to the Protector Basin location. The Dove Basin 
developed, in consequence, during an early Miocene E-W extensional phase and quickly 
becomes extinct (Fig. 5A·12C). The underlying subducting oceanic slab migrated eastward and 
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favored later the initiation of the ESR during the middle Miocene. This proto-ESR would have 
evolved with accretion of the Eastern Sea oceanic floor, while the underlying oceanic slab 
continued the eastward migration to the present arc-back-arc system of the East Scotia Sea 
(Fig. 5A·12A, E). 

Protector Basin is interpreted as a northwards propagating rift that cannot directly be 
related to subduction processes of an eastward forearc (Galindo-Zaldívar et al., 2006). This 
basin is bounded southward by the Scotia-Antarctic plate boundary, with strike-slip motion. 
During this middle Miocene extensional stage, the Fe-Mn crusts begin to develop on the 
MORB-type volcanic rocks of the Dove Ridge, followed by the development of the current arc-
back-arc system formed by the ESR and the SSA (Fig. 5A·12A, D).  

 

7. CONCLUSIONS 

The small oceanic Dove Basin in the southern Scotia Sea includes a prominent NNE-SSW 
elongated ridge close to the axis of the basin associated with crustal thickening that is 
attributed to a spreading axis. The MORB-type tholeiitic basalts dredged at the central segment 
of the spreading axis and the BABB-type basalts and microgabbros dredged along the ridge 
and the prominent tectonic Dove Seamount in the NE region of the basin can be traced to 
magmas from asthenospheric mantle, within a back-arc extensional tectonic regime. The 
mantle source for both types of magmas was chemically affected, in different proportions, by 
the fluids deriving from the subduction of an oceanic slab under Dove Basin which generated 
the spreading center. The wider western abyssal plain together with the thinner oceanic crust 
are in agreement with an eastward location of the subducted oceanic lithosphere deepening 
westwards. The oceanic floor is attributed to an Oligocene-Miocene remnant back-arc 
spreading center system. Later arc activity also occurs, identified in the dredged rocks. The 
development of this small oceanic arc-back-arc basin of the southern Scotia Sea significantly 
contributed to the eastward Scotia Arc migration during the Oligocene-Miocene.  

40Ar/39Ar ages of 20.4 ± 2.6 to 22.8 ± 3.1 Ma were determined in MORB samples of the Dove 
spreading center. The magnetic anomalies identified in the central profile of the basin are 
interpreted to comprise chrons C6B (21.7 Ma) to C7 (24.5 Ma), which are compatible with the 
radiometric dating. Demagnetization processes affected the southern part of the basin, 
probably due to the influence of the Scotia-Antarctic plate boundary in the southern Dove 
Basin. Ferromanganese crustal growth reached up to 10.1 mm/Ma and was at least 12.6 Ma 
old, though a tentative age of 18 Ma may be estimated by “Co-Chronometer”, in agreement 
with radiometric and magnetic anomaly ages. They underwent hydrogenous growth. The fast 



  Dove Basin 

103 

 

growth rates calculated in parts of the crust could be the result of the influence of ice-rafted 
sediments and the volcanic activity of other spreading centers of the region. 

During the middle Miocene the Dove spreading center becomes extinct due to the eastward 
retreat of the underlying subducted oceanic slab. There is a jumping of the ridge to the present 
location in the ESR, which initiated the development of the South Sandwich Arc system since 
the middle Miocene. 

The older age proposed for the Dove Basin with respect to the younger westward Protector 
Basin would apparently indicate an opposite polarity of development, taking into account the 
prevalent eastward migration of the Scotia Arc. This apparent contradiction may be explained 
in the context of the development of Dove Basin as a back-arc basin above an upwardly 
convective asthenosphere system, thereby giving rise to BABB and MORB-type magmatism, 
located along the Dove oceanic ridge and seamount and locally followed by minor OIB 
eruptions. The younger Protector Basin must have been formed in a later Middle Miocene 
extensional stage.  

The most recent deformation corresponds to a major NE-SW normal southeastward dipping 
fault that affects the basin and originated the tectonic Dove Seamount. This structure develops 
in response to recent stresses in the Scotia Arc associated with NE-SW compression and NW-
SE extension, responsible for the sinistral motion between the major South American and 
Antarctic plates that surround the Scotia Sea. 

This evolution implies that different tectonic processes have influenced the development of 
these small basins, including back-arc and other extensional processes, which had wide 
geodynamic implications for the development of the Scotia Arc. The development of basins in 
the southern Scotia Arc is the main factor that determines the paleoceanographic evolution of 
the oceanic currents that finally connected the Pacific and Atlantic oceans and the Weddell 
Sea. 
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Abstract 
 

The Dove Basin, a small oceanic domain located within the southern Scotia Sea, reveals a 
complex tectonic evolution linked to the development of the Scotia Arc. The basin also 
straddles the junction between the main water masses of the Southern Ocean: the Antarctic 
Circumpolar Current (ACC), the South Pacific Deep Water (SPDW) and the Weddell Sea 
Deep Water (WSDW). Analysis of multichannel seismic reflection profiles, together with 
swath bathymetry data, reveals the main structure and the sediment distribution of the 
basin, allowing for a reconstruction of the growth patterns and assessment of the main 
bottom water flows that influenced its depositional development. Sediment dispersed in 
the basin was largely influenced by gravity-driven transport from adjacent continental 
margins, later modified by deep bottom currents. Sediments derived from melting icebergs 
and extensive ice-sheets also contributed to a fraction of the basin deposits. We identify 
four stages in the basin evolution that took place during the early Miocene, middle 
Miocene, late Miocene-early Pliocene, and late Pliocene-Quaternary. The onsets of the ACC 
flow in Dove Basin during the early Miocene, of the WSDW flow during the middle Miocene, 
and finally of the SPDW in the late Miocene were influenced by tectonic events that 
facilitated the opening of new oceanic gateways in the region. The analysis of Dove Basin 
reveals that tectonics is a primary factor influencing its growth patterns, the structural 
development of new oceanic gateways permitting the inception of deep water flows that 
have since controlled the sedimentary processes. 
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1. INTRODUCTION 

Tectonics, plate configuration and climate produce direct and indirect feedback in the 
growth patterns of depositional basins over a wide range of time scales (Hay, 1996). Although 
tectonics and climate both regulate deep-marine sedimentation (Emery & Myers, 1996; 
Hernández-Molina et al., 2014b), the specific relationships and the relative time scales on which 
they operate remain unclear. Tectonics change basin configuration and specifically influence 
deep-water circulation, a critical component of the Global Thermohaline Circulation system 
that regulates the Earth’s climate. The bottom (contour) component of this system, in addition 
to down-slope gravity-driven processes, contributes significantly to shaping the seafloor 
through along-slope processes, and thus profoundly influences the sedimentary record 
(Rebesco & Camerlenghi, 2008). Its exact impact on deep-sea sedimentation remains poorly 
understood, however (Rebesco et al., 2014). Addressing this uncertainty calls for a better 
knowledge of long- and short-term sedimentation processes, and a well-constrained timeline 
of tectonic events to shed light on their interaction with currents and other deep-sea processes.  

The time frame spanning from early Miocene to the Present-day includes important global 
tectonic events, major climate oscillations, sea-level changes and fluctuations in the Earth´s 
orbit cycles (Haq et al., 1987; Zachos et al., 2001; Bartoli et al., 2005; Knutz, 2008; Potter & 
Szatmari, 2009; Miller et al., 2011). The Scotia Sea (Antarctica) offers an excellent example of 
interrelated tectonic and climatic events that occurred during the Cenozoic and it is proposed 
as a natural laboratory for analysis of the global change (Maldonado et al., 2014b). This region 
has experienced major tectonic events and associated palaeoceanographic changes. The South 
Scotia Ridge (SSR), which represents the southern boundary of the Scotia Plate (Fig. 5B·1A), 
consists of a complex transcurrent fault zone including a series of continental and oceanic 
elements (British Antarctic Survey, 1985). The ridge includes transpressional and transtensional 
features (Bohoyo et al., 2007), in response to the orientation of the Scotia-Antarctica plate 
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boundary with regard to the regional stress field (e.g. Galindo-Zaldívar et al., 1996; Lodolo et 
al., 1997, Civile et al., 2012, among others). A number of sedimentary basins developed to the 
north of this boundary (Fig. 5B·1B; e.g. British Antarctic Survey, 1985). Some of these basins 
have exerted major impacts on deep-water circulation due to their role as the principal 
conduits for bottom water mass flows (Fig. 5B·1B; Tarakanov, 2009, 2012; Morozov et al., 2010). 
Detailed information on the age of these basins and their evolution, structural architecture and 
sedimentary record, would therefore be essential for documenting tectonic influences on 
bottom current development. 

 

Figure 5B·1. A) Drake Passage and Scotia Sea tectonic setting (modified from Bohoyo et al., 2007) over simplified 
bathymetric map from satellite-derived data (Smith & Sandwell, 1997). Climatological trajectories of the Antarctic 
Circumpolar Current fronts, as defined by Orsi et al. (1995), are superimposed in light pink: PF, Polar Front; SACCF, 
South ACC Front. 1, transform fault; 2, active transcurrent fault; 3, inactive subduction zone; 4, active subduction 
zone; 5, active extensional zone; 6, active spreading center; 7, inactive spreading center; and 8, continental-oceanic 
crust boundary. SOM, South Orkney Microcontinent. B) Oceanic basins of the southern margin of Scotia Sea. SFZ, 
Shackleton Fracture Zone; SOT, South Orkney Trench. In red letters the South Scotia Ridge gateways: PP, Philip 
Passage; OP, Orkney Passage; BP, Bruce Passage; DP, Discovery Passage. Simple deep water mass circulation is 
denoted as: CDW, Circumpolar Deep Water; SPDW, Southeast Pacific Deep Water; WSDW, Weddell Sea Deep Water. 
Red dots show the location of sites 695, 696 and 697 of ODP Leg 113. 
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This study analyses the growth patterns and —particularly— the sedimentary record of one 
of these small basins, Dove Basin, based on the analysis of multichannel seismic (MCS) 
reflection profiles and bathymetric measurements (Fig. 5B·2). We reconstruct the basin’s 
tectonic and sedimentary evolution and compare it with the development of adjacent southern 
Scotia Sea basins in order to assess the influence of regional tectonics on the 
paleoceanographic evolution and global change. 

 

2. REGIONAL TECTONIC FRAMEWORK 

The Scotia Sea developed as an east-migrating arc-back-arc system, with early development 
in response to the NW-directed subduction of the Weddell Sea, later followed by South Atlantic 
Ocean subduction below an arc that initially constituted the continental bridge between the 
Antarctic Peninsula and South America (e.g. Eagles & Jokat, 2014). The incipient separation of 
these two landmasses took place between the Eocene and Oligocene times, with the opening 
of the Drake Passage gateway and the development of the western sector of the Scotia Sea 
(e.g. Lodolo et al., 2006; Maldonado et al., 2014a). The system remains active today along the 
volcanic South Sandwich Arc (Leat et al., 2013). The present-day Scotia Arc consists of 
continental blocks deriving from the break-up of the continental bridge and the subsequent 
dispersion of fragments along the periphery of the Scotia Sea (Fig. 5B·1A; Barker et al., 1991; 
Bohoyo et al., 2007). The southern part of this arc, referred to as the South Scotia Ridge (SSR), 
is a prominent E-W trending tectonic and physiographic ridge that consists of an assemblage 
of small continental blocks and intervening depressions that have undergone transcurrent 
deformation since the initial phases of development of the Scotia Plate (Galindo-Zaldívar et al., 
1996; Bohoyo et al., 2007; Civile et al., 2012; Maldonado et al., 2014a). To the north of the SSR, 
a group of small sedimentary basins (Ona, Protector, Dove and Scan basins) developed 
between the continental structural blocks (Terror, Pirie, Bruce and Discovery banks; Fig. 5B·1B). 
Various studies have addressed the origin, structure and tentative age of these basins by 
interpreting their marine magnetic anomalies and seismic structural setting (Maldonado et al., 
1998; Eagles et al., 2006; Galindo-Zaldivar et al., 2006; Civile et al., 2012; Barker et al., 2013), but 
significant discrepancies about the age of these geologic elements still exist. 

Dove Basin occupies a central location among these southern Scotia Sea basins. It is NE-SW 
oriented and located at 60.5-58.5°S and 45-40°W (Fig. 5B·1B). Magnetic and gravity anomalies, 
as well as dredged samples, reveal that the basin crust is primarily oceanic (Galindo-Zaldívar et 
al., 2014). The Dove’s abyssal plain has an average depth of about 3500 m and is bounded by 
the morpho-structural highs of the Pirie Bank to the west and the Bruce Bank to the east (Fig. 
5B·2). To the south, the basin merges into the South Orkney Trench (SOT), which reaches depths 
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of more than 4000 m and delineates the steep continental slope of the South Orkney 
Microcontinent (SOM). A roughly N-S oriented ridge in the central part of the Dove Basin is 
interpreted as a remnant spreading centre (Eagles et al., 2006; Galindo-Zaldívar et al., 2014). 
Based on magnetic anomaly models, Eagles et al. (2006) proposed that seafloor spreading with 
an ESE–WNW trend occurred in the Dove Basin between 41 and 34.7 Ma. This interpretation 
agrees with the 43-42.2 Ma age range estimated from basin depth and heat flow 
measurements (Barker et al., 2013). However, more recent petrologic, geochemical and 
geophysical studies, and the absolute dating of dredge samples, indicate that the back-arc 
basalts representing the later episodes of basin oceanic spreading occurred between 22.8 and 
20.4 Ma, with a final volcanic episode at around 18 Ma (Galindo-Zaldivar el al., 2014). 

 

3. OCEANOGRAPHIC AND PALAEOCEANOGRAPHIC SETTING 

The overall present-day distribution of water masses in the Southern Ocean has been 
generally described by Orsi et al. (1999), Naveira-Garabato et al. (2002a) and Meredith et al. 
(2013). A basic model of the Scotia Sea bottom water circulation assumes two main bottom 
water masses (Fig. 5B·1B): the Circumpolar Deep Water (CDW) flowing to the east around the 
Antarctic continent as the deepest branch of the Antarctic Circumpolar Current (ACC), and the 
Weddell Sea Deep Water (WSDW) flowing both east and west, parallel to the northern flank of 
the SSR as the bottom water of the southern Scotia Sea. In addition, the Southeast Pacific Deep 
Water (SPDW) circulates eastward (Sievers & Nowlin, 1984; Arhan et al., 1999). Within the Scotia 
Sea, the denser SPDW flows adjacent to the seafloor only to the north of the South Antarctic 
Circumpolar Current Front (Fig. 5B·1A; Naveira-Garabato et al., 2002a). 

The timing of initiation of the ACC and its potential climatic implications on the Antarctica 
thermal isolation and the development of the Antarctic ice cap are still matters of discussion 
and debate (e.g. Kennett, 1977; Dalziel et al., 2013b; Maldonado et al., 2014a, and references 
therein). Based on regional and local tectonic interpretations, estimates of the time necessary 
to remove the South America-Antarctic Peninsula bridge range from 34-31 Ma to 22-16 Ma 
(Lawver & Gahagan, 2003; Barker & Thomas, 2006). Some authors moreover suggest a previous 
opening of Drake Passage with respect to the Tasmanian Gateway (Scher & Martin, 2006). 
Notwithstanding, Drake Passage is generally interpreted as the last remaining barrier to the 
establishment of complete circum-Antarctic deep-water flow (e.g. Lawver et al., 1992; 
Livermore et al., 2005; Eagles & Jokat, 2014).  

The WSDW remained confined to the Weddell Sea until the middle Miocene. Later, 
progressive opening of the Phillip, Orkney, Bruce and Discovery passages (Fig. 5B·1B) facilitated 
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deep-water flow between basins located along the northern Weddell Sea (Powell and Jane 
basins) with oceanic basins along the southern Scotia Sea (Bohoyo et al., 2002, 2007; 
Maldonado et al., 2006b; Hernández-Molina et al., 2006a; Lodolo et al., 2010).  

The SPDW enters the Scotia Sea from the southeastern Pacific Ocean through Drake 
Passage, a pathway that formed during early Pliocene reorganization of Pacific currents (Mix 
et al., 1995; Kwiek & Ravelo, 1999). The SPDW arrival is associated with the Central Atlantic 
Seaway (CAS) closure and the end of North Atlantic Deep Water (NADW) circulation into the 
Pacific. The CAS began to shoal in late Miocene to early Pliocene times (Pindell & Kennan, 
2009). When the flow of NADW into the Pacific ceased, the SPDW initiated its migration into 
the Southern Ocean. These events led to an increase in Atlantic Meridional Overturning 
Circulation (AMOC) and created a more vigorous water circulation pattern (Nisancioglu et al., 
2003). From ~3.0 to 2.7 Ma, the CAS closured caused increases in evaporation and precipitation 
that facilitated ice-sheet formation and expansion of high albedo surfaces (e.g. Nisancioglu et 
al., 2003; Bartoli et al., 2005). The development of the Isthmus of Panama closed the 
oceanographic connection between the Pacific and the Atlantic oceans during the Pliocene, 
and subsequently all oceanographic connections between these two oceans became restricted 
to the Drake Passage in the Scotia Arc (Coates et al., 1992; Lawver & Gahagan, 2003). 

 

3. DATA AND METHODS 

The bathymetric map used in this study is derived from satellite data (Smith & Sandwell, 
1997), combined with available swath bathymetry data collected during the SCAN2004 
oceanographic cruise. Tectonic and sedimentary features of Dove Basin were interpreted from 
numerous MCS profiles (Fig. 5B·2). The Antarctic Seismic Data Library System hosted at OGS 
(http://sdls.ogs.trieste.it) provided open-access to stack versions of some of these profiles. 
These profiles were integrated with data acquired during the SCAN2001 (1_SC) and SCAN2004 
(4_SC) oceanographic cruises aboard the BIO Hespérides. Details of data acquisition and 
processing are available on the SDLS site or as previously described in Maldonado et al. (2006b) 
and Galindo-Zaldívar et al. (2014).  

We performed conventional seismic stratigraphic analysis (e.g. Payton, 1977) on the 
datasets listed above to identify and correlate seismic units, in order to develop a regional 
morpho-structural map and determine sedimentary thicknesses. Analysis and interpretations 
were performed using the Kingdom SuiteTM software package. Seismic horizon surface 
distribution was performed using a simple Kriging algorithm that produced a grid lattice with 
a 7500 x 7500 m cell size. The coarse and sparse distribution of available seismic profiles 
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produced artefacts which were removed from the obtained grids. The principal stratigraphic 
discontinuities have been identified and described following the nomenclature proposed by 
Maldonado et al. (2006b). These methods refer to discontinuities as reflectors with sequential 
‘d’ to ‘a’ labels in ascending stratigraphic order. Sedimentation rates and sequences dated by 
ODP Leg 113 sites in Jane Basin (Fig. 5B·1B; Gersonde et al., 1990) provided age constraints for 
the reflectors. Based on these data, the tentative ages assigned to discontinuities beneath the 
Scotia Sea are 14.9 Ma, 12.6 Ma, 6.4 Ma and 3.5 Ma (Maldonado et al., 2006b), respectively. 
The depth of each discontinuity and thickness of the sedimentary units are expressed in two-
way travel-time seconds (TWTT). Areas where units are developed to their greatest relative 
thicknesses are designated as depocentres. The unconformity at the base of the sedimentary 
record is referred to as the 'acoustic basement top'.  

 

Figure 5B·2.- Bathymetric map of Dove Basin from satellite-derived data (Smith & Sandwell, 1997) and multibeam 
local data (Galindo-Zaldivar et al., 2014). Black lines indicate the location of the multichannel seismic profiles used 
in the present work, while grey lines show the location of the seismic line published in Eagles et al. (2006). Red 
segments correspond to the presented figures. Yellow stars show the location of the dredge samples published in 
Galindo-Zaldivar et al. (2014). Purple dots represent the location of the heat flow sites published in Barker et al. 
(2013). Abbreviations for morpho-structural features are given in Figure 5B·1 caption. 

In this paper, the term 'contourites' refers to sediments deposited or substantially reworked 
by the persistent action of bottom currents (e.g. Stow et al., 2002; Rebesco, 2005). This term 
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thus includes a larger array of sediments affected to varying degrees by different types of 
currents (Rebesco et al., 2014). Thick, extensive sedimentary accumulations are considered 
'contourite drifts' or 'drifts'. We adopted the contourite drift classification criteria from 
Faugères et al. (1999) and Rebesco (2005). In practical terms, different drift deposits exhibit a 
certain degree of overlap. Their gradation suggests that these deposits represent a continuous 
spectrum of phenomena, rather than discrete categories (Rebesco et al., 2014). 

  

4. MORPHO-STRUCTURAL AND SEDIMENTARY FEATURES  

4.1. Dove Basin abyssal plain domain 

Dove Basin is a deep oceanic basin whose abyssal plain depths increase progressively from 
north to south (Fig. 5B·2). The acoustic basement appears as a discontinuous set of high 
amplitude reflections overlying a more chaotic signal pattern. The basement top is a laterally 
continuous, high amplitude reflection (Figs. 5B·3, 5B·4) outlining an irregular surface at depths 
ranging from 5 to 8 s (TWTT). It is tilted southwards and reaches its maximum depths in line 
with the SOT (Fig. 5B·5A). This reflection also includes occasional mounds that appear in the 
seismic records as chaotic patterns (Fig. 5B·3A). The sedimentary fill reaches average 
thicknesses of about 0.8 s (TWTT), yet more than 1.2 s (TWTT) along the eastern side of the 
basin (Fig. 5B·5B).  

An elongated N-S trending morpho-structural high occupies the central (shallower) part of 
the basin, seen in seismic data as a chaotic pattern that crops out locally (Fig. 5B·5A as r). This 
high is overlain by a thin, laterally continuous sedimentary cover (Figs. 5B·3A, 5B·4, 5B·5). The 
basement high forms the central ridge of the basin, while to the north and south, two other 
structural highs crop out in the proximity of the central axis of the basin plain (see “n” and “s” 
features in Fig. 5B·5A). These features are laterally offset with respect to the main ridge. A major 
normal fault occupies the central part of the northeastern flank of the ridge (Figs. 5B·4, 5B·5A). 
This structure affects the entire crust and facilitates the outcrop of the acoustic basement along 
the fault scarp. Several normal faults are distributed along the basin edges bounding the 
basin’s deepest depressions (Figs. 5B·3, 5B·4, 5B·5A). 

The northern boundary of the basin lies at around 3000 m water depth and consists of 
several conical morpho-structural features bounded by normal faults and aligned in a WNW-
SSE direction (Fig. 5B·5A as n). The basement top in this area reaches depths greater than 4 s 
(TWTT) and is overlain by a rather thin sedimentary cover (<0.2 s TWTT; Fig. 5B·5). The southern 
boundary of the basin corresponds to the continental slope of the SOM, which may be a fault 
scarp marked at depth by an E-W trending, sub-vertical fault (Fig. 5B·3B). This structure could 
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represent a transcurrent, subvertical fault, considering the tectonics of the region and the “pull-
up” effect of the reflections below the high-velocity rocks of the slope. The acoustic basement 
top reaches depths of 8.7 s (TWTT) and the overlying sediments reach a maximum thickness of 
>1.4 s (TWTT) in this area. 

 

Figure 5B·3.- A) Regional seismic section of transect SC03 obtained during SCAN2004 cruise along the southern 
sector of Dove Basin. MCS profile (top) and interpretation (bottom). B) Seismic section of line TH97-04B transect 
perpendicular to South Orkney Microcontinent (SOM)/Dove Basin boundary previously published (Lodolo et al., 
2010; Civile et al., 2012) but re-interpreted in present work. MCS profile (left) and interpretation (right). Crossing 
profiles are signalled. Profile location given in Figure 5B·2. 

To the west and east, the basin is bounded by the morpho-structural highs of the Pirie and 
Bruce banks, respectively (Fig. 5B·5). The basin flanks also include structural mounds that 
appear as a chaotic signals and hyperboles in seismic profiles (Figs. 5B·3A). The western margin 
of the basin is generally delineated by a series of normal faults that locally form a sharp 
boundary (Figs. 5B·3, 5B·4, 5B·5A). The central sector of this margin is westwardly indented by 
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the acoustic basement (Fig. 5B·5A). The eastern margin, in contrast, reveals a quite 
distinguishable NNW-SSE trend with a steep slope that may represent a fault scarp, as 
observed in the seismic profiles (Figs. 5B·3, 5B·4, 5B·5A). The present morphology also reflects 
these differences between the eastern and western margins of the basin (Fig. 5B·2). Both 
margins develop into a sharper boundary along their southern sectors. 

 

Figure 5B·4.- A) Regional seismic section of transect SC07 obtained during SCAN2004 cruise along the northern 
sector of Dove Basin. MCS profile (top) and interpretation (bottom). Crossing profiles are signalled. Profile location 
given in Figure 5B·2. B) Enlargement of eastern deep depression illustrating the main bottom current features. MCS 
profile (left) and interpretation (right). Locations for enlarged area shown in panel A. 
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Figure 5B·5.- A) Geological sketch of Dove Basin based on seismic and stratigraphic analysis, showing the 
main morphostructural elements. Contours of the acoustic basement top are shown in blue (in TWTT seconds). 
(n) Northern volcanic building; (s) Southern volcanic building; (r) Ridge. B) Sedimentary thickness distribution 
of the upper units (V, IV, III, II and I) throughout the study area (in TWTT seconds). Main morpho-structural 
features are shown and their abbreviations are given in Figure 5B·1 caption. 
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4.2. The marginal banks 

The Pirie Bank is a bathymetric high with a central part that shoals to water depths of about 
1200 m (Fig. 5B·2). The eastern margin trends NNE-SSW and has several embayments, while 
the southern and northern margins are likewise irregular but mostly oriented in an E-W 
direction (Figs. 5B·2, 5B·5A). The northern margin of the bank is SW-NE oriented and gradually 
merges into the Pirie Basin (Figs. 5B·5A, 5B·6). The western margin is affected by normal faults 
that show a prominent N-S trend (Fig. 5B·5A). The top of the acoustic basement is identifiable 
by a strong reflection, below which there appears an area exhibiting rather transparent or 
chaotic, low amplitude seismic facies (Fig. 5B·6). The depth of the basement top ranges from 
less than 2.0 s (TWTT) in the central part, with two shallower local highs (1.6 and 1.9 s TWTT), 
to more than 4 s (TWTT) along the base-of-slope at the contact with the abyssal plain (Figs. 
5B·5A, 5B·6). The sedimentary thickness over the bank increases to the north and usually 
exceeds 0.4 s (TWTT) (Fig. 5B·5B). The bank is dissected by normal faults in the margins and 
inside the bank that individualize several structural blocks (Fig. 5B·6). The faults also develop 
perched basins trending in a predominantly NNE direction (Figs. 5B·5, 5B·6), with the exception 
of the northern margin, where they have a predominant E-W trend (Figs. 5B·5, 5B·6). The 
sedimentary fill within these basins reaches thicknesses of more than 1.4 s (TWTT). 

The Bruce Bank is a structural high with local water depths of less than 1000 m (Fig. 5B·2). 
Normal faults form its N-S trending margin with the Scan Basin to the east, and a N45°E 
trending boundary with the Dove Basin to the west (Fig. 5B·5A). The southwestern margin is 
highly tectonized and protrudes westward into the abyssal plain (Fig. 5B·5A, 5B·7A). The seismic 
profiles show, in addition, chaotic facies and mounded bodies (Fig. 5B·7A). The seismic 
expression of the acoustic basement top resembles that of the Pirie Bank, with depths reaching 
2.3 s (TWTT) in the central area of the bank, to 4.5 s (TWTT) at the base-of-slope along the 
contact with the basin plain (Figs. 5B·5A, 5B·7A). The thickness of the sedimentary record does 
not usually exceed 0.8 s (TWTT) (Fig. 5B). Within the bank, perched basins bounded by normal 
faults have two prominent structural trends: NNE to NE, and N to NNW (Figs. 5B·5A, 5B·7A). 
The acoustic basement top may reach 3.3 s (TWTT) within the internal basins. The sedimentary 
fill within the perched basins, which reaches thicknesses of about 1.4 s (TWTT), shows a general 
increment eastward.  

A deep asymmetric domain (the Dove Deep) reaches depths of 4400 m, between the 
southwestern Bruce Bank and the SOM margins (Figs. 5B·2, 5B·7B). This deep shows an acoustic 
basement top at 6.8 s (TWTT) depth and sedimentary fill with thicknesses of ~0.8 s (TWTT). This 
deep is bounded southwards by a subvertical normal fault where the deposits develop a thick 
wedge shape (Fig. 5B·7B). 
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Figure 5B·6.- Regional seismic section of transect SC10 obtained during SCAN2001 cruise across Pirie Bank, also 
illustrating the Pirie Bank/Pirie Basin boundary. MCS profile (top) and interpretation (bottom). Pre- and syn-rift 
deposits related to Pirie Basin formation are included as ‘Rift-related deposits’ and their top is denoted ‘Break-up 
unconformity’. Crossing profiles are signalled. Profile location given in Figure 5B·2. 

 

5. STRATIGRAPHIC ANALYSIS  

We identified five seismic units within the sedimentary record, labelled V to I in ascending 
stratigraphic order. Four significant and laterally continuous surfaces (i.e. seismic reflections) 
bound these units. These discontinuities are labelled d to a in ascending stratigraphic order 
(Figs. 5B·3, 5B·4). 

Figure 5B·7.- A) Regional seismic section of line IT39A across Bruce Bank. MCS profile (top) and interpretation 
(bottom). B) Seismic section of transect SC10 obtained during SCAN2004 cruise along the westward prolongation 
of Bruce Bank and Dove Deep. MCS profile (left) and interpretation (right). Crossing profiles are signalled. Profile 
location given in Figure 5B·2. 
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Unit V shows low- to middle-amplitude reflections having low lateral continuity (Figs. 5B·3, 
5B·4). This unit typically shows onlapping relationships with basement highs, but towards the 
north it exhibits some downlapping terminations. Unit V’s reflections are generally concordant 
with its upper discontinuity surface (Reflector-d), except in northwestern areas of the basin 
where toplap terminations appear in the seismic profiles. Within the abyssal plain, Unit V is 
restricted to the basin’s main depressions where it appears as confined and sheeted drifts. It 
also forms sediment wedges against fault surfaces (Fig. 5B·4B). This unit extends to the central 
and northern sectors of the basin, where it follows a NW-SE trend. Its most significant 
depocentre, which reaches thicknesses of 0.3 s (TWTT), occurs in this area against the eastern 
margin (Fig. 5B·8). A thick depocentre is found against the northeastern margin of Bruce Bank 
(Fig. 5B·8). Unit V’s distribution is relatively restricted within the structural banks (Figs. 5B·6, 
5B·7), where the reflectors of Unit V develop wedge shapes with thickening and tilting towards 
the fault surfaces that bound the eastern margins of the perched basins (Fig. 5B·7A). Unit IV 
facies appear as high amplitude reflections that decrease to the northwest (Figs. 5B·3, 5B·4). 
Moreover, the lateral continuity of the reflections decreases toward the south, especially in the 
central part of the basin. Reflections show onlapping relationships to structural highs, whereas 
downlapping terminations are common along the basin’s northern and southern edges. Unit 
IV reflections are concordant with their upper boundary (Reflector-c), except in isolated parts 
of the basin centre that exhibit toplap terminations. Some contourite drift morphologies and 
channels appear within this unit, but they are restricted to depressions in the acoustic basement 
(Figs. 5B·3, 5B·4). Although Unit IV occurs throughout most parts of the basin, it is absent in 
some southwestern areas and follows irregular contours conditioned by the underlying Unit V 
distribution and basement morphology. The unit’s main depocentres (>0.4 s TWTT) are located 
along the outer regions of both flanks of the abyssal plain and trend in an E-W direction (Fig. 
5B·8). Reflector-c is a middle- to high-amplitude reflection with high lateral continuity. In 
northwesterly areas of the basin, it clearly represents an unconformity surface.  

Unit III is seen as low amplitude reflections with lateral continuity that decrease in a 
southeasterly direction (Figs. 5B·3, 5B·4). The internal reflections are generally concordant, but 
form downlapping terminations in the northwest part of the basin. Wavy seismic facies and 
drift morphologies are common and the unit generally follows the morphology of the acoustic 
basement top. Unit III is extremely thin along the western margin of the basin but reaches 
thicknesses of 0.4 s (TWTT) along its southern area. The deposits are best developed in the 
central sector of the eastern flank (Fig. 5B·8). In the banks, Unit III thickness is significantly less 
than that of underlying units (<0.5 s TWTT; Figs. 5B·6, 5B·7). Reflector-b forms the upper 
boundary of Unit III. This unconformity exhibits mid-range amplitudes and represents the most 
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pronounced erosional surface within Dove Basin, particularly along its eastern margin (Figs. 
5B·3, 5B·4, 5B·8). 

 

Figure 5B·8.- Sedimentary thickness maps for each main seismic unit (V to I). Grey shadow areas correspond to 
erosive zones of the top surface of each unit (d to seafloor). Abbreviations for morpho-structural features given in 
Figure 5B·1 caption. Distribution over the banks was avoided to clarify the figure. 

Unit II appears as intermediate to high amplitude reflections with low to intermediate lateral 
continuity. The reflections increase in number, amplitude and lateral continuity to the 
northwest of the basin (Figs. 5B·3, 5B·4). Local onlap terminations are observed, and toplap and 
truncation features can be distinguished along the margins of the central sector of the basin. 
This unit includes more wavy seismic facies than Unit III, and exhibits frequent drift 
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morphologies (Figs. 5B·3, 5B·4). With a >0.4 s (TWTT) depocentre in the southwestern area (Fig. 
5B·8), Unit II shows N-S orientation and is sharply terminated against the base-of slope of the 
SOM margin. This unit is rather thin in the other areas of the basin (0.1-0.2 s TWTT). Reflector-
a, which forms the top boundary of Unit II, constitutes the highest amplitude reflection within 
the entire sedimentary record and also exhibits extensive lateral continuity. This discontinuity 
appears as an erosive surface along both the western and eastern margins in the central sector 
of the basin (Fig. 5B·8). 

Unit I includes numerous high amplitude and laterally continuous reflections (Figs. 5B·3, 
5B·4) that tend to onlap, although truncations are common in the uppermost horizons 
(approaching the seafloor), especially in the northern part of the basin. A minor internal 
discontinuity referred to as Reflector-a’ distinguishes a local, uppermost subunit in the 
northern half of the basin (Fig. 5B·4). The wavy seismic facies that characterize Unit I become 
more prevalent to the north. A similar seismic pattern is seen for the sedimentary infill of small 
depressions formed over Reflector-a. Sheeted-infill drifts and plastered drifts attached to basin 
margins are thus common in Unit I. Unit I’s thickness generally increases to the south. The 
deposits are irregularly distributed over the entire abyssal plain, with several small depocentres 
observed in both flanks along the central sector as well as in the northern area (Fig. 5B·8). Its 
main depocentres lie along the western side of the basin (~0.5 s TWTT) and follow a subtle NE-
SW trend. Unit I is more extensively distributed within the surrounding banks than the 
underlying units (~0.8 s TWTT; Figs. 5B·6, 5B·7). The modern day seafloor corresponds to an 
erosive surface, particularly along the eastern and western margins of Dove Basin (Fig. 5B·8). 

In general, the five seismic units include many small, chaotic features that disrupt their 
general, horizontally stratified architecture. These chaotic features are mainly found in the four 
upper units (IV, III, II and I; Figs. 5B·3, 5B·4), and in areas abutting the eastern margin of the 
abyssal plain. The thickness of these features ranges from 0.05 to 0.4 s (TWTT) and may span 
several seismic units. Figure 5B·4 shows an example of a ~0.4 s (TWTT) body located in the 
northern area of the basin that affects units III and II. 

 

6. GROWTH PATTERNS 

A comparison of the growth patterns of Dove Basin and those of the two neighbouring 
basins of the southern Scotia Sea —Scan and Protector basins— reveals several significant 
differences discussed below (Figs. 5B·9). 
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Figure 5B·9.- Representative sections derived from seismic profiles of the southern Scotia Sea basins published in 
previous works where a comparison between the Dove Basin and adjacent basins is noted. Profile location seen as 
yellow lines in the central basin bathymetry map: Protector Basin, line IT95AW158 (open-access SDLS); Dove Basin, 
line BAS1989 (Eagles et al., 2006); Scan Basin, line SCAN2004_SC03 (Pérez et al., 2014a). The position of the main 
ridge of each basin is shown in the central map. The table gives representative basins values according to this and 
previous works (Eagles et al., 2006; Galindo-Zaldívar et al., 2006, 2014; Barker et al., 2013; Pérez et al., 2014a, b). 

 

6.1. Dove Basin in the context of the southern Scotia Sea basins 

In terms of geometry, the sigmoidal shape of Dove Basin lies in between the two triangular 
shapes of the adjacent basins (Fig. 5B·9). From west to east, the Protector Basin was formed by 
a south to north propagating spreading centre (Galindo-Zaldívar et al., 2006), while Dove Basin 
reveals symmetrical oceanic spreading from a NNE trending spreading centre (Galindo-
Zaldívar et al., 2014; this study), and Scan Basin shows major tectonic differences between the 
southern and northern regions and diffuse spreading processes during its initial evolutionary 
phases (Pérez et al., 2014a). In addition, the three basins show an axis orientation with respect 
to the SSR that rotates clockwise from west to east: N-S for Protector Basin, NNE for Dove 
Basin, and NE for the southern Scan Basin (Fig. 5B·9). Dove Basin has been previously 
interpreted as an intermediate structure in the Scotia Arc evolution that culminated in East 
Scotia Ridge (ESR) activity (Galindo-Zaldívar et al., 2014).  
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A crustal uplift affected the central ridge of Dove Basin could be considered base on the 
available seismic profiles. The uplift may be the result of a late extensional (NW-
SE)/compressional (NE-SW) phase that could also explain a lithospheric bulge associated with 
subduction along the SOT (Busetti et al., 2001; Lodolo et al., 2010; Civile et al., 2012). The reverse 
cortical fault along the southern edge of Dove Basin, as imaged by seismic data, offers the only 
evidence of regional compressive activity in the southern Scotia Sea (Fig. 5B·3B; Bohoyo et al., 
2007). The edge of this compressive feature runs parallel to the normal faults of Dove Basin, 
which run perpendicular to NW-SE extension in response to left-lateral motion between the 
South-American and Antarctic plates (Fig. 5B·1A; Galindo-Zaldívar et al., 2014). 

In view of the regional tectonic evolution of the Scotia Arc and the structure of the basin, 
we propose a model for Dove Basin oceanic spreading within a context of back-arc extension, 
but with an influence of pull-apart basin processes (Fig. 5B·10). The occurrence of the Scan 
Basin, located between Dove Basin and the arc-forearc system, may have restricted the 
magmatic contribution from the subducting plate for a simple back-arc oceanic expansion in 
Dove Basin. Petrological analysis of the rock dredged from the Dove spreading center reveals 
a contribution from previously thinned continental crust (Galindo-Zaldívar et al., 2014). The 
symmetrical magnetic anomalies of the oceanic crust in respect to the spreading center, 
suggest, moreover, a regular oceanic spreading process. The abyssal plain of Dove Basin is 
bounded by normal faults in the eastern and western margins (Fig. 5B·10). The southern 
boundary of the basin corresponds to the left-lateral transcurrent fault of the Antarctic-Scotia 
plate boundary that bounds the northern slope of the SSR. Regional works (Galindo-Zaldívar 
et al., 2006; Pérez et al., 2014a, b) also suggest the occurrence of transcurrent faults in the 
northern boundary of Protector and Scan basins. A similar, right-lateral transcurrent fault may 
delineate Dove Basin´s northern boundary (Fig. 5B·10). These transcurrent faults may easily be 
traced to the transform faults originated from seafloor spreading of the different segment of 
the West Scotia Ridge (WSR). The central ridge follows a predominant NNE orientation that 
bends, in addition, northwards and southwards designing a sigmoidal shape (Figs. 5B·5A, 
5B·10). Therefore, we interpret Dove Basin as a predominant extensional feature bounded by 
normal faults, between two transcurrent faults, that favoured oceanic spreading within a 
combined effect of pull-apart and back-arc processes. This evolution is compatible with the 
NW-SE sub-horizontal regional extension that characterized the southern Scotia Sea due to 
motion towards the west-northwest of the Scotia Plate with respect to the Antarctic Plate 
(Pelayo & Wiens, 1989; Galindo-Zaldívar et al., 1996, 2014).  

The marginal Bruce Bank is slightly clockwise rotated (Figs. 5B·1B, 5B·2, 5B·5), whereas the 
boundary along the southern part of Dove Basin prevailed as a transpressive left-lateral 
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boundary. The Bruce Bank rotation may be attributed to the tectonics along the transform 
faults that bounded the abyssal plain during oceanic spreading, which was right-lateral along 
the eastern flank of the southern boundary (Fig. 5B·10). This fault segment underwent tectonic 
inversion and became a left-lateral fault when spreading became extinct. Along its southern 
boundary the Dove Deep formed, also as a pull-apart basin, although it may be affected by 
transpression of the SOM. Within this context, the Bruce Deep, constituting the eastward 
continuation of the South Orkney Trough, had been previously interpreted as a pull-apart basin 
(Civile et al., 2012); the equivalent Deep Basin of Discovery Bank developed as a pull-apart 
basin by means of recent or present activity of normal faults with NE-SW orientation (Bohoyo 
et al., 2007). 

 

Figure 5B·10. Sketch of the proposed Dove Basin formation through a 
mixed pull-apart and back-arc mechanism. 

 

6.2. Age of the oceanic crust 

The estimated ages of development of the southern Scotia Sea basins are topics of debate 
and current revision. Heat flow measurements suggest an age of 30.2 Ma for Scan Basin (Barker 
et al., 2013). Interpretation of spreading magnetic anomalies of Protector Basin yielded an age 
of 17.4 Ma (Galindo-Zaldívar et al., 2006), whereas analysis of heat flow measurements 
suggested an age of 25.2 Ma (Barker et al., 2013). The most recent investigations of Dove Basin, 
based on magnetic anomalies and radiometric age determination of dredge samples, reveal 
an age of 22.8 Ma for the ridge and final episode of oceanic spreading (Galindo-Zaldívar et al., 
2014), in contrast to significantly older ages previously postulated (Eagles et al., 2006). Despite 
these significant age variations, it appears that Dove Basin developed during an intermediate 
period between the formation of Scan and Protector basins (Figs. 5B·9, 5B·11). The sedimentary 
thickness of the basin deposits and the identified units also support this statement. The 
sequential development of these three southern Scotia Sea oceanic basins contrasts, however, 
with the expected eastward sequence of younger basin development according to the 
eastward migration of the Scotia Arc.  
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6.3. Volcanic structures 

Morpho-structural bodies exhibiting chaotic seismic patterns occur along the margins of 
Dove Basin and are interpreted as volcanic manifestations according to their morphology and 
seismic facies (Figs. 5B·3A, 5B·7A), following the identification criteria described in Planke et al. 
(2005) for Vøring and Møre basins in the Norwegian Sea. Previous studies show volcanic 
structures formed in the Pliocene and intruding the older oceanic crust of the Protector and 
Ona basins (Barker et al., 1991). Pirie and Bruce banks may represent the westernmost example 
of volcanic activity identified among continental fragments along the southern Scotia Sea. Its 
western flank does not show significant volcanic features, and the southeast edge hosts only 
partially diffuse volcanic activity (Figs. 5B·5A, 5B·6). Even though Dove Basin volcanoes could 
have formed during spreading events, volcanic activity along passive margin boundaries is 
generally uncommon, and typically confined to late-stage magmatic migration through 
fractures and weakened zones along the boundary of continental and oceanic crust (Callot et 
al., 2001). In the case of the Scotia Sea, volcanic activity would be readily expected in the eastern 
regions, because they constitute the active parts of the Scotia Arc. The Pirie Bank volcanic 
activity has been previously attributed to events occurring at 11 Ma (Dalziel et al., 2013b; Eagles 
& Jokat, 2014; Pearce et al., 2014), an age similar to that of the magmatic activity affecting the 
western basins. Recent volcanic events are also present along the northern Antarctic Plate, as 
represented by the Bransfield Strait spreading (1.3 Ma; Lawver et al., 1995) and the north Powell 
Basin volcanism (3.9 Ma; Barber et al., 1991). Therefore, the recent volcanic events may be 
directly related to the latest activity along the plate boundaries.  

 

6.4. Depth of the acoustic basement top and overlying sedimentary thickness 

The acoustic basement’s top in Dove Basin is deeper on average than that of the 
neighbouring Protector and Scan basins (Fig. 5B·9). Still, the average sedimentary thickness of 
Dove Basin falls between the values observed in Scan and Protector basins (Galindo-Zaldívar 
et al., 2006; Maldonado et al., 2006b; Pérez et al., 2014a, b), supporting the assumption that 
oceanic spreading in Dove Basin occurred during an intervening period between the formation 
of Scan and Protector basins (Fig. 5B·9). Scan Basin reveals seven seismic units, whereas 
Protector and Dove basins sediments include only the five younger units (Fig. 5B·11; Pérez et 
al., 2014a, b). During deposition of Unit V in both Dove and Scan basins, sedimentary input 
came from an easterly source and deposition took place along the eastern margin of each 
basin. This transport direction led to a thicker sedimentary record along the eastern flanks of 
Scan and Dove basins, in contrast to thicker accumulations along the western flank of Protector 
Basin (Galindo-Zaldívar et al., 2006; Pérez et al., 2014b). In light of our tentative correlation, 
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Unit IV is the oldest unit having a widespread distribution in Dove Basin; yet its similarities with 
the two adjacent basins suggest that regional processes, rather than local tectonic and oceanic 
spreading, would be the prevailing mechanism influencing depositional patterns of this unit 
(Pérez et al., 2014a, b).  

 

7. SEDIMENTARY EVIDENCE OF THE INTERPLAY BETWEEN TECTONICS AND BOTTOM 
CURRENTS  

The distribution of deposits within Dove Basin shows the SOM to be an important sediment 
source, as evidenced by the thick depocentre in the southwest part of the basin that exhibits a 
thickness of over 1.5 s (TWTT) (Fig. 5B·5B). The abyssal plain also has thick deposits that are 
preferentially distributed in the eastern flank and adjacent to Bruce Bank, which seems to be a 
primary source of this sediment supply (Fig. 5B·5B). The perpendicular distribution of 
depocentres on the eastern side of the basin indicates that gravitational processes were mainly 
responsible for their emplacement. The frequent occurrence of chaotic and inter-stratified 
bodies interpreted as Mass Transport Deposits (MTDs) supports this interpretation.  

The orientation and location of depocentres reveals contrasting patterns in the seismic units 
of Dove Basin (Fig. 5B·8). The localized distribution of Unit V reflects sedimentary infilling in 
depressions within the acoustic basement top, following the oceanic spreading and the 
sediment supplied from surrounding banks —mainly Bruce Bank, but also the SOM in the 
southwest area. It forms sedimentary wedges that thickens against the normal faults that 
bounds the depression and indicate syn-tectonic development coetaneous with sedimentation 
(Fig. 5B·4B). Unit IV also filled depressions, particularly in the central sector of the basin but 
also in the southern area, with sediments derived from Pirie and Bruce banks and the SOM. 
These deposits are more extensively distributed, indicating progressive filling of the basement 
depressions and more uniform and widespread distribution of sedimentary processes (Fig. 
5B·8). Unit III reveals a sediment distribution somewhat similar to that of Unit IV, with 
depocentres close to the eastern margin of Bruce Bank, although northward migrated. 
Important depocentres are also found in the southwest base of the SOM slope. These 
depocentres seem to indicate renewed tectonic influence (Fig. 5B·8). Units II and I also show 
contrasting depositional patterns, since Unit II is clearly influenced by sediment supply from 
the margin of the SOM, yet Unit I shows a widespread distribution in the abyssal plain. 

Such sedimentary characteristics indicate tectonic activity during deposition. This activity 
may have influenced depositional processes by triggering gravitational flows that developed 
distal turbidites and also contributed to high rates of hemipelagic sedimentation. The northern 
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margin of the SOM was a major sediment source of down-slope gravitational flows during the 
entire development of the Dove Basin (Fig. 5B·8). The influence of Bruce Bank, in contrast, was 
particularly important during the development of Units V and III, whereas Pirie Bank exerted a 
minor influence throughout the entire depositional sequence. 

In addition to these down-slope processes, bottom current processes controlled the local 
development of large drift deposits from the oldest units, V and IV, which contain evidence of 
contour flows since the earliest stages of the basin evolution (Figs. 5B·3, 5B·4). The Coriolis 
effect entails a left-lateral movement of oceanographic flows in Southern Hemisphere. When 
a contour current approaches a bathymetric high, the migrating flows erode the left boundary 
and preferentially deposit sediments to the right of the main flow where drift deposits form 
(Figs. 5B·3, 5B·4). The distribution of the two oldest units’ erosional and depositional elements 
(moats and drifts, respectively), along with the erosional areas associated with Reflector-d (Fig. 
5B·8) would indicate that the primary regional flow was in a southward direction. The 
distribution of the moat-drift systems and the WNW trend in the sedimentary depocentres 
during Unit III deposition, however, indicate regional bottom current circulation in a northward 
direction (Figs. 5B·4, 5B·8). The intervening discontinuity, Reflector-c, therefore marks a major 
shift in Dove Basin´s palaeoceanographic evolution.  

Unit II represents laterally continuous sedimentary cover within the abyssal plain (Fig. 5B·8). 
The seismic patterns of this unit suggest a major depocentre attached to the SOM and primarily 
following an along-slope trend. Extensive development of wavy seismic facies and occurrence 
of contourite drifts within Unit II offer critical evidence of the significant influence of northward 
bottom flows. Hence, this unit may reflect a period of relative tectonic quiescence and 
diminished sedimentary input from Bruce Bank. The erosive nature of Reflector-b indicates 
extensive erosion by bottom currents coursing through the eastern part of the basin (Figs. 5B·4, 
5B·8).  

During Unit I deposition, small depocentres irregularly distributed in the basin show no 
preferential distribution (Fig. 5B·8). The location of the thickest deposits corresponds to large 
drifts, reflecting the influence of competent bottom flows broadly distributed in the basin. 
Again taking into account the Coriolis effect, the distribution of erosive features associated 
with Reflector-a suggests clockwise intra-basin re-circulation (Fig. 5B·8). Present-day erosional 
features of the Dove Basin seafloor indicate that this flow pattern is still active at present. 
Indeed, the erosional features and recent drift distribution indicate bottom water masses 
moving in a northward direction, whereas a core water mass in the western Dove Basin evolves 
into an eastern tabular water mass. The relative abundance of depocentres in the northern 
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Dove Basin implies sediment supply of northern provenance through an eastward bottom 
water flow (Fig. 5B·8). 

 

8. BASIN EVOLUTION AND PALAEOCEANOGRAPHIC IMPLICATIONS 

Analysis of the seismic units, the distribution and geometry of the deposits, and the 
morpho-structural features make it possible to discern four evolutionary stages for Dove Basin: 
early Miocene, middle Miocene, late Miocene-early Pliocene, and late Pliocene-Present. 

 

Figure 5B·11.- Sketch of the southern Scotia Sea basin sedimentary sequence. Main tectonic (red), climatic (green) 
and oceanographic (blue) events summarized in the right column are based on previous authors (see text for details). 
Magnetic zone of Cande & Kent (1995). AABW, Antarctic Bottom Water; ACC, Antarctic Circumpolar Current; AP, 
Antarctic Peninsula; CAS, Central American Seaway; CDW, Circumpolar Deep Water; ESR, East Scotia Ridge; MMCO, 
Mid-Miocene Climate Optimum; MOC; Meridional Overturning Circulation; MPCO, Mid-Pliocene Climate Optimum; 
NADW, North Atlantic Deep Water; POC, Pacific Overturning Circulation; SPDW, Southeastern Pacific Deep Water; 
WAIS, West Antarctic Ice Sheet; WSDW; Weddell Sea Deep Water; WSR, West Scotia Ridge. In age periods: e, early; 
m, middle; l, late; Q, Quaternary. 

 

8.1. Early Miocene: the CDW influence 

Analyses of the seismic profiles reveal that the banks surrounding Dove Basin do not contain 
significant pre- or syn-rift deposits. In contrast, thick pre- and syn-rift deposits are well 
developed in the margins of the adjacent Protector and Scan basins, as well as in Pirie Basin 
(Fig. 5B·6; Pérez et al., 2014a, b), which reflects the longer duration of rifting processes. The 
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oldest deposits of Unit V fill igneous basement depressions (Figs. 5B·3, 5B·4, 5B·8) in both the 
Dove Basin abyssal plain and the well-developed perched basins of the bounding Pirie and 
Bruce banks, where they develop sedimentary wedges attached to growth faults. Previous 
studies of the Scotia Sea propose an early Miocene age for Unit V (Maldonado et at., 2006b), 
which is congruent with the age of the igneous basement of Dove Basin, as recently proposed 
(22.8-20.4 Ma; Galindo-Zaldívar et al., 2014). The distribution of contourite drifts in units V and 
IV points to a southward flow of the CDW (Figs. 5B·3, 5B·4). However, the sediment supply 
provided primarily by the SOM and Bruce Bank mask the bottom current effect in the abyssal 
plain sediment distribution (Fig. 5B·8). Southward directed CDW flow along the abyssal plain 
occurred in the adjacent Protector Basin during the early Miocene, whereas Scan Basin 
experienced northward flow related to WSDW influence through the Bruce Passage during Unit 
IV deposition (Pérez et al., 2014a, b). 

Following the Mid-Miocene Climate Optimum, bottom water circulation intensified, while 
ice-sheet expansion took place in Antarctica due to global cooling (Tsuchi, 1997; Anderson, 
1999; Zachos et al., 2001; Bart, 2003). The thicker distribution of Unit IV reflects not only local, 
down-slope sediment supply to the margins of Dove Basin, but most probably the additional 
influence of a large sediment supply derived from icebergs and ice-sheets that was later 
uniformly redistributed in the region by active bottom currents (Fig. 5B·8). Sedimentary input 
and its widespread distribution may also reflect regional tectonic activity, which modified the 
southern Scotia Sea basinal configuration; the Scotia Arc reorganization followed changes in 
the back-arc spreading centre related to decreased WSR spreading rates and activation of the 
ESR (Livermore et al., 1994; Vanneste & Larter, 2002; Nicholson & Georgen, 2013; Leat et al., 
2013; Eagles & Jokat, 2014). At this time some significant tectonic events took place, including 
collision of the Chile Ridge with the Chile Trench in southern South America (Cande & Leslie, 
1986; Eagles & Scott, 2014).  

 

8.2. Middle Miocene: onset of the WSDW 

Reflector-c recorded a major reorganization of oceanographic flows in the basin during the 
middle Miocene (~12.6 Ma, Maldonado et al., 2006b) (Figs. 5B·3, 5B·4, 5B·8). Similar events have 
been described on the basis of the Scotia Sea and Weddell Sea sedimentary records, though 
the Weddell Sea was more particularly influenced by the expansion of ice-sheets and the 
change from pre- to post-glacial sedimentary patterns (Maldonado et al., 2006b; Hernández-
Molina et al., 2008a; Lindeque et al., 2013). The deposits overlying Reflector-c in Dove Basin 
were largely influenced by the WSDW, which flowed northwards and was related to the middle 
Miocene full opening of the SSR gateways. Orkney Passage represents the deepest oceanic 
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gateway in the SSR (~3800 m water depth) and the main pathway for the WSDW (Naveira-
Garabato et al., 2002a), especially for its lower component (LWSDW, Meredith et al., 2013). This 
water mass apparently exited Dove Basin into the central Scotia Sea. A synchronous 
intensification of southern bottom water formation is assumed to have occurred by the time 
of Reflector-c, and again later on, coevally with the re-establishment of the East Antarctica Ice 
Sheet (EAIS) and general growth of the West Antarctic Ice Sheet (WAIS) (Fig. 5B·11; Tsuchi, 
1997; Zachos et al., 2001; Mackensen, 2004; Anderson et al., 2011).  

 

8.3. Late Miocene-early Pliocene: interaction between SPDW and WSDW 

Erosive events associated with Reflector-b took place around the end of the late Miocene 
(Figs. 5B·3, 5B·4, 5B·8). This regional erosional event within Dove Basin signals the increased 
influence of bottom currents in the basin. This observation coincides with a general expansion 
of bottom currents proposed for the late Miocene global cooling (Zachos et al., 2001; Miller et 
al., 2011). Initiation of SPDW circulation occurred at the same time (Nisancioglu et al., 2003). 
Extensive erosion indicated by Reflector-b could therefore mark the initiation of the SPDW 
within the Scotia Sea and its interaction with WSDW in the deeper basins (Figs. 5B·3, 5B·4, 5B·8, 
5B·11). Presently, this water mass only flows through Drake Passage across the northern 
gateway, to the north of the Shackleton Fracture Zone (SFZ) high (Tarakanov, 2009, 2012). 
Although the SFZ started to uplift during the middle Miocene (Livermore et al., 2004), it 
represented a deeper feature during this period than it does at present. Tectonics along the 
Scotia Arc were also very active at this time, as evidenced by the Magallanes-Fagnano fault 
system, which formed in relation to the extinction of the WSR (Maldonado et al., 2000; Lodolo 
et al., 2003). The ESR spreading became asymmetric and grew faster, generating tectonic 
instability (Larter et al., 2003), while motion along the SSR became predominantly left-lateral 
(Bohoyo et al., 2007). We suggest that the SPDW crossed Drake Passage around this time, after 
its initiation in the late Miocene (Kwiek & Ravelo, 1999); it then flowed eastward along the 
southern Scotia Sea over the WSDW into the abyssal plains, and as bottom water over the 
bathymetric highs. Several branches of the SPDW penetrated the small oceanic basins from the 
east due to interaction with the banks, thereby generating the active erosion registered by 
Reflector-b. 

The SPDW is thus postulated to have entered Dove Basin above the WSDW. A similar 
palaeoceanographic evolution may have occurred in the adjacent Protector and Scan basins, 
although the Reflector-b signature is obscured by extensive mass transport deposits and the 
active tectonics of these basins (Pérez et al., 2014a, b; Ruano et al., 2014). The interaction of 
SPDW and WSDW masses deepened and enhanced WSDW circulation and initiated the 
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present-day water mass circulation of the area. This interaction is consistent throughout this 
period, despite the early Pliocene warming event that caused temporary ice-sheet retreat from 
the Ross Sea (WAIS) and EAIS, and diminished oceanic circulation strength (Fig. 5B·11; Billups, 
2002; Naish et al., 2009; Pollard & DeConto, 2009). 

 

8.4. Late Pliocene-Present: instauration of the existing oceanographic regime  

After the early Pliocene warming event, Reflector-a formed in response to the first late 
Pliocene WSDW/CDW expansion through the Atlantic Ocean (McKay et al., 2012). This caused 
subsequent cooling of the Southern Ocean, along with Antarctic ice-sheet expansion and the 
northward migration of oceanic fronts (Fig. 5B·8). This new stage of enhanced bottom currents 
and the specific reactivation of WSDW circulation (e.g. Bart, 2003; Sijp & England, 2004; McKay 
et al., 2012) would explain the NE-SW orientation observed in Unit I sediments. Coeval uplift 
of the SFZ occurred together with the Phoenix Ridge spreading cessation at 3.3 Ma (Fig. 5B·11; 
Livermore et al., 2000; Maldonado et al., 2006b). A northward shift in the polar front and a 
decrease in the SPDW flow through Drake Passage resulted in a restriction of this water mass 
to the north of Dove Basin, influencing the clockwise flow that eventually became fully 
established (Tarakanov, 2009, 2012; Morozov et al., 2010). 

The Pliocene/Quaternary boundary, tentatively attributed to Reflector-a’ (Fig. 5B·4), 
occurred towards the end of a phase of intensified seafloor spreading along the East Pacific 
Rise (Rea, 1976), and the progressive decrease until termination of a very active compressive 
phase of the Andean Orogeny, which induced arid conditions (Yrigoyen, 1976). By this time, 
the Antarctic Peninsula experienced active back-arc processes related to the subduction of the 
Phoenix Plate and Bransfield Strait rifting (Maldonado et al., 1994; Lawver et al., 1995). In 
addition, high uplift rates have been estimated locally in the Antarctic continent (Van Wijk et 
al., 2008). An intensification of bottom water circulation above Reflector-a’ overlaps colder 
conditions initiated after 2.6 Ma (Naish et al., 2009), involving the rapid overturn of the Pacific 
circulation system (Fig. 5B·11; Kwiek & Ravelo, 1999), enhanced AMOC (Driscoll & Haug, 1998; 
Bartoli et al., 2005) and the end of Antarctic ice-sheet retreat (Draut et al., 2003; McKay et al., 
2012). Significant volume changes in the WAIS followed the Mid-Pliocene Climate Optimum 
that preceded Northern Hemisphere glaciations (Fig. 5B·11; Draut et al., 2003; Ravelo et al., 
2004; Naish et al., 2009). 
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9. CONCLUSIONS 

The geological evolution of Dove Basin reveals a tectonic and depositional history that sets 
this small oceanic basin apart from the other southern Scotia Sea basins. The basin is bounded 
by the submarine Pirie and Bruce banks, of continental to intermediate nature, which are 
dissected by normal NNE to NE trending faults that develop perched basins and wedge 
deposits associated with growth faults, reflecting extensional tectonics active during the initial 
phase of opening of the basin. 

Dove Basin is characterized by a well-developed spreading centre, trending NNE along the 
axis of the basin plain and cropping out in its central part. The acoustic basement also crops 
out along a normal fault that dissects the northeastern flank of the basin, where igneous crust 
is exposed at the seafloor. Volcanic edifices are observed along the margins of the basin, 
likewise reflecting significant extensional tectonics. A younger NE-SW regional compression, 
probably linked with the left-lateral movement along the SSR, induced tectonic inversion in the 
southern boundary of the basin and uplift of the basement along the NE-SW normal fault.  

The depocentre of the oldest seismic units are preferentially distributed in basement 
depressions, although they show very distinct patterns and major differences in their 
distribution. These peculiarities are interpreted in terms of the tectonic evolution and the 
influence of oceanographic bottom flows in the basin. The youngest deposits, in contrast, were 
largely influenced by depositional processes and bottom flows, rather than tectonics and 
basement top morphology.  

The greatest sediment supply to the basin came from the bounding banks and from the 
South Orkney Microcontinent, through down-slope gravity flows. Another significant sediment 
source, yet more difficult to quantify, was mainly derived from ice-sheet dynamics, since the 
study region is located near extensive sea ice and within the path of Antarctic icebergs 
proceeding from the Weddell Sea. We observe evidence in Dove Basin of competent contour 
currents throughout the entire sedimentary sequence, signalled by erosional and depositional 
features. The oldest deposits were influenced by bottom currents during the middle Miocene 
that we attribute to the CDW. Later, from the late Miocene onward, the WSDW impinged the 
southern Dove Basin due to the opening of gateways in the SSR that connected the Scotia and 
Weddell seas. Finally, during the late Pliocene, we postulate that the flow of the SPDW entered 
Dove Basin from the east and interplayed with the flows of the WSDW.  

Local and regional events that influenced the early Miocene evolution include ice-sheet 
expansion and the onset of oceanic spreading in the ESR. The middle Miocene evolution was 
influenced by the EAIS and WAIS expansion, which were followed during the late Miocene-
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early Pliocene by a period of ice-sheet retreat. The SFZ shoaled and influenced the entrance of 
CDW and Pacific Ocean flows into the Scotia Sea. Bottom water circulation intensified, while 
the present circulation pattern was progressively implemented, until becoming fully developed 
during the late Pliocene and the Quaternary. Other regional tectonic events that may have 
affected the circulation patterns in Dove Basin include a pulse of compressive tectonics in the 
Andean Orogen, the rifting of Bransfield Strait, and the uplift of the Transantarctic Mountains. 

This paper describes how tectonics, sea-level and climate changes could be coeval in time 
and exert primary controls on sedimentation. Dove Basin demonstrates the connection 
between tectonic events, sedimentary processes and established climatic events. Therefore, 
tectonic events in the Scotia Sea represent a long-term factor in controlling deep-marine 
sedimentation, not only during the Miocene, but also during the Pliocene and Quaternary. 
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Abstract 
 

Sedimentary processes in small, isolated oceanic basins that form adjacent to continental 
margins but detached from continents remain poorly understood. This work describes two 
such basins located in the southern Scotia Sea, the Protector and Pirie basins. We analysed 
multichannel seismic profiles to interpret morphostructural features and stratigraphy of 
these basins. Sedimentary stacking patterns and depocentre distribution illustrate basin 
development patterns. Basal units infill basement depressions formed by the submerged 
banks of thinned continental crust that abut the basin plains. These lower and middle 
deposits of the sedimentary record are interpreted as pre- and syn-rift deposits. The 
laterally extensive upper deposits are interpreted as post-rift deposits. These include five 
discrete units evident in seismic profiles. A prominent regional reflection referred to as 
Reflector-c, separates in these upper deposits two sets of seismic units that have recorded 
major shifts in the dominant sedimentary processes, stacking patterns and paleo-
environmental conditions. The most important processes controlling deposition of the 
older units (those beneath Reflector-c), include down-slope gravity processes that infill 
depressions created by crustal thinning and seafloor spreading. These occurred under the 
coeval influence of Circumpolar Deep Water circulation. The major processes influencing 
younger units (those above Reflector-c) include bottom water circulation of the 
Circumpolar Deep Water and Weddell Sea Deep Water water masses, which coursed along 
bathymetric contours of the seafloor. The Reflector-c discontinuity developed concurrently 
with middle Miocene tectonic changes, which led to the opening and deepening of deep 
gateways in the South Scotia Ridge. These facilitated overflow of Weddell Sea Deep Water 
from the Weddell Gyre into the Scotia Sea. This overflow in turn forced the Circumpolar 
Deep Water northwards. Analysis of the Protector and Pirie basins shows that their tectonic 
evolution influenced regional deep water circulation patterns in an area that makes a 
significant cold water contribution to the global conveyor belt system. As a long-term factor 
controlling basin evolution and sedimentary processes, tectonics events in this region 
therefore influenced the present day climate system. These results further clarify our 
understanding of deep, isolated oceanic basins in terms their sedimentologic, climatologic 
and oceanographic significance. 
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Highlights 

 Seismic study elucidates the evolution of deep isolated oceanic basins 
 Basin fill dominated by along-slope sedimentary processes 
 Major change in sediment architecture occurred during the middle Miocene  
 Widespread Southern Hemisphere event results from deep water circulation changes 
 Compressive phase is recognised in the Scotia Sea from 8 Ma 
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1. INTRODUCTION 

In terms of sedimentary input, oceanic basins experience three types of sedimentary infilling 
processes. These include gravitational across-slope processes of terrigenous sediments from 
adjacent continents, pelagic and hemipelagic processes that supply autochthonous sediment 
and water-column organic matter, and bottom current processes (contourite), which contribute 
sediments transported over greater distances (Hüneke and Mulder, 2011; Rebesco et al., 2014). 
In addition, basins located in high latitudes also receive terrigenous sedimentary input from 
ice sheets and sea ice (Lee et al., 2012). The relative contributions of these processes to a given 
basin vary with geographic, geologic and oceanographic setting. In oceanic basins located 
close to emergent continents, large volumes of sediment contribute to the growth of the 
margin. The average thickness of continental margins ranges from 4 to 7 km, but may reach 
thicknesses of >15 km, as in case of the southern Caspian Sea or western Gulf of Mexico (Laske 
and Masters, 1997; Divins, 2003; Whittaker et al., 2013). Rapid subsidence during early stages 
of basin evolution and/or insufficient sediment supply from terrigenous sources, can create 
isolated, sediment-starved basins, wherein the rate of subsidence exceeds that of 
sedimentation (Allen and Allen, 2005). Certain back-arc basins can, for example, experience 
high sedimentation rates (~100-200 m/Ma) during initial rifting with down-slope mass 
transport processes contributing to elevated rates of sedimentation (Kobayashi, 1984; Allen 
and Allen, 2005). As oceanic spreading wanes, sediment accumulation rates may drop to ~5-
15 m/Ma. These rates primarily reflect pelagic and hemipelagic processes in deep ocean 
settings (Allen and Allen, 2005). Some authors suggested that local sedimentary input 
represents the most significant contribution to isolated basins (e.g., Graciansky and Poag, 
1985), but these interpretations have not been empirically validated with observations of actual 
sedimentary sources and transport processes that occur in isolated basins. 
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The primary objective of this study is to determine the evolution and growth patterns of 
two small isolated oceanic basins that lie adjacent to continental margins but detached from 
nearby emergent continents. We analyse the major morphostructural features and sedimentary 
stacking patterns of the Protector and Pirie basins. These basins lie between 58º and 60º S 
latitude at 44º- 52º W longitude in the southern Scotia Sea, close to the Scotia-Antarctica plate 
boundary (Fig. 6·1A). The Protector Basin was first described in the Tectonic Map of the Scotia 
Sea (British Antarctic Survey, 1985), whereas the Pirie Basin is described for the first time in this 
work. The growth patterns of these unusual basins help to assess the role of bottom current 
transport and deposition as critical sedimentary processes in the evolution of deep oceanic 
basins. 

 

2. TECTONIC AND OCEANOGRAPHIC SETTING 

The Scotia Sea is a back-arc basin that developed during the Cenozoic separation of South 
America and Antarctica. Ocean crust of the Atlantic Ocean and Weddell Sea subsequently 
subducted beneath the Scotia Sea since the onset of the formation of this basin through the 
western Scotia Sea and West Scotia Ridge (WSR) oceanic spreading. Several additional 
spreading centres have also generated new oceanic crust that migrated eastwards behind the 
arc (e.g., Eagles et al., 2005; Dalziel et al., 2013a; Eagles and Jokat, 2014; Maldonado et al., 
2014a). 

Two oceanic plates, the Scotia and Sandwich plates, form the Scotia Sea abyssal plain. These 
plates are separated by the active back-arc spreading centre of the East Scotia Ridge (ESR) 
(Larter et al., 2003; Nicholson and Georgen, 2013; Leat et al., 2014). The Scotia Sea is bound by 
the Shackleton Fracture Zone (SFZ) to the west, by the active South Sandwich Trench to the 
east, and by the North and South Scotia Ridges to the north and south (Fig. 6·1A). These 
boundaries accommodate the present-day sinistral motion between South America and 
Antarctica (Bohoyo et al., 2002). Along the South Scotia Ridge (SSR) sinistral transcurrent 
motion predominates within a regional NE-SW compressional field. To the north of this ridge 
(Fig. 6·1B), lie several small oceanic basins (Ona, Protector, Dove and Scan) separated by 
submerged continental banks, including the Terror, Pirie, Bruce, Discovery and Herdman banks 
(British Antarctic Survey, 1985). 
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Figure 6·1.- Simplified bathymetric map of the Scotia Sea derived from the GEOSAT gravimetric anomaly map 
(Sandwell and Smith, 1997). A) Tectonic setting of the Scotia Sea (modified from Maldonado et al., 2000; Galindo-
Zaldívar et al., 2006). Legend: 1, transform fault; 2, active transcurrent fault; 3, inactive subduction zone; 4, active 
subduction zone; 5, active extensional zone; 6, active spreading centre; 7, inactive spreading centre; 8, continental-
oceanic crust boundary. B) Morphological and oceanographic features: AP, Antarctic Peninsula; BB, Bruce Bank; BP, 
Bransfield Passage; DBk, Discovery Bank; DB, Dove Basin; EI, Elephant Island; HB, Herdman Bank; JB, Jane Basin; JBk, 
Jane Bank; M/F I, Malvinas/Falkland Islands; OB, Ona Basin; PB, Powell Basin; PiB, Pirie Basin; PiBk, Pirie Bank; PrB, 
Protector Basin; SB, Scan Basin; SGI, South Georgia Island; SI, Shetland Islands; SOM, South Orkney Microcontinent; 
SSI, South Sandwich Islands; TB, Terror Bank. Water mass legend: CDW: Circumpolar Deep Water; WSBW, Weddell 
Sea Bottom Water; WSDW, Weddell Sea Deep Water. The pink stars indicate the principal gateways of the SSR from 
west to east: Phillip, Orkney, Bruce and Discovery. The purple rectangle outlines the study area depicted in Figure 
6·2. 

The seafloor of the Scotia Sea is primarily influenced by two deep-water masses (Fig. 6·1B): 
the Circumpolar Deep Water (CDW) and Weddell Sea Deep Water (WSDW). The CDW 
represents the deeper component of the Antarctic Circumpolar Current (ACC), which flows 
eastwards around the Antarctic continent and connects the three major oceans (Orsi et al., 
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1999). Otherwise, the WSDW flows within the cyclonic circulation of the Weddell Gyre and 
divides into two branches in the northwest Weddell Sea (Fig. 6·1B). One branch flows through 
deep SSR gateways (Phillip, Orkney, Bruce and Discovery) and expands into the Scotia Sea. 
From this point, part of the WSDW flows east beneath the ACC while another arm flows 
westward along the northern boundary of the SSR (Naveira-Garabato et al., 2002a). The WSDW 
controls bottom water circulation within the Protector Basin, where it circulates clockwise and 
travels primarily along the western sectors of the basin. The top boundary surface of WSDW 
slopes northward within the Scotia Sea from about 1500 to 2500 m depth. Above this surface, 
other shallower water masses, such as the CDW, interact with the seafloor (Morozov et al., 
2010). 

 

3. METHODOLOGY 

We analysed Multi-Channel Seismic reflection (MCS) profiles obtained during the SCAN-
2001 and SCAN-2004 oceanographic cruises aboard the BIO Hespérides research vessel (Fig. 
6·2). These profiles were obtained with a turn array of five Bolt airguns (total volume: 29.6 l) 
and a 96-channel streamer (length: 2.4 km). We used a 50 m shot interval and recorded data 
with a Geometric Strata VisorTM digital system (sampling record interval: 2 ms; record length: 
12 s). The data were processed using the DISCO/FOCUSTM software platform. Detailed data 
processing methods were given in Galindo-Zaldívar et al. (2006). We interpreted the seismic 
stratigraphy using the Kingdom SuiteTM software. The interpretation criteria followed basic 
seismic stratigraphic analytical methods (e.g., Payton, 1977) identifying the primary 
stratigraphic discontinuities as local unconformities that grade laterally into conformable 
surfaces. Regionally correlated seismic horizons allowed us to identify seismic units, which 
present own seismic facies, and categorize them according to nomenclature previously 
determined for the region (Maldonado et al., 2006b). Regional bathymetric dataset derived 
from the GEOSAT gravimetric anomaly map (Sandwell and Smith, 1997) were used to correlate 
the main morphostructural elements in areas not covered by MCS profiles.  

Tentative age assignments for stratigraphic units and for major discontinuities were based 
on previously proposed regional models (Table 6·I; e.g., Maldonado et al., 2006b). These models 
estimate ages for stratigraphic discontinuities according to oceanic crust magnetic anomalies 
of the basaltic oceanic crust and regional sedimentation rates. The latter have been calculated 
for the Scotia Sea using IODP drilling results from the Jane Basin (Gersonde et al., 1990). We 
calculated sedimentary thickness for the Pirie and Protector basins according to the seismic 
refraction velocity of the uppermost layer of the oceanic crust in the Powell Basin (2.2 km/s; 
King et al., 1997). 
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We apply the term “contourite” to sediments deposited or substantially reworked by 
persistent bottom current flow (e.g., Stow et al., 2002; Rebesco et al., 2014). We categorize 
thick, extensive sedimentary accumulations as drifts or contourite drifts, and according to the 
contourite drift classification criteria outlined in Faugères et al. (1999) and Rebesco et al (2014). 

 

Figure 6·2.- Morphostructural sketch of the study area. The red lines represent Multichannel Seismic 
Reflection (MCS) transects interpreted in this study. Specific locations of MCS segments shown in Figures 
6·3, 6·4, 6·5, 6·7 and 6·8 are indicated. 

 
4. MAIN MORPHOLOGIC DOMAINS 

Results about the main morphologic domains point to the Protector and Pirie basins and 
banks surrounding these basins as the main morphostructural features identified in the study 
area. A deep, E-W trending depression running along the northern flank of the SSR isolates 
these features from the margin (Fig. 6·2). The Protector Basin is bound to the west by the Terror 
Bank and to the east by the Protector Bank (Fig. 6·2). The abyssal plain averages depths of 
about 3750 m, although it reaches depths of more than 4100 m in its central sector. The basin 
occupies a triangular area that varies in with from ~263 km at around 59.5º S, to only ~54 km 
at 58.5º S. This geometry appears in both bathymetric maps and MCS profiles (Fig. 6·2). A linear 
north-south trending spreading ridge lies in the middle of the basin (Fig. 6·3A, B ~Shot Point 
(SP): 4400, D). To the south, the ridge basin includes a central valley (Fig. 6·4A, B). The eastern 
flank of the ridge extends about 6 km further than the western flank (Fig. 6·3A, B ~SP: 4100-
4700). The Pirie Basin is located between the Protector and Pirie banks, in the northeastern 
region (Fig. 6·2). The Pirie Basin also exhibits a triangular plan that narrow to the south and 
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widens to the north (at ~59.25º S; Fig. 6·2), as far as our dataset comprises. Basin water-depth 
increases from less than 2600 m in the southeast, to more than 3300 m in the northeast. 

The NE-SW oriented Terror Bank is wider by about 70 km and deeper by about 500 m in its 
northern sector (Fig. 6·2). This structural high has been referred to as the Terror Rise by previous 
workers (e.g., Eagles et al., 2005) but we use the term bank instead of rise, because the latter 
specifically refers to the physiographic domain rising from the base of the continental slope. 
The Protector Bank represents a NW-SE trending morphostructural high between the two 
basins (Fig. 6·2). The shallowest area follows an oblique NE-SW trend and exhibits bathymetric 
highs of depths of less than 1800 m, surrounded by depressions that reach depths of more 
than 3000 m. The Pirie Bank trends NE-SW and includes summit areas with depths shallower 
than 1100 m (Fig. 6·2). Previous studies have included the Protector Bank and the Pirie Basin as 
part of the Pirie Bank (e.g., Bohoyo et al., 2002; Galindo-Zaldívar et al., 2006). 

 
5. STRUCTURAL FEATURES 

The acoustic basement below the sedimentary record of the basins (oceanic basement 
hereafter) exhibits seismic facies and features characteristic of igneous crust (Maldonado et al., 
2000). The top surface of the oceanic basement appears as an irregular, high-amplitude 
reflection in the seismic profiles. It overlies a laterally extensive layer that also exhibits high-
amplitude reflections (Figs. 6·3A, 6·4, 6·5). The continuity of the reflections diminishes with 
depth in the profile, and transitions into a zone that exhibits irregular diffractions over relatively 
dispersed and weak reflections. A set of discontinuous, high-amplitude reflections also appear 
at Two-Way Travel-Time (TWTT) depths below 7.5 s in the Protector Basin, and at 6.5-7.5 s 
(TWTT) in the Pirie Basin (Figs. 6·3A, B, 6·4A, B, 6·5A, B). The central ridge of the Protector Basin 
appears as a chaotic reflection zone in the MCS profiles (Fig. 6·3A, B, D). The top surface of 
ridge basement reaches its maximum depth (6 s TWTT) in the southern ridge-valley (Figs. 6·4A, 
B ~SP: 3900, 6·6A). The oceanic basement top occurs at greater depths in the western part of 
the basin (6.5 to 7.0 s TWTT) relative to the eastern part (6 s TWTT). This asymmetry in the 
oceanic basement depth increases to the north (Fig. 6·6A). The oceanic basement top within 
the Pirie Basin occurs at shallower depths (4-5.5 s TWTT), particularly in the southeast (4 s 
TWTT; Fig. 6·6A). 

Figure 6·3.- Regional seismic section of the SCAN2001_SC13 transect along the northern sector of the Protector 
Basin. A) MCS profile and B) interpretation highlighting the major sedimentary features. Erosion and wavy facies are 
evident, along with features interpreted as drift and palaeo-drift. Profile location given in Figure 6·2. C) Enlargement 
of the Terror Bank - Protector Basin boundary showing the location of Reflector-S in the continental crust. D) 
Enlargement of the central Protector Basin ridge showing the spreading centre and its seismic facies. E) Enlargement 
of the Protector Basin - Protector Bank boundary indicating the reverse contact. Locations for enlarged areas shown 
in panel A. 
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Figure 6·4.- Seismic sections of the SCAN2001_SC07 transect. A) Section along the central sector of the Protector 
Basin showing the central ridge and the ridge valley. B) Stratigraphic interpretation of panel A. C) Section along the 
east boundary of the Pirie Basin showing the Pirie Basin - Pirie Bank boundary and associated normal faults. D) 
Stratigraphic interpretation of the panel B. Profiles location is given in Figure 6·2. 

The basement underlying the banks (continental basement hereafter) exhibits an irregular 
top surface that occurs at variable depths (Figs. 6·3A, B, C, E, 6·6A, 6·7, 6·8). Beneath it, a set of 
continuous, high-amplitude reflections overlie a zone represented by more chaotic, high-
amplitude reflections. High-amplitude reflections appear at depths of 8-8.5 s (TWTT) in the 
Terror Bank and depths of 5.5-7.5 s (TWTT) in the Protector Bank. This group of reflections is 
referred to as Reflector-S (Figs. 6·3C, 6·5A, B ~SP: 1200, 6·7 ~SP: 4600).  

 

 

 

Figure 6·5. Regional seismic line of the SCAN2001_SC13 transect along the northern sector of the Pirie Basin. A) 
MCS profile and B) interpretation of the main stratigraphic features. Only the upper deposits are identified in this 
zone. The blue-bold arrow (SP: 2500) points out the eastward migration contourite channel occurring in the three 
upper units. Profile location is given in Figure 6·2. C) Enlargement of the Protector Bank - Pirie Basin boundary 
formed by a normal fault. D) Enlargement of the mounded drift morphology and associated contourite channel. 
Locations of areas shown in C and D given in panel A. 
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Seismic profiles also revealed a number of reverse and normal faults. Reverse faults are 
mostly confined to the northern region between the Protector Basin and the Protector Bank. 
These structures extend vertically throughout the entire overlying sedimentary assemblage 
(Figs. 6·3D, E). A major reverse fault occurs in the northern Protector Basin, to the west of the 
central ridge. Major normal faults exhibit varying directional trends and form boundaries 
between the banks and abyssal plains of both basins (Figs. 6·3A, B ~SP: 3600, C, 6·4C, D ~SP: 
500, 6·7 ~SP: 4800). Normal faults with minor vertical displacement (~0.15 s TWTT) occur in 
oceanic basement in both the central and southern sectors of the Protector Basin. These 
features run parallel to the ridge axis, creating small grabens that overly the oceanic basement 
(Fig. 6·4A, B). Similar faults observed within the Pirie Basin show vertical displacements of up 
to 0.25 s (Figs. 6·4C, D ~SP: 700, 6·5A, B ~SP: 2400, 2700). Extensional tectonic structures 
strongly influence both ocean and continental crust (Fig. 6·4A, B) in the study area, but only 
rarely extend into overlying sediments (Fig. 6·4A, B ~SP: 3600). These structures have 
dismantled and winnowed the morphostructural highs, distorting their margins and creating 
small perched basins (Figs. 6·7, 6·8). In the Terror Bank, normal faults are more common in 
northerly areas. These structures exhibit vertical displacements of 0.2-0.8 s (TWTT) and 
sometimes extend into the upper part of sedimentary section (Fig. 6·8A ~SP: 6300). By contrast, 
normal faults are more common in the southerly areas of the Pirie Bank (see Fig. 6·7 for 
examples). These faults exhibit relative displacements of 0.2 to 0.4 s (TWTT).  

 

6. SEISMIC STRATIGRAPHIC ANALYSIS 

Three types of deposits are identified in the sediments overlying basement referred to as 
lower, middle and upper deposits. The lower deposits appear as tilted, low-amplitude 
reflections occurring in an oblique orientation relative to the general continental basement 
surface. These basal deposits appear to infill continental basement depressions and extend 
vertically as thick depositional wedges draped over the banks. These deposits are overlain by 
an erosional surface referred to as Reflector-II, and range in thickness from 0.8 s (TWTT) in the 
southern Pirie Bank to 0.4 s (TWTT) in the Terror Bank (Fig. 6·8). 

The middle deposits appear as intermediate amplitude reflections that onlap the continental 
basement in various configurations. These deposits are tilted by continental basement tectonic 
structures and appear to concentrate within the banks above the lower deposits (Figs. 6·3A, B 
~SP: 3600, 5000, C, E, 6·7, 6·8). We interpreted a major discontinuity, referred to as Reflector-I 
as the erosional surface that marks the top of the middle deposits (Fig. 6·8). These deposits 
exhibit their greatest thickness in the Protector Bank (up to 1 s TWTT) but only reach 
thicknesses of up to 0.8 s (TWTT) in the Pirie and Terror banks. 
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Figure 6·6.- Depth of the top surface of the basement (A) and sedimentary thickness distribution of the upper 
deposits (B) throughout the study area (in TWTT seconds). Bathymetry and major morphostructural features are 
shown. Abbreviations for morphostructural features are given in Figure 6·1 caption. 

The upper deposits generally occur as widely distributed sheets overlying earlier deposits, 
but are somewhat dispersed in the vicinity of the banks (Figs. 6·3, 6·5, 6·6B, 6·7). These deposits 
show an average thickness of 0.8 s (TWTT) in the Protector Basin and reach their greatest 
thickness in its northern sector (1 s TWTT). The deposits are also thicker above the western 
flank of the ridge where they outline two major depocentres that represent relative maximum 
thickness areas (Fig. 6·6B). These include a southwestern depocentre that reaches thicknesses 
of more than 1.8 s (TWTT), and a northern depocentre that reaches thicknesses of more than 
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1 s (TWTT). In the Pirie Basin, the upper deposits have an average thickness of 1.2 s (TWTT), 
and reach thicknesses of more than 2 s (TWTT) in a major southeastern depocentre. Fluid 
migration leads to localized deformation throughout the sedimentary record (Figs. 6·3A, B, 6·5). 
We also observed small, chaotic, wedge-shaped deposits capped by irregular surfaces, which 
we interpret as Mass Transport Deposits (MTDs). These deposits lie mostly along in the eastern 
margins of the basins (Figs. 6·3, 6·4, 6·5, 6·7). 

 

Figure 6·7.- Regional seismic section of the SCAN2001_SC09 transect along the southern 
Protector Basin - Protector Bank - Pirie Bank boundary. A) MCS profile and B) interpretation. 
Note the normal faults that formed the southeastern boundary of the Protector Basin and the 
highly fractured Protector Bank. Profile location given in Figure 6·2. 
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Figure 6·8.- A) Seismic section of the SCAN2001_SC07 transect along a perched basin 
of the Terror Bank central sector. Profile location is given in Figure 6·2. C) Enlargement 
of the MCS profile. B) Interpretation shows the lower and middle deposit in green and 
brown shading respectively. Locations for enlarged area is given in panel A. 

 

6.1. Seismic units within the upper deposits 

Five major seismic units (referred to as units V to I) occur in the upper deposits and are 
bounded by major stratigraphic discontinuities (reflectors d to a, Fig. 6·9). Reflector-c is a high-
amplitude and laterally continuous reflection observed throughout the study area (Figs. 6·3, 
6·4, 6·5, 6·7, 6·8) that represents the major shift in the stratigraphic succession. It typically 
appears as a concordant feature subject to occasional local erosional truncation (Figs. 6·3A, B 
~SP: 4200, 6·9C, D). Noteworthy erosive features associated with Reflector-c include contourite 
channels located in the southwestern part of the Protector Basin and the northern sector of 
the Pirie Basin (Fig. 6·5D). The discontinuity associated with these channels represents a change 
in the depositional style that differentiates seismic units having distinct seismic facies. The older 
set below Reflector-c includes seismic units V and IV. These units exhibit low-amplitude, low-
continuity reflections and poorly resolved reflection patterns (Figs. 6·3A, B, 6·5A, B). The 
younger set occurring above Reflector-c includes seismic units III, II and I, which exhibit 
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continuous, high-amplitude reflections that show intercalated, wavy bedding and mound-like 
features interpreted as different types of sedimentary drifts (Figs. 6·3, 6·4, 6·5). They are 
classified as mounted drifts in the east Pirie Basin (Fig. 6·5A, B ~SP: 2400) or sheeted drifts 
usually associated to the western margins of both basins (Figs. 6·5A, B ~SP: 1600; 9B, C). An 
infill drift occupies the ridge valley of the Protector Basin (Fig. 6·4A, B ~SP: 3900).  

 

Figure 6·9. A) Seismic section of the SCAN2004_SC15 transect along the southwestern sector of the Protector Basin. 
B) Stratigraphic interpretation of panel A. C) Seismic section of the SCAN2001_SC07 transect along the western 
margin of the Protector Basin. B) Stratigraphic interpretation of panel C, note sheeted drift along the western margin 
of the Protector Basin. The main stratigraphic discontinuities and seismic units of the upper deposits are deciphered 
and the two different sets considered marked. Profiles location is given in Figure 6·2. 

6.1.1. Older seismic units (V and IV) 

The older seismic units occur primarily within abyssal plains, where they exhibit a somewhat 
irregular distribution. In the vicinity of the banks, older units are restricted to several small, 
perched basins (Figs. 6·7, 6·8). Depocentres within these units generally run parallel to the 
predominant morphological features (Fig. 6·10A). The average thickness of this set is 0.2 s 
(TWTT) in the Protector Basin where the major depocentres occur west of the spreading centre. 
In the Pirie Basin, the older seismic units reach greater thicknesses (0.6 s TWTT) and their 
depocentres occur along the basin margins. 
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Figure 6·10.- Thickness distribution map (in TWTT seconds) A) beneath Reflector-c and B) above Reflector-
c. This boundary designation agrees with the two set interpreting from the upper deposits (see text). 
Abbreviations for morphostructural features given in Figure 6·1 caption. 

Unit V, the oldest seismic unit (Fig. 6·9), appears to infill oceanic basement depressions. This 
unit exhibits high-amplitude reflections with low lateral continuity and well-stratified pattern 
(Figs. 6·3A, B, 6·5A, B). Internal reflections generally show onlapping relationships with 
basement highs (Figs. 6·3A, B ~SP: 4700, 6·4A, B ~SP: 4400, C, D ~SP: 650, 6·5A, B ~SP: 2000), 
and signs of local erosional truncation (Fig. 6·3A, B ~SP: 3850). Average thickness for this unit 
ranges between 0.2 and 0.4 s (TWTT). This unit is more resolved in the western part of the 
Protector Basin, and is restricted to the vicinity of the Protector Bank in the Pirie Basin (Fig. 
6·11). The unit exhibits an anomalously high sedimentation rate in the Pirie Basin (Table 6·I). 

Unit IV represents a more homogeneous set of reflectors that show higher density, 
amplitude and continuity, relative to those of Unit V (Fig. 6·9). The reflections show onlapping 
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relationships with basement highs, but are generally concordant with boundary reflections 
(Figs. 6·3A, B ~SP: 4350, 6·4A, B ~SP: 4400, 6·5A, B ~SP: 2500). Ridge-related palaeo-drifts are 
identified in the Protector Basin (Figs. 6·3A, B ~SP: 4100, 6·4A, B ~SP: 3700). Unit IV is widely 
distributed in both the Protector and the Pirie basins, but scattered over the banks (Fig. 6·11). 
The average Unit IV thickness in the Protector Basin is 0.2 s (TWTT), demonstrating higher 
sedimentation rate than that observed for Unit V (Table 6·I). In the Pirie Basin, Unit IV reaches 
thicknesses in excess of 0.4 s (TWTT). 

 

Figure 6·11.- Sedimentary thickness maps for the main seismic units (V to I) of the upper deposits. Seismic units 
below Reflector-c are on the left and units above Reflector-c are on the right. Abbreviations for morphostructural 
features given in Figure 6·1 caption. 

6.1.2. Younger seismic units (III, II and I) 

The younger set of seismic units is widely distributed but shows significant variation in 
thickness. Depocentre distributions run parallel to the primary regional morphologic features 
(Fig. 6·10B). In the eastern part of the Protector Basin the average thickness of younger seismic 
units reaches 0.4 s (TWTT). The seismic units outline two main depocentres in the Protector 
Basin’s western area. In the northeastern sector of the Pirie Basin, the younger seismic units 
reach thicknesses greater than 0.6 s (TWTT). These units infill a major depocentre observed 
along the southeastern boundary of the basin. 
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Unit III shows high-amplitude, high lateral continuity internal reflections (Fig. 6·9). Locally, 
these reflections appear as wavy reflections referred to here as wavy facies (Figs. 6·3A, B ~SP: 
3800, 6·4A, B ~SP: 4200, 6·5A, B ~SP: 1700, 2000). Palaeo-drifts appear in Unit III within 
Protector and Pirie basins (Figs. 6·3A, B ~SP: 4700; 6·5A, B ~SP: 1600). In the Protector Basin, 
Unit III’s average thickness is about 0.3 s (TWTT). Thickness increases towards the south and 
decreases towards the eastern part of the basin (Fig. 6·11). Unit III exhibits relatively uniform 
thickness in the Pirie Basin (> 0.2 s TWTT), reaching maximum values in northerly areas (Fig. 
6·11). Sedimentation rates for this unit are among the highest observed (Table 6·I) for both 
basins. 

 Sedimentation Rate (cm/ka) 

Age 
Period 

Study Area Other Areas 

Units 
Depo-
centre 

Average 
Pacific 
Margin 

AP 

Maund 
Rise 

Weddell 
Sea 

Jane 
Basin 

Alborán 
Sea 

Late Pliocene I 9.43 5.25  0.5 3 2.8 4 
Early Pliocene-
Late Miocene 

II 7.28 3.45 5-7 1 6 10 5 

Middle-Late 
Miocene 

III 30.55 14.10 12 5.5 7 

  Middle Miocene IV 23.57 11.20 

 2.5  Early Miocene 
V 17.60 11.73 

V Pirie 48.89 32.59 

Table 6·I.- Left columns list sedimentation rates for the major sedimentary units identified in the upper deposits of 
the Pirie and Protector basins. Anomalous data were excluded. The right columns list the sedimentation rates of 
other areas as reported by ODP results (Gersonde et al., 1990; Shipboard Scientific Party, 1999; Martínez-García et 
al., 2013). The left column shows the age period estimated for each unit. 

Unit II outcrops locally along the surface of the seafloor (Figs. 6·3A, B, 6·5A, B). It exhibits 
aggradational configuration and reflections show onlapping relationships with basement 
highs. Although Unit II’s internal reflections show high lateral continuity, its acoustic response 
is less reflective than that of Unit III (Fig. 6·9). The relatively low amplitude internal reflections 
of Unit II, apparent in southerly areas of the basins contrast reflection patterns from the more 
conspicuous wavy facies, particularly in the Pirie Basin. Unit II has an average thickness of 0.2 s 
(TWTT) in both basins and records the lowest sedimentation rates (Fig. 6·11, Table 6·I). 

Unit I shows intermediate amplitude reflections having high lateral continuity (Fig. 6·9). Unit 
I’s reflective acoustic response exceeds that of Unit II, but is less than that of Unit III (Fig. 6·3, 
6·4, 6·5). Unit I occurs primarily in the westernmost parts of the Protector and Pirie basins (Fig. 
6·11), with an average thickness of 0.2 s (TWTT), but is absent from other localities. These two 
upper units particularly develop the sheeted and mounded drifts associated with the northern 
part of the central ridge in the Protector Basin (Fig. 6·3A, B). 
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7. DISCUSSION 

7.1. Crustal characterisation, thermal cooling and basin age 

The oceanic basement of Protector Basin has been previously interpreted as oceanic crust 
generated by the basin’s spreading centre (e.g., Eagles et al., 2006; Galindo-Zaldívar et al., 
2006). The age of the oceanic spreading, is a subject of debate however (e.g., Hill and Barker, 
1980; Galindo-Zaldívar et al., 2006; Barker et al., 2013). A thorough survey of magnetic 
anomalies used four magnetic profiles, orthogonal to the basin margins to estimate an age of 
17-13.8 Ma for south to north propagating spreading centre (Galindo-Zaldívar et al., 2006). 
Eagles et al. (2006) proposed an age of 34-30 Ma based on the analysis of a single magnetic 
profile orthogonal to the basin margins. Heat flow measurements suggest an age of 25.2 Ma 
(Barker et al., 2013), based on a single measurement from northwestern part of the basin. One 
study has estimated an age of 14-13.5 Ma for the Pirie Basin according to magnetic anomaly 
data (Galindo-Zaldívar et al., 2006). Heat flow data from this basin however indicate an age of 
28.3 Ma (Barker et al., 2013). The present study assumes the ages derived from magnetic 
anomaly analysis of the basins (e.g., Galindo-Zaldívar et al., 2006) since these findings are based 
on more complete datasets and are consistent with both, the regional distribution of 
stratigraphic units in the Scotia Sea (Maldonado et al., 2006b) and results of our thermal 
modelling described below. 

The distribution of Protector Basin depocentres arises in part from oceanic basement 
morphology (Fig. 6·6B). The morphology and gradual deepening of the basin result from 
spreading centre activity as well as the progressive cooling and subsidence of the crust with 
increasing distance from the spreading centre (Allen and Allen, 2005). The thermal cooling 
model of Parsons and Sclater (1977) describes depth (d) variation of an oceanic basin as a 
function of crustal age (t), with the expression: d (t) = 2500 + 350 * (t)1/2 for oceanic crust 
younger than 70 Ma. Using the Parsons and Sclater (1977) equation and assuming basin crustal 
ages determined by Galindo-Zaldívar et al. (2006), we compared the observed basin 
bathymetry to theoretical estimates. Comparison reveals that the observed depths only slightly 
exceed (by less than 100 m) theoretical depths calculated from the thermal cooling model with 
assumed magnetic anomaly ages (Fig. 6·12). Ages presented in the model of Eagles et al. (2006) 
lead to much greater model depths of 4540 - 4417 m, which clearly exceed observed depths. 
The heat flow ages calculated by Barker et al. (2013) also yield similarly inconsistent modelled 
depths of up to 4256 m. While it is possible that these small basins do not strictly behave 
according to the assumed thermal cooling models which was derived from large open oceanic 
basins. Our observations support the ages proposed by Galindo-Zaldívar et al. (2006). The 
observed depth discrepancy of 100 m equates to an age discrepancy of about 1 Ma. While this 
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discrepancy is relatively small, we consider several factors that may give rise to the difference. 
Our calculations did not consider the lithostatic load of deposits, which may contribute to 
greater observed oceanic basement depths (~100 m). The sedimentary overburden is relatively 
small however compared to that of other basins and margins (Divins, 2003; Whittaker et al., 
2013). In addition to thermal subsidence, other processes may contribute to uneven 
distribution of the deposits (e.g., ridges, tectonics and bottom current processes), making them 
difficult to model (Figs. 6·3, 6·4). 

 

Figure 6·12.- Comparison of theoretical depths for the oceanic crust 
obtained from the Parson and Sclater (1977) thermal subsidence 
model (blue), and depth values observed in MCS profiles (green) 
from the present study. Anomalous data were excluded. 

 

7.2 Evolutionary phases 

Sediment distribution and stacking pattern and facies of the seismic units reveal growth 
patterns of the basins. The geometry and structure of the lower and middle deposits allow one 
to relate them to pre- and syn-rift depositional origin, respectively. The widespread distribution 
of upper deposits that cover continental and oceanic basement indicate the inception of post-
rift depositional processes. These deposits also correlate to regional units of the Scotia Sea 
described by Maldonado et al. (2006b). Overall, the assemblage suggests four main tectonic 
and evolutionary phases of basin development (Fig. 6·13), which are: rifting, drifting, and two 
post-drifting phases (early and late). 

 7.2.1. Rifting phase 

Several plate tectonic models have been proposed to explain fragmentation of the former 
continental bridge between South America and the Antarctic Peninsula, and subsequent 
dispersal of continental blocks around the Scotia Sea (e.g., Lawver and Gahagan, 2003; 
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Livermore et al., 2005; Lodolo et al., 2006; Eagles and Jokat, 2014; Maldonado et al., 2014a). 
The banks bounding the basins described here are considered to be continental in origin, in 
keeping with previous interpretations. Gravimetric and magnetic anomaly surveys indicate that 
the banks represent extremely thinned and tectonized crust (e.g., Galindo-Zaldívar et al., 2006; 
Civile et al., 2012). We interpreted Reflector-S, observed in the banks, as a detachment surface 
related to local extensional events (Figs. 6·3A, B, 6·5A, B, 6·7). A reflector with similar, previously 
described, characteristics occurs along the continental margins of the Atlantic Ocean (Beslier 
et al., 1993; Tucholke et al., 2007). Studies of similar reflections have interpreted these surfaces 
as boundaries between areas of the continental crust with different mechanical behaviour 
(Reston et al., 2007; Reston and Pérez-Gussinyé, 2007). 

Listric normal faults formed along the margins of the Protector Basin prior to the onset of 
oceanic spreading (Figs. 6·3A, B, 6·7). We interpret high amplitude reflections deeper than 7.5 
s (TWTT) within the basin as the Mohorovicic (Moho) Discontinuity, as defined by Hale and 
Thompson (1982) (Figs. 6·3A, B, 6·4A, B, 6·5A, B). 

7.2.2. Drifting phase 

The opening of the Protector Basin resulted from the Scotia Arc development and eastward 
migration of continental blocks around the Scotia Sea (Galindo-Zaldívar et al., 2006). The 
proposed timing of cessation of oceanic spreading in the Protector Basin coincides with 
initiation of oceanic spreading in the Pirie Basin and along the ESR. These events probably 
influenced cessation of spreading activity in the Protector Basin ridge as well as the westward 
thrusting of the Protector Bank (Figs. 6·3A, B; 6·13). Large compressive structures developed in 
the northern part of the Protector Basin during this phase, helping to form the triangular shape 
of the basin (Fig. 6·2). Several reverse faults also developed in the western part of the Protector 
spreading centre, which contributed to a local deepening of oceanic crust (Fig. 6·6A). Heat flow 
measurements indicate that Pirie Basin (28.3 Ma) formed before the Protector Basin (25.2 Ma; 
Barker et al., 2013). The overall tectonic setting of the region suggests however that the 
Protector Bank represents westwards thrusting of the Protector Basin’s oceanic crust, and that 
the Protector Bank has migrated in a westward direction (Figs. 6·2, 6·3A, B). Thrusting structures 
therefore also indicate that the Pirie Basin followed the opening of the Protector Basin. 

Assuming later development of the Pirie Basin (14.5-13.5 Ma) relative to the Protector Basin 
(17.4-13.8 Ma), the oldest seismic unit, Unit V, may represent sediment of different age in the 
two respective basins. The distribution of Unit V in the Protector Basin is consistent with the 
model proposed by Galindo-Zaldívar et al. (2006), which interprets basin formation as a 
northwards propagating rift (Fig. 6·11). In this model, Unit V forms during the early Miocene, 
which is consistent with a previously proposed age of about 14.9 Ma for Reflector-d 
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(Maldonado et al., 2006b). Reflector-d must be younger in the Pirie Basin however, due to 
differences in the age of oceanic spreading between these two basins (Fig. 6·13). 

 

Figure 6·13.- Principal tectonic and sedimentary events affecting the study area parsed into interpreted 
evolutionary phases (tentative ages given in Ma on the left). The line of red dots represents the end of continental 
rifting while the line of green dots represents the end of the oceanic spreading. The right column summarizes 
regional tectonic events described in previous studies (see text for details). CAS, Central American Seaway; MMCO, 
Mid-Miocene Climate Optimum. 
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When compared between the Protector and Pirie basins, Unit IV and especially Unit V exhibit 
differences in seismic facies and sedimentation rates that likely arise from close association 
with the tectonic events affecting each basin (Figs. 6·3A, B, 6·5A, B; Table-6·I). Unit IV, assumed 
to have formed in the middle Miocene, exhibits subtle progradational configuration within the 
study area (Figs. 6·3, 6·5), and resembles equivalent units in the central Scotia Sea (Maldonado 
et al., 2006b). The widely distributed upper part of Unit IV apparently marks the end of oceanic 
spreading in the basins, consistent with age attribution for the oceanic basement (Fig. 6·13). 
Unit IV’s sediment distribution indicates newly created oceanic basins, experiencing elevated 
rates of sediment supply that infill basement depressions (Fig. 6·11). Sediment derived primarily 
from the continental margin contributes to depocentres beneath Reflector-c throughout the 
southwestern Protector Basin and southern Protector Bank. Sedimentary input from the 
Protector and Pirie banks also contributes to three small depocentres located in the Pirie Basin 
(Fig. 6·10A). By contrast, the locations of major depocentres and palaeo-drifts in the northern 
and central Protector Basin indicate sedimentary transport and deposition from a northern 
source (Figs. 6·3A, B 6·4A, B, 6·10A). We interpret these distribution patterns as evidence for 
transport by branches of the CDW, which enter the basin from the northeast and flow 
southwards following the central ridge to form two large depocentres associated with palaeo-
drifts along its flanks (Figs. 6·3A, B ~SP: 4100, 6·4A, B ~SP: 3700). Within the basin, the CDW 
branches are deflected to the east due to the Coriolis effects and interaction with the basin’s 
morphology (Fig. 6·14A). The timing of the inception and development of the ACC in the Scotia 
Sea remains a controversial topic, but it was well established in the central Scotia Sea by the 
middle Miocene (e.g., Barker and Thomas, 2004; Maldonado et al., 2006b). The ACC exhibited 
apparently weak circulation during the Mid-Miocene Climate Optimum (17-15 Ma; Fig. 6·13; 
Tsuchi, 1997; Sykes et al., 1998a). 

7.2.3. Early post-drift phase 

Reflector-c also constitutes the most recognizable discontinuity in the central and southern 
Scotia Sea, and in the northern Weddell Sea (Maldonado et al., 2006b; Lindeque et al., 2013). 
Maldonado et al. (2006b) have tentatively assigned this discontinuity an age of about 12.6 Ma 
(Fig. 6·13), which is consistent with the ages adopted for the Protector and Pirie basins. Several 
related regional phenomena may have influenced its development and subsequent 
depositional changes (Maldonado et al., 2006b; Hernández-Molina et al., 2008a). Reflector-c 
correlates with a major event in the tectonic evolution of the Scotia Sea and the final stage of 
subduction in the northern Weddell Sea. These events accompany the opening of new channels 
and basins, including deep passages between the northern Weddell Sea and Scotia Sea 
through the SSR and Jane Basin. This basin opened more or less coevally with the Protector 
Basin (Bohoyo et al., 2002). The deep connection between the Weddell Sea and Scotia Sea 
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created by these events enabled the WSDW to flow into the Scotia Sea and on to the Pacific 
margin of the Antarctic Peninsula (Martos et al., 2013; among others). The WSDW entered the 
Protector Basin from the southeast, generating erosional features (such as those shown in Figs 
6·3 and 6·7), while circulating along the northern margin of the SSR and the western part of the 
basin (Fig. 6·14B). WSDW circulation migrated westwards within the Protector Basin due to the 
Coriolis effect, and thus influenced the observed westward migration of Protector Basin 
depocentres. The WSDW also caused northwards migration of the CDW (Fig. 6·14). These 
migrational shifts among basin depocentres suggest a change in bottom-currents, which exert 
primary control over sedimentation in the Protector Basin, causing it to become more 
consistent with time. 

Relative to that of the Protector Basin, the depocentre distribution in Pirie Basin exhibits a 
further uniform depositional pattern over time. Sediment distribution does not indicate 
northward migration of depocentres (Fig. 6·10). The seismic units above Reflector-c include 
facies characteristics indicative of sedimentary drifts (Fig. 6·5D; Stow et al., 2002). A large 
contourite channel for example begins at Reflector-c and shingly migrates eastwards into 
overlying deposits (~ 5 Km; Figs. 6·5B ~SP: 2400, D). Given the leftward deflection of the Coriolis 
effect in the Southern Hemisphere, the sediment distribution in the Pirie Basin could only have 
formed from a bottom-current flowing from north to south, primarily along the eastern part of 
the basin. Along with the northeastward migration of depocentres, these depositional patterns 
indicate the influence of the CDW instead of the WSDW. The later would flow along the western 
part of the basin forming eastern depocenters but its entrance into the Pirie Basin is hindered 
by the shallow Pirie Bank (Fig. 6·14). 

Reflector-c may also record the initiation of glacial conditions and development of large ice 
sheets in the region, since, according to the age estimate (Maldonado et al., 2006b), Unit III 
coincides with a major eustatic fall in sea-level and the expansion of ice-sheets throughout the 
Antarctic Peninsula (Anderson et al., 2011). Regional studies have therefore interpreted this 
stratigraphic discontinuity as a shift from pre-glacial to post-glacial conditions (Lindeque et al., 
2013). 

Unit III records basin-wide sedimentation characterized by high rates of sedimentation that 
blankets the basin plains (Fig. 6·11, Table-6·I). The deposits above Reflector-c exhibit an 
alternating high-low-high reflectivity pattern that with the wavy facies and the drift 
morphologies, record the increasing influence of bottom-currents in a relatively high energy 
depositional setting (Figs. 6·3A, B, 6·4A, B, 6·5A, B, 6·7). 
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Figure 6·14.- Sketch of bottom-current circulation model before the Reflector-c (top) and after Reflector-c (bottom), 
based on sediments distribution and morphology of the contourite drifts and palaeo-drifts. Dashed light-blue lines 
represent inferred flow of the CDW, whereas the dashed dark-blue lines represent inferred flow of the WSDW. Brown 
arrows represent down-slope sedimentary input. Abbreviations for morphostructural features and water-masses are 
given in Figure 6·1 caption. 
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The transition from middle to upper Miocene depositional patterns observed in these basins 
has also been recorded from other basins in the region, including the Antarctic Peninsula Pacific 
margin (Rebesco et al., 2002; Hernández-Molina et al., 2006a), the South Malvinas/Falkland 
Slope (Koenitz et al., 2008), the Argentine Basin (Hernández-Molina et al., 2009; Preu et al., 
2012), the Agulhas Basin (Uenzelmann-Neben, 2002) and the northern Weddell Sea (Lindeque 
et al., 2013). Plate tectonics, bottom flows and ice-sheet dynamics each play an important role 
in controlling the growth patterns of these basins. These regional tectonic and 
palaeoceanographic changes are part of a global phase of intensified tectonic activity (Potter 
and Szatmari, 2009), global cooling (Zachos et al., 2008) and major ice-sheet growth in 
Antarctica (Anderson et al., 2011). 

7.2.4. Late post-drift phase 

The regional tectonic setting during this phase is influenced by compressive tectonics (Fig. 
6·13). The onset of E-W compression, which begins at about 8 Ma, arises from a dextral to 
sinistral shift in the stress field affecting the southern region of the Scotia Arc (Livermore et al., 
2000; Bohoyo et al., 2007). Migration of the plate’s rotational pole causes changes in the stress 
field and initiates the final compressional stage. These events also influenced development, 
migration and cessation of spreading centres (Livermore et al., 2005; Bohoyo et al., 2007). The 
WSR was affected by compression along the SFZ. The ridge activity wanes at 6.5 Ma 
(Maldonado et al., 2000; Livermore et al., 2004). ESR spreading rates increased and became 
asymmetric at about 7-5 Ma, affecting a shift in the regional stress field (Livermore et al., 1997; 
Larter et al., 2003). 

Regional compression during the late post-drift phase reactivated the previously 
compressive structures, modified basin deposits and influenced the growth patterns of the two 
youngest units. The influence of a compressive stress field is most evident from the 
development of abundant MTDs, preferentially located in the eastern margin of the basins. The 
seismic facies and morphology of the two younger units exhibit the same depositional patterns 
as those of underlying Unit III (Figs. 6·3A, B, 6·5A, B). The bottom flows exerted primary 
influence on the distribution of these deposits (Fig. 6·14B). The younger late Miocene to 
Quaternary units record a period of increased bottom-current circulation and WSDW 
generation (Anderson and Shipp, 2001; Hillenbrand and Ehrmann, 2005). Sedimentation rates 
decrease however, relative to those that form underlying units (Table-6·I). The age estimate for 
Reflector-a coincides with the end of the mid-Pliocene warm period (3.3-3.0 Ma; Maslin et al, 
1998). The uplift of the SFZ co-occurred with cessation of the Antarctic-Phoenix Ridge 
spreading at 3.3 Ma (Fig. 6·13; Livermore et al., 2000; Maldonado et al., 2006b). Later 
enhancement of bottom currents is evident from the higher reflectivity of seismic facies 
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representing the younger unit. This recent strengthening of bottom current flow specifically 
relates to an increase in production of WSDW caused by the arrival of North Atlantic Deep 
Water at extreme southerly latitudes. The NADW arrival increases the production of Antarctic 
Bottom Water (Ledbetter et al., 1978), mainly composed by WSDW (Orsi et al., 1999). The 
WSDW reactivation was also facilitated by coeval expansion of the Antarctic ice sheet (e.g., 
McKay et al., 2012).  

 

7.3 The Protector and Pirie basins: examples of small, isolated oceanic basins 

The Protector and Pirie basins are isolated, high-latitude basins, bound by submerged 
continental blocks, rather than emergent land masses. Their overall sedimentary thickness is 
meagre (<1.5 km) relative to global average thicknesses observed from continental margins 
(4-7 km; Laske and Masters, 1997), and from that of other isolated basins of Miocene age, such 
as the Alborán Sea (4-12 km) where the surrounding mountain belts contribute thick 
sedimentary accumulations (Iribarren et al., 2009; Martínez-García et al., 2013). As with similar 
Mediterranean basins, sediment supply in small, isolated basins surrounded by emergent 
continental land masses derives mostly from turbidity currents and mass-transport processes 
occurring down-slope from margins (Whittaker and Müller, 2006). However, the basins 
described here are separated from the SSR margin by a deep trough and are flanked by deep 
submarine banks. Both of these factors precludes significant down-slope sedimentary input 
from continental sources (Fig. 6·2). The Protector and Pirie basins are high latitude oceanic 
basins also influenced by the oscillation of the Antarctic ice sheets. Transition of continental 
glaciers to ice-shelves at the shelf break provides most of the sediment supply to the oceanic 
margin and basins in glaciated areas (Elverhøi, 1984; Laberg and Vorren, 2000; Lee et al., 2012). 
The Nansen Basin of the Arctic Ocean offers a representative example of an isolated, high-
latitude basin where sediment sources include down-slope glaciogenic debris flows and 
regional mass flows resulting from glacial slope failure (Laberg and Vorren, 2000; Engen et al., 
2009). Continental ice sheets and sea ice from the Weddell Sea and adjacent islands supply 
most of the continental sedimentary input to Protector and Pirie basins. This sediment is then 
laterally redistributed by bottom currents, which have strongly influenced transport and other 
sedimentary processes in the study area since the middle Miocene. 

Bottom-current processes that follow bathymetric contours exert essential control on 
depocentre distributions. Depocentres therefore follow trends that run parallel to the major 
morphologic features in the basins (Fig. 6·14). The Weddell Sea is a high-latitude oceanic basin 
whose primary sedimentary processes include both proximal down-slope transport from 
continental margin areas and sedimentary input from pelagic settling and along-slope current 
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flows (Whittaker and Müller, 2006). The active bottom-current regime generates relatively high 
sedimentation rates in the Protector and Pirie basins resemble other basins in the region, such 
as the continental margin of the Antarctic Peninsula and Weddell Sea, which both host 
significant down-slope sedimentary transport and deposition (Table-6·I). 

 

8. CONCLUSIONS 

The Protector and Pirie basins of the Scotia Sea (Antarctica) offer examples of deep, small, 
isolated, high-latitude basins. Typically, down-slope processes provide the majority of 
sedimentary input to isolated basins, but these Antarctic Basins do not have sedimentary access 
to emergent land masses, and thus receive restrict down-slope sedimentary input from 
continental sources, mainly provided by ice sheet and sea ice supplies. Bottom-current 
sedimentary processes have contributed the bulk of sediment to these basins throughout their 
history. The relative importance of these processes varies with time mostly as function of the 
tectonics and regional shifts in bottom current flows. The timing of the basins development is 
still subject to some uncertainty given varying age estimates. The depth of the oceanic 
basement and distribution of depositional units however support a middle Miocene age 
estimate for seafloor spreading. The post-rift sedimentary stacking pattern includes two major 
sets of seismic units. The distribution of the older units (units V and IV) is influenced by 
basement morphology. In these units, down-slope gravity processes fill depressions created 
by crustal thinning and seafloor spreading. The older units also record the influence of 
Circumpolar Deep Water (CDW) circulation. The younger units (units III, II and I) do not strictly 
follow irregular contours of underlying basement. Their distribution instead reflects novel 
depositional patterns influenced by CDW and Weddell Sea Deep Water (WSDW) circulation. A 
major palaeoceanographic shift in basin evolution occurred around the middle Miocene 
(Reflector-c). This event records regional tectonic changes, including the opening of gateways 
and deepening of the South Scotia Ridge. Reflector-c develops coevally with global plate 
tectonic changes and global cooling associated with the end of the Mid-Miocene Climate 
Optimum. These events influenced both the CDW and WSDW production and flows patterns. 
Deep-water circulation intensified in the study area, and began to form major contourite 
deposits (drifts) and erosional features. We identify a new compressive period that affected the 
youngest units (units II and I). We interpret this compression as a result of expansion in the 
East Scotia Ridge, which began at about 15 Ma, and intensified after 8 Ma. Future studies 
should investigate areas adjacent to the basins described here, in order to understand their 
development in the context of Scotia Sea evolution. 
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Abstract 
 

Ona Basin is a small intra-oceanic basin located in the southwestern corner of the Scotia 
Sea. This region is crucial for an understanding of the early phases of opening of Drake 
Passage, since it may contain the oldest oceanic crust of the entire western Scotia Sea, 
where conflicting age differences from Eocene to Oligocene have been proposed to date. 
The precise timing of the gateway opening between the Pacific and Atlantic oceans, 
moreover, has significant paleoceanographic and global implications. Two sub-basins are 
identified in this region, the eastern and western Ona basins, separated by the submarine 
relief of the Ona High. A dense geophysical data set collected during the last two decades 
is analyzed here. The data include multichannel seismic reflection profiles, magnetic and 
gravimetric data. 
The oceanic basement is highly deformed by normal, reverse and transcurrent faults, as well 
as affected by deep intrusions from the mantle. The initial extension and continental 
thinning, with subsequent oceanic spreading, were followed by compression and thrusting. 
Several elongated troughs, bounded by faults, depict a thick sequence of depositional units 
in the basin. Eight seismic units are identified in a deep trough of the eastern Ona Basin. 
The deposits reach a thickness of 5 km, a consistent value not previously reported from the 
Scotia Sea. A body of chaotic seismic facies is also observed above the thinned continental 
crust of the Ona High. Magnetic seafloor anomalies older than C10 (~28.5 Ma) may be 
present in the region. The anomalies could include up to chron C12r (~32 Ma), although 
their identification is difficult, since the amplitude is subdued and the original oceanic crust 
was highly deformed by later faulting and thrusting. The magnetic anomaly distribution is 
not congruent with seafloor spreading from a single ridge. The basin plain is tilted and 
subducted southwestward below the South Shetland Islands Block, particularly in the 
western part, where an accretionary prism is identified. Such tectonics, locally affecting up 
to the most recent deposits, imply that a portion of the primitive oceanic crust is absent. 
Based on the stratigraphy of the deposits and the magnetic anomalies, an age of 44 Ma is 
postulated for the initiation of oceanic spreading in the eastern Ona basin, while spreading 
in the western Ona Basin would have occurred during the early Oligocene. 
The tectonics, depositional units and the age of the oceanic crust provide additional 
evidence regarding the Eocene opening of Drake Passage. The initial tectonic 
fragmentation of the South America-Antarctic Bridge, followed by oceanic spreading, was 
characterized by jumping of the spreading centers. An Eocene spreading center in the 
eastern Ona Basin was the precursor of the Scotia Sea. A model comprising four tectonic 
evolutionary phases is proposed: Phase I, Pacific subduction –Paleocene to middle Eocene; 
Phase II, eastern Ona back-arc spreading –middle to late Eocene; Phase III, ridge jumping 
and western Ona back-arc spreading –early Oligocene; and Phase IV, ridge jumping and 
West Scotia Ridge spreading –early Oligocene to late Miocene. 
The development of shallow gateways allowed for an initial connection between the Pacific 
and Atlantic oceans and, hence, initiated the thermal isolation of Antarctica during the 
middle and late Eocene. Deep gateways that enhanced the full isolation of Antarctica 
developed in Drake Passage from the Eocene/Oligocene transition onward. A significant 
correlation is observed between the tectonics, stratigraphic units and major climate events, 
thereby indicating the influence of the local tectonic and paleoceanographic events of the 
Southern Ocean on global evolution. 
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Highlights 

 Eight seismic units reach 5 km thickness not previously reported from the Scotia Sea 
 Spreading magnetic anomalies probably to C12r are not consistent with a single ridge 
 Western Scotia Sea developed in four tectonic phases starting in middle Eocene 
 Drake Passage shallow gateways existed at 44 Ma but oceanic gateways at 33-30 Ma 
 Ona Basin growth patterns reveal a correlation with Southern Ocean global events 
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1. INTRODUCTION 

The opening of the Scotia Sea and Drake Passage, located between South America and the 
Antarctic Peninsula, is a subject of considerable controversy. Conflicting ages have been 
proposed, spanning a time frame of more than 20 million years (Ma), from early Eocene to 
early Oligocene (Lawver and Gahagan, 1998, 2003; Barker, 2001b; Eagles et al., 2005, 2006; 
Livermore et al., 2005, 2007; Lodolo et al., 2006; Dalziel et al., 2013a; Eagles and Jokat, 2014). 
Drake Passage and the Scotia Sea are widely recognized as a key gateway that controlled 
Cenozoic water-mass circulation and climate in the Southern Hemisphere (Scher and Martin, 
2006; Lagabrielle et al., 2009; and references therein). The gateway permitted the gradual 
instauration of the Antarctic Circumpolar Current (ACC), which isolated Antarctica from the 
influx of warm currents from the north and intensified its glaciation (Kennett, 1977). The 
atmospheric systems were, in turn, affected by an equator-ward migration that influenced 
ocean currents as well as the climate patterns of continental areas. 

The Eocene/Oligocene (33.5 Ma) transition is characterized by a major shift of the oxygen 
isotope records derived from foraminifera, reflecting a significant decrease of global 
temperatures that was also accompanied by a major sea level drop (Zachos et al., 2001, 2008; 
Miller et al., 2005; Kominz et al., 2008; Cramer et al., 2009). Several hypotheses aim to explain 
this global change and the onset of a new oceanographic circulation pattern, characterized by 
the production of cold-water masses in high latitudes that flow toward the deep ocean basins. 
An initial interpretation attributed the climatic change and development of the large Antarctic 
ice sheets to the opening of Drake Passage gateway (Kennett, 1977), the last barrier to full 
circum-Antarctic circulation. This idea was contested for a long time, however, since the 
Tectonic Map of the Scotia Sea shows that the oldest seafloor-spreading magnetic anomaly is 
C10 (~28.5 Ma) off Tierra del Fuego, indicating an Oligocene age for the opening of Drake 
Passage (British Antarctic Survey-BAS, 1985; Barker, 2001b). 
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This time lag between the initiation of the Antarctic glaciations and the tectonic 
development of a gateway in Drake Passage argued in favor of other driving mechanisms, 
rather than tectonic and paleoceanographic processes. It has moreover remained unclear at 
what time and stage the transition from a shallow to an intermediate and then a deep water 
passage took place, leading to the onset and development of a significant deep current (Barker, 
2001b; Dalziel et al., 2013b). A further hypothesis attributed the Eocene/Oligocene climate 
change and the subsequent Cenozoic glaciation of Antarctica to variations in the 
concentrations of greenhouse gases such as CO2. The ice sheet model, with invariant ocean 
general circulation and different CO2 levels, points to significant changes in the Antarctic ice 
sheet thickness (DeConto and Pollard, 2003). The ice sheets became widespread with CO2 
concentrations similar to pre-industrial levels (280 ppm), but tended to disappear with CO2 
concentrations eight times higher than pre-industrial levels. A model that comprises a general 
ocean circulation model —coupled to a simplified atmospheric model and a dynamic-
thermodynamic sea ice model— suggests, moreover, that changes in ocean gateways in Drake 
Passage could have contributed to the glaciation of Antarctica (Sijp and England, 2004; Sijp et 
al., 2009).  

Recent studies of seafloor magnetic anomalies in the Scotia Sea reveal the occurrence of 
anomaly C10 (~28.5 Ma) in the southwestern Scotia Sea, suggesting an age for the opening of 
Drake Passage still younger than the Eocene/Oligocene climatic change (Lodolo et al., 2006). 
Plate tectonic reconstructions proposed a Drake Passage opening during the early Oligocene 
(Lawver and Gahagan, 2003). Other kinematic models account for a progressive opening of 
Drake Passage since about 50 Ma, through continental stretching and oceanic spreading 
(Eagles et al., 2005, 2006; Livermore et al., 2005, 2007; Eagles and Jokat, 2014). On the basis of 
geological, geophysical and biological arguments, several studies claim that the opening of 
Drake Passage was earlier than the Eocene/Oligocene boundary (cf., Thomson, 2004; Brown et 
al., 2006; Scher and Martin, 2006; Lagabrielle et al., 2009; Katz et al., 2011; Le Roux, 2012, and 
references therein). 

Evidence of oceanic crust formation or the occurrence of deep-water marine deposits that 
would attest to the development of a gateway in Drake Passage prior to the Oligocene is 
lacking, however. In this contribution, we try to decipher the earliest evolutionary stages of 
Drake Passage and the Scotia Sea, as well as describe the impact of this evolution on the global 
climate and the development of Antarctic ice sheets. To this end, a dense geophysical data set 
collected in the southwestern Scotia Sea is analyzed, from a sector named (herein) Ona Basin 
(Fig. 7·1). We present evidence of oceanic crust that is older than previously reported, and the 
sediment distribution provides insight as to depositional processes and basin growth patterns. 
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Additionally, we describe the development of a proto island arc where ridge jumping was 
active, creating gateways across Drake Passage. The tectonic models are improved by 
information regarding the nature of the crust and the distribution of deposits, which altogether 
serve for a robust reconstruction of the early opening of the Scotia Sea and the breakup of the 
South America-Antarctic Peninsula Bridge during the Eocene. 

 

2. GEOLOGICAL AND OCEANOGRAPHIC SETTING 

2.1. Geological framework 

The Scotia Arc is composed by the South Sandwich forearc, the North Scotia Ridge (NSR), 
the South Scotia Ridge (SSR), the South Shetland Islands Block (SSIB) and the Shackleton 
Fracture Zone (SFZ), which surround the basin plain of the Scotia Sea (Fig. 7·1). The Scotia Sea 
contains several spreading ridges, some of which were simultaneously active and resulted in 
the opening of Drake Passage (British Antarctic Survey-BAS, 1985; Barker et al., 1991; Barker, 
2001b). The SSR is formed by a complex array of continental blocks that show evidence of 
significant tectonic activity at present (Galindo-Zaldívar et al., 1996, 2002; Bohoyo et al., 2007; 
Civile et al., 2012). The contact between the northern margins of the SSIB and the oceanic basin 
plain of the southwestern Scotia Sea is locally a reverse fault, which may be sealed by the 
uppermost sedimentary cover (Aldaya and Maldonado, 1996; Civile et al., 2012). 

Drake Passage is entirely crossed by the SFZ, an intra-oceanic ridge several hundreds to 
thousands of meters above the surrounding seafloor (Maldonado et al., 2000). The SFZ 
separates the western Scotia Plate of the Scotia Sea to the east and the former Phoenix and 
Antarctic Plates to the west, in the Pacific Ocean (Fig. 7·1). The SFZ is bounded eastward by an 
active, transpressional fault that accommodates, in conjunction with the NSR and SSR, the 
relative motion between the Scotia and Antarctic plates (Barker et al., 1991; Galindo-Zaldívar 
et al. 1996, 2002; Klepeis and Lawver, 1996; Maldonado et al., 2000; Livermore et al., 2004; 
Geletti et al., 2005; Martos et al., 2013). The SFZ intersects two extinct spreading centers —the 
West Scotia Ridge (WSR) and the Phoenix-Antarctic Ridge— between which the SFZ acted as 
a ridge-to-ridge transform fault when both spreading centers were active (Maldonado et al., 
2000). The Phoenix Plate underwent subduction below the Antarctic Plate during the late 
Mesozoic and Cenozoic (Dalziel, 1984; Barker et al. 1991; Larter and Barker, 1991). The 
spreading axis of the plate was extinct at Chron C2A (2.6–3.6 Ma), and became part of the 
Antarctic Plate thereafter (Livermore et al., 2000). Subduction continued at the South Shetland 
Trench due to roll-back processes at the hinge of subduction and active spreading in the 
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Bransfield Strait (Larter and Barker, 1991; Maldonado et al., 1994; Catalán et al., 2013 and 
references therein). 

The high relief and uplift of the SFZ is a recent feature of Drake Passage. The most likely 
time for crustal uplift of the SFZ was during a period of regional Scotia Sea compression after 
17 Ma due to the migration of the pole of rotation, which created transpression during the 
Miocene (Livermore et al., 2004). Compression eventually led to the extinction of the WSR after 
Chron C3A (6.4 Ma) (Maldonado et al., 2000). The SFZ is thrusted in the southern part by the 
SSIB, where a triple junction is developed (Aldaya and Maldonado, 1996). 

 

Figure 7·1.- Simplified bathymetry map derived from the GEOSAT gravimetric anomaly of the Scotia Sea (Smith and 
Sandwell, 1997) with the geological setting of the Scotia Sea and the distribution of main oceanographic flows in 
the region. Geological elements legend: BB, Bruce Bank; DB, Discovery Bank; HB, Herman Bank; JBs, Jane Basin; JB, 
Jane Bank; PB, Powell Basin; PiB, Pirie Bank; SGI, South Georgia Island; SSIB, South Shetland Islands Block; SOM, 
South Orkney Microcontinent; TR, Terror Rise. Oceanographic currents legend: ACC, Antarctic Circumpolar Current; 
CDW, Circumpolar Deep Water; WG, Weddell Gyre; WSDW, Weddell Sea Deep Water; Dots with circle, Boreholes. 

Kinematic reconstructions of South America-Antarctica motions during the Cenozoic are 
mostly based on the analysis of magnetic seafloor spreading anomalies in the Scotia Sea and 
surrounding oceanic areas. They depict a progressive opening of Drake Passage through 
continental stretching and oceanic spreading (Lawver and Gahagan, 2003; Eagles et al., 2005, 
2006; Livermore et al., 2005, 2007; Lodolo et al., 2006; Vérard et al., 2012; Eagles and Jokat, 
2014). During the initial stages of spreading the Scotia Sea contained several small oceanic 
basins, particularly in the southern region (Maldonado et al., 1998, 2006b; Eagles et al., 2006; 
Galindo-Zaldívar et al., 2006). The basins developed as a result of subduction of the Weddell 
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Sea and the southwestern South American Plate below several fragments of an eastward and 
northward migrating trench (Barker et al., 1991; Barker, 2001b). Ona Basin is the westernmost 
of these basins in the southern Scotia Sea (Fig. 7·1). 

The sedimentary deposits of the region attest to the importance of bottom-current 
processes along the seafloor. Numerous types of contouritic drifts and erosional features have 
been identified in the Pacific continental margin of the Antarctic Peninsula, the Scotia Sea and 
the northern Weddell Sea (Howe and Pudsey, 1999; Maldonado et al., 2003, 2006b; Hernández-
Molina et al., 2006a; Hillenbrand et al., 2008; Martos et al., 2013; among others). These deposits 
are organized into depositional units recognized regionally in multichannel seismic reflection 
(MCS) profiles (Maldonado et al., 2006b). The older units identified below a characteristic 
reflection named Reflector c are distinctive in each oceanic basin, whereas the three younger 
units in different regions of the Scotia Sea are similar (Maldonado et al., 2006b; Lindeque et al., 
2013).  

 

2.2. Oceanographic setting 

Drake Passage is the oceanic gateway between the Pacific and Atlantic that influences the 
circulation of the main water masses in the Southern Ocean (Fig. 7·1). The Circum-Antarctic 
Low Pressure Belt instigates a westward-flowing current along the continental margin, known 
as the Sub-polar Current or East Wind Drift (Le Roux, 2012). North of the Circum-Antarctic Low 
Pressure Belt, the Antarctic Circumpolar Current (ACC) flows clockwise around Antarctica (Fig. 
7·1). The ACC controls the transport of heat, salt, and nutrients around the Southern Ocean and 
is also the principal contributor to the boundary currents of the South Atlantic, South Pacific 
and Indian oceans (Nowlin and Klinck, 1986; Foldvik and Gammelrsød, 1988; Naveira-Garabato 
et al., 2002a). The ACC moreover plays an important role in maintaining the thermal isolation 
of the continent, keeping northern warm waters away from Antarctica. The ACC is intersected 
by the NSR and splits into a shallow, warm branch flowing to the north and a deeper, cold 
branch moving farther to the east and then turning northwards, forming the Falkland-Malvinas 
Current, which in turn flows along the Atlantic margin at less than 1.5 km water depth up to 
the La Plata River, later being deflected eastward (Piola and Matano, 2001; Le Roux, 2012). The 
Circumpolar Deep Water (CDW) constitutes the deeper components of the ACC, comprising 
two fractions, the lower and upper, respectively named LCDW and UCDW (Fig. 7·1). The CDW 
is located above the South Pacific Deep Water (SPDW), which flows east (Naveira-Garabato et 
al., 2002a; Hillenbrand et al., 2008). A deeper and denser water mass in the southern Scotia Sea 
and crossing the southern Drake Passage is the westward directed Weddell Sea Deep Water 
(WSDW), derived from the Weddell Gyre (WG), flowing across passages of the SSR into the 
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Scotia Sea (Orsi et al., 1999; Naveira-Garabato et al., 2002a; Palmer et al., 2012; Pérez et al., 
2014a). 

The morphological influence exerted by the SFZ and other barriers upon bottom-current 
circulation has been considered by several studies. It is suggested that deep-water flows were 
inhibited in Drake Passage by overlapping continental slivers along the SFZ until the late 
Oligocene (Barker, 2001b), or by remnant fragments of a volcanic arc in the central Scotia Sea 
until the late Miocene (Dalziel et al., 2013b). Yet other studies suggest that the SFZ is a rather 
recent feature that acted as a barrier only after 17 Ma (Livermore et al., 2004). The uplift of the 
barrier induced the northward displacement of the bottom water masses since the Miocene 
(Hernández-Molina et al., 2006a; Martos et al., 2013). 

 

3. REGIONAL DATA AND METHODS 

The geophysical data were obtained during five oceanographic cruises onboard the BIO 
HESPERIDES and RV EXPLORA along several profiles in the southwestern Scotia Sea (Fig. 7·2A; 
Table I). We collected MCS profiles, high-resolution sub-bottom profiles (TOPAS: Konsberg 
Simrad PS018), swath bathymetric (SIMRAD EM 12) and total intensity magnetic field data 
(Geometrics G-876 proton precession magnetometer). Marine gravimeter data (Bell Aerospace 
TEXTRON BGM-3) were also available from the SCAN2004 cruise. The data set was 
supplemented with a set of MCS profiles for the region made available by the Antarctic Seismic 
Data Library System for Cooperative Research (see website http://sdls.ogs.trieste.it/). MCS 
profiles of twelve oceanographic cruises from institutions of Spain, Italy, Russia, Japan and 
Brazil were analyzed (Fig. 7·2; Table 7·I). Details on the acquisition and processing of the MCS 
profiles are provided in Table 7·I. The commercial software package Kingdom Suite® was used 
to compile MCS profile data. 

Total intensity magnetic field data were obtained from the HESANT92/93 (profiles M-05, M-
25, M-26 and M-31) and SCAN2004 cruises (profile M-17) aboard the BIO HESPERIDES and 
from the IT89AW (profile IT-41) and IT95AP (profile IT-153) RV EXPLORA Italian Antarctic 
expeditions (Fig. 7·2A). The magnetic data were acquired every 12.5 m on average along the 
ship track lines. Data were filtered in order to eliminate spikes and smoothed using a running 
mean to obtain representative values. The magnetic anomalies were calculated taking into 
account the Definitive Geomagnetic Reference Field (DGRF). In addition, diurnal corrections 
obtained by the Spanish magnetic observatory located on Livingston Island (South Shetland 
Islands) were applied to the SCAN2004 data. The top of the oceanic basement, attributed to 
oceanic Layer 2 in the basin plain (cf., Maldonado et al., 2000), was considered the upper 
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boundary of the magnetized layer (Fig. 7·3). The BIO HESPERIDES and RV EXPLORA profiles 
were integrated with magnetic data taken from the National Geophysical Data Center at NOOA 
(profiles NBP-93-1 and NBP-93-2), and from the Deep Sea Drilling Program dataset (profile 
DSDP-Leg36). 

 

Figure 7·2.- A) Bathymetry predicted from satellite-derived free-air anomaly field of the Scotia Sea (Smith and 
Sandwell, 1997), with the location of the several cruises mentioned in the text. Thick red lines represent the 
location of the MCS profiles represented in Fig, 7·3, where the yellow lines correspond to the profiles discussed 
in detail with the magnetic and gravimetric models. B) Tectonic sketch of the southwestern Scotia Sea showing 
the main cortical elements of the region. The distribution of the basin depocenters is illustrated (contours in 
seconds –TWTT). Legend: 1, syncline (depocenter); 2, reverse fault; 3, basal detachment; 4, northern boundary of 
Ona Basin; 5, boundary of the Ona High; SSIB, South Shetland Island Block; SFZ, Shackleton Fracture Zone. 
Bathymetry predicted from satellite-derived free-air anomaly field of the Scotia Sea (Smith and Sandwell, 1997). 
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Geophysical 
Cruise 

IT_89 IT_91 IT_92 IT_95 RAE TH87/88 TH96 TH97 SA500 ANT92 
HESANT92

/93 
SCAN_2004 

Country Italy Italy Italy Italy Russia Japan Japan Japan Brazil Spain Spain Spain 

Year 1989/1990 1990/1991 1991/1992 1994/1995 1994 1988 1996/1997 1997/1998 1987/1988 1992 1992/1993 2004 

Source 

2 arrays 

15 air-guns 
each 

(45.16 
liters) 

2 arrays 

15 air-guns 
each 

(45.16 liters) 

2 arrays 

15 air-guns 
each 

(71.96 liters) 

2 GI guns 

(6.7 liters) 

1 array 

3-4 
airguns 

(9-11 
liters) 

2 water 
guns 

(13.1 
liters) 

1 array 

GI gun 

(9.83 liters) 

1 array 

GI gun 

(65.55 liters) 

8 airguns  

(8.8 liters) 

1 array 

7 airguns 
BOLT 

(16.3 
liters) 

1 array 

6 airguns 
BOLT 

(15.26 liters) 

1 array of 5 
airguns BOLT 

(29.6 liters) 

Marine 
streamer 

3000 m 

120 
channels 

3000 m 

120 
channels 

3000 m 

120 
channels 

1500 m 

120 
channels 

775 m 

32 
channels 

600 m 

24 
channels 

 

192 
channels 

 

240 
channels 

1800 m 

72 channels 

1200 m 

96 
channels 

1200 m 

96 channels 

2400 m 

96 channels 

Shot 
interval 

50 m 50 m 50 m 25 m 50 m 50m 50m 25/50m 50 m 50 m 50 m 50 m 

Sampling 
rate 

4 ms 4 ms 4 ms  2 ms 4 ms   4 ms 2 ms 2 ms 2 ms 

Processing 
sequence 

Standard 

Time 
Migration 

Standard 

Time 
Migration 

Standard 

No 
Migration 

Standard 

No 
Migration 

Standard 

No 
migration 

Standard 

No 
migration 

Standard 

No 
migration 

Standard 

No 
migration 

Standard 

No Migration 

Standard 

Time 
Migration 

Standard 

Time 
Migration 

Standard 

Time Migration 

Table 7·I.- Oceanographic cruises, acquisition and post-processing methods of the multichannel seismic (MCS) profiles 
analyzed in this study.  

The identification of magnetic chrons was based on the magnetic time scale of Gradstein et 
al. (2004). The parameters adopted for the synthetic model are: dip: -68°; declination: 10°; body 
thickness: 0.5 km; depth of top of the ridge: 3.0 km; susceptibilities: 0.070 (at 7.4 Ma), and 0.008 
(at 29 Ma); spreading rates: 1.6 cm/yr from 7.4 to 25.0 Ma; 1.0 cm/yr from 25.0 to 27.0 Ma; and 
0.2 cm/yr from 27.0 to 29.0 Ma.  

Three representative depth-converted MCS profiles and the GEOSAT satellite-derived free-
air anomaly data (Sandwell and Smith, 2009) were used to produce 2.5 D gravity models by 
means of Gravmag® software (Pedley et al., 1993). The morphological and geometric 
constraints of the model are based on the bathymetry of the seafloor and the sediment 
thickness derived from the MCS profiles (Fig. 7·3). The sparse seismic reflections locally 
observed at depth in the MCS profiles and attributed to the Mohorovicic (MOHO) discontinuity 
reveal the crust-mantle boundary (Figs. 7·3-1, 7·3-2; cf., Maldonado et al., 2000). Acoustic 
velocity data of the nearest seismic refraction profile, located in Powell Basin, were used to 
generate the time-to-depth conversion. Acoustic velocities of 1500 m/s, 2200 m/s and 5541 
m/s were respectively applied for the seawater, sediments and basement (cf., King et al., 1997). 
The values of density used to model the water and the sedimentary deposits were 1.03 g/cm3 
and 2.4 g/cm3, respectively, while a density of 2.85 g/cm3 was used to characterize the igneous 
basement of Ona Basin, according to the typical densities of the oceanic crust in the region 
(Galindo-Zaldívar et al., 2002, 2006; Larter et al., 2003; Lodolo et al., 2006). The density of the 
continental crust for the model was 2.67 g/cm3. A density of 2.7 g/cm3 was applied for the 
chaotic wedge observed in the central part of profile HESANT92/93-31 (Fig. 7·3-3). A density 
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of 2.75 g/cm3 was used for the intrusion of deep materials from the mantle observed in Profile 
SA500-003 (Fig. 7·2A), and a density of 3.25 g/cm3 represents the mantle. The main target of 
the gravity modeling was to assess the density distribution and lateral variations of the 
basement. 

We used a methodology applied in previous studies of the region in order to assess the age 
of the depositional units. We first applied the interval velocities of the migrated MCS profiles 
for the time-to-depth conversion of the selected sites. The age of the base of the deposits is 
constrained by the age of the oceanic crust derived from the magnetic anomalies. Then, 
estimated sedimentation rates are applied to the deposits, based on the results of shallow and 
deep cores of the region. Site 697B in Jane Basin (Fig. 7·1) is the only borehole in the proximity 
of the study region and recovered fine-grained sediments representing deposits of Pliocene to 
Recent age (Barker et al., 1988). This site was correlated with the units of Ona Basin by cross-
basin seismic transects (for regional correlation see also: Maldonado et al., 2006b, their Fig. 
7·2B; Lindeque et al., 2013, their Fig. 2). The method provides an estimated age for each 
depositional unit, although it is tentative since sedimentation rates may show wide variability 
and significant hiatuses may be present. 

The tectonic deformations and the distribution of the sedimentary infill disclose the growth 
patterns of the basin. The magnetic anomaly data contribute new clues regarding the age of 
the oceanic crust and improve previous interpretations. The gravity models provide relevant 
information about the regional nature and structure of the crust. 

 

4. STRUCTURE AND DEPOSITS 

The Scotia Sea basin developed through a process of oceanic spreading during the Cenozoic 
(Barker et al., 1991; Barker, 2001b; Dalziel et al., 2013a). The southwestern region of this oceanic 
basin is referred to as Ona Basin; it includes two sub-basins —the western and eastern Ona 
basins— separated by a structural high formerly named the Ona Platform (Civile et al., 2012) 
that we call herein the Ona High (Fig. 7·2). Ona Basin is bounded by Terror Rise to the east, the 
SFZ to the west, and the SSIB to the south, whereas its opens to the north into the western 
Scotia Sea basin plain (Figs. 7·1, 7·2). The Ona basin plain is thrusted below the SSIB (Aldaya 
and Maldonado, 1996; Lodolo et al., 1997; Civile et al., 2012). The orientation of the reverse 
faults at the foot of the slope of the SSIB is roughly WSW-ENE (Fig. 7·2B).  

A thick sedimentary cover is observed above the basement, with an average thickness of 
about 2.0 s two-way travel time (TWTT), locally reaching up to 3.4 s TWTT (Figs. 7·2B, 7·3). The 
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sediments are generally thin or absent above the Ona High, the SFZ and the slopes of the SSIB, 
except in some restricted areas (Figs. 7·2B, 7·3). 

 

4.1. The basement 

The basement top in the basin is characterized by a high-amplitude reflector horizon, which 
shows a clear and irregular contact with the overlying deposits (Fig. 7·3). A layer with high-
amplitude reflections and lateral continuity is located below this top basement reflection, which 
is underlined by high amplitude and discontinuous reflections. Beneath, irregular diffractions 
are identified over disperse and weak reflections, underlain by a thicker layer with sparse, 
normally inclined reflections (Fig. 7·3). This basement is attributed to Layer 2 of the oceanic 
crust, which is interpreted as the igneous crust in the region (cf., Maldonado et al., 2000, 2006b). 
The profiles locally show a discontinuous and high-amplitude reflection at about 2 s (TWTT) 
below the basement top, which may be laterally traced. This reflection is attributed to the 
MOHO discontinuity (Figs. 7·3-1, 7·3-2). 

The basement is tilted to the southwest. It is thrusted below the SSIB to the south and below 
the SFZ to the west (Figs. 7·3-1, 7·3-2, 7·3-6). The basement also shows an irregular and 
fragmented relief, as it is affected by NNW-SSE to WNW-ESE trending structures, such as 
normal, reverse and transcurrent faults and deep-rooted intrusions (Figs. 7·2B, 7·3-1, 7·3-4). 
The faults bound several deep basement depressions containing thick deposits. A WSW-ENE 
oriented depression is also observed in the central area near the contact with the slope of the 
SSIB, and two NNW-SSE depressions are observed in the eastern Ona Basin (Fig. 7·2). The 
depressions bounded by normal faults suggest important extensional tectonics. The reverse 
faults observed in the profiles reveal, however, a more recent phase of compression. Most of 
the basement faults do not cut across the deposits, except in the proximity of the SFZ and the 
southwestern basin plain (Figs. 7·3-1, 7·3-2). 

 

 

 

Figure 7·3.- Representative multichannel seismic (MCS) profiles and line drawing interpretations of the same 
profiles: 3-1, Profile ANT92-18A of the western Ona Basin crossing the basin plain and the SFZ; 3-2, Profile TH96-35 
of the western Ona Basin crossing the basin plain and the SSIB; 3-3, Profile HESANT92/93-31 between the western 
and eastern Ona Basin crossing the Ona High. 3-4, Profile HESANT92/93-04 of the western Ona Basin crossing the 
basin plain and the SSIB; 3-5, Profile SA500-019 of the western Ona Basin crossing the basin plain and the SSIB; 3-
6, Profile HESANT92/93-05 of the western Ona Basin crossing the basin plain and the SSIB; The main reflections 
identified in the study (Reflectors a to g) are shown in the profiles. See Figure 7·2A for location. Discussion in the 
text. 
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The contact between the basin and the slope of the SSIB is marked by a reverse fault that in 
places shows several thrust faults, with transcurrent flower structures above the relatively 
undisturbed basin sediment fill. The older deposits of the basin are thrusted along the SSIB 
and reveal some amount of subduction (Figs. 7·3-2, 7·3-5, 7·3-6). The reverse fault at the foot 
of the slope shows evidence of recent activity in the western region, while the slope is sealed 
by the younger units in the eastern region (Fig. 7·3-6). The morphology of the SSIB slope mimics 
the structure of the basement of Ona Basin (Fig. 7·2B), with deep valleys incising the slope of 
the margin where deep basement depressions are thrusted. This may indicate tectonic erosion 
and compaction of the overridden slab due to the mechanical properties of the thick subducted 
sediment pile. 

 

Figure 7·3.- (Continued) 
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The contact between the SFZ and the basin plain is also delineated by faults (Fig. 7·3-1). The 
slope of the SFZ is cut by transtensive and transpressive faults, whereas a major thrust is 
observed at depth. The SFZ is subducted to the south below the SSIB, generating a prominent 
margin bulge (Aldaya and Maldonado, 1996; Martos et al., 2013). 

The Ona High is a morphological and structural high occupying the central sector of the 
basin with a very irregular and eroded relief that is attached, southwards, to the SSIB (Figs. 7·2, 
7·3). The MCS profiles reveal an irregular and eroded sedimentary cover on top of a basement 
with short and discontinuous internal reflections (Fig. 7·3-3). Reverse and normal faults are 
observed over the margins and within the structural block. The seismic facies of the basement 
resemble those of other banks of the southern Scotia Sea, interpreted as continent-like or 
transitional continental crusts (Galindo-Zaldívar et al., 2006, 2014; Bohoyo et al., 2007; Civile et 
al., 2012). 

 

Figure 7·3.- (Continued) 
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4.2. The depositional units 

Five major seismic sedimentary units (Units 5 to 1, from bottom to top) have been previously 
described in the Scotia Sea (Maldonado et al., 2006b). An older Unit 6 is also reported in 
regional studies of the southwestern Scotia Sea (Maldonado et al., 2010; Martos et al., 2013). 
Unit 5 is a lenticular infill of basement depressions with a tentative Oligocene to early Miocene 
age. Unit 4 is a sheet-like deposit, considered to be early to middle Miocene in age. Unit 3 
exhibits both mounded and sheet-like geometries with a suggested middle to late Miocene 
age (Maldonado et al., 2003, 2006b). Mounded and sheet-like shapes are dominant in Unit 2, 
which is attributed a late Miocene to early Pliocene age. Unit 1 is described as a relatively thin 
early Pliocene to Recent unit. In this study, we identified a very deep depression of limited 
extent in the eastern Ona Basin, which allows for the distinction of eight main seismic units 
above the basement. These units are numbered 8 to 1, from bottom to top (Figs. 7·3-3, 7·4). 
Units 5 to 1 are equivalent to those previously described in the southwestern Scotia Sea (cf., 
Maldonado et al., 2006b). 

 

Figure 7·3.- (Continued) 
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The seismic units are bounded by moderate to high-amplitude continuous reflections 
designated g to a —from bottom to top— that constitute major stratigraphic discontinuities 
in the sedimentary record. They are erosive unconformities, which may evolve laterally into the 
basin plain to concordant surfaces. Reflector c is a widespread, very high-amplitude reflection 
that locally depicts remarkable erosive features (Maldonado et al., 2006b; Lindeque et al., 2013). 
This discontinuity can be traced along the southwestern Scotia Sea and other adjacent basins, 
and serves to divide the sedimentary record into the oldest units (8 to 4) and youngest units 
(3 to 1). The oldest units are more deformed and their distribution is controlled by the 
basement structures, although the youngest units are also locally deformed. In addition, small 
wedge-shaped deposits with internal chaotic character, weak acoustic response and irregular 
top boundaries, attributed to mass transport deposits, are identified within the sedimentary 
record, especially over the margins of the banks. 

A thick, irregular seismic body is recognized in the eastern Ona Basin over the margins of 
the Ona High (Figs. 7·2, 7·3-3). This body displays a lenticular shape with internal chaotic facies 
and shows abundant hyperbolic reflections, a sharp basal contact with the underlying 
basement, and a strong top reflection. The chaotic facies appear to be equivalent to deposits 
emplaced by tectonics or mass transport processes, such as the olistostrome of the Gulf of 
Cádiz in the central eastern Atlantic (cf., Medialdea et al., 2004, among others). This chaotic 
seismic body overlies a high-amplitude reflection that dips towards the WSW, being observed 
up to 9 s (TWTT) beneath the referred body (Fig. 7·3-3). 

4.2.1. Oldest seismic units 

The oldest units are thicker in the basement depressions (Figs. 7·2B, 7·3). Seismic units 8 and 
7 are only identified in the eastern Ona Basin, along the axis of a deep trough (Figs. 7·2B, 7·3-
3, 7·4). Unit 6 is more widespread, but it is best developed in the southern part of the western 
Ona Basin, where the basement is deeper and tilted toward the SSIB (Figs. 7·3-5, 7·3-6). 

Unit 8 is characterized by massive to discontinuous, high-amplitude chaotic facies with no 
coherent internal layering and hyperbolic reflections (Fig. 7·3-3). It is a wedge-shaped unit with 
a maximum thickness of about 800 m (Fig. 7·4). Unit 7 shows an aggradational configuration 
with reflections onlapping the basement and reflection amplitudes increasing from bottom to 
top. The thickness is about 350 m (Fig. 7·4). Seismic Unit 6 contains weak discontinuous 
reflections, which increase their amplitude and continuity upward. It has a maximum thickness 
of about 800 m (Figs. 7·3-5, 7·3-6, 7·4). Unit 6 overlaps the chaotic body in the eastern Ona 
Basin (Fig. 7·3-3); it is well developed near the contact of the abyssal plain with the SSIB in the 
western Ona Basin (Figs. 7·3-5, 7·3-6). Unit 5 shows a more widespread distribution than the 
underlying deposits (Fig. 7·3). This unit exhibits high amplitude and continuous reflections, 



Chapter 7 

190 

 

mostly in its lower part (Figs. 7·3-5, 7·3-6). The external geometry is wedge-shaped to lenticular, 
with a maximum thickness of 500 m (Fig. 7·4). Unit 5 downlaps the underlying deposits and 
progrades westwards, reflecting a progressive uplift of the basement in the eastern part of Ona 
Basin (Fig. 7·3-3). Unit 4 shows parallel, continuous, high-amplitude reflections that laterally 
become discontinuous, low-amplitude reflections (Figs. 7·3-5, 7·3-6). Several minor 
discontinuities can be identified within the unit. It exhibits a wedge to sheet-like external shape 
with a maximum thickness of about 900 m (Fig. 7·4). The upper part of Unit 4 onlaps and buries 
the chaotic body in the eastern Ona Basin (Fig. 7·3-3). 

 

Figure 7·4.- A) Segment of multichannel seismic reflection profile HESANT92/93-31 of the eastern Ona Basin with 
the line drawing interpretation showing the seismic units and reflectors identified in this study. Depth in seconds of 
two-way travel time (TWTT). B) Seismic units and reflectors identified in this study, showing sedimentation rates and 
thickness (km), according the method described by Maldonado et al. (2013) (details in: 3. Regional data and 
methods). See Figs. 7·2A and 7·3-3 for location of the profile. Further discussion in the text. 
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4.2.2. Youngest seismic units 

The three youngest seismic units have abundant internal erosional features and significant 
thickness variations. Unit 3 is characterized by a stratified laminar configuration, with very high-
amplitude and laterally continuous reflections, especially in the lower part of the unit (Fig. 7·3-
6). Its internal reflections can show gentle downlap terminations, although the unit may also 
onlap against basement highs. The unit depicts a predominant sheet-like external geometry. 
Minor discontinuities are frequently observed within the unit. The thickness is variable, but is 
normally less than 600 m (Figs. 7·3-5, 7·3-6, 7·4). Unit 2 is generally conformable over the 
underlying deposits in the central part of the basin plain, whereas it shows onlap terminations 
towards the basin margins (Figs. 7·3-5, 7·3-6). The unit exhibits sub-parallel, high-amplitude 
reflections with high lateral continuity, and locally fills underlying depressions. Small amplitude 
sediment waves are locally identified toward the top of Unit 1, which is incised by channels and 
moats in many places. The average thickness of units 2 and 1 is 300 to 500 m, but they reveal 
significant thickness variations (Fig. 7·3). 

 

5. MAGNETIC ANOMALIES 

The oceanic basement of Ona Basin is thrust beneath the continental blocks of the SSIB, as 
shown by the MCS profiles (Figs. 7·2B, 7·3). The continent/ocean boundary (COB), marked by a 
set of reversal faults, is depicted by a sharp increase of the magnetic field, which reaches up to 
120 nT in profile M-05 (Figs. 7·3-6, 7·5, 7·6). This strong anomaly is associated with the Pacific 
Margin Anomaly (PMA), which is interpreted to be caused by a linear magmatic complex that 
follows the Antarctic Peninsula and continues into the SSIB and the SSR (Garrett, 1990; Suriñach 
et al., 1997; Martos et al., 2014). 

Taking into account previous studies of the Scotia Sea (Eagles et al., 2005; Lodolo et al., 
1997, 2010; Maldonado et al., 2010) based on magnetic profiles recorded by oceanographic 
surveys, we adopt the same approach for the interpretation of spreading magnetic anomalies 
in Ona Basin. Although aeromagnetic data are available in the study region (Ghidella et al., 
2002; Martos et al., 2014), profiles from marine surveys are more appropriate to model 
spreading magnetic anomalies in complex areas, as they are recorded at sea level and most of 
them positioned according to the spreading corridors. The Ona basin plain shows the presence 
of some magnetic anomalies that can be associated with oceanic spreading, but because of 
their subdued amplitude, these anomalies are clearly recognizable only in a few cases. It is 
important to note, moreover, that the sparse magnetic coverage of the study area does not 
allow for a precise and confident identification of the entire sequence of anomalies, and in 
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some cases this fact precludes an accurate assignation of specific magnetic chrons. Spreading-
related anomalies are, however, tentatively identified in profiles M-26 and M-31, as well as the 
northern part of M-25, M-17, IT-153 and IT-41 (Fig. 7·5). 

 

Figure 7·5.- Position map of the magnetic profiles used in this study, superposed on the GEOSAT satellite-derived 
gravity map (Sandwell and Smith, 2009). Seafloor linear magnetic anomalies plotted along tracks and superposed 
on the free-air gravity map are shown. Different track colors indicate the different sources: black, Spanish profiles; 
red, Italian profiles; white, National Geophysical Data Centre (NGDC) profiles at NOOA; yellow, DSDP profile at DSDP 
database. Magnetic data, acquired in different years by different Institutions, were homogenized to allow for uniform 
representation of the anomalies. In general, these vary from -400 to 400 nT along most of the presented magnetic 
anomaly profiles. The sequence of the high-amplitude anomalies found along the southern part of profile M-05 
depicts the occurrence of the well-known Pacific Margin Anomaly (PMA) (Garrett, 1990). Discussion in the text. 

The old magnetic profile Shack 71, running along the southern flank of the western 
spreading corridor of the WSR, has been interpreted in several studies (Eagles et al., 2005; 
Lodolo et al., 2006), because it represented one of the few available profiles pertaining to a 
single spreading corridor. It crosses the entire sequence of anomalies from the abandoned 
spreading segment of the WSR to the northern margin of the SSIB. Profile NBP-93-1, its 
southern part shown in Fig. 7·5, parallels the Shack 71 profile, and here is taken as the 
preferable reference because it is DGPS-positioned. Yet both profiles show the same sequence 
of anomalies and a similar value of the corresponding amplitudes. The youngest anomaly 
identified in this profile falls within the normal polarity parts of Chron C3A (6.6-5.9 Ma), as 
interpreted by Maldonado et al. (2000) in the westernmost extinct spreading segment of the 



  Ona Basin 

193 

 

WSR. Profile Shack 71 moreover reveals about 150 km of oceanic crust between the well 
identified peak of C8 and the base of the SSIB northern margin, which is interpreted as the 
COB. 

The likely occurrence of anomalies older than C8 in the SW Scotia Sea was initially proposed 
by Barker and Burrell (1977). The presence of anomaly 9, although subdued, in the southern 
sector of the spreading corridor was also recently suggested (Eagles et al., 2005). Lodolo et al. 
(1997, 2006) show, by comparing profile Shack 71 with the IT-41 data, that the entire anomaly 
9 is present, and possibly part of C10. An unusual magmatic regime with reduced emplacement 
of igneous rocks associated with the early phase of oceanic crustal accretion was proposed to 
explain the low amplitude of these magnetic anomalies (Lodolo et al., 1997). However, this may 
also be due to the important sediment cover that occurs in the region (Figs. 7·2, 7·3-6). Subdued 
anomalies observed close to the base of the continental slope along the Antarctic Peninsula 
are interpreted as a consequence of the spreading ridge having been buried by sediments 
(Larter and Barker, 1991). Sediment cover may affect remanent magnetization either by slowing 
cooling —resulting in fewer single-domain magnetite grains— or by causing intensified 
hydrothermal circulation, resulting in alteration of the rocks. 

 

Figure 7·6.- Magnetic anomaly data and model of profile M-05 
(HESANT92/93) of the western Ona Basin crossing the basin plain and 
the SSIB. See Figs. 7·2A and 7·3-6 for location and the MCS profile 
interpretation, respectively. Discussion in the text. 
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Profile M-17 (Fig. 7·5) shows a set of anomalies on the southern flank of the WSR where 
chrons C5n to C10n are well identified (Maldonado et al., 2007, 2010). Some of these anomalies 
are well correlated with anomalies along profile IT-153 (Fig. 7·5). Older anomalies may also be 
present, but the profile cuts across an area of the Ona High where the identification of chrons 
becomes more ambiguous due to tectonics and the structural influence of the basement (Figs. 
7·3-3, 7·5). Extrapolation by joint inversion of the spreading in the WSR using rates of 20-25 
km/Ma between C8 and Chron C6b suggests that anomaly C11 could occur in the southern 
Ona Basin (Eagles et al., 2005; Livermore et al., 2005). Lodolo et al. (2006) consistently 
recognized C9 in several profiles perpendicular to the Tierra del Fuego margin and advocated 
that anomaly C10 or part of it may be present in two profiles, although the signature of this 
anomaly is not well identified (Geletti et al., 2005). The extrapolation of the spreading rate in 
the northern flank of the WSR reveals that C11 occurs within the continental margin of Tierra 
del Fuego (Livermore et al., 2005; Lodolo et al., 2006). 

Profile M-05 is located in a region that, according to the flow lines of the southwestern 
Scotia Sea, may contain the oldest oceanic crust (Fig. 7·5). The magnetic model of this profile 
complements the anomalies identified in profile IT-41 (Lodolo et al., 2006) and would suggest 
additional chrons. Two smooth maxima and minima reversals, with a wavelength of about 30 
km and amplitude of approximately 40 nT, are observed in the basin (Fig. 7·6). The modeling 
of the magnetic sources was done presuming that the upper surface of the magnetized body 
corresponds to the top of the igneous basement, where the magnetized body is a regular layer 
0.5 km thick. The angular parameters of the magnetization vector were consistently taken 
according to the parameters of the symmetrical dipole of the earth’s field axis, considering that 
latitude during oceanic spreading was roughly close to the present day latitude. The 
parameters of the present day magnetic field coincide with the parameters of the DGRF field 
of the time of the survey. The best fit of the model with the observed anomalies was obtained 
considering a magnetization of 2 A/m (Fig. 7·6). The magnetic seafloor anomalies shown in our 
model of Profile M-05 are tentatively identified considering a process of regular seafloor 
spreading. We suggest a spreading center in the southern region of the western Ona Basin, 
spanning chrons C11r to C12r, whereas in the northern region of the basin the pattern of 
magnetic anomalies would correspond to the southern flank of the WSR, which may include 
Chron C11n.1n (Figs. 7·5, 7·6). A mean full spreading rate of 8.4 km/Ma is envisaged during this 
early 3 Ma period, where the dissymmetry of the magnetic anomalies between the two flanks 
could be attributed to the normal faults affecting the northern flank (Figs. 7·3-6, 7·6). The 
regional compilation of profiles does not allow a linear correlation of the anomalies, however 
(Fig. 7·5). Tentative correlations could be made with the anomalies on the nearest profile to the 
west, NBP-93-2 (~30 km away), but the anomalies are not consistent with profile IT-41, which 



  Ona Basin 

195 

 

intersects it at an acute angle. Furthermore, the distribution pattern of anomalies is not 
coherent with a single spreading center (Figs. 7·5, 7·6). A chaotic, preliminary episode of 
opening associated with the early stages of continental fragmentation of the South America-
Antarctic Peninsula Bridge was suggested to explain the nature of the magnetic anomalies in 
the SW Scotia Sea (Barker and Burrell, 1977). 

 

6. GRAVITY ANOMALIES 

The satellite-derived free-air anomaly values vary from about +100 to -100 mGal in the 
region (Fig. 7·5). The SSIB depicts a WSW-ENE elongated trend, usually with positive values of 
about +30 to +120 mGal. An elongated feature with lower values (up to -150 mGal) is observed 
southwards of the eastern part of the SSIB; it is attributed to the Hespérides Deep and indicates 
stretched continental crust (Acosta and Uchupi, 1996; Galindo-Zaldivar et al., 1996; Bohoyo et 
al., 2007; Civile et al., 2012). Most of the basin shows low positive and negative values (Fig. 7·5). 
The NW-SE-trending SFZ, in the western region, displays high positive values (Martos et al., 
2014a). The South Shetland Trench is observed to the west of the intersection between the SFZ 
and the SSIB, with negative values of around -100 mGal. Ona Basin exhibits two areas with 
slightly lower gravity anomalies: (a) a NW-SE elongated anomaly parallel to the SFZ in the 
western Ona Basin with a decreasing value near the SFZ, and (b) a WSW-ENE elongated 
anomaly parallel to the SSIB (Fig. 7·5). The western Ona Basin fabric depicts a rough WNW-ESE 
trend in the central sector. The Ona High shows positive anomalies that protrude seaward from 
the SSIB, while it is bounded by negative anomalies in the basin (Fig. 7·5). 

The gravity models orthogonal to the SSIB in the western Ona Basin indicate an igneous 
oceanic crust with significant thickness variations, from about 2 km to more than 8 km in 
thickness (Fig. 7·7A, B). The oceanic crust is thinner in the southern part and it is thrusted by 
the continental crust of the SSIB margin. The sediments of the basin, in contrast, thicken 
southward, from about 1 km to more than 2 km at the base of slope. The igneous crust is 
affected by normal faults and the sediment distribution is influenced by the structure of the 
crust (Figs. 7·3-4, 7·3-5, 7·7A, B). The continental crust of the SSIB is about 10 to 12 km thick 
near the slope, and becomes more than 15 km thick to the south. Gravity profile ANT92/93-
M31, which crosses the Ona High, reveals small discrepancies between the data and the model 
that can be attributed to the complex structure and morphology of the area, and also to the 
fact that the model does not take into account lateral variations. We tested several hypotheses 
based on the information derived from the MCS profiles; the best fit congruent with the 
geology of the region is shown in Fig. 7·7C. The Ona High is interpreted as a thinned continental 
crustal block, with a maximum thickness of 10 km, but highly thinned by faults (Figs. 7·3-3, 
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7·7C). The oceanic crust is slightly thicker than 6 km in the western Ona Basin. In the eastern 
Ona Basin the crust shows major thickness variations, from about 6 km thick to only a few 
hundred meters thick or absent in the central sector (Figs. 7·3-3, 7·7C). The sediments thicken 
in the central depression of the eastern Ona Basin and the chaotic wedge is depicted by an 
irregular body on top of the oceanic crust, over the eastern margin of the Ona High. 

 
Figure 7·7.- Representative gravity model profiles to illustrate 
the geometry and nature of the crust in Ona Basin. Legend of 
profiles SA500-003, HESANT92/93-05 and HESANT92/93-31: 1, 
water (1.03 g/cm3); 2, sediments (2.4 g/cm3); 2´, chaotic body 
(2.7 g/cm3); 3, oceanic crust (2.85 g/cm3); 4, mantle (3.25 g/cm3); 
5, deep mantle intrusion (2.75 g/cm3); 6, thinned continental 
crust (2.67 g/cm3); 7, continental crust (2.67 g/cm3). Detailed 
discussion in the text. See Figure 7·2A for location of the 
profiles. 
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7. DISCUSSION 

Analysis of the extensive geophysical data set pertaining to Ona Basin highlights the 
relevance of the region for an understanding of the early stages of development of the Scotia 
Sea. We propose a model of development for Ona Basin that involves ridge jumping. 

 

7.1. Age of the oceanic crust 

On the basis of identification of the southwestern Scotia Sea magnetic anomalies, three 
tectonic scenarios for the creation of oceanic crust in Ona Basin may be put forth: (a) the 
present day westernmost spreading corridors of the southwestern Scotia Sea (to the east of 
the SFZ) were created by the WSR oceanic accretion; in this scenario, Ona Basin would be part 
of the southernmost flank of the western spreading corridor; (b) several spreading centers were 
active in different periods in the Ona Basin region, and a remnant of the original ridge is present 
in the oceanic crust of the area; and (c) part of the initial oceanic crust was subducted below 
the SSIB, probably including the original spreading center. 

The analyzed profiles show oceanic magnetic anomalies in the western Ona Basin, although 
their precise recognition is elusive (Figs. 7·5, 7·6). The existence of a single spreading center in 
the southwestern Scotia Sea is not supported by the sequence of anomalies, since continuous 
spreading of the WSR is only reliable until anomaly C10n. The profiles reveal cycles of magnetic 
reversals in the southern region of Ona Basin between C11n and the northern SSIB slope, 
although an organized pattern of older reversal anomalies is not well recognized from the 
available profiles (Fig. 7·6). These older anomalies are not documented in the conjugated 
margin off Tierra del Fuego (Lodolo et al., 2006). 

The older anomalies in the western Ona Basin are attributed to a former spreading center, 
where we tentatively suggest chrons C11n and C12n (Fig. 7·6). The nature of the anomalies 
does not allow a definitive identification, however, and the anomalies may be even older than 
interpreted. Seafloor spreading processes probably started during Chron C12r (33.3 Ma) or 
earlier and ceased during Chron C11r (30.5 Ma) in the western Ona Basin (Fig. 7·6). The mean 
full spreading rate during this 3 Ma period was of 8.4 km/Ma, which is high in comparison to 
the mean half-spreading rate of the southern Scotia Sea of 2.5 km/Ma, observed between 
anomalies C5 and C10 (Livermore et al., 2005). The spreading center jumped northward to 
develop the WSR after Chron C11r (30.5 Ma) (Fig. 7·5). These anomalies appear to be offset in 
the western Ona Basin, probably due to the strike-slip motion by transform faults and intra-
plate deformation during subsequent tectonic phases (Figs. 7·2B, 7·3, 7·6). Based on the 
available data, we conclude that it is still impossible to establish whether the initial phase of 
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oceanic spreading in the western Ona Basin is the result of organized spreading from a single 
spreading center, or else chaotic spreading resulting from multiple or poorly constrained ridge 
jumps (Figs. 7·5, 7·6). 

The MCS profiles show that the basin plain is presently thrusted, which supports a partial 
subduction of the primitive oceanic crust (Figs. 7·2B, 7·3, 7·7). In this setting, the oldest oceanic 
crust was partly eliminated below the SSIB. The timing of thrusting is not well constrained due 
to the high angle of the contact, but the older deposits are generally affected, as are the 
youngest ones locally (Fig. 7·3-2). An accretionary prism adjacent to the foot of the SSIB flank 
is well developed in the westernmost region of the overriding block, although normal and 
reversal faults are frequently observed in the contact of Ona Basin with the SSIB (Fig. 7·2B). A 
model similar to the evolution of the Pacific margin of the Antarctic Peninsula could be 
envisioned, where spreading ends after the ridge crest is subducted below the forearc (cf., 
Larter and Barker, 1991). This implies that only one branch of the spreading plate would be 
present and that a significant portion of the original oceanic crust was subducted. Our present 
interpretation, however, implies that an older spreading center preceding the WSR may be 
present in the western Ona Basin, yet highly deformed by subsequent tectonics (Figs. 7·2B, 7·3, 
7·5, 7·6, 7·7). 

 

7.2. Tectonics and seismic stratigraphy of the Ona Basin 

The Ona High is interpreted as a continental block fragment, similar to other isolated banks 
occurring along the southern Scotia Sea (Bohoyo et al., 2007; Civile et al., 2012; Galindo-
Zaldivar et al., 2014). The crust of the continent-like block is thin according to the gravity 
models, suggesting the existence of magmatic intrusions. However, the present day structure 
is dominated by reverse faults (Figs. 7·3-3, 7·7C). The Ona High is bounded on both margins by 
oceanic crust, although the COB is not well imaged and it is probably affected by reverse 
faulting. Rock samples recently dredged from the Ona High during the SCAN2013 cruise reveal 
a large variety of plutonic, metamorphic and volcanic rocks that attest to the continental nature 
of the block (Maldonado et al., 2013). 

The basement of the western Ona Basin is tilted to the south, from 5 s (TWTT) in the northern 
sector to about 6.5 s (TWTT) in the southern sector, and it is thrusted by the SSIB (Figs. 7·3-2, 
7·7A, 7·7B). In the proximity of the intersection between the SFZ and the SSIB, the basement is 
largely deformed by reversal faults while also thrusted by the SFZ (Fig. 7·3-1). The deposits 
reveal four elongated depocenters, generally bounded by normal faults trending WNW-ESE in 
the NE part of the basin, to almost NW-SE in the proximity of the SFZ (Fig. 7·2B). The deposits 
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display a southward thickening from less than 2 s (TWTT) to more than 2.5 s (TWTT) in the 
proximity of the SSIB, where Unit 6 is observed (Figs. 7·3-5, 7·3-6). Although the igneous 
basement shows significant thickness variations in the gravity models, it is considered to be 
equivalent to other oceanic provinces of the western Scotia Sea (cf., Maldonado et al., 2000).  

The eastern Ona Basin contains a basement with different structural trends (Fig. 7·2B). The 
igneous crust is very thin and thrusted to the east along the axis of the basin (Figs. 7·3-3, 7·7C). 
The depositional units identified in the eastern Ona Basin provide additional insight into the 
age of the initial spreading (Fig. 7·4). Two large NNW-SSE-trending depocenters are observed: 
one near the axis of the basin and the other on the eastern margin of the Ona High (Fig. 7·2B). 
The deposits reach a maximum thickness of 3.4 s (TWTT) along the axis of the depocenter, 
where the older units of Ona Basin are identified (Figs. 7·3-3, 7·4). In view of the interval 
velocities obtained from the MCS profiles, this thickness represents about 5 km of deposits. 
The chaotic body observed over the eastern margin of the Ona High is characterized by high 
density in the gravity models (2.7 g/cm3), which would indicate a volcano-clastic origin, largely 
emplaced by mass transport processes and partially tectonized (Figs. 7·3-3, 7·7C). Unit 4 
fossilizes the chaotic body, whereas the underlying units are syntectonic with its emplacement 
(Fig. 7·3-3). The occurrence of this thick depositional wedge, not previously recognized in the 
Scotia Sea, supports the hypothesis that this region was the initial site of seafloor spreading. 
Assuming an age of 33 Ma for the base of Unit 6, which is located on the western Ona Basin 
atop a basement probably older than Chron C12n, the estimated age of the base of Unit 8 is 
middle Eocene (about 44 Ma) (Figs. 7·3-3, 7·4, 7·6). This timing suggests that the initial 
spreading of the eastern Ona Basin occurred several million years earlier than previously 
postulated. We speculate that, according to the deposit distribution, the initial phase of oceanic 
spreading occurred in the eastern Ona Basin, which originated from a N-S oriented spreading 
center. These observations would indicate that the oldest basin of the Scotia Arc region is the 
eastern Ona Basin, whereas oceanic spreading in the western Ona Basin occurred later, during 
the early Oligocene. 

The initial phases of extension and continental thinning, followed by oceanic spreading, 
were characterized by jumping of the spreading centers, initially from the eastern Ona Basin to 
the southern part of the western Ona Basin, and subsequently to the north to generate the 
WSR. These initial phases of spreading are related to the expanding forearc system of the Scotia 
Arc towards the Atlantic Ocean and the Weddell Sea (Barker, 2001b; Eagles et al., 2005; 
Livermore et al., 2005; Eagles and Jokat, 2014). Yet we propose a novel model that accounts for 
the early development of the Scotia Arc, and provide ground evidence for the timing of the 
opening of Drake Passage (Figs. 7·8, 7·9). Following subduction of the Pacific plates below the 
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South America-Antarctic Bridge, the initial phases of the tectonic evolution of Scotia Sea were 
characterized by oceanic back-arc spreading and ridge jumping, while the forearc migrated 
from the Pacific to the Atlantic margin of the bridge (Figs. 7·8, 7·9). After seafloor spreading 
ceased in Ona Basin, the entire region underwent tectonic inversion and thrusting of the 
recently created oceanic crust, which also became subducted below the SSIB (Fig. 7·2B). 

 

Figure 7·8.- Plate tectonic reconstruction of the region during the four tectonic phases identified in this study. The 
relative positions of the South American and Antarctic Peninsula crustal blocks for the tectonic reconstructions at 
selected time slices were provided by the PLATES Project data compilation (Laurence Lawver, pers. comm.). See 
Figure 7·9 for the geological cross sections of the successive tectonic phases. 

 

7.3. The opening of the Scotia Sea: a model of ridge jumping 

A model for the opening of the Scotia Sea is proposed in four phases: Phase I, Pacific 
subduction and initial continental fragmentation, Paleocene-middle Eocene; Phase II, eastern 
Ona Basin back-arc spreading, middle-late Eocene; Phase III, ridge jumping and western Ona 
Basin back-arc spreading, early Oligocene; and Phase IV, ridge jumping, WSR spreading and 
continental block dispersal, early Oligocene-late Miocene. The plate tectonic reconstruction of 
the region during the successive phases is depicted in Fig. 7·8, whereas the main crustal 
elements are illustrated in the cross sections of Fig. 7·9. The relative positions of the South 
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American and Antarctic Peninsula crustal blocks for the tectonic reconstructions at selected 
time slices were provided by the PLATES Project data compilation (Lawver and Gahagan, 2003; 
Laurence Lawver, pers. comm.). 

Phase I was characterized by the subduction of the Phoenix Plate below the South America-
Antarctic continental bridge (Figs. 7·8A, 7·9A). A short segment of the margin experiencing 
subduction in the northwestern Weddell Sea is postulated in some plate tectonic 
reconstruction models, however (Vérard et al., 2012; Eagles and Jokat, 2014). The extremely 
slow N-S separation of Antarctica and South America during this phase (cf., Livermore et al., 
2005) gave rise to a process of continental thinning, although there is no evidence of back-arc 
spreading in Drake Passage. We suggest asymmetrical rifting, resembling that of other Atlantic-
type conjugated margins, as illustrated by the continental margin off Labrador (Dickie et al., 
2011). Evidence of continental stretching during the latest Paleocene and early Eocene in Tierra 
de Fuego has been reported (Ghiglione et al., 2008), while the deposits of the passive Atlantic 
margin contain lower slope units (Olivero and Malumián, 1999, 2008; Torres-Carbonell and 
Olivero, 2012). An early-middle Eocene pulse of Andean uplift is recognized by the erosional 
unconformities in Tierra del Fuego (Olivero et al., 2003) and in the Malvinas Basin (Baristeas et 
al., 2012). This event may have coincided with the end of Phase I and preceded the onset of 
back-arc spreading. 

Phase II included back-arc spreading processes in the eastern Ona Basin, which created a 
NNW-SSE trending rift resulting from the southeastward migration of a proto Scotia Arc system 
prograding over the Atlantic Ocean and the Weddell Sea (Figs. 7·8B, 7·9B). The larger block of 
continental crust was located in the eastern flank, while a smaller block was probably located 
in the western flank, overriding the Phoenix Plate. An abrupt change from N-S to WNW-ESE of 
the direction of separation of South America and Antarctica near anomaly C21 (47 Ma) has 
been put forth, accompanied by an increase of the spreading rate from about 3 to 24 km/Ma 
(Livermore et al., 2005); this would agree with the estimated spreading age of 44 Ma for the 
eastern Ona Basin. Most of the continental blocks now dispersed around the Scotia Arc were 
possibly located during Phase II to the east of the eastern Ona spreading center, in turn located 
near the tip of the Antarctic Peninsula (Fig. 7·9B). 

Phase III was characterized by a westward jumping of the spreading center, which became 
WNW-ESE oriented in the western Ona Basin (Figs. 7·8C, 7·9C). A model of magma-poor rifted 
margin could be evoked to explain the elusive nature of the magnetic anomalies (Bronner et 
al., 2011). The deformation of the region during successive tectonic events makes it difficult to 
determine the age and distribution of the original oceanic crust (Figs. 7·2B, 7·3). The primitive 
continental bridge migrated eastward, whereas the subduction of the Weddell Sea propagated 
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northward and eastward to the Atlantic Ocean. We speculate that during this phase the Phoenix 
Plate subduction below the South America-Antarctic Peninsula continental bridge ended, and 
the boundary between the developing Scotia Plate and the Phoenix Plate became the SFZ intra-
oceanic transform fault zone. The Scotia Arc developed progressively as an active margin over 
the Atlantic Ocean (Figs. 7·8C, 7·9C). The new orientation of the rift facilitated the fragmentation 
of the continental blocks located near the eastern tip of the Antarctic Peninsula, which first 
became isolated in the continental bridge and were later dispersed eastward with the 
overriding slab. Continuous stretching and thinning produced delamination of the crust and 
facilitated the exhumation of the mantle. The Atlantic and Weddell plates were affected by 
subductions under the expanding Scotia Arc. The high WNW-ESE separation rate (24 km/Ma) 
of South America-Antarctica also reported during this phase (Livermore et al., 2005), facilitated 
back-arc processes and the stretching of the primitive continental bridge. 

 

Figure 7·9.- Sketches of geological cross section reconstructions during four tectonic phases identified in this study, 
showing the main crustal elements of the region. See Figure 7·8 for the plate tectonic reconstructions. 
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Phase IV was triggered by a new ridge jumping and the initiation of the WSW-ENE trending 
WSR after Chron C11n (30 Ma). The intra-oceanic ridge of the SFZ became a transform fault 
and marked the boundary between the Phoenix and Scotia plates. Back-arc extension with 
eastward migration of the subduction zone was accompanied by extension and rifting of the 
continental fragments. New basins such as Scan, Protector, Pirie and Dove basins (Galindo-
Zaldivar et al., 2006, 2014; Pérez et al., 2014a, b) were created along the northern margin of the 
SSR as the continental fragments were dispersed eastward during the Oligocene and Miocene 
(Figs. 7·8D, 7·9D). We suggest that the opening of Powell and Scan basins may have occurred 
during the initiation of this tectonic phase, although conflicting ages have been proposed (cf., 
Eagles and Livermore, 2002; Pérez et al., 2014a). The present configuration and geodynamic 
setting of the Scotia Sea was progressively achieved during the late Miocene, although 
different tectonic regimes alternated due to the migration of the pole of rotation, the opening 
of new oceanic basins, and the jumping of the spreading centers. The development of the new 
north-south spreading center of the East Scotia Ridge (ESR) influenced the final evolution of 
Phase IV. The magnetic anomalies of the western flank of the East Scotia Sea reveal continuous, 
organized spreading since at least Chron C5B (15 Ma) (Vanneste et al., 2002; Larter et al., 2003; 
Leat et al., 2014). The extinction of the WSR at Chron C3A (6.6 Ma) marks the end of this tectonic 
phase in the western Scotia Sea (Maldonado et al., 2000; Livermore et al., 2005). Ona Basin was 
still influenced by tectonics up to the present, however, largely due to the spreading in the ESR, 
as revealed by MCS profiles (Fig. 7·2B). 

 

7.4. Implications for paleoceanography and paleoclimate: initial gateways of Drake 
Passage 

The model of opening of Ona Basin, together with oceanic spreading influenced by ridge 
jumping, configured a changing scenario of shallow and deep gateways during the initial 
Eocene to Oligocene tectonic phases, across a tectonic arc between the Pacific and Atlantic 
oceans (Figs. 7·8, 7·9). To assess how the development of new gateways influenced the deposits 
and the paleoceanography of the region, we compiled a synthetic chart including available 
long-term information on sea level, oxygen isotopic records and atmospheric CO2 records (Fig. 
7·10). The major tectonic and depositional events identified in the Scotia Sea are also analyzed 
within the context of global changes, so as to investigate the possible cause/effect correlation 
between the local tectonic evolution and the global changes. 
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During the Paleocene to middle Eocene —Phase I— subduction of the Phoenix Plate along 
the active Pacific margin of South America and the Antarctic Peninsula obstructed a Pacific-
Atlantic connection across the original continental bridge. This remained as an effective barrier 
to water-mass flow due to the slow N-S separation of South America and Antarctica. Sea levels 
were relatively high and the 18O record shows low values (Fig. 7·10). A climatic optimum is 
reported in the early Eocene (Zachos et al., 2008; Cramer et al., 2009). Tectonic processes 
identified in the southeastern Pacific include high convergence rates between the South 
American and the Farallon Plates (Molnar et al., 1975; Pardo-Casas and Molnar, 1987; Vérard 
et al., 2012), along with the Andean uplift of Tierra del Fuego (Olivero et al., 2003), which may 
have influenced climatic change through a shifting of the climatic belts and bottom currents. 
Nonetheless, we fail to observe any significant tectonic changes in the Drake Passage region 
that would be correlated to climate events. 

The middle Eocene shows another climatic optimum during tectonic Phase II (Fig. 7·10). The 
trend of the 18O displayed a general increase, parallel to a sea level lowering (Fig. 7·10). This 
steady decrease in temperature of the deep-sea record was also accompanied by an overall 
decrease in atmospheric CO2, although there were significant fluctuations (Zachos et al., 2008; 
Cramer et al., 2009). The continental bridge of South America and the Antarctic Peninsula was 
fragmenting; shallow gateways consequently led to a connection between the Pacific and 
Atlantic oceans, initiating the thermal isolation of Antarctica during the middle and late Eocene 
(Figs. 7·8B, 7·9B). The onset of the flow between the Pacific and Atlantic oceans by the 
Argentinian continental margin has been related to unconformity AR4, which was initially 
attributed to the late Eocene, and represents the base of a buried giant drift (Hinz et al., 1999). 
In the Malvinas Basin, the occurrence of thick glauconitic Paleocene-Eocene sandy deposits 
signals the occurrence of powerful bottom flows (Baristeas et al., 2012). The fragments of 
continental crust of the original bridge within Drake Passage, including the Ona High and the 
deep oceanic trough of the eastern Ona Basin, produced a paleogeographic configuration that 
facilitated these flows (Figs. 7·8B, 7·9B). The early opening of Drake Passage is postulated in 
several papers, although we present the first structural and sedimentary evidence for the 
Eocene opening of Ona Basin in the southwestern Scotia Sea (Figs. 7·3, 7·4, 7·5). 

Figure 7·10.- Synthetic chart summarizing the major global changes during the Cenozoic, including climatic 
changes and tectonic events, and correlation with the regional stratigraphy in the Scotia Sea. Three types of global 
records were taken into account: sea level (in meters related to the present sea level), deep-sea oxygen isotope (in 
‰) and atmospheric CO2 (proxied by partial pressure of CO2 in parts per million by volume (ppmv)). Global sea level 
records: (1) global sea level for the interval 0 to 7 Ma after Miller et al. (2005); (2) global sea level for the interval 7 
to 65 Ma after Miller et al. (2005); (3) global sea level for the interval 7 to 65 Ma after Kominz et al. (2008). Oxygen 
isotopic records: (4) oxygen isotopic synthesis after Cramer et al. (2009); (5) stacked deep-sea bethic foraminiferal 
oxygen-isotope curve after Zachos et al. (2008). Atmospheric CO2 records: (6): boron proxy after Zachos et al. (2008); 
(7) alkenone proxy after Zachos et al. (2008). Major climatic changes and events synthetized from Zachos et al. (2001, 
2008). Major tectonic events extracted from Maldonado et al. (2006b) and this study. Legend: NHIS: Northern 
Hemisphere Ice Sheets; PETM (ETM1): Eocene Thermal Maximum 1; ETM2: Eocene Thermal Maximum 2; SFZ: 
Shackleton Fracture Zone; TWTT (s): two-way travel time (seconds). 
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The beginning of Phase III is marked by the ridge jumping, when the initial development of 
deep gateways in Drake Passage are envisaged (Figs. 7·8C, 7·9C). The widespread development 
of large mounded drifts and sedimentary waves in the Argentinian Basin during this period 
attests to enhanced bottom currents (Hernández-Molina et al., 2009; Preu et al., 2012, 2013). 
The strong Pacific flow developed an anti-clockwise gyre in the Atlantic Ocean, originating in 
Drake Passage. There is a relevant correlation between this tectonic event and the drastic 
lowering of global sea level and temperature, which coincides with the Eocene/Oligocene 
boundary (Fig. 7·10). The CO2 records also display sharp fluctuations and a general decreasing 
trend, although the available global records show a rather high atmospheric content. A 
significant drop in atmospheric CO2 is observed in the upper part of the early Oligocene, about 
3 Ma after the development of Drake Passage gateways according to our model, in coincidence 
with the beginning of tectonic Phase IV (Fig. 7·10). 

During tectonic Phase IV there were significant fluctuations in climate, sea level and 
atmospheric CO2 (Fig. 7·10). The ACC became fully developed in the central Scotia Sea, whereas 
during the middle Miocene the first incursions of the WSDW were imprinted in the depositional 
units, when new gateways in the SSR allowed the connection between the Scotia and Weddell 
seas (Maldonado et al., 2003, 2006b). The uplift of the SFZ since the middle Miocene (about 12 
Ma) imposed new restrictions on the flows of the ACC into the Scotia Sea and initiated the 
present deep-water circulation regime (Hernández-Molina et al., 2006a; Martos et al., 2013). 
Some of the regional seismic reflections that we recognize in the sedimentary record, not 
discussed here in detail, likewise reveal a significant correlation between local tectonic events 
in the Scotia Sea, ice sheet dynamics and/or global climatic and tectonic events (see 
Maldonado et al., 2006b). It is particularly important to analyze the causes behind the 
development of Reflector c, which was influenced by the opening of new gateways and the 
dynamics of ice sheets in West Antarctica (Lindeque et al., 2013; Martos et al., 2013). 

 

8. CONCLUSIONS 

1 - Ona Basin is the westernmost of the southern Scotia Sea small oceanic basins developed 
behind fragments of a tectonic arc migrating to the east. This basin includes two sub-basins, 
the western and eastern Ona basins, separated by the Ona High. The structural evolution and 
the geometry and distribution of deposits reveal Ona Basin to be older than previously 
postulated. 

2 - The basement of the basin plain is southwestward tilted and thrust below the SSIB and 
the SFZ. The igneous basement is fragmented by depressions and incised by deep intrusions 
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probably rooted in the mantle. An accretionary prism adjacent to the foot of the SSIB is well 
developed in the westernmost region of the overriding block. The Ona High is a thinned 
continental block attached to the SSIB. 

3 - A total of eight seismic depositional units above the basement are identified in a narrow 
north-south trending depression of the eastern Ona Basin. The deposits reach a thickness of 
about 5 km (3.4 s TWTT), a consistent value not previously reported from the entire Scotia Sea. 
A body of chaotic seismic facies is also observed directly above the basement in the eastern 
Ona Basin. 

4 - Linear magnetic seafloor spreading anomalies older than previously reported are 
tentatively recognized in Ona Basin, including anomaly C11 and probably up to Chron C12r. 
The distribution of magnetic anomalies, moreover, is not consistent with a single spreading 
center. 

5 - The growth patterns of the region are established from the nature of the crust, the 
tectonic evolution and the distribution of deposits, which altogether provide for a robust 
reconstruction of the early opening of the Scotia Sea and the breakup of the South America-
Antarctic Peninsula Bridge during the Eocene. 

6 - The initial phases of continental thinning and extension, followed by oceanic spreading, 
were characterized by jumping of the spreading centers. Two extinct spreading centers are 
identified in Ona Basin: the eastern Ona spreading center is the precursor of the Scotia Arc and 
it was active during the Eocene; the western Ona spreading center is attributed to the early 
Oligocene. These spreading centers were active prior to the beginning of the WSR. 

7 - A model with four tectonic phases is proposed for the development of the western Scotia 
Sea: Phase I, Pacific subduction; Phase II, eastern Ona Basin back-arc spreading; Phase III, ridge 
jumping and western Ona Basin back-arc spreading; and Phase IV, ridge jumping and WSR 
spreading. Based on the stratigraphy of the deposits and the recognition of oceanic spreading 
magnetic anomalies, a middle Eocene age is derived for the onset of spreading in the eastern 
Ona basin, while spreading in the western Ona Basin occurred during the early Oligocene. 

8 - Shallow gateways in Drake Passage are postulated to have been active at the beginning 
of tectonic Phase II (44 Ma), whereas deep gateways become fully developed during Phase III 
(33-30 Ma). A significant correlation is observed between the tectonics, stratigraphic units and 
major climate events, indicating the influence of local tectonic and paleoceanographic events 
of the Southern Ocean upon the global evolution.  
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The results detailed in previous chapters led us to assess some aspects of the sedimentary 
evolution of the Scotia Sea that shed light on the main tectonic, palaeoceanographic and 
climatic events involved. Basin formation, stratigraphic implications and tectonic-stratigraphic 
interplay are discussed below. 

 

1. BASIN FORMATION 

1.1. Formation mechanism 

Based on a structural analysis of the southern basins of the Scotia Sea, the tectonic 
structures identified would allocate the sedimentary basins in two groups (A and B), 
representing two main types of back-arc basins (Fig. 8·1; Table 8·I).  

Type A Basins 

Type A is best represented by Ona and Scan basins. Their margins do not resemble the 
classical continental blocks of typical rifting (Fig. 8·2), as do the well-known margins of the 
North Atlantic Ocean (e.g. Tucholke et al., 2007). Furthermore, the hypothetical spreading 
centres cannot be clearly identified through the sole use of MCS data. These basins have a 
shallower average seafloor depth. Their estimated ages are relatively old, a thicker sedimentary 
record being present where the oldest units of the region were identified (Fig. 8.1, Table 8·I).  

The Type A basement presents deeper depressions and features dipping reflectors and 
volcanic inclusions (Fig. 8·1B). Occasionally, areas interpreted as oceanic crust from magnetic 
spreading anomalies may represent the lithosphere highly intruded by igneous rocks (Franke 
et al., 2011; Ding et al., 2012). Particularly in the Scan Basin, the identification of seismic facies 
comparable with the "dipping reflectors" defined by Hinz (1981) supports the existence of 
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surrounding volcanic activity. Although their origins are unknown, existing evidence strongly 
suggests that the formation of dipping reflections is associated with the presence of thick 
wedges of volcanic flows (Mutter et al., 1982; Parson et al., 1988; Hinz et al., 1999). 

 

Figure 8·1.- A) Simplified structural map of the southern Scotia Sea basins. Bathymetry from GMRT database. B) 
Basement top depth. C) Total sedimentary thickness. B and C expressed in seconds (TWTT). 

Such evidence points to a fragmentation process similar to that of the passive volcanic rifted 
margins in the Ona and Scan back-arc basins, as in most passive continental margins worldwide 
(Skogseid, 2001; Menzies et al., 2002). These basins are located directly behind the back-arc 
subduction zone, where, the lithospheric mantle may briefly rupture during breakup to produce 
extensive extrusive and intrusive magmatism (Hinz, 1981; Mutter et al., 1982; Franke et al., 
2011), and initial subsidence is slow (e.g. Roberts et al., 1984; Eldholm 1991). The onset of 
formation of these basins would have entailed crustal thinning and diffuse spreading, with 
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abundant volcanic intrusions. The volcanic manifestations became progressively organised, 
configuring an ill-defined spreading centre in the axial region of each basin that eventually was 
buried and became relict over time.  

Type B Basins 

Alternatively, Protector and Dove basins would be prototypes of Type B (Table 8·I), together 
with the slightly northern Pirie Basin. They present asymmetric margins comprising several 
blocks typically seen for the fragmentation processes of continental rifting in magma-poor 
passive margins (Fig. 8·2), and feature a roughly central spreading centre. These basins are 
relatively deep, and their thinner sedimentary record indicates they are younger (Fig. 8·1B, 
Table 8·I).  

 Basin Type A Basin Type B 
Ona Scan Protector Dove 

Morphology Irregular Triangular Triangular Sigmoidal 

Seafloor average depth Shallow Deep 
Between 3000 & 3500 Between 3750 & 4000 

Basement average depth 6-7.5 s (TWTT) 5-6 s (TWTT) 6.5-7 s (TWTT) 5.4-7.5 s (TWTT) 
Dipping reflectors Yes No 
Reflector-S No Yes 

Estimated Age Old Young 
44 Ma 30.2 Ma 17.4 Ma 22.8 Ma 

Sedimentary Record 
Thickness 

Thick Thin 
3.5 s (TWTT) 1.8 s (TWTT) 0.8 s (TWTT) 1 s (TWTT) 

Number of Seismic Units 8 7 5 
Volcanic Margin No Yes No 
Inside Volcanism Yes No Yes 

Table 8·I.- Summary of the main features of the southern Scotia Sea sedimentary basins. See text for details. 

Their basement presents more homogeneous depth (Fig. 8·1B). Within the B-type margins 
Reflector-S can be identified, particularly in the surrounding banks of Protector Basin (Terror 
and Pirie banks), where this detachment surface has been related to local extensional events 
(Chapter 6). Reflector-S is widely identified along the continental margins of the Atlantic Ocean 
(Beslier et al., 1993; Tucholke et al., 2007) and can be traced to the architectural evolution of 
magma-poor margins. The different mechanical behaviour of the lithosphere is characterized 
by upper-brittle crustal faulting and lower-ductile crustal deformation that are tightly coupled, 
resulting in fault displacement accompanied by underlying equal and coeval crustal thinning 
(Reston et al., 2007; Pérez-Gussinyé, 2012).  

The fragmentation that took place in Protector and Dove basins therefore signals traditional 
magma-poor rift development as a consequence of lithospheric extension driven by far-field 
stresses. In such margins, the entire crust breaks up before exhumation of the mantle (Franke 
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et al., 2011). The tilted blocks formed during rifting diminish in height oceanwards, to their 
complete disappearance near the foot of the slope, as they rotate on a progressively rising 
detachment fault (Montadert, 2014). In Protector and Pirie cases, back-arc basins are detached 
from the arc subduction zone and the rift of previously thinned continental crust could be 
reconstructed, and it was followed by the formation of a mid-oceanic spreading axis. 

 

Figure 8·2.- Composite profile through the southern Scotia Sea basin formed by sections of the MCS profiles: TH97-
06-1, IT89AW41, SCAN2013_SCS20, SCAN2001_SC08, SCAN2001_SC07, SCAN2001_SC10, SCAN2004_SC03, 
SCAN2004_SC03 and SCAN1997_SC12 (from west to east). For seismic signal, detailed interpretation and location, 
please see Supplementary Material. C/O B, Continent Ocean Boundary. 
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1.2. Change of the regional tectonic field  

The features described above point to markedly different structural evolutions for the two 
types of back-arc basins, which present distinctive fragmentation modes analogous to the two 
end-members of passive rifts. Despite controversy surrounding rifting-related processes, it can 
be affirmed that the basins of type A and B in the southern Scotia Sea actually followed diverse 
processes within the back-arc context from the onset of fragmentation of the related 
continental blocks.  

The deeper depressions of Ona and southern Scan basins evidence a roughly NW-SE 
extension phase during their fragmentation. This extensional context correlates with the initial 
stage of the Drake Passage opening, in turn largely associated with a WNW-ESE extensive field 
(e.g. Lawver and Gahagan, 2003; Dalziel et al., 2013a; Eagles and Jokat, 2014; Chapter 7). The 
Weddell Sea oceanic crust was subducted below the eastern margin of the Antarctic Peninsula 
(Barker, 1995) and the SOM, conditioning the proto-Scotia Arc migration and back-arc context 
during the formation of these basins. The subduction trench attached to the opening basin 
during oceanic spreading processes implies a direct input of subducted oceanic crust to the 
spreading centre of the basin. 

The structural features of Protector and Dove basins, however, point to an E-W trend 
extensional context that allowed for the development of a proper rift in these basins. The E-W 
extension phase is likewise recorded in the opening of Pirie and northern Scan basins. The 
extensional context associated with basin formation is determined by the eastward extension 
of the Scotia Arc due to back-arc extension of the Scotia Sea driven by roughly N-S subduction 
of the South America Plate in the front of the arc, similar the Present-day situation (e.g. Barker, 
2001b; Maestro et al., 2014; Pearce et al., 2014). Yet this subduction area was detached from 
the type B basins due to the previous formation of Scan Basin. Therefore, although they 
constitute back-arc basins, the magma supply of Protector and Dove basins would not have 
been directly provided by the subduction of the arc front, as the samples collected along the 
Dove Basin ridge evidence (Chapter 5A). 

 

Timing of the change of the regional tectonic field  

The formation of the older type A basins occurred during the northward subduction of the 
Weddell Sea oceanic crust. However, this subduction ended around 20 Ma (Chron C6A) when 
the South America–Antarctica ridge reached the Endurance Collision Zone (Barker et al., 1982; 
Hamilton, 1989; Barker, 1995; Livermore et al., 1993; 2005). By the time the formation of type B 
basins started, the Weddell Sea subduction was restricted to the area east of Discovery Bank 
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(Chron C5; Livermore et al., 1997), so that the recent eastward extension of the Scotia Arc was 
not influenced by the Weddell Sea subduction. 

This marked change in basin structure may have mirrored the first change in the regional 
stress field since onset of the Scotia Sea evolution. According to proposed ages for basin 
formation (Table 8·I), this reorganization of Scotia Arc extension would have occurred between 
22 and 20 Ma, and is tentatively related to the end of both the Weddell Sea northern 
subduction and the spreading along the South America–Antarctica ridge. 

 

1.3. A major boundary in the Central Scotia Sea: a transfer fault zone or a deformation 
band? 

The formation of Dove Basin (21.7-24.5 Ma; Chron C6B-C7; Chapter 5) occurred in the new 
E-W back-arc extensional context, and the onset of its oceanic spreading roughly matched that 
taking place along the previously defined section W6 of the WSR (23.07 Ma Chron C6B or 26.55 
Ma Chron C8; Eagles et al., 2005) in the northern part of the Scotia Sea (Fig. 8·3). Section W6 
was situated north of the tentative position of the Dove spreading centre before the whole 
opening of the basin.  

 

Figure 8·3.- Transfer fault zone along the eastern part of Scotia Sea: A) MCS profile section of line SCAN2001_SC06A; 
B) Seismic interpretation marked the position of the transfer fault; C) Bathymetric map of GMRT database 
highlighting the location of the main WSR corridors and the proposed transfer fault zone. Location of MCS profile 
and section A is shown. 
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Meanwhile, the younger Protector Basin formation (17.4-13.8 Ma; Chron C5D-C5AC; 
Galindo-Zaldívar et al., 2006) matched the time of the northern W7 section spreading (16.73 
Ma; Chron C5C or 20.13 Ma; Chron C6; Eagles et al., 2005). These timing coincidences imply a 
roughly N-S spreading axis of continuous activity throughout the Scotia Sea since the early 
Miocene. It was firstly represented by the W6 WSR-section and the spreading axis of Dove 
Basin, then jumped to the W7 WSR-section and the spreading axis of Protector Basin; and is 
nowadays represented by the well-known ESR (Larter et al., 2003; Nicholson and Georgen, 
2013; Pearce et al., 2014). 

This scenario of synchronic oceanic spreading would imply accommodation by the 
emplacement of a band of deformation along the northern boundary of the south Scotia Sea 
basins (Fig. 8·3). An alternative hypothesis is the occurrence of a transfer fault zone that allowed 
relative motion between the southern and northern parts of the Scotia Sea (Fig. 8·3). This 
transfer fault zone joining the SSR conditions the pull-apart component of the opening of Dove 
Basin (Chapter 5B). Scan Basin registered both fields of arc development, as evidenced by the 
diverse oceanic crust identified in the southern and northern provinces (Chapter 4). The 
formation of this basin through two different regional stress fields would have required a 
transfer fault zone that geometrically accommodated the independent formation of both 
provinces. 

There is no obvious evidence of such a large transfer fault zone to date, but it may be 
surmised that this fracture is the eastward continuation of the WSR transform faults, located at 
the northern end of the southern Scotia Sea basins. Faults can be inferred locally, in the eastern 
part of Scotia Sea above the Dove Basin (Fig. 8·3), and they could continue laterally along the 
northern part of the Discovery Bank, where no MCS profiles have been acquired to date. 

 

2. STRATIGRAPHIC IMPLICATIONS AND SEDIMENTARY GROWTH PATTERNS 

Seismo-stratigraphic analysis allows me to distinguish several seismic units at different 
levels. The first division of the sedimentary record includes three sequences: the lower, middle 
and upper deposits. The lower and middle deposits are restricted to the continental banks of 
the southern Scotia Sea and have been respectively related to the pre- and syn-rift phases of 
each basin. The thicker syn-rift deposits around Scan Basin (Chapters 4 and 6) reveal a 
tentatively longer syn-rift phase of this basin with respect to the rest of the southern Scotia 
Sea basins. 
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2.1. Overall sediment distribution 

The upper deposits are believed to have not been directly influenced by rift-related 
processes. The general distribution of thickness shows a location of depocentres that matches 
the main basement depressions in the southeastern major depths, although this trend is not 
followed elsewhere. The record is thicker in Ona and Scan basins, but the distribution of the 
greatest thicknesses reveals local sedimentary sources along the SSR (Fig. 8·1C), mostly west 
of the SOM.  

 

2.2. Major discontinuities and sequences 

A second division of the sedimentary record could be made within the upper deposits where 
two main stratigraphic breaks are identified. They are represented by Reflector-e and Reflector-
c, respectively from bottom to top (Fig. 8·2, 8·4). The units located below the former (units VIII, 
VII and VI) constituted local isolated deposits restricted to the main basement depressions in 
the oldest basins of the southern Scotia Sea (Fig. 8·5). Between Reflector-e and Reflector-c, the 
lower units (units V and IV) are distributed over every basin in the Scotia Sea, yet they are also 
highly determined by the basement morphology (Fig. 8·5). The widespread distribution of units 
above Reflector-c (units III, II and I) is mostly influenced by bottom current flow, as indicated 
by the along-margin distribution of the depocentre (Fig. 8·5). However, Mass Transport 
Deposits (MTDs) are found throughout the sedimentary record, being particularly abundant in 
the bottom current-related deposits of the upper units of the stratigraphic column (see 
Appendix I for details). Features related to fluid leaks (see Appendix II for details) are also 
predominant in the two upper sets of units of the sedimentary record. 

 

Figure 8·4.- Synthetic sketch of the stratigraphic column along the southern Scotia Sea basins. 
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2.3. Seismic units: distribution and sedimentary implications 

The seismic units grouped in these sets could be individualised as a third division of the 
sedimentary record within the upper deposits (Fig. 8·2; 8·4). Unit VIII, the oldest unit, is 
identified along the axis of a deep trough in the Eastern Ona Basin (Fig. 8·5). It is attributed a 
middle Eocene age, recording the first stage of Drake Passage oceanic crust spreading (Chapter 
7). Above it, Unit VII is also restricted to Ona Basin (Chapter 7). The so-called Unit VII of Scan 
Basin is of Oligocene age and has been related to the onset of the eastern basin formation, 
before the main oceanic spreading occurred (Chapter 4). Therefore, these units are laterally 
restricted and conditioned by the first steps of each respective basin opening. Unit VI has been 
identified in the whole Ona Basin and Scan Basin (Fig. 8·5), and is reported in other regional 
studies of the southwestern Scotia Sea (Maldonado et al., 2010; Martos et al., 2013). It is 
attributed to the Oligocene (Chapters 4 and 7), associated with the continental sedimentary 
input provided by the South America–Antarctica bridge dismantling. 

Unit V is the lowest unit identified in the deeper depressions of every southern Scotia Sea 
basin (Fig. 8·6A), as well as in the central Scotia Sea (Maldonado et al., 2003). Its age is estimated 
to be early-middle Miocene (Maldonado et al., 2006b). Its seismic facies resemble in all the 
basins; therefore, its top would be younger than the most recent onset of spreading, around 
14 Ma, in Pirie Basin. The age of Reflector-d is estimated at around 14.9 Ma, however 
(Maldonado et al., 2006b). One tentative explanation resides in the extremely thin continental 
crust within Pirie Basin when the oceanic crust was formed. The stretched crust could host part 
of Unit V sedimentation, this unit thus is syn-rift in the Pirie Basin. Another hypothesis might 
entail a younger age of Reflector-d in this particular basin, since the formation of Unit V —as 
in the older units— has been largely associated with each particular basin´s early evolution 
(Maldonado et al., 2006b; Chapters 4 and 6).  

Unit V reflects the down-slope sediment inputs highly related to the evolution of each basin, 
the main sediment input possibly provided by the eastern continental block of each (Fig. 8·6B). 
This is particularly marked in Dove and Scan basins where down-slope processes link the 
depocentres with the adjacent banks. The SSR also constitutes an important sediment source 
in the western Scotia Sea. Moreover, the depocentres of the Pirie Basin could point to a 
sedimentary input by an eastward bottom current flow, the restriction of the continental banks 
along the southern margin of this basin propitiating the quick development of Unit V with 
respect to the other Scotia Sea basins. This bottom flow further influenced the sediment 
distribution of Ona and Protector basins and the central part of Scotia Sea to the north of Dove 
Basin (Fig. 8·6B).  

 



Chapter 8 

220 

 

 

Figure 8·5.- Regional sedimentary distribution of the unit sets identified in the upper deposits of the sedimentary 
record of the southern Scotia Sea basins. A) Lower units, below Reflector-e: VIII, VII, VI. B) Intermediate units, 
between Reflector-e and Reflector-c: V, IV. C) Upper units, above Reflector-c: III, II, I.  

The above unit, Unit IV, is estimated to be from the middle Miocene (Maldonado et al., 
2006b) and is likewise mainly formed by down-slope processes and continental input. The 
Protector Bank was particularly fractured and structured, contributing to the depocentres of 
Pirie Basin (Fig. 8·6A). However, the first palaeo-drifts identified are related to a southeastward 
bottom current flow in all the basins except the eastern one. Scan Basin, where the influence 
of a northward bottom current flow can be inferred from the NE-trending elongated 
depocentre (Fig. 8·6B; Chapter 4).  

During the sedimentation of Unit III, attributed to the middle-late Miocene (Maldonado et 
al., 2006b), the most important sediment sources in the southern Scotia Sea were the northern 
Bruce Bank, the southern Pirie Bank and, especially, locations along the SSR (Fig. 8·6A). 
However, the general contourite drift occurrence and depocentre distribution would indicate 
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a major influence of bottom currents on the sediment distribution. The northwestward bottom 
current flow is particularly important in the eastern basins (Fig. 8·6B), implying a change with 
respect to the previous southeastward inferred bottom flow. During Unit II sedimentation, in 
the late Miocene – early Pliocene (Maldonado et al., 2006b), the main down-slope inputs were 
highly restricted to Ona Basin. In turn, the smooth distribution of the unit in the eastern basins 
is mainly related to the interaction between the previously established northwestward bottom 
current flow along the west margins and an enhanced southeastward deep flow that caused 
erosion along the eastern margins. 

This trend continued during the Pliocene-Quaternary sediment distribution of Unit I. 
However, at that time, the SSR sedimentary input was even more restricted to the western 
sector, where it was highly influenced by along-slope flows that arranged the depocentres 
parallel to the margins (Fig. 8·6A). In addition, northward migration of the main depocentres 
occurred in the eastern basin with respect to the lower units.  

According to the local slope-related depocentres, the SSR remained an important source of 
down-slope inputs until middle-late Miocene (see Appendix I for details). Later, the occurrence 
of local inputs is masked by the current flow homogenization of the sedimentation of the two 
upper units (Fig. 8·6B). As a general trend, the distribution of the three upper units of each 
basin responds to a general westward migration of the main depocentres, which might be 
evidence of an enhanced northwestward bottom current since the middle Miocene. A stronger 
northwestward bottom flow is also suggested by the depocentre in Unit II, in the Western Ona 
Basin attached to the SFZ, and the eroded top of this unit in the Eastern Ona Basin. Such 
features represent two steps in the settlement of the bottom flow gyre within Ona Basin (Figs. 
8·2, 8·6A). Consequently, the eastward bottom flow experienced a northward migration, 
resulting in the bottom circulation pattern now prevailing in the Scotia Sea (Tarakanov, 2012). 

According to the regional distribution of the sedimentary record, based on the 5 min 
sediment thickness grid (Fig. 2·3; Whittaker et al., 2013), the general sediment distribution is 
mainly controlled by ice sheet sediment input. The more detailed distribution reported here 
records the ice sheet dynamics in the western sector and during particular periods of time (Fig. 
8·1C, 8·6), although tectonic and oceanic current-related events exerted greater control of the 
sedimentary distribution of each particular basin. In sum, plate tectonics, bottom flows and ice-
sheet dynamics all play an important role in controlling the growth patterns of these basins.  
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Figure 8·6.- Regional sedimentary distribution of the main seismic units identified in the southern Scotia Sea basins. 
A) Sedimentary thickness. B) Inferred bottom current flows over sedimentary thickness maps. Red arrows represent 
down-slope transport; light-blue arrows represent CDW flow; dark-blue arrows are the WSDW flow. 

B 
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3. TECTONICS AND STRATIGRAPHY INTERPLAY  

3.1. New rifting considerations in Scotia Sea 

Rifting processes after the onset of oceanic spreading are a matter of debate (Clift and Lin, 
2001; Wilson et al., 2001; Péron-Pinvidic et al., 2007; Reston, 2007). However, considering the 
Scotia Sea as a single oceanic basin, we may envisage an end of continental fragmentation 
processes when the last basin oceanic spreading started. This occurred around 14 Ma (Pirie 
Basin), and only the widely distributed three upper units would be considered as post-rift 
deposits.  

In the southern Scotia Sea basins, the starting point of rifting is an intensely stretched and 
submerged continental crust. The existence of a regional continuous breakup unconformity is 
uncertain in this context, just as it is for the Iberia-Newfoundland or South China Sea magma-
poor margins, where the concept of a breakup unconformity has been questioned (e.g. 
Montadert et al., 1979).  

The traditionally identified syn-rift units over the continental banks (e.g. Terror, Pirie, Bruce) 
could have formed during the first step. It evokes a classical breakup of the upper brittle 
lithosphere, producing oceanward-young faults (Pérez-Gussinyé et al., 2012), and implies 
exhumation of lower lithosphere (Boillot et al., 1987; Tucholke and Sibuet, 2012).  

After exhumation of the lower lithosphere, the underlying units (units VIII to IV) were formed 
(Fig. 8·2, 8·4) as syn-rift units of the regional rifting of the Scotia Sea basin. Atop these units, 
Reflector-e marks the regional change in the stress field. Later, the remaining continental crust 
continued to be thinned and fractured through an E-W stress, while the lower units (units V 
and IV) were deposited forming the breakup sequence. This transitional sequence records the 
change from upper lithosphere breakup to the proper post-rift phase when the lower 
lithosphere broke up and led to the separation and emplacement of normal oceanic crust (Keen 
et al., 1987; Moore, 1992; Jungslager, 1999; Welford et al., 2010; Beglinger et al., 2012; Soares 
et al., 2012).  

The existence of breakup sequences must therefore be considered for the Scotia Sea case, 
as suggested by several authors concerning other margins (e.g. Soares et al., 2012). This model 
replaces the largely accepted existence of a breakup surface (Flavey, 1974).  

Despite the controversy surrounding the lower lithosphere behaviour, during this period of 
sedimentation of the breakup sequence there occurred a basinward migration of the 
extensional locus (Murillas et al., 1990; Ranero and Pérez-Gussinyé, 2010), while regional 
extension on the rift axis proceeded (Reston, 2005). These transitional sequences record the 
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sag basin stage (Beglinger et al., 2012) and are usually preserved in the Continental-Ocean 
Transition Zones of basins (Moore, 1992). Such a scenario is compatible with the thicker record 
of units V and IV over the Western Ona and Scan basins (Fig. 8·5).  

As occurred in these units of Protector, Dove and Scan basins, contourite drifts could be 
identified within the breakup sequence, yet they are very limited by the palaeo-seafloor 
topography (Soares et al., 2014). The development of the syn-rift contourite drifts is the result 
of a combination of bottom current strength and subdued relief (Soares et al., 2014). This 
complex situation compounded the usual active syn-rift tectonism, which is prone to turbidite 
generation and can mask eventual bottom currents activity (Mulder et al., 2008), as occurs in 
Protector and Ona basins. Hence, syn-rift contourite drifts are rarely identified. 

The sedimentary pattern of the upper units of the southern Scotia Sea basins after the 
breakup sequences reveals sedimentation determined mainly by along-slope flow-related 
processes. Soares et al. (2014) suggest that the onset of widespread bottom current activity 
indicates the end of the breakup between two continental margins; these results in the Scotia 
Sea support this hypothesis at a regional scale. The opening of basins creates gateways for the 
flow of deepest water masses, while a greater bottom current velocity could be induced, 
generating drifts and sedimentary waves (Stow et al., 2002). In addition, the decrease in tectonic 
activity after rift provides for a better record of current-related events. 

 

3.2. Mid-Miocene global event 

Reflector-c represents an important shift in the regional sedimentary record within the 
southern Scotia Sea basins. This discontinuity could be related to the very end of the rifting 
(therefore the breakup sequence top); it is also contemplated as the result of a regional 
palaeoceanographic change, since current-related facies —wavy seismic facies or contouirite 
drifts— are more abundant in the upper units (see Chapters 4 to 6 and Appendix III). Reflector-
c is identified in both the Scotia Sea and the Weddell Sea sedimentary records (Maldonado et 
al., 2006b; Lodolo et al., 2006; Hernández-Molina et al., 2008a; Lindeque et al., 2013; Huang et 
al., 2014) and interpreted as signalling the onset of glacial conditions in the latter.  

After the formation of Reflector-c, tilting and an important subsidence interval affected the 
basin margins during Unit III deposition, with deepening of the oceanic abyssal plains in the 
southern Scotia Sea (Fig. 8·2) and the offshore of Tierra del Fuego margins (Appendix III). The 
subsidence interval during the middle Miocene has been globally observed and associated 
with an increase of the orogenic activity in the main continental cordilleras (Bartek et al., 1991; 
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Potter and Szatmari, 2009), in turn accompanied by a global decrease in the activity rate of the 
main spreading centres (Atlantic Ridges, Indian Ridges and Pacific Plate; Cogne and Humler, 
2006) and a sedimentation rate peak in the three main oceans (Davies et al., 1977). The scope 
of this event even exceeds the Southern Hemisphere: the increase in subsidence in several 
Northern Hemisphere basins took place during the middle Miocene (e.g. in the Northern Sea; 
Clausen et al., 1999; Rasmussen et al., 2005). Therefore, the change in the sedimentary pattern 
of the Scotia Sea during the middle Miocene is not only a result of the regional tectonic and 
palaeoceanographic changes, it furthermore represents a tectonic change at the global scale. 
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1. EVOLUTION OF THE SCOTIA SEA  

The main tectonic, palaeoceanographic and climatic changes that occurred in the Scotia 
Sea have been decoded from the sedimentary record. The correlation of these regional 
events reveals the importance of the Scotia Sea in the Earth´s overall evolution, with 
implications for the present configuration of the tectonic plates and Global Thermohaline 
Circulation. The proposed regional evolution can be separated into two major phases. The 
first (Paleogene) involves the processes behind the onset of the Scotia Sea, whereas the 
second (Miocene to Present) began with the tectonic field change and comprises four stages: 
Early-Middle Miocene, Middle-Late Miocene, Late Miocene–Early Pliocene, and Late Pliocene. 
These time periods set the framework for the most significant events marking the subsequent 
evolution of the Scotia Sea.  

 
Southern Hemisphere context before the Drake Passage opening 

During the Paleocene, while the Phoenix Plate was subducting below the South America-
Antarctica continental bridge, a short segment of the Weddell Sea underwent subduction by 
the northwestern margin, along the Endurance Collision Zone (Vérard et al., 2012; Eagles and 
Jokat, 2014; Chapter 7).  

Then, in the late Paleocene and early Eocene, slow N-S separation of Antarctica and South 
America gave rise to a process of continental thinning evidenced in Tierra de Fuego (Fig. 
9·1A, 9·2A; Ghiglione et al., 2008). Afterwards, attributed to the early-middle Eocene, a pulse 
of Andean uplift is recognised in Tierra del Fuego (Olivero et al., 2003) and in the Malvinas 
Basin (Baristeas et al., 2012). A climatic optimum is reported during this period (Zachos et al., 
2008; Cramer et al., 2009) related to the westward circumequatorial flow that resulted from 
the halothermal circulation that kept the oceans uniformly warm (Lee and Lawver, 1995; 
Zachos et al., 2001). 
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1.1. Paleogene: onset of the Scotia Sea 

The onset of back-arc spreading east of the continental bridge between South America 
and the Antarctic Peninsula was induced by an abrupt change of the direction of separation 
of these two landmasses. The relative movement between them went from N-S to WNW-ESE 
when oceanic spreading processes took place along the Eastern Ona Basin spreading centre. 
The distribution of Unit VIII reflects the location of these initial depressions formed in the 
Scotia Sea. The oceanic spreading led to the southeastward migration of the proto-Scotia 
Arc, prograded over the Atlantic Ocean and the Weddell Sea (Fig. 9·1B, 9·2B; Chapter 7).  

This regional tectonic change that gave rise to the Scotia Sea was accompanied by a huge 
change in the location of the major oceanic gateways (Sykes et al., 1998a) when the India-
Tibet collision generated the closure of the low-latitude Tethyan seaway (Fig. 9·3A, 9·4; 
Oberhänsli, 1992; Lee and Lawver, 1995; Lawver and Gahagan, 1998). The closure of Tethys 
meant a drastic move of ocean circulation, out of the tropics and into a gradually cooling 
temperature zone. The coeval opening of the polar gateways, such as the Tasmania (~37 Ma) 
and Drake passages, entailed the onset of ocean cooling (Fig. 9·4; Kennett et al., 1974; Exon et 
al., 2001; Lavwer and Gahagan, 2003). These major changes were driven by the first Antarctic 
glaciations, estimated at middle to late Eocene (Ehrmann, 1991; Hambrey et al., 1991; Barron 
et al., 1991; Browning et al., 1996; Zachos et al., 1996). Still, the ice sheet incidence around 
this time would have been restricted to continental margin proximities with partial ice cover 
that underwent temporary oscillation (Dingle and Lavelle, 1998; Anderson and Shipp, 2001; 
Miller et al., 2005).  

The creation of oceanic crust, which started in the Western Ona Basin during late Eocene–
early Oligocene, was accompanied by a continued extension of the Drake Passage area. Unit 
VII of the sedimentary record of the Scotia Sea is deposited over the older sequence of the 
Eastern Ona Basin and above the recently formed Western Ona Basin igneous crust (Fig. 9·1B, 
9·2B; Chapter 7). The subduction of the Weddell Sea propagated northeastward to the 
Atlantic Ocean, whereas the subduction below the South America-Antarctic Peninsula 
continental bridge may have ended. The boundary between the proto-Scotia Plate and the 
Phoenix Plate became an intra-oceanic transform fault zone, the precursor of today´s SFZ, as 
a result of seafloor spreading processes since 30 Ma in the WSR, in a WSW-ENE trending (Fig. 
9·4; Chapter 7).  

Continental stretching processes with similar extensional fields started in the proto-Scan 
Basin area contemporaneously with the formation of the crustal grabens that host the 
volcanoclastic sediments of Unit VII of this basin. By this time, a new uplift event had taken 
place in the Patagonian Cordillera due to compressional events (e.g. Nullo and Combina, 
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2002; Torres-Carbonell et al., 2014). In addition, tectonic re-organization of the West 
Antarctic Rift System in the Ross Sea region occurred, leading to active extension and rapid 
subsidence (Fig. 9·3A, 9·4; e.g. Barrett, 1989; Salvini et al., 1997; Rossetti et al., 2006; Fielding 
et al., 2008).  

These regional changes caused oceanic spreading in the previously stretched area of Scan 
Basin during the Oligocene (Fig. 9·1C, 9·2C; Chapter 4). Linked with these events, tectonic 
changes in the Antarctic Plate produced the opening of Powell Basin (Fig. 2·5; e.g. Coren et 
al., 1997; Rodríguez-Fernández et al., 1997; Livermore et al., 2005). The cold climatic 
conditions prevailing at the onset of the Neogene (23 Ma) provided an abrupt increase in 
Antarctic ice volume attributed to changes in the Earth’s orbital parameters (Fig. 9·4; Flower, 
1999; Naish et al., 2001; Miller et al., 2005) and declining atmospheric CO2 (Pagani et al., 
2005). Despite the cold conditions, the Antarctic Bottom Water (AABW) distribution was still 
limited to the deepest Southern Hemisphere basins (Sykes et al., 1998b). 

 

1.2. Tectonic field change: eastward progress of the Scotia Sea 

Early-Middle Miocene: Rifting end and Circumpolar flow 

The oceanic spreading along the W6 section of the WSR and the formation of Dove Basin 
began in a context of eastward migration of Scotia Arc components following the end of the 
northern subduction of Weddell Sea oceanic crust towards east of the Discovery Bank (Fig. 
2·5, 9·1D, 9·2D; Chapter 5A). The event involved in such a noteworthy tectonic change can be 
identified at a broad scale. More exactly, the southern Andes compression ended in 
conjunction with the closure of the Tierra del Fuego seaways (Lagabrielle et al., 2009; Torres-
Carbonell et al., 2014). Further coeval tectonic changes have been determined in more distant 
areas, for instance incipient underthrusting of the continental Indian Plate below the Asian 
Plate (Fig. 9·3B, 9·4; Chatterjee et al., 2013). At the same time, both the Atlantic spreading 
centres and the Southwest Indian Ridge reduced their rates of oceanic spreading (Cogne and 
Humler, 2006).  

Once Dove Basin had formed, Protector Basin started its oceanic spreading, in agreement 
with the estimated ages (Fig. 2·5; 9·2E; Chapters 5 and 6). Therefore, despite the existing 
debate and according to their reduced sedimentary record, the last basins formed within the 
southern Scotia Sea may be Protector and Pirie basins (Fig. 8·1C; Table 8·I). Coevally, oceanic 
spreading along the W7 section of the WSR began (Fig. 9·1E; Eagles et al., 2005) and the 
opening of deep water gaps on the NSR occurred when deep waters also entered the 
Malvinas/Falkland Trough (Fig. 9·4; Eagles and Jokat, 2014).  
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Figure 9·2.- A) Theoretical profile of the evolution of the southern Scotia Sea basins formation. Tentative location and abbreviations in Figure 9·1. 
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The seafloor spreading of these Miocene basins generated the eastward drifting of Scan 
Basin together with the formation of its northern province (Chapter 4). In addition, the oceanic 
spreading between the SOM and Jane Arc (Fig. 9·1E) —previously formed during the time of 
the Weddle Sea subduction (Pearce et al., 2014)— resulted in the formation of Jane Basin in 
the Antarctic Plate (Bohoyo et al., 2002). Jane Basin´s formation might have been the result of 
roll-back extension after the Weddell Sea subduction ended, as occurred in the Bransfield Strait 
(c.f. Barker, 1982).  

Coeval with this regional context, global tectonic events occurred. A new compressive 
episode of the Andean Cordillera (Benavides-Caceres, 1999; Torres-Carbonell et al., 2014) 
accompanied closure of the Indonesian Seaway and the end of the South China Sea spreading 
due to more intensive push of the Philippine Plate (Flower and Kennett, 1994; Tsuchi, 1992; 
Briais et al., 1993; Shevenell et al., 2004). Also, an important phase of Himalayan uplift ended 
(Fig. 9·3B, 9·4; Chatterjee et al., 2013), marking a transition from major circumequatorial tectonic 
activity toward major circumpolar tectonics.  

This active tectonic phase in the Scotia Sea is reflected in the dominance of down-slope 
deposits, which formed Unit V. This unit lies above the oldest units of the ancient basins and 
was also deposited over the recently formed oceanic crust of the younger basins, in both the 
Scotia and Antarctic plates. There is a slight local influence of an eastward flow related to the 
Circumpolar Deep Water (CDW), particularly in the western basins. During the early Miocene 
the deep flow of the CDW was restricted to shallow and intermediate passages (<3600 m water 
depth), which also connected the South Atlantic. The Scotia Sea, however, continued to present 
a shallower palaeobathymetry (2800 m water depth) which inhibited the intrusion of the proto-
AABW as it expanded through the Southern Hemispheric oceanic basins (Fig. 9·4; Sykes et al., 
1998a, b). 

A regional major thickness and widespread expansion characterize the sedimentary cover 
of Unit IV with respect to Unit V (Fig. 8·6). The regional increase in sediment supply could be 
related to ice sheet expansion along adjacent continental margins when the Middle Miocene 
Climate Optimum (MMCO; ~17-15 Ma; Fig. 9·4; Flower and Kennett, 1994) was immediately 
followed by an interval of Antarctic ice growth and cooling, termed the Middle Miocene 
Climate Transition (MMCT; 14.2-13.8 Ma; Kennett, 1977; Miller et al., 1991; Anderson, 1999; 
Shevenell et al., 2008; Cramer et al., 2009). Given this regional scenario, the local anomalous 
sediment input in the southern Ona Basin during Unit IV could be related to the Elephant Island 
margin ice sheets, particularly when ice sheet growth is registered in the West Antarctic Ice 
Sheet (WAIS; Anderson, 1999; Bart, 2003). The Antarctic ice sheets became permanent during 
this period (e.g. Miller et al., 2005). 
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The thicker sedimentary cover attributed to Unit IV is also related to the tectonic instability 
that generated the subduction expected after the youngest spreading centres of the southern 
basins (Protector and Pirie basins) waned, accompanied by the onset of oceanic spreading in 
the ESR (Larter et al., 2003; Nicholson and Georgen, 2013) that replaced the principal oceanic 
spreading centre in the Scotia Sea (Fig. 9·4). 

The Unit IV deposits reveal, in addition to the sediment input by gravitational processes, the 
influence of a northeastward bottom current flow in the eastern basin, Scan Basin (Chapter 4). 
As explained in Chapter 4, this sedimentary pattern was due to the onset of the incipient 
connection between Jane Basin and Scan Basin during the middle Miocene, which allowed the 
first competent incursions of the Weddell Sea Deep Water (WSDW) into the Scotia Sea via 
Bruce Passage and Scan Basin, despite the fact that the glacial peak of the MMCT restricted 
the geographical area of production of the AABW, limiting its expansion to deeper basins (Fig. 
9·4; Sykes et al., 1998b). The complete onset of these connections between the Weddell and 
Scotia seas through the SSR deep gateways occurred after 15 Ma, when oceanic spreading in 
the WSR declined (Maldonado et al., 2000; Eagles et al., 2005). Meanwhile, the Chile Ridge 
collided with the Chile Trench in southern South America, correlated to a major contraction 
event in the area (Cande and Leslie, 1986), and the anticlockwise bending of the Andean 
Mountains occurred (Heki et al., 1983; Kono, 1986; Torres-Carbonell et al., 2014).  

Coevally, on a global scale, the collision of the Australia-New Guinea block with Southeast 
Asia (Lee and Lawver, 1995) prevented the equatorial transport of water from the Pacific Ocean 
into the Indian Ocean, and the Japan Sea opened (Fig. 9·3B, 9·4; Tsuchi, 1992). A deep (<3200 
m water depth) connection also opened between the Ross Sea and the great Antarctic Basin 
(Sykes et al., 1998b). The connection between the Bellinghausen Sea and the Pacific basins 
began at this time (Sykes et al., 1998a). Therefore, a general equatorial closure of gateways 
took place in conjunction with a circumpolar opening.  

 

Middle-Late Miocene: Sedimentary homogeneization and subsidence, AABW 
enhancement and northward migration of ACC 

Once the spreading processes had ended in the southern Scotia Sea basins (Fig. 9·1F, 9·2F), 
Reflector-c marked a regional palaeoceanographic change. It underlies units III, II and I, which 
experienced bottom current circulation towards the northwest, associated with the full 
intrusion and development of the WSDW flow in the Scotia Sea. The high reflectivity and 
widespread distribution of Unit III in the southern Scotia Sea corroborates the following 
enhanced deep water circulation period. The WSDW intrusion in the Scotia Sea abyssal plains 
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is related to the AABW wax that began at ~12 Ma (Carter and McCave, 1994), reconnecting the 
Southern Hemisphere oceanic basins (Fig. 9·4; Sykes et al., 1998b). The AABW reached the 
Scotia Sea by means of the deep SSR gateways recently opened (Maldonado et al., 2006b; 
Bohoyo et al., 2007). A consequent widespread deep water circulation took place, with the 
WSDW bottom inflow moving the previously established CDW to a northern position in the 
Scotia Sea. This is coeval with the re-establishment of the East Antarctica Ice Sheet (EAIS) and 
general growth of the WAIS, particularly the Antarctic Peninsula ice sheet (Tsuchi, 1997; Zachos 
et al., 2001; Mackensen, 2004; Anderson et al., 2011).  

In addition to the general Mid-Miocene transgression discussed in the previous chapter, the 
transition from middle to late Miocene depositional patterns observed in the southern Scotia 
Sea basins, with enhanced bottom current circulation, is recorded in other basins of the region, 
including the Tierra del Fuego margin (Appendix III), the Antarctic Peninsula Pacific margin 
(Rebesco et al., 2002; Hernández-Molina et al., 2006a), the South Malvinas/Falkland Slope 
(Koenitz et al., 2008), the Argentine Basin (Hernández-Molina et al., 2009; Preu et al., 2012), the 
Agulhas Basin (Uenzelmann-Neben, 2002) and the northern Weddell Sea (Lindeque et al., 
2013), the latter including both Powell and Jane basins (Bohoyo et al., 2002). Furthermore, a 
coeval erosional event at a seismic scale has been identified along the western margin of the 
North Atlantic Ocean (Mountain and Tucholke, 1985). It is associated with an increase in the 
flux of NADW (Wright and Miller, 1992), related, in turn, to the Greenland-Iceland-Scotland 
Ridge activity (Wright and Miller, 1996; Mikolajewicz and Crowley, 1997) and the CAS gateway 
shoaling onset (Fig. 9·3B; Burton et al., 1997; Nisancioglu et al., 2003). The arrival of NADW at 
extreme southerly latitudes contributed to an increased production of both LCDW and AABW 
(Ledbetter et al., 1978), and consequently the WSDW.  

Coeval with the opening of the SSR gateways, rapid uplift of the Tibetan Plateau occurred 
(Molnar et al., 1993; Clark et al., 2005) due to the counterclockwise rotation of India in relation 
to Asia (Chatterjee et al., 2013). The uplift ended when the SSR sinister transcurrent character 
began (Fig. 9·3B, 9·4; Bohoyo et al., 2007; Chatterjee et al., 2013). Thus, these regional changes 
driven by readjustment in plate tectonics are apparently not just regional, but could be related 
to global tectonic movements. 
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Figure 9·3.- Location of the main tectonic events over the Mollewide (oval globe) projections showing global 
paleogeography in three different time periods: A) Oligocene, B) Miocene, and C) Pleistocene. The black 
numbers indicate the relative order of events and the white numbers are the age in Ma; see text for details. 
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Late Miocene-Early Pliocene: the compressive scenario and inflow of Pacific water masses 

Reflector-b is recognised as an extensive erosional surface, particularly along the eastern 
margins of the southern Scotia Sea basins (Chapter 5B). Such erosion is attributed to bottom 
current enhancement, probably coeval with the onset of the South Pacific Deep Water (SPDW) 
flow into the Scotia Sea. Its eastward flow along the Scotia Sea is partially re-conducted by the 
Coriolis force; it penetrates the southern sedimentary basins from their east sides where it 
interacts with the northwestward WSDW flow established in the bottom layer.  

The SFZ, which nowadays restricts the bottom and deep flows through the Drake Passage, 
represented a deeper feature during this period. Therefore, an important input of sediment 
carried by the new water mass configuration resulted in greater sedimentary thickness from 
Unit III to Unit II, especially in the eastern basins (Fig. 8·6). A weaker bottom current circulation 
pattern is reflected in Unit II, which shows regional aggradational configuration and has a less 
reflective character than Unit III. The SPDW flow through the Scotia Sea is related to the CAS 
shoal as well as to the reduction of NADW inflow into the Pacific Ocean (Fig. 9·4). These events 
led to an increase in Atlantic Meridional Overturning Circulation (AMOC) and later created a 
more vigorous water circulation pattern (Nisancioglu et al., 2003). 

 Furthermore, regional tectonic events took place around the time of formation of Reflector-
b. The Phoenix-Antarctic ridge decreased its activity (Livermore et al., 2000), the WSR waned 
(Fig. 9·4; Maldonado et al., 2000) and the Magallanes-Fagnano fault system formed (Lodolo et 
al., 2003). In turn, the ESR spreading became asymmetric and faster, generating tectonic 
instability (Barker, 1995; Larter et al., 2003) that caused a shift in the regional stress field 
(Livermore et al., 1997); this set the stage for onset of formation of the present volcanic arc 
along the SSI (Fig. 9·4; Pierce et al., 2014).  

In parallel but at the global scale, one of the peaks of Andean volcanic activity ended (at 
33º40’-38ºS; Lambías et al., 2010) and the main thrusting in the Patagonian Cordillera occurred 
when one segment of the Chile Ridge entered the Chile Trench in a slow subduction context 
(Fig. 9·3C; Lagabrielle et al., 2004). The West Antarctic Rift advanced from the Ross Embayment 
to the Antarctic Peninsula (LeMasurier, 1990). In East Indonesia, a new collisional phase started, 
inducting crustal shortening during the Pliocene and Pleistocene (Nishimura and Suparka, 
1986). The Luzon Arc-Eurasian Plate collision began generating the emergence of Taiwan and 
the present Bashi Strait (Fig. 9·3C, 9·4; Huang et al., 1997).  
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Figure 9·4.- Integration of the study area´s sedimentary and tectonic sequences (* marks the input of this work) 
within a compilation of the main tectonic events (in red) at regional and Southern Hemisphere scales (see text for 
references). The green bars mark periods of active compression in the Andean Cordillera. The context of the global 
glaciations and oxygen-isotope curve is based on Zachos et al. (2008). The eustatic curves are from Miller et al. 
(2005) (light purple) and Komitz et al. (2008) (dark purple). The connection of the main Southern Hemispheric basins 
through the AABW is also indicated. EECO, Early Eocene Climate Optimum; LMW, Late Miocene Warm; LPTM, Late 
Paleocene Thermal Maximum; MECO, Mid-Eocene Climate Optimum; MMCO, Mid-Miocene Climate Optimum; 
MMCT, Mid-Miocene Climate Transition; MPCT, Mid-Pliocene Climate Transition. 
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Therefore, the regional palaeoceanographic change observed in the sedimentary record of 
the Scotia Sea is again coeval with tectonic events identified both regionally and globally. The 
subsequent quiet regional circulation matched a quiescent phase in the Patagonian Cordillera 
(Lagabrielle et al., 2004) and the end of compressional deformation in the southern equatorial 
basins (Steinmann et al., 1999). However, uplift in the Transantarctic Mountains increased 
(Fitzgerald, 1992; Levi et al., 2012).  

Certain climatic changes were coeval with the aforementioned tectonic changes. In 
particular, the Late Miocene Warm occurred at 5.7 Ma, superimposed upon the longer-term 
cooling trend (Shevenell et al., 2004). As a consequence, large icebergs formed from a 
disintegrating ice shelf in Antarctica, indicating partial melting of the Antarctic Ice Sheet 
(Vautravers, 2014). The early Pliocene warming event (Brierley and Fedorov, 2010) caused 
temporary ice sheet retreat from the Ross Sea (WAIS) and EAIS (Billups, 2002; Naish et al., 2009; 
Pollard and DeConto, 2009). Both events contributed to Unit II sedimentary growth through 
ice transported sediments. 

 

Late Pliocene: tectonic peak and WSDW intensification  

The final stage identified in the evolution of the Scotia Sea is represented by Unit I, where 
the sedimentary distribution reveals an important increment of sediment input to the north in 
the eastern basins, whereas in Protector Basin it occurs to the west and in Ona Basin to the 
southeast (Fig. 8·6). This is attributed to a newly enhanced bottom current period after Unit II, 
reflected in the higher reflective pattern of the seismic facies of Unit I. Such a development 
may be related, in part, to the uplift of the SFZ due to the Antarctic-Phoenix Ridge spreading 
cessation at 3.3 Ma (Fig. 9·4; Livermore et al., 2000; Maldonado et al., 2006a, b) and the 
instauration of the Mid-Pliocene Climate Optimum period (3.3-3.0 Ma; Maslin et al, 1998). The 
prominent relief of the SFZ results in a northward shift in the polar front coeval with the WSDW 
reactivation, in agreement with the first late Pliocene AABW/CDW expansion through the 
Atlantic Ocean (McKay et al., 2012). The increase in production of WSDW is again related to 
the arrival of enhanced NADW at extreme southerly latitudes (Nisancioglu et al., 2003). Hence, 
there was subsequent cooling of the Southern Ocean, Antarctic ice sheet expansion, and 
northward migration of oceanic fronts. The result of these final palaeoceanographic events is 
the instauration of the present-day bottom circulation pattern in the Scotia Sea (Tarakanov, 
2012). 

Global tectonic events also occurred in the temporal background of Reflector-a and the 
onset of Unit I. For example, a segment of the Chile Ridge entering Chile Trench initiated an 
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important uplift period of the Patagonian Cordillera (Fig. 9·3C; Lagabrielle et al., 2004) and the 
Central Andes (Hartley and Chong, 2002). An uplift peak was likewise registered in the history 
of the Transantarctic Mountains (Fig. 9·3C, 9·4; Levy et al., 2012). Coeval events in more distant 
areas include the onset of a new phase of compressional deformation in the southern 
equatorial basins (Steinmann et al., 1999) and the end of East Indonesian volcanism (Nishimura 
and Suparka, 1986). A morpho-tectonic rise occurred in the Himalaya (Fig. 9·3C, 9·4; Gansser, 
1964) and the global rates of oceanic spreading increased (Cogne and Humler, 2006), 
regionally reflected in a substantial increase in ESR spreading (Larter et al., 2003). The intense 
tectonic phase therefore matches the lower Unit I boundary and preceded the regional 
palaeoceanographic change. 

Within Unit I, a particularly marked discontinuity (Reflector-a’) is related to the 
Pliocene/Quaternary boundary, towards the end of a stage of intensified seafloor spreading 
along the East Pacific Rise (Rea, 1976). Around this time there was a progressive decrease and 
eventual termination of a very active compressive phase of the Andean Orogeny, which led to 
stabilised arid conditions (Yrigoyen, 1976). Meanwhile, the Antarctic Peninsula experienced 
active back-arc processes related to the subduction of the Phoenix Plate as well as Bransfield 
Strait rifting (Lawver et al., 1995). High uplift rates were estimated locally in the Antarctic 
continent (Van Wijk et al., 2008). An intensification of bottom water circulation occurred, 
overlapping the colder conditions initiated after 2.6 Ma (Naish et al., 2009); the rapid overturn 
of the Pacific circulation system (Kwiek and Ravelo, 1999), the enhanced AMOC (Driscoll and 
Haug, 1998; Bartoli et al., 2005) and the end of Antarctic ice sheet retreat (Draut et al., 2003; 
McKay et al., 2012). Significant volume changes in the WAIS followed the Mid-Pliocene Climate 
Optimum, which preceded Northern Hemisphere glaciations (Fig. 9·4; Draut et al., 2003; Ravelo 
et al., 2004; Naish et al., 2009). The interrelation of these tectonic, climatic and 
palaeoceanographic events can therefore be said to become clearer in recent times. 
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The following general conclusions can be derived from the regional study of the Scotia 
Sea completed during the present thesis.  

The small basins distributed over the southern Scotia Sea opened in a back-arc context, 
although they present different types of fragmentation. In view of the rifting processes and 
the influence of the arc subduction area, these basins may be grouped under two different 
types. Type A is formed by the older Ona and Scan basins, which constitute examples of the 
fragmentation typical of passive volcanic rifts where no blocked margins were developed, 
and ill-developed spreading centres are identified. These basins are located directly behind 
the volcanic arc. Type B includes the younger Dove, Protector and Pirie basins, which respond 
to the fragmentation traditionally identified in magma-poor rifts where asymmetric 
continental margins and a mid-oceanic spreading axis are distinguished. These basins are 
detached from the volcanic arc and suggest some sort of pull-apart process. These two 
diverse types of basins show markedly different structural evolutions, determined by a 
regional change in the tectonic field from a WNW-ESE to a E-W extensional stress field. This 
change was mainly due to the end of the Weddell Sea northward subduction. 

Two main stratigraphic changes could be identified in the upper deposits of the Scotia Sea 
southern basins. The lower is Reflector-e (early Miocene, 22 Ma), which represents the first 
tectonic field change in the Drake Passage opening. The seismic units located below this 
reflection (VIII, VII and VI) are locally distinguished in the older basins. Identification of these 
older seismic units enables me to clarify the opening sequence of these basins and sheds 
some light on the controversial opening ages, in a relative way. Over Reflector-e, five more 
seismic units are identified and would have constituted the traditionally described 
sedimentary record of the Scotia Sea. The most prominent discontinuity in its stratigraphic 
pattern is marked by Reflector-c (middle Miocene, 12 Ma), which has been related to the 
onset of invigorated bottom current flows due to the opening of the South Scotia Ridge 
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deep passages. The units sandwiched between Reflector-e and Reflector-c (V and IV) are 
conditioned by each single basin evolution, the down-slope processes being the dominant 
sedimentary processes, although locally bottom current processes are present. The three 
upper units (III, II and I) are, however, widely distributed; and the presence of contourite drifts 
and wavy facies would suggest predominating along-slope sedimentary processes.  

The importance of along-slope processes in the sedimentary record structure increases 
over time. Since the aperture of the basins, the bottom current consisted of eastward bottom 
flow of the Circumpolar Deep Water. However, the middle Miocene intrusion of the Weddell 
Sea Deep Water moved the former to a northern position and established the Weddell Sea 
Deep Water as the bottom flow of the southern Scotia Sea, until the Present. The co-
occurring evolution of the deep-water masses of the Pacific and South Atlantic oceans 
interfered in the regional oceanographic context —particularly since the late Miocene, and 
mainly due to the South Pacific Deep Water inclusion and the North Atlantic Deep Water 
flowing to southern latitudes. 

In addition to the down- and along-slope processes identified through the sedimentary 
record of the basins, substantial sediment input was provided by regional ice sheets and 
icebergs. Such inputs are representative in such high latitude basins, remote from emergent 
landmasses. Therefore, the sedimentary record stands as a reflection of the main climatic 
oscillation that originated Antarctic Ice Sheet fluctuation. 

Regional sedimentary patterns in the Scotia Sea mark regional tectonic and oceanographic 
events that form part of global phases of intense plate tectonic activity, along with ice sheet 
oscillations in Antarctica related to major climatic events. The regional evolution, first 
described through the influence of regional tectonic events, was later determined by 
palaeoceanographic changes. However, there is a close relationship between regional effects 
and the major global tectonic events, particularly since the middle Miocene. 

The coeval occurrence of sedimentary, tectonic, climatic and palaeoceanographic events 
points to a clockwork interplay of these factors. Whereas the climatic and 
palaeoceanographic relationship has been largely recognized, tectonics may be considered 
as the global driver at different scales. Regional palaeoceanographic changes occurring in the 
context of global movement of tectonic plates and readjustments gave rise to climatic 
condition variability that imprinting the sedimentary record of the oceans. 
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Del estudio regional del Mar de Scotia completado durante el desarrollo de esta tesis se 
pueden deducir las siguientes conclusiones generales: 

En la parte meridional del Mar de Scotia hay una serie de cuencas sedimentarias formadas 
en un contexto de back-arc que sin embargo presentan diferentes tipos de fragmentación. 
Considerando los procesos de fragmentación continental y la influencia de la zona de 
subducción del arco, estas cuencas pueden ser agrupadas en dos tipos. El Tipo A está 
formado por las cuencas más antiguas, Ona y Scan, que constituyen ejemplos de 
fragmentación continental típica de márgenes pasivos volcánicos donde no se desarrollan 
bloques y los centros de expansión son difícilmente identificables. Estas cuencas estan 
situadas directamente tras el arco volcánico. El Tipo B incluye las cuencas más jóvenes, Dove, 
Protector y Pirie, que responden a la fragmentación continental que se identifica 
tradicionalmente en márgenes pasivos no volcánicos donde se describen márgenes 
continentales asimétricos y centros de expansión medio-oceánicos. Estas cuencas se 
encuentran alejadas del arco volcánico y algunos procesos de pull-apart podrían verse 
involucrados en su formación. Estos dos tipos de cuencas muestran evoluciones estructurales 
diferentes determinadas por un cambio regional en el campo tectónico donde la extensión 
pasa de WNW-ESE a E-W. Este cambio fue principalmente debido al final de la subducción de 
la corteza oceánica del Mar de Weddell en su parte norte. 

En el registro sedimentario superior de las cuencas del sur del Mar de Scotia pueden 
identificarse dos cambios estratigráficos principales. El inferior está marcado por el Reflector-
e (Mioceno inferior, 22 Ma), que representa el primer cambio en el contexto tectónico tras la 
apertura del Paso del Drake. Las unidades sísmicas inferiores (VIII, VII y VI) se identifican en 
las cuencas más antiguas de manera local. La disposición de estas unidades permite clarificar 
la secuencia de apertura de estas cuencas y la edad de apertura de las mismas de una forma 
relativa. Cinco unidades sísmicas más jóvenes se identifican sobre el Reflector-e que 
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constituirían el registro sedimentario tradicionalmente descrito para el Mar de Scotia en la 
literatura científica reciente. La discontinuidad más prominente en este patrón estratigráfico 
está representada por el Reflector-c (Mioceno medio, 12 Ma), que ha sido relacionado con 
el inicio de la intensificación en las corrientes oceánicas de fondo debido a la apertura de 
portales oceánicos profundos a lo largo del borde sur del Mar de Scotia, coetánea con 
reajustes tectónicos. Las unidades sísmicas localizadas entre las discontinuidades e y c (V y 
IV) están condicionadas por la evolución particular de cada cuenca. Los procesos down-slope 
son dominantes aunque locamente se pueden identificar procesos sedimentarios 
relacionados con la circulación de las corrientes de fondo. Las tres unidades superiores (III, II 
y I) se encuentran ampliamente distribuidas y la frecuente presencia de drifts contorníticos y 
facies sísmicas onduladas (atribuidas a ondas sedimentarias) sugiere el predominio de 
procesos sedimentarios asociados a corrientes de contorno (o along-slope). 

En base la dicha arquitectura estratigráfica el modelo evolutivo para el Mar de Scotia 
resultante incluye dos fases principales: 1) el Paleógeno cuando se inició la formación del Mar 
de Scotia y 2) la progresión del Arco de Scotia hacia el este durante el Neógeno y 
Cuaternario. Dentro de esta última fase, el primer cambio en el campo de esfuerzos 
tectónicos del Mar de Scotia desde el inicio de la formación del Estrecho del Drake, ocurrió 
entre la formación de los dos tipos de cuencas anteriormente mencionados. Este cambio está 
relacionado con el final de la subducción del Mar de Weddell en el Mioceno inferior (22Ma) 
y se considera como el primer cambio importante en la arquitectura sedimentaria tras la 
apertura del Estrecho del Drake. El siguiente gran cambio en el patrón estratigráfico ocurrió 
en el Mioceno medio y está relacionado con un cambio en el modelo oceanográfico 
generado por la apertura de los principales portales oceánicos entorno al Mar de Scotia de 
forma coetánea al reajuste tectónico y una fase de subsidencia. Esta apertura permitió la 
intrusión del Agua Profunda del Mar de Weddell en el Mar de Scotia desplazando el Agua 
Profunda Circumpolar a una posición más septentrional e instaurándose como el flujo de 
fondo de la parte sur del Mar de Scotia hasta el presente. Este cambio tectónico ha sido 
registrado en la parte noroeste del Mar de Scotia, así como de manera global. Las sucesivas 
variaciones ocurridas durante el Mioceno superior y Plioceno superior intensificaron la 
circulación del Agua Profunda del Mar de Weddell coetáneamente con episodios tectónicos y 
climáticos. 

En esta evolución regional la importancia de los procesos sedimentarios along-slope ha 
ido aumentando desde el Mioceno medio hasta la actualidad. Tras la apertura de las cuencas 
la corriente de fondo dominante fue el flujo generalizado hacia el este del Agua Profunda 
Circumpolar. Sin embargo la inclusión del Agua Profunda del Mar de Weddell desplazo 
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progresivamente la anterior a una posición más septentrional y se instauro como flujo de 
fondo desde entonces hasta la actualidad en la parte meridional del Mar Scotia. La evolución 
coetánea de las masas de agua profundas de los océanos Pacifico y Atlántico Sur también ha 
interferido en el contexto oceanográfico regional del Mar de Scotia, particularmente desde el 
Mioceno Superior, y principalmente debido a la inclusión del Agua Profunda del Sureste 
Pacifico y el flujo del Agua Profunda del Atlántico Norte hacia latitudes más meridionales. 

El registro sedimentario de las cuencas estudiadas refleja las principales oscilaciones tanto 
climáticas como de la capa de hielo antártica, ya que una parte importante del aporte 
sedimentario fue proporcionado por el sedimento en suspensión aportado por las sucesivas 
fluctuaciones de las capas de hielo regionales y los hielo flotantes (icebers). Estos aportes son 
representativos en cuencas sedimentarias de altas latitudes situadas lejos de márgenes 
continentales adyacentes a continentes emergidos.  

La arquitectura sedimentaria en el Mar de Scotia ha estado marcada por la tectónica 
regional y los eventos oceanográficos que a su vez forman parte de episodios globales de 
intensa actividad tectónica y oscilaciones climáticas mayores. La contemporaneidad de 
eventos tectónicos, sedimentarios, climáticos y oceanográficos sugiere una estrecha relación 
entre estos factores. Mientras que la relación entre eventos climáticos y paleocenaográficos 
ha sido reconocida, la tectónica puede actuar como factor de control de estos cambios. 
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Recent progress has contributed substantially to our knowledge of the history of Southern 
Oceans. Some of the new issues presented in this thesis generate further questions, however. 

Conceptually, there remains a long way to go in the direction of basin analysis and the 
interplay between the main drivers during the evolution of a given basin. The great oceanic 
basins —i.e. the Atlantic or Pacific— have been largely studied over the past decades; yet less 
attention is paid  to small basins developed within these vast systems. The rifting processes 
and evolution of the latter require particular attention, since they apparently do not obey the 
sequence traditionally evoked. In addition, the consideration of a breakup sequence instead 
of the traditional breakup unconformity signals a need for further research and the 
development of new models to resolve the rifting processes, especially in small oceanic 
basins.  

Even though the link between palaeoceanography and climatic change is relatively well 
known, the role of tectonics as a global driver is unclear in many ways. Detailed studies of 
mantle activity as the main factor behind global changes are indispensable. In this sense, 
comparison of the results presented here and those from other basins around the world 
would help toward an understanding of the major long-term changes.  

The onset and evolution of Drake Passage and the Scotia Sea remain poorly understood, 
and the region has not yet been drilled for scientific purposes. Exploring their evolution is 
critical for a better understanding of various phenomena, including: a) the processes and 
consequences of Gondwana breakup; current and past Southern Hemisphere plate-motion 
and deep mantel flow; and ocean-basin tectonics; b) behaviour of the ACC and other water 
masses and their influence on global climate; and c) the development and stability of 
Antarctic ice-sheets, and biodiversity and biota migrations in the Southern Hemisphere. As 
discussed in this thesis, there are significant discrepancies in data interpretations, especially 
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regarding the age of development of the small, independent oceanic basins within the Scotia 
Sea. Given the lack of drilling data, researchers have made certain weak assumptions about 
the area, and several fundamental regional problems with global implications remain 
unresolved. Clarifying these key points is the main objective of the drilling proposal IODP-
868, under the International Ocean Discovery Program (IODP) titled “DRAKE-SCOTIA 
SEAWAYS” and submitted last 1st October (Fig. 11·1). This drilling proposal will address 
important questions highlighted in the IODP Science Plan for 2013-2023, and its potential 
results could be applied more widely and integrated with other regional studies to elucidate 
the evolution of the Antarctic, its relation with palaeoenvironmental and palaeoceanographic 
changes, and its global linkages. 

 

Figure 11·1.- General sketch of the Scotia Sea, showing the locations of sedimentary basins and banks, and 
indicating the position of the proposed primary (green circles) and alternate (grey circles) sites of the DRAKE-
SCOTIA SEAWAYS drilling proposal submitted in October 2014. Also shown are previous IODP Legs and major 
cores in red; the stars mark the location of the wide angle stations from Rogenhagen and Jokat (2000). 54P, 54º-
54º Passage ABk, Aurora Bank; AI, Adelaide Island; AP, Antarctic Peninsula; BB, Bransfield Basin; BBk, Bruce Bank; 
BS, Bransfield Strait;, BuB, Burdwood Bank; DaB, Davis Bank; DBk, Discovery Bank; DB, Dove Basin; DP, Discovery 
Passage; EI, Elephant Island; GB, Georgia Basin; GP, South Georgia Passage; GR, South Georgia Rise; HB, 
Hesperides Basin; HBk, Herdman Bank; JB, Jane Basin; MEB, Malvinas Eastern Basin; M/F I Malvinas/Falkland 
Islands; M/F V Malvinas/Falkland Valley; NCSSB, North Central Scotia Sea Basin; NGP, North Georgia Passage; 
NGR, North Georgia Rise; OB, Ona Basin; OI, Orkney Islands; OP, Orkney Passage; OR, Orkney Ridge; PB, Powell 
Basin; PCM, Pacific Continental Margin; PiB, Pirie Basin; PP, Phillip Passage; PrB, Protector Basin; RP, Black Rocks 
Passage; SB, Scan Basin; SGI, South Georgia Island; SP, Shag Rock Passage; SShI, Shetland Islands; SOM, South 
Orkney Microcontinent; SPB, South Pacific Basin; SR, Shag (and Black) Rocks; SSI, South Sandwich Islands; TB, 
Terror Bank; WB, Weddell Basin; YB, Yaghan Basin. 
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A couple of regional works are needed at short-term: 

 The identification of all the MTDs at the southern Scotia Sea through Multichannel 
Seismic data reveals their distribution and occurrence through the sedimentary 
infill of the basins and highs closed to the Scotia/Antarctica Plate Boundary. Their 
detailed study and chronological correlation should allow to relate the MTDs 
occurrence with the most significant both regional tectonic events and climatic 
oscillations from Eocene to Present-day. 

 A detailed study of the Jane Basin in the Antarctic plate would reveal the basin age 
and evolution, as well as its relation to the end of the northern Weddell Sea 
subduction. This is fundamental for palaeoceanographic reconstructions since the 
Jane basin constitute the main passage of the WSDW into the Scotia Sea. Also, 
potential results have to be compared with the adjacent Powell basin for further 
clarification of WSDW circulation in the geological past. 

Another important question of regional scope resides in the lateral continuity of the WSR 
corridors. New MCS profiles in the northern part of the Discovery Bank and the southern 
Scotia Sea basins would clarify the position of the tentative strike-slip faults proposed here 
and their actual relation to the WSR.  

Furthermore, the associations between the southern Scotia Sea basin and the central 
Scotia Sea have not yet been well established. Drawing stratigraphic and sedimentary 
correlations over these areas would contribute to determining the tectonic drivers behind this 
connection, and to deriving the evolution of the ACC, restricted to the central Scotia Sea from 
the middle Miocene.    

The Contourite Depositional Systems call for description through detailed seismic studies 
and wells that would allow researchers to characterize contourites in polar environments. 

One matter that should not be overlooked is the tectonic-sedimentary interaction, that is, 
the determination of the sedimentary control factors at different scales. Precise studies of 
high resolution are necessary to explore recent and present processes in greater depth. 
Seismic oceanography studies would allow us to establish the water column´s present 
structure, which would serve to discern relationships with specific morphologic seafloor 
features and determine the sedimentary processes involved. One goal would be to describe 
the relationship between ACC/WSDW modifications (strength, patterns) and recent climatic 
fluctuations driven by glacial-interglacial versus stadial-interstadial cycles, as recorded by 
multiple recent depositional events. 
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In addition, the collaboration with other research groups is essential to expand beyond the 
framework of this study, for one to complete the regional context of the Scotia Sea with 
reference to similar studies along its northern sector. 
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Abstract 
 

The southern margin of the Scotia Sea hosts the convergent boundary between the Scotia 
and Antarctic plates where a number of small basins are sitated. Mass transport deposits 
(MTDs) within two of these small basins, Dove and Scan basins, reveal the importance of 
seismicity, slope instabilities and depositional processes in their growth patterns. Swath-
bathymetry and very high-resolution seismic data show that there are over 200 MTDs in 
these basins in the last 100 ky record. MTD characterizations are determined on the basis 
of their regional distribution, shape, apparent size and depth. Their sedimentary and 
tectonic implications are discussed, as well as the evidence of different triggering 
mechanisms in this region, which is characterized at present by moderate-to-high 
magnitude, shallow to intermediate earthquakes. MTDs are more abundant in Dove Basin 
(with lenticular and wedge shapes), suggesting that this basin was affected by active 
tectonics to a greater degree than Scan Basin. This finding is significant in the overall 
evolutionary context of the Scotia Sea region and Scotia-Antarctic plate geodynamics. 
Nevertheless, other factors —volcanic activity, vigorous bottom-currents, and/or higher 
sedimentation rates — must also be considered for the generation of MTDs in the Scan 
Basin, where a variety of processes generated more diverse MTD morphologies. 
Paleoseismological estimations of the repeated occurrence of wedge shaped MTDs in 
contact with fault scarps point to potential sources of large magnitude (Mw ~7.2-7.3) 
paleoearthquakes in several sites, in agreement with the present high magnitudes of 
regional seismicity. This study shows MTDs to be appropriate as paleoearthquake indicators 
in active tectonic settings. The distribution of MTDs in the southern Scotia Sea has 
important implications for geodynamic and geohazard research. They may prove to be 
unmistakable stratigraphic markers for future basin analysis. 

 
Keywords:  

Mass transport deposits (MTDs); Slope instabilities; MTD triggering factors; Paleoseismicity; Antarctica; 
Dove and Scan basins 

 
Highlights 

 Mass-transport processes are described in Dove and Scan high latitude basins, Scotia 
Arc 

 Over 200 Mass-transport deposits (MTD) with a mean length of 7.6 km were recognized 
 The distinct MTD morphologies determine their behavior in each basin 
 Tectonics is the main trigger factor in Dove Basin 
 We present Mw=7.2-7.3 paleoearthquake evidences from marine data 
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1. INTRODUCTION 

The term “mass transport” is used by Shanmugan (2012) to denote the gravity-driven 
downslope transport of aggregate particles (high sediment concentration), either as a coherent 
solid mass (slide and slump) or incoherent grain-fluid body (debris flow). These processes 
therefore involve different types of sedimentary instabilities in the deep sea. The resulting 
products are known as “mass transport deposits" (MTDs), equivalent to the “mass-transport 
complexes” (MTCs) of Mulder (2011). They are easy to identify within marine basins, involving 
very specific sedimentary and seismic facies (Shanmugan, 2006, 2012; Mulder, 2011; Shipp et 
al., 2011). MTDs may reach several hundred meters in thickness and extend over hundreds of 
square kilometers (Imbert, 2011), and they can generate enormous deposits such as the 
Agulhas Slump (SE Africa), 20331 km3 in size (Shanmugan, 2012), or the 5500 km3 Storegga 
Slide (Bugge et al., 1987). 

Turbidity currents are excluded from the definition of mass-transport processes (e.g. 
Shanmugan, 2012) used in this work. A turbidity current is a flow with Newtonian rheology 
where sediment is supported by fluid turbulence and deposition occurs through suspension 
settling (Kuenen and Migliorini, 1950; Dott, 1963; Sanders, 1963; Middleton and Hampton, 
1973; Shanmugan, 2006, 2012), a process not considered in the present study. MTDs are 
different from bottom (contourite) current processes, which involve a "persistent" water current 
near the seafloor, with a capacity to erode, transport or deposit sediments (Stow et al., 2002; 
Rebesco, 2005; Trincardi et al., 2007; Rebesco and Camerlenghi, 2008; Rebesco et al., 2014). 

The essential features determining MTD development are related to an increase in the 
environmental loads or to a decrease in the cohesion of the sediment, or a combination of 
both (e.g. Hampton et al., 1996). Generally, an external trigger is needed, such as pore over-
pressure associated with fluid flow, gas hydrate decomposition or high sedimentation rates 
(Gunn et al., 2002; Mienert et al., 2003; Masson et al., 2010; Schlesinger et al., 2012) that can 
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cause sediment stability and favor MTD development (Locat and Lee, 2002; Sultan et al., 2004b; 
Berndt et al., 2012; Dugan, 2012). Earthquakes and tectonic activity are the most important 
triggers for submarine MTDs (Sultan et al., 2004a; Biscontin and Pestana, 2006; Dugan, 2012; 
Lindhorst et al., 2012). Moreover, active fault scarps increase the steepness of slopes and 
therefore favor MTD occurrence (Ferentinos et al., 1988; Argnani et al., 2012; Vargas et al., 
2012). Yet in other situations, erosion by bottom currents (Sultan et al., 2004a; Moscardelli et 
al., 2006; Rebesco and Camerlenghi, 2008) or volcanic activity may be the main triggering 
factors (Urgeles et al., 1998; Tempera et al., 2013).  

Although the onset and significance of MTDs in the stratigraphic record is still a matter of 
debate, and may depend on their position in stratigraphic cycles (Mulder, 2011), MTDs are 
preferentially located along active continental margins (e.g. Mountjoy and Micallef, 2012), while 
also frequently observed in passive and glaciated margins (van Weering et al., 2008; Dickinson 
et al., 2012). Large MTDs described in Antarctic areas include the largest ancient slide deposits 
recognized in an outcrop of the Antarctic Peninsula (Ablation Point Formation, MacDonald et 
al., 1993), the Gebra-Magia Complex in the Central Bransfield Basin (Imbo et al., 2003; Canals 
et al., 2004; Casas et al., 2013), large debris flow deposits in the Pacific margin of the Antarctic 
Peninsula (Larter and Cunningham, 1993; Diviacco et al., 2006; Rebesco et al., 2006) and the 
Oligocene to middle Miocene massive deposition of MTDs in Wilkes Land margin by temperate 
continental ice sheets (Escutia et al., 2005). 

The occurrence of MTDs has unmistakable implications, since they reshape the morphology 
of the continental margins and may also be associated with the development of deep-water 
reservoir sedimentary facies (Imbert, 2011; Shanmugan, 2012). They may be indicative of 
geohazard (Yamada et al., 2012) and trigger turbiditic processes (Shanmugan, 2006) or 
tsunamis (Trifunac and Todorovska, 2002; Fryer et al., 2004). The relationship of MTDs with 
paleoearthquakes is not well understood; however, they may provide evidences for 
catastrophic events (Sultan et al., 2004a; Dugan, 2012). Paleoseismology can provide evidence 
for seismogenic activity along silent faults and allows us to characterize them in terms of slip 
rate, amount of deformation absorbed by individual faults, and the magnitude and recurrence 
interval of a characteristic earthquake. 

The aim of our study is to characterize Late Quaternary mass transport deposits (MTDs) in 
high latitude oceanic basins within the southern Scotia Sea, Antarctica (Fig. AI·1) near the 
seismically active Scotia-Antarctic plate boundary, including active fault scarps and irregular 
bathymetry. We selected two small and isolated oceanic basins in the southern Scotia Sea —
Dove and Scan basins— to assess the significance of MTDs in the growth patterns of high 
latitude deep basins as a proxy to infer environmental settings. The MTDs were analyzed in 
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terms of environmental setting, shape, apparent size and depth. Their sedimentary and tectonic 
implications are discussed with regard to different triggering factors, particularly 
paleoearthquakes.  

 

2. REGIONAL FRAMEWORK 

2.1. Geological setting  

The Scotia Sea is surrounded by the Scotia Arc, a tectonic structure formed by the oceanic 
spreading and subsequent eastward dispersion of continental fragments that constituted the 
former connection between South America and the Antarctic Peninsula (Dalziel and Elliot, 1971; 
Barker and Dalziel, 1983; Barker, 2001). The proposed age of development of the arc is between 
the Eocene (Eagles et al., 2006; Maldonado et al., 2014) and the Oligocene (Barker, 2001; Lodolo 
et al., 2006). At present, the Scotia and Sandwich plates that form the Scotia Sea are located 
between the major South American and Antarctic plates (Fig. AI·1). The Scotia-Antarctic plate 
boundary lies along the South Scotia Ridge (SSR), which contains continental fragments, and 
the oceanic Shackleton Fracture Zone (SFZ). The southern Scotia Sea contains a host of small 
oceanic basins and continental banks (Fig. AI·1). From West to East, Terror Rise separates the 
Ona Basin (Maldonado et al., 2014) from Protector Basin, a triangular basin corresponding to 
a northward propagating rift (Galindo-Zaldívar et al., 2006, Fig. AI·1a). Eastward lie Pirie Bank, 
Dove Basin, Bruce Bank, Scan Basin and Discovery Bank (Fig AI·1a). These basins record the 
continental stretching that occurred during the eastward migration of a tectonic arc above the 
subducting Weddell Sea and southwestern Atlantic Ocean (Barker, 2001; Galindo-Zaldívar et 
al., 2006). 

The present-day tectonic deformation in the Scotia-Antarctic plate boundary, as evidenced 
by seismicity and MCS profile interpretation (Acosta and Uchupi, 1996; Maldonado et al., 1998; 
Bussetti et al., 2000; Galindo-Zaldívar et al., 1996, 2002, 2004; Bohoyo et al., 2007; Civile et al., 
2012) includes releasing and restraining bends, with related deep extensional and 
compressional basins and pull-apart basins. The sinistral transcurrent motion probably began 
around 8 Ma ago (Bohoyo et al., 2007). The extensional deformation of the southern border of 
Discovery Bank drifted the bank northwestward, and is responsible for all the E-W strike-slip 
faults located within the bank (Fig. AI·1b). Most of the seismicity located around the southern 
boundary of Scan Basin appears to be generated by these dynamics as well. In contrast, the 
boundary between the South Orkney Microcontinent and Bruce Bank shows compressive 
deformation (northern border of the SOM) together with sinistral strike-slip faulting (Bussetti 
et al., 2000; Bohoyo et al., 2007; Lodolo et al., 2010). 
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Figure AI·1.- Scotia Arc setting. (a) Tectonic setting including seismicity by magnitude (NEIC database 1900-2013) 
with location of Figure 1b. BB, Bruce Bank; DB, Dove Basin; DiB, Discovery Bank; JB, Jane Bank; CJ, Jane Basin; OB, 
Ona Basin; PAR, Phoenix-Antarctic Ridge; PB, Pirie Bank; Pob, Protector Basin; SB, Scan Basin; SOM, South Orkney 
Microcontinent; SSiB, South Shetland Block; SSR, South Scotia Ridge; TR, Terror Rise; WSR, West Scotia Ridge. (b) 
Bathymetric map of central South Scotia Ridge derived from satellite and ship track data (Smith and Sandwell, 1997). 
Earthquake epicenters from NEIC (USGS, 2013a) and earthquake focal mechanisms from Harvard Seismology 
Centroid Moment Tensor Catalog (Dziewonski et al., 1981) are shown. Original symbols in focal mechanism are 
maintained (white, compression; black, extension). In addition, the circulation of main water masses is shown: ACC 
Antarctic Circumpolar Current; CDW, Circumpolar Deep Water; WSDW, Weddell Sea Deep Water; WG Weddell Gyre. 
Labeled black line marks the location of multichannel seismic profile in Fig. AI·2. 

 

2.2. Seismological setting 

The distribution of earthquake epicenters around the Scotia Arc highlights the location of 
the present plate boundaries (Fig. AI·1a). Most seismic activity takes place beneath the eastern 
part of the arc, where the South American Plate bends below the Sandwich Plate in an active 
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subduction zone (Vanneste et al., 2002). All deep (150 km) and most intermediate (50-150 km) 
events are concentrated here, while the other plate boundaries are mainly outlined by shallow 
events (0-50 km). A second area of significant seismic activity is located in the western sector 
of the South Scotia Ridge (SSR) between the South Shetland Islands and South Orkney 
Microcontinent (Fig. AI·1b) (Bohoyo et al., 2007). Analysis of earthquake focal mechanisms 
indicates a regional stress regime for the entire Scotia Arc characterized by NE-SW 
compression, with local stress perturbations (Pelayo and Wiens, 1989; Galindo-Zaldívar et al., 
1996; Giner-Robles et al., 2003; Thomas et al., 2003). In the study area, the magnitudes of 
recorded earthquakes reach 7.7 Mw (e.g. 2013-11-17 09:04:55 UTC, USGS, 2013b). 

 

2.3. Oceanographic setting 

The bottom-current circulation of the Scotia Sea is mainly controlled by Circumpolar Deep 
Water (CDW) and Weddell Sea Deep Water (WSDW) (Orsi et al., 1999; Naveira-Garabato et al., 
2002a). The former constitutes the deepest fraction of the Antarctic Circumpolar Current (ACC), 
which flows eastward around the Antarctic continent (Fig. AI·1). 

The WSDW is one of the deepest water masses flowing in the cyclonic Weddell Gyre (Fig. 
AI·1) (Naveira-Garabato et al., 2002a; Gordon et al., 2010). Part of the WSDW enters the Scotia 
Sea through deep gateways along the SSR (Naveira-Garabato et al., 2002a, 2002b; Legg et al., 
2009) where the overall geostrophic transport is directed northwards (Naveira-Garabato et al., 
2002b). In the Scotia Sea, the WSDW flows to the west along the northern boundary of the SSR 
and to the east under the CDW (Orsi et al., 1999; Naveira-Garabato et al., 2002a). In Scan and 
Dove basins, the bottom water circulation is completely under the influence of the WSDW, and 
only at surrounding banks and SSR depths does the CDW interact with the sea floor (Morozov 
et al., 2010). 

 

3. MATERIAL AND METHODS 

Mass transport deposits were identified and characterized mainly by seismic facies in very 
high-resolution reflection profiles and by relief observed in swath-bathymetry data collected 
in Scan and Dove basins during the SCAN-2004, DRAKE-2008 and SCAN-2008 cruises onboard 
the R/V Hespérides. In addition, one multichannel seismic reflection (MCS) profile was 
considered. Six parameters were determined for each deposit: location, region, shape, length, 
thickness and depth. Distribution of the MTDs and their relation with the main 
morphostructures in the basins are crucial parameters to assess the triggering mechanisms. 
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Swath bathymetry was collected with a Simrad EM 12S-120 multi-beam echosounder 
system with a vertical resolution of 0.1-0.4 m. Depth-temperature measurements were made 
periodically with expendable bathythermographic sounders (XBT) to control the sound velocity 
profile through the water column. Special emphasis was placed on Scan Basin and the region 
between the Weddell and Scotia seas, where a multibeam bathymetric mosaic was obtained. 
Gaps in the bathymetric mosaic were later completed with satellite altimetric TOPEX data at 1 
minute resolution, published in the UCSD website (UCSD, 2012). The resulting bathymetric 
grids were displayed and analyzed with the aid of ArcGIS™ software. Dove Basin has 43% 
coverage, while Scan Basin has 77% coverage. 

Very high-resolution seismic profiles were simultaneously obtained with a TOpographic 
PArametric Sonar PS 18 (TOPAS) system, which operated in a CHIRP wavelet at frequencies 
between 1.5 and 5 kHz. This provided an average penetration of about 150 m into the 
subsurface seafloor sediments with a resolution of 0.5-1 m. The collected signal was processed 
following a standard sequence by means of TOPAS™ and Radexpro™ software. The resulting 
SEG-Y files were imported into Kingdom Suite™ software for visualization and imaging. TOPAS 
profiles were essential for estimating the apparent maximum thickness for each MTD, 
measured in milliseconds of Two Way Time (ms TWT). In those locations where TOPAS 
penetration was less than the MTD bottom, the observed maximum thickness was considered. 
The thickness in meters was also taken into account, using a conversion velocity of 1600 m/s 
for these shallow sediments (Schlesinger et al., 2012; Whittaker et al., 2012). The size of the 
MTD was determined considering the values of apparent area (length multiplied by thickness, 
LxT). The apparent maximum depth from seafloor to the top of each MTD was also measured 
in m (based on the above velocity conversion), but constrained by the local TOPAS penetration. 
Furthermore, a multichannel seismic reflection (MCS) profile (SCAN2004_SC 03) crossing the 
two basins was analyzed. Details of the acquisition system and processing of MCS are 
summarized in Galindo-Zaldívar et al. (2014). Statistical analysis of the data was done using 
Stata™ software. 

 

4. MORPHOSTRUCTURE OF DOVE AND SCAN BASINS 

4.1. Dove Basin 

Dove Basin is separated southwards from the South Orkney Microcontinent (SOM) by a 
depression that marks the active sinistral and transpressive faults related to the Scotia- 
Antarctic plate boundary (Maldonado et al., 1998; Bohoyo et al., 2007; Civile et al., 2012), which 
shows very active seismicity (Fig. AI·1). The Scotia Plate is subducted below the northern margin 
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of the SOM, and a large wedge of sediments was deposited along the WNW-ESE elongated 
trough (Bussetti et al., 2000). The basin opens northwards into the central Scotia Sea, while 
eastward and westward it is respectively bounded by Bruce and Pirie banks (Fig. AI·1). This 
basin has a roughly sigmoidal shape, being 150 to 200 km wide and about 300 km long in a 
NNE-SSW trend. A prominent N-S elongated seamount in its central part is interpreted as the 
former spreading axis (Galindo-Zaldívar et al., 2014). Southward, the axis is covered by 
sediments (Fig. AI·2). Most faults observed in the passive continental margins of the bounding 
banks are normal, generally dipping basin-ward and probably having formed during the syn-
rift stage (Fig. AI·2). Although most faults appear to be covered by sediments in the MCS profile, 
some reach the surface and may have more recent activity. The northern region of the basin 
floor is also affected by a NNE-SSW normal fault dipping towards the SE that develops an 
elongated scarp (Fig. AI·3). The fault is located at a depth of over 800 m and has a length of 
about 75 km, exposing basement rocks; it is one of the most active structures ever recognized 
in the central Scotia Sea. 

 

Figure AI·2.- SCAN 2004 SC 03 multichannel seismic profile across Dove and Scan basins. Black line, basement; Red 
lines, main faults mostly affecting the basement. Note the distinctive sedimentary infill distribution in the two basins. 
Profile location in Fig. AI·1b. 

The abyssal plain has only moderate sedimentary infill (Fig. AI·2). The average thickness of 
the sedimentary record is about 0.8 s (TWT), reaching a maximum along its eastern boundary 
(>1.2 s TWT). Southwards the basin becomes asymmetrical, with a shorter and irregular eastern 
side. The depth of its basin plain increases southwestward to about 5500 m. 

The TOPAS seismic profiles within the abyssal plain at Dove Basin show layered, sub-
horizontal bedding and laterally continuous facies with moderate to high reflectivity that can 
be interpreted as pelagic/hemipelagic deposits. Seismic facies characterized by small mounded 
morphologies are also identified, interlayered within the pelagic/hemipelagic sediments. These 
mounded deposits are attributed to drift deposits developed by bottom currents. 

The bathymetric mosaic map also reveals N-S trending basement highs, as well as small 
ridges distributed throughout the basin, characterizing the irregular morphology of abyssal 
plain (Fig. AI·3). Locally, numerous escarpments of different sizes and slope scarps were 
identified in the bank flanks and in small highs within the basin plain. Aligned scarps are 
likewise interpreted as the seafloor expression of recent active faults with surface expression. 
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Figure AI·3.- Integrated shaded bathymetric map, by Scan 2004-2008 campaigns and light TOPEX 1 minute 
bathymetry, with geomorphological interpretation of main superficial identified features in Dove and Scan Basins. 
Channel is used as an abstract term that includes channels and moat. The locations of Figs. AI·4, AI·6, AI·7 and Site 
1 and 2 of Fig. AI·11 are also shown. 

 

4.2. Scan Basin 

Scan Basin is an asymmetrical elongated basin developed between Bruce and Discovery 
Banks (total N-S length of about 200 km). Like Dove Basin, it opens northward to the central 
Scotia Sea, while southward it is connected to the northern end of Jane Basin, crossing the 
Scotia-Antarctic plate boundary (Fig. AI·1). The southern part has a minimum width of 50 km; 
the basin is wider towards the north, over 150 km. The western boundary has a N-S trend, 
showing the pattern of a typical passive margin. The eastern boundary, corresponding to 
Discovery Bank, exhibits a NE trend in the southern part and NNW in the northern part. 

The tectonic evolution of this basin is poorly documented. Recent faults are not evidenced 
by MCS profiles of the basin (Fig. AI·2), except at the southern border, constituting the Scotia-
Antarctic plate boundary. However, recent studies of the morphology of this basin reveal two 
sets of conjugated shear joints, suggesting NNE-SSW regional compression and orthogonal 
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extension (Lobo et al., 2011). Such stresses are similar to the recent regional stresses that 
deform the Scotia Arc (Galindo-Zaldívar et al., 1996). 

The average depth of the Scan Basin is 3000 m, and the seafloor slightly dips to the west 
(Fig. AI·2). The average depth of the igneous crust top ranges from 4 to 6 s (TWT), dipping to 
the southeast (Fig. AI·2). The overlying sedimentary record shows an average thickness of 1.82 
s (TWT) increasing to the east (max. 2.6 s TWT) (Pérez et al., 2014). As in the Scotia Sea, the 
upper sedimentary units display a sedimentary pattern influenced by bottom current 
circulation (Maldonado et al., 2006). 

The TOPAS seismic profiles of the abyssal plain within the Scan Basin show a layered seismic 
configuration. Sub-parallel reflections with moderate to high reflectivity evolve laterally to 
mounded and elongated layered reflectors interpreted as contouritic drifts. 

Quite unlike Dove Basin, Scan Basin shows an almost flat seafloor with a variety of superficial 
features (Fig. AI·3). The southern part of the Scan basin, close to Bruce Passage, contains 
numerous furrows with contrasting patterns on either side of the basin (Lobo et al., 2011). The 
central basin seafloor is featureless. The northern and eastern parts have channel-like features 
along the basin margins. The channels trending parallel to the slope and surrounding the 
relatively recent volcanoes, genetically linked to mounded drifts, could be interpreted as 
contourite moats, according to Hernández-Molina et al. (2008). In addition, a pockmark field 
was recognized in this area, in a flat surface over Discovery Bank near a group of volcanic 
edifices (Fig. AI·3). 

 

5. MASS TRANSPORT DEPOSITS IN DOVE AND SCAN BASINS 

Numerous mass transport deposits (MTDs) have been identified on the seafloor and in the 
subsurface of the basin plains and margins of Dove and Scan basins. Around 50 MTDs found 
on the seafloor, as observed by swath bathymetry, are laterally associated with scarps (Figs. 
AI·3, AI·4). Their length ranges from 1.2 km along Bruce Bank, to up to 14 km in western Scan 
Basin. Only seven of these MTDs are also identified in TOPAS seismic profiles; this is probably 
an artifact due to loss of the recorded signal in areas of rough topography. 

Within the sedimentary record 200 MTDs were identified for both basins (Fig. AI·5). They are 
characterized by lenticular to wedge shaped bodies made up of transparent to chaotic seismic 
facies interbedded within layered facies. Taking into account the chaotic nature of MTDs and 
resolution/penetration conditions/restrictions of TOPAS seismic systems, a single identified 
deposit may also constitute an undifferentiated stack of smaller MTDs. 
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Figure AI·4.- Perspective shaded images of swath bathymetric data with morphological interpretation. Vertical 
exaggeration x6. Horizontal scales are referred to the center of images. (a) Mass-transport deposit with associated 
scarp in western Dove Basin. (b) Northeastern continental slope of Scan Basin showing its destabilization. The 
feedback between several features can be inferred. 

MTD location is determined by the coordinates of the center of each deposit (Table AI·A.1), 
while the distribution of the different parameters (length, thickness and depth) is shown in 
Figure AI·5. They were divided by sectors, in six different regions: Dove (W Dove and E Dove 
flanks of spreading axis); Bruce; and Scan (NE, bounded Discovery Bank; W, center margin of 
Bruce Bank; and D, dispersed ones). Most of the identified MTDs are located throughout Dove 
Basin (68 in the western and 83 in the eastern region). In Scan Basin, the MTDs are less 
abundant, with 37 bodies restricted to its margins and few highs. Twelve MTDs are placed over 
Bruce Bank, mostly along its northern flank (Fig. AI·5). 

MTDs are classified into five different types based on their morphologies and geometric 
attributes: lenticular, shapeless, wedge, lenticular-fluid, and shapeless-fluid (Figs. AI·6, AI·7). 
Lenticular morphologies are characterized by maximum thickness in the middle part that 
decreases progressively towards both sides (Figs. AI·6a, b, e, AI·7a). Wedge morphologies have 
the maximum thickness on one of their sides and it decreases progressively to the opposite 
side (Figs. AI·6c, AI·7b). We use the term shapeless morphology to define those MTDs with an 
undefined geometry (Figs. AI·6d, AI·7c). The terms lenticular-fluid and shapeless-fluid refer to 
lenticular and shapeless MTD morphologies, respectively, with fluid flow structures overlying 
them (Figs. AI·7d, e). When the MTDs evoke a combination of types, the predominant shape 
was selected for classification (Table AI·A1). MTDs multiple occurrence is also shown. The most 
common shape is lenticular, with 121 occurrences having a regular distribution on both sides 
of Dove Basin (Figs. AI·5, AI·8a).  

 

Figure AI·5.- TOPAS mapped Mass transport deposit (MTDs) distribution maps in Dove and Scan basins. Each mass 
transport deposit shape has a different symbol. (a) Symbol size varies with apparent maximum MTD length. (b) 
Symbol size varies with apparent maximum thickness of MTDs. (c) Symbol colour varies with top MTD depth. 
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Second in occurrence is the wedge shape, with 48 MTDs (Fig. AI·8a) largely observed 
attached to fault or slope scarps. There are 17 MTDs classified as shapeless (Fig. AI·5, AI·8a), 
most of them identified on the seafloor (72%) and particularly in Scan Basin (Figs. AI·5c, AI·7). 
Moreover, 14 occurrences of fluid flow structures rooted in MTDs were identified (Figs. AI·6, 
AI·7). These MTDs are classified as lenticular (Lent-fluid) and shapeless (Shpl-fluid) and they 
mostly occur in Scan Basin (Figs. AI·5, AI·8a). Some fluid flow structures are exclusively located 
above MTDs (Fig. AI·7e) affecting the overlain layering deposits with different morphologies —
“pagoda” and “column” structures— based on the classifications of Emery (1974), Judd and 
Hovland (2007) and Somoza et al. (2013). 

 

Figure AI·6.- TOPAS seismic records of different MTD shapes intercalated between stratified seismic facies in Dove 
Basin and Bruce Bank. (a) General view of an eastern slope full of MTDs. (b) A detailed view of MTDs with lenticular 
shape. (c) Detailed view of MTD with wedge shape. (d) Shapeless MTDs mainly formed by stacked MTDs with 
lenticular shape. (e) General view of a Bruce Bank slope with MTDs of different shapes. 

In order to characterize the scale of MTDs, their length and thickness were quantified. The 
measured length is the apparent maximum length in the TOPAS seismic profile in km. The MTD 
length distribution is shown in Fig. AI·5a. In general, MTD length (Fig. AI·8b-c) is less than 10 
km in both basins, with a mean value of 7.6 km. The longer MTDs tend to be shapeless, 
especially those showing fluid flow structures (Fig. AI·8b). However, the longest one of all is a 
lenticular deposit located in Dove Basin of about 40.3 km length (Fig. AI·8c). The MTDs with 
wedge shape are usually shorter, ranging from 0.6 up to 13 km, with a mean value of 3.5 km, 
excepting major wedge shaped MTDs observed in Bruce Bank and reaching 24 km (Fig. AI·5e). 
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Most MTDs present a mean thickness of 24 ms TWT (19.2 m) (Fig. AI·8c-d). The thicker 
bodies are shapeless MTDs (Fig. AI·8d), with and without fluid flow structures, and with mean 
values of 83 to 67 ms TWT (66.4 and 53 m), respectively. The MTDs with wedge shapes are 
generally thinner (Fig. AI·8d), with a mean of 15 ms TWT (12 m); the thicknesses of lenticular 
shapes are well-distributed and range from 5 up to 55 ms TWT (4 to 44 m). The thicker bodies 
are located in northeastern Dove Basin (Fig. AI·5b and AI·8e). The apparent maximum size of 
identified MTDs is 1.78 km2 in Dove Basin, although the mean value is about 0.17 km2. The 
smallest MTDs are those having a wedge shape, with an apparent area of 0.003 km2. The 
morphologies having more homogeneous area are shapeless MTDs, followed by MTDs 
associated with fluid flow structures. 

 

Figure AI·7.- TOPAS seismic profiles of different MTD shapes in Scan Basin intercalated between stratified seismic 
facies. (a) MTD with lenticular shape. (b) MTDs with wedge shape. (c) Shapeless MTD. (d) MTD with lenticular shape 
upon fluid flow structures. (e) Shapeless MTD upon fluid flow structures. 

The mean depth of the identified MTDs is 44 ms TWT (35 m). The deepest MTDs are 
lenticular (E Dove), giving a maximum of 190 ms TWT (152 m). However, the MTDs with fluid 
flow structures are usually deeper, with a mean value of 58 ms TWT (46 m) in Scan Basin (Figs. 
AI·7c, AI·8d). 

 

6. DISCUSSION 

The MTD occurrence in Scan and Dove basins is indicative of frequent instability processes 
of a diverse nature. They are intercalated between stratified seismic facies corresponding to 
pelagic/hemipelagic deposits and sediment deposited or reworked by bottom currents 
(contourites) (Figs. AI·7a, b, e). These repetitions of seismic (sedimentary) facies are decoded 
as the interaction between down-slope, along-slope and pelagic/hemipelagic processes, as 
reported in other polar margins (Laberg et al., 2005; van Weering et al., 2008). 
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Figure AI·8.- TOPAS mapped MTD characteristics. (a) Accumulated frequency 
(Distribution) of different MTD shapes sorted by regions. NES, northeastern Scan 
basin area; WS, western Scan basin area; DS, Disperse MTDs in Scan basin; WD, 
western Dove basin; ED, eastern Dove basin. (b-g) Kernel density estimation curves 
of MTD length sorted by shape (b) and by region (c), MTD thickness sorted by shape 
(d) and by region (e), and MTD depth sorted by shape (f) and by region (g). 
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The occurrence of a large number of MTDs with short run-out distances is typical of active 
margins (Lee et al., 2004). In the proximity of active plate boundaries, these deposits underline 
the importance of tectonic and earthquake activity as a main trigger for their formation. Such 
could be the case of the study area, where the location of the MTDs is related to the Scotia-
Antarctic plate boundary and to other secondary active faults within the basins (Fig. AI·1, AI·3). 
The overall tectonic activity is characterized by a strike-slip regime with both transtensive and 
transpresssive local deformations revealed by earthquake focal mechanism (Bohoyo et al., 
2007). This regime has been operating in the region at least since the Middle Miocene, when 
all basins were fully opened (Maldonado et al., 2000; Bohoyo et al., 2007). Because this tectonic 
context is still active at present, a similar situation can be inferred for the last 100 ky. The 
development of MTDs in the region, in addition to the tectonics, may be influenced by the 
oceanographic processes (cores, pycnoclines and internal waves, among others) associated 
with active bottom water mass circulation and associated oceanographic processes influencing 
erosional and depositional feature generation and slope instabilities (Maldonado et al., 2003; 
Hernandez-Molina et al. 2007; Lobo et al., 2011; Rebesco et al., 2014; Pérez et al., 2014). Other 
mechanisms responsible for slope instability could include sediment overburden and basal 
erosion (Sultan et al., 2004a; Nelson et al., 2011; Posamentier and Martinsen, 2011). In addition, 
the significant water depth of the bounding submarine banks and the fact that the abyssal 
plains are detached from the emerged continental margins of the South Scotia Ridge would 
imply a reduced influence of eustatic sea-level changes. 

 

6.1. Onset and shapes of MTDs 

The MTD shapes and locations evoke diverse processes that occurred during their onset, 
transport, deposition and burial (Fig. AI·9). Most wedge shape MTDs developed attached to 
fault scarps, superposed at different depths. They are related to fault tectonic activity indicating 
repeated gravitational events over time. The ground acceleration due to fault movements 
would have favored the initiation of slides in areas of sediment overburden Moreover, fault 
activity would have locally increased seafloor gradient, potentially triggering MTDs. The wedge 
morphology is determined by change in slope gradient at the base of fault slopes. In turn, the 
shapeless MTDs are found close to bank slopes bounding the basins. They are usually confined 
to valley morphologies, which is common in continental margins worldwide (Shanmugan, 2006; 
2012; Mulder, 2011; Shipp et al., 2011). They have short run-out distances (Fig. AI·6d), a few 
kilometers in comparison with the 70 km of Gebra Slide in Bransfield Strait (Imbo et al., 2003) 
or the 800 km run-out distance of the Storegga Slide in the Norwegian continental margin 
(Buge et al., 1987). The shapeless MTDs reflect poorly compacted source sediment, resulting in 
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reduced transport on lower slope gradients, or frictionless falls in comparison with the wedge 
shape MTDs related to fault scarps. The MTDs with lenticular shape, in contrast, denote a longer 
downslope sedimentary transport, up to a few tens of kilometers (Fig. AI·6a).  

 

Figure AI·9.- Slope map of Dove and Scan basin area with the main recognized features and earthquakes. The 
location of core MD07-3134 (Weber et al., 2012) is also shown. 

The presence of lenticular and shapeless MTDs with overlain fluid flow structures (domes 
and columns due to fluid migration) is most common in Scan Basin (Figs. AI·6, AI·7, AI·9). Flow 
structures are interpreted as a result of overpressure at depth (Kopf, 2002; Judd and Hovland, 
2007; Mazzini et al., 2007) and may be the consequence of several factors: overburden stresses 
owing to rapid deposition of thick debris deposits and/or high sedimentation rate of overlain 
sedimentary units, tectonic stresses, and thermogenic processes (Kopf and Behrmann, 2000; 
Milkov, 2000). The sedimentation rate was higher in Scan Basin than in Dove Basin, related to 
direct overflows of the WSDW (Maldonado et al., 2003; Hernández-Molina et al., 2007; Lobo et 
al., 2011; Pérez et al., 2014) and the higher tectonic activity in Discovery Bank. The high 
sedimentation rate would be responsible for overpressure above the MTDs and consequently 
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favor fluid flow structures. Also, the motion of the MTDs could produce favorable conditions 
for generating water escape structures from the water contained during sediment flow (e.g. De 
Blasio et al., 2005; Casas et al., 2011). On the other hand, the role of thermogenic processes 
cannot be rejected based on the presence of a pockmark field and the occurrence of MTDs 
close to recent volcanic edifices (Fig. AI·9).  

The apparent area (LxT parameter) and depth of MTDs can be characterized in a two-way 
graph, sorted by regions and shapes, to determine trends in their size and tentative age (Fig. 
AI·10). The poor correlation between these two parameters suggests that the size of the MTDs 
is independent of the burial depth, probably owing to the variety of settings where they are 
generated. Still, the anomalous large MTDs occurring between 60 and 80 m depths point to a 
temporary change in the behavior of triggering processes. The anomalous large size of these 
MTDs results from their large length rather than from significant changes in thickness. This 
could be attributed to variations in run-out distances that reflect the degree of disintegration 
of the failed mass of sediment, the total volume of initially failed material, and transport 
mechanisms (Canals et al., 2004). We tentatively suggest that an increase in seismic events 
could be the cause, since there is no evidence of a drastic change involving other triggering 
mechanisms. 

 

6.2. MTD occurrences and triggering factors 

The occurrence of MTDs in both deep and shallow burial depths in the same area 
demonstrates that related processes are recurrent in recent times at the basin scale. However, 
it is important to stress that MTD distribution is very different in Dove and Scan basins (Fig. 
AI·9). There are over three times as many MTDs in Dove Basin compared to Scan Basin (despite 
the greater geophysical coverage of Scan Basin), evidencing its higher sedimentary instability 
in recent times.  

The irregular seafloor morphology (Fig. AI·9) of Dove Basin is characterized by highs and 
ridges, influenced by active tectonics that deform the seafloor and favor the generation of 
downslope processes. This is an important result with considerable geodynamic implications, 
signaling that Dove Basin is more unstable and affected to a greater extent than adjacent basins 
by sinistral transcurrent compressive tectonics with orthogonal extension. In Dove Basin the 
sedimentary input is lower than in Scan Basin; yet the fact that the MTDs are more abundant 
in the former supports the hypothesis that tectonic activity is the main triggering mechanism 
behind their generation. The seismicity due to the active tectonics —transpressive at a regional 
scale but extensional within Dove Basin— would provide the triggering mechanism for the 
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MTDs, yet the occurrence of active fault scarps would contribute to their generation and 
development, influencing the different types of depositional bodies across the abyssal plain.  

 

 

Figure AI·10.- MTDs length x thickness (LxT) and depth relation. Top and right 
histograms show count of LxT and depth, respectively. Kernel density estimation 
curve for MTDs with fluid flow structures also shown in top histogram. 

The MTDs in the more regular abyssal plain of Scan Basin are largely restricted to the 
northeastern margin and central western margin, where high steep slope gradients (up to 80º) 
occur locally (Fig. AI·9). In these two areas, there is widespread recent volcanic activity; the 
development of volcanic edifices destabilizes the unconsolidated sediments and influences the 
impinging bottom currents over their slopes (Fig. AI·3, AI·4b). Although fluid flow is held to be 
a trigger mechanism or a main cause of slope instabilities in other areas (Locat and Lee, 2002; 
Sultan et al., 2004b; Masson et al., 2010; Berndt et al., 2012; Dugan, 2012), evidence of this 
process (apart of the seismic facies) has not been reported to date in the study area. Then, the 
fluid flow activity can be considered as a consequence of overpressure upon the MTDs.  

Bottom current processes within Scan Basin are very active (Maldonado et al., 2003, 2006; 
Hernández-Molina et al., 2007; Lobo et al., 2011; Pérez et al., 2014) and may contribute to the 
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development of downslope processes by basal erosion (Fig. AI·4b), as demonstrated in similar 
settings (Laberg and Camerlenghi, 2008; Arnott et al., 2011). In Scan Basin, the main core of 
the WSDW flows along western sectors (Morozov et al., 2010), where a large concentration of 
MTDs is observed (Fig. AI·9). The local abundance of MTDs in the northeastern sector should 
be attributed to other causes, such as tectonic activity or volcanic activity. 

Although the southern Scan Basin margins have very steep slope gradients and are intruded 
by volcanic edifices, the TOPAS seismic profile timescale indicates a practical absence of MTDs 
(Fig. AI·9). This is an unexpected result, since this area is close to the Scotia-Antarctic plate 
boundary, and it has undergone the most intense earthquake activity in the region, toward the 
south and by Discovery Bank. The absence of MTDs in this case may be attributed to the 
vigorous bottom flows that generate erosional features and impede any significant 
sedimentary cover in the area (Rebesco and Camerlenghi, 2008; Lobo et al., 2011; Pérez et al., 
2014). 

Altogether, 21% of MTDs are wedge shaped, most of them attached to fault scarps (Figs. 
AI·6, AI·7). However, the MTDs of lenticular shape (75%) are widespread in the entire basin (Fig. 
AI·9). The scarce shapeless MTDs are located near the main continental slopes, suggesting 
lower sedimentary transport and lesser slope gradient. 

 

6.3. Paleoseismological approach 

The present day seismicity in the study area shows swarms of moderate-to-high magnitude 
(up to 7.6) shallow earthquakes, which are more concentrated south of Dove Basin (Fig. AI·9). 
The largest earthquakes are located by southeastern Discovery Bank and to the southwest, in 
the northern SOM. 

Several studies worldwide illustrate the close relationship between MTDs and known 
earthquakes (Ferentinos et al., 1988; Sultan et al., 2004a; Biscontin and Pestana, 2006; 
Shanmugan, 2006; Mulder, 2011; Argani et al., 2012; Dugan, 2012; Lindhorst et al., 2012; Vargas 
et al., 2012). In Dove and Scan basins, the occurrence of multiple wedge shaped MTDs related 
to fault scarps and attributed to seismic activity allows us to characterize unknown prehistorical 
earthquakes using a paleoseismological approach, taking into account the Characteristic 
Earthquake Model (Schwartz and Coppersmith, 1984). Two sites provided the best multiple 
wedge features and were selected to determine these parameters corresponding to two main 
fault scarps, and assess the paleoseismology of the region (Figs. AI·3, AI·11). 
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Figure AI·11.- Selected sites of multiple MTDs with wedge shape for paleoseismological approach. 

First of all, it is important to consider the uncertainties and assumptions for the different 
parameter estimations in submarine environments based on topographic analysis and seismic 
reflection profiling in conjunction with onshore paleoseismic and tectonic investigations. 
Conventional low-resolution seismic methods could not differentiate individual sedimentary 
wedges 1 to 2 m thick against the main fault plane, and thus could not independently 
determine the number or size of prehistoric displacements (McCalpin, 2009); however, the high 
resolution TOPAS seismic records identify thin MTDs bodies. Every wedge shaped MTD is 
therefore considered to be a consequence of an important individual seismic event, but may 
also constitute an undifferentiated stack of smaller MTDs produced by several events. One 
advantage of research in marine environments is that fault morphology is commonly well 
expressed —erosion is minimized and scarps are preserved longer due to the reduced 
gravitation (Goldfinger, 2009). Accordingly, every seismic event would produce a wedge 
shaped MTD because of the downslope processes resulting from shaking and changes in the 
slope gradient at the base of the fault scarp. These processes could shatter the fault scarp, 
however, meaning the MTD would be found farther away (Fig. AI·12). Moreover, a 
sedimentation rate of 0.63 m/kyr was considered here, following the age-depth models based 
on the correlation of EDML nssCa2+ flux by Weber et al. (2012) from the 58.2 m depth core 
MD07-3134 in the middle-east Dove Basin (Fig. AI·9). 
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Figure AI·12.- Schematic reconstruction proposed for the sequence of faulting 
in Site 1 (Fig. AI·11). Each paleoseismic event produced o-seismic MTDs. Each 
event horizon, which is the seafloor surface at the time of a specific earthquake, 
is shown by purple line label with a number (base of each MTD). 
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In spite of these assumptions, a roughly paleoseismological approach can be applied. In Site 
1, five MTDs of wedge shape were identified at different depths attached to a fault scarp having 
maximum thicknesses from 2.2 to 3.8 m (Fig. AI·11). As the recorded last stage, a larger MTD 
of lenticular shape buried the fault scarp. The mean vertical gap with regular sedimentation 
between MTDs is 3.15 m. These gaps are interpreted as interseismic periods. One major gap of 
7.5 m could be interpreted as including an unobserved event between interseismic periods 
(Fig. AI·11, AI·12). Minimum total vertical displacement was calculated as 35.6 m from the 
bottom of first MTD taking into account the wedge sizes. Considering this vertical displacement 
as the result of six possible seismic events, the maximum average surface rupture would be 5.9 
m, with a mean slip rate of 1.59 mm/yr and an average recurrence interval of approximately 
3,700 yrs. Site 2 (Fig. AI·11) has five wedge shaped MTDs with a maximum thicknesses ranging 
from 3.1 to 7.8 m. The fault scarp is likewise buried by a late MTD of lenticular shape. The mean 
interseismic period is 1.59 m. A great missing event of 6.6 m depth is also observed. A minimum 
total vertical displacement was estimated at 41.9 m. Again, taking into account vertical 
displacement as the result of six likely seismic events, the maximum average surface rupture 
would be 7 m, with a mean slip rate of 1.59 mm/yr and an average recurrence interval of some 
4400 yrs. 

Based on the empirical relationships of Wells and Coppersmith (1994) and Pavlides and 
Caputo (2004), a moment magnitude of ~7.2 for Site 1 and ~7.3 for Site 2 were obtained, with 
similar surface wave magnitudes. Moreover, a ~7.3 moment magnitude for the main 75 km-
long fault in Dove Basin is considered. These results for both sites and the main fault, while 
hypothetical, match quite well with the long-term high magnitudes of recorded seismicity in 
the area. We could hypothesize that anomalous large MTDs occurring between 60 and 80 m 
depths may be related to earthquakes of a higher magnitude than the average. 

 

7. CONCLUSIONS 

Dove and Scan basins are situated just north of the Scotia-Antarctic plate boundary, in a 
setting with important seismicity due to the regional sinistral transcurrent compressive tectonic 
framework. Normal faults, developed almost orthogonal to the main transcurrent boundary, 
occur inside the basins. This study considers more than 200 mass transport deposits (MTDs) in 
two basins identified by means of TOPAS seismic profiles and multibeam bathymetry mosaics. 
The MTDs are differentiated into five different morphologies (lenticular with and without fluid 
flow structures, shapeless with and without fluid flow structures, and wedge shape) related to 
different sedimentary transport processes and triggers. The MTDs with lenticular and wedge 
shapes are more abundant in Dove Basin, signalling that this basin is more affected by active 
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regional tectonics than Scan Basin. This is a noteworthy result in the overall evolutionary 
context of the Scotia Sea region and Scotia-Antarctic plate geodynamics. Yet in Scan Basin, 
factors other than tectonics must be considered to explain MTD generation: e.g. volcanic 
activity, bottom-current influence and higher sedimentation rate. This variety of processes 
gives rise to a high diversity of MTD morphologies, especially in the northeastern part of the 
basin. 

Although most of the seismic activity is located along the plate boundary, a high number of 
potentially active normal seismic faults with related MTDs were identified in the basins, 
particularly in Dove abyssal plain. We therefore hypothesize that seismicity and active tectonic 
structures are the main mechanisms contributing to sedimentary instability and the generation 
of MTDs. The paleoseismic approach used to analyze fault scarps in two locations with normal 
faults supports a characteristic earthquake with anticipated 7.2-7.3 magnitudes and long 
recurrence intervals (around 4103 years) for each fault analyzed individually. These data are in 
agreement with maximum magnitudes recorded by the instrumental seismicity in the area. 

This work stands as a good example of MTDs and their relation with paleoearthquakes in 
Polar Regions. Further work is necessary to understand their chronology, sediment 
characterization, and lateral relationships with other deep water sedimentary systems. For the 
time being, the abundance and distribution of MTDs in these two small oceanic basins of the 
southern Scotia Sea have important implications in terms of geodynamics and geohazard. 
MTDs constitute excellent stratigraphic markers for future basin analysis, and for study of the 
possible emplacement of sand deposits as reservoirs in deep-water settings. 

 

8. APPENDIX A 

Table AI∙A.1.‐ Mass Transport Deposits (MTDs) parameters measured in TOPAS profiles. 

MTD Latitude Longitude Lengtha 
(km) 

Thickness b 
(msTWT) 

Depthc 
(msTWT) 

LxTd 
(km2) Shape Location Occurrence 

1E1 -60.5525 -41.2542 9.29 120.0 0.0 0.8920 shapeless Bruce  
1E2 -60.4969 -41.0250 11.64 57.1 0.0 0.5319 shapeless Bruce  
10Ai -58.9197 -40.6744 36.90 60.3 0.0 1.7801 shapeless E Dove  

10C_1 -59.4378 -41.0589 18.00 11.9 44.4 0.1707 lenticular E Dove multiple 
10C_2 -59.4497 -41.0683 13.33 17.8 66.7 0.1896 lenticular E Dove multiple 
10C_3 -59.4353 -41.0569 5.00 10.4 131.9 0.0415 lenticular E Dove multiple 
10C_4 -59.5025 -41.1100 5.33 23.7 32.6 0.1011 lenticular E Dove multiple 
10D_1 -59.7978 -41.3728 5.16 22.3 16.8 0.0923 lenticular E Dove multiple 
10D_2 -59.7978 -41.3728 6.70 11.2 50.3 0.0599 lenticular E Dove multiple 
10D_3 -59.7978 -41.3728 4.95 16.8 64.2 0.0663 lenticular E Dove multiple 
10D_4 -59.8108 -41.3925 2.20 12.6 69.8 0.0221 lenticular E Dove multiple 
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10D_5 -59.8108 -41.3925 2.53 15.4 89.4 0.0311 lenticular E Dove multiple 
11B_1 -59.8458 -42.7600 7.50 55.0 0.0 0.3300 lenticular W Dove multiple 
11B_2 -59.8606 -42.7758 16.00 34.0 46.0 0.4352 lenticular W Dove multiple 
11B_3 -59.7878 -42.6972 2.20 19.0 29.0 0.0334 lenticular W Dove  
12G -58.7922 -38.0039 1.56 17.3 60.0 0.0215 lenticular D Scan  
12L -59.6456 -38.2347 7.84 102.7 9.6 0.6446 shapeless-fluid W Scan  

13A_1 -59.2186 -41.0444 3.80 12.0 24.0 0.0365 wedge E Dove multiple 
13A_2 -59.2186 -41.0444 3.40 19.0 48.0 0.0517 wedge E Dove multiple 
13A_3 -59.2186 -41.0444 3.32 12.0 68.0 0.0319 wedge E Dove multiple 
13A_4 -59.2186 -41.0444 3.00 12.0 83.0 0.0288 wedge E Dove multiple 
13A_5 -59.2186 -41.0444 2.00 16.0 127.0 0.0256 wedge E Dove multiple 
14A_1 -59.4844 -41.3761 11.04 14.0 25.1 0.1233 lenticular E Dove multiple 
14A_2 -59.4844 -41.3761 21.04 11.2 44.7 0.1881 lenticular E Dove multiple 
14A_3 -59.4844 -41.3761 9.35 16.8 58.7 0.1254 lenticular E Dove multiple 
14A_4 -59.4844 -41.3761 9.48 30.7 72.6 0.2330 lenticular E Dove multiple 
14A_5 -59.4844 -41.3761 10.06 39.1 106.1 0.3149 lenticular E Dove multiple 
14A_6 -59.4844 -41.3761 11.17 25.1 189.9 0.2246 lenticular E Dove multiple 
14B1_1 -59.3497 -42.0869 6.16 20.6 16.2 0.1015 lenticular E Dove multiple 
14B1_2 -59.3544 -42.0169 4.25 13.2 95.6 0.0450 lenticular E Dove multiple 
14B1_3 -59.3519 -42.0528 11.78 30.9 122.1 0.2911 lenticular E Dove multiple 
14B1_4 -59.3761 -41.8911 4.79 11.0 23.5 0.0423 lenticular E Dove  
14B2_1 -59.4214 -41.7244 20.46 18.7 13.3 0.3056 lenticular E Dove multiple 
14B2_2 -59.4214 -41.7244 26.66 22.7 64.0 0.4834 lenticular E Dove multiple 
14B2_3 -59.4214 -41.7244 21.47 17.3 100.0 0.2977 lenticular E Dove multiple 
14B2_4 -59.4214 -41.7244 9.51 13.3 128.0 0.1014 lenticular E Dove multiple 

14G -59.4567 -40.2167 3.37 19.7 0.3 0.0531 shapeless-wedge Bruce  
14G2 -59.4308 -40.2169 8.62 66.0 0.0 0.4549 shapeless Bruce  

14G3-H -59.3572 -40.2172 15.11 33.3 47.0 0.4026 lenticular-fluid Bruce  
14I -59.0028 -40.2658 4.81 106.0 0.0 0.4081 shapeless Bruce  
15B -58.9969 -40.2350 6.34 138.5 0.0 0.7020 shapeless Bruce  
15F-
16A -58.8292 -37.0750 35.00 31.3 92.7 0.8750 lenticular-fluid NE Scan  

17B -58.8797 -37.3675 3.56 17.0 21.8 0.0484 lenticular D Scan  
17B2_1 -58.9756 -36.6881 2.31 14.0 75.0 0.0259 wedge-fault NE Scan  
17B2_2 -58.9703 -36.7194 8.30 31.2 117.2 0.2072 shapeless-fluid NE Scan  

18A -59.0397 -36.7369 7.63 20.3 48.4 0.1240 lenticular-fluid NE Scan  
18A2 -59.0444 -36.6733 7.88 31.8 10.6 0.2004 wedge NE Scan  
19A -59.2653 -36.0208 22.88 61.5 84.6 1.1256 shapeless-fluid NE Scan  
19B -59.1575 -36.6567 18.75 92.3 0.0 1.3845 shapeless-lent NE Scan  
19C -58.9042 -38.1450 12.21 106.3 0.0 1.0379 shapeless D Scan  

20C_1 -59.4886 -35.9889 0.64 6.2 15.5 0.0032 wedge NE Scan  
20C_2 -59.4756 -36.0653 14.52 31.0 90.0 0.3601 lenticular-fluid NE Scan  
20C2_1 -59.4550 -36.1867 2.02 9.2 35.3 0.0149 lenticular-fluid NE Scan  
20C3_1 -59.4211 -36.3836 1.91 6.3 9.4 0.0096 lenticular NE Scan multiple 
20C3_2 -59.4153 -36.4178 8.57 67.2 17.2 0.4604 shapeless NE Scan multiple 
20C4 -59.3969 -36.5247 1.79 9.3 62.0 0.0133 wedge-fault NE Scan  
21A_1 -59.7206 -36.0600 5.75 25.0 54.6 0.1149 wedge-fault D Scan  
21A_2 -59.7206 -36.0600 1.69 12.5 125.0 0.0169 wedge-fault D Scan  
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22A -59.5169 -39.0661 4.74 56.3 0.0 0.2135 shapeless W Scan  
22A2 -59.5472 -38.8906 13.00 17.2 0.0 0.1789 wedge W Scan multiple 
22B -59.6539 -36.2678 3.68 59.8 9.4 0.1759 shapeless-fluid NE Scan  

22B2_1 -59.5850 -38.6697 12.59 12.6 31.5 0.1269 lenticular-fluid W Scan  
22B2_2 -59.5928 -38.6236 10.41 22.0 55.1 0.1831 lenticular-fluid W Scan multiple 

23C -59.8350 -38.5956 4.18 92.3 0.0 0.3089 shapeless W Scan  
26B -60.6128 -38.3344 5.60 39.7 27.0 0.1778 shapeless D Scan  

2bA1_1 -59.8633 -44.3275 2.02 11.9 0.0 0.0193 lenticular W Dove multiple 
2bA1_2 -59.8606 -44.3444 1.71 13.3 10.4 0.0182 wedge W Dove multiple 
2bA1_3 -59.8650 -44.3164 2.69 8.9 10.4 0.0191 lenticular W Dove multiple 
2bA1_4 -59.8661 -44.3094 9.92 16.3 26.7 0.1294 lenticular W Dove multiple 
2bA1_5 -59.8647 -44.3181 1.83 5.9 38.5 0.0086 lenticular W Dove multiple 
2bA1_6 -59.8619 -44.3364 4.98 22.2 43.0 0.0885 wedge W Dove multiple 
2bA1_7 -59.8656 -44.3128 6.03 16.3 50.4 0.0786 lenticular W Dove multiple 
2bA1_8 -59.8647 -44.3181 4.48 10.4 68.1 0.0374 lenticular W Dove multiple 
2bA1_9 -59.8683 -44.2958 2.41 14.8 69.6 0.0286 lenticular W Dove multiple 
2bA2_1 -59.8822 -44.2067 6.69 22.2 41.5 0.1189 lenticular W Dove multiple 
2bA2_2 -59.8822 -44.2067 7.78 19.3 63.0 0.1202 lenticular W Dove multiple 
2bA2_3 -59.8822 -44.2067 7.24 16.3 83.0 0.0944 lenticular W Dove multiple 
2bA3_1 -59.8931 -44.1369 4.81 7.4 6.7 0.0285 lenticular W Dove multiple 
2bA3_2 -59.8961 -44.1186 7.22 11.9 34.2 0.0687 lenticular W Dove multiple 
2bA3_3 -59.8939 -44.1319 8.82 37.2 44.6 0.2626 lenticular W Dove multiple 
2bA3_4 -59.8997 -44.0944 17.05 22.3 67.0 0.3041 lenticular W Dove multiple 
2bA3_5 -59.8997 -44.0944 15.11 29.8 92.3 0.3602 lenticular W Dove multiple 
2bA3_6 -59.9069 -44.0481 3.48 8.9 7.4 0.0247 lenticular W Dove multiple 
2bA3_7 -59.9047 -44.0636 8.09 6.0 29.8 0.0388 lenticular W Dove multiple 
2bA3_8 -59.9108 -44.0242 6.35 11.9 46.1 0.0605 lenticular W Dove multiple 
2bA3_9 -59.9089 -44.0361 6.89 16.4 58.0 0.0903 lenticular W Dove multiple 
33A_1 -59.2142 -36.5006 8.38 117.2 0.0 0.7860 shapeless-wedge NE Scan  
33A_2 -59.1942 -36.5103 2.26 43.8 0.0 0.0791 shapeless NE Scan  
33A2 -59.2978 -36.4589 5.66 75.0 23.4 0.3397 wedge NE Scan  
33A3 -59.4414 -36.3875 0.99 8.6 6.3 0.0068 wedge NE Scan  
33B -60.0381 -36.5344 4.82 109.4 0.0 0.4214 shapeless D Scan  
35A -59.8986 -39.1864 1.50 8.7 0.0 0.0105 lenticular Bruce  
35D -60.3753 -37.2044 2.22 15.6 0.0 0.0277 lenticular D Scan  

3B1_1 -59.4736 -43.8239 1.72 10.0 0.0 0.0138 lenticular W Dove multiple 
3B1_2 -59.4736 -43.8239 1.50 16.9 15.4 0.0203 lenticular W Dove multiple 
3B2_1 -59.4947 -43.6919 13.33 10.8 0.0 0.1152 lenticular W Dove multiple 
3B2_2 -59.4947 -43.6919 10.83 7.7 21.5 0.0667 lenticular W Dove multiple 
3B2_3 -59.4947 -43.6919 16.41 18.5 30.8 0.2429 lenticular W Dove multiple 
3B2_4 -59.4947 -43.6919 7.56 18.5 46.2 0.1119 lenticular W Dove multiple 
3B3_1 -59.5175 -43.5483 8.72 9.2 16.9 0.0641 lenticular W Dove multiple 
3B3_10 -59.5544 -43.3147 19.19 15.4 23.1 0.2364 lenticular W Dove multiple 
3B3_11 -59.5544 -43.3147 8.11 9.2 50.8 0.0597 wedge W Dove multiple 
3B3_2 -59.5175 -43.5483 2.97 7.7 24.6 0.0183 lenticular W Dove multiple 
3B3_3 -59.5175 -43.5483 4.26 4.6 38.5 0.0157 lenticular W Dove multiple 
3B3_4 -59.5175 -43.5483 3.92 15.4 46.2 0.0483 lenticular W Dove multiple 
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3B3_5 -59.5344 -43.4419 2.70 7.7 0.0 0.0167 lenticular W Dove multiple 
3B3_6 -59.5344 -43.4419 4.73 7.7 7.7 0.0291 lenticular W Dove multiple 
3B3_7 -59.5344 -43.4419 6.89 8.5 15.4 0.0469 lenticular W Dove multiple 
3B3_8 -59.5344 -43.4419 16.08 12.3 23.1 0.1582 lenticular W Dove multiple 
3B3_9 -59.5344 -43.4419 13.11 12.3 33.8 0.1290 lenticular W Dove multiple 
3B4_1 -59.5778 -43.1664 5.14 13.8 44.6 0.0567 lenticular W Dove multiple 
3B4_2 -59.5778 -43.1664 7.23 21.5 66.2 0.1243 lenticular W Dove multiple 
3B4_3 -59.5778 -43.1664 14.27 24.6 110.8 0.2807 lenticular W Dove multiple 
3C1_1 -59.5925 -43.0733 6.17 15.6 0.0 0.0771 lenticular W Dove  
3C1_2 -59.6053 -42.9933 2.63 10.2 12.5 0.0214 lenticular W Dove multiple 
3C1_3 -59.6053 -42.9933 3.83 12.5 28.1 0.0383 lenticular W Dove multiple 
3C1_4 -59.6053 -42.9933 4.43 20.3 35.9 0.0720 lenticular W Dove multiple 
3C1_5 -59.6053 -42.9933 2.63 26.6 67.2 0.0560 lenticular W Dove multiple 
3C2_1 -59.6578 -42.6611 1.85 6.2 38.5 0.0091 lenticular W Dove multiple 
3C2_2 -59.6578 -42.6611 4.89 21.5 78.5 0.0842 lenticular W Dove multiple 
3C3_1 -59.7050 -42.3608 1.36 14.7 0.0 0.0160 wedge E Dove multiple 
3C3_2 -59.7050 -42.3608 1.48 10.9 21.7 0.0129 wedge E Dove multiple 
3C3_3 -59.7050 -42.3608 3.02 32.6 32.6 0.0788 wedge E Dove multiple 
3C3_4 -59.7050 -42.3608 1.42 9.3 69.8 0.0106 wedge E Dove multiple 
3C3_5 -59.7050 -42.3608 0.86 10.9 93.0 0.0075 wedge E Dove multiple 
3C3_6 -59.7156 -42.2933 13.64 10.9 15.5 0.1184 lenticular E Dove  
3C4_1 -59.7425 -42.1222 2.50 16.9 0.0 0.0338 lenticular E Dove  
3C4_2 -59.7569 -42.0297 14.87 19.2 9.2 0.2288 lenticular E Dove multiple 
3C4_3 -59.7569 -42.0297 14.58 13.8 52.3 0.1615 lenticular E Dove multiple 
3C4_4 -59.7475 -42.0903 40.37 26.2 103.1 0.8446 lenticular E Dove multiple 
3D2_1 -59.7936 -41.7975 35.00 20.5 14.1 0.5744 lenticular E Dove multiple 
3D2_2 -59.7872 -41.8389 34.66 12.8 30.8 0.3555 lenticular E Dove multiple 
3D2_3 -59.8028 -41.7394 13.52 12.8 39.7 0.1387 lenticular E Dove multiple 
3D2_4 -59.8028 -41.7394 9.55 15.4 56.4 0.1175 lenticular E Dove multiple 
3D2_5 -59.8114 -41.6878 12.27 12.8 64.1 0.1259 lenticular E Dove multiple 
3D2_6 -59.7886 -41.8292 22.73 20.5 66.7 0.3730 lenticular E Dove multiple 
3D2_7 -59.7969 -41.7758 33.41 23.1 102.6 0.6168 lenticular E Dove multiple 
3D3_1 -59.8372 -41.5539 9.34 23.1 25.6 0.1724 lenticular E Dove multiple 
3D3_2 -59.8372 -41.5539 10.46 20.5 48.7 0.1717 lenticular E Dove multiple 
3D3_3 -59.8450 -41.4997 5.06 17.9 97.4 0.0726 lenticular E Dove multiple 
3D3_4 -59.8372 -41.5539 12.36 23.1 164.1 0.2282 lenticular E Dove  
3D4 -59.8694 -41.3211 4.28 15.5 46.4 0.0531 wedge E Dove  

3D5_1 -59.8953 -41.1397 4.21 21.2 74.2 0.0715 wedge E Dove multiple 
3D5_2 -59.8953 -41.1397 1.35 15.2 143.9 0.0164 wedge E Dove multiple 
7C_1 -59.5500 -38.3469 7.76 56.1 45.5 0.3482 shapeless-fluid W Scan  
7C_2 -59.4692 -38.8161 6.07 13.6 0.0 0.0663 wedge W Scan multiple 
7C_3 -59.4692 -38.8161 4.21 13.6 21.2 0.0459 lenticular W Scan multiple 
7C_4 -59.4692 -38.8161 1.50 7.6 31.8 0.0091 wedge W Scan multiple 
7C_5 -59.4794 -38.7564 3.74 15.2 28.8 0.0453 wedge W Scan  
7E_1 -59.2647 -40.0150 3.32 7.7 30.8 0.0205 wedge Bruce  
7E_2 -59.2842 -39.9028 3.50 14.0 19.2 0.0392 lenticular Bruce multiple 
7E_3 -59.3028 -39.7942 24.20 58.0 96.2 1.1229 wedge Bruce multiple 
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7E_4 -59.2775 -39.9411 15.40 38.0 100.0 0.4682 lenticular Bruce multiple 
7F1_1 -59.1669 -40.5817 1.73 12.8 12.8 0.0177 wedge E Dove multiple 
7F1_2 -59.1669 -40.5817 2.01 12.8 22.4 0.0206 wedge E Dove multiple 
7F1_3 -59.1542 -40.6553 11.96 35.2 0.0 0.3367 lenticular E Dove  
7F2_1 -59.1369 -40.7544 3.93 13.8 9.5 0.0433 lenticular E Dove  
7F2_2 -59.1289 -40.8008 2.70 14.7 10.3 0.0316 lenticular E Dove  
7F2_3 -59.1181 -40.8639 6.23 39.7 8.6 0.1975 lenticular E Dove  
7F3_1 -59.0997 -40.9694 15.66 34.8 64.5 0.4364 lenticular-fluid E Dove multiple 
7F3_2 -59.0794 -41.0869 2.60 19.4 58.1 0.0402 lenticular E Dove multiple 
7F3_3 -59.0794 -41.0869 2.29 20.6 77.4 0.0378 lenticular E Dove multiple 
7G1_1 -59.0611 -41.1931 3.21 6.6 16.2 0.0170 wedge E Dove  
7G1_2 -59.0394 -41.3161 1.94 8.1 11.8 0.0125 wedge E Dove multiple 
7G1_3 -59.0408 -41.3094 2.24 8.8 29.4 0.0158 wedge E Dove multiple 
7G1_4 -59.0422 -41.3006 4.42 11.0 80.9 0.0390 wedge E Dove multiple 
7G1_5 -59.0425 -41.2986 2.91 14.7 91.2 0.0342 wedge E Dove multiple 
7G1_6 -59.0436 -41.2931 3.15 14.7 110.3 0.0371 wedge E Dove multiple 
7G2_1 -58.9719 -41.7053 4.13 11.2 96.6 0.0371 lenticular E Dove  
7G2_2 -58.9664 -41.7367 4.19 8.6 74.1 0.0289 lenticular E Dove  
7G3 -59.0097 -41.4881 7.55 66.7 0.0 0.4027 shapeless E Dove  

7H1_1 -58.9567 -41.7931 5.24 8.8 11.0 0.0370 lenticular E Dove multiple 
7H1_2 -58.9567 -41.7931 1.76 10.3 26.5 0.0145 lenticular E Dove multiple 
7H1_3 -58.9567 -41.7931 5.41 13.2 60.3 0.0573 lenticular E Dove multiple 
7H1_4 -58.9464 -41.8525 3.65 11.8 7.4 0.0343 lenticular E Dove multiple 
7H1_5 -58.9436 -41.8672 4.24 14.7 33.8 0.0498 wedge E Dove multiple 
7H1_6 -58.9436 -41.8672 4.47 16.2 58.8 0.0579 wedge E Dove multiple 
7H1_7 -58.9436 -41.8672 3.29 17.6 97.1 0.0465 wedge E Dove multiple 
7H2_1 -58.9172 -42.0192 7.68 11.7 94.8 0.0718 lenticular E Dove  
7H2_2 -58.9242 -41.9786 11.95 16.9 116.9 0.1614 lenticular E Dove  
7I1_1 -58.7581 -42.9297 8.14 7.4 0.0 0.0479 wedge W Dove multiple 
7I1_2 -58.7581 -42.9297 7.48 8.8 19.1 0.0528 wedge W Dove multiple 
7I1_3 -58.7650 -42.8911 2.86 4.4 13.2 0.0101 wedge W Dove multiple 
7I1_4 -58.7581 -42.9297 3.19 13.2 32.4 0.0338 wedge W Dove multiple 
7I1_5 -58.7581 -42.9297 3.29 7.4 63.2 0.0193 wedge W Dove multiple 
7I1_6 -58.7581 -42.9297 2.95 7.4 75.0 0.0174 wedge W Dove multiple 
7I1_7 -58.7581 -42.9297 2.62 8.8 100.0 0.0185 wedge W Dove multiple 
7I2_1 -58.7767 -42.8247 2.32 28.0 0.0 0.0520 lenticular W Dove multiple 
7I2_2 -58.7767 -42.8247 1.51 6.1 21.9 0.0073 lenticular W Dove multiple 
7I2_3 -58.7767 -42.8247 2.46 12.1 33.3 0.0239 lenticular W Dove multiple 
7I2_4 -58.7767 -42.8247 2.32 9.1 67.3 0.0169 lenticular W Dove multiple 
7I2_5 -58.7767 -42.8247 2.11 7.6 77.2 0.0128 lenticular W Dove multiple 
7I2_6 -58.7883 -42.7581 3.66 21.2 0.0 0.0620 lenticular W Dove multiple 
7I2_7 -58.7883 -42.7581 4.65 22.7 49.9 0.0844 lenticular W Dove multiple 
7I2_8 -58.7883 -42.7581 1.69 11.3 56.0 0.0153 lenticular W Dove multiple 
7I2_9 -58.7989 -42.6969 3.73 15.1 0.0 0.0452 lenticular W Dove multiple 

7J -58.7303 -43.0894 8.26 96.3 0.0 0.6367 shapeless-lent W Dove  
9F_1 -58.5797 -41.1631 2.26 16.9 0.0 0.0306 lenticular E Dove multiple 
9F_2 -58.5797 -41.1631 1.61 8.1 26.5 0.0104 lenticular E Dove multiple 
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9F_3 -58.5797 -41.1631 1.37 7.4 42.6 0.0081 lenticular E Dove multiple 
a apparent length 
b observed maximum thickness       
c apparent maximum depth from seafloor to the top of each MTDs  
d apparent area (length multiplied by thickness) using a conversion velocity of 1600 m/s (Schlesinger et al., 
2012, Whittaker et al., 2012) 
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Abstract 
 

Based on an extensive dataset including swath bathymetry, chirp sub-bottom profiler 
(TOPAS) and multichannel seismic reflection profiles obtained during four cruises in the 
Scotia Sea aboard the R/V Hespérides, we report a variety of seismic and morphological 
structures related to focused fluid flow in the Scan Basin (southern Scotia Sea) and the 
central Scotia Sea (Antarctica). We show that both positive-relief (mounds) and negative-
relief (craters and elongated depressions) seafloor morphologies are associated with deep 
seismic chimneys that link the deep source zone to the subsurface structures through a 
network of fractures that progressively breach sub-horizontal bands of anomalously high-
amplitude reflections. Based on the recognition that these bands of reflections generally 
mimic the seafloor topography and locally cross-cut the stratigraphic seismic reflections, 
we recognize three different bottom simulating reflectors (BSRs). According with the 
theoretical model for hydrate and silica diagenesis stability conditions in the central and 
southern Scotia Sea and the calculations of temperature and seismic polarity for the three 
BSRs, we infer that BSR-2 and BSR-3 are reflections caused by the transformation between 
Opal-A/Opal-CT and Opal-CT/Quartz, respectively. We thus postulate that the successive 
diagenetic fronts were caused by significantly high geothermal gradients during the early-
middle Miocene. In contrast, the low temperatures calculated for the depth of the BSR-1 
event rule out its diagenetic origin but delineate the base of the gas hydrate stability zone 
(GHSZ). 
An evolutionary model is proposed to explain the plumbing system and chimney structures 
that help the focused flow of gas-rich fluids to migrate into the subsurface. Firstly, the 
formation of silica transformation zones may have acted as reservoir traps during Neogene 
times. Secondly, the progressive decrease of heat flow during the late Pliocene and 
Quaternary favoured the development of the networks of polygonal faults forming 
collapses and downward tapering chimneys. Finally, seafloor mounds are formed as a result 
of the continuous injection of gas-enriched fluids through these networks of fractures; they 
are transformed into gas hydrates above the present base of the GHSZ and move upwards 
by buoyancy drive as they lose density and increase their volume. We present these 
structures as type cases that might represent highly concentrated hydrates around local 
seafloor fluid venting structures. Furthermore, they may be one of the most important 
conduits into the ocean-atmosphere system for deep methane in the Antarctic seafloor. 
The breach of BSRs influenced by global warming may induce the catastrophic release of 
greenhouse gases to the ocean-atmosphere system and, in turn, impact on the Earth’s 
evolution. 
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Highlights 

 Seafloor structures related to focused fluid flow in Scotia Sea, Antarctica 
 We recognize three Bottom Simulating Reflectors: diagenetic  & hydrates-related 
 Chimneys represent highly concentrated hydrates around local seafloor venting  
 Chimneys important conduits for deep methane into the ocean-atmosphere system  
 Breach of BSR by global warming may lead catastrophic release of greenhouse gases  
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1. INTRODUCTION 

One of the most pressing issues in climate change is the relationship between ocean 
warming and methane escape from the seabed. The extent to which this methane venting is 
connected to the thawing of methane hydrate reservoirs is the crux of this issue (Mienert, 2012). 
It has recently been recognized that, in addition to low concentrations of widespread natural 
gas hydrate associated with bottom simulating reflectors (BSRs), highly concentrated hydrates 
can occur in local seafloor fluid venting structures (Haacke et al., 2009). Hydrates can occur 
where thermodynamic conditions permit (as in Antarctic waters) and where the methane 
concentration in the water exceeds a threshold level, but they will only concentrate where gas 
flow is focused (Clenell et al., 2002; Milkov and Sassen, 2002; Maslin et al. 2010). Therefore, the 
importance of studying the architecture of the focused fluid flow plumbing system to identify 
reservoirs of highly concentrated hydrates has been stressed during the last few years (e.g. 
Anka et al., 2012; Talukder, 2012). Focused fluid flow features in plumbing systems are normally 
composed of vertically fluid flow structures such as seismic chimneys or pipes (Gay et al., 2006; 
Yoo et al., 2013), laterally extensive fluid flow structures such as BSRs and polygonal faults 
(Berndt, 2005; Andreassen, 2012) and subsurface fluid venting structures such as mud 
volcanoes and pockmarks (e.g. Reiche et al. 2011; Ostanin et al., 2013).  

In the Antarctic Ocean, the occurrence of methane hydrates has been solely reported based 
on the seismic identification of BSRs (e.g. Lodolo et al., 2002). However, the different nature of 
the processes that can generate BSRs may confuse the interpretation of subsurface gas 
hydrates. Three classes of BSRs that cross-cut the post-breakup sediments have been identified 
in the northern hemisphere around polar and sub-polar marine regions (e.g. Berndt et al., 
2004). The first class of BSR is caused by free gas at the base of the pressure- and temperature-
dependent gas hydrate stability zone (GHSZ) (e.g. Kvenvolden, 1993). The second class of BSR 
is produced by the diagenetic transition from Opal-A to Opal-CT (e.g. Hein et al., 1978). The 
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third class of BSR is always underneath the Opal-A/Opal-CT transition and is attributed to 
smectite-illite conversion or to a sudden increase in the abundance of authigenic carbonate 
(Berndt et al., 2004). The three classes of BSRs reflect processes in the subsurface which mainly 
depend on the gradient of temperature and pressure below the seafloor. In slope-parallel 
stratified deposits, moreover, it is difficult to identify the BSRs observed in seismic reflection 
data (e.g. Nouzé et al., 2009).  

BSRs attributed to gas hydrates in Antarctic areas are identified in seismic profiles from the 
Wilkes Land margin (Kvenvolden et al., 1987), the South Shetland margin (Lodolo et al., 1993; 
Tinivella et al., 1998), and recently from the western Ross Sea linked to a deep plumbing system 
and associated with mud volcanoes and pockmarks occurring at the seafloor (Geletti and 
Busetti, 2011). The occurrence of BSRs related to silica diagenesis around Antarctica has also 
been reported in the South Orkney microcontinent (Lonsdale, 1990), the sedimentary drifts of 
the Antarctic Peninsula continental rise (Rebesco et al., 1996) and the Prydz Bay continental 
slope (Claypool et al., 2003). Sharp decrease in porosity and increase in compressional velocity 
measured on cores collected by the Ocean Drilling Programme (ODP) Leg 178 on the Pacific 
margin of the Antarctic Peninsula associated with a bottom simulating reflector are caused by 
diagenetic alteration of biogenic opal-A to opal-CT (Volpi et al., 2003). Otherwise, numerous 
columnar reflection-poor structures have been interpreted as fluid-escape veins related to 
glacial dewatering on the Amundsen Sea Embayment shelf, West Antarctica (Weigelt et al., 
2012). In this way, there is no agreement about the origin and nature of fluid-related 
sedimentary structures and whether the observed regional BSRs in the Southern Ocean 
represent the base of the GHSZ or are diagenetic fronts (Lodolo et al., 2002).  

In this contribution, we report a variety of seafloor and subsurface structures, including 
mounds and numerous crater-like depressions within the Scan Basin (southern Scotia Sea) and 
the central Scotia Sea (Fig. AII·1). The seafloor features are linked to a deep-rooted plumbing 
system composed of seismic chimneys that breach underlying strong sub-horizontal reflections 
mimicking the seafloor. These reflections are interpreted as successive BSRs. Based on a 
theoretical model for the P-T conditions of BSRs, we discuss the type of the BSRs identified and 
whether they are related to gas hydrate occurrence and/or silica diagenetic fronts (Opal-
A/Opal-CT and Opal-C/Quartz transitions). The detailed seismic interpretation and the 
constraints derived from the theoretical model for the conditions of hydrate/diagenetic BSRs 
led us to propose a model that explains the structure of the deep-rooted plumbing system and 
the occurrence of shallow gas hydrate accumulations associated with local focused fluid flow 
in the central and southern Scotia Sea.  
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Figure AII·1.- Geographical framework and oceanographic setting of the study area. Black boxes indicate location 
of bathymetric mosaics displayed in Figs AII·2 and AII·10. AP, Antarctic Plate; BB, Bruce Bank; CSS, central Scotia Sea; 
DB, Discovery Bank; SP, Scotia Plate; SaP, Sandwich Plate; SSR, South Scotia Ridge; SSS, southern Scotia Sea. Water 
masses: ACC, Antarctic Circumpolar Current; CDW, Circumpolar Deep Water; WSDW; Weddell Sea Deep Water. 

 

2. REGIONAL SETTING 

The Scotia Sea is a deep oceanic domain formed by the Scotia and Sandwich plates. It is 
located to the east of the Drake Passage, the gateway between the Pacific and Atlantic oceans, 
which was opened during the Cenozoic, separating the formerly connected South America and 
the Antarctic Peninsula (e.g. Barker et al., 1991; Livermore et al., 1994; Maldonado et al., 1998; 
Lawver and Gahagan, 2003; Lodolo et al., 2006; Dalziel et al., 2013a). The continental fragments, 
once part of the former bridge, are now dispersed along the Scotia Arc, which surrounds the 
Scotia Sea (Fig. AII·1). Along the southern part of the Scotia Sea, these fragments form a series 
of banks that delineate several oceanic basins (e.g. Galindo-Zaldívar et al., 1996, 2002; 
Maldonado et al., 1998; 2003; Eagles et al., 2005; Lodolo et al., 2010). The Scan Basin is the 
easternmost of these small basins (Fig. AII·2), constrained by the Bruce Bank to the west and 
the Discovery Bank to the east (e.g. Maldonado et al., 2003; Bohoyo et al., 2007). To the south 
of these elements, the South Scotia Ridge constitutes the plate boundary between the Scotia 
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and Antarctic plates and shows an active tectonic deformation in which left-lateral strike-slip 
motion prevails (e.g. Lodolo et al., 2006, 2010; Civile et al., 2012).  

The deep circulation in the Scan Basin is influenced by the Circumpolar Deep Water (CDW 
in Fig. AII·1), the deep branch of the Antarctic Circumpolar Current (ACC in Fig. AII·1), which 
surrounds the Antarctic continent flowing eastwards (e.g. Orsi et al., 1999; Naveira-Garabato et 
al., 2002). The Drake Passage is usually considered the last barrier for the complete 
establishment of a circum-Antarctic deep-water flow (Lawver et al., 1992; Lawver and Gahagan, 
2003). However, the estimated time of the onset of a circum-Antarctic circulation varies greatly 
from the Eocene to middle Miocene (e.g. Barker and Burrell, 1977; Barret, 1996; Barker, 2001; 
Maldonado et al., 2003; Livermore et al., 2004; Dalziel et al., 2013b; Maldonado et al., 2014), 
and the climatic and sedimentary effects of this current are still a subject of debate.  

 

Figure AII·2.- Hill-shaded view of the southern Scotia Sea (Scan Basin) seafloor. Bathymetric mosaic obtained during 
SCAN2004 and SCAN2008 cruises overlying GEBCO bathymetry. Location of figures showing MCS profiles (black 
lines), high resolution profiles (red lines) and bathymetric mosaics (red-dashed boxes) with the orientation marked 
by black arrows. 
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The bottom-circulation in the Scotia Sea is influenced by the northward outflow of the 
Weddell Sea Deep Water (WSDW in Fig. AII·1). The WSDW is one of the deepest flows of the 
cyclonic Weddell Gyre that remained confined within the Weddell Sea until the progressive 
opening of the SSR gateways enabled it to enter the Scotia Sea, largely since the middle 
Miocene (e.g. Maldonado et al., 2003; Lodolo et al., 2010). One of the branches of the WSDW 
crosses the Bruce Passage, generating an active, deep overflow jet over the Scan Basin (e.g. 
Locarnini et al., 1993; Legg et al., 2009). Associated with this circulation pattern, the bottom 
water temperature ranges between -0.8º and 0ºC at water depths greater than 1500 m and is 
influenced by the WSDW flow (Palmer et al., 2012). 

 

3. MATERIAL AND METHODS 

A large dataset obtained during four cruises in the Scotia Sea aboard the R/V Hespérides 
from 1997 to 2008 (SCAN1997, SCAN2001, SCAN2004 and SCAN2008) as part of the SCAN 
(SCotia ANtarctic plate boundary) project was analysed. The total surveyed area extends 
between 56ºS and 65ºS and 35ºW and 45ºW. The data set consists of swath bathymetry, high 
resolution chirp sub-bottom profiles and multichannel seismic reflection (MCS) profiles. 

Swath bathymetric data were acquired with a SIMRAD EM12 system in the older cruises and 
with a SIMRAD EM120 system since 2004. This multibeam echosounder obtained a seafloor 
coverage of about 3.5 times the water depth. Multibeam files were post-processed with 
NEPTUNE™ and CARIS™ software and the resulting bathymetric grids were visualized with 
ArcGIS™ and Fledermaus™ software. Fledermaus was used to construct a 3D model of the 
swath bathymetry. 

High resolution seismic (HRS) profiles were acquired using a TOPAS PS 18 system operated 
at 1.5–4.0 kHz and digitally processed in real time. Data acquisition was executed in high-
penetration (chirp) mode. The shot interval was 5 to 7 s and the recording length was about 
400 ms with a sample frequency of 16 kHz. The multichannel seismic (MCS) profiles were 
obtained with an array of five Bolt airguns (total volume depended on the cruise: 16.3, 15.23, 
22.4 and 29.6 L) and a 96-channel streamer (length; 2.4 km). The shot interval was 50 m. Data 
were recorded with the DFS V digital system until 1997 and the Geometric Strata VisorTM digital 
system in the following years (sampling record interval, 2 ms; record length, 10 or 12 s). The 
data were processed with the DISCO/FOCUSTM software. The processing sequence included 
stacking and time migration. The multichannel data were complemented with the stacked 
version of the Italian MCS profile IT89AW39A with a recording length of 12 s. This line was 
obtained from the open-access Antarctic Seismic Data Library System (SDLS) hosted at the 



Appendix II 

332 

 

Istituto Nazionale di Oceanografia e di Geofisica Sperimentale. Acquisition and processing 
details of this line are available on the SDLS site (http://sdls.ogs.trieste.it). MCS and TOPAS 
profiles were imported into Kingdom Suite™ software for visualization and interpretation.  

The GHSZ modelling uses a best-fit analytical three-phase (gas, sea water, hydrate) equation 
based on a three-phase pressure-temperature equilibrium couple taken from the hydrate 
stability program developed by the Colorado School of Mines (CSMHYD) (Sloan, 1998). We 
used an extensive compilation of bottom water temperatures over the entire area of the 
southern Scotia Sea provided by the National Oceanographic Data Center (NODC) filtered with 
Ocean Data View software (Schlitzer, 2002). 

 

4. RESULTS 

The study area is divided into five main morphostructural domains (Fig. AII·2) for the 
description of the morphological features and seismic structures: a) the “craters” domain 
located in the central Scotia Sea at the northeastern region of the Scan Basin; b) the “mounds” 
domain located in the central region of the Scan Basin; c) the “elongated valleys” domain 
located in the southern region of the Scan Basin and; d) the “pagoda” domain located in the 
central Scotia Sea.  

 

4.1 Morphological features and seismic structures  

4.1.1. The craters domain in the central Scotia Sea 

More than 150 circular depressions were recognized in the central Scotia Sea, northeastward 
of the Scan Basin and northward of the Discovery Bank (Fig. AII·2). The swath bathymetry shows 
a field of crater-like circular depressions located over a contourite drift, surrounded by large 
submarine slides and volcanic cones (Fig. AII·3). The water depth of the circular depressions 
field ranges from 1750 to 2200 m with a density of craters between 0.004 and 0.22 m2/10 km2 
(square metres of seafloor affected by craters per ten square kilometres of seafloor (Figs. AII·3A 
and B). Crater sizes are highly variable, with maximum diameters ranging from 230 to 2180 m 
and a mean value of ~350 m. The depth of the craters ranges from 20 to 45 m with maximum 
values of between 62 and 65 m. The morphology of the depressions varies from sub-circular 
to elongated lobated-shapes. However, the majority of the craters are elongated, with the 
eccentricity index (short axis/long axis) ranging from 0.35 to 0.88, a normal distribution and a 
mean value of 0.6. Morphologically, the craters usually display flat floors and are locally V-
shaped with steep slopes of 15º to 26º, though they can reach values of up to 37º (Fig. AII·3B).  
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Figure AII·3.- (A) Hill-shaded bathymetric view showing main morphological features. See Fig. AII·2 for location. (B) 
Density map of craters (square metres of seafloor affected by craters per ten square kilometres of seafloor), where 
craters (in red) and slide scars (in black) have been overlapped. (C) 3-D detailed view of the crater domain at the 
northwestern border of the Scan Basin in the central Scotia Sea. (D) Bathymetric profile showing dimensions of the 
craters. 

The most striking characteristic is that single craters are clustered around rings (Fig. AII·3C) 
located surrounding the bounds of mounds identified on the HRS profiles on the seafloor (Fig. 
AII·5A). They are 110-100 m high and 500 m wide and overlie vertical seismic chimneys (Figs. 
AII·4 and AII·5). On the MCS profiles seismic chimneys crossing the crater domain are imaged 
as seismic disturbed columns with broken reflections (e.g. Loseth et al., 2009; Gay et al., 2012; 
Fig. AII·4). The seismic chimneys are rooted below a prominent regional reflector of high-
amplitude lying at 500 ms two-way travel-time (TWTT) below seafloor (BSR-2 in Fig. AII·4). At 
this intersection, scattered bright spots appear breaching out the near horizontal regional 
reflector (Figs. AII·5B and C). Hyperbolic diffractions and high-amplitude anomalies located 
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along the seismic chimney suggest the occurrence of gas rising directly from the deep 
subsurface reservoirs to the seafloor (Berndt, 2005). 

 

Figure AII·4.- MCS profile IT89AW39 in the northwestern Discovery Bank (central Scotia Sea) (a). Black box indicates 
the location of a detailed section and corresponding line drawing shown in Fig. AII·5. See location in Figs. AII·2 and 
AII·3D. 

 

 

 

Figure AII·5.- (A) HRS profile of a seabed mound and a crater located in the central Scotia Sea; and (B) 
corresponding MCS profile IT89AW39 and line drawing. (C) Calculated temperatures and detailed amplitude polarity 
for BSR events are also shown. Seismic chimneys that breach distinct BSRs underlie seabed mounds and crater 
features. See location in Figs. AII·2 and AII·4. 
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4.1.2. The mounds domain in the central region of the Scan Basin  

At least two 5-km-wide and 75-m-high mounds are identified in the central region of the 
Scan Basin (Figs. AII·2 and AII·6). Other mounds are also observed on the swath bathymetry of 
the central part of the basin, but they are not crossed by MCS profiles (Fig. AII·2). 

HRS profiles show that these mounds are made up of secondary smaller mounds and are 
internally constituted by folded deposits which are draped by a thin layer (about 10 m thick) 
of non-deformed sediments (Fig. AII·6A). The upper layer of the mound is constituted by 
“bubble”-shaped acoustic transparent facies which are sourced from pipes around 50 m below 
the seafloor (bsf). The top of these “bubbles” is a strong reflector that outlines the limit between 
the non-deformed sediments and the underlying acoustic anomalies. As observed on the HRS 
profiles, the secondary mounds are deformed internally by the upward movement of “bubble”-
type transparent facies (Fig. AII·6A), also named "pagoda structures" which are described in 
detail in Section 4.1.4. 

The seabed mounds are linked to deep-seated vertical columnar seismic chimneys 
approximately 5 km wide, which are probably the prolongation of strike-slip basement faults 
(Fig. AII·6B). These chimneys are internally constituted by anomalous reflections that disrupt 
the surrounding transparent sub-horizontal sedimentary layers (Figs. AII·6C and D). The 
occurrence of apparent gas migration pathways and funneling of deep fluids seem to be fueled 
from zones characterized by anomalous, very high-amplitude reflections lying 1 to 1.5 s TWTT 
beneath the seafloor (Fig. AII·6B). These reservoir zones seem to feed the seafloor domes found 
at the top of the vertical acoustic chimneys (Fig. AII·6). The vertical chimneys breach out and 
deform a high-amplitude sub-horizontal band of concave reflections lying about 0.3 s TWTT 
bsf (Fig. AII·6A). The nature of the horizons as BSRs will be discussed in Section 4.2. 

4.1.3. The elongated depressions domain in the southern Scan Basin  

Numerous elongated depressions are located between water depths of 3000 and 4000 m 
(Figs. AII·2 and AII·7), previously described by Lobo et al. (2011). They show a variety of shapes 
such as sub-circular, elongated lobated and open elongated, ranging from 1 to 8 km long. They 
are smooth depressions of 1º-3º in slope, sometimes covered by a layer of sediments ranging 
from 100 to 300 ms TWTT (Fig. AII·7B). The elongated lobated depressions show a preferential 
NE-SW azimuth and are made up of the union of adjacent craters. They are about 4 km long 
and 1 km wide. Occasionally, these elongated depressions have an open end, creating an “open 
elongated depression”. NE-SW linear depressions with two closed extremes are found with 
flanks of 4º-7º slope, reaching maximum values of 14º (Fig. AII·7A). These structures are 
collapsed features related to faults covered by sediments of 100-150 ms TWTT thickness. 
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Figure AII·6.- (A) HRS profiles showing a seafloor mound (M1) located in the central region of the Scan Basin and 
central Scotia Sea; (B) MCS profile SCAN2008_SC-12 showing deep-seated chimneys breaching BSRs linked to these 
seabed mounds (M) with calculated temperatures at distinct depth; ( C and D) detailed amplitude polarity for BSR 
events. See Fig. AII·2 for location. 
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Figure AII·7.- Elongated depressions in the southern Scan Basin: (A) Multibeam bathymetric 3D 
image of seafloor, view from the SE. (B) Section of MCS profile SCAN2004_SC03 showing 
elongated depressions overlying acoustic chimneys rooted in a layer where amplitude anomalies 
enhance its base. (C) Complete section of the MCS profile. Black box on the seismic line outlines 
a detailed section shown in Fig. AII·7B. Location in Fig. AII·2. 
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Figures AII·7, AII·8 and AII·9 illustrate representative examples of these structures from the 
superficial to the deep types. At the seafloor these depressions are seismically characterized by 
parallel concave reflections and are sometimes filled by sediments (Fig. AII·8) or even buried 
(Fig. AII·9). The underlying narrow vertical chimneys are outlined by broken reflections that can 
be related to faults and offset sub-horizontal reflections, forming acoustic pull-down structures 
(Figs. AII·7B and AII·8). Concave acoustic reflections inside the chimneys can be associated with 
subsidence and collapse as a consequence of the extrusion that generates a loss of volume 
(Zitter et al., 2005). However, in some cases the pull-down effect may be attributed to low 
seismic velocity of the gas-charged sediments (Loncke et al., 2004). 

 

Figure AII·8.- MCS profile SCAN1997-SC12 showing elongated depressions linked to deep-seated chimneys in the 
southern part of the Scan Basin. Calculated temperatures and detailed amplitude polarity for BSRs are also shown. 
See Fig. AII·2 for location. 

The funnel-type depressions that constitute the top of the seismic chimneys are imaged as 
near-vertical zones of acoustic masking, where the continuity of the weak reflections is 
disrupted (Fig. AII·9). The funnel-type depressions are bounded by normal faults that give rise 
to offsets of less than 50 ms TWTT of the high-amplitude sub-horizontal reflections (Fig. AII·9). 
The chimneys (about 500 m wide) link the morphological depressions with a deep source which 
seems to be located at 1-1.5 s TWTT bsf. The presence of gas accumulations is inferred from 
conspicuous seismic reflection segments of anomalously high amplitude that stand out from 
the adjacent sediments (BSR-3 in Fig. AII·7C). Two additional shallower horizons characterized 
by high amplitude and quite continuous reflections are identified at 0.1 and 0.4-0.5 s TWTT bsf.  
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Figure AII·9.- MCS profile SCAN1997-SC13 showing filled depressions linked to deep-seated 
chimneys in the southern region of the Scan Basin. Calculated temperatures and detailed amplitude 
polarity for BSRs are also shown. See Fig. AII·2 for location. 

4.1.4. The pagodas domain in the central Scotia Sea associated with contourite systems 

Pagoda structures (Emery, 1974) have been identified over a broad region of the central 
Scotia Sea but mainly focused on the region corresponding to an area of interaction between 
the WSDW and the CDW in the central Scotia Sea (Fig. AII·10). The morphology and the type 
of the contourite and drift deposits in this region have been extensively studied by Maldonado 
et al. (2003). The pagodas are revealed in the MCS profiles as vertical acoustic anomalies rooted 
at 1.3 s TWTT that develop on the seafloor adjacent, smooth, convex-up structures with a relief 
ranging from a few metres to ten of metres high and less than 10 km wide (Fig. AII·11). On the 
HRS profiles (Fig. AII·12), the pagoda structures are imaged as seismic anomalies 0.5 to 1.2 km 
wide characterized by shallow transparent facies with a triangular shape (Fig. AII·12A to C) and 
barrel-type and tubular columns (Fig. AII·12D and E). Two main shapes of apex-down triangular 
structures can be distinguished based on their walls, which can be concave (funnel-shaped 
type) or convex (hourglass type). All of them are characterized by vertical boundaries and their 
top is defined by a convex shape and a neat to fuzzy boundary (Fig. AII·12). The pagodas always 
appear in groups located in either depressions or mounded areas. The sedimentary sequence 
containing the pagodas is thin-bedded and displays triangular-shaped zones made up of 
enhanced parallel reflections that clearly outline the base of the set of transparent bodies (Fig. 
AII·6A).  
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Figure AII·10.- 3D view of the central Scotia Sea at the north prolongation of the Scan Basin which is mainly 
constituted by contourite deposits (modified from Maldonado et al., 2013). Location of the pagoda domain is shown. 
Red lines mark location of seismic line displayed in Fig. AII·11 and ultra-high resolution lines in Fig. AII·12. Water 
masses as in Fig. AII·1. See Fig. AII·2 for location of the mosaic. 

The pagodas rarely reach the seafloor (Figs. AII·12C and D) and most of them are buried 
below a layer of sediment ranging from 30 to 50 ms TWTT thick. The sedimentary drape 
appears slightly undulated and elevated over the transparent bodies, though this gentle 
folding becomes subdued upwards (Fig. AII·12A). These undulations of the seafloor above 
pagoda structures indicate that these transparent bodies are still growing.  

 

Figure AII·11.- MCS profile SCAN2008_SC12 in the central Scotia Sea. The position of the pagoda domain is 
marked along the profile. Contourite drifts are the main features in this area. Calculated temperatures and 
detailed amplitude polarity for BSR events are also shown. CCRs, Cross-cutting reflectors. Location of the profile 
on the swath bathymetry is shown in Fig. AII·10. 
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Figure AII·12.- HRS profiles obtained during the SCAN2001 cruise showing the typologies of pagoda structures 
observed in the central Scotia Sea. See location in Figs. AII·2 and AII·10. 

 

4.2 Types of BSRs 

Three main sub-horizontal horizons found at a constant depth bsf and showing strong high-
amplitude reflections mimicking the seafloor topography are observed in the seismic profiles 
of the region (e.g. Fig. AII·11). These reflections are normally characterized by negative or 
positive seismic polarity with respect to the seafloor reflection and they may also cut the thin 
bedded reflections of the deposits at a low angle. We interpret these strong reflections as BSRs. 

4.2.1 BSR-1 

BSR-1 is characterized by a band of continuous reflections (e.g. Figs. AII·5) located around 
150-175 ms TWTT bsf. The BSR-1 is clearly visible below the crater domain in the western part 
of profile IT89AW39, but it disappears eastwards (Fig. AII·13). Furthermore, it is clearly observed 
in the central Scotia Sea, where it mimics the shape of the contourite deposits (Fig. AII·11), but 
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it also disappears southwards in the central part of the Scan Basin (Fig. AII·6B). The cross-cutting 
of the bedded deposits by the BSR-1 is subtle and is observed in the western region, where a 
large contourite drift develops in the central Scotia Sea (Figs. AII·4 and AII·11). Along the 
mounded sedimentary drifts, BSR-1 clearly cuts at a low angle the thin bedded reflections (Fig. 
AII·11), which form the structure of the contourite deposits (c.f., Maldonado et al., 2003). The 
observed apparent polarity of BSR-1 in the central Scotia Sea is reversed with respect to the 
seafloor (e.g. Fig. AII·5B).  

In contrast, in the central Scan Basin BSR-1 (the elongated depressions domain) appears as 
a discontinuous strong reflection showing reverse polarity at 175 ms TWTT bsf, mimicking the 
convex shape of the seafloor, but it is disrupted within the depressions between mounds (Fig. 
AII·13). In the southernmost region of the Scan Basin, BSR-1 is revealed as a discontinuous 
high-amplitude reverse reflection above the top of a mega-debris flow unit mimicking the 
seafloor topography at 150 ms TWTT bsf (Fig. AII·7).  

 

Figure AII·13.- Synthesis of seismic sections located from the southern Scotia Sea (60º 30´ S) to central Scotia Sea 
(57º S) showing the internal structure of seismic chimneys that breach the three BSRs and their associated seafloor 
morphologies. The type of host rock seems to control the type of seafloor morphologies: (i) elongated depressions 
and craters are associated with low porous ice draft sediments deposited at the convergence of the Weddell Sea 
gyre outflow with the southern Scotia Sea; and (ii) mounds (and pagodas) are related to high porous contourite 
deposits in the central Scotia Sea related to influence of the eastwards ACC. Note how the three BSRs are well 
regionally correlated in depth throughout all the sections. CCRs, cross-cutting reflectors; EARs, enhanced amplitude 
reflectors; PD, pull-down reflectors. 

4.2.2. BSR-2 

BSR-2 consists of a set of high-amplitude reflections rather than a single reflection, always 
located at 400-500 ms TWTT bsf. Therefore, BSR-2 is about 100 ms TWTT thick and formed by 



  Gas hydrates in the Scotia Sea 

343 

 

a strong normal-amplitude reflection on the top that progressively fades out downwards (Fig. 
AII·5C). This top reflection has been observed regionally and traced over long distances 
(Maldonado et al., 2006; Pérez et al., 2014). BSR-2 is clearly observed on the Discovery Bank as 
a strong high-amplitude set of reflections of about 100 ms TWTT that mimic the seafloor (Fig. 
AII·4). It clearly cuts the internal reflections of the contourite drifts of the central Scotia Sea (Fig. 
AII·4). Here, BSR-2 is continuous and becomes shallower eastwards, following the extinction of 
the overlying BSR-1 (Fig. AII·4). BSR-2 is also clearly identified in the central part of the Scan 
Basin (Figs. AII·5, AII·6 and AII·13), where occasionally the top reflection shows vertical offsets 
of 20-25 ms TWTT (Figs. AII·6 and AII·8). Moreover, BSR-2 overlies a sedimentary sequence 
disrupted by vertical lineations that can be interpreted as faults (Figs. AII·8 and AII·9). BSR-2 is 
also breached by deep-seated vertical chimneys (Fig. AII·13) in both the central Scotia Sea (Fig. 
AII·4) and the Scan Basin (Figs. AII·6, AII·8 and AII·9). Furthermore, cross-cutting of BSR-2 is also 
observed at the intersection with deep-seated vertical chimneys (Fig. AII·5C). In almost all 
observed profiles, the apparent polarity of BSR-2 is positive (e.g. Figs AII·5, AII·6 and AII·8).  

4.2.3 BSR-3 

BSR-3 is located at a very constant depth of 1.5s TWTT bsf and is more discontinuous than 
the two shallower BSRs (e.g. Figs. AII·6 and AII·7). In the central Scotia Sea, BSR-3 is shallower 
and difficult to identify. It is locally observed as lateral-confined and discontinuous strong 
reflections at 1.5 s TWTT bsf (Fig. AII·6). In the central and southern part of the Scan Basin, it is 
characterized by discontinuous, high-amplitude reflections at 900 ms TWTT that are offset by 
near-vertical fault systems (Figs. AII·7 and AII·13).  

 

5. DISCUSSION  

A theoretical modelling of the depth and temperature of GHSZ and Opal-A/Opal-CT 
transformation in the central and southern Scotia Sea is analysed, considering three scenarios 
of geothermal gradients. We also discuss the nature of the observed BSRs based on their 
seismic attributes and the calculated temperature. Finally, we propose an evolutionary model 
to explain the development of successive relict diagenetic BSRs, the breaching of BSRs by 
seismic chimneys due to the propagation of polygonal faults, and the formation of gas hydrate 
layers below the seafloor giving rise to the formation of mounds and craters and shallow sub-
subsurface acoustic anomalies.  

 

5.1 Theoretical modelling for hydrates and Opal-A/Opal-CT transformations 
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The theoretical modelling of the depth of the GHSZ and the Opal-A to Opal-CT 
transformation zone was calculated for different geothermal gradient scenarios in the central 
and southern Scotia Sea (Fig. AII·14). This model is based on the assumption that heat flow in 
the Scotia Sea has decreased since the oceanic basement was formed during the Oligocene 
(Barker et al., 2013; Pérez et al., 2014). The range of geothermal values is imposed by the scarce 
heat flow measures available in the Scotia Sea. The only measure of heat flow obtained in the 
study area has been reported by Barker et al. (2013) in the northern part of the Scan Basin, 
yielding values of 86.89 mW m-2 at 2918 m water depth. In the Malvinas Basin, the most 
proximal basin with reported hydrocarbon leakages and hydrate formation northward of the 
Scotia Sea, the geothermal gradients have been estimated to be 23.9(±2)ºC/km, though 
anomalous geothermal gradients in the same basin can reach up to 43.5(±2)ºC/km associated 
with diapirs (Baristeas et al., 2012). Uyeda et al. (1978) reported 32ºC/km in the Austral-
Magallanes Basin in Tierra del Fuego.  

According to these data, we use three scenarios with high (65ºC/km), medium (45 ºC/km) 
and low (25ºC/km) geothermal gradients to model the thickness of potential gas hydrate-
bearing sediments and the depth of Opal-A/Opal-CT diagenetic fronts (Fig. AII·14). The pure 
methane hydrate phase curve was taken from Sloan (1998). Seafloor temperatures taken from 
the CTD world database provide temperatures of -0.5ºC at 3700 m water depth, reflecting the 
influence of the outflow of the WSDW from the Weddell Sea (Maldonado et al., 2003). The 
transformation of Opal-A to Opal-CT usually takes place at temperatures of 25ºC to 55ºC and 
transformation of Opal-CT to Quartz occurs at temperatures of 31ºC to 77ºC (Pisciotto, 1981).  

We plotted the base of GHSZ and the Opal-A to Opal-CT reaction fronts for the three 
geothermal gradient scenarios (Fig. AII·14). For high geothermal gradients, the Opal-A/Opal-
CT BSR would be located at 350 m bsf, whereas the corresponding BSR for hydrates would be 
shallower at 300 m bsf. For intermediate geothermal gradients, the Opal-A/Opal-CT BSR would 
be located at 600 m bsf, whereas the BSR for methane hydrates would be located at 500 m bsf. 
Finally, the BSRs for low geothermal gradients show that Opal-A/Opal-CT BSR would be located 
at 1050 m bsf and the gas hydrate BSR at 940 m bsf.  

The model reveals that both diagenetic and hydrate BSRs are progressively deeper due to 
a geothermal gradient fall derived from a heat flow decrease as the basin becomes older and 
the sedimentary thickness increases in the Scan Basin from the Oligocene to the Present. The 
diagenetic BSRs are slightly deeper than the corresponding gas hydrate BSRs for all stages and 
the difference between them increases as the geothermal gradient decreases. We suggest that 
this evolution may have led to the progressive downward migration of free gas reservoirs due 
to the reduction of porosity below the successive Opal-A to Opal-CT reaction fronts. Thus, the 
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progressive decrease of the geothermal gradients may have led to the formation of three BSRs 
in the Oligocene to Present sediments according to the fluid flow evolution (Fig. AII·15): A) an 
upper BSR-1 under conditions of gas hydrate stability with no diagenetic transformation, which 
means no reduction of porosity; B) an intermediate BSR-2 of progressive downward migration 
of diagenetic fronts with reduced porosity that may act as a regional trap; and C) a lower BSR-
3 under the GHSZ where free gas may be stored.  

 

Figure AII·14.- Gas hydrate stability field calculated for the Scan Basin based on temperature 
along the water column and on the phase boundary between methane free gas and hydrates 
taken from Sloan (1998). 

 

5.2 Nature of BSRs according to their seismic attributes and calculated temperature  

The distinction between diagenetic and gas hydrate–related BSRs is mainly based on their 
seismic characteristics (e.g. Berndt et al., 2004). The BSRs attributed to gas hydrates are 
recognized by the negative acoustic impedance contrast between sediment-containing gas 
hydrates and free gas underneath the GHSZ. In contrast, the diagenetic BSR shows a positive 
acoustic impedance in agreement with a density increase due to the transformation Opal-A/ 
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Opal-CT/Quartz (e.g. Kastner et al., 1997). Other criteria to differentiate between BSRs is that 
diagenetic BSRs may decrease their thickness as water depth increases, whereas methane 
hydrate BSRs always increase in thickness as water depth increases. 

We also calculated the temperature of the observed BSRs in the Scan Basin assuming a 
present-day geothermal gradient ranging from 45ºC to 25ºC/km (e.g. Fig. AII·11). For this 
geothermal gradient, the temperature T at depth z is given by T(z)=(dT/dz ) z, where z can be 
expressed as vt, and v is the P-wave velocity of 1.9-2 km/s for Plio-Quaternary sediments and 
2.0-2.3 km/s for Oligocene-Miocene deposits. For this calculation we adopt a bottom water 
temperature of -0.5ºC according to CTD data of NODC (see Fig. AII·4). The calculated 
temperature was plotted on the seismic profiles (Figs. AII·5, AII·6, AII·7, AII·8, AII·9 and AII·11) 
for each BSR. The variation in the calculated temperatures is primarily due to the wide range 
of geothermal gradient used (45 to 25ºC/km) and is less influenced by uncertainties of the 
seismic velocities.  

The estimated range of temperatures for BSR-1 varies between 2º and 6ºC for average 
depths of 150 ms TWTT (175 m bsf), assuming velocities of 1.9 km/s (Figs. AII·5, AII·7, AII·8 and 
AII·11). The low values of the temperatures calculated for BSR-1 rule out a diagenetic origin, as 
is also supported by the observation that the apparent polarity of the strong reflectors is 
normally negative (Fig. AII·5, AII·7, AII·8 and AII·11).  

The estimated range of temperatures for BSR-3 varies between 10ºC and 21ºC, assuming 
velocities of 1.9 km/s for the deposits between the seafloor and BSR-1 and 2.2 km/s for the 
deposits between BSR-1 and BSR-2. The average depth of this BSR-2 is around 400-500 ms 
TWTT (450-600 m bsf). The calculated temperatures rule out the possibility that BSR-2 is 
generated by the transformation of Opal-A to Opal-CT. However, the fact that the band of 
strong amplitude reflections corresponding to BSR-2 always show positive apparent polarity 
and the occurrence of polygonal faults are attributed to the relict nature and not to present 
diagenetic fronts (Figs. AII·5 and AII·8). These reflections, according to the age estimates for 
the main seismic reflectors of the Scan Basin, are attributed to the middle Miocene (Maldonado 
et al., 1998; 2003; Pérez et al., 2014). We therefore attribute the nature of BSR-2 to a relict 
diagenetic front developed early after burial since the middle Miocene due to higher 
geothermal gradients. Assuming these elevated geothermal gradients of 65ºC/km for Miocene 
times, the calculated temperatures for formation of BSR-2 vary from 27ºC to 33ºC, in 
agreement with the known temperatures for the Opal-A to Opal-CT transition (Grützner and 
Mienert, 1999). In the northeast Atlantic margin, the fossilized Opal-A to Opal-CT 
transformation is explained by a significantly elevated palaeogeothermal gradient during the 
Neogene (Davies et al., 2002). 
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The estimated range of temperatures for the formation of BSR-3 varies between 21ºC and 
37ºC, with geothermal gradients of 25-45ºC/km. However, if we assume that the basin 
experienced higher geothermal gradients during Miocene times of around 65ºC/km, the 
temperatures for the formation of this event may have reached 60ºC-90ºC/km, in agreement 
with the temperature of 25ºC to 55ºC for the initiation of the Opal-CT/Quartz transformation 
(Pisciotto, 1981). The diagenetic origin of BSR 3 is also supported by the positive apparent 
polarity of the strong reflections (Fig. AII·8). Regional stratigraphic correlations of seismic units 
in the Scotia Sea indicate an age of early Miocene for BSR-3 (Maldonado et al., 2006; Pérez et 
al., 2014), which suggests a relict nature caused by the transformation of Opal-CT/Quartz 
initiated during the early to middle Miocene, shortly after burial. Thus, BSRs beneath the Opal-
A to Opal-CT transformation zone are described in several settings showing evidence of two 
transformation boundaries, leading the silica transformation zone to reach hundreds of metres 
in thickness (Ireland et al., 2011). BSR-2 and BSR-3 thus form a thick transformation zone that 
may reach hundreds of metres, as observed on the MCS profiles (e.g. Fig. AII·6B) 

 

5.3. The evolutionary model of fluid flow in the central and southern Scotia Sea 

An evolutionary model in three stages is proposed here to explain the growth patterns of 
BSRs and focused fluid flow in the central and southern Scotia Sea since early Miocene times 
(Fig. AII·15). The model includes the following stages: (i) generation of Opal-A/Opal-CT/Quartz 
transformation fronts (BSR-2 and BSR-3) in response to significantly high geothermal gradients 
during the Miocene (Davies and Cartwright, 2002); (ii) breaching of diagenetic fronts through 
polygonal fault arrays (e.g. Gay et al., 2006) by thermally volume reduction reactions (Davies 
and Ireland, 2011), which allow upward fluid flow and supply of excess fluids to be expelled 
toward the sediment surface through near vertical normal faults (e.g. Berndt et al., 2003; Volpi 
et al., 2003; Davies et al., 2008); and (iii) generation of a BSR-1 that reveals the boundary 
between the uppermost layer bearing hydrates and the underlying Opal-A/Opal-CT caused by 
the decrease in the geothermal gradients from 45ºC to 25ºC between the late Pliocene and 
Quaternary.  

Based on this model, we suggest that the Plio-Quaternary breaching of Neogene fossilized 
Opal-A/Opal-CT transformation zones is responsible for the formation of different seafloor 
morphologies observed in the central and southern Scotia Sea: (a) craters and elongated 
depressions interpreted as collapse structures due to compaction above overburden cells 
affected by the Opal-A/Opal-CT transformation (Davies, 2005); and (b) seafloor mounds 
developed by the continuous injection of fluid flow, transformed into hydrates above the GHSZ, 
throughout the breaches of relict BSRs (Imbert and Ho, 2012). Both positive and negative reliefs 
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may alternate, as observed in the crater domain, where the mound structures are dissected by 
crater holes (Fig. AII·3). 

 

Figure AII·15.- Evolutionary model to explain the development of BSRs and focused fluid flow in the Scan Basin 
since early Miocene times: A) generation of Opal-A/Opal-CT/Q front (BSR-3) in response to a significantly elevated 
palaeogeothermal gradient during the early-middle Miocene; B) generation of BSR-2 front during the Late Miocene 
and progressive breaching of these diagenetic fronts by propagation of polygonal faults allowing upward focused 
fluid flow; C) generation of a gas hydrate BSR-1 related to the lower boundary of gas hydrate bearing sediments 
and formation of gas hydrate–related morphologies below seafloor associated with focused fluid flow. See text for 
further explanation. 

We interpret that the seismic chimneys observed in the central and southern Scotia Sea are 
similar to the ‘chocked chimneys’ described by Haacke et al. (2009), which link deep reservoirs 
upwards into the regional GHSZ. The seafloor mounds recognized in the Scotia Sea also seem 
to be fueled by the release of free fluid and gas trapped below the fossilized diagenetic BRSs 
that migrate upwards into the GHSZ (Fig. AII·14). Gas hydrate mounds, also known as pingoes, 
have been globally observed on numerous margins related to focused fluid flow (e.g. Serié et 
al. 2012). The formation of massive hydrates in the very shallow subsurface requires high fluid 
flow to maintain a high methane concentration within seafloor sediment (e.g. Kvenvolden and 
McMenamin, 1980; Hovland et al., 1999; Judd and Hovland, 2007). Thus, the breaching of 
diagenetics BSRs may have caused continuous fluid flow and overpressure in the upper layers 
(e.g. Heggland et al., 2000; Paull et al., 2008; Cathles et al., 2010). We postulate that the upward 
migration of subsurface mounds is caused by the drastic reduction in density and increase in 
volume due to the continuous injection of fluids that are transformed into hydrates in the 
uppermost layers. This mechanism must be similar to the upward migration of 
salt/shale/serpentinized domes caused by a drastic reduction in density in comparison with the 
surrounding sequence (e.g. Maldonado et al. 1999; Lüdman and Wong, 2003; He et al. 2007). 
The conditions for the upward migration are unknown, especially the rheological behaviour of 
the ice-like hydrates forming pseudo “glacier”-like domes (Clennell et al., 1999).  
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These structures might represent regions of highly concentrated hydrates around local 
seafloor fluid venting structures (e.g Yoo et al., 2013). Moreover, the amount of gas and fluids 
trapped as hydrates in the subsurface may be small compared with the amount in the 
underlying reservoirs (Haacke et al. 2009). The breaching of these trapped fluids to the seafloor 
may be one of the most important sources into the ocean-atmosphere system (e.g. Dickens, 
2001; Maslin et al. 2010). This is especially important in polar areas, such as Antarctica, since 
vast amounts of methane might be abruptly released not only from the melting of the hydrates 
(e.g. Van Rensbergen et al. 2002; Wood et al. 2002) but also from deep reservoirs in response 
to the thinning of the regional GHSZ. 

 

6. CONCLUSIONS 

A variety of structures recognized in seismic profiles and numerous seafloor morphologies 
are observed in the central and southern Scotia Sea. These structures result from the upward 
migration of excess pore fluid pressure during diagenetic transformations and to the 
development of gas hydrate layers in the sediments. We differentiate three types of BSRs that 
cut the sedimentary sequences at low angles. Based on their positive apparent polarity and 
calculated temperatures, we inferred that the deepest BSR-3 and BSR-2 are fossil diagenetic 
fronts caused by significantly elevated geothermal gradients during the early Miocene and 
middle Miocene, respectively. In contrast, the shallowest BSR-1 shows reverse polarity and low 
ranges of temperature and reveals the base of gas hydrate–bearing sediments. The BSR-1 
occurs mainly associated with drift deposits, so it is mainly found in contouritic sediments 
related to drifts of the central Scotia Sea and not within interbedded glacial debris flow deposits 
of the southern Scan Basin associated with the outflow of icebergs sourced from the Weddell 
Sea. This finding may be attributed to the influence of the grain-size on the capability of the 
sediments to host hydrates (e.g. Clennell et al., 1999; Berdnt et al. 2004).  

The three types of BSR are identified at basin scale and they are breached by seismic 
chimneys that link the deep enhanced amplitude reflections to shallower levels and to the 
seafloor, where they develop mounds, craters or elongated depressions. An evolutionary model 
is proposed to explain the development of two successive palaeo-diagenetic fronts during the 
Miocene. The model is based on the role played by the drastic porosity reduction (as much as 
30%) caused by the transformation of Opal-A to Opal-CT and a further reduction at the Opal-
CT to Quartz boundary. 

The excess fluids generated from the transformations of Opal-A to Opal-CT to Quartz may 
not have generated gas hydrate layers during the Miocene, probably owing to the high 
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geothermal gradient. Later, focused fluid flow through breaching of these regional diagenetic 
fronts due to lower geothermal gradients during the Pliocene and Quaternary has formed 
chimney structures that facilitate the upward migration of enriched-gas fluid into the GHSZ 
and subsequent formation of shallow subsurface hydrates.  

The climate-driven oceanic warming affecting polar areas may alter the relative equilibrium 
observed in the BSRs of Scotia Sea and could thus induce a significant release of atmospheric 
greenhouse gases and, in turn, significantly contribute to the evolution of the Earth’s system. 
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Abstract 
 

Morpho-sedimentary and seismo-stratigraphic analyses based on single- and multi-
channel seismic profiles have characterized the principal depositional patterns and 
morphosedimentary features of the Tierra del Fuego continental margin, the northwest 
Scotia Sea abyssal plain (Yaghan Basin) and the Malvinas/Falkland Depression. Some 
contourite drifts and terraces have been identified, both along slopes and within the abyssal 
plain. Drifts geometry, formation and evolution are associated with different bottom current 
flows, whereas contourite terraces have been genetically related to water-mass interfaces. 
A remarkable terrace is regionally identified along the middle slope of the study area, which 
depth is coincident with the depth range of the lower boundary of the northward flowing 
Antarctic Intermediate Water (AAIW), eventually reaching the Northern Hemisphere. Similar 
terraces have also been identified in the South Atlantic, along the Argentine, Uruguayan 
and Brazilian margins. The formation age of this terrace is estimated to be of middle 
Miocene when many tectonic and paleoceanographic changes occurred. Genesis of that 
terrace is an evidence of the northward widespread flow of AAIW, as an important 
component of the upper branch of the Meridional Overturning Circulation. A more recent 
change is decoded from the sedimentary record in the abyssal plain of the Scotia Sea at 
the Miocene-Pleistocene boundary with the inflow of water masses from the Pacific that 
are inhibited to flow farther north by the North Scotia Ridge. 
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Scotia Sea – Southern Atlantic Ocean Transition; Depositional and erosional contourite features; Water 
mass flow; Tectonic implications; Scotia Sea outflow 
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1. INTRODUCTION 

Marine bottom currents determines the formation of specific depositional, erosional and 
mixed features, as contourite drifts and terraces (Rebesco et al. 2014). These features have been 
globally identified and their detailed study allows to relate them with significant 
paleoceanographic events (e.g. Hernández-Molina et al. 2009, 2014; Preu et al. 2013; Rebesco 
et al. 2014). The Drake Passage, between South-America and the Antarctic Peninsula, is a critical 
zone for bottom current flows and for global climatic changes, as its opening enabled a 
complete development of a circumpolar circulation (Kennett 1977; Lawver and Gahagan 2003). 
To the east of Drake Passage, the Scotia Sea is influenced by the water masses flowing through 
this gateway (e.g. Orsi et al. 1999). Due to its relatively shallow bathymetry (Fig. AIII·1), the 
northern boundary of the Scotia Sea —the North Scotia Ridge (NSR)— represents a major 
morphologic obstacle to the northward flow of the Scotia Sea water masses (Howe et al. 1997; 
Smith et al. 2010). However, the proposed water-mass interchange between the Scotia Sea and 
the South Atlantic Ocean (Howe et al. 1997; Hernández-Molina et al. 2010) influences the 
supply and distribution of sediments along both sides of the NSR, which contain a unique 
record of paleoceanographic changes.  

Bottom current influence in the sedimentary record has been frequently reported in the 
southern part of the Scotia Sea (Maldonado et al. 2003, 2006), but only scarcely mentioned in 
the NSR (Lodolo et al. 2006) and in the Malvinas/Falkland Trough (Howe et al. 1997; 
Cunningham et al. 1998; Koenitz et al. 2008). Along the western edge of the NSR, along-slope 
sedimentary processes have not been analyzed yet, and the effects of bottom current 
circulation are unknown. In this study we aim to identify the main regional contourite features 
along the western Scotia Sea —Southern Atlantic Ocean transition to determine their 
relationship with the present circulation. Seismo-stratigraphic and morpho-sedimentary 
analyses, as well as a syn-sedimentary tectonic analysis are presented and the water-mass 
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evolution from Miocene to Present-day between the South Atlantic and the Southern Ocean is 
discussed. 
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Figure AIII·1.- (A) Tectonic setting of the Scotia Sea (modified from Maldonado et al., 2000; Galindo-Zaldívar et al., 
2006). Legend: 1, transform fault; 2, active transcurrent fault; 3, inactive subduction zone; 4, active subduction zone; 
5, active extensional zone; 6, active spreading centre; 7, inactive spreading centre; 8, continental-oceanic crust 
boundary. AB, Aurora Bank; BuB, Burdwood Bank; DaB, Davis Bank; M/F I, SGI, South Georgia Island; SI, Los Estados 
(Staten) Island; SOM, South Orkney Microcontinent; SR, Shag and Black Rocks. NSR passages for the water masses 
outflow: a, 54-54; b, Davis-Aurora; c, Shag Rocks; d, Black Rocks; e, South Georgia. (B) Simplified bathymetric map 
of the western sector of the NSR derived from the GEOSAT gravimetric anomaly map (Sandwell and Smith, 1997). 
The location of seismic lines used in this study is shown. (C) Geological sketch of the main structural features offshore 
of Tierra del Fuego. Dotted red lines represent the corridors associated with the fracture zones of the West Scotia 
Ridge (WSR). BCFS, Beagle Channel Fault System; FTB Fault and Trust Belt; MFFS, Magallanes-Fagnano Fault System. 

 

2. GEOLOGICAL SETTING  

The study area is located in the northwestern edge of the Scotia Sea, off the Tierra del Fuego 
margin and Los Estados Island (also known as Staten Island; Fig. AIII·1). The NSR, roughly E-W 
oriented, comprises fragments of continental crust as the Burdwood, Davis and Aurora (or 
Barker) banks, the emerged Shag and Black rocks, and South Georgia Island (e.g. Davey 1972; 
Ludwig et al. 1968). The NSR incorporates part of the offshore sector of the Magallanes-
Fagnano Fault System (MFFS), a major segment of the South America-Scotia plate boundary 
(Lodolo et al. 2003; 2005) and represents the continuation of the emerged orogenic system of 
the southern Patagonian Andes (Platt and Philip 1995; Bry et al. 2004). 

The southern flank of the NSR is severely affected by strike-slip structures that have 
segmented and offset the continental slope, generating pronounced structural highs in its 
lower section (Lodolo et al. 2006). Thus, the southern flank of the NSR corresponds to 
combined-sheared passive margin that structurally continues westward to the Beagle Channel 
Fault System (BCFS; Fig. AIII·1C; Lodolo et al. 2003). The northern flank of the NSR is the front 
of an accretionary prism created by active subduction of the South America plate beneath the 
Scotia plate (Ludwig et al. 1968). This active convergence has given rise to the northern 
Malvinas/Falkland Trough (Ewing et al. 1971), an E-W bathymetric depression located between 
56ºW and 41ºW (Fig. AIII·1). To the west of the trough, the subduction becomes a bathymetric 
depression (Cunningham and Barker 1996), hereafter called the Malvinas/Falkland Depression. 
However, active thrusting has been reported at the foot of the Burdwood Bank (Ludwig and 
Rabinowitz 1982; Platt and Philip 1995; Richards et al. 1996), which has been proposed as 
containing the northerly component of the South American-Scotia transcurrent movement 
(Cunningham et al. 1998). 

The complex structural setting of the study area is the result of a superimposition of different 
tectonic phases. The beginning of the Andean orogeny (late Cretaceous-Paleogene) formed 
the Fold and Thrust Belt (FTB) and was active until Cenozoic times (Fig. AIII·1C; Cunninghan 
1993; Klepeis and Austin 1997; Tassone et al. 2008). The tectonic evolution was later strongly 
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controlled by separation of the South American and Antarctic plates, which caused the Eocene 
opening of the Drake Passage and the formation of the Scotia Plate during the final steps of 
the Gondwana breakup (i.e. Lawver and Gahagan 2003; Eagles and Jokat 2014; Geletti et al. 
2005; Livermore et al. 2005). With the formation of oceanic crust in the Scotia Plate, the NSR 
began to acquire a mainly transcurrent and transpressive tectonic regime, with associated 
compressive structures during the Oligocene (Barker 2001). The NSR remained as an unbroken 
high but from 18.5 Ma the eastward advance of the proto-South Sandwich Arc broke the NSR 
individualizing the nowadays banks until the final formation of the east side of South Georgia 
Island passage at 6 Ma (Eagles and Jokat, 2014). At this time, upon cessation of the spreading 
activity of the West Scotia Ridge (Maldonado et al. 2000), the relative left-lateral motion of the 
South American and Scotia plates generated the current plate boundary represented by the 
MFFS (Lodolo et al. 2006) and active thrusting along the northeast boundary of the Burdwood 
Bank (Fig. AIII·1C; Bry et al. 2004; Esteban et al. 2014).  

 

3. OCEANOGRAPHIC CONTEXT 

Below the surface water masses, the AAIW is formed by mixing and northward subduction 
at the Antarctic Convergence Zone/Antarctic Polar Front with minor modifications by sea-air 
interaction within the Scotia Sea (Naveira-Garabato et al. 2003). Underneath the AAIW, the 
Circumpolar Deep Water (CDW) constitutes the deepest fraction of the Antarctic Circumpolar 
Current (ACC) and flows eastward through the Scotia Sea (Orsi et al. 1999). The Southeastern 
Pacific Deep Slope Water (SPDSW) flows along the eastern slope in the southeast Pacific Ocean, 
and reaches the Scotia Sea via the northern Drake Passage (Well et al. 2003), circulating 
between the Upper and Lower fractions of the CDW (the UCDW and LCDW, respectively; Fig. 
AIII·2). The abyssal plain between the Southern Antarctic Circumpolar Current Front (SACCF) 
and the Polar Front is occupied by the Southeast Pacific Deep Water (SPDW), which is derived 
from the southeastern Pacific Ocean (through the Drake Passage) and flows eastward (Sievers 
and Nowlin 1984; Arhan et al. 1999; Naveira-Garabato et al. 2002a). Within the northwest Scotia 
Sea, enhancement of the SPDW and CDW influences the development of strong deep-water 
eddies that generate transport and turbulence through clockwise and counter-clockwise trends 
(Fig. AIII·2; Tarakanov 2009, 2012; Morozov et al. 2010). To the south of the SACCF, the Scotia 
Sea abyssal plain is occupied by the Weddell Sea Deep Water (WSDW), which flows eastward 
and westward and derives from the Weddell Gyre (Orsi et al. 1999). 

Along the crest of the NSR the water depth ranges from 200 m to 2000 m, except in 
correspondence of the Shag Rocks Passage, which forms a ~ 3100-m-deep gap (Deacon 1933; 
Zenk 1981). As result, the NSR constrains the vertical structure of the ACC, thereby forming a 
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barrier to the northward flow of its deep components (Fig. AIII·2). The shallower water masses 
such as the Antarctic Superficial Surface Water (AASW) and the AAIW cross the NSR, and then 
flow to the northeast to form the Malvinas/Falkland Current (Fig. AIII·2; Peterson and Whitworth 
1989; Piola and Gordon 1989; Muñoz et al. 2012). At greater depths, a small amount of CDW 
is transported northward over the shallower part of the NSR, east of 45ºW (Naveira-Garabato 
et al. 2002a). The UCDW outflows the Scotia Sea between the Los Estados Island margin and 
the Burdwood Bank, and the 54-54 Passage (Smith et al. 2010). In contrast, the main bulk of 
the LCDW flows northwards through the Shag Rock Passage (Naveira-Garabato et al. 2002a) 
and a minor fraction crosses the Black Rocks Passage (Figs. AIII·1A, AIII·2; Smith et al. 2010). 

 

Figure AIII·2.- Tentative distribution of the main water masses over the western Scotia-Atlantic Edge. The dotted 
lines represent interfaces between two water masses over the seafloor (Tarakanov, 2009, 2012; Morozov et al., 2010). 
In the table the water masses depth range in the Scotia Sea based in previous works (Wallance 2000; Naveira-
Garabato et al. 2002a, 2003; Well et al. 2003; Smith et al. 2010). AASW, Antarctic Superficial Water; AAIW, Antarctic 
Intermediate Water; CDW, Circumpolar Deep Water; LCDW, Lower CDW; SPDSW, Southeastern Pacific Deep Slope 
Water; SPDW, Southeast Pacific Deep Water; UCDW, Upper CDW; WSDW, Weddell Sea Deep Water. Legend for 
main physiographic features in Figure AIII·1. 

The outflow pathways of the SPDW from the Scotia Sea remain a subject of debate. 
Oceanographic studies suggest that this water mass can only cross the NSR through the Shag 
and Black rocks passages, intermittently (Peterson and Whitworth 1989; Naveira-Garabato et 
al. 2002a) and through the gateway between the Davis and Aurora banks (Zenk 1981; Arhan et 
al. 1999; Naveira-Garabato et al. 2002a). Therefore, most of the SPDW presumably flows within 
the Scotia Sea, up to the Georgia Passage (Fig. AIII·1A; Meredith et al. 2001; Naveira-Garabato 
et al. 2002a). 

There is also some controversy over whether the WSDW is primarily transported across the 
NSR (Locarnini et al. 1993; Cunningham et al. 1998; Arhan et al. 1999; Smith et al. 2010). Some 
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studies have indicated that it is highly unlikely that any WSDW cross the NSR, even via the Shag 
Rocks Passage (Naveira-Garabato et al. 2002b; Smith et al. 2010). Moreover, analysis of 
hydrographic data suggest that the WSDW flows into the South Atlantic Ocean, at least farther 
east, through the South Sandwich Trench and Georgia Passage (Fig. AIII·1A; Georgi 1981; 
Naveira-Garabato et al. 2002b). The volume of this water mass outside the Scotia and Weddell 
seas is usually referred to as Antarctic Bottom Water (AABW; e.g. Wittstock and Zenk 1983; 
Locarnini et al., 1993; Orsi et al. 1999). 

Summarizing, most of the near-bottom water masses in the Scotia Sea flow around the east 
side of South Georgia Island, and then into the South Atlantic Ocean (Smith et al. 2010). North 
of the NSR these dense waters masses join lighter waters flowing through the NSR passages, 
where together they describe a relatively sharp anticyclonic loop, and then flow westwards 
along the southern flank of Malvinas/Falkland Trough returning eastwards along its northern 
flank (Fig. AIII·2; Cunningham and Barker 1996; Howe et al. 1997; Cunningham et al. 1998; 
Hernández-Molina et al. 2009, 2010). 

 

4. DATA AND METHODS 

We performed regional morpho-sedimentary and seismo-stratigraphic analyses based on 
Single- and Multi-Channel Seismic surveys (SCS and MCS, respectively) conducted along the 
western end of the NSR (Fig. AIII·1B). They include: 1) previously published profiles (References 
data, see Ludwig and Rabinowizt 1982; Cunningham et al. 1998; Lodolo et al. 2006; Tassone et 
al. 2008; Anderson et al. 2010); 2) publicly available SCS lines in the National Geophysical Data 
Center/NOAA and Marine Geoscience Data System/ASP-UTIG (SCS data); 3) available industrial 
seismic sections provided by the Daniel Valencio Geophysical Institute and Secretaría de 
Minería Argentina (WG and 77 data); and 4) MCS data acquired during a 1999 geophysical 
cruise conducted within the TESAC project (TM data). The datasets presented in this work were 
collected with different aims. Details on the used acquisition systems and parameters of the 
seismic lines, and on the processing sequences applied, can be found in previous publications 
(e.g. Geletti et al. 2005; Lodolo et al. 2006) and on the websites of the corresponding 
institutions. However, the quality and resolution of the seismic profiles did not significantly 
hinder a precise correlation of the main seismic reflections identified. 

World Ocean Database 2009 (WOD09) was used as source for hydrographic data to create 
the joint hydrographic and seismic cross sections. Due to the lack of synoptic hydrographic 
sections we have prepared the cross-slope sections combining all available CTD datasets and 
water sample stations were projected onto the seismic cross-section. To reduce the noise due 
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to the variability of water mass distributions the fields are smoothed to represent the time-
mean property distributions. This approach provided on one side a data pool of sufficient size 
suppressing smaller local features and seasonal events. Hydrographic profiles were created 
using Ocean Data View (Schlitzer 2013).  

We laterally correlated the seismic-stratigraphic analyses with the results of Galeazzi (1998), 
Koenitz et al. (2008) and Baristeas et al. (2013) from the northern NSR basins and of 
stratigraphic works performed in the Scotia Sea (Geletti et al. 2005; Maldonado et al. 2006). We 
particularly used the findings of Koenitz et al. (2008) from the Malvinas/Falkland Trough to 
extend the characterization and spatial distribution of the plastered drifts and contourite 
terraces. 

The northwest Scotia Sea abyssal plain adjacent to the Tierra del Fuego continental margin 
is often called the Yaghan Basin (Fig. AIII·1B; Provost et al. 2011). Hereafter we refer to as 
Yaghan Basin the margins and abyssal plain of the northwest Scotia Sea. 

Depth and thickness in the stratigraphic column are expressed in seconds Two-Way Travel-
Time (TWTT). When necessary, a wave velocity of 1500 m/s in the water column was used for 
depth conversion. The unconformity at the base of the sedimentary record is here referred to 
as acoustic basement top, whereas those discontinuities bounding seismic units are labeled as 
horizons. 

The term contourite refers to sediments deposited or substantially reworked by the 
persistent action of bottom currents (e.g. Stow et al. 2002; Rebesco 2005). It encompasses a 
larger array of sediments affected by different types of currents to varying degrees (Rebesco 
et al. 2014). Thick, extensive sedimentary accumulations are called contourite drifts or drifts. 
For the present work, we adopted the classification of Faugerés et al. (1999) (later modified by 
Faugères and Stow 2008). Low-gradient, along-slope surfaces, slightly seaward-dipping, 
produced by erosional and depositional energy processes related to water-mass processes are 
considered here as contourite terraces (Hernández-Molina et al. 2009; Preu et al. 2013). They 
have been related to deep pycnoclines, the interfaces between different water masses (e.g. 
Viana 2001; Hernández-Molina et al. 2009, 2014; Preu et al. 2013), which depths vary both 
vertically and spatially in time (Rebesco et al. 2014). 
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5. RESULTS 

5.1 Main present-day erosional and depositional features 

Several depositional (drift) and erosional contourite features are evident along the Yaghan 
Basin (Fig. AIII·3A). Over the upper slope, a plastered drift (Pa) is common between 350 and 700 
m water depth (wd). Deeper, in the middle-slope, a second plastered drift is evidenced (Pb) 
between 800 and 1500 m wd. To the east of the basin this depth range involve an infill drift 
between the basement highs. Elongated and mounted drifts (Ma) are identified in the western 
middle-slope, between 1600 and 2700 being currently eroded (Fig. AIII·4A). Very well 
developed sheeted drifts are identified in the western part, at the base of the slope (Sha) 
between 3500 and 4000 m wd and mounted drifts in the abyssal plain (Mb), which is located at 
a water depth of 3750 m on average and where drifts are usually confined by structural highs 
(Fig. AIII·3).  

Main erosional and mixed features are abrasive surfaces and contourites terraces. The major 
abrasive surfaces are located in the west between 850 and 2600 m wd (Fig. AIII·4A), dipping to 
the east. Two major terraces are identified (Fig. AIII·3A and AIII·4A): Ta) located between 900 m 
and 1100 m wd, with ca. 10-km-wide dipping to the northeast, where it is 2 km wide. Tb) 
situated in the west middle-slope on top of the Ma drift between 1700 and 2000 m wd, but 
very eroded by three roughly N-S oriented canyons.  

Within the Malvinas/Falkland Depression the seafloor is highly conditioned by the 
morphology of the Malvinas/Falkland Trough. Its depth increases to the east where a set of 
plastered drifts (Pb) is identified between 700 and 1100 m wd, attached to the southwestern 
slope of the Malvinas/Falkland Islands. Sheeted drifts (Shb) adjacent to the sharp northern 
boundary of the Burdwood Bank are observed about 1100 m wd (Fig. AIII·4B). Regarding to the 
erosional and mixed morphologic elements the main abrasion surfaces are located around the 
edges of Burdwood Bank, at depths of 600 m to 1300 m (Fig. AIII·4B). The terrace-shape Ta is 
also presented in this area between 400 and 600 m wd in the southwestern slope of the 
Malvinas/Falkland Islands. This terrace is about 6 km wide, but as exceeds 10 km farther east, 
slightly dipping into the trench, according to data from Koenitz et al. (2008).  
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Figure AIII·3.- Seismic and hydrographic vertical sections from (A) the Yaghan Basin and (B) the Malvinas/Falkland 
Depression. Main morpho-sedimentary features, seismic units, discontinuities and main water masses are indicated. 
Note that Ta and Pa are not completely developed due to the line position, however they are more evident to the 
north as could be appreciate in the bathymetry showed in Fig. III·1B. Profiles locations are given in Figure AIII·1B. 

 

5.2 Main regional structural elements 

The top of the acoustic basement is clearly identifiable as a high-amplitude reflection 
throughout the entire area (Figs. AIII·4, AIII·5). The basement depth of the Yaghan Basin ranges 
from 1 s in the upper slope to 6 s (TWTT) in the abyssal plain (Fig. AIII·6A). In the 
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Malvinas/Falkland Depression the trend of the acoustic basement top follows the eastward 
deepening of the seafloor (>7 s TWTT; Fig. AIII·6A).  

 

Figure AIII·4.- (A) Regional seismic section of transect TM08 through the Yaghan Basin margin. MCS profile (left) 
and interpretation (right). (B) Regional seismic section of transect 77-25, through the east of the Malvinas/Falkland 
Depression. MCS profile (top) and interpretation (bottom). The profile locations are given in Figure AIII·1B. 

The Yaghan Basin is characterized by a highly fractured margin (Fig. AIII·5A). The acoustic 
basement is disrupted by sub-vertical faults that also affect the lowermost sedimentary record. 
Normal faults that widely cut the crust reflections are commonplace along the main 
morphological changes. From north to south, the rough topography dips to the abyssal plain 
through a sub-vertical escarpment comprising a normal fault trace. On the western side, this 
bathymetric drop is slightly smoothed by an intermediate structural high (~25 km-wide) that 
leads to a strongly deformed depression (~14 km-wide). Internally, this high is formed by 
asymmetric and tilted blocks cut by sub-vertical, southward dipping faults (Fig. AIII·4A). 
Regarding the structural characteristics of the Malvinas/Falkland Depression, the northern flank 
of the Burdwood Bank is characterized by NW-thrust faults (Fig. AIII·5B), whereas the southern 
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flank of the Malvinas/Falkland Islands is characterized by sub-vertical normal faults that affect 
both the igneous crust and the lower part of the sedimentary record (Fig. AIII·5B). 

 

5.3 Sedimentary record: distribution and stratigraphic analysis 

The sedimentary record presents highly variable thickness over the study area (Fig. AIII·6B). 
The Yaghan Basin has a reduced averaged thickness (~0.5 s TWTT) compared to the 
Malvinas/Falkland Depression (~2 s TWTT), where the mean sediment thickness increases 
towards the trough (eastward), exceeding 3 s (TWTT) (Fig. AIII·6B). In the Yaghan Basin slope, 
two depocenters with >1 s (TWTT) are identified (Fig. AIII·6B): matching with deeper basement 
depressions that are in-filled with sediments (Fig. AIII·5A). 

 

Figure AIII·5.- (A) Regional seismic section of transect TM11 through the Yaghan Basin margin. (B) Regional seismic 
section of transect 77-23, through the Malvinas/Falkland Depression. The profile locations are given in Figure AIII·1B. 
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Five seismic units can be distinguished within the sedimentary record, referred to as (from 
bottom to top) Units V to I. Their boundaries are formed by high amplitude, laterally continuous 
reflections that locally represent stratigraphic unconformities. These reflections are referred to 
as (in upwards stratigraphic order) Horizons d to a (Fig. AIII·3, AIII·4). The discontinuities are 
generally deeper in the Yaghan Basin abyssal plain than in the Malvinas/Falkland Depression, 
where all discontinuities tilt towards the trough, just as the internal reflections of the units do. 
A brief description of each unit’s seismic facies and of each discontinuity’s stratigraphic 
signature is provided in Table AIII·I. Horizon-c is the most prominent reflection of the area, as 
it is a high-amplitude reflection and generally, the most erosive surface (Fig. AIII·3, AIII·4). 
Moreover, the units formed below Horizon-c (Units V and IV; hereafter, the lower units), exhibit 
different seismic facies than do the units above it (Units III, II and I; hereafter, the upper units). 
Also the Horizon-b represents a prominent discontinuity particularly in the Yaghan Basin where 
this high amplitude reflection generates toplap end of the lower reflections. 

 Malvinas/Falkland Depression Yaghan Basin 

Unit I 
Few reflections of high amplitude  
High lateral continuity 
Thickness 0.3-0.5 s (TWTT) 

Horizon-a 
Middle amplitude 
Maximum depths 1.2-2.2 s (TWTT) 
W-E  

Middle amplitude 
Maximum depths 2.6-3.5 s (TWTT) 
W-E 

Unit II 
High amplitude 
Middle lateral continuity 
Thickness 0.3-0.5 s (TWTT) E-W 

High amplitude 
Middle lateral continuity 
Thickness 0.2-0.3 s (TWTT)  

Horizon-b 
Low amplitude  
Maximum depth 2.9 s (TWTT) 

High amplitude 
Depth range 3.9-4.1 s (TWTT) 

Unit III 
Low amplitude 
Evenly continuous 
Maximum thickness 0.8 s (TWTT) 

High amplitude 
High continuity 
Average thickness 0.4 s (TWTT) 

Horizon-c 
Depth tilts 1.2-2.9 s (TWTT) N Depth range 3.5-4.8 s (TWTT) 

S Depth range 1.6-5.6 s (TWTT) 

Unit IV 

Few reflections of high amplitude  
High lateral continuity 
Chaotic in the N 
Tilt to the trench 
Maximum thickness 0.7 s (TWTT) 

Middle amplitude 
Middle lateral continuity: 
discontinuous zones 
Widespread extension 
Average thickness 0.5 s (TWTT) 

Horizon-d 
Strong high amplitude tilt 2.2-3.6 s 
(TWTT)  

Weak in an average depth of 4.5 s 
(TWTT) 

Unit V 

High amplitude 
High lateral continuity 
Highly deformed and tilted to the S 
Maximum thickness 0.8 s(TWTT) 

Low amplitude 
Low lateral continuity decreasing 
downward 
Maximum thickness 1 s (TWTT) 

Table AIII·I.- Main stratigraphic characteristic of the distinguished units and horizons. 
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In the Yaghan Basin the lower units present low amplitude. They reach their maximum 
thickness (>0.5 s TWTT) in the western edge, parallel to the foot of the slope and matched with 
the greatest basement depths (Figs. AIII·4A, AIII·7A). In the Malvinas/Falkland Depression, the 
lower units are formed by high-amplitude reflections and their wedge morphology fills the 
trough. The thickness increases to the southeast, and the main depocenter (>1s TWTT) follows 
the trend of the trough, sharply thinning along the northern margin of Burdwood Bank (Figs. 
AIII·4B, AIII·6A, AIII·7A).  

 

Figure AIII·6.- (A) Contours of the depth of the acoustic basement top in the study area. (B) Thickness 
distribution of the sedimentary record throughout the study area. Both expressed in TWTT seconds. 
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Figure AIII·7.- Sedimentary thickness maps for (A) the lower units (V and IV); and (B) the upper units 
(III, II and I). Both expressed in TWTT seconds. 

In the Yaghan Basin the amplitude of the internal reflections of the upper units is higher 
than those of the lower units’ reflections. The upper units present drift morphologies, which 
are especially developed in the western part (Fig. AIII·3A, AIII·4A). To the east, the main drifts 
(Sha and Mb) are restricted to the Units II and I whereas along the slope the three upper units 
are involved in mounted and plastered drifts. The upper units are distributed according to the 
morphology of the slope, but the depocenters (>0.5 s TWTT) are located north of those in the 
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lower units (Fig. AIII·7). The upper units’ reflections of the Malvinas/Falkland Depression have 
lower amplitudes and they exhibit wavy or drift morphologies superimposed onto their wedge 
shape. The main contouritic features (Shb; Fig. AIII·4B) are restricted to the Unit I whereas Pb 
involves the three upper units. Nonetheless, in the central and eastern sectors, all three upper 
units are involved in contouritic formations. Between Horizon-b and the seafloor, a 
progradation architecture is distinguishable. The thickness of the upper units increases 
southward, following the margin morphology. Here, the sedimentary thicknesses change 
quickly from maximum values of ~2 s (TWTT) in the trough to be absent near the Burdwood 
Bank (Fig. AIII·7B).  

 

6. DISCUSSION 

6.1 Contourite features and bottom currents 

Through an across-slope section in the Yaghan Basin, the next correlation between 
depositional and erosional features with water masses and their interfaces can be revealed 
from shallower to deeper environments: 

Pa is placed under the AAIW influence zone (Figs. AIII·3A, AIII·8).  

Ta occupies the depth estimated for the AAIW/UCDW interface. 

Pb is related to the northward flow of the UCDW flows attached to the upper slope of the 
western Yaghan Basin and evolves into an infill drift to the east of the basin (Fig. AIII·5). 

Tb and Ma are situated within the depth range of the UCDW/LCDW interface. This area depth 
range comprises the tentative SPDSW domain (~2000 m; Well et al. 2003). The eroded surface 
suggests that a highly erosive water-mass flows along the northwest Scotia Sea, where it 
interacts with the across-slope gravity currents to cause enclosure of the middle-slope canyons. 
Consistently with the reported depths for the LCDW core in this part of the Scotia Sea (>2000 
m; Smith et al. 2010), the relatively smooth slope below this level might be associated with the 
flow of LCDW shifts to the northeast that follow the slope morphology (Fig. AIII·9). 

Sha drifts reveals a northeastward net bottom flow formed, which must be mainly associated 
with SPDW (Fig. AIII·9). 

Mb drifts, associated with basement irregularities, generate the complex seafloor 
morphology inferred from observed at the Yaghan Basin abyssal plain. These structures could 
be determined produced by the deep-reaching eddies originated by the interaction between 
the SPDW and the CDW (Tarakanov 2012).  
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The correlation between depositional and erosional features in the Malvinas/Falkland 
Depression with water masses and their associated interfaces is here discussed from shallower 
to deeper environments: 

Ta is associated with the lower boundary of the AAIW (Fig. AIII·9). 

Pb drift lies in a depth range within the UCDW. Consequently, these drifts are related to the 
eastwards flow of the UCDW, through the upper slope of the Malvinas/Falkland Islands (Figs. 
AIII·5B, AIII·8B, AIII·9). This water mass flows eastward along the northern flank of the Scotia 
Sea and diverts northward through the 54-54 and Shag Rock Passages (e.g. Arhan et al., 1999; 
Naveira Garabato et al., 2002a). 

Shb drift is also under the influence of the UCDW although this UCDW branch flows 
westwards, attached to the southern flank of the trough. This observation corroborates the 
existence of a relationship between the abrasive surfaces in the northeast edge of the 
Burdwood Bank and a core of UCDW flowing through the 54-54 Passage (Fig. AIII·9). 

 

Figure AIII·8.- Sketch with the location of the main contourite drifts, contourite terraces and abrasion surfaces areas 
identified in this work. The induced trajectories of the bottom water masses are tentatively shown. M/F C, 
Malvinas/Falkland Current. Legend for bottom water masses in Figure AIII·2. 

In both areas, the Yaghan Basin and the Malvinas/Falkland Depression, the shallower terrace, 
Ta, matches with the depth range of the lower boundary of the AAIW layer (Figs. AIII·3, AIII·9). 
After its formation, this water-mass flows to the north, within the upper fractions of the 
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Malvinas/Falkland Current, above the UCDW. The AAIW/UCDW interface and associated 
processes (e.g., internal waves, etc) contribute to the formation of other terraces in the 
Southern Hemisphere. This is the case of the Perito Moreno terrace (~1000 m) and the 
extensive Ewing terrace (~1500 m), which have been attributed to its bottom boundary in both 
the Argentinian and Uruguayan margins (Hernández-Molina et al. 2009; Preu et al. 2013). In 
contrast, based on the analysis of modern hydrographic data, Piola et al. (2013) found that on 
the western slope of the Argentine Basin near 45°S UCDW could occupies the bottom water 
layer over the Perito Moreno Terrace. The increase in the depth range of these terraces from 
the northern Scotia Sea to the Uruguayan margin agrees with a slight northward deepening of 
the AAIW layer proposed by some authors (Matano et al. 2010; Piola et al. 2010).  

 

Figure AIII·9.- Regional overview of the identified contourite terrace Ta. (A) Profile 1, 
taken in the southern slope of Malvinas/Falkland Islands, is from Koenitz et al. (2008, 
with permission from Elsevier). (B) Interpretation of Profile 1. (C) Line IUTIG_rc2106-
145 in the southern slope of the Malvinas/Falkland Islands. (D) Line IT-244 in the 
western slope of the Yaghan Basin. 
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Despite of this general scheme for the shallower circulation and the bottom water masses 
identification within the Scotia Sea, the bottom current regime in the Malvinas/Falkland Trough 
remains a subject of debate (Cunningham and Barker 1996; Howe et al. 1997; Cunningham et 
al. 1998, 2002). The circulation patterns that we identified agree with a slightly clockwise 
recirculation of the ACC west of 53ºW forced by the eastern emplacement of the WSDW (Fig. 
AIII·8). The bottom-waters in the Malvinas/Falkland Trough have been attributed to 
northwestwards overflow of bottom waters from the Scotia Sea —namely, mixtures of WSDW 
and CDW (Zenk 1981). In the NSR, east of the study area, deeper gateways provide an exit for 
the LCDW, SPDW and WSDW (e.g. Locarnini et al. 1993, Arhan et al. 1999; Naveira-Garabato et 
al. 2002b; Smith et al. 2010). These water masses flow eastward, generating the previously 
described eastern drifts (Fig. AIII·8; Cunningham and Barker 1996; Howe et al. 1997; 
Cunningham et al. 1998, 2002; Koenitz et al. 2008). To the east of the trough, the northwards 
flow has previously been attributed to the WSDW. Also, the non-deposition in the southern 
margin east of 53ºW is presumably related to a westward flow of WSDW (Georgi 1981; 
Locarnini et al. 1993). However, the non-deposition in the northern margin could be attributed 
to upwards mixing of the returning WSDW into the LCDW layer, or to circulation of the deepest 
components of the ACC (Cunningham and Barker 1996; Cunningham et al. 1998, 2002; Smith 
et al. 2010).  

 

6.2 Main tectonic features 

The opening of the Drake Passage (e.g. Lawver and Gahagan 2003; Lodolo and Tassone 
2010; Livermore et al. 2005) produced the subvertical, normal, south-dipping faults identified 
in the Yaghan Basin (Figs. AIII·5A, AIII·3A). Here, along the described sub-vertical escarpment 
described above (between 66° and 56° W), there is an abrupt transition between the 
continental domain of the NSR elements and the oceanic domain of the Scotia Sea (Fig. AIII·1). 
However, on the west side (between 68° and 66° W) the highly-faulted crust blocks denote a 
fringe of stretched and tectonized continental crust resulting from the previously defined 
combined-sheared passive margin (Fig. AIII·1C; Lodolo et al. 2006). The late Cretaceous-
Paleogene compressive tectonic regimen produces a series of N-to-NW-verging thrust faults 
in the NSR (Figs. AIII·3B, AIII·5B; Bry et al. 2004; Tassone et al. 2008). The subvertical normal 
faults identified in the northern flank of the Malvinas/Falkland Depression (Figs. AIII·3B, AIII·4B) 
are related to the downward bending of the South America plate by the load generated by the 
Burdwood Bank and the Scotia Plate (Bry et al. 2004; Koenitz et al. 2008). Consequently, and 
despite the ancient tectonic context, the structures observed in both flanks of the NSR were 
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established by the recent relative motion of the South American and Scotia plates along the 
present plate boundary (Figs. AIII·1; Lodolo et al. 2006). 

 

6.3 Chronology and regional correlation 

There have been several studies of the Malvinas Basin stratigraphic record from the Jurassic 
to the Present (Yrigoyen 1989; Galeazzi 1998; Tassone et al. 2008; Baristeas et al. 2013). The 
stratigraphic sequences defined in these studies record the great tectonic changes of the basin 
from its syn-rift phase (168 to 150.5 Ma) to its fore-deep phase (42.5 Ma to Present-day). The 
five units that we define in the sedimentary record of the Malvinas/Falkland Depression could 
be included in the Upper Sequence of the Malvinas Basin, as defined by Tassone et al. (2008) 
and Baristeas et al. (2013); they would correspond to the fore-deep phase of the basin. The 
overfilling stage during the development of the fore-deep is attributed to rising of the FTB 
during the Oligocene as a consequence of the compressive tectonic regime of the late Eocene 
(Ghiglione et al. 2009; Baristeas et al. 2013). Although the amplitude and lateral continuity of 
the reflections are significantly reduced in the Yaghan Basin with respect to the 
Malvinas/Falkland Depression, we have tentatively correlated the five units of the 
Malvinas/Falkland Depression to the analogous units in the Yaghan Basin based on its 
stratigraphic position and the equal signature of the boundary discontinuities (Table AIII·I). 

Previous studies of the northern margin of the Malvinas/Falkland Trough (Koenitz et al. 
2008) have correlated the main stratigraphic discontinuities in the plastered drift record with 
those in remote areas such as the south Scotia Sea (Maldonado et al. 2003) and the Agulhas 
Ridge (Uenzelmann-Neben 2001). The correlation between the age attribution of Koenitz et al. 
(2008) and our findings in the present work is shown in Table AIII·II. According to this 
relationship, the oldest unit that we identified in the present work (i.e. the Unit V), would have 
been formed in the early Miocene, whereas Unit IV would correspond to the early-middle 
Miocene. Both units are highly influenced by the basement morphology (Fig. AIII·3). 
Maldonado et al. (2006) assigned an age of 12.1 Ma for a widespread regional reflector 
identified in the southern Scotia Sea, which they called Reflector-c and which is related to a 
main stratigraphic and depositional change, as seen in the seismic profiles. Reflector-c might 
correspond to Horizon-c defined in the present work, which is also the boundary between two 
different sedimentary patterns. Furthermore, the upper deposits have similar facies in both 
areas (e.g. wavy reflections, stratified facies and drift morphologies). According with the age 
correlation of Koenitz et al. (2008) and Maldonado et al. (2006), Unit III would correspond to 
the middle Miocene, and the two most recent units (Units II and I), to the late Miocene-Pliocene 
and late Pliocene-Quaternary periods, respectively. 
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Malvinas/Falkland Trough   W Malvinas/Falkland Basin   S Scotia Sea  This work 

Minor unconformity within 
drift crest 

4.5 Ma 
1  5.5 Ma  Reflector‐a  3.8 Ma  ~ 

Horizon‐a 

Younger mayor unconformity  9 Ma  5  10.5 Ma  Reflector‐b  6.4 Ma  Horizon‐b 

Minor unconformity within 
main drift body 

14.5 Ma 
6/7  12.5/13.8 Ma  Reflector‐c  12.6 Ma  Horizon‐c 

Basal unconformity  20.6 Ma  8/11  15.5/21 Ma  Reflector‐d  14.9 Ma  Horizon‐d 

Table AIII·II.- Relation between the previously identified discontinuities within the Malvinas/Falkland Trough 
(Koenitz et al. 2008), Western Malvinas/Falkland Basin (Galeazzi, 1998), Southern Scotia Sea (Maldonado et 
al. 2006) and those distinguish in the Malvinas/Falkland depression in the present work. The proposed ages 
are shown. 

6.4 Evolutionary model 

The main tectonic changes linked to the Drake Passage evolution and the sedimentary units 
age attribution presented in the previous section allow us to determine three main evolutionary 
steps in the water mass circulation pattern: 

a) Middle Miocene bottom currents enhance and onset of AAIW 

Related to the Drake Passage opening, the northeastward elongation of the Weddell Sea 
subduction below the former Scotia Plate during Oligocene and the relative movement 
between South America and Antarctic plates, led to establishment of a north Scotia Sea 
transcurrent boundary that was the precursor of the present NSR (Eagles and Jokat 2014). 
According to Koenitz et al. (2008), the south Malvinas/Falkland slope drift started to develop 
at ca. 20.6 Ma. A recent study suggests that this drift began with the opening of the 
Malvinas/Falkland Trough to frontal processes at 18.5 Ma, during the northward propagation 
of the West Scotia Ridge through the NSR and into the trough (Eagles and Jokat 2014). In spite 
of a tentative Pb drift onset during the early Miocene, our observations instead suggest its later 
instauration during sedimentation of Unit III, at which time the Drake Passage was already 
opened to deep water flows (Pagani et al. 2000). The steadier tectonic context enabled initiation 
and reorganization of the ACC through the Malvinas/Falkland Trough. It was during the middle 
Miocene that the current intensity increased in the entire area, establishing the base of the 
present circulation pattern and facilitating widespread contourite drift formation. Otherwise, it 
would be coeval with opening of the SSR gateways (Maldonado et al. 2003), growth of the 
Antarctic ice sheets (Shackleton and Kennett 1975; Zachos et al. 2001) and a general decrease 
in the sedimentation rate around Antarctica (Handwerger and Jarrard 2003). This period of 
vertical growth has been coevally dated with the Argentine margin growth (Hernández-Molina 
et al. 2010) and has been associated with the end of compressional tectonics in the Patagonian 
Cordillera (Torres-Carbonell and Dimieri 2013). 

The Ta contourite terrace has been developing offshore of Tierra del Fuego since the 
emplacement of Horizon-c (Fig. AIII·9) during the middle Miocene —the same period in which 



  Scotia Sea – Southern Atlantic Ocean Transition 

379 

 

the AAIW/UCDW interface started to generate the Perito Moreno and Ewing terraces 
(Hernández-Molina et al. 2009; Preu et al. 2013). Consequently, we propose here that the onset 
of the AAIW and its widespread northward circulation was during the middle Miocene. 

b) Late Miocene SPDW flow into the Scotia Sea 

The enhanced CDW circulation incremented by the onset of ice sheets grounded through 
the Antarctic Peninsula shelf occurred in the previous phase (Maldonado et al. 2003) was added 
to the inflow of SPDW via the Drake Passage during the late Miocene, in relation to shoaling 
of the Central American Seaway (Nisancioglu et al. 2003). The Horizon-b erosive features in the 
Yaghan Basin, and the main drifts of its abyssal plain (Sha and Mb) developed in the above 
seismic units support this conclusion. The energetic, deep-reaching eddies (Tarakanov 2012) 
probably generated the irregular seafloor morphology and the drifts formation attached to the 
acoustic basement highs (Fig. AIII·5B) once the SPDW started to interact with the LCDW.  

The compression generated by the transpressive regime along the northern margin of the 
Burdwood Bank after the cessation of the WSR activity (Richards et al. 1996; Maldonado et al. 
2000; Bry et al. 2004; Esteban et al. 2014) produced a change in the sedimentary pattern along 
the northern flank of NSR. Consequently, the Pb drifts of the Malvinas/Falkand slope 
progradated from Horizon-b, due to the regional deepening. The Argentine margin replays 
similarly to the study area, as evidenced by the onset of oceanward progradation of 
stratigraphic sequences, and a halt in the growth of giant drifts, during the late Miocene-early 
Pliocene (Hernández-Molina et al. 2009, 2010; Preu et al. 2013).  

c) Late Pliocene enhancement of bottom currents 

The growing drifts in Unit I and the formation of certain widespread drifts which include the 
Shb and the plastered drift identified in the Malvinas Basin by Baristeas et al. (2013), reveal a 
bottom current enhancement during the late Pliocene. This is related to the end of the Central 
America Seaway closure, inducing glaciation of the Northern Hemispheric (e.g. Nisancioglu et 
al. 2003; Bartoli et al. 2005). In turn it was also coeval with final cessation of Phoenix Ridge 
activity (Maldonado et al. 2000) and with expansion of Antarctic ice sheets (McKay et al. 2012).  

 

7. CONCLUSIONS 

Morpho-sedimentary and seismo-stratigraphic analyses performed on the available seismic 
data in the Tierra del Fuego continental margin, the northwest Scotia Sea abyssal plain (Yaghan 
Basin) and the Malvinas/Falkland Depression, enabled us to infer the main water masses 
current-related depositional and erosional features as well as the sedimentary growth patterns, 
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and correlate the main changes observed in the sedimentary record at a regional scale with 
coeval events in other regions. 

We have established that the lower units of the Yaghan Basin, such as those of the 
Malvinas/Falkland Depression, are controlled by the morphology and structures of the acoustic 
basement as occurred in the southern Scotia Sea. Nevertheless, the upper units are mainly 
formed by contourite depositional and erosional features developed between the middle 
Miocene and the Present-day. The depositional features are basically formed by contourite 
drifts, their type evolves from plastered drifts attached to the slope to sheeted and mounted 
drifts in the abyssal plain.  

The seafloor abrasive areas are related to a significant flow of AAIW and UCDW. The 
contourite terrace Ta observed along the middle slope of the study area is associated with the 
depth range of the AAIW/UCDW interface. Contourite terraces might follow the bottom 
boundary of the AAIW along the western margin of the South Atlantic Ocean. The slight change 
in depth of the location of these terraces denotes a northward deepening, which we have 
tentatively correlated to the remoteness of the source of this water mass. The main plastered 
drifts (Pb) are regionally associated with the UCDW circulation.  

In the Yaghan Basin the SPDSW represents also an important erosive water mass along the 
middle slope. Whereas in its abyssal plain, the SPDW and LCDW interaction generates the 
sheeted (Sha) and mounted drifts (Mb).  

Three main evolutionary steps of the bottom currents could be distinguished in the region: 
(1) The onset of the northward flow of AAIW during the middle Miocene, mainly characterized 
by the terrace formation. (2) The onset of SPDW flow into the Scotia Sea during the late 
Miocene, marked by the presence of Horizon-b and the development of abyssal plain drifts 
(Sha and Mb). (3) The late Pliocene widespread drift grown, interpreted as a more recent 
increase of the oceanic flows. This variation in the oceanographic patterns is coeval with 
regional tectonic changes and Antarctic ice sheets oscillations, which contribute to the 
sedimentary architecture of the region.  
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