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Abstract

The opening of the Drake Passage marked the final break-up of Gondwana
Supercontinent, with the creation of the Scotia Arc. The Scotia Sea, located between South
America and Antarctica, is constituted at present by the Scotia and Sandwich plates. To the
west of the Scotia Plate, the Shackleton Fracture Zone accommodates the Phoenix Plate and
Scotia Plate movements. The development of the Scotia Sea is considered a key gateway
for both asthenospheric and oceanic currents. The opening of the Drake Passage is evoked
as the last Southern Ocean gateway, which led to the instauration of the Antarctic
Circumpolar Current, isolating the Antarctic Continent and bearing a major influence on
climatic and global changes.

In this Ph.D. Thesis it is shown that the opening of the passage meant a gateway for
Pacific mantle outflow because of the absence of deep lithospheric roots in the passage
(Chapter 5). The mantle material fed the West Scotia Ridge until the uplift of the
Shackleton Fracture Zone in the middle Miocene (Chapter 8). The Shackleton Fracture
Zone relief formed a lithospheric root in the Drake Passage, serving as a barrier for the
asthenospheric flows, avoiding the mantle material fed the West Scotia Ridge properly.
Simultaneous to this asthenospheric setting, the uplift of the Shackleton Fracture Zone
together with the initial incursions of the Weddell Sea Deep Water in the Scotia Sea forced
the Circumpolar Deep Water and the Polar Front to move even further from Antarctica.
This had profound climatic implications, favoring the thermal isolation of Antarctica and
the growing and permanent ice-sheets.

As the Scotia Arc is considered a small ocean formed as a back-arc, and fed mostly
by the Pacific mantle, the small convection cells responsible for oceanic spreading lend the
West Scotia Sea a very different thermal behavior than large oceans (Chapter 6). The
mantle dynamics also control the tectonic distribution of the Scotia Arc and surrounding
areas. The subduction of the Phoenix Plate in the western margin of the Antarctic Peninsula
formed the batholithic body known as the Pacific Margin Anomaly, which is used to
propose an initial distribution of the continental blocks in the Antarctic Peninsula and in the

Scotia Arc, and an opening model of the Scotia Sea (Chapter 7). As a consequence of the



Phoenix Plate subduction, due to the roll-back of the South Shetland Islands Block, the
Bransfield Strait developed as a back-arc basin. This basin is found to be in its final stages
of continental extension in some areas, and in the early stages of oceanic spreading in
others (Chapter 9). The Bransfield Strait is characterized by a central neovolcanic axis, the
Deception Island active volcano being located in its southern part. The volcano is a
consequence of the active extensional setting of the Bransfield Strait, analyzed here using a
new methodology (Chapter 10) in order to assess its volcanic activity over a 20-year period.

In summary, an interdisciplinary analysis of the Scotia Arc and surrounding areas is
accomplished in this Ph.D. Thesis in order to improve in the knowledge and understanding

of the study area evolution and the implications in global scale.



Resumen

La apertura del Paso del Drake, situado entre Sudamérica y la Antartida, constituyo
la ultima etapa de fragmentacion del Supercontinente Gondwana, dando lugar al Arco de
Scotia. Este arco bordea el Mar de Scotia, y estd formado actualmente por las placas de
Scotia y Sandwich. El limite oeste del Mar de Scotia lo forma la Zona de Fractura
Shackleton que acomoda el movimiento entre la Placa Phoenix y la Placa Scotia. La
formacion del Paso del Drake y el Mar de Scotia se considera de gran importancia para la
circulacion ocednica, permitiendo la instauracion de la Corriente Circumpolar Antartica que
aislo al continente antartico, con fuertes implicaciones en cambios climaticos y globales.

A lo largo de esta Tesis Doctoral se muestra que la apertura del Paso del Drake
supuso un portal para el manto procedente del Pacifico debido a la ausencia de las raices
litosféricas profundas (Capitulo 5). Este material mantélico alimentd la Dorsal Occidental
de Scotia hasta que la Zona de Fractura Shackleton comenz6 a elevarse en el Mioceno
medio (Capitulo 8). La formaciéon de este relieve conllevo el desarrollo de una raiz
litosférica en el Paso del Drake, impidiendo el paso de los flujos astenosféricos y por tanto
la adecuada alimentacion de la Dorsal Occidental de Scotia. Simultaneamente, el
levantamiento de la Zona de Fractura Shackleton, junto con las incursiones iniciales del
Agua Profunda del Mar de Weddell en el Mar de Scotia forzaron a la Corriente
Circumpolar Antartica y al Frente Polar a desplazarse hacia el norte en la zona de estudio,
alejandose de la Antartida. Esto tuvo grandes implicaciones climdticas, favoreciendo el
aislamiento térmico de la Antartida y el crecimiento y estabilidad de las capas de hielo.

Al considerarse el Arco de Scotia como un océano de pequeias dimensiones
formado como un barck-arc y alimentado principalmente por el manto procedente del
Pacifico, las pequefias células mantélicas responsables de la expansion oceanica hacen que
el comportamiento térmico de Mar de Scotia Occidental sea diferente al de los océanos de
grandes dimensiones (Capitulo 6). La dindmica del manto controla también la distribucion
tectonica del Arco de Scotia y las regiones circundantes. La subduccion de la Placa Phoenix
en el margen oeste de la Peninsula Antartica dio lugar al cuerpo batolitico conocido como

Anomalia del Margen Pacifico. Dicha anomalia ha sido utilizada para proponer la



distribucion inicial de los bloques continentales en la Peninsula Antértica y en el Arco de
Scotia, asi como un modelo de apertura del Mar de Scotia (Capitulo 7). Como consecuencia
de la subduccién de la Placa Phoenix, debido al roll-back del Bloque de las Islas Shetland
del Sur, se desarrollo la cuenca de back-arc del Estrecho de Bransfield. Esta cuenca parece
encontrarse en su etapa final de extension continental en algunas areas y en los comienzos
de extension ocednica en otras (Capitulo 9). El Estrecho de Bransfield se caracteriza por un
eje neo-volcanico central, en el que se encuentra el volcan activo de Isla Decepcion. Este
volcan surge como consecuencia del régimen extensional que caracteriza la Cuenca
Bransfield. La actividad volcanica de Isla Decepcion ha sido analizada en un periodo de 20
afios aplicando una nueva metodologia que ha permitido detectar las crisis volcéanicas
ocurridas dentro de ese periodo (Capitulo 10).

En definitiva, en esta Tesis Doctoral se realiza un analisis multidisciplinar del Arco
de Scotia y regiones circundantes con vistas a mejorar en el conocimiento y entendimiento

de su evolucion asi como la comprension de sus implicaciones a escala global.



Extended abstract

The opening of the Drake Passage involved the final break-up of Gondwana
Supercontinent, and gave way to the development of the Scotia Arc. The Scotia Sea,
located between South America and Antarctica, is constituted at present by the Scotia and
Sandwich plates. The Scotia Arc is surrounded by the Former Phoenix and the Antarctic
plates to the west, the Antarctic Plate to the South and the South American Plate in the
remaining sites. The structure that accommodates the movements between the Scotia Plate
and the Former Phoenix Plate is known as the Shackleton Fracture Zone. The development
of the Scotia Sea is associated with the final gateway for the Southern Ocean, with
implications for global ocean circulation and, in turn, for global changes on the Earth.
Moreover, this break-up has been theoretically considered as the gateway for Pacific mantle
outflow, since deep lithospheric roots are no longer present in the area.

In this Ph.D. Thesis, the Scotia Sea and surrounding areas are analyzed in order to
improve our understanding of the asthenospheric and lithospheric dynamics of the study
area, their effects on the growth pattern of oceanic basins —including paleoceanographic
and depositional and tectonic processes— and how these processes may have influenced
global changes. To reach these objectives, several kinds of geophysical data (multichannel
seismic and gravity and magnetic data) and methodologies are applied. They are described
and discussed in the six scientific articles that constitute the main body of this Ph.D. Thesis.

It is proposed that the Drake Passage is still a gateway for asthenospheric currents
(Chapter 5) from the Pacific to the Atlantic Ocean and the Weddell Sea. However, they
cannot flow freely due to the continental lithospheric roots of South America and
Antarctica, and to the influence of the Shackleton Fracture Zone lithospheric root. The
lithospheric root associated with this structure was most likely responsible for the
extinction of oceanic spreading in the West Scotia Sea because the mantle material supply
decreased. This lithospheric root developed when the structure started to uplift, forming the
present relief.

Moreover, owing to the small size of the West Scotia Sea and this

asthenospheric/lithospheric setting, the lithosphere presents an abnormal thermal behavior



in comparison with large oceans (Chapter 6). The small size of the mantle cells means
relatively low heat flow and thinner lithosphere. These factors determine a faster evolution
to reach thermal equilibrium of the lithosphere and the final depths. Based on this faster
thermal evolution for small oceans, we propose a new depth-age relationship,
d(t) = 4480 — 19380exp(—t/4). The heat flow was modeled indicating older apparent
ages than in large oceans; and although the age cannot be determined for crusts over 15 Ma,
heat flow is the best measure to obtain the maximum lithospheric thickness in small oceans.
All these processes favored the oceanic deep water connection and affected continental and
oceanic flora and faunal exchanges.

The magnetic studies of the Scotia Arc show that the varying intensity of the Pacific
Margin Anomaly may be a consequence of the asymmetry of the trend of subduction of the
Phoenix Plate, which is orthogonal to the Pacific Margin of the Antarctic Peninsula and
oblique to South America (Chapter 7). The Pacific Margin Anomaly is well recognized in
the Antarctic Peninsula and in the South Shetland Islands, extending along the South Scotia
Ridge continental blocks —South Orkney Microcontinent and southern Discovery Bank—
and it may occur in the northern part of Herdman Bank. However, some magnetic
anomalies identified in the North Scotia Ridge may be associated with basic rocks
emplaced in pull-apart basins formed along a broad transcurrent zone separating South
America and Antarctica since the Cretaceous due to the South Atlantic oceanic spreading.
This has brought to light a novel continental block reconstruction of the Arc before its
development.

This asthenospheric and lithospheric setting influenced the tectonics and oceanic
current distribution above the seafloor. The opening of the Drake Passage entailed the onset
of the Antarctic Circumpolar Current. Evidence of bottom-current activity is observed
throughout the entire sedimentary record (Chapter 8). The Circumpolar Deep Water
influenced the oldest depositional units (until the Miocene); and the combined effect of this
current and the Weddell Sea Deep Water affected the younger units developing drift
deposits. Moreover, we found that the Shackleton Fracture Zone may have initiated as an
oceanic ridge before the middle Miocene, diverting the Weddell Sea Deep Water into two
branches, one northward and another westward to the Pacific Ocean. The Shackleton

Fracture Zone relief, together with the initial incursions of the Weddell Sea Deep Water,



forced the Antarctic Circumpolar Current and the Polar Front to move even further from
Antarctica. These events are coeval with the onset of the permanent East Antarctic Ice
Sheet and with tundra landscape that persisted until at least 12.8 Ma in the Antarctic
Peninsula.

In the Scotia Arc and the Phoenix Plate framework, the Bransfield Strait was studied
in order to discuss its oceanic character (Chapter 9). The Bransfield Basin is located
between the South Shetland Islands and the Antarctic Peninsula, and it is usually
considered as a back-arc basin associated with the subduction of the Phoenix Plate. Many
authors have discussed its oceanic character. In this Ph.D. Thesis we show that the
integration of the potential field data and the modeling are compatible with the extensional
character of the basin, which probably floored in the central sector by an oceanic crust
above an anomalous mantle.

Additionally, the presence of an active volcanic axis and the thin crust support
rifting in its latest stages, or the presence of an incipient oceanic crust formed by recent
oceanic spreading in the central part of the Bransfield Basin. Relevant evidence of the
volcanic activity of the basin can be observed in the Deception Island volcano (Chapter 10).
After about a 20-year-long (from 1987 to 2008) magnetic study of this structure, we
performed very detailed analysis of the error budget to ensure confidence in the results.
Once this was done, based on the changes in the magnetic anomaly maps, the spatial
distribution of ASV and the forward modeling, we found that: the changes in the inner bay
of the island would have been caused by magma uplift (at some time between 1987 and
1999, towards the southeastern part of Deception Island) and the later spreading of its
thermal effects, and the SE outer part of the island was also affected by the magma uplift.
These developments can be associated with the 1992 and/or 1999 volcanic crises, and
posterior progressive cooling of the smaller structures. The fast and simple magnetic
technique carried out in this study allows the evolution of an active volcano to be
monitored, which could complement other techniques.

In summary, this multidisciplinary analysis of the Scotia Arc integrating a variety of
methodologies to an extensive data bank represents a significant step to improved
knowledge and understanding of the development of the Scotia Arc and surrounding areas,

and their implications for evolution at the global scale.






Resumen extendido

La apertura del Paso del Drake, el cual esta localizado entre Sudamérica y la
Antartida, supuso la ruptura final del Supercontinente Gondwana, dando lugar al Arco de
Scotia. Los elementos geologicos que constituyen dicho arco se encuentran en la actualidad
dispersos a lo largo del perimetro del Mar de Scotia, que estd constituido actualmente por la
Placa de Scotia y la Placa Sandwich. El Mar de Scotia estd bordeado por la extinta Placa
Phoenix y la Placa Antértica al oeste, la Placa Antartica hacia el sur y la Placa
Sudamericana al norte y al este. La estructura que acomoda el movimiento entre la extinta
Placa Phoenix y la Placa de Scotia es la Zona de Fractura Shackleton. El desarrollo del Mar
de Scotia se considera como el ultimo portal oceanico para el Océano Antartico con
implicaciones en la circulacion oceanica global, y por consiguiente, en cambios a nivel
global en la Tierra. Aparte de las implicaciones en la distribucion de las corrientes
ocednicas, el Paso del Drake también ha sido considerado como un portal para el manto
procedente del Pacifico ya que las raices litosféricas profundas desaparecieron en el
momento de la ruptura final de Gondwana.

En esta Tesis Doctoral se analizan el Mar de Scotia y las zonas circundantes con el
fin de mejorar el conocimiento y entendimiento de la dindmica astenosférica y litosférica en
el area y sus efectos en los patrones de crecimiento de las cuencas oceanicas, incluyendo
procesos deposicionales, tectonicos y paleoceanograficos, asi como la influencia de estos
procesos en los cambios a escala global. Para alcanzar los objetivos planteados se han
usado diferentes tipos de datos (fundamentalmente sismica de reflexion multicanal,
gravedad y magnetismo) y se han aplicado diversas técnicas geofisicas. Tanto los datos
como los métodos aplicados son descritos y discutidos en detalle en el cuerpo principal de
esta Tesis Doctoral.

En este estudio se propone la presencia actual de corrientes astenosféricas
procedentes del Pacifico desplazdndose hacia el Océano Atlantico y el Mar de Weddell a
través del Paso del Drake (Capitulo 5). Sin embargo, el movimiento de estas corrientes
astenosféricas esta restringido por la presencia de las raices litosféricas continentales de

Sudamérica y la Antartida, asi como de la raiz de la Zona de Fractura Shackleton. La raiz



litosférica asociada a esta estructura parece responsable de la extincion del eje de expansion
del Mar de Scotia Occidental debido al descenso en el suministro del material mantélico.
Dicha raiz litosférica se desarrolld cuando la Zona de Fractura Shackleton comenzé a
elevarse hasta formar el relieve actual.

Debido al pequefio tamaifio del Mar de Scotia Occidental y a su marco
astenosférico/litosférico, la litosfera presenta un comportamiento térmico andémalo en
comparacion con el observado en los océanos de grandes dimensiones (Capitulo 6). El
tamafo reducido de las células mantélicas determina los valores relativos bajos de flujo de
calor y la litosfera mas delgada en los océanos pequeinios. A su vez, estos factores conllevan
una evolucion maés rapida al alcanzar el equilibrio término de la litosfera y las
profundidades finales de su zona superior. En base a esta evolucion mas rapida para la
litosfera de océanos pequeiios, se propone la siguiente relacion profundidad-edad,
d(t) = 4480 — 19380exp(—t/4). Se ha modelizado el flujo de calor, el cual indica
edades aparentes superiores que en los océanos de gran tamafio; y aunque la edad de
cortezas de edades superior a 15 Ma no puede ser determinada, el método de flujo de calor
es el mas apropiado para obtener el valor méximo de espesor de la litosfera en océanos
pequefios. Todos estos procesos favorecieron la conexion de aguas profundas entre mares y
océanos, y afectaron a los intercambios continentales y oceanicos de flora y fauna.

Por otro lado, los estudios magnéticos en el Arco de Scotia muestran que la
variabilidad de la intensidad de la Anomalia del Margen Pacifico podria ser consecuencia
de la subduccion asimétrica de la Placa Phoenix, la cual es ortogonal en el Margen Pacifico
de la Peninsula Antartica y oblicua en Sudamérica (Capitulo 7). La Anomalia del Margen
Pacifico se observa bien en la Peninsula Antartica y en las Islas Shetland del Sur,
extendiéndose a lo largo de los bloques continentales que se encuentran en la Dorsal de
Scotia Meridional: el Microcontinente de las Orcadas del Sur y el Banco Discovery, y
puede llegar a observarse en la parte norte del Banco Herdman. Sin embargo, algunas
anomalias magnéticas identificadas en la Dorsal Norte de Scotia podrian estar asociadas a
rocas basicas emplazadas en cuencas de pull-apart que se desarrollaron a lo largo de la zona
transcurrente que separa Sudamérica y la Antartida a partir del Cretacico, debido a la

expansion ocednica del Atlantico Sur. Esta informacion da lugar a una novedosa
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reconstruccion de la posicion de los bloques continentales del Arco de Scotia anterior a su
desarrollo.

Este marco astenosférico y litosférico influencid la tectonica y la distribucion de
corrientes sobre del fondo ocednico. Es posible observar la actividad de corrientes
oceanicas de fondo a lo largo de toda la secuencia sedimentaria (Capitulo 8). La apertura
del Paso del Drake supuso el inicio de la Corriente Circumpolar Antértica de forma que los
depositos mas antiguos fueron influenciados por el Agua Profunda Circumpolar y los mas
jovenes por el efecto combinado de ésta y el Agua Profunda del Mar de Weddell. Ademas
de este hecho, se propone que la Zona de Fractura Shackleton comenz6 a ser un relieve
ocednico al menos a partir del Mioceno medio y produce la desviacion del Agua Profunda
del Mar de Weddell en dos ramas, una con direccion norte y otra con direccion oeste, hacia
el Pacifico. El relieve de esta zona de fractura junto con las incursiones iniciales del Agua
Profunda del Mar de Weddell forzaron el desplazamiento hacia el norte de la Corriente
Circumpolar Antartica y del Frente Polar en la region de estudio. Dichos eventos son
coetaneos con el comienzo de la Capa de Hielo permanente de la Antartida Oriental y con
el final del paisaje de tundra que estuvo presente en la Peninsula Antartica hasta hace al
menos 12.8 Ma.

La naturaleza ocednica del Estrecho de Bransfield también ha sido objeto de estudio
de esta Tesis Doctoral dentro del contexto del Arco de Scotia y la Placa Phoenix (Capitulo
9). Esta cuenca se encuentra entre las Islas Shetland del Sur y la Peninsula Antartica, y en
general se considera una cuenca de back-arc asociada a la subduccion de la Placa Phoenix.
En base a la integracion de datos de campo potencial y la modelizacioén se ha encontrado
que las observaciones son compatibles con el caracter extensional de la cuenca y que
probablemente hay presencia de corteza oceédnica en el sector central de la misma.

El Estrecho de Bransfield esta caracterizado por un eje volcanico central y una
corteza delgada, lo que apoyan un estado de extension continental en sus tltimas etapas o la
presencia de corteza ocednica incipiente formada por la expansion oceédnica del sector
central de la Cuenca Bransfield. Una evidencia importante de la actividad volcanica de la
cuenca se refleja en el volcan Isla Decepcion (Capitulo 10). Se ha realizado un riguroso
analisis de errores para ganar confianza en los resultados obtenidos a partir del estudio de

datos magnéticos en un periodo de 20 afos. Los cambios en los mapas de anomalias
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magnéticas, la distribucion espacial de ASV y los modelos directos realizados para Isla
Decepcidén muestran que los cambios producidos parecen debidos a un ascenso de magma
en la zona sureste, tanto interior como exterior de la isla, en algin momento entre 1987 y
1999, y a una posterior extension de los efectos térmicos. Esto se asocia con las crisis
volcanicas ocurridas en 1992 y/o 1999, y con un progresivo enfriamiento de las estructuras
pequefias. Esta técnica sencilla y rdpida, que puede complementar a otras, permite
monitorizar la evolucion de un volcéan activo.

En resumen, el analisis multidisciplinar del Arco de Scotia, el cual integra una gran
variedad de metodologias y grandes bases de datos, representa un paso muy importante
para la mejora en el conocimiento y entendimiento del desarrollo del Arco de Scotia y las

zonas circundantes, asi como sus implicaciones en la evolucion a escala global.
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Introduction

The break-up of the continental fragments amalgamated in the Gondwana
Supercontinent since the early middle Jurassic (~180 Ma) involved numerous geophysical,
geological, chemical and biological events of the Earth’s history. According to the theory
of Plate Tectonics, proposed in the 1960s (Vine and Matthews, 1963), the origin of the
seafloor is derived from the mantle dynamics, which determine continental drift.
Convection cells in the upper mantle are responsible for the drifting of tectonic plates,
which are composed by the lithosphere lying directly upon the asthenosphere. The
lithosphere is formed by the crust and the lithospheric mantle. There are two main forces
that influence plate motion: friction and gravity. The friction is due to the interaction
between the major convection currents in the asthenosphere and the more rigid overlying
lithosphere. The gravity forces, in contrast, are related to local convection currents that
exert a downward frictional pull on plates in subduction zones at ocean trenches.

The mantle return flow was initially treated by several authors as a response to
movements of the plates (Harper, 1978; Chase, 1979; Hager and O'Connell, 1979;
Parmentier and Oliver, 1979; among others). More recently, shrinkage of the Pacific and
the resulting mantle outflow suggest that motions of the continents may be the dominant
control on return flow in the mantle. Alvarez (1982) proposed a possible driving
mechanism in which the lower mantle (below the mid-mantle transition zone) undergoes a
convective overturn. This convection drives the continents by viscous coupling to their
roots. The return flow in the upper mantle provides a volumetric compensation for the
motion of the continental masses without passing under them, and oceanic plates, underlain
by weak asthenosphere, are mostly decoupled from the lower mantle and mainly driven by
slab pull (Figure 1.1).

The upper mantle dynamics control the plate tectonic drift, but the dynamics change
when shallow mantle gateways open. The shallow return flow and deep continental
lithospheric roots place the strongest constraints on the geographical pattern of return flow
and predict recognizable surface manifestations (Alvarez, 1982). Alvarez’s hypothesis
predicts an upper mantle Pacific outflow through the three continental gaps in this ocean
(Figure 1.2) taking into account the progressive shrinkage of the Pacific over the last 180

Ma. The three gaps are the Caribbean, the Drake Passage and the Australian-Antarctic gap.
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Figure 1.1. Equatorial section through the Earth, looking north, showing the mantle flow
pattern and driving mechanism considered by Alvarez (1982). Arrows show movement direction
(not rate) relative to the grid of axes of convergence and divergence at the top of the lower mantle;
this grid should deform slowly compared to the other motions shown. In the mantle above 670 km,
the lower arrows show the subasthenosphere upper mantle, entrained by movement of the
uppermost lower mantle; the upper arrows show return flow in the asthenosphere. Black,
continental crust; vertical lines, lithosphere. The links at 'y' indicate that South America and Africa
move with the lower mantle flow. The model places stronger constraints on the lower mantle
convective pattern in the continental hemisphere than in the Pacific hemisphere, where the pattern
shown is extremely speculative.
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The eastward motion of the
Caribbean and Drake Passage regions
supports  the shallow mantle flow
movement from the Pacific to the Atlantic
Ocean. Also assuming Alvarez’s hypothesis
(Alvarez, 1982), even the Atlantic ridge
system is fed by material derived from the
Pacific, which has escaped through either
the Caribbean or the Scotia gap. The
correspondence between the predicted
Pacific mantle outflow and the geological
and geophysical character of the Australian-
Antarctic gap, the Caribbean, and the
easternmost Scotia areas provides support
for the model of shallow return flow with
the presence of deep continental roots

(Alvarez, 1982).

¥ e .

Figure 1.2. From Alvarez (1982). Oblique cylindrical projection tangent to the globe along a
great circle (a-a’) approximating the perimeter of the Pacific Ocean (pole at 15°N, 0°E). Large,
open arrows show the suggested mantle return flow through gaps in the Pacific perimeter. C,
Caribbean; S, Scotia Arc-Drake Passage region; A, Australia-Antarctica gap.

Mantle flow is detectable seismically through the anisotropic effects upon wave
propagation by means of oriented mantle material that arises due to lattice-preferred
orientation in olivine (Silver and Chan, 1991). Other authors interpret seismological data to
evoke fast polarization patterns around South America, in the Caribbean and the Drake
Passage Pacific gaps (Russo and Silver, 1994; Polet et al., 2000; Helffrich et al., 2002).

Meanwhile, convection cells transport materials and heat to the base of the
lithosphere. The hottest lithosphere is located in oceanic ridge areas where mantle flows to
the surface forming the oceanic crust. Heat is theoretically transported from the ridges to
the ocean boundaries. Consequently, the older oceanic lithosphere is colder, with lower

heat flow; it is therefore denser, and sinks into the asthenospheric mantle due to isostasy
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equilibrium. This effect produces an increase in lithosphere thickness, since part of the
asthenosphere becomes lithospheric mantle (Figure 1.3). This process is known as thermal
subsidence. Two theoretical models, the half-space cooling model (Davis and Lister, 1974)
and the plate model (Langseth et al., 1966; McKenzie, 1967), have been proposed since the
1960s. In brief, both stem from the heat equation in one dimension (equation 1.1), given
that heat transport is driven by conduction and the internal heat generation is much smaller
than the other terms of the heat equation. However, for solving the equation, the boundary
and initial conditions are different for each model.

where T is temperature, t is
or _  0°T time, K is the thermal (1.1)

ac ~ oy2 diffusivity, and y is the
spreading direction.
The half-space cooling model considers:
T=T, at t=0, y>0
T=T, at y=0, t>0
T->T, as y—>oo, t>0

While the plate model considers:
T=T at t=0, 0<sy<y,
T=T, at y=0, t>0

where T is temperature, T; is mantle temperature, T is surface temperature and y,
is the depth of the base of the lithosphere.

After several mathematic operations (see for example Turcotte and Schubert (2002))
and applying the half-space cooling model conditions, we arrive at the relationships
between heat flow and age, and between seafloor depth and age (equations 1.2 and 1.3

respectively):

= k(T. =T £)~1/2 where k is the thermal
o (T = To) (mret) conductivity.

(1.2)
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where d is depth of the oceanic
seafloor, a,is the thermal (1.3)
expansion coefficient, and p,,
and p,, are the densities of the
mantle and water, respectively.

_ 2pmay(T1—To) (K 1/2
d= (Pm—pw) (n t)

On the other side, applying the conditions for the plate model and considering
approximations of the deviations of the surface heat flow from the half-space cooling result,

the relationships take the following shape (equations 1.4 and 1.5):

k(T1 Tp)

qo = [1 + 2exp (

t) + 2exp (— 4;7;2t)] (1.4)

LO Lo

where y;  is the
2pmay(T1=To) YL, [l 4 X (_ Kn2t>] lithospheric
2

d = (1.5)

(Pm—pPw) thickness when
t > oo,

yLOZ

Then, the heat flow and the depth of the seafloor depend on the age of the oceanic crust.

Xy xq Ridge
< w )
Water \\\\ Py
SN
TR
\\ \\% N
\\\\\\\\\\\\\\\\\\1\\1\\\\1\\{9’ Nl i’ mi
OO AN
e NN N A Nttt
\\\\\\\\\\\\\\\\\m | i Pm NN \\\\\\\Q
| W

y
Asthenosphere

Figure 1.3. After Turcotte and Schubert (2002). Representation of the thermal contraction of the
lithosphere with age. p,, and p,, are the densities of the mantle and water respectively, y; is the
thickness of the lithosphere, w is the seafloor depth, and u is the spreading rate.

Taking into account these models for lithosphere cooling, several authors (Parsons
and Sclater, 1977; Stein and Stein, 1992, 1993; Hillier and Watts, 2005; Crosby et al.,
2006; Korenaga and Korenaga, 2008; Crosby and McKenzie, 2009; Hasterok, 2013) have
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proposed empirical laws for the thermal subsidence of large oceans since the 1970s. These
models analyze the relationship between heat flow, ocean floor depth, and age. The
empirical laws show that the half-space cooling model (Davis and Lister, 1974) fits thermal
behavior for young oceanic crust (around < 60 Ma), whereas the plate model better
describes the thermal behavior of old oceanic crust (about > 60 Ma) (Langseth et al., 1966;

McKenzie, 1967). Better fits between theoretical model and data are found for y; = 125 km

(Turcotte and Schubert, 2002). The most cited empirical models involve data mainly from
the north Atlantic and Pacific oceans. The first empirical model was obtained by Parsons

and Sclater (1977) (equation 1.6),

where d is depth in L6
meters and t is time in (1.6)

{ d(t) = 2500 + 350yt t <70 Ma
millions of years.

d(t) = 6400 — 3200exp(—t/63) t>70Ma

which has been compared by other authors such as Stein and Stein (1992) or
Hasterok (2013). The Parsons and Sclater (1977) and Stein and Stein (1992) equations are
widely used to obtain the age of oceanic crust when magnetic anomaly data related to the
oceanic spreading are not available (e.g. Barker et al., 2013).

Major consequences of the mantle dynamics and the thermal behavior of the
lithosphere are seen above the seafloor on the planet, where continental and oceanic
geometrics are altered, continental and oceanic flora and faunal exchanges take place, and
global oceanographic and climate changes occur. The break-up of Gondwana
Supercontinent entailed the formation of oceanic gateways with implications for global
ocean circulation, as well as for the diversification of species. Gondwana was totally
separated in the late Eocene-early Oligocene, and warm water flow characterized oceanic
circulation (Perrin, 2002) by that time (Figure 1.4A). Later, when four equatorial gateways
closed and three polar ones opened, the global oceanic circulation became a well-ventilated
major surface current system, involving a cooler global ocean (Figure 1.4B). All the
changes in the gateway systems —and possibly orbital forcing and catastrophic events—
are related to global climate changes on the planet (Zachos et al., 2001). Based on IODP or
ODP data, values of 880 and 8" C, and sedimentary, climatic, tectonic and biotic studies

(Copeland, 1997; Lawver and Gahagan, 1998; Barker et al., 1999; Alroy et al., 2000;
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Zachos et al., 2001, among others), changes in the global climate are identified (Figure 1.5).
Major extinctions and diversification are associated with important climate changes, and
these, in turn, with the closing or opening of oceanic gateways. These events are better

known from 70 Ma to present.
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Figure 1.4. Oceanic current distribution on the Earth (after Potter and Szatmari, 2009). A) Late
Eocene to Early Oligocene equatorial and warm water flow. B) Oceanic current distribution in
recent days.

According to Figure 1.5, some of the most relevant events of the Cenozoic include:
the opening of the Tasmania-Antarctic and Drake Passage gateways, the ice-sheet evolution
in Antarctica, the closing of seaways producing mammal dispersion, and catastrophic
events such as meteor impact and extensive volcanic activity. Together with gateway

dynamics, these events produced major extinctions.
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Introduction

In summary, the dynamics of the Drake Passage constitute a turning point that
influenced global changes during the Cenozoic. The main objective of this Ph.D. Thesis is
to analyze relevant aspects of the evolution of this key gateway and how its dynamics may
have influenced global changes. The opening of the Drake Passage resulted in the creation
of the Scotia Arc, which in turn led to a new pattern of asthenospheric flow and oceanic
currents on the Earth. A detailed description of the objectives and the area of study are

respectively explained in detail in Chapters 2 and 3.
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Chapter 2

OBJECTIVES AND
THESIS STRUCTURE






Objectives and Thesis structure

The opening of the Drake Passage is one of the most important events of the
Cenozoic. It affected the planet on a global scale, as it entailed the final break-up of
Gondwana Supercontinent. This implied the main aspects and consequences of the
continental fragmentation described in Chapter 1. Hence, this Ph.D. Thesis focuses on the
evolution of the opening of Drake Passage and surrounding areas, as well as its global-scale
consequences. In this framework, in order to better understand the main implications of the
opening of this gateway, along with the formation and dynamics of the Scotia Sea and

surrounding areas, the objectives of the Ph.D. Thesis are:

1) To determine the main features of the young oceanic lithosphere of the Scotia Sea and
provide new geophysical constraints that help to evaluate inferred changes in mantle flow
patterns in the Scotia Sea region, improving our knowledge of the lithospheric structure

and density variations in the lithosphere and the upper asthenosphere.

2) To characterize the thermal behavior of the lithosphere of the Scotia Sea, since it is a
small ocean and an important gateway for deep oceanic circulation, and its faunal and floral

exchanges have far-reaching implications for the history of the Earth.

3) To present a new magnetic data compilation of the Scotia Arc, which enables us to
identify and characterize the main shallow and intermediate crustal geological features,
while analyzing the tectonic structures, leading us to reconstruct their former relative
position and to discuss the tectonic differences between the northern and southern branches

of the arc.

4) To constrain the paleoceanography of this key region and shed light on the relationships
between depositional processes, tectonic evolution and bottom-current circulation, as well
as to understand the last important climate change in Antarctica, which in turn influenced

the Eocene/Oligocene global climate change.

5) To constrain the deep structure of the Bransfield Strait, a young back-arc basin located to

the southwest of Scotia Sea, and discuss its oceanic character.
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6) To characterize the magnetic anomalies of Deception Island (South Shetland Islands)
and their variation since 1987, as a support to new knowledge of its in-depth structure and

the recent volcanic activity in the Bransfield Strait framework.

The results of this Thesis have been published or are under review by high impact
journals. They constitute the main body of the study, and for that reason the style,
numbering and reference formats requested by the journal where they are published are
maintained. Thus, in addition to the English and Spanish Abstracts, the Thesis comprises

the following chapters:

Chapter 1 offers a general introduction of the topic.

Chapter 2 includes the main objectives of the Thesis.

Chapter 3 presents the regional setting and evolution of the study area, including the
tectonic, stratigraphy and paleoceanographic settings.

Chapter 4 provides a summary of the data sources and methodology used in this Thesis,
since they are described in detail in each article.

Chapters 5 to 10 constitute the scientific articles that compile the complete Thesis.
Detailed descriptions of the results of the Thesis are found in these chapters. They account
for every main objective described above, in order.

Chapter 11 corresponds to the general discussion of the Thesis.

Chapter 12 compiles the main conclusions of this Thesis in English and Spanish.

Chapter 13 is the Reference section, which includes the bibliography used in the complete
Thesis.

The Appendix closes the Thesis, including other published (co-authored) articles. While
these articles are related to the study area and topic, they are not part of the main body of
the Thesis. They are presented as additional works and collaborations done while the Thesis

was underway.
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Regional setting and background

The development of the Drake Passage gave rise to the Scotia Sea, an ocean basin
located between South America and the Antarctic Peninsula (Figure 3.1). It was formed by
the tectonic development of the Scotia Arc since the Oligocene (Barker and Burrell, 1977;
Barker, 2001) due to dispersion of the continental blocks that connected South America and
Antarctica. The Arc propagated eastwards, forming oceanic back-arc basins inside the
tectonic arc in several stages (Barker, 2001; Livermore et al., 2005, 2007; Dalziel et al.,
2013; Eagles and Jokat, 2014; see Figure 3.2). The Scotia Sea is at present composed by
two active plates, the Scotia and Sandwich plates. It is bounded by the Shackleton Fracture
Zone, the former Phoenix and the Antarctic Plate to the west, and by the North Scotia
Ridge, the South Scotia Ridge, the South Shetland Islands Block and South Sandwich
Islands on the remaining sides (Figure 3.1). In this framework, and given the effect of
subduction of the Phoenix Plate below the west margin of the Antarctic Peninsula, the
Bransfield Strait basin developed (Dalziel, 1984; Gambda and Maldonado, 1990). This
basin is located between the South Shetland Islands and the Antarctic Peninsula, and it

currently shows volcanic activity (Gracia et al., 1996; Ibafiez et al, 2003).

3.1. The Scotia Sea

The Drake Passage is a deep gateway. Although the age of the initial tectonic
opening is not well constrained, it would have significant implications for global oceanic
circulation and climate evolution in Antarctica, as it created the final gateway to allow the
establishment of a full circum-Antarctic circulation and the thermal isolation of the
Antarctic continent (cf., Kennett, 1977; Lawver et al., 1992; Barker, 2001; Barker and
Thomas, 2004; Livermore et al., 2004; Maldonado et al., 2006; Scher and Martin, 2006),
coeval with a global reduction in atmospheric CO, (Deconto and Pollard, 2003). However,
the importance of the opening of the Drake Passage and the creation of the Scotia Sea, as
triggers of Antarctic thermal isolation, are viewed as a subject of controversy. Some
authors suggest that the heat anomalies caused by the opening and the initial circumpolar
current were too weak to lead to the abrupt Cenozoic cooling (Huber and Sloan, 2001;
Zhong-Shi et al., 2010). Moreover, the area has been described as a passage where eastward
Pacific mantle outflow moves to the Atlantic Ocean (Figure 1.2) (Alvarez, 1982; Russo and

Silver, 1994; Pearce et al., 2001; Helffrich et al., 2002; Dalziel et al., 2013). Once South
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Regional setting and background

America and Antarctica separated, the absence of deeper continental lithospheric roots and
the rupture of the former subduction zone that extended from South America to the
Antarctica allowed the Pacific mantle to flow into the Scotia Sea area, and afterward to the
Atlantic mantle reservoir (Alvarez, 1982). Scarce geochemical data are consistent with this

idea (Pearce et al., 2001).

3.1.1. Tectonic setting and evolution

The Scotia Sea contains at present two active plates, the Scotia Plate and the
Sandwich Plate, which are bounded by the Shackleton Fracture Zone to the west and by the
Scotia Arc on the three remaining sides. West of the Shackleton Fracture Zone, the Scotia
Plate is bounded by the extinct Phoenix Plate, which is now part of the Antarctic Plate. The
Scotia Arc is composed of the South Sandwich Arc, the North Scotia Ridge, and the
deformed continental crustal blocks of the South Scotia Ridge and the South Shetland
Islands Block (the continental block between the Antarctic Peninsula and the extinct
Phoenix Plate). Along the South Scotia Ridge lies the sinistral transcurrent boundary
between the Antarctic and Scotia plates, where restraining and releasing tectonic structures
are well correlated with present stress (British Antarctic Survey, 1985; Pelayo and Wiens,
1989; Aldaya and Maldonado, 1996; Galindo-Zaldivar et al., 1996; Barker, 2001; Thomas
et al., 2003; Geletti et al., 2005; Bohoyo et al., 2007; Smalley et al., 2007).

The Shackleton Fracture Zone is an active, transpressive fault zone that
accommodates, in conjunction with the South Scotia Ridge, the relative motions between
the Scotia and Antarctic plates (Barker et al., 1991; Livermore et al., 1994; Aldaya and
Maldonado, 1996; Galindo-Zaldivar et al., 1996; Klepeis and Lawver, 1996; Kim et al.,
1997; Maldonado et al., 2000). It is a significant structural relief with elevations of
hundreds to thousands of meters above the surrounding ocean floor (Maldonado et al.,
2000; Livermore et al., 2004), which crosses the entire length of the Drake Passage. This
structure Zone is subducted below the northern tip of the South Shetland Islands Block,
forming a triple junction (presently Antarctic-Scotia-South Shetland Islands Block) (Aldaya
and Maldonado, 1996; Klepeis and Lawver, 1996). The evolution of this fracture zone,
which constitutes part of the Antarctic-Scotia plate boundary, has been largely influenced

by spreading of the Phoenix-Antarctic Ridge and of the West Scotia Ridge.
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Figure 3.2. Livermore et al. (2007) reconstructions of Scotia Sea tectonic evolution at six times
within the last 52 Ma. Reconstructions are made using the parameters of Livermore et al. (2005) for
South America relative to a fixed Antarctic plate and Eagles et al. (2005) for Tierra del Fuego
relative to the Antarctic Peninsula. Magnetic anomaly ages from Eagles et al. (2005, 2006).

Numbers represent deep opened gateways for oceanic currents.
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Regional setting and background

The Scotia Sea contains several spreading ridges that began to be active in the
Oligocene and led to the opening of the Drake Passage (Barker, 2001; Eagles et al., 2005;
Livermore et al., 2005, 2007; Lodolo et al., 2010). During the initial stages of continental
rifting and oceanic spreading in the Scotia Sea, the south Scotia Sea was characterized by
narrow NNE-SSW basins, which influenced the circulation of conspicuous water masses in
the region (King and Barker, 1988; Galindo-Zaldivar et al., 1994; Lawver and Gahagan,
1998; Maldonado et al., 1998; Eagles and Livermore, 2002; Galindo-Zaldivar et al., 2002).

The Scotia Sea is generally divided in three regions: The West Scotia, the Central
Scotia and the East Scotia Seas (Figure 3.1). The West Scotia Sea is the largest back-arc
oceanic basin, around 1,500 x 1,000 kmz, formed by the West Scotia spreading center
(Barker, 2001), with oceanic crust ages of around 30 to 6 Ma determined by well
constrained oceanic spreading magnetic anomalies (Figure 3.3) (Lodolo et al., 1997,
Maldonado et al., 2000; Eagles et al., 2005). The spreading center has a roughly NE-SW
orientation and is divided by transform faults of NW-SE orientation in the West Scotia Sea
up to E-W trends in the Central Scotia Sea. The opening of this oceanic basin was
responsible for the last stages of separation of South America and the Antarctic Peninsula
forming the Drake Passage. The southwestern Scotia Sea is a key region for constraining
the time of opening because it contains the oceanic crust that developed during the initial
phases of oceanic spreading (Aldaya and Maldonado, 1996; Lodolo et al., 2006, 2010;
Martos-Martin et al., 2010). The oldest oceanic magnetic anomalies interpreted in the
region suggest an early Oligocene opening age (ca. 32 Ma, Lodolo and Tassone, 2010;
Maldonado et al., 2010; Martos-Martin et al., 2010; Schreider et al., 2012), and arguments
based on plate tectonic reconstructions propose an opening during the middle Eocene (ca.
45 Ma, Livermore et al., 2007), the Oligocene (Lawver and Gahagan 2003; Geletti et al.,
2005; Lodolo et al., 2010), or the Miocene (Barker, 2001). In addition to its influence
during the initial evolutionary stages, the Shackleton Fracture Zone has been suggested as a
significant barrier to the circumpolar deep flow since the late Miocene (8 Ma, Livermore et
al., 2004). The deformed continental blocks of the South Scotia Ridge also influenced the

bottom-current distribution in the area.
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Figure 3.3. From Eagles et al. (2005). Ship tracks and anomaly wiggles with magnetic anomaly
picks used in the inversion. Black lines highlight the margins of the West Scotia Sea and the
province of east striking magnetic anomalies in the Central Scotia Sea.

To the east, the Central Scotia Sea is formed by a complex array of oceanic basins
and thin continental banks, which constituted the continental connection between South
America and the Antarctic Peninsula (Barker, 2001). The poor development of seafloor
spreading magnetic anomalies and the absence of other suitable data for dating determine
controversial proposals for spreading ages (Barker, 2001; Eagles et al., 2006; Civile et al.,
2012). However, the East Scotia Sea is the younger and better constrained oceanic crust
developed in the Scotia Sea (British Antarctic Survey, 1985).

On the other side of the Shackleton Fracture Zone, the Phoenix Plate underwent
subduction below the Antarctic Plate during the late Mesozoic and Cenozoic (Dalziel,
1984; Barker et al., 1991; Eagles et al. 2004, 2009). The Phoenix-Antarctic Ridge, the
spreading axis of the extinct Phoenix Plate, ceased spreading at Chron C2A (2.6-3.6 Ma),
and the Phoenix Plate became part of the Antarctic Plate (Larter and Barker, 1991;
Livermore et al., 2000). Subduction continued at the South Shetland Trench due to
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Regional setting and background

roll-back processes at the subduction hinge and active spreading in the Bransfield Strait
(Maldonado et al., 1994; Livermore et al., 2000; Maurice et al., 2003).

Through several marine magnetic and aeromagnetic studies carried out in the Scotia
Arc region, the main magnetic signature of the area and a magnetic anomaly belt known as
the Pacific Margin Anomaly or West Coast Magnetic Anomaly have been revealed (Parra
et al., 1984, 1988; Garret et al., 1986/87; Maslanyj et al., 1991). The southern part of the
belt is located in the Pacific Margin of the Antarctic Peninsula. Northwards, the belt splits
into two branches, whose widest separation is found in Bransfield Strait, due to back arc-
tectonics (Garret and Storey, 1987; Garret, 1990; Barker, 2001). This feature extends along
the southern continental fragments that lie in the margin of the Scotia Sea, along the South
Scotia Ridge (Surifiach et al., 1997). The anomaly is caused by the emplacement of a linear
basic to intermediate batholitic complex, related to a Cretaceous magmatic arc (Vaughan et
al., 1998), resulting from crustal extensional episodes associated with the oceanic
subduction of the Phoenix Plate along the Pacific margin (Garret el al., 1986/87; Garret,
1990, 1991). Some studies also suggest the extension of this magnetic anomaly belt into the
South Scotia Ridge, South Orkney Microcontinent, Discovery Bank, South Georgia and
South America (Figure 3.4) (Garret et al., 1986/87; Surifiach et al., 1997; Barker et al.,
2001) and its connection to the Antarctic Peninsula, the South Shetland Islands and
Bransfield Strait (Ghidella et al., 1991; 2011). Most studies of the magnetic anomaly
distribution in the Scotia Sea, however, focus on the analysis of sea-floor spreading in order
to constrain the tectonic evolution of the Scotia Arc (Eagles and Livermore, 2002; Kovacs

et al., 2002; Eagles et al., 2006; Galindo-Zaldivar et al., 2006; Eagles, 2010).

Figure 3.4. Pacific Margin Anomaly distribution (after Garret et al. (1986/87)). A sketched map of
the Scotia Arc. Shadow areas represent places where the Pacific Margin Anomaly is found.
Numbers designate modeled profiles by Garret et al. (1986/87). BS, Branfield Strait. B) Early
Cenozoic reconstruction of the Scotia Arc (65 Ma) based on alignment of magnetic anomalies
(shadow areas). AP, Antarctic Peninsula; DB, Discovery Bank; SG, South Georgia; SOI, South
Orkney Islands; SSI South Shetland Islands. The solid circles mark the borders of the Shackleton
Fracture Zone.
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Regional setting and background

3.1.2. Regional stratigraphy

Five major seismic units (Units 5 to 1 from bottom to top) have been regionally
correlated in the southern and central Scotia Sea by Maldonado et al. (2006) (see Figure
3.5). The discontinuities separating units are designated as d to a from bottom to top. Unit 5
fills basement depressions with an estimated Oligocene to early Miocene age. Unit 4 is
sheet-like and considered to be early to middle Miocene in age. Unit 3 exhibits both
mounded and sheet-like geometries and the suggested age is middle to late Miocene
(Maldonado et al., 2003, 2005). 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. Most recent studies (Lindeque et al., 2013, see their

Figure 5) recognized six main units that are also in agreement with the previous studies.
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Figure 3.5. Correlation and ages of the main seismic units identified in the basins near the boundary
between the Antarctic and Scotia plates (from Maldonado et al., 2006). A) Fragments of
multichannel seismic reflection profiles illustrate representative sections of the basins. Depth in
seconds two way travel time (twtt). The seismic units identified are shown in the vertical bar to the
right of seismic reflection profiles. The seismic units described by previous authors are shown in
vertical bars to the left of the seismic reflection profiles. The age of the oceanic basin floor is given
according the identified magnetic anomalies. The major discontinuity is named Reflector ¢ and is
illustrated in the seismic records. The basins described in the Scotia Plate include: Southwestern
Scotia Sea Abyssal Plain, Protector Basin; Central Scotia Sea Abyssal Plain: (previous studies: a,
Maldonado et al., 2003, 2005), and the West Scotia Ridge. The basins identified in the Antarctic
Plate include: Northern Weddell Sea Abyssal Plain: (previous studies: a, Maldonado et al. 1998; b,
Rogenhagen and Jokat, 2000; ¢, Maldonado et al., 1998); Jane Basin: (previous studies: a,
Maldonado et al., 1998; b, Bohoyo, 2004 and Maldonado et al., 2005). Powell Basin: (previous
studies: a, Rodriguez-Fernandez et al., 1997; b, Coren et al., 1997; c, Viseras and Maldonado,
1999). B) Stratigraphic correlation of seismic units and key reflectors identified in the basins of the
area. The spreading time span of each basin is also shown.

Numerous types of drifts. such as mounded elongated, basement controlled, sheeted,
patch, channel related and plastered drifts have been identified in the western continental
margin of the Antarctic Peninsula, the Scotia and the Weddell seas (Howe et al., 1998;
Howe and Pudsey, 1999; Michels et al. 2002; Pudsey, 2002; Rebesco et al. 2002; Stow et
al., 2002; Maldonado et al., 2003; Hernandez-Molina et al., 2004, 2006; Maldonado et al.,
2005; Uenzelmann-Neben, 2006; Rebesco and Camerlenghi, 2008). Drift and contourite
deposits in the southern and central Scotia Sea are mainly associated to the three youngest

units above Reflector ¢ (Maldonado et al., 2006).
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Regional setting and background

3.1.3. Oceanographic setting

The full opening of the Drake Passage allowed the establishment of the Antarctic
Circumpolar Current, which controls the transport of heat, salt, and nutrients around the
Southern Ocean. This current is also the principal contributor to the boundary currents of
the South Atlantic, South Pacific, and Indian oceans (Nowlin and Klinck, 1986; Naveira
Garabato et al., 2002a). In addition, the Weddell Sea is one of the main engines of the
global Thermohaline Circulation, being the source of deep and bottom waters due to
enhanced atmosphere-ice-ocean interactions (Brennecke, 1921; Gill, 1973; Carmack, 1977;
Fahrbach et al., 1995; Foldvik and Gammelrsed, 1988; Rahmstorf, 2006).

Two important deep-water masses are distinguished in the region (Figure 3.6) (Orsi
et al.,, 1999; Naveira Garabato et al., 2002b; Hernandez-Molina et al., 2006, 2007;
Hillenbrand et al., 2008): (a) the Circumpolar Deep Water, which flows mostly eastwards
through the Scotia Sea as the deepest part of the Antarctic Circumpolar Current. This water
mass is composed of lower (the Lower Circumpolar Deep Water) and upper (the Upper
Circumpolar Deep Water) fractions, and (b) the Weddell Sea Deep Water, which flows
within the Weddell Gyre, preferentially along the northwestern Weddell Sea above the
slope of the Antarctic Peninsula. A branch of the Weddell Sea Deep Water enters the Scotia
Sea through several narrow passages (Discovery, Bruce, Orkney, and Phillip passages) of
the South Scotia Ridge (Naveira Garabato et al., 2002b; Schodlok et al., 2002; Naveira
Garabato et al., 2003; Herndndez-Molina et al., 2006; Bohoyo et al., 2007; Carter et al.,
2008). Within the Scotia Sea, the Weddell Sea Deep Water is commonly subdivided into
lower and upper components (Tarakanov, 2009). The Weddell Sea Deep Water flows
westwards along the northern slopes of the South Scotia Ridge and reaches the Pacific
margin of the Antarctic Peninsula (Locarnini et al., 1993; Orsi et al., 1995; Camerlenghi et
al., 1997; Rebesco et al., 1997; Orsi et al., 1999; Naveira Garabato et al., 2002b). The initial
incursions of the Weddell Sea Deep Water into the Scotia Sea through the Jane Basin are

estimated to have occurred in the middle Miocene (Maldonado et al. 2003, 2006).

41



Chapter 3

Antartic Pe

WEDDELL WATER MASSES
WSBW
— Deep circulation
— of the Weddell Gyre - T = = = 1
o k 3 (AABW) ANTARCTIC CIRCUMPOLAR WATER MASSES
o ~ WSDW's younger fraction |
o% d’o %7 ACC (Antaretic Circumpolar Current)
T Shading marks the region of the sea bottom more %Q f_‘s UCDW
| afected by the Weddell Deep Water Masess e Maximum (winter) sea ice CDW (Circumpolar Deep
55, : Water)
==y, LCDW in Weddell Sea (WDW) - Minimum (summer) sea 1cc| LCDW
Surface circulation of the Weddell Gyre SAF | Shelf Surface Water Circulation
s e | eeee——" PF Fronts of the
> WSC (Weddell Scotia t.'_emflu.enc:) = SACCF ACC [ “nge Shelf Surface Water Circulation in
==27  Shelf Surface Water Circulation ———-SB | South America
St

Figure 3.6. Summary of regional oceanographic framework and water mass dynamics (from
Hernandez-Molina et al., 2006; and references therein). Distribution of the flow pattern of Antarctic
Bottom Water (AABW) with different density values (from Orsi et al., 1999). Schematic circulation
patterns of the deep water masses in the Weddell Sea, Bellingshausen Sea and Scotia Sea overlain
on regional bathymetry (Isobaths of 1500, 4000 and 6000 m). Also shown are Antarctic
Circumpolar Current (ACC) fronts. Legends of the ACC fronts: SAF, Subantarctic Front; PF, Polar
Front; SACCF, Southern ACC Front; SB, Southern Boundary of the ACC. Legend of the
physiographic reference points, in alphabetical order: Al, Adelaide Island; All, Alexander Island;
BAP, Bellingshausen Abyssal Plain; BB, Burdwood Bank; BP, Bruce Passage; BS, Bransfield
Strait; BeS, Bellingshausen Sea; CT, Chile Trench; DP, Discovery Passage; FI, Falkland Island; FE,
Falkland Escarpment; FP, Falkland Passage; FPL, Falkland Plateau; FR, Falkland Ridge; GB,
Georgia Basin; GP, Georgia Passage; HFZ, Hero Fracture Zone; JB, Jane Basin; MEB, Maurice
Ewing Bank; NGP, Northeast Georgia Passage; NGR, Northeast Georgia Ridge; NSR, North Scotia
Ridge; OP, Orkney Passage; OR, Orcadas Ridge; PB, Powell Basin; PCM, Pacific Continental
Margin of Antarctic Peninsula; PI, Peter Island; PhP, Philip Passage; SG, South Georgia; SFZ,
Shackleton Fracture Zone; SOI, South Orkney Island; SPB, Southeastern Pacific Basin; SRP, Shag
Rocks Passage; SSFZ, South Sandwich Fracture Zone; SShl, South Shetland Island; SSI, South
Sandwich Island; SSR, South Scotia Ridge; SST, South Sandwich Ridge; WAP, Weddell Abyssal
Plain; YT, Yaghan Basin. Legend of the water masses: ACC, Antarctic Circumpolar Current;
CDW, Circumpolar Deep Water; SPDW, Southeast Pacific Deep Water; LCDW, Lower
Circumpolar Deep Water; UCDW, Upper Circumpolar Deep Water; AABW, Antarctic Bottom
Water; WSC, Weddell Scotia Confluence; WDW, Warm Deep Water; WSBW, Weddell Sea
Bottom Water; WSDW, Weddell Sea Deep Water.
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Regional setting and background

3.2. The Bransfield Strait region

The Bransfield Strait, located between the Antarctic Peninsula and the South
Shetland Islands (Figure 3.7), is considered a back-arc basin related to the subduction of the
former Phoenix Plate below the South Shetland Island Block (Barker et al., 1991; Dalziel,
1984; Gamboda and Maldonado, 1990; Maldonado et al., 1994, Figure 3.8). It is affected by
the southwestward extensional end of the transtensional and transcurrent fault system that
deforms the continental blocks of the South Scotia Ridge (Galindo-Zaldivar et al., 2004,
2006a). The Bransfield Strait has a NE—SW orientation and it has been developing since the
Pliocene. It ends to the southwest, also coinciding with the southwest end of the South
Shetland trench along the Pacific margin of the Antarctic Peninsula (Jabaloy et al., 2003).

To the NE, the Bransfield Strait is connected with discontinuous depressions located
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' ¥ Antarctic morphologic step
Y . 5 Peninsula % segment boundary

60°W 58°W 56°W

Figure 3.7. Depth to 4 km/s contour (a proxy for basement depth), hand-contoured from all two
dimensional velocity profiles. Contour interval is 0.5 km. Neovolcanic zone, volcanic highs,
velocity changes, morphologic steps, and interpreted segment boundaries are overlain. The volcanic
highs and morphologic steps (from Gracia et al., 1996), and the velocity changes are from
Christeson et al. (2003) velocity models. NVZ, neovolcanic zone.
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along the South Scotia Ridge. This lens-shaped basin is usually divided into three sub-
basins: Western, Central and Eastern (Gracia et al., 1996; Christeson et al., 2003; Galindo-
Zaldivar et al., 2004). Full swath-bathymetry data covering the central and eastern
Bransfield Basin show a linear trend of volcanic features, roughly aligned along the basin
(Canals et al.,, 1994; Gracia et al., 1996). Galindo-Zaldivar et al. (2004) analyzed
multichannel seismic profiles by studying the shallow structure of the Bransfield Basin and
its eastward prolongation through the Scotia Sea. They proposed a tectonic picture where
roll-back played a major role in the development of the Bransfield Basin, supporting the

existence of incipient oceanic crust.
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Figure 3.8. Interpretative cross section of the South Shetland active margin showing the main
tectonic elements (from Maldonado et al., 1994). Generalized cross section through Livingston
[sland with NNW-SSE orientation. P.M.A., Pacific Margin Anomaly. Circled numbers indicate
seismic velocities from Grad et al. (1993).

Parra et al. (1984), who modeled aeromagnetic data in the area, arrived at an age of
the basin of 1.8 Ma, and an average velocity of 0.9 cm/yr full rate for the opening. On the
basis of aeromagnetic data, Gonzalez-Ferran (1991) suggested an average full spreading

rate of 0.25-0.75 cm/yr for the last 2 Ma. Magmatic activity is well established, but
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according to Lawver et al. (1996) there is no strong evidence of normal seafloor spreading
within the basin, probably due to its youth, which makes the magnetic patterns diffuse.
More recently, Christeson et al. (2003) published results of a wide-angle seismic survey
carried out in the region, consisting of a grid of five strikes and three dip profiles. They
observed that the crustal thickness pattern was consistent with propagation of the extension
from the NE towards the SW. In addition, from the upper mantle velocities, they suggest
the occurrence of a small amount of partial melt or normal upper mantle anisotropy with
the slow direction parallel to the rift axis, in order to justify velocities of 7.45+0.2 km/s at
depths of 14-17 km.

Moreover, Quaternary volcanism is recorded at Deception Island, located by the
boundary faults between the South Shetland Block and the Bransfield Basin, and in several
places among the South Shetland Islands. Deception Island constitutes the emergent part of

a young active shield volcano (Figure 3.9) of basaltic-andesite composition and an external
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diameter of about 17 km. It is a horseshoe-shaped island, which is a collapsed and drowned
volcanic crater, providing a natural harbor for shipping since it was discovered by sealers in
1820. This volcanic island has been very active during its entire evolution, and it is
composed of basaltic to andesitic rocks that date from < 0.75 Ma to historical eruptions
(1842, 1967, 1969 and 1970) (Smellie, 2001). Apart from these eruptions there were two
additional periods of abnormal seismic activity in 1992 and 1999, described by Ortiz et al.
(1997) and Ibafiez et al. (2003). Nowadays, most of its activity is represented by vigorous
hydrothermal circulation, a slight resurgence of the inner bay floor, and intense seismicity,
with frequent volcano-tectonic and long period events (Zandomeneghi et al., 2009).
Previous studies report seismic information in terms of refraction and P wave tomography
(Grad et al., 1992, 1997; Ben-Zvi et al., 2009; Zandomeneghi et al., 2009) or potential field
data (Vila et al., 1992; Mufioz-Martin et al., 2005) to draw a general picture of the crustal

structure of Deception Island.
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Data and Methodology

A comprehensive dataset of swath bathymetry, gravity, magnetic, high resolution
and multichannel seismic profiles acquired from 1953 to 2011 in Antarctica was compiled
for this study. The component datasets were first analyzed using several methodologies
involving software applications and personally developed computer programs. The most
appropriate techniques were employed in order to attain the multiple objectives proposed
for this study. This chapter summarizes the data sources and methodologies applied in view
of the main objectives, while details are given in each corresponding section of the research

chapters (Chapter 5 through Chapter 10).

4.1. Data sources
Gravity, magnetic and seismic reflection data are the main geophysical data used in

this Ph.D. Thesis.

Gravity data

The GGMO2S gravity model was used, derived from 363 days of Gravity Recovery
and Climate Experiment (GRACE) gravity satellite in-flight data (Tapley et al., 2005). This
model provides free-air gravity anomalies on the reference ellipsoid, which is
approximately mean sea level. These values are defined as the difference between the
gravity at a specific point on the reference ellipsoid and the normal gravity defined at the
same point.

Marine free air gravity data from the Marine Trackline Geophysical Data System
(GEODAS) (Metzger and Campagnoli, 2007) was also used. A total of 13 cruises were
carried out in the period 1992-2000. Additional gravity data were obtained from a
geophysical survey performed by the Royal Observatory of the Spanish Navy in January-
February 2002 in the Bransfield Strait (Figure 4.1).

Magnetic data

The GEODAS DVD Version 5.0.10, available from the U.S. National Geophysical
Data Center, was used as the magnetic data source (Figure 4.2, black lines). The resulting
dataset consists of approximately 20 million records collected by about 2,400 cruises from

1953 to 2003. Further marine magnetic data were added to the GEODAS in 2008, as well
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as data from seven Spanish cruises carried out on board the BIO Hespérides between 1992
and 2008 (Figure 4.2, blue lines), to update the dataset. Altogether, the final dataset
comprised roughly 23 million records.

Aeromagnetic flight information was also incorporated into the magnetic dataset.
One additional flight of reference in the area was by the U.S. Naval Research Lab. From
1951 through 1994, the Navy’s Project Magnet program continuously collected vector
aeromagnetic survey data to support the U.S. Geospatial-Intelligence Mapping Agency in
world magnetic modeling and charting (Figure 4.2, red lines). These data had to be
digitalized. Moreover, in 2011 an aeromagnetic flight at 4 km height (Figure 4.2, green
lines) was performed under the National Geophysical Data Center’s aeromagnetic program,

focused on obtaining global data to support modeling of the Earth’s magnetic field.

Figure 4.1. Marine gravity track line coverage from the Marine Trackline Geophysical Data System
and the geophysical survey performed by the Royal Observatory of the Spanish Navy in January-
February 2002.

During the past decade, several artificial magnetic satellites were put in operation
(Oersted, CHAMP). The data from this additional source enabled us to “adjust” the long

wavelengths of the different compilations used for the study area.
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Additionally, it was possible to achieve a detailed compilation of magnetic data of
Deception Island and surrounding areas for this Ph.D. Thesis. Altogether, geophysical
cruises carried out by the Royal Observatory of the Spanish Navy in the austral summers of
1987, 1988-1989, 1990-1991, December 1999 (DECVOL cruise), January-February 2002
(GEODEC cruise), and December 2008 (MAREGEO cruise) provide a body of information
spanning almost two decades. Also, on December 18" 2011 an aeromagnetic survey at 800
m was conducted using an unmanned aerial vehicle (UAV) over Deception Island, covering

its northern half.
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Figure 4.2. Magnetic trackline dataset in the Scotia Arc and surrounding areas. Black lines:
GEODAS dataset corrected with CM4 model (Quesnel et al., 2009). Red lines: acromagnetic survey
data from the World Magnetic Modeling and Charting Program (carried out from 1951 to 1994).
Green lines: Aeromagnetic flight at 4 km height performed in 2011 and under the National
Geophysical Data Center’s aeromagnetic program. Blue lines: seven Spanish cruises carried out on
board the BIO Hespérides between 1992 and 2008.

Seismic reflection data

Multichannel seismic reflection profiles acquired in the West Scotia Sea from 1992
to 2008, on board the BIO Hespérides, were used in this Ph.D. Thesis (Figure 4.3). The first
survey was carried out with a tuned array of seven Bolt air guns with a total volume of 16.3

1; the others were carried out with a tuned array of six Bolt air guns with a total volume of
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15.26 1. All of them used a 96-channel streamer with an active length of 2.4 km and a shot
interval of 50 m. Multichannel seismic data were recorded with a DFS V digital system and
a sampling record interval of 2 ms and 10 s record lengths. Data were processed with a

standard protocol, including time migration using a DISCO/FOCUS system.

Figure 4.3. Bathymetry map of the Scotia Arc (Smith and Sandwell, 1997). Multichannel seismic
profiles of the SCAN group are shown in the map. Green lines, ANT92 cruise; Orange lines,
HESANT 92/93 survey; Yellow lines, ANTPAC 97/98 survey; Pink lines, SCAN 97 cruise; Purple
lines, SCAN 2001 cruise; Red lines, SCAN 2004 cruise; Blue lines, SCAN 2008 survey.

4.2. Methodologies

The data sources described in the last section were used for different objectives:

Gravity data

The gravity data were used to determine the main features of the young oceanic
lithosphere of the Scotia Sea and provide new geophysical constraints to evaluate inferred
changes in mantle flow patterns in the Scotia Sea region, thereby gaining a better
knowledge of the lithospheric structure and density variations in the lithosphere and the
upper asthenosphere. Furthermore, the data helped constrain the deep structure of the
Bransfield Strait and enrich discussion of its oceanic character.

Then, for the Scotia Sea, Complete Bouguer anomalies were calculated taking into
account the Nettleton (1976) procedure. The water layer was corrected using a density of

1.03 g/cm3; to apply Terrain corrections, the SRTM30PLUS4 grid was used as a local grid
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(Smith and Sandwell, 1997). The same digital elevation model was applied as a regional
grid, once undersampled at 13 km. A terrain density of 2.67 g/cm’ was used, corresponding
to the average density of the surrounding continental crust. The mean density value is close
to the one considered, even though the area is occupied by oceanic crust with denser
basements, given that the sedimentary infill has lower densities. The regional grid was used
beyond 2 km. A Bouguer anomaly grid with a 13 km resolution was obtained, revealing the
deep features. This Bouguer anomaly map at sea level was then continued upward to 50
km. As this was done in the Fourier domain, it helps attenuate short wavelength features
related to shallow structures. It therefore enhanced the signal of mantle sources when
shallower ones were present. Once the maps were obtained, important profiles were
selected for gravity modeling across the main structures in the Scotia Sea. GRAVMAG
software (Pedley et al., 1993) was used for this modeling. Densities used in the gravity
modeling are in agreement with other works done in the area (Ferris et al., 2000, Galindo-
Zaldivar et al., 2006; Bohoyo et al., 2007, among others).

For the Bransfield Strait the methodology was similar, applying the
SRTM30PLUS4 grid as a regional grid for Terrain corrections (Smith and Sandwell, 1997),
and data from a local full swath-bathymetry survey for local corrections (Gracia et al.,
1997). The regional grid was used beyond 10 km, and additionally in those areas where
there was no local bathymetry data. Finally, a Bouguer anomaly grid with a 3 km resolution
was obtained. Oasis Geosoft was used for modeling, and for constraint the initial density
values were based on Christeson et al. (2003) (their figures 13a, b) and Galindo-Zaldivar et
al. (2004) (southeastern segment of MCS profile BR30). A low-density value for the upper
mantle, within the neovolcanic zone, was considered according to past seismic studies

(Ashcroft, 1972; Christeson et al., 2003; Grad et al., 1997).

Magnetic data

The magnetic data served to present a new magnetic data compilation of the Scotia
Arc, making it possible to identify and characterize the main geological features, while
analyzing the tectonic structures. Hence, their former relative position could be
reconstructed, shedding new light on: the tectonic differences between the northern and

southern branches of the arc; the oceanic character of the Bransfield Strait; and the
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magnetic anomalies of Deception Island and their variation since 1987, improving
knowledge of its deep structure and the recent volcanic activity in the Bransfield Strait
framework.

For the new compilation of the Scotia Arc, magnetic anomalies from the GEODAS
dataset were recalculated taking advantage of the recently released comprehensive model
CM4, which enabled us to correct total field marine data by a proper separation of spatial
and temporal variations (Sabaka et al., 2004). Magnetic anomaly data from the updated
GEODAS, the Spanish cruises and aeromagnetic flights were also calculated using the
CM4 model. The CM4 model provides a means of precisely modeling and separating the
core field and external fields, so that the former’s secular variation behaves in a smooth and
continuous way (Ravat et al., 2003). All the new information was cleaned by means of a
careful check and removal of spurious data, and finally, a line leveling method was applied
to reduce data misfits among cruises. To assess the improvement in quality and coherence
of the cruise dataset, the root mean squares of the crossover differences were calculated,
and were reduced from 179.6 nT (before leveling) to 35.9 nT (after leveling). Additionally,
satellite data helped us complete the areas not covered by marine or aeromagnetic surveys.
The short wavelength (< 320 km) anomalies from the marine and low-altitude flights were
selected, while longer wavelengths (> 320 km) were filled using magnetic satellite
information (Ravat and Purucker, 1999). GRAVMAG software (Pedley et al., 1993) was
used to model main structures of the Scotia Arc. The initial depth values for Curie point
were based on Garret et al. (1986/87), and the magnetic susceptibilities were based on data
from the Antarctic Peninsula (Maslanyj et al., 1991).

To discuss the oceanic character of the Bransfield Strait, marine magnetic data from
GEODAS were used along with magnetic data acquired by the Royal Observatory of the
Spanish Navy during the austral summers of 1989-90, 1990-91, December 1999
(DECVOL), January-February 2002 (GEODEC), and December 2008 (MAREGEOQO). The
core field contribution was subtracted using the best-reference geomagnetic field, which is
the DGRF evaluated at the time period of the cruises. Data from DECVOL, GEODEC and
MAREGEO were lag corrected, spike removed and diurnally corrected using data from the
Livingston Island geomagnetic observatory. Data from an auxiliary reference station

installed at Deception Island were also used. As the GEODAS cruises were not corrected
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by external field contribution, the cruises DECVOL, GEODEC and MAREGEO were used
as masters. Crossover analyses were used to estimate the quality of the geophysical surveys
as well as to provide an effective technique for improving the internal consistency of the
geophysical data grids (Wessel and Watts, 1988; Thakur et al., 1999). Since the local
magnetic anomaly is time-invariant, if the anomaly crossover difference between two tracks
is examined, the residual will reflect the error budget. This is mainly due to the
geomagnetic field time-dependent components: secular variation and to the external field
contribution, as well as navigation errors. Leveling techniques were also applied to data.
All filtered offshore magnetic anomaly data were merged to derive a 3 km resolution map.
To further aid in the interpretation of the magnetic anomaly data, reduction to the pole
(Baranov and Naudy, 1964) was also applied. Reduction to the pole serves to transform
data that are collected in areas where the magnetic inclination is not vertical to the way the
data appear at the geomagnetic pole; that is, the anomalies are essentially de-skewed and
positioned symmetrically over their sources. Inclination and declination average values of -
55° and 11.5° were respectively considered for the whole area.

The detailed study of Deception Island was likewise performed using data from the
geophysical cruises carried out by the Royal Observatory of the Spanish Navy in the austral
summers of 1987, 1988-1989, 1990-1991, December 1999 (DECVOL), January-February
2002 (GEODEC), and December 2008 (MAREGEO), and data from an aeromagnetic
survey. This body of information, spanning almost two decades, allowed us to detect
temporal changes of magnetic anomalies in the volcano area by isolating signals of
volcanic origin, and comparing magnetic grids obtained in different periods. The available
data enhance our knowledge of the tectonics and volcanic evolution of the study area. Data
from the different marine surveys were obtained by means of marine proton precession
magnetometers, which were towed 200 m astern. Their sampling rate was fixed at 0.16 Hz.
These data were corrected by means of lag corrections and spike removal. Only the most
recent cruises were corrected by removal of external fields, relying on different options: the
Livingston Island geomagnetic observatory, a local reference station at the island, the CM4
model’s external field estimation (Sabaka et al., 2004.), or a combination of the above.

Details about error budgets are amply explained in Chapter 10.
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Seismic reflection data

This type of geophysical data served to: 1) help characterize the thermal behavior of
the lithosphere of the Scotia Sea; and 2) constrain the paleoceanography of the West Scotia
Sea and study the relationships between depositional processes, tectonic evolution and
bottom-current circulation.

For 1), the multichannel seismic data were initially used to determine the oceanic
basement depth and the sediment thickness. Later, the ages of the oceanic crust were
determined in the region from the analysis of magnetic anomalies (Eagles et al., 2005),
allowing us to study the depth-age, heat flow-age, and lithospheric thickness modeling. It
was assumed that the ocean of study follows and depends on the same parameters as those
comprising the subsidence equation for the plate model (see equations 1.4 and 1.5)
(Turcotte and Schubert, 2002).

For 2), the seismic reflection data were used to correlate the main reflections in the
sedimentary record from the southwestern Scotia Sea to the Pacific Ocean across the
Shackleton Fracture Zone, based on the recognition of seismic facies and the acoustic
characteristics of the underlying basement. Moreover, contourite drifts and erosional
features such as channels are identified by means of seismic data. Using the channel shape
information, we arrived at estimations of the minimum volumetric flow rate percentages of

the Weddell Sea Deep Water branches in the southwestern Scotia Sea.

56



Chapter S

ASTHENOSPHERIC PACIFIC-ATLANTIC
FLOW BARRIERS AND THE WEST
SCOTIA RIDGE EXTINCTION

Published in:

Geophysical Research Letters
Vol 41, 1-7
doi:10.1002/2013GL058885

Received 28 November 2013
Accepted 4 December 2013






Asthenospheric Pacific-Atlantic flow barriers and the West Scotia Ridge

extinction

Yasmina M. Martosl’*, Jesus Galindo-Zaldivar'?, Manuel Catalén3, Fernando Bohoyo4,

Andrés Maldonado'

! Instituto Andaluz de Ciencias de la Tierra (Consejo Superior de Investigaciones Cientificas/Universidad de
Granada). Avda. de Las Palmeras n°4, 18100. Armilla, Granada (Spain).
? Universidad de Granada. Avda. de la Fuente Nueva, s/n, 18071. Granada (Spain).
3 Real Instituto y Observatorio de la Armada. Cecilio Pujazén, s/n, 11100. San Fernando (Spain).
* Instituto Geoldgico y Minero de Espaiia. Rios Rosas, 23, 28003. Madrid (Spain).

* Corresponding author
Tel. +34 958230000
E-mail address: yasmartos@ugr.es

Key Points
- Pacific mantle outflow is still present through the Drake Passage
- The Shackleton Fracture Zone modified asthenospheric flow patterns

- A redistribution of mantle flow may have caused West Scotia Ridge extinction

Key words: Drake Passage, Bouguer anomaly, gravity modeling, asthenospheric currents,

asthenospheric gateways

Abstract

The Drake Passage is considered a gateway for oceanic and asthenospheric flows
since its opening, entailing widespread consequences for climate and plate tectonics,
respectively. Both the surface and the 50 km upward continued Bouguer anomaly maps of
the Scotia Sea and surrounding areas, based on Gravity Recovery and Climate Experiment
gravity satellite data, improve our knowledge of deep lithospheric structures and the

asthenosphere. We show that the West Scotia Sea is likely to be underlain by an
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anomalously low-density upper mantle. Gravity data are compatible with variable
lithospheric thicknesses related to asthenospheric currents. The new data suggest that the
development of the Shackleton Fracture Zone since the middle Miocene was probably a
main factor that determined the evolution of the eastward Pacific mantle flows and the
extinction of the West Scotia Sea oceanic spreading around 6 Ma ago. Deep lithospheric
roots are likely to divert asthenospheric currents around them, flowing eastward through

Drake Passage.

Index Terms: 8120 Dynamics of lithosphere and mantle: general, 3010 Gravity and
isostasy; 3040 Plate tectonics; 1635 Oceans

1. Introduction

The Drake Passage has been studied in detail because of its significance as the most
recent gateway for the southern oceans. The opening of this passage produced a
redistribution of oceanic currents around Antarctica with the onset of the Antarctic
Circumpolar Current [Kennett, 1977; Barker, 2001], and influenced a global climate change
on the Earth since the Oligocene. Moreover, the area has been considered as a passage
where eastward Pacific mantle outflow moves to the Atlantic Ocean [Alvarez, 1982; Russo
and Silver, 1994; Pearce et al., 2001; Helffrich et al., 2002; Dalziel et al., 2013]. Once
South America and Antarctica separated, the absence of deeper continental lithospheric
roots and the rupture of the former subduction zone that extended from South America to
the Antarctica allowed the Pacific mantle to flow into the Scotia Sea area and afterward to
the Atlantic mantle reservoir [A/varez, 1982]. Also, scarce geochemical data are consistent
with this idea [Pearce et al., 2001].

At present day, the Scotia Sea is located between the South American and Antarctic
plates, comprising the Scotia and Sandwich plates, which are confined by the Scotia Arc
(Figure 1). The Scotia Arc is bounded by the North Scotia Ridge to the north, by the South
Scotia Ridge to the south, by the Shackleton Fracture Zone (SFZ) and Former Phoenix
Plate to the west, and by the South Sandwich Arc to the east. Several continental banks and
oceanic basins that influence the regional oceanic circulation are located in the southern

part of the Scotia Sea.
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The Scotia Sea contains several spreading ridges starting at the Oligocene that led to
the opening of the Drake Passage [Barker, 2001; Eagles et al., 2005]; whereas spreading in
the West Scotia Ridge ended around 6 Ma ago [Maldonado et al., 2000], the East Scotia
Ridge is still active. On the other hand, the spreading axis between the Antarctic Plate and
the Former Phoenix Plate ceased about 3 Ma [Livermore et al., 2000]. The SFZ is an active,
transpressive fault zone that accommodates, in conjunction with the South Scotia Ridge, the
relative motion between the Scotia and Antarctic plates [Klepeis and Lawver, 1996;
Maldonado et al., 2000]. This tectonic element became a barrier for bottom oceanic
currents since the middle Miocene [Martos et al., 2013], when tectonic compression started

to uplift this morphostructural feature.
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Figure 1. Geological setting of the Scotia Sea. Scotia Arc bathymetry satellite map [Smith and
Sandwell, 1997]. Main tectonic features are shown in the figure. BB, Bruce Bank; DB, Discovery
Bank; ESR, East Scotia Ridge; FI, Falkland Islands; HB, Herdman Bank; HFZ, Hero Fracture Zone;
JB, Jane Bank; PAR, Phoenix-Antarctic Ridge; PB, Pirie Bank; Pbs, Powell Basin; SFZ, Shackleton
Fracture Zone; SGB; South Georgia Bank; SOM, South Orkney Microcontinent; SSA, South
Islands Arc; TR, Terror Rise; WSR, West Scotia Ridge. 1, Inactive fracture zone; 2, Active fracture
zone; 3, Transcurrent fault; 4, Inactive subduction zone; 5, Active subduction zone; 6, Active
extensional zone; 7, Active spreading centre; 8, Inactive spreading centre; 9, Continental-oceanic
crust boundary.

This region is covered by global satellite data that reveal free air gravity anomalies

from mean sea level data. The available Gravity Recovery and Climate Experiment
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(GRACE) data [Tapley et al., 2005] provide a new opportunity to determine Bouguer
anomalies related to the large lithospheric structures of this remote but key region.

The main objective of our study is to determine the main features of the young
oceanic lithosphere of the Scotia Sea based on analysis of a new compilation of gravity
data. We moreover provide new geophysical constraints that help to evaluate inferred
changes in mantle flow patterns in the Scotia Sea region improving the knowledge of the
structure of the lithosphere and the density variations in the lithosphere and the upper
asthenosphere. The impact of the development of the lithospheric roots of the SFZ on the
asthenospheric circulation is revealed as a factor determining the end of oceanic spreading

of the West Scotia Ridge.

2. Methodology

We used the GGMO02S gravity model, derived from 363 days of GRACE satellite in-
flight data [Tapley et al., 2005]. This model provides free-air gravity anomalies on the
reference ellipsoid, which is approximately mean sea level. These values are defined as the
difference between the gravity at a point on the reference ellipsoid and the normal gravity
defined at the same point.

Complete Bouguer anomalies were calculated taking into account the Nettleton
[1976] procedure. Water layer was corrected using a density of 1.03 g/cm?; to apply Terrain
corrections, we used the SRTM30PLUS4 grid as a local grid [Smith and Sandwell, 1997].
The same digital elevation model was applied as a regional grid, once undersampled at 13
km. A terrain density of 2.67 g/cm’ was used, corresponding to the average density of the
surrounding continental crust. The mean density value is close to the one considered, even
though the area is occupied by oceanic crust with denser basements, given that the
sedimentary infill has lower densities. The regional grid was used beyond 2 km. A Bouguer
anomaly grid with a 13 km resolution was obtained, which reveals the deep features.

The Bouguer anomaly map at sea level was then continued upward to 50 km. As
this was done in the Fourier domain, it helps to attenuate short wavelength features related
to shallow structures. Thus, it enhanced the signal of mantle sources when shallower ones
were present. Once we obtained the 50 km height map, we selected three main profiles for

gravity modeling across the main structures in the Scotia Sea. GRAVMAG software
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[Pedley et al., 1993] was used for this modeling. Densities used in the gravity modeling are
in agreement with other works in the area [Ferris et al., 2000, Galindo-Zaldivar et al.,

2006; Bohoyo et al., 2007, among others].

3. Complete Bouguer Anomaly maps

The Bouguer anomaly map at sea level (Figure 2a) shows different gravity
signatures for each sector of the Scotia Arc and the surrounding areas. While high density
oceanic areas are characterized by maxima, low density continental lithosphere —e.g.,
South American continent, Antarctic Peninsula, South Orkney microcontinent, South
Georgia, and other banks along both the North and South Scotia ridges— reveals minima.
Oceanic-continental plate boundaries are well marked by the high-to-low anomaly value
transition. The Former Phoenix Plate and the Scotia Sea are characterized by a pattern of
predominant high values alternating with intermediate values of Bouguer anomaly (Figure
2a). The Atlantic Ocean, in contrast, shows higher values. Although, the West Scotia Sea
displays high Bouguer anomaly values, an area of local minimum is located in the
transition between the Phoenix Plate and the West Scotia Sea corresponding to the SFZ.
Relatively low local values are observed in the Central Scotia Sea, respect to the West
Scotia Sea and the East Scotia Sea, increase slightly toward the east in the East Scotia Sea.

After the upward continuation to 50 km of the Complete Bouguer anomaly map,
long wavelength signals are identified, while shallow structures are not perceptible. The
main provinces of the study area are well identified (Figure 2b): the Former Phoenix Plate,
the West Scotia Sea, the Central Scotia Sea, the East Scotia Sea, the Atlantic Ocean and
continental regions of South America, and the South and North Scotia ridges. The West
Scotia Sea has a wide local maximum in its middle part, while the Central Scotia Sea has
relatively low values in comparison with the gravity signature of the surrounding oceanic

areas of the Scotia Sea.

4. Gravity modeling
From the upward continued at an elevation of 50 km complete Bouguer anomaly
map (Figure 2b) we selected three profiles for modeling in order to enhance knowledge

about:
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- The transition from the Former Phoenix Plate, crossing the SFZ, the West Scotia Sea, and
the local gravity low of the North Scotia Ridge (Profile 1 with WSW-ENE orientation,
Figure 2b).

- The transition from the West Scotia Sea, the Central Scotia Sea, the East Scotia Sea to the
Atlantic oceanic crust, crossing the South Sandwich Island Trench (Profile 2 with NW-SE
orientation, Figure 2b).

- The transition from the South American continent, the West Scotia Sea to the South
Scotia Ridge, crossing all continental banks and small oceanic basins located in the

southern part of the Scotia Arc (Profile 3 with WNW-ESE, Figure 2b).
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Figure 2. Complete Bouguer anomaly maps and spectrum. a)
Complete Bouguer anomaly map at sea level. Main features
are shown in the figure. Heat flow values of the West Scotia
Sea are presented [Ahttp://www.heatflow.und.edu]. High values
are located in the borders of the Scotia Sea while low values
are found in inner parts. b) Bouguer Anomaly map at 50 km
height. ¢) Spectrum of the 50 km Bouguer anomaly map. Main
horizons are found at 284, 141 and 53 km, corresponding to
depths below sea level of 234 km, 91 km and 3 km depth.
Legend in A and B: Legend: AP, Antarctic Peninsula; CSS,
Central Scotia Sea; ESS, East Scotia Sea; SFZ, Shackleton
Fracture Zone; SG, South Georgia; SOM, South Orkney
Microcontinent; SSIT, South Sandwich Islands Trench; WSS,

080 e % WestScota Sea
The gravity modeling is complex in this remote region because of the scarce seismic
data regarding the depth of the Moho discontinuity [4llen, 1966; Ewing et al., 1971]. To aid
gravity modeling, we applied the Spector and Grant [1970] method to the upward continued
map. Identifying the depth of the top of the sources of the anomalies, it can also be used to
reveal a body centroid’s location. We selected a window size enough to contain the main
gravity anomalies which are presented in the study area. Three main horizons were thus
found (Figure 2c¢): horizon 1 as the deepest at (234 + 18) km; horizon 2 at (91 + 5) km, and
horizon 3 at (3 + 1) km. As spectral methods are not exact, we should interpret these depths
in a generic way. We correlate the deepest contribution to the asthenosphere, horizon 2 to
the lithosphere on oceans, and the shallowest would correspond to a crustal boundary. As it
is difficult to constrain crustal thicknesses, we took Profile 1, with a WSW-ENE trend from
the Antarctic Plate to the North Scotia Ridge, as a reference profile to discuss the main
features of the deep structure of the area by gravity modeling. To this end we considered a
wide range of densities (see supporting information) and we applied normal density values
for sea-water, crust, lithospheric-mantle, and asthenosphere [Ferris et al., 2000, Galindo-
Zaldivar et al., 2006; Tassara et al., 2006, Cella et al., 1998; Bohoyo et al., 2007, among
others].
As a first attempt, we modeled the Bouguer Anomaly data using a constant
lithospheric-asthenospheric discontinuity depth (Figure 3a). The geometry suggests the

oceanic crust would be thinner in the older areas, which is not congruent with the
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geological evolution and geophysical information, such as that derived from multichannel
meismic profiles [Maldonado et al., 2000].

In addition, we modeled a constant Moho depth (Figure 3b), resulting in a model
where the lithosphere would have to be thinner in older oceanic areas, which does not seem
to be realistic.

Summarizing, although the fit between calculated and observed anomalies is
acceptable for both models, they are not compatible from a geological or physical
viewpoint, because in older oceans the crust and lithosphere should be thicker (see Eagles
et al. [2005] and British Antarctic Survey [1985] for age details of the Scotia Arc).
Accordingly, the only suitable models should consider the presence of a low-density mantle
in the West Scotia Sea. Moreover, considering that the most important contribution of the
complete Bouguer Anomaly map at 50 km mainly represents deep lithospheric structures,
we tested another model using rather uniform crustal thickness, while different mantle
densities and lithospheric thicknesses should accommodate gravity anomaly values (Figure
4a).

Lower mantle densities are located in the West Scotia Sea (3.300 g/cm’), increasing
toward the southwest and northeast (up to 3.360 g/cm’). Greater lithospheric thicknesses
are located in the North Scotia Ridge and the Antarctic Plate (almost 90 km), with an
asthenospheric rising in the region next to the SFZ. The West Scotia Sea displays a thinner
lithosphere, of about 70 km.

Profile 2 (Figure 4b) also shows a heterogeneous lithospheric mantle where the
lower densities are located in the West Scotia Sea, which increases toward the Atlantic
Ocean (from 3.300 g/cm’ to 3.360 g/cm’). The Atlantic oceanic crust is older [Livermore
and Woollett, 1993] and denser (2.945 g/cm?®) than the crust in the Scotia Sea (2.85 g/cm”).
The deeper part of the Atlantic Oceanic subducting slab is modeled as a dense oceanic crust
(3.194 g/cm’), assuming the effect of the insertion of an eclogite body [Larter et al., 2003].
The thickest lithosphere of the Scotia Sea is seen in the central region (about 70 km).
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Figure 4. Gravity models of the three selected profiles.
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Figure 4b. Gravity model of Profile 2. The Central Scotia Sea is characterized by a thicker
lithosphere than the rest of the Scotia Sea. The subdcition slab of the Atlantic Ocean is modeled

with a maximum depth of 215 km.
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discontinuity for the West Scotia Sea is shown in the figure (Dashed dotted line). CC, Continental
Crust; OC, Oceanic Crust.

Profile 3 (Figure 4c), where short wavelengths appear in the Bouguer anomaly data,
were modeled including lateral crustal density variations and allow for minor changes in
the crustal bottom depth. The model also shows a heterogeneous lithospheric mantle, with
higher densities in the South American continent (3.360 g/cm’) and lower densities in the
West Scotia Sea (3.300 g/cm’). The density of the small banks of continental crust in the
southern Scotia Sea is slightly higher than normal continental density, probably due to the
presence of transitional crustal zones. In turn, the density of the oceanic crust of the Scan
Basin is lower than in other basins, most likely because of thicker sedimentary infill or the
presence of an intermediate basement [Lobo et al., 2011]. The lithospheric thicknesses are

greater in the area where the submarine banks and small oceanic basins are located (about
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80 km) in the south part of the Scotia Sea and in the South American continent (90 km).
The West Scotia Sea is characterized by two asthenospheric risings along the plate’s
borders and a maximum thickness of the lithosphere of about 75 km in its central part. The
lithospheric mantle of the southern Atlantic Ocean, the Antarctic Plate, South America, and

the North Scotia Ridge are characterized by the same density (3.360 g/cm®).

5. Discussion

The analysis of GRACE gravity data [Tapley et al., 2005], complemented with
bathymetric databases, leads us for the first time to present a complete Bouguer Anomaly
map of the Scotia Arc, which reveals major density variations in the region (Figure 2a). The
upward continuation to 50 km of the Bouguer Anomaly map highlights the deep
lithospheric features (Figure 2b). The gravity modeling enabled us to identify a low-density
anomalous lithospheric mantle in the West Scotia Sea region with respect to the
surrounding areas (Figures 2 and 4). Our gravity models shows that the thicker lithosphere
in the region is found in the continental areas and the Antarctic Plate (about 90 km),
whereas the Scotia Plate has a thinner lithosphere (around 70 km). The West Scotia Sea
lithosphere is the thinnest one, and a rising of the mantle is observed in the proximity of the
SFZ together with a sharp lithospheric root (Figure 4). The northeastern part of the West
Scotia Sea (close to the North Scotia Ridge), and the easternmost basin area, located in the
South Scotia Sea, are characterized by thinner lithosphere (Figures 4a and 4b) in agreement
with the high heat flow values in respect to the central part of the West Scotia Sea
(http://'www.heatflow.und.edu) (Figure 2a). We interpret these lithospheric variations as a
consequence of asthenospheric current flows.

Based on our gravity modeling, the hypothesis of Alvarez [1982] and geochemical
[Pearce et al., 2001] and seismic anisotropy [Russo and Silver, 1994; Helffrich et al., 2002]
studies, we propose an evolution of asthenospheric flow models for the study area (Figure
5). Around 28 Ma, during the initial phases of the opening of the Drake Passage, a mantle
gateway was created, since lithospheric continental roots related to South America, the
Antarctic Peninsula and the subduction zones were broken in that area. The thinned
lithosphere of the newly born Scotia Sea facilitated mantle flows between the Pacific and

the Atlantic (Figure 5a). The SFZ started its uplift as an intraoceanic ridge during the
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middle Miocene [Martos et al., 2013] producing a root displaced eastward, probably owing
to Pacific asthenospheric outflow. This feature, which became a barrier, influenced the
distribution of the asthenospheric flows dispersed northward and southward from the ridge
root (Figure 5b). Then, the main asthenospheric flow was deflected, flowing along the
western side of the root of the SFZ, toward the north and south ends of this structure

(Figure 5c).

Figure 5. Sketch of the evolution model proposed for the Drake Passage as a mantle gateway
(according to Barker [2001]; Pearce et al. [2001]; Eagles et al. [2005]). A) In the first stages of the
passage opening the Pacific mantle flowed freely into the Scotia Sea due to the absence of
lithospheric roots. B) In the Middle Miocene the Shackleton Fracture Zone started to uplift [Martos
et al., 2013], and this evolution created a lithospheric root related to this structure. Then, the root
began to behave as a barrier for the Pacific asthenospheric currents. C) Asthenospheric current
distribution at present times. The Shackleton Fracture Zone developed a deep lithospheric root and
formed the barrier for the asthenosphere. SFZ, Shackleton Fracture Zone; WSS, West Scotia Sea.
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In this framework, the West Scotia Ridge could not be fed properly by the Pacific
mantle outflow; hence, the spreading activity began to decrease until its extinction around 6
Ma [Maldonado et al., 2000]. In view of our asthenospheric flow model, we tentatively
propose two main rims for the flux in the present (Figure 5c):

- One branch of the flow moves northward along the western margin of the SFZ up to the
end of the structure, crosses the root gap formed by the SFZ and the South American
continent, and continues moving along the North Scotia Ridge, which constitutes an
important lithospheric root. The flow escapes through a narrow root gap located in the
North Scotia Ridge and through the northern part of the East Scotia Sea, considering the
subduction zone tip as a window for the asthenospheric flow.

- Another branch flows to the south along the western margin of the SFZ, crossing the root
gap formed by this structure and the South Scotia Ridge. Once it reaches the thin
continental blocks located in the southwestern part of the Scotia Sea, the asthenospheric
flow follows these roots and the western margin of the Central Scotia Sea up to the North
Scotia Ridge. The other possible flow is largely confined between the South Scotia Ridge
and the continental blocks (Figure 5) escaping to the Weddell Sea.

6. Conclusions

The analysis of oceanic gateways is of global relevance, to further understand deep
oceanic currents with climatic implications and the distribution of asthenospheric currents,
with implications for plate tectonics. The Scotia Sea is a key region since represents the
final gateway for the isolation of Antarctica.

We put forth a complete Bouguer anomaly map of the Scotia Sea and surrounding
regions, revealing for the first time major lithospheric mantle density contrasts. The new
gravity data support the presence of a thinner and low density lithospheric mantle in the
West Scotia Sea area, thereby suggesting variable lithospheric thicknesses.

The SFZ is a major geological structure in the region since the middle Miocene. Our
data suggest that the SFZ started to behave as an asthenospheric barrier for the Pacific
mantle outflow since the middle Miocene, at the same time period as for oceanic currents.
The decrease in Pacific mantle outflow toward the West Scotia Ridge in the Scotia Sea may

be one main factor behind the extinction of the oceanic spreading. The Pacific mantle
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outflow could still be present through the Drake Passage, at the northern and southern

borders of continental lithosphere, supporting Alvarez’s [1982] hypothesis.

Acknowledgements

We thank the constructive comments and suggestions of F. Ferraccioli and another
anonymous reviewer which contribute to improve this research. The study was founded by
the CTM2008-06386-C02/ANT and CTM2011-30241-C0O2-01/02 projects and by a pre-
doctoral fellowship from the “Ministerio de Ciencia e Innovacion” of Spain (FPI). This
work also benefited from a research stage abroad funded by the FPI program. Generic
Mapping Tools software was used in this work.

The Editor thanks Fausto Ferraccioli and an anonymous reviewer for their

assistance in evaluating this paper.

74



Asthenospheric Pacific-Atlantic flow barriers

Supporting Information
Readme.txt
Suporting Information for
Asthenospheric Pacific-Atlantic flow barriers and the West Scotia Ridge extinction
Yasmina M. Martosl’*, Jesus Galindo-Zaldivarl’z, Manuel Catalén3, Fernando Bohoyo4,

Andrés Maldonado'

" Instituto Andaluz de Ciencias de la Tierra (Consejo Superior de Investigaciones Cientificas/Universidad de
Granada). Avda. de Las Palmeras n° 4, 18100. Armilla, Granada (Spain).
* Universidad de Granada. Avda. de la Fuente Nueva, s/n, 18071. Granada (Spain).
3 Real Instituto y Observatorio de la Armada. Cecilio Pujazon, s/n, 11100. San Fernando, Cadiz (Spain).

* Instituto Geologico y Minero de Espaiia. Rios Rosas, 23, 28003. Madrid (Spain).

* Corresponding author

E-mail address: yasmartos@ugr.es

Geophysical Research Letters
Introduction

We included new gravity models considering a wide range for the density of the

asthenosphere, which support the main results shown in the main text.

1. textO1.doc This document contains tables with density values of the new models as well

as the discussion of the different models.

2. fs01.tif (Figure 6) Gravity models of the three selected profiles. Three different models
are presented for every profile. Blue, red and green lines represent models with densities for
the asthenosphere of 3.3 g/cm’, 3.4 g/cm’ and 3.5 g/cm’ respectively. a) Gravity model of
Profile 1. The lithospheric mantle is composed by seven bodies (see Table 1 in textO1.doc).
b) Gravity model of Profile 2. See Table 2 in textOl.doc for density details. ¢) Gravity
model of Profile 3. Three bodies compose the lithospheric mantle (see Table 3 in

textO1.doc). CC, Continental Crust; OC, Oceanic Crust.
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Figure 6b. Gravity model of Profile 2. Three different models are presented: Blue, red and green
lines represent models with densities for the asthenosphere of 3.3 g/cm?, 3.4 g/cm® and 3.5 g/cm’

respectively. See Table 2 in textO1.doc for density details.
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Figure 6¢. Gravity model of Profile 3. Three different models are presented: Blue, red and green
lines represent models with densities for the asthenosphere of 3.3 g/cm?, 3.4 g/cm® and 3.5 g/cm’

respectively. Three bodies compose the lithospheric mantle (see Table 3 in textOl.doc). CC,
Continental Crust; OC, Oceanic Crust.
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Abstract

The progressive sinking of the ocean seafloor is a consequence of lithospheric
cooling. The process is controlled by lithospheric thermal behaviour, influenced, in turn, by
the activity of mantle cells. Here we show that small oceans, such as the West Scotia Sea,
reach thermal equilibrium more quickly than larger ones, following a different subsidence
law (d(t) = 4480 — 19380exp(—t/4), where d and t are the depth in metres and time in
millions of years, respectively). Heat flow data are often used to date oceanic crust, but we
found that, for oceanic crust of the same age, the lower heat flow in small oceans implies
older apparent ages than if plate model empirical relationships for large oceans are
considered. In addition, the asymptotic heat flow values for oceanic crust older than 15 Ma
in small oceans prevents their use as a suitable dating method. This circumstance is a
consequence of the small size of the mantle cells, with low heat and energy transport. Our
results demonstrate that small oceans have faster thermal evolution and behave like old
oceanic crust in large oceans. The West Scotia Sea is a good example of small ocean
affected by this process, which controlled global climate change and the thermal isolation
of Antarctica because it constituted the last gateway during the inception of the Antarctic

Circumpolar Current.
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Highlights:
- Young small oceans behave as old large oceans from the thermal standpoint
- Standard oceanic crust heat flow dating methods cannot be used in small oceans

- Fast cooling occurs in small oceans by the small and low energy convection cells

Keywords: Thermal subsidence; heat flow; oceanic gateway; Scotia Sea; changes in global

scale

1. Introduction

Oceans constitute more than 70% of the earth’s surface and knowledge of their
evolution is essential to understand global changes. Their relief influences the pattern of
oceanic currents that constrain heat transfer and the present-day climate. Since the Plate
Tectonic theory was proposed in the 1960s (Vine and Matthews, 1963), the origin of the
seafloor has been known to be related to mantle dynamics, which determine continental
drift. Partially melted materials rise from the deep mantle, become unstable, and generate
convection cells, which transport materials and heat to the base of the lithosphere. The
hottest lithosphere are located in oceanic ridge areas where mantle flows to the surface
forming the oceanic crust. Heat is transported from ridges to the ocean boundaries.
Consequently, the older oceanic lithosphere is colder, with lower heat flow; it is therefore
denser, and sinks into the asthenospheric mantle due to isostasy equilibrium. This effect
produces an increase in lithosphere thickness since part of the astenosphere becomes
lithospheric mantle. The process is known as thermal subsidence. Two theoretical models
(the half-space cooling model (Davis and Lister, 1974) and the plate model (Langseth et al.,
1966; McKenzie, 1967) and several empirical models (Crosby and McKenzie, 2009;
Crosby et al., 2006; Hasterok, 2013; Hillier and Watts, 2005; Korenaga and Korenaga,
2008; Parsons and Sclater, 1977; Stein and Stein, 1992, 1993) have been proposed to
account for it since the 1970s. These models analyse the relationship between heat flow,
ocean floor depth, and age. The half-space cooling model (Davis and Lister, 1974) fits

thermal behaviour for young (proportional to the square root of age) oceanic crust, whereas
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Thermal behaviour and subsidence of small oceans

the plate model better describes the thermal behaviour of old oceanic crust (proportional to
an exponential decay of age) (Langseth et al., 1966; McKenzie, 1967). Both dependences
are summarized at Parsons and Sclater (1977) (equation 1), based on the plate model
(Langseth et al., 1966; McKenzie, 1967), that we consider as the most classic reference:

{ d(t) = 2500 + 350+t t <70 Ma 0

d(t) = 6400 — 3200exp(—t/63) t>70Ma

where d represents positive depths of the seafloor in metres and t is age in millions
of years.

However, up to now it has not been tested in small oceans, which generally occur in
backarc tectonic settings. The main objective of this study is to characterize the thermal
behaviour of this kind of oceans since they are important gateways for deep oceanic
circulation and faunal and floral exchanges with global implication in the Earth history. We
analyse the thermal behaviour of the West Scotia Sea in the framework of the Scotia Arc
(Fig. 1) because is one of the best examples of small oceans on the planet, and constitutes
the last oceanic gateway that isolates Antarctica. In addition, the determinations of the
oceanic basement depth and heat flow are data used to estimate the age of the oceanic crust
in remote regions where no other data are available. Anyway, although small oceans in
active tectonics areas may be affected by flexural deformations, the presence of major
faults in the borders of Scotia Sea contribute to uncouple the lithospheric boundaries and
minimize the flexural effects. The West Scotia Sea is the best suitable area to check the
thermal behaviour of small oceans instead of the Central Scotia Sea that includes
continental banks, or the young East Scotia Sea. This area was poorly explored up to now

due to the harsh weather predominating in the Drake Passage.

2. Regional Setting

The age of the initial tectonic opening of the Drake Passage is not well constrained,
and has significant implications for global oceanic circulation and climate evolution in
Antarctica as it created the final gateway to allow the establishment of a full circum-

Antarctic circulation and the thermal isolation of the Antarctic continent (Barker, 2001;
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Barker and Thomas, 2004; Kennett, 1977; Lawver et al., 1992; Livermore et al., 2004;
Maldonado et al., 2006) coeval with global reduction in the atmospheric CO, (DeConto and
Pollard, 2003).

The Scotia Sea has been formed by the tectonic development of the Scotia Arc since
the Oligocene (Barker, 2001; Barker and Burrell, 1977) due to the dispersion of the
continental blocks that connected South America and Antarctica. The Arc propagated
eastwards, forming oceanic backarc basins inside the tectonic arc in several stages (Barker,
2001). At present, it is composed of the eastern Sandwich plate and the western Scotia plate
in between the major South American and Antarctic plates (British Antarctic Survey,
1985). The Scotia Sea is bounded by the Weddell Sea to the south, by the Southern Atlantic
Ocean to the north and east, and by the Pacific Ocean to the west. The West Scotia Sea is
the largest backarc oceanic basin, around 1,500 x 1,000 kmz, formed by the West Scotia
spreading centre (Barker, 2001), with oceanic crust ages of around 30 to 6 Ma determined
by well constrained oceanic spreading magnetic anomalies (Eagles et al., 2005; Lodolo et
al., 1997; Maldonado et al., 2000). The spreading centre has a roughly NE-SW orientation
and is divided by transform faults of NW-SE orientation in the West Scotia Sea up to E-W
trends in the Central Scotia Sea (Fig. 1). The opening of this oceanic basin was responsible
for the last stages of separation of South America and the Antarctic Peninsula forming the
Drake Passage. It has been proposed not only a gateway for deep oceanic flow but also a
gateway for Pacific mantle outflow (Alvarez, 1982, 1990; Nerlich et al., 2013; Pearce et al.,
2001).

Eastwards, the Central Scotia Sea is formed by a complex array of oceanic basins
and thin continental banks, which constituted the continental connection between South
America and the Antarctic Peninsula (Barker, 2001). The poor development of seafloor
spreading magnetic anomalies and the absence of other suitable data for dating determine
controversial proposals for spreading ages (Barker, 2001; Civile et al., 2012; Eagles et al.,
2000).

Westwards, the Shackleton Fracture Zone (Geletti et al., 2005) is a sinistral
tranpressive fault that separates the Scotia Plate and the Antarctic Plate, roughly parallel to

the transform faults affecting West Scotia and Phoenix-Antarctic ridges. The former
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Phoenix plate belongs to the Antarctic plate after the extinction of the Antarctic-Phoenix

spreading axis 3.3 Ma ago (Livermore et al., 2000).
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Figure 1. Geological setting of the Scotia Sea and interpretation of multichannel seismic profiles
located in the West Scotia Sea. A: Scotia Arc bathymetry satellite map (Smith and Sandwell, 1997).
Multichannel seismic profile tracks and main tectonic features are shown in the figure. ACC,
Antarctic Circumpolar Current; BB, Bruce Bank; DB, Discovery Bank; ESR, East Scotia Ridge; FI,
Falkland Islands; HB, Herdman Bank; HFZ, Hero Fracture Zone; JB, Jane Bank; PAR, Phoenix-
Antarctic Ridge; PB, Pirie Bank; Pbs, Powell Basin; SFZ, Shackleton Fracture Zone; SGB; South
Georgia Bank; SOM, South Orkney Microcontinent; TR, Terror Rise; WSR, West Scotia Ridge. 1,
Inactive fracture zone; 2, Active fracture zone; 3, Transcurrent fault; 4, Inactive subduction zone; 5,
Active subduction zone; 6, Active extensional zone; 7, Active spreading centre; 8, Inactive
spreading centre; 9, Continental-oceanic crust boundary; 10, Study area. B: Sketch of the
multichannel seismic profiles 17, 06, and 08, in two-way travel time. Chrons from the available
compilation (Eagles et al,. 2005) are shown in the profiles.
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3. Methodology

We used several kinds of geophysical data in this study to discuss the suitability of
the oceanic basement depth and age relationships for small oceanic basins. Multichannel
seismic (MCS) allow us to determine the oceanic basement depth and the sediment
thickness. The ages of the oceanic crust have been determined in the region from the
analysis of magnetic anomalies (Eagles et al., 2005) and allow to study the depth-age, heat
flow-age, and lithospheric thickness modelling. In the other hand, gravity data were

considered to identify the signal of mantle sources.

Multichannel seismic profiles, basement and crustal age

We identify the seafloor and the seismic acoustic basement in MCS profiles
obtained in the Drake Passage during SCAN2004 and DRAKE-SCAN 2008 cruises. MCS
have been acquired by the R/V Hespérides and are located along spreading corridors
orthogonal to the spreading centres. The surveys were carried out with a tuned array of six
Bolt air guns with a total volume of 15.26 1. Both used a 96-channel streamer with an active
length of 2.4 km and a shot interval of 50 m. MCS data were recorded with a DFS V digital
system and a sampling record interval of 2 ms and 10 s record lengths. Data were processed
with a standard protocol, including time migration using Promax software.

We determined the top of the igneous layers of the oceanic crust by identifying the
large amplitude and chaotic reflections of the top of the oceanic basement. Moreover, the
sedimentary infill has a different seismic signal characterized by the presence of well-
defined reflectors. The ages of the oceanic crust of the West Scotia Sea have been
considered after the available compilation (Eagles et al., 2005) obtained from the analysis

of seafloor spreading magnetic anomalies.

Depth-age, heat flow-age, and lithospheric thickness modelling
We assume that our small ocean follows and depends on the same parameters as
those comprising the subsidence equation for the plate model (Turcotte and Schubert,

2002):
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Thermal behaviour and subsidence of small oceans

d(e) = Pmy(Ty — To)y1o F _ iexp( K7T2t>l 2)

m — Pw 2 m? yLzo

where p,, and p,, are mantle and water density respectively, a,, is the volumetric
coefficient of thermal expansion, T; — Ty is the temperature gradient between the bottom
and the top of the lithosphere, y;yis the thickness of the lithosphere at large time scales, k is
thermal diffusivity, and t is age.

Also we analyse heat flow as a function of age based on the plate model (Turcotte

and Schubert, 2002):

k(T, —T,) KTt Akm?t
Qo =— |1+ 2exp| ——— |+ 2exp| ——— 3)
VLo Y y

LO LO

where k is the thermal conductivity, T; — T, is the temperature gradient between the
bottom and the top of the lithosphere, y; 4 is the thickness of the lithosphere over large time

scales, k is the thermal diffusivity, and t is the age.

Gravity data analysis

In this study we used the GGMO2S gravity model, derived purely from 363 days of
GRACE satellite in-flight data (Tapley et al., 2005). This model provides free-air gravity
anomalies, defined as the difference between the gravity at a point on the reference
ellipsoid and the normal gravity defined at the same point. Therefore, these values are
defined on the reference ellipsoid, which is approximately mean sea level.

The water slab was corrected using a density of 1.03 g/cm’. The complete Bouguer
anomalies were calculated following the Nettleton procedure (Nettleton, 1976). To apply
Terrain corrections, we used the SRTM30PLUS4 grid as a local grid (Smith and Sandwell,
1997), and as a regional grid we used the same Digital Elevation Model, once
undersampled at 13 km. We have used 2.67 g/cm’ as the terrain density corresponding to
the average density of the surrounding continental crust. Even if the area is occupied by
oceanic crust with denser basements and the sedimentary infill has lower densities, the

mean value will be close to the considered one. The regional grid was used beyond 2 km.
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Finally, we obtained a Bouguer anomaly grid with a 13 km resolution, which should
provide a view to deep features.

The Bouguer anomaly map is also upward continued. It is done in the Fourier
domain and helps to attenuate short wavelength features that have a shallow origin. We use

it to enhance the signal of mantle sources when shallower ones are present.

4. Thermal behaviour of small oceans: The West Scotia Sea thermal subsidence and
heat flow

To obtain the thermal subsidence for the West Scotia Sea we calculated the seafloor
and basement depths from two-way travel time MCS profiles considering the water (1.5
km/s) and sediment (2.2 km/s) P wave velocities, obtained using the seismic refraction
results for the closest Powell Basin area (King et al., 1997). In order to apply the correction
for sediment loading (Steckler and Watts, 1978) and estimate the corrected basement depth
by isostasy, we consider a 2 g/cm® mean density of the sedimentary layer using the Nafe-
Drake curve (Ludwig et al., 1970). We used the constant value because sediment thickness
is less than 1 km in our study area (Sykes, 1996).

We also indentify the ages in the oceanic corridors from the Eagles et al. (2005)’s
compilation. However, in the spreading corridors, where the last identified anomaly is far
from the continental-oceanic boundary, the oldest oceanic spreading rates were considered
in order to estimate the ages of the remaining oldest oceanic crust area. After estimation of
corrected basement depth and the identification of oceanic crustal ages, we determined their
relationships, rejecting areas proximate to the oceanic ridge due to their irregular behaviour.

Our result shows that the thermal subsidence for this young small ocean follows the
d(t) = 4480 — 19380exp(—t/4) relationship between depth and age (Fig. 2), reaching
thermal equilibrium quickly. We found a correlation factor higher than 0.80 between our
data and this mathematical relation. When trying to fit our results to the classic empirical
subsidence law (Parsons and Sclater, 1977) for young oceans, we obtained correlation
factors lower than 0.40. Also, we found that oceanic crust of similar age is shallower
southwest of the study area, with the same thermal behaviour but affected by a depth offset
(Fig. 2A).
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On other hand, assuming plate model solutions (equation 2), and a value of 1 mm?/s
for the thermal diffusivity (Buck et al., 1988), we estimated 35 km of maximum lithosphere
thickness from the value of the exponent (¢*) which is an appropriate value for young
small oceans.

Additionally, in order to test the accuracy of these results, we have modelled the
heat flow that reaches the seafloor (Fig. 2C) based on the plate model solution (equation 3).
For the modelling, we used the average mean values of 3.138 Wm™ 'K for the thermal
conductivity of the lithosphere, T; — T, = 1350 K and x = 1 mm?/s. Finally, we obtained
the thermal behaviour for the West Scotia Sea small ocean and compare the results with the
classic empirical model (Fig. 2C). We display heat flow versus maximum thickness of the
lithosphere every 5 Ma from 5 Ma to 40 Ma, which includes the age range of the oceanic
crust for the study area (Fig. 2C). Heat flow values only depend on the lithospheric
thickness for ages older than 15 Ma. Moreover, for the same lithospheric thickness, the heat

flow values are lower for small than for large oceans (Fig. 2C).

5. Discussion

Classic half-space cooling and plate models (Davis and Lister, 1974; Langseth et al.,
1966; McKenzie, 1967) are based on the assumption that seafloor bathymetry is driven by
evolving thermal buoyancy of the underlying lithosphere, with other forces (such as
mantle-flow-induced stress, flexural support from surrounding buoyancy structures, among
others) negligible. This is generally valid for vast oceans basins like the Pacific and
Atlantic. However, this assumption is not always valid for small pieces of seafloor
surrounded by continental masses because of the strong mechanical coupling between
continents and ocean floor across these margins. In the Scotia Sea, the oceanic boundaries
may be considered uncoupled since most of them correspond to major faults (Barker, 2001;
British Antarctic Survey, 1985). Indeed, in this study we obtained well fit age-depth
relationship for oceanic areas without any disturbance related to flexural effects. The West
Scotia Sea is the best area to develop this study since seafloor ages from magnetic

anomalies are better identified than in other small seas like the Caribbean Sea.
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Thermal behaviour and subsidence of small oceans

The age-depth relationship proposed in this study (Fig. 2B) is different than that
proposed by classic theoretical and empirical subsidence equations for young oceanic crust
(Crosby and McKenzie, 2009; Crosby et al., 2006; Hasterok, 2013; Hillier and Watts, 2005;
Korenaga and Korenaga, 2008; Parsons and Sclater, 1977; Stein and Stein, 1992, 1993).
The West Scotia Sea behaves like an old oceanic crust, reaching thermal equilibrium
quickly. The plate cooling model (equation 2) is in excellent agreement with data for 125
km of maximum lithosphere thickness (Parsons and Sclater, 1977) in large oceans (such as
the North Pacific or North Atlantic oceans). However, assuming plate model solutions
(equation 2), our estimated 35 km value of maximum lithosphere thickness is appropriate
for young small oceans. We also modelled the heat flow that reaches the seafloor based on
the plate model solution (equation 3).

The small size of the West Scotia Sea determines a different mantle thermal
behaviour than those proposed to date for large oceans (Crosby and McKenzie, 2009;
Crosby et al., 2006; Hasterok, 2013; Hillier and Watts, 2005; Korenaga and Korenaga,
2008; Parsons and Sclater, 1977; Stein and Stein, 1992, 1993). Thermal equilibrium is
reached faster and, whereas in large oceans the heat flow decreases with increasing age, in
small oceans like the Scotia Sea, heat flow values only depend on the lithospheric thickness
for ages older than 15 Ma (Fig. 2C). Therefore, the present heat flow technique is not a
suitable method to date small oceans since apparent older ages are obtained for the oceanic
crust.

Also, a depth offset between oceanic crust of similar age in the study area is found,
but with the same thermal behaviour (Fig. 2A). In order to analyse this feature, we studied
mantle heterogeneity from the Bouguer Anomaly map of the West Scotia Sea. The Bouguer
anomalies obtained from the upward continuation at 50 km (Fig. 3) mainly represent the
upper mantle structures and have a regional maxima coinciding with the northeastern and
eastern West Scotia Sea spreading centre. The relatively higher Bouguer anomalies
represent denser mantle that corresponds to relatively colder materials. This scenario may
be a consequence of residual slow small active mantle cells below the extinct West Scotia
Ridge area (British Antarctic Survey, 1985). These mantle cells were bounded to the
southeast by the subduction of the Weddell Sea in an initial stage when the West Scotia Sea

was a backarc basin (Barker, 2001; Livermore, 2003). Later, the subduction migrated
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eastwards and a new backarc basin and the Sandwich Arc developed in the East Scotia Sea
(Livermore, 2003). The Central Scotia Sea represents an old piece of thinned continental
and oceanic crust that separates the two main basins (Eagles, 2010). In this context, oceanic
spreading progressively ceased in the West Scotia Sea, but some activity remains in the
underlying mantle cells. These cells, developed in a backarc setting, are smaller than in
large oceans, implying lower and slower heat transport. They continue to be infilled by the
hottest westwards Pacific mantle (Alvarez, 1982, 1990; Pearce et al., 2001), and as a
consequence the mantle becomes colder towards the northeast, causing greater sinking of

the oceanic crust (Fig. 4).

-70° -68° -66° -64° -62° -60° -58° -56° -54° -B2° -50° -48° -46° -44° -42° -40° -38° -36° -34°
— .

Figure 3. Bouguer anomaly map derived from GRACE satellite in-flight data and Geosat predicted
satellite bathymetry (Smith and Sandwell, 1997). Values at 50 km from the upward-continued
Bouguer anomaly map at surface. The main tectonic elements of the Scotia Sea are indicated. WSS,
West Scotia Sea; CSS, Central Scotia Sea. 1, Inactive fracture zone; 2, Active fracture zone; 3,
Transcurrent fault; 4, Active subduction zone; 5, Inactive spreading centre; 6, Continental-oceanic
crust boundary.
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South Georgia Island

Falkland Islands

SOUTH AMERICA

Figure 4. 3D view of the present setting below the western part of the Scotia Sea. The main tectonic
features are shown in the figure. Black lines with arrows represent mantle convection. The wide
blue arrow shows the northeastward decrease of the Pacific mantle outflow to the Scotia Sea.

6. Conclusions

We propose that small young oceans have a thinner lithosphere and relatively low
heat flow due to the small size and low energy of the mantle cells. These factors determine
a faster evolution to reach thermal equilibrium and final depths. Based on this faster
thermal evolution for small oceans, we propose the depth-age relationship of d(t) =
4480 — 19380exp(—t/4) for that behaviour. As a consequence, the low heat flow values
(50-70 mW/m?) (http://www.heatflow.und.edu) in small oceans such as the West Scotia
Sea indicate older apparent ages than for large oceans. In addition, in small oceans, crustal
ages older than 15 Ma cannot be discriminated, but heat flow is the best measure to obtain
their maximum lithospheric thickness. Moreover, in the West Scotia Ridge area, the
northeastward decrease in the activity of the mantle cells, mainly filled from the Pacific
mantle (Alvarez, 1982, 1990; Pearce et al., 2001), determines progressive mantle cooling

and deepening of the oceanic corridors, supported by MCS data and gravity anomalies.
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These processes helped the extinction of spreading centres and the faster deep sea
connection between the Pacific and Atlantic oceans through the Drake Passage, a key area
for the inception of the Antarctic Circumpolar Current with global climate effects and
oceanic and continental flora and faunal exchanges (Ghiglione et al., 2008; Mackensen,

2004; Lawver and Gahagan, 2003; Zachos et al., 2001).
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Abstract

The analysis of a new regional compilation of magnetic anomalies from marine,
aeromagnetic and satellite data reveals the main structural/tectonic elements of the Scotia
Arc. The most relevant magnetic anomaly in the continental crust, the Pacific Margin
Anomaly (PMA), is related to a basic to intermediate elongated batholith. It was emplaced
by subduction processes along the Pacific continental margin of the Antarctic Peninsula and
can be followed within the continental blocks of the South Scotia Ridge and South
America. Four representative magnetic profiles also show the structure in depth, and allow
us to characterize the main crustal elements of the region. The PMA is seen to have a
roughly W-E orientation, decreasing in intensity eastwards from the Pacific Margin of the
Antarctic Peninsula and extending towards the South Scotia Ridge to Discovery Bank and
even to Herdman Bank. However, the identification of the PMA in the North Scotia Ridge
1s uncertain, since the magnetic anomalies and the modeled profiles do not support the
presence of an important batholithic body. This setting can be attributed to the kinematics

of subduction, almost orthogonal to the Pacific margin of the Antarctic Peninsula and
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oblique along the South American margin. We propose a reconstruction of the initial
distribution of the main continental blocks in the initial stages during the Cretaceous, taking
into account the continuity of the PMA along the Antarctic Peninsula and South Scotia
Ridge. The anomalies identified in the northern Scotia Sea are probably related to local
basic rocks intruded in pull-apart basins that developed in the South America-Antarctica
plate boundary deformation zone during the initial stages of South Atlantic Ocean

spreading.

Highlights

- The most complete and accurate magnetic anomaly map of the Scotia Arc is presented
- Pacific Margin Anomaly extends along the South Scotia Ridge and Antarctic Peninsula
- The North Scotia Ridge includes basic rocks emplaced in pull-apart basins

- The subduction process of the Phoenix Plate is asymmetrical along the Pacific margin

Keywords: Magnetic anomalies; Analytic signal map; Magnetic models; Pacific Margin

Anomaly; Tectonic reconstruction; Antarctica.

Abbreviations

PMA, Pacific Margin Anomaly
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1. Introduction

Several marine magnetic and aeromagnetic studies carried out in the Scotia Arc
region reveal the main magnetic signature of the area and recognize a magnetic anomaly
belt called the Pacific Margin Anomaly (PMA) or West Coast Magnetic Anomaly (Parra et
al., 1984, 1988; Garret et al., 1986/87; Maslanyj et al., 1991). The southern part of the belt
is located in the Pacific Margin of the Antarctic Peninsula. Northwards, the belt splits into
two branches whose widest separation is found in Bransfield Strait, due to back arc-
tectonics (Garret and Storey, 1987; Garret, 1990; Barker, 2001; Catalan et al., 2013). This
feature extends along the southern continental fragments that lie in the margin of the Scotia
Sea, along the South Scotia Ridge (Surifiach et al., 1997). The anomaly is caused by the
emplacement of a linear basic to intermediate batholitic complex, related to a Cretaceous
magmatic arc (Vaughan et al., 1998), resulting from crustal extensional episodes associated
to the oceanic subduction of the Phoenix Plate along the Pacific margin (Garret el al.,
1986/87; Garret, 1990, 1991). Some studies also suggest the extension of this magnetic
anomaly belt into the South Scotia Ridge, South Orkney Microcontinent, Discovery Bank,
South Georgia and South America (Garret et al., 1986/87; Surifach et al., 1997; Barker et
al., 2001) and its connection to the Antarctic Peninsula, the South Shetland Islands and
Bransfield Strait (Ghidella et al., 1991, 2011). Most studies of the magnetic anomaly
distribution in the Scotia Sea, however, focus on the analysis of sea-floor spreading in order
to constrain the tectonic evolution of the Scotia Arc (Eagles and Livermore, 2002; Kovacs
et al., 2002; Eagles et al., 2006; Galindo-Zaldivar et al., 2006; Eagles, 2010).

This study presents a new magnetic data compilation of the Scotia Arc, which
enables us to identify and characterize the main geological features, while analyzing the
tectonic structures. The data provide new insights regarding the features of the PMA along
the continental blocks distributed around the Scotia Arc, leading us to reconstruct their
former relative position and to discuss the tectonic differences between the northern and

southern branches of the arc.
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2. Regional Setting

The Scotia Sea is an ocean basin located between South America and the Antarctic
Peninsula; it is bounded by the Shackleton Fracture Zone to the west and by the Scotia Arc
on the three remaining sides (Fig. 1). The Scotia Arc, which contains the Scotia and
Sandwich plates, is now limited by the Former Phoenix Plate to the West, at present part of
the Antarctic Plate. The Arc comprises oceanic crust, volcanic arcs and continental crustal
blocks, including the North and South Scotia Ridges, and the South Shetland Islands Block
(the continental block between the Antarctic Peninsula and the extinct Phoenix Plate).
Along the South Scotia Ridge lies the sinistral transcurrent boundary between the Antarctic
and Scotia plates, where restraining and releasing tectonic structures are well correlated
with present stress (British Antarctic Survey, 1985; Pelayo and Wiens, 1989; Aldaya and
Maldonado, 1996; Galindo-Zaldivar et al., 1996; Barker, 2001; Thomas et al., 2003; Geletti
et al., 2005; Bohoyo et al., 2007; Smalley et al., 2007). The Shackleton Fracture Zone is an
active, transpressive fault zone that accommodates, in conjunction with the South Scotia
Ridge, the relative motions between the Scotia and Antarctic plates (Barker et al., 1991;
Livermore et al., 1994; Aldaya and Maldonado, 1996; Galindo-Zaldivar et al., 1996;
Klepeis and Lawver, 1996; Kim et al., 1997; Maldonado et al., 2000). The Shackleton
Fracture Zone is subducted below the northern tip of the South Shetland Islands Block,
forming a triple junction (presently Antarctic-Scotia-South Shetland Islands Block) (Aldaya
and Maldonado, 1996; Klepeis and Lawver, 1996). The evolution of this fracture zone,
which constitutes part of the Antarctic-Scotia plate boundary, has been largely influenced
by spreading of the Phoenix-Antarctic Ridge and of the West Scotia Ridge, the beginning
of its uplift being dated in the middle Miocene (Martos et al., 2013).

The Scotia Sea contains several spreading ridges that began to be active at least in
the Oligocene (Barker, 2001; Bohoyo, 2004; Eagles et al., 2005; Livermore et al., 2005;
Galindo-Zaldivar et al., 2006; Lodolo et al., 2010). During the initial stages of continental
rifting and oceanic spreading in the Scotia Sea, the south Scotia Sea was characterized by
narrow NNE-SSW basins influencing the circulation of conspicuous water masses in the
region (King and Barker, 1988; Lawver and Gahagan, 1998; Maldonado et al., 1998;
Eagles and Livermore, 2002). The Phoenix Plate underwent subduction below the Antarctic

Plate during the late Mesozoic and Cenozoic (Dalziel, 1984; Barker et al., 1991; Eagles et
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al., 2004, 2009). The subduction continued at the South Shetland Trench due to roll-back
processes at the subduction hinge and produced active spreading in Bransfield Strait
(Maldonado et al., 1994; Livermore et al., 2000; Maurice et al., 2003).

The age of the initial tectonic opening of the Drake Passage, between South
America and the Antarctic Peninsula, is not well constrained yet, but has significant
implications for global oceanic circulation and climate evolution in Antarctica. It formed
the final gateway allowing the establishment of a full circum-Antarctic circulation, thereby
favoring a global climate change (cf., Kennett, 1977; Lawver et al., 1992; Barker, 2001;
Barker and Thomas, 2004; Livermore et al., 2004; Maldonado et al., 2006) coeval with
global reduction in atmospheric CO; (Deconto and Pollard, 2003).

-500
-1000
-1500
-2000
-2500
-3000
-3500
—-4000
—-4500

-5000

-5500

-80° -75° -70° -65° -60° -55" -50° -45° -40° -35° -30° -25° -20°

f——2-=342 44§ 5——g-—--

Figure 1. Geological setting of the Scotia Sea. Scotia Arc bathymetry satellite map (Smith and
Sandwell, 1997). AP, Antarctic Peninsula; BB, Bruce Bank; BS, Bransfield Strait; BwB, Burdwood
Bank; DB, Discovery Bank; FB, Falkland Basin; FI, Falkland Islands; HB, Herdman Bank; HFZ,
Hero Fracture Zone; PB, Pirie Bank; SFZ, Shackleton Fracture Zone; SGB; South Georgia Bank;
SOM, South Orkney Microcontinent; SSA, South Sandwich Arc; SSIB, South Shetland Islands
Block; SSR; South Scotia Ridge; TR, Terror Rise; WSR, West Scotia Ridge. 1, Fracture zone; 2,
Transcurrent fault; 3, Subduction zone; 4, Active extensional zone; 5, Active spreading centre; 6,
Continent-oceanic crust boundary.
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3. Material and methods

The World Digital Magnetic Anomaly Map’s Task aims to produce a world map
reflecting lithospheric magnetic field anomalies at 5 km of altitude. Priority was given to
near-surface data, and particularly to marine information. A new global marine magnetic
data set was created by Quesnel et al. (2009). The GEODAS DVD Version 5.0.10,
available from the U.S. National Geophysical Data Center, was used as the data source
(Fig. 2, black lines). Magnetic anomalies were recalculated taking advantage of the released
comprehensive model CM4, which enabled us to correct total field marine data by a proper
separation of spatial and temporal variations (Sabaka et al., 2004). All the new information
was cleaned by mens of a careful check and removal of spurious data, and finally, a line
leveling method was applied to reduce data misfits among various cruises. The resulting
data set consists of about 20 million records collected by about 2400 cruises from 1953 to
2003. Further marine magnetic data which were added to the GEODAS in 2008, as well as
seven Spanish cruises carried out on board the BIO Hespérides between 1992 and 2008
(Fig 2. blue lines), allowed us to update the dataset. Altogether, there are about 23 million
records in the new set of data. To assess the improvement in quality and coherence of the
data set, we calculated the root mean square of the crossover differences, which were
reduced from 179.6 nT (before leveling) to 35.9 nT (after leveling).

Marine coverage is not very dense in the Southern Hemisphere, and improving it
calls for including other sources such as aeromagnetic flights. The first of these additional
flights in the area comes from the U.S. Naval Research Lab. From 1951 through 1994, the
Navy's Project Magnet program continuously collected vector aeromagnetic survey data to
support the U.S. Geospatial-Intelligence Mapping Agency in world magnetic modeling and
charting (Fig. 2, red lines). Moreover, in 2011 an acromagnetic flight at 4 km height (Fig. 2,
green lines) was performed under the National Geophysical Data Center’s aeromagnetic
program, focused on obtaining global data to support modeling of the Earth’s magnetic
field. Some of the previous studies on magnetic anomalies (Lodolo et al., 1997; Barker,
2001; Eagles et al., 2005) were not corrected by external fields, or the core field
contribution. The use of IGRF/DGRF are generally adequate for removing the main
magnetic field effects from surveys carried out in short time spans. However, because the

IGRF/DGRF models are not continuous from one epoch to another, any imprecision in
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correctly modeling temporal variations of the Earth’s magnetic field can be aliased on the
first-order derivative as a bias. When a number of surveys (carried out at very different
periods of time) and their associated inaccuracies are adjacent to one another, the error
surface may be complex. The CM4 model provides a means of precisely modeling and
separating the core field and external fields, so that the former’s secular variation behaves
in a smooth and continuous way (Ravat et al., 2003).Additionally, during the past decade,
several artificial magnetic satellites were put in operation (Oersted, CHAMP). They
enabled us to “adjust” the long wavelengths of the different compilations used for the study
area. We selected the short-wavelength (< 320 km) anomalies from the marine and low-
altitude flights, while longer wavelengths (> 320 km) were filled using magnetic satellite

information (Ravat and Purucker, 1999).
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Figure 2. Magnetic trackline dataset in the Scotia Arc and surrounding areas. Black lines:
GEODAS dataset corrected with CM4 model (Quesnel et al., 2009). Red lines: acromagnetic survey
data from the World Magnetic Modeling and Charting Program (carried out from 1951 to 1994).
Green lines: Aeromagnetic flight at 4 km height performed in 2011 and under the National
Geophysical Data Center’s aeromagnetic program. Blue lines: 7 Spanish cruises carried out on
board the BIO Hespérides between 1992 and 2008.
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4. Magnetic maps
Using the data compilation described above, we created a new magnetic anomaly
map (Fig. 3A) and an analytic signal magnetic anomaly map (Fig. 3B) in order to identify

the main tectonic structures in the Scotia Arc.

4.1. New Magnetic Anomaly map

The new magnetic anomaly map was created using a 0.13° cell size. The map shows
specific magnetic signatures for different provinces (Fig. 3A). The oceanic areas of
Antarctica, the Former Phoenix Plate, the East Scotia Sea, and the Atlantic Ocean
northeastwards of South Georgia Bank are characterized by wide amplitude anomalies. The
Central Scotia Sea generally displays low amplitudes extending towards the West Scotia
Sea, with a well-marked boundary to the north, in the North Scotia Ridge. Bransfield Strait
is confined by two large magnetic maxima, while the South Orkney Microcontinent shows
a wide positive anomaly. The southern and northern boundaries of the Scotia Arc are well
represented in the magnetic anomaly map as a maximum-minimum transition. Dipole
anomalies in the oceanic regions of the West Scotia Sea and Former Phoenix Plate, with

marked maxima located on the north side, are well recognized.

4.2. Analytic signal magnetic anomaly map

The analytic signal map (Fig. 3B) was created in the Fourier domain in order to
localize main magnetic sources in the study area, with a 0.13° cell size resolution. Several
magnetic signature provinces are identified in oceanic areas. The Antarctic (including the
Former Phoenix Plate), the East Scotia Sea and the Atlantic Ocean sector located northeast
of the South Georgia Bank are characterized by intense maxima, while the eastern part of
the West Scotia Sea, the Central Scotia Sea and most of the Atlantic Ocean present
intermediate and low values. The Shackleton Fracture Zone is well identified in the Drake
Passage as a linear feature. The sources of the PMA southwards of Scotia Sea are well
observed, particularly in Bransfield Strait, the South Orkney Microcontinent and Discovery

Bank.
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5. Magnetic anomaly profiles and modeling

Four representative profiles (Fig. 3-7) were selected taking into account the
magnetic anomaly map and the analytic signal map in order to study and characterize the
main structures of the Scotia Arc from the magnetic point of view, and in particular, the
PMA. We chose the best developed dipoles, W-E elongated and with maxima to the north,
from areas having good trackline coverage (Fig. 2). For the purpose of magnetic modeling,
the sediment layer was considered to have null total magnetization. In addition, rocks were
understood to have magnetic properties above a specific depth within the crust due to
thermal gradient effects (Curie temperature) and thereafter, the initial depth values were
based on Garret et al. (1986/87). The PMA, related to the emplacement of basic and
intermediate igneous rocks, was studied in outcropping areas of the Antarctic Peninsula
(Maslanyj et al., 1991), where magnetic susceptibilities ranging from 0.033 SI to 0.274 SI

were determined, and Konigsberger ratios close to or greater than 1.
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Figure 4. Magnetic model of Profile 1. See Figure 3 for location. Magnetic field parameters used
for modeling: F =30357 nT, D = 6.22° and I = -50.81°.
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Profiles 1, 3 and 4 were used to model the magnetic anomaly bodies located in
continental banks to identify and study the PMA along the Scotia Arc. The models extend
up to depths comprised between 8 and 11 km, where magnetic properties are probably lost
due to high crustal temperatures. Moreover, Profile 2 was used to describe the transition
between the Former Phoenix Plate and the Scotia Plate through the Shackleton Fracture
Zone.

Profile 1 (Fig. 4), which crosses the South American continent and the North Scotia
Ridge with north-south orientation, shows a magnetic signal range between 120 and -100
nT, composed by four maxima. Three main magnetic bodies are needed to fit the observed
data. The largest one, with a susceptibility of 0.070 SI, is located in the Falkland Plateau,
Falkland Basin and Burdwood Bank. Its shallowest area is found around 3 km depth and
the deepest part at 9 km depth. The magnetic structure with the highest susceptibility
(0.1126 SI) is in the West Scotia Sea, modeled from 5 km to 9 km depth. The body with the
lowest susceptibility, 0.0297 SI, is also the shallowest one (between 1.5 km and 6 km) and
it is situated at the continental border of the continent-ocean boundary in the North Scotia

Ridge.
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Figure 5. Magnetic anomaly of Profile 2. See Figure 3 for location. SFZ, Shackleton Fracture Zone.
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Profile 2 (Fig. 5) crosses the Shackleton Fracture Zone from the Former Phoenix
Plate to the West Scotia Sea with SW-NE orientation. We used it as a sample profile to
present the differences in the main magnetic signatures between the plates, since this
fracture constitutes a main border of the structure of the oceanic crust. In this profile, the
magnetic signal of the Former Phoenix Plate is higher (maximum around 100 nT) and
wider (about 90 km) than the signal in the West Scotia Sea. Modeling this profile from the
magnetic standpoint of view is no easy task, given the high remanent magnetization due to
oceanic spreading.

Profile 3 (Fig. 6), with north-south orientation, lies between the Scotia Sea and the
South Orkney Microcontinent. The magnetic signal of this profile ranged between 400 nT
and -250 nT, exhibiting a large maximum located in the center. Two magnetic structures
are necessary to fit the observed signal. The greatest body (150 km width x 9 km thick) is
also the one with the highest susceptibility, 0.8530 SI, while we consider a susceptibility of
0.0194 SI for the smallest one (about 50 km width x 5 km maximum thickness). Both are
situated in the South Orkney Microcontinent, but the smaller body is closer to the

continent-ocean boundary between the Microcontinent and the Scotia Plate.
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Figure 6. Magnetic model of Profile 3. See Figure 3 for location. Magnetic field parameters used
for modeling: F =33111 nT, D=1.91°and [ =-56.18°.
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Profile 4 (Fig. 7), the easternmost profile modeled, crosses the eastern tip of the
South Scotia Ridge to the Weddell Sea with north-south orientation. Two wide (around 100
km width) and high maxima and a minimum characterize the magnetic signal of the profile.
The signal amplitude varies between 200 nT and -200 nT. Two main magnetic structures
are found to fit the observed data, the magnetic susceptibility and size decreasing to the
south. The smallest body is located between 4 km and 8 km depth with a susceptibility of
0.0673 SI. An elongated structure (around 100 km long) with similar thickness but higher
susceptibility (0.1047 SI) than the previous one is found in Herdman Bank, in the northern
part of the profile.

In sum, the largest and most magnetized structures are located in the southern part
of the Scotia Sea, specifically in the continental blocks of the South Scotia Ridge. Most
relevant on the northern side is the elongated anomaly located nearby the continent-ocean

boundary.
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Figure 7. Magnetic model of Profile 4. See Figure 3 for location. Magnetic field parameters used
for modeling: F =31760 nT, D =-4.26° and [ = -57.36°.
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6. Discussion

The magnetic data compilation provides insights about the Scotia Arc main features
and tectonics. However, this study based on the most recent magnetic anomaly dataset
focuses on the magnetic signatures and subsurface magnetic structures, rather than
magnetic anomalies related to oceanic spreading that are addressed in other detailed
research (British Antarctic Survey, 1985; Barker, 2001; Eagles et al., 2005). The wide
amplitude magnetic anomalies located in the Antarctic, Former Phoenix and Sandwich
plates are related to oceanic spreading in these three plates (Fig. 3). The Shackleton
Fracture Zone, corresponding to a main oceanic boundary between the Former Phoenix and
Scotia plates, is also characterized by a change in magnetic signal (Figs. 3A and 5). The
Central Scotia and the eastern part of the West Scotia Sea show medium values of magnetic
amplitudes related to the presence of a more conspicuous setting of small oceanic basins
and continental banks.

The PMA, with W-E orientation, is well identified along the southern Scotia Arc in
several of the continental blocks, including the South Orkney Microcontinent and
Discovery Bank, and could also be recognized in the northern part of Herdman Bank (Fig.
3). However, Bruce and Pirie Banks do not reflect the well elongated W-E magnetic
anomalies that could be attributed to the PMA.

The susceptibilities used to model the selected profiles (Figs. 3, 4, 6, 7) generally
fall in the range of the measurements observed in the Antarctic Peninsula (Maslanyj et al.,
1991). Due to the presence of remanent magnetism parallel to the induced one, confirmed
by the high Konigsberger ratios, in some cases we considered the susceptibility values
higher than the field measurements because remanent and induced magnetizations were
parallel. The highest magnetization is found in the South Scotia Ridge and the largest body
in the area (with 0.8530 SI), located in the South Orkney Microcontinent (Fig. 6), is
interpreted as a part of the PMA, in coincidence with other authors (Garret et al., 1986/87).
At any rate, a partial origin of these magnetic anomalies might be related to the subduction
of the Weddell Sea oceanic crust below the South Orkney Microcontinent and Discovery
Bank (Bohoyo, 2004). Garret et al. (1986/87) identified the PMA in Discovery Bank, in the
easternmost part of the south Scotia Arc. Moreover, Profile 4 shows a magnetic body

(0.1047 SI) located in the northern part of Herdman Bank that can be interpreted as part of
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the PMA (Fig. 7). Although its origin may be linked to the South Sandwich volcanic arc
(Hamilton, 1989; Barker, 2001), part of this bank could derive from dispersed continental
fragments such as Discovery Bank (Barker, 2001). This profile was modeled using two
main magnetic bodies with different susceptibilities (0.1047 SI and 0.06730 SI).

The modeling of the North Scotia Ridge profile, in contrast, depicts anomalous
magnetic bodies different than those of the PMA located along the South Scotia Ridge. A
large body is found under the Falkland Basin (Profile 1, Fig. 4), which we interpret as an
intrusive dyke due to the thinning of the continental crust along this W-E linear basin. The
oceanic crust is well identified and is represented by a large magnetic body reaching the
continent-ocean boundary.

The PMA was identified by Garrett et al. (1986/87) in the southeastern South
Georgia Bank, where we also observed a lineated W-E magnetic anomaly (Fig. 3A, black
dashed circle). Yet in the analytic signal map it is not well recognized as a main magnetic
source (Fig. 3B, black dashed circle), in contrast to the PMA bodies along the South Scotia
Ridge. Another possible anomaly that may be related to the PMA is observed in the
northern part of the Central Scotia Sea, southwest of South Georgia (Fig. 3A, black dashed
circle). This anomaly is located in an area of complex crustal nature that may correspond to
very thin continental banks or oceanic crust with unclear spreading (British Antarctic
Survey, 1985; Eagles, 2010), producing a low magnetic signal; it is likewise not well
identified in the analytic signal map (Fig. 3). If we interpreted these anomalies as part of the
northern branch of the PMA, only a few blocks with low magnetization are seen to have
similar PMA features as in the South Scotia Ridge. We therefore suggest that the PMA
does not occur along the North Scotia Ridge. The continent-ocean boundary in the North
Scotia Ridge is characterized by maxima values related to the contact with the continental
crust, because of its transcurrent character.

We propose a model for the initial distribution of the continental blocks in the
Scotia Arc (Fig. 8). The basic to intermediate batholitic body that is responsible for the
PMA signal is larger in the western part of Antarctic Peninsula and Shetland Islands, where
it is composed by two branches separated by the Bransfield Strait (Garrett et al., 1986/87;
Maslanyj et al., 1991; Ghidella et al., 2011, Catalan et al., 2013).
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Figure 8. Tectonic sketch of main structures during the development of the linear batholith related
to the PMA in the Cretaceous. The subduction process is orthogonal in the Antarctic margin and
oblique in the South American margin. Dark violet areas show the PMA magnetic signal, namely
the basic to intermediate batholitic body due to the subduction process. Light violet areas are those
which could be related to basic bodies associated with pull-apart basins. AP, Antarctic Peninsula;
BS, Bransfield Strait; CSS, Central Scotia Sea; DB, Discovery Bank; HB, Herdman Bank; PHX,
Phoenix Plate; SGB, South Georgia Bank; SOM, South Orkney Microcontinent; SAC, South
American Continent; SSIB, South Shetland Islands Block.

The asymmetry between the northern and southern Scotia Arc can be related to the
asymmetrical subduction process of the Phoenix Plate since the Cretaceous in the western
part of Antarctica and South America (Fig. 8) (Dickson et al., 1968; Larson, 1976; British
Antarctic Survey, 1985; Cande et al., 1988; Renking and Sclater, 1988; Dalziel et al.,

2013). The subduction process was directed southeastwards, mainly affecting the western
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part of Antarctica (Larson, 1976; Renking and Sclater, 1988) while South America was
affected obliquely. Thereafter, the development of the basic to intermediate batholitic body
along the southernmost American continental margin is smaller than in the Antarctic
margin, where it decreases in size towards the NE. Assuming this setting, a major part of
the continental elements of the North Scotia Ridge that constituted the original continental
South America-Antarctica bridge, like the South Georgia Bank, would be located east of
the subduction zone and were probably not directly affected by this process. In this context,
the relevant anomalies along the North Scotia Ridge may be related to basic rocks most
likely emplaced in pull-apart basins developed along a broad transcurrent fault zone that
separated the South American and Antarctic plates during the initial stages of development

of the South Atlantic Ocean (Fig. 8, blue areas).

7. Conclusions

We present the most complete compilation to date of the magnetic anomalies of the

Scotia Arc from marine, aeromagnetic and satellite data. While high intensity anomalies are
identified in the oceanic areas of the Former Phoenix Plate, and western part of the West
Scotia Sea, East Scotia Sea, and northeast of the South Georgia Islands, low intensity
anomalies occur in the Central Scotia Sea and eastern part of West Scotia Sea.
A linear anomaly identified north of the North Scotia Ridge coincides with the Falkland
Basin, probably evidencing the intrusion of an E-W elongated dyke in an episode of crustal
thinning. In addition, a long linear maximum is observed along the continent-ocean
boundary, south of the North Scotia Ridge.

The PMA is well recognized in the Antarctic Peninsula and in the South Shetland
Islands, extending along the South Scotia Ridge continental blocks: South Orkney
Microcontinent and southern Discovery Bank and it may occur in the northern part of
Herdman Bank. The magnetic models show that the PMA is the consequence of linear
basic to intermediate batholiths, in turn related to a subduction of the oceanic Former
Phoenix Plate below the Pacific continental margin. The variability in the intensity of the
PMA, which decreases eastwards from the Antarctic Peninsula along the South Scotia
Ridge, may be a consequence of the asymmetry of the trend of subduction (Fig. 8):

orthogonal to the Pacific Margin of the Antarctic Peninsula and oblique to South America.
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However, the PMA appears to be absent in the North Scotia Ridge, where the main
recognized anomalies (South Georgia Bank, and other minor anomalies) may be associated
with basic rocks emplaced in pull-apart basins formed along a broad transcurrent zone that
separates South America and Antarctica since the Cretaceous due to the South Atlantic
oceanic spreading (Fig. 8). These data provide new insight into the South America-

Antarctica continental bridge reconstruction, prior to the development of the Scotia Arc

(Fig. 8).
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Abstract

The sedimentary record in the vicinity of the triple junction at the southern Drake
Passage is analyzed in order to decode the palacoceanographic evolution and the influence
of tectonic events. The break-up of the last connection between South America and
Antarctica led to the circulation of important oceanographic bottom flows, including the
Antarctic Circumpolar Current (ACC) and the Weddell Sea Deep Water (WSDW). The
Shackleton Fracture Zone (SFZ), a ridge crossing the central Drake Passage, has been
proposed as a major barrier that constrained the free circulation of bottom flows in the area,
but whose timing and importance is poorly established. Also, the South Scotia Ridge
(SSR), a prominent relief composing the southern part of the Scotia Arc, has controlled
oceanographic exchanges between the Weddell and Scotia seas, as bottom flows from the
Weddell Sea to the Scotia Sea have been conducted across narrow gateways along the SSR.
On the basis of a network of multichannel seismic profiles, we interpret the uplift dynamics
of the SFZ in the southern Drake Passage and its influence on the evolution of the bottom-
current circulation and by extension on contourite processes.

Six main seismic units, identified and correlated between the Scotia and the Former

Phoenix plates, depict a south-west-directed tilting of the deposits above a mid-Miocene
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reflector (Reflector c) on the Phoenix Plate. The regional correlation of the main reflections
and contourite features indicates that the deepest fraction of the ACC, the Lower
Circumpolar Deep Water (LCDW as the lower part of the Circumpolar Deep Water,
CDW), flowed freely from the latest Eocene to the middle Miocene, and that these palaeo-
flows have been active until the present in the abyssal plain of the central-western Scotia
Sea. SFZ uplift was initiated, at the latest, during the middle Miocene (about 12 Ma), when
the SFZ began to be an effective barrier to bottom flows in the southern Drake Passage.
The ridge forced the ACC and the Polar Front to shift northward contributing to the thermal
isolation of Antarctica and more polar conditions. The northward displacement of the
LCDW and the opening of passages along the SSR favoured the insertion of WSDW flows
along the southern part of the Drake Passage, westward into the Pacific Ocean and
northward into the abyssal plain of the southwestern Scotia Sea. Based on the morphology
and evolution of the main erosional features, we also calculate a ratio between two
volumetric flow rates related to the two major branches of the WSDW in the southwestern
Scotia Sea area. The highest ratio is found for the age of Reflector b and is probably related
with the strongest incursions of the WSDW in the area, as well as with SFZ uplift. This
work demonstrates the common occurrence of large depositional and erosional features in
deep marine environments related to bottom-current activity and their important

implications on decoding palaeoceanographic, climatic and tectonic events.

Keywords: Shackleton Fracture Zone, South Scotia Ridge, contourite features, Antarctic

Circumpolar Current, Weddell Sea Deep Water, tectonic evolution

1. Introduction

The Drake Passage is a deep gateway the entire length of which is crossed by the
Shackleton Fracture Zone (SFZ), a significant structural relief with elevations of hundreds
to thousands of meters above the surrounding ocean floor (Maldonado et al., 2000;
Livermore et al., 2004). The age of the initial tectonic opening of the Drake Passage is not
well constrained, but likely has significant implications for global oceanic circulation and
climate evolution in Antarctica as it created the final gateway to allow the establishment of

a full circum-Antarctic circulation and the thermal isolation of the Antarctic continent (cf.,
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Kennett, 1977; Lawver et al., 1992; Barker, 2001; Barker and Thomas, 2004; Livermore et
al., 2004; Maldonado et al., 2006) coeval with global reduction in the atmospheric CO,
(Deconto and Pollard, 2003). However, the importance of the opening of the Drake Passage
as trigger of the Antarctic thermal isolation is a subject of controversy as some authors
suggest that the heat anomalies caused by the opening and the initial circumpolar current
were weak to lead to the abrupt Cenozoic cooling (Huber and Sloan, 2001; Zhong-Shi et
al., 2010).

The southwestern Scotia Sea is a key region for constraining the time of opening
because it contains the oceanic crust that developed during the initial phases of oceanic
spreading (Aldaya and Maldonado, 1996; Lodolo et al., 2006, 2010). The oldest oceanic
magnetic anomalies interpreted in the region suggest an early Oligocene opening age (ca.
32 Ma, Lodolo and Tassone, 2010), and arguments based on plate tectonic reconstructions
propose an opening during the middle Eocene (ca. 45 Ma, Livermore et al., 2007), the
Oligocene (Lawver and Gahagan 2003; Geletti et al., 2005; Lodolo et al., 2010), or the
Miocene (Barker, 2001). In addition to its influence during the initial evolutionary stages,
the SFZ has been suggested as a significant barrier to the circumpolar deep flow since the
late Miocene (8 Ma, Livermore et al., 2004). In addition, the deformed continental blocks
of the South Scotia Ridge (SSR) have also influenced the bottom-current distribution in the
area. Therefore, the complex tectonic evolution of this region has influenced bottom-
current circulation, which in turn has controlled the growth patterns of contourite drifts
(Fig. 1).

We analyze the triple junction region in the southwestern Scotia Sea, where the
extinct Phoenix, Antarctic, and Scotia plates meet (Aldaya and Maldonado, 1996). The
study area is located where the SFZ intersects the SSR and where the Weddell Sea Deep
Water (WSDW) enters the Pacific Ocean from the Scotia Sea. Above the WSDW is
flowing east the Circumpolar Deep Water (CDW), specially its lower fraction, the Lower
Circumpolar Deep Water (LCDW) (the deeper fraction of the Antarctic Circumpolar
Current (ACC)) (Carter et al. 2008) (Fig. 1). In this context, we focus on two main
objectives:

(1) To characterize the type, distribution, and development of deposits that resulted from

the interaction between the sea-bottom reliefs, caused by active tectonics, such as SFZ
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uplift and the SSR development, and the circulation of the main water masses. In order to
achieve this goal, we combine these observations with the information about the opening of
the Drake Passage, the history of the SFZ as a bottom-current barrier and the SSR gateway
development.

(2) To understand how the palaco-bathymetry of the region has influenced bottom-current
flows over time and the global climate. To achieve this objective, we discuss the age of the
initial ACC incursion into the Scotia Sea and the insertion of WSDW towards the Pacific
Ocean. Thereby, we describe the evolution of main branches of bottom currents and how
they could have influenced the global climate.

The results presented in this study help to constrain the palaeoceanography of this
key region and understand how the relationships between depositional processes, tectonic
evolution and bottom-current circulation are, as well as, to understand the last important
climate change in Antarctica which, in turns, influenced the Eocene/Oligocene global

climate change.

2. Regional setting
2.1 Tectonic evolution

The Scotia Sea is an ocean basin located between South America and the Antarctic
Peninsula (Fig. 1) containing at present two active plates, the Scotia Plate and the Sandwich
Plate, which are bounded by the SFZ to the west and by the Scotia Arc on the three
remaining sides. West of the SFZ, the Scotia Plate is bounded by the extinct Phoenix Plate,
which is now part of the Antarctic Plate. The Scotia Arc is composed of the South
Sandwich Arc, the North Scotia Ridge, and the deformed continental crustal blocks of the
SSR and the South Shetland Islands Block (the continental block between the Antarctic
Peninsula and the extinct Phoenix Plate). Transpressional tectonics occurs in the western
part of the SSR, while the central and eastern parts of the SSR are affected by
transtensional tectonics (British Antarctic Survey, 1985; Pelayo and Wiens, 1989; Aldaya
and Maldonado, 1996; Galindo-Zaldivar et al., 1996; Lodolo et al., 1997; Barker, 2001;
Thomas et al., 2003; Geletti et al., 2005; Smalley et al., 2007).
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The Scotia Sea contains several spreading ridges that began to be simultaneously
active in the Oligocene and led to the opening of the Drake Passage (Barker, 2001; Eagles
et al.,, 2005; Livermore et al., 2005; Lodolo et al., 2010). During the initial stages of
continental rifting and oceanic spreading in the Scotia Sea, the south Scotia Sea was
characterized by narrow NNE-SSW basins, which influenced the circulation of conspicuous
water masses in the region (King and Barker, 1988; Galindo-Zaldivar et al., 1994; Lawver
and Gahagan, 1998; Maldonado et al., 1998; Eagles and Livermore, 2002; Galindo-
Zaldivar et al., 2002).

The Phoenix Plate underwent subduction below the Antarctic Plate during the late
Mesozoic and Cenozoic (Dalziel, 1984; Barker et al., 1991; Eagles et al. 2004; Eagles et al.,
2009). The Phoenix-Antarctic Ridge, the spreading axis of the extinct Phoenix Plate, ceased
spreading at Chron C2A (2.6-3.6 Ma), and the Phoenix Plate became part of the Antarctic
Plate (Larter and Barker, 1991; Livermore et al., 2000). The subduction continued at the
South Shetland Trench due to roll-back processes at the subduction hinge and active
spreading in the Bransfield Strait (Maldonado et al., 1994; Livermore et al., 2000; Maurice
et al., 2003).

The SFZ is an active, transpressive fault zone that accommodates, in conjunction
with the SSR, the relative motions between the Scotia and Antarctic plates (Barker et al.,
1991; Livermore et al., 1994; Aldaya and Maldonado, 1996; Galindo-Zaldivar et al., 1996;
Klepeis and Lawver, 1996; Kim et al., 1997; Maldonado et al., 2000). The SFZ is
subducted below the South Shetland Islands Block, forming a triple junction (presently
Antarctic-Scotia-South Shetland Islands Block) (Aldaya and Maldonado, 1996; Klepeis and
Lawver, 1996), and its evolution has been largely influenced by the spreading on the

Phoenix-Antarctic Ridge and on the West Scotia Ridge.

2.2 Regional stratigraphy

Five major seismic units (Units 5 to 1 from bottom to top) have been regionally
correlated in the southern and central Scotia Sea (Maldonado et al. 2006). The
discontinuities separating units are designated as d to a from bottom to top. Unit 5 fills
basement depressions with an estimated Oligocene to early Miocene age. Unit 4 is sheet-

like and considered to be early to middle Miocene in age. Unit 3 exhibits both mounded
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and sheet-like geometries and the suggested age is middle to late Miocene (Maldonado et
al., 2003, 2005). Mounded and sheet-like shapes are dominant in Unit 2, which is attributed
as late Miocene to early Pliocene age. Unit 1 is described as a relatively thin early Pliocene
to Recent unit.

Numerous types of drifts such as mounded elongated, basement controlled, sheeted,
patch, channel related and plastered drifts have been identified in the western continental
margin of the Antarctic Peninsula, the Scotia and the Weddell seas (Howe et al., 1998;
Howe and Pudsey, 1999; Michels et al. 2002; Pudsey, 2002; Rebesco et al. 2002; Stow et
al., 2002; Maldonado et al., 2003; Hernandez-Molina et al., 2004; Maldonado et al., 2005;
Hernandez-Molina et al., 2006; Uenzelmann-Neben, 2006; Rebesco and Camerlenghi,
2008). Drift and contourite deposits in the southern and central Scotia Sea are mainly

associated to the three youngest units above Reflector ¢ (Maldonado et al., 2006).

2.3 Oceanographic setting

The full opening of the Drake Passage allowed the establishment of the ACC, which
controls the transport of heat, salt, and nutrients around the Southern Ocean. This current is
also the principal contributor to the boundary currents of the South Atlantic, South Pacific,
and Indian oceans (Nowlin and Klinck, 1986; Naveira Garabato et al., 2002a). In addition,
the Weddell Sea is one of the main engines of the global Thermohaline Circulation as it is
the source of deep and bottom waters due to enhanced atmosphere-ice-ocean interactions
(Brennecke, 1921; Gill, 1973; Carmack, 1977; Fahrbach et al., 1995; Foldvik and
Gammelrsed, 1988; Rahmstorf, 2006).

Two important deep-water masses are distinguished in the region (Orsi et al., 1999;
Naveira Garabato et al., 2002b; Hernandez-Molina et al., 2006; 2007; Hillenbrand et al.,
2008) (Fig. 1B): (a) the CDW, which flows mostly eastwards through the Scotia Sea as the
deepest part of the ACC. This water mass is composed of a lower (LCDW) and upper
(UCDW) fractions, and (b) the WSDW which flows within the Weddell Gyre,
preferentially along the northwestern Weddell Sea above the slope of the Antarctic
Peninsula. A branch of the WSDW enters the Scotia Sea through several narrow passages
(Discovery, Bruce, Orkney, and Phillip passages) of the SSR (Naveira Garabato et al.,
2002b; Schodlok et al., 2002; Naveira Garabato et al., 2003; Hernandez-Molina et al.,
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2006; Bohoyo et al., 2007; Carter et al., 2008) (Fig. 1). Within the Scotia Sea, the WSDW
is commonly subdivided in lower and upper components (Tarakanov, 2009). The WSDW
flows westwards along the northern slopes of the SSR and reaches the Pacific margin of the
Antarctic Peninsula (Locarnini et al., 1993; Orsi et al., 1995; Camerlenghi et al., 1997;
Rebesco et al., 1997; Orsi et al.,, 1999; Naveira Garabato et al., 2002b). The initial
incursions of the WSDW into the Scotia Sea through the Jane Basin are estimated to have
occurred in the middle Miocene (Maldonado et al. 2003, 2006).

In the study area, the LCDW flows eastwards (Orsi et al., 1995; Moore et al., 1997)
above and farther north than the WSDW, which flows to the west (Fig. 1).

3. Data and methodology

Multichannel seismic reflection profiles (MCS) were acquired during two cruises
(Fig. 1B) in the southwestern Scotia Sea on board the BIO Hespérides. The first survey
obtained 1525 km of MCS profiles and the second gathered a total of 3560 km of MCS
data. The first survey was carried out with a tuned array of seven Bolt air guns with a total
volume of 16.3 1, and the second survey was carried out with a tuned array of six Bolt air
guns with a total volume of 15.26 1. Both of them used a 96-channel streamer with an active
length of 1.2 km and a shot interval of 50 m. MCS data were recorded with a DFS V digital
system and a sampling record interval of 2 ms and 10 s record lengths. Data were processed
with a standard protocol, including time migration using a DISCO/FOCUS system. We
have focused on the seismic profiles located near the boundary between the Scotia and
Antarctic plates and the extinct Phoenix Plate (Fig. 1B).

Basin-to-basin jump correlations including the correlation of the main reflections in
the sedimentary record from the southwestern Scotia Sea to the Pacific Ocean across the
SFZ have been based on the recognition of seismic facies and the acoustic characteristics of
the underlying basement. Additionally, we have considered previous regional studies where
the five younger units are correlated between the Weddell Sea and the southwestern Scotia
Sea (Maldonado et al., 2003, 2005, 2006). The tentative age attributions of the main
seismic discontinuities made by these authors considered: (a) the correlation of the ODP
site 697 located in the Jane Basin with the western Scotia Sea for the younger main

reflectors; and (b) the age of magnetic anomalies of the oceanic crust to estimate the ages of
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the older discontinuities taking into account the stratigraphic sequence thickness observed
at selected sites. In order to estimate the age of each reflector, Maldonado et al. (2003)
defined a sedimentation rate curve for each stratigraphic section constrained by
sedimentation rates of nearby surface sediment cores and of ODP boreholes located in the
Antarctic Peninsula, the Jane Basin and the northern Weddell Sea.

In this paper, we describe the drifts around the triple junction region of the southern
Drake Passage. We use the following classification criteria and terminology regarding
contourite sedimentation: Contourites are defined as sediments deposited or substantially
reworked by the persistent action of bottom currents. Bottom currents are capable of
building thick and extensive accumulations of sediments. These sediment bodies are
considered as “contourite drifts” or simply “drifts” (Faugeéres et al., 1999; Rebesco, 2005;
Faugeres and Stow, 2008; Rebesco and Camerlenghi, 2008; Rebesco et al., 2008).
Erosional features, such as channels and moats, are identified throughout the study area.
Contourite channels are erosional features trending parallel or oblique to the margin that are
mainly formed by the action of bottom currents. Moats are channels trending parallel to the
strike of the slope and are genetically associated with mounded, elongated, and separated
drifts (Hernandez-Molina et al., 2008). Sediment waves are a type of bedforms generated
by the current activity that can be buried or on the modern seafloor superimposed on drifts
(Faugeres et al., 1999; Wynn and Masson, 2008).

We also estimate the minimum volumetric flow rate percentages of the WSDW
through the two major branches, one flowing north along the eastern slope of the SFZ and
another flowing towards the Pacific Ocean. The volumetric flow rate in both branches is
given by the equation Q = A4-v, where 4 is the area of the flow's vertical section and v is the
average flow velocity. Then we calculate Q,i/Q;; for every main reflector from Reflector c

upwards, with 1 and 2 being the main branches and i a specific reflector (see section 6).

4. Seismic stratigraphy

The MCS profiles show a succession of sedimentary units above the acoustic
basement. The abyssal plain basement is characterized by high-amplitude discontinuous
reflections and irregular diffractions above sparse, weak reflections, mainly attributed to

igneous rocks. The basement is also identified in the continental margins and at some
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locations of elevated seafloor, where it exhibits chaotic seismic facies. The abyssal plain
basement is located at variable depths ranging from 0 s to 2.0 s (twtt) below the seafloor
mainly due to irregularities in the basement surface.

Five main reflectors (e to a from bottom to top) constitute major discontinuities in
the deep-water sedimentary record of the southwestern Scotia Sea. These reflectors delimit
six seismic units (Unit 6 to Unit 1 from bottom to top). The unit boundaries are
conformable or slightly erosional and are overlain by reflections which are either
conformable or display downlap terminations.

The three oldest seismic units exhibit seismic facies that are distinctively different
from the facies of the three younger units (Figs. 2 to 7). These younger units decrease in
thickness to the south on both the Scotia and Phoenix plates, but are thinner on the Phoenix
Plate. The younger units are deformed and affected by faults next to and over the SFZ in
the Phoenix plate (Fig. 7). These deposits prograde southwards on the Phoenix Plate,
whereas they exhibit east- and northeast-directed progradations on the Scotia Plate. The
triple junction region is characterized by a morphological depression and a reduced or

absent sediment cover.

4.1 Older units

Unit 6 is confined within deep basement depressions (Figs. 2). The unit shows an
infilling geometry and its thickness varies from 0.05 s to 0.30 s (twtt) on the southwestern
Scotia Plate (Fig. 2B) and from 0.03 s to 0.22 s (twtt) on the southeastern Phoenix Plate
(Figs. 6B). Unit 6 exhibits low reflectivity and an aggradational configuration (Figs. 2A,
2C) with scarce, discontinuous internal reflections deformed by faults (Fig. 5B). The top
boundary (Reflector e) is an irregular, laterally discontinuous erosional surface (Fig. 2B).

Unit 5 overlies either the igneous basement or Unit 6 and and its distribution is more
widespread than the underlying Unit 6 (Figs. 3). Overall, Unit 5 also shows infilling
geometries (Figs. 2B) and thickness ranging from 0.05 s to 0.45 s (twtt) on the
southwestern Scotia Plate (Fig. 3B) and between 0.07 s and 0.26 s (twtt) on the Phoenix
Plate (Figs. 6B). The unit shows low reflectivity and an aggradational configuration (Fig.
3C), with parallel and discontinuous internal reflections that are disrupted by faults (Fig.

3A). Several well-identified sub-units with infilling geometries can be identified within the
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unit on the study area of the Scotia Plate (Fig. 2A). Reflector d is an erosional surface that
marks the top of Unit 5 and displays laterally variable amplitudes with low lateral
continuity due to disruptions by basement highs and faults (Fig. 2).

Unit 4 overlies either Unit 5 or the basement (Figs. 5B). In general, its geometry is
controlled by the basement morphology. Unit 4 shows infilling geometries with marked
thickening towards the southwest on the Scotia Plate study area close to the boundary with
the SSR and the SFZ (Fig. 2B). Unit thickness varies from 0.1 s to 0.7 s (twtt) on the
southwestern Scotia Plate (Fig. 3B) and from 0.03 s to 0.32 s (twtt) on the southeastern
Phoenix Plate (Fig. 6B). The unit locally progrades towards the south on the Phoenix Plate
(Fig. 6). Toplap terminations and erosional truncations are locally observed (Fig. 5D). The
unit increases in reflectivity and continuity towards the northeast of the study area, evolving
laterally into chaotic seismic facies, whereas towards the west and southwest it shows
erosional features (Fig. 4A). The deposits are deformed by tectonic features on the extreme
southwestern Scotia Plate (Fig. 5B) and on the southeastern Phoenix Plate, where the unit
displays erosional features (Fig. 6). The top boundary (Reflector ¢) is a high-amplitude
regional reflector with erosional features and undulating relief due to tectonic influence

(Fig. 4A).

4.2 Younger units

The three younger units (3, 2, and 1) are distinctive on the southwestern Scotia
Plate, where they tend to show high lateral continuity, although there are also abundant
internal erosional features and thickness variations (Fig. 3B). In contrast, on the
southeastern Phoenix Plate, the main discontinuities above Reflector ¢ are not clearly
imaged due to the occurrence of landslides and tectonic disruptions in the proximity of the
SFZ (Figs. 7).

Unit 3 lies above Reflector ¢ on the Phoenix Plate or locally on top of basement
highs on the southwestern Scotia Plate. It is wedge-shaped, thickening towards the west and
southwest on the Scotia Plate (Figs. 2B). Unit thickness ranges between 0.05 s and 0.55 s
(twtt), but generally increases to the east of the study area of the Scotia Sea (Fig. 2B) and is
between 0.06 s and 0.35 s (twtt) on the Phoenix Plate, disappearing towards the South
Shetland Trench (Fig. 6B). Internal reflections show high reflectivity (decreasing upwards)
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on the eastern and northeastern studied area of the Scotia Plate (Fig. 4) and the unit is
commonly sheet-like (Figs. SE, 6). The internal configuration is characterized by parallel
reflections on the Scotia Plate and by wavy to sub-parallel and discontinuous reflections
with south-directed progradations or by erosional features on the Phoenix Plate. A
prominent reflection is also identified within Unit 3, deformed by tectonic features (Fig. 3)
in the Scotia Sea (Fig. 2A), where lateral continuity decreases towards the northeast and
west of the study area of the Scotia Plate. The top boundary (Reflector b) is laterally
continuous on the Scotia Plate and shows an undulatory pattern (Fig. 3C).

Unit 2 is located above Reflector b and is locally absent, particularly in the
proximity of the continental margin, where moats are well developed (Figs. 4C, 6B). The
deposits of Unit 2 are thicker on the western and southwestern Scotia Plate study area, and
there is also a significant variation in thickness, from 0.05 s to 0.4 s (twtt), from the east to
the west in both plates (Figs 3, 6). On the SFZ, this unit is not easily identified since the
boundary with the youngest Unit 1 is not evident. Overall, Unit 2 shows infilling external
shapes (Figs. 5B), but sheet-like geometries are dominant in the east and northeast (Fig.
3A). This unit exhibits onlap terminations (Fig. 3C) and an increase in abundance of high-
amplitude sub-parallel internal reflections to the northeast (Figs. 3A, 4A). Erosional
features are observed in the shallower reflections and the top boundary (Reflector a) is a
laterally discontinuous, high-amplitude reflection.

Unit 1 is the youngest deposit above Reflector a and is relatively thin and
continuous (Figs. 3B, 5B), becoming thinner to the east (Fig. 3B). The maximum thickness
in the study area is 0.3 s (twtt) on the Scotia Plate and 0.16 s (twtt) on the Phoenix Plate
(Figs. 5B, 6B). Its geometry is sheet-like (Fig. 5), with a reflective acoustic response at the
base and more transparent upwards. The unit exhibits sub-parallel, high-amplitude, and

high-continuity reflections (Fig. 4).
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Figure 6. A) MCS of Profile 15 (see Fig. 1 B for location). B) Detailed interpretation of the seismic profile.
Main seismic units and Reflectors a to e are marked, as well as the main seismic features (see Sections 4 and
5 for details).
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Figure 7. A) Seismic signal of Profile 12A (see Fig. 1 B for location). SFZ, Shackleton Fracture Zone. B)
Detailed interpretation of a part of the profile. It has not been possible to delimit Units 1 and 2. C) Detail of
the seismic signal of the plastered drifts.

See Sections 4 and 5 for details. Vertical scales are expanded.
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5. Geometry of drifts and erosional features
5.1 Scotia Plate

Two main types of drifts are identified in the southwestern region of the Scotia Sea:
mounded elongated drifts and abyssal-sheeted drifts (Figs. 8A, C). Mounded elongated
drifts are characterized by aggrading to prograding continuous convex-upward seismic
reflectors (Figs. 2, 5D). Mounded elongated and separated drifts (hereafter separated drift
for simplicity) occur at the base of steep slopes adjacent to the SFZ and the South Shetland
Island Block (Figs. 2B, 3C, 4B, 5SE, 8) and are characterized by convex-up lenticular
reflections with upslope migration trends. Separated drifts are larger above Reflector b (Fig.
4C), although in the proximity of the SFZ they are observed in the four youngest units
(Figs. SE). These mounded drifts have high relief (200450 m above the surrounding
seafloor) and widths of 4.5 to 20 km. Abyssal-sheeted drifts are more extensive towards the
northeast part of the study area, where they cover large areas of the abyssal plain (Figs. 8B,
8C) and are characterized by flat-lying, continuous sub-parallel reflections. Down section,
the reflections become less continuous and less abundant.

Buried channels and moats are frequently observed in the sedimentary record (Figs.
3C, 5C, F). Some of these channels display significant vertical and lateral migrations (Figs.
3A 5C, D, F). Profile MO1 (Fig. 5), for example, shows a channel migrating northeastwards
from Reflector ¢ to Reflector b (Fig. 5D), whereas another channel migrates
southwestwards from Reflector b to Reflector a (Fig. 5C, F). The seafloor also reveals a
host of moats and channels that were active during the deposition of Units 1 and 2 (Figs.
2B, 3C, 4B, 5C, E).

A buried field of sediment waves with a wavelength of 1-4 km (Fig. 2A, C) has
been identified within Unit 2.

5.2 Phoenix Plate

The identification of sedimentary deposits is difficult on the Phoenix Plate because
the units are largely deformed by tectonic features and mass gravity processes induced by
the plate subduction and SFZ uplift (Fig. 7). However, several separated and plastered drifts
can be identified in this region.

Separated drifts are attached to the SFZ from Units 4 to 1 (Fig. 6B) and show high
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relief (about 200 m) with upslope migration (Fig. 6B). The drifts are 5 to 6.5 km wide and
are characterized by convex-up mounded reflectors. Plastered drifts are best developed in
the western slope of the SFZ where they infill small depressions (Fig. 7B). These drifts
contain reflections parallel to the basement topography.

Contourite channels and moats are common on the Phoenix Plate, where they are
more developed than on the southwestern Scotia Plate. Moats are identified from Reflector

d upwards (and locally throughout the stratigraphic section) (Fig. 6B, 9).

6. Temporal evolution of channels and moats

The evolution and distribution of contourite erosional features (channels and moats)
in the sedimentary record are described herein (Fig. 9). Channels show a general southward
migration from the basement to Reflector d (Fig. 9B, 9C) and a northward migration above
this reflector (Fig. 9D, 9E). Channels and moats in the South Shetland Trench are observed
throughout the entire sedimentary sequence. Channels are generally stable through time in
the Scotia Sea abyssal plain. Channels are observed above Reflector d close to the SSR
(Fig. 9C) and above Reflector c close to the SFZ (Fig. 9D).

Channels and moats are more developed close to the bases of ridges. Taking into
account the information from sections 4 and 5 we consider that erosional features observed
upwards from Reflector ¢ are due to bottom-current activity while depressions or channels
observed downwards from Reflector ¢ have been mainly controlled by the tectonic features.
It is also evident that the influence of bottom currents close to the SFZ and to the SSR
increases from Reflector ¢ upwards. The bottom current that flows westwards along the
SSR base-of-slope is intersected by the SFZ and it forces a branch diversion towards the
northwest (Branch 1) and a southwestward branch diversion aided by the Coriolis force
(Branch 2), entering the Pacific Ocean (Fig. 8, 9). Branch 2 flows between the two major
bottom reliefs of the SFZ and the South Shetland Islands Block through a narrow, confined
passage where the flows intensify (Nowlin and Zenk, 1988).

We have estimated the minimum percentage of the volumetric flow rate in these two
major branches from Reflector ¢ age to the present. The calculation indicates the main core
of the flow generated by the water masses due to the relief, but not the total associated

water mass. The volumetric flow rate in both branches can be described by the equation
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Q=A4-v, where Q represents the discharge, 4 is the area of the moat and v is the velocity of
the current. Taking into account the sections of the moats we can deduce that the flow
velocity in Branch 2 has been higher than in Branch 1 (see Fig. 9) since the moat is more
developed in Branch 2 (Figs. SE, 2B). Using the information derived from the MCS
profiles (Figs. 2, 5), we have been able to calculate the cross-sectional areas of the moats
and channels. Given the discharge that reaches the SFZ, namely Q;, and considering that it
is divided into two branches, Q,; and Q,; (where they are related by Q; = Q;; + Qi and i
represents the reflector under study), it is possible to estimate the proportion of the total
core flow that is diverted through each branch.

We have estimated the cross-sectional areas of the moats for every major
discontinuity, from Reflector ¢ to the seafloor. A straightforward calculation shows that, in

the limit where the flow velocities in each branch are equal (v; = v;), we can evaluate the

quotients Q, i/Q; and Q,.i/Q;:

O _ v, A REGE 2T 4
0, Vii 'Al,i TV, 'Az,i o) Al,i +4,,

(1)
0,. _ vy Ay, =i Q) 4,,

- =
0, Vi 'Al,i TV, 'Az,i 0, Al,i + A2,i

Afterwards, taking into account the assumption (i.e., the real situation), v; < v,, we
have calculated the inequalities Q;/Q; < 1 and Q,i#/Q; < 1. Then, we can obtain the
relationship between Q.; and Q;; as a quotient, Q,i/Q;;. This quotient is totally
independent of the absolute velocity or the initial transport in the limit where v; = v, (and

the same can be applied to the quotients Q; i/Q; and Q,i/Q;). This calculation depicts the

Figure 8. Generalized schematic drawings (not to scale) based on MCS profile cross-sections of the
southwestern Scotia Sea and the southeastern Phoenix Plate. Open basin, transitional, and ridge-controlled
depositional environmental settings are indicated in the figure. The open basin setting corresponds to the
abyssal plain, whereas the ridge-controlled setting is represented by the base of slope of the SSR and the
slopes of the SFZ; a transitional setting is identified in between both of them. A) Section across southwestern
Scotia Sea from the SFZ that shows an extensive control of basement topography on the development of
drifts. B) Section across the southwestern Scotia Sea from the SFZ. C) Section parallel to the SSR that shows
the main contourite drifts. D) Section across the southeastern Phoenix Plate reaching the South Shetland
Trench. E) Section crossing the Shackleton Fracture Zone. See Figure 1 B for location and Figures 2, 3, 4, and
5 for details.
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relationship that the volumetric flow rate must satisfy in this area taking into account the
observations and results obtained from the analysis of the MCS profiles, as well as the
assumption v; < v,. Calculated values for Reflector ¢ (Q2,/Qi > 0.22, where A is 2.46 km?
and A, is 0.55 kmz), Reflector a (Q24/Q1. > 0.27, where A; is 3.05 km? and A, is 0.83
kmz), and the seafloor (Q.+/Qis > 0.38, where A; is 2.38 km? and A, is 0.9 kmz) are
similar. However, the quotient is very high for Reflector b (Q21/Q1p > 0.78, where A, is
1.11 km? and A, is 0.87 km?).

7. Discussion

The morphological and tectonic evolution of the southern Drake Passage has
influenced the circulation of the main deep-water masses throughout the area. The
interaction between the eastward flows of the LCDW and the westward flows of the
WSDW resulted in a host of depositional and erosional bottom features that attest to the
action of the bottom currents on the seafloor, which in turn was continuously conditioned

by active regional tectonics.

7.1 Drifts and erosional features

Most of the sediments above the igneous oceanic crust in the southern Drake
Passage record a significant influence of bottom currents on both sides of the SFZ, and the
major stratigraphic discontinuities can be traced across the region. The distribution of the
oldest deposits below seismic Reflector ¢ is largely related to the location of depressions in
the igneous basement controlled by the tectonic activity of the area. In contrast, bottom
relief was less influential in controlling the distribution of the younger deposits. Instead the
distribution and characteristics of bottom currents became progressively more influential in
the growth patterns of those deposits as observed in other nearby areas (Maldonado et al.,

2006).

Figure 9. Channel and moat evolution in the study area. Profiles from ANT92 (orange lines) and
HESANT92/93 (black lines) cruises and the two main branches of bottom-current flow from the Weddell Sea
reaching the Shackleton Fracture Zone. Branches 1 and 2 are represented by 1 and 2 in the figure. Grey
dashed lines represent the profiles shown in this study. A) Depression distribution at basement time. We
consider basement time as the start time. B) Channel evolution and distribution at Reflector e time. C)
Channel evolution and distribution at Reflector d time. D) Channel evolution and distribution at Reflector ¢
time. E) Channel evolution and distribution at Reflector b time. F) Channel evolution and distribution at
Reflector a time. G) Channel evolution and distribution in the present. SFZ, Shackleton Fracture Zone. SST,
South Shetland Trench. Elephant Island is shown on the map.
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Three physiographic settings have been identified based on the bathymetric control
(Fig. 8): open basin, transitional, and ridge-controlled. The open basin setting is located in
areas with subdued relief, such as the abyssal plains of the Scotia and Phoenix plates (Figs.
8B, 8C), where sheeted drifts occur throughout the entire sedimentary sequence. The
transitional setting is located in the transition between the continental margin or ridges and
the abyssal plains (Figs. 8, 9) and is characterized by an abundance of drift deposits crossed
by buried contourite channels and with local superimposed sediment waves. The ridge-
controlled setting is defined by areas where the flows are more restricted by tectonics and
seafloor relief, and separated drifts prevail (Fig. 8).

The ridge-controlled setting evolved over time due to tectonic and bottom-current
influence. The SSR has been a prominent relief throughout the depositional history,
although its influence as a ridge-controlled setting in the older deposits does not seem to be
significant as these deposits do not show extensive occurrence of moats or separated drifts,
but rather sheeted or wedge geometries (Figs. 2B, 3B). A major change is observed at
Reflector ¢, when moats and separated drifts indicative of the ridge-controlled setting
became more abundant (Figs. 4C, 5E, 9). The onset of the ridge-controlled setting after
Reflector ¢ was also favoured by SFZ uplift, which instigated the formation of mounded
drifts and moats around that relief (Fig. 9D).

Conspicuous evidence of bottom current activity in the study area is observed
within the sedimentary record. The tectonic activity during the deposition of the older units
constrained the bottom flow circulation and the evolution of depositional processes, as
recorded by large depressions, moats and channels associated to those units (eg. South
Shetland Trench formed a moat). This was caused by the initiation of deep gateways and
passages along the SSR (Schodlok et al., 2002; Maldonado et al., 2003; Galindo-Zaldivar et
al., 2006; Maldonado et al., 2006; Bohoyo et al., 2007; Carter et al., 2008) that allowed the
flow of the Weddell water masses into the Scotia Sea and eventually into the Pacific Ocean
(Hernandez-Molina et al., 2006). However, the most significant intensification and widest
distribution of bottom currents occurred above Reflector ¢ in Unit 3. Units 3, 2, and 1 show
evidence of intense flow activity as revealed by the extensive occurrence of moats,

channels, and contourite deposits.
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The initial incursions of the WSDW into the Scotia Sea, through the Jane Basin, and
into the Pacific margin of the Antarctic Peninsula occurred around the middle Miocene
(Maldonado et al., 2003; Hernandez-Molina et al., 2004, 2006). Therefore, the older
deposits in the study area are considered to have been affected by the LCDW, whereas the
younger deposits were mainly affected by the WSDW (Fig. 10). The LCDW flowed
eastwards in the southern Drake Passage through the initial corridors and basins opening
between the continental blocks (Fig. 10A), whereas the WSDW entered the Scotia Sea later
thanks to the opening of new passages through the SSR (Fig. 10B). The regional channel
migration between Reflectors ¢ and b (Fig. 9D, 9E) is attributed to the emplacement of the
westward WSDW flows coeval with the uplift of the SFZ (see Section 7.2), which
displaced the CDW to the north (Figs. 10B, 10C).

7.2 Tectonic evolution

Earlier studies suggested that deep-water flows were inhibited in the Drake Passage
by overlapping continental slivers along the SFZ until about 23.5 Ma (Barker and Burrell,
1977; Barker, 2001). In contrast, more recent interpretations have proposed that the SFZ is
a recent feature that began to behave as a barrier only after 8 Ma (late Miocene) (Livermore
et al., 2004). These authors inferred a small change in the pole of rotation that led to the
clockwise realignment of the ridge in the west Scotia Plate, which became oblique to the
older fabric after circa 8 Ma.

The structure, geometry, and distribution of the seismic units in the study area
indicate a progressive tilting of the sedimentary units on the margins of the SFZ. The tilting
is marked above Reflector ¢ and the units are deformed and affected by faults (Fig. 7). The
deposits are prograding to the south on the Phoenix Plate, whereas they exhibit east- and
northeast-directed progradations on the Scotia Plate. Assuming that the estimated age of
Reflector ¢ is middle Miocene (~12 Ma) (Maldonado et al., 2003, 2005, 2006), the SFZ
initiated as an oceanic ridge in the middle Miocene, coinciding with the onset of the
permanent East Antarctic Ice Sheet (Vincent and Berger, 1985; Flower and Kennett, 1994;
Zachos et al., 2001) and with tundra landscape that persisted until at least 12.8 Ma in the
Antarctic Peninsula (Anderson et al., 2011). During this initial phase, the ridge modified

the water masses flow across the Drake Passage (Fig. 10B), but the deposits composing the
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older units indicate that the SFZ was ineffective at inhibiting the connection between the
Pacific Ocean and the Scotia Sea. The change in the Euler pole 8 Ma ago, proposed by
Livermore et al. (2004), probably subsequently augmented the uplift. Compression in the
southern SFZ can be linked to the changing plate motion and rotation poles likely due to the
higher activity of the Pacific and African superplumes during the middle and late Miocene
(Potter and Szatmari, 2009), including the development of new oceanic basins during the
Miocene east of the southwestern Scotia Sea along the SSR (Galindo-Zaldivar et al., 2006).
At 8 Ma, the LCDW moved farther north because of SFZ uplift (Fig. 10C), coeval with the
northward expansion of the Antarctic Peninsula and the grounding cycles of the East
Antarctic and West Antarctic ice sheets (Maldonado et al., 2000; Bart et al., 2005;
Anderson, 2006; Anderson and Wellner, 2011; Smith and Anderson, 2011).

7.3 Palaeoceanographic implications

The Eocene-Oligocene transition is known as one of the most significant changes in
the Earth’s climate (Miller and Mabin, 1998; Zachos et al., 2001). During the earliest
Oligocene, a major change in water temperature in the southern oceans was apparently
related to the opening of deepwater seaways (Kennett and Stott, 1990; Mead et al., 1993). It
is widely accepted that the Scotia Sea region was the location of the final barrier to a
complete circum-Antarctic deep-water flow, although its timing, consequences, and
significance for the evolution of global climate are still a subject of debate (Lawver et al.,
1992; Barrett, 1996; Barker, 2001).

The opening of the Drake Passage allowed the onset of the ACC flow, and
the consequent thermal isolation of the Antarctic continent (Kennett, 1977). The initial
incursions of the WSDW are proposed to have occurred during the middle Miocene
(Maldonado et al., 2003), but nowadays the WSDW escapes towards the Scotia Sea through
several other passages located in the SSR region, such as the Bruce, Orkney, and Discovery
passages for the lower fraction of the WSDW, and the Philips Passage for the upper
fraction of the WSDW (Fig. 1) (Naveira Garabato et al., 2002b; Schodlok et al., 2002).
Although several authors have studied how and where the WSDW escapes from the
Weddell Sea into the southern Scotia Sea (Fahrbach et al., 1991; Gordon et al., 2001;
Visbeck et al., 2001; Schodlok et al., 2002; Naveira Garabato et al., 2003), the analysis of
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these flows in the area of the triple junction of the southern Drake Passage is still poorly
constrained.

Erosional features are most highly developed next to ridges, suggesting an
intensification of bottom-current activity along the flanks of these topographic highs. The
tectonic influence of the SSR can be detected from Reflector d upwards (Fig. 9C) and is
still active at present. Erosional features next to the SFZ have been forming since the
middle Miocene (Fig. 9D), and WSDW effects are identified close to the SSR since the
formation of Reflector c. In addition, migrating channels are widespread (Figs. 2, 5), and
they record the evolution of bottom currents through time (Fig. 9). Taking into account the
evolution of the channels and moats (Fig. 9), it can be observed that the LCDW has
influenced the seafloor far from the SSR since the basement formation to the present day.
Besides, channel generation through the stratigraphic column occur at the same locations in
the northeastern study area.

SFZ uplift has influenced the distribution of nearby channels and moats (Fig. 9D)
since channels formed and migrated around the structure. The high value of the Q.;/Q;;
quotient at Reflector b is probably related to the stronger incursions of the WSDW into the
area, as well as to SFZ uplift. In addition, some channels that were active until Reflector ¢
generation are not observed afterwards, and the influence of the LCDW is not observed in
the southwestern part of the study area (Fig. 9D,E). The value of the Q,i/Q;; quotient
decreased at Reflector a, when Branch 1 became more important and the water masses
approached new conditions after the significant WSDW incursion. Although the bottom-
current distribution and the tectonic setting are very similar in this area for the Reflector a
and for the present, the water mass flow through Branch 2 is proportionately a little higher
nowadays (Fig. 9F, 9G). Once the flow crosses the narrow corridor between the SFZ and
the South Shetland Islands Block, it splits into additional minor branches, influenced by the
bathymetric highs in the southeastern corner of the Phoenix Plate (Fig. 9). Most of the flow,

however, continues southwestwards confined by the South Shetland Trench.

7.4 Evolutionary stages

The oceanographic, climate and tectonic evolution can be summarized as follow:
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a. Tectonic and water masses distribution around 28 Ma
The CDW flows eastwards through the small opening between South America and
Antarctica (Fig. 10A). Deep-water masses that circulated into the Weddell Gyre could not

flow into the Scotia Sea by that time. Some small ice sheets start to grow on the continent.

b. Tectonic and water masses distribution during the middle Miocene

The SFZ begins the uplift and water masses from the Weddell Sea start to enter the
Scotia Sea. The LCDW migrates northwards, allowing the WSDW to flow to the Pacific
Ocean (Fig. 10B). The EAIS becomes permanent and isolated ice sheets grow in the West
Antarctica and in the Antarctic Peninsula (Vincent and Berger, 1985; Flower and Kennett,
1994; Zachos et al., 2001) (see summary table of figure 10). The ice-sheet formation in this
step of the thermal isolation evolution is also based on the studies of Miller et al. (2008),
who propose about an 80 m sea-level fall for the middle Miocene and a greater decrease up

to nowadays.

c. Tectonic and water masses distribution over the last 8 Ma

The uplift of the SFZ forced the LCDW to move northward farther from Antarctica
(Fig. 10C), favouring the thermal isolation of the area and in coincidence with the ice-sheet
grounding cycle in the East Antarctica, Antarctic Peninsula, and West Antarctica
(Maldonado et al., 2000; Livermore et al., 2004; Bart et al., 2005; Anderson and Wellner,
2011; Smith and Anderson, 2011) (see summary table of figure 10). The WDSW enters the
Scotia Sea through several passages and it is divided into two main branches when the

current is intersected by the SFZ.

Figure 10. Idealized sketch of bottom-current evolution and thermal isolation of Antarctica as a result of the
opening of the Drake Passage and the start of the Circumpolar Deep Water (CDW), the uplift of the
Shackleton Fracture Zone, and the incursions of water masses from the Weddell Sea. The tectonic
reconstruction has been made using GPlates software (Boyden et al, 2011). Blue areas represent the general
ice-sheet distribution for each period. CDW, Circumpolar Deep Water; WSDW, Weddell Sea Deep Water;
SFZ, Shackleton Fracture Zone; APIS, Antarctic Peninsula Ice Sheet; WAIS, West Antarctic Ice Sheet; EAIS,
East Antarctic Ice Sheet. A) Tectonic and water masses distribution around 28 Ma. B) Tectonic and water
masses distribution during the middle Miocene. C) Tectonic and water masses distribution over the last 8 Ma.
Summary table of 8'*0 and §"C records, key climatic, tectonic, regional oceanographic and biotic events
from 40 Ma to present (based and modified of Zachos et al. (2001)). Global deep-sea 3'*O record based on
data compiled form DSDP and ODP sites by Zachos et al. (2001). Key climatic events and the development
of Antarctic ice-sheets are shown by vertical bars that provide a rough qualitative indication of ice volume
(Zachos et al. 2001). The time spans of key tectonic events are represented by vertical bars or arrows, as well
as the regional oceanographic events and main biotic events. Reflector ¢ is shown in the table.
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8. Conclusions

Sedimentary evolution, tectonics, mantle dynamics, palacooceanographic and
climate-change processes are linked in the study of the triple junction region in the southern
Drake Passage. The main contributions of this work are summarized in the following
points:

1. Evidence of bottom-current activity in the southern Drake Passage is observed
throughout the entire sedimentary record. The features observed in the older units seem to
be the result of the influence of the initial CDW flows whose trajectories were controlled
by tectonic depressions. In contrast, the sediment bodies composing the younger units are
interpreted as drift deposits that evolved under the combined effects of WSDW and CDW
flows.

2. The SFZ may have initiated as an oceanic ridge before the middle Miocene. The
SFZ proto-relief, together with the initial incursions of the WSDW, forced the ACC and the
Polar Front to move northwards, away from Antarctica, favouring the thermal isolation of
the Antarctic region (Fig. 10B) and, coeval with the onset of the permanent East Antarctic
Ice Sheet and with tundra landscape that persisted until at least 12.8 Ma in the Antarctic
Peninsula (see summary table of figure 10). Subsequently, around 8 Ma, the LCDW was
displaced even farther north because of SFZ uplift (Fig. 10C). This process caused an
additional impact on the thermal isolation of Antarctica and on global climate change, as
the Antarctic Peninsula, East Antarctic, and West Antarctic ice sheets grounded.

3. The influence of bottom currents became the controlling factor above Reflector c.
Erosional features were more conspicuous and larger, occurring in distinctive patterns that
contrast with the underlying strata. These erosional features are more conspicuous adjacent
to ridges, suggesting an intensification of bottom-current activity due to the opening of
deep gateways located along the SSR and to the deflection of the flows. Since the age of
Reflector ¢, the WSDW has escaped from the Weddell Sea through these small passages,
and flowed westwards along the SSR until intersecting with the SFZ. As a consequence, a
part of the current is diverted northwards, whereas the remaining flow continues

southwestwards into the Pacific Ocean, aided by the Coriolis force.
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Abstract

Bransfield Basin, a 500 km long and 100 km wide extensional structure with a well-
marked NE-SW orientation, is considered a back-arc basin developed since the Pliocene
and associated with subduction of the former Phoenix Plate below the South Shetland
Islands Block. Extension also occurs in this area as a consequence of the end of the sinistral
fault zone that deforms the South Scotia Ridge. On the basis of potential field data from
marine cruises, we provide new magnetic and Bouguer gravity maps of the area at sea
level. We have characterized the central magnetic anomaly by using Euler deconvolution
method, spectral analysis and forward modeling obtaining a thin (1.5 km) and shallow (4
km b.s.l.) layer, and a low total magnetization (2.6 A/m). The forward modeling was
constrained on basis of previous seismic refraction studies. Our models show two
situations. The first presents a uniform density values along the entire crust in the basin.
This would be compatible with rifting in a more advanced stage, or even an oceanic crust in
its earliest stages, while the second would support the existence of a stretched, thinned and

altered crust through the injection of volcanic material. In the light of these models,
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analysis of the new potential field maps presented in this work and information from
previous studies we consider that the Central Bransfield Basin is in a rifting in its latest

stages or presents an incipient oceanic crust formed by recent oceanic spreading.

Key words/phrases: Back-arc basin, potential fields, crustal structure, Pacific margin

anomaly, northern Antarctic Peninsula.

1. Introduction

The process that leads to the formation of an ocean can be studied in different areas
in the world. North of Africa and Arabia shows three rifts systems which represent different
stages of a evolutionary sequence: (a) a continental rift system in East Africa, (b) at the Red
Sea where the transition from a continental rift to oceanic rift is taking place right now, and
(c) the Gulf of Aden which has already evolved to oceanic rift (Bonatti, 1987; Cochran and
Martinez, 1988). This evolutionary process could seem simple.

Taylor et al. (1995) study the western Woodlark Basin/Papuan Peninsula region of
New Guinea. They showed the manner in which seafloor spreading is initiated at
continental margins, and what conditions are necessary to cause them, are more complex
than it might first appear. Some assumptions should be reconsidered: (a) that continental
rifting ceases when sea-floor spreading begins, or (b) that oceanic fracture zones develop
from transfer or transform faults within continental rifts.

Marginal basins are extensional structures developed along active continental
margins in different tectonic contexts. They may be formed during continental rifting as
occur in Afar Depression related to the development of the triple junction between Nubian,
Arabian and Somalian plates (Beyene and Abdelsalam, 2005). However, they are generally
related to oceanic subduction, forming arc and back-arc systems (Taylor, 1995 and
references herein). Back-arc basins are especially well developed around the Pacific and
Indian oceans (New Zealand, Japan, New Hebrides, and Kuril) and also in the Scotia Sea
area. Arc and back-arc systems parallel to continental margins allows to the development of
narrow and elongated basins that determined the development of marginal areas of
restricted oceanic circulation. These regions have related active magmatism with

differentiated geochemical features (Taylor, 1995).
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The Antarctic Peninsula and the South Scotia Ridge provides two examples of
inactive and active back-arc basins parallel to continental margins: The Jane Bank and Jane
Basin (Bohoyo et al., 2002) and the South Shetland Islands and Bransfield Strait (Gamboa
and Maldonado, 1990; Gonzalez-Casado et al., 2000). The Jane Basin is an oceanic basin
formed between the Weddell Sea margin of the South Orkney microcontinent and the Jane
Arc. The seismic profiles and magnetic anomalies demonstrate that it was formed during
the Miocene and is inactive at Present. However, the Bransfield Basin is a more recent
structure and continues to be under debate its active opening and its crustal nature
(Galindo-Zaldivar et al., 2004; Gamboa and Maldonado, 1990; Gonzalez-Casado et al.,
2000; Lavwer et al., 1996, among others).

The aim of this contribution is to constrain the deep structure of the Bransfield
Basin, discussing its oceanic or non-oceanic character, from the study of a new compilation

of available gravity and magnetic data.

2. Geological Setting

The study area lies between the Antarctic Peninsula and the South Shetland Islands
(SSI) (Fig. 1). This area (Bransfield Strait) is considered a back-arc basin related to the
subduction of the former Phoenix Plate below the SSI block (Barker et al., 1991; Dalziel et
al., 1984; Gamboa and Maldonado, 1990). Moreover it is affected by the southwestward
extensional end of the transtensional and transcurrent fault system that deforms the
continental blocks of the South Scotia Ridge (Galindo-Zaldivar et al., 2004, 2006a). The
Bransfield Strait is a 500 km long and 100 km wide extensional structure with a well-
marked NE-SW orientation that has been developing since the Pliocene. It ends to the
southwest, also coinciding with the southwest end of the South Shetland trench along the
Pacific margin of the Antarctic Peninsula (Jabaloy et al., 2003). To the NE, the Bransfield
Strait is connected with discontinuous depressions located along the South Scotia Ridge.
This lens-shaped basin is usually divided into three sub-basins: Western, Central and
Eastern (Christeson et al., 2003; Galindo-Zaldivar et al., 2004; Gracia et al., 1996). The
Smith and Low islands, located at the southeastward prolongation of the Hero Fracture
Zone (HFZ), mark the southwestern boundary between the Western and Central basins

(Gonzalez-Casado et al., 2000). The HFZ is an ancient transform fault that behaves as a
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limit between the former Phoenix Plate and the Antarctic Plate (Fig. 1). This feature
presents a clear bathymetric relief in the oceanic crust, but there is no clear evidence of its
continuation through the South Shetland Block (Galindo-Zaldivar et al., 2004; Jabaloy et
al., 2003; Maldonado et al., 1994). In the hanging wall, however, the subduction of the
positive reliefs of the HFZ along the Pacific margin of the South Shetland block determines
local deformation and uplifts as well as the occurrence of HP/LT (high pressure-low
temperature) metamorphic rocks at Smith Island. The boundary between the Central and
Eastern Bransfield basin is located at the Bridgeman Island volcano (Fig. 1).

Full swath-bathymetry data covering the central and eastern Bransfield Basin show
a linear trend of volcanic features, roughly aligned along the basin (Canals et al., 1994;
Gracia et al., 1996). Moreover, Quaternary volcanism is recorded at Deception Island,
located by the boundary faults between the South Shetland Block and the Bransfield Basin,
and in several places among the South Shetland Islands. Galindo-Zaldivar et al. (2004)
analyzed multichannel seismic profiles by studying the shallow structure of the Bransfield
Basin and its eastward prolongation through the Scotia Sea. They proposed a tectonic
picture where roll-back played a major role in the development of the Bransfield Basin,
supporting the existence of incipient oceanic crust.

Parra et al. (1984), who modeled aeromagnetic data in the area, arrived at an age of
the basin of 1.8 Ma, and an average velocity of 0.9 cm/yr full rate for the opening. On the
basis of aeromagnetic data, Gonzalez-Ferran (1991) suggested an average full spreading
rate of 0.25-0.75 cm/yr for the last 2 Ma. Magmatic activity is well-established, but
according to Lawver et al. (1996) there is no strong evidence of normal seafloor spreading
within the basin, probably due to its youth, which makes the magnetic patterns diffuse. Kim
et al. (1992) modeled eight marine profiles across the strait based on dyke bodies. This
dyke model suggested that the amount of extension was higher in the eastern basin than in
the western basin.

More recently, Christeson et al. (2003) have published results of a wide-angle
seismic survey carried out in the region, consisting of a grid of five strike and three dip
profiles. They observed that the crustal thickness pattern was consistent with propagation of
the extension from the NE towards the SW. In addition, from the upper mantle velocities,

they suggest the occurrence of a small amount of partial melt or normal upper mantle
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anisotropy with the slow direction parallel to the rift axis, in order to justify velocities of

7.45 £ 0.2 km/s at depths of 14-17 km.
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Figure 1. a) Regional geotectonic framework of the region and location of the study area. Main
geological features are included. b) Regional satellite bathymetry of the work area (Smith and
Sandwell, 1997). JB : Jane Basin. JA: Jane Arc. EBB: Eastern Bransfield Basin. WBB: Western
Bransfield Basin. Boundaries between basins are represented by black solid lines.

161



Chapter 9

3. Data compilation

The available data on the region include marine gravity and magnetic measurements
(Fig. 2). This area has a dense coverage due to the presence of numerous seasonal and
permanent Antarctic stations of different countries, relatively good sea conditions and low

summer ice cover.

Figure 2. Marine track coverage. (a) Marine magnetic track line coverage. (b) Marine gravity track
line coverage.

3.1 Magnetic data

We used marine magnetic data from the Marine Trackline Geophysical Data System
(GEODAS) (Metzger and Campagnoli, 2007) in this work. A total of 21 cruises were
carried out in the period 1961-2000. In addition, further geophysical expeditions were
performed by the Royal Observatory of the Spanish Navy (ROA) during several austral
summers: 1989-90, 1990-91, December 1999 (DECVOL-99), January-February 2002
(GEODEC-MAR), and December 2008 (MAREGEO) (Fig. 2a). We subtracted the core
field contribution using the best-reference geomagnetic field, which is the DGRF evaluated

at the time period of the cruises.
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Data from DECVOL-99, GEODEC-MAR and MAREGEO were lag corrected,
spike removed and diurnally corrected using data from the Livingston Island geomagnetic
observatory. Data from an auxiliary reference station installed at Deception Island was also
used. As the GEODAS cruises were not corrected by external field contribution, the ROA
cruises DECVOL-99, GEODEC-MAR and MAREGEO were used as masters.

Crossover analyses are used to estimate the quality of the geophysical surveys as
well as to provide an effective technique for improving the internal consistency of the
geophysical data grids (Thakur et al., 1999; Wessel and Watts, 1988). Since the local
magnetic anomaly is time-invariant, if we examine the anomaly crossover difference
between two tracks, the residual will reflect the error budget. This is mainly due to the
geomagnetic field time-dependent components: secular variation (SV) and to the external
field contribution, as well as navigation errors.

A careful and detailed analysis of every crossover was performed; discarding those
cruises where residuals were systematically high (we arbitrarily selected 300 nT as a
threshold). We carried out a previous leveling on GEODEC-MAR, DECVOL-99 and
MAREGEO track lines using a statistical tie line leveling technique, which corrects for
intersection errors that follow a specific pattern or trend. The algorithm calculates a least-
squares trend line through an error signal to derive a trend error curve, which is then added,
as a correction, to the signal to be leveled. Subsequently, and using the ROA cruises as
masters (DECVOL-99, GEODEC-MAR and MAREGEO), we leveled those
complementary surveys (GEODAS data) using crossover residuals. All filtered offshore
magnetic anomaly data were merged to derive a 3 km resolution map (Fig. 3a). To further
aid in the interpretation of the magnetic anomaly data, reduction to the pole (Baranov and
Naudy, 1964) was also applied. Reduction to the pole serves to transform data that are
collected in areas where magnetic inclination is not vertical to the way the data appear at
the geomagnetic pole; that is, the anomalies are essentially deskewed and positioned
symmetrically over their sources. We used -55° and 11.5° as average values for inclination

and declination, respectively, for the whole area (Fig. 3b).
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Figure 3. Magnetic anomaly maps. (a) 3 km resolution magnetic anomaly map, obtained after
leveling of marine magnetic lines, with white labels highlighting sub-aerial and submarine
volcanoes. Label “C” corresponds to the so-called “Orca Volcano”. Label “D” (also called “Three
Sisters” in Christeson et al. (2003)) corresponds to three parallel features. DI: Deception Island. BI:
Bridgeman Island. Two black dashed polygons give an approximate representation of the local
Pacific Margin Anomaly coverage over the study area. SSMA: South Shetlands Magnetic
Anomaly. PCMA: Pacific Coast Magnetic Anomaly. SI: Snow Island. Sml: Smith Island. (b) Final
magnetic map reduced to the pole. Both maps: Colour palette in nT. Contour interval: 200 nT. Two
NW-SE thick black lines show where the linear magnetic anomaly associated with the neovolcanic
axis appears disrupted by offsets. White triangles highlight subaerial and submarine volcanoes.
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3.2 Gravity data

In this work we used marine free air gravity data from the Marine Trackline
Geophysical Data System (GEODAS) (Metzger and Campagnoli, 2007). A total of 13
cruises were carried out in the period 1992-2000. In addition, a geophysical survey was
performed by the ROA in January-February 2002 (GEODEC-MAR) in the area (Fig. 2b).

Water slab was corrected using a density of 1.03 g/cm’. Complete Bouguer
anomalies were calculated following the Nettleton (1976) procedure. To apply Terrain
corrections, we used the SRTM30PLUS4 grid as a regional grid (Smith and Sandwell,
1997) and data from a local full swath-bathymetry survey for local corrections (Gracia et
al., 1997). We have used 2.67 g/cm’as the terrain density, considering that most of the
surrounding areas have a continental character. Regional grid was used beyond 10 km, and
additionally in those areas where there was no local bathymetry data. Finally, we obtained a
Bouguer anomaly grid with a 3 km resolution that can be compared on an equal basis with

the marine magnetic grid (Fig. 4a).

4. Magnetic and Gravity anomaly maps

4.1 Magnetic map

The Central Bransfield Basin (CBB) is enclosed by two long wavelength positive
anomalies (Fig. 3). The first one (South Shetlands Magnetic Anomaly: SSMA) runs SW-
NE along the South Shetland block, while the second (Pacific Coast Magnetic Anomaly:
PCMA) runs roughly sub-parallel along the Antarctic Peninsula margin (Garret, 1990;
Ghidella et al., 2002; Surifiach et al., 1997). The maximum value of magnetic anomaly
identified in the SSMA (higher than 1300 nT) is reached between Smith and Snow islands.
There are other maximum, located northern Livingston Island (900 nT) and northwest of
King George Island (700 nT). Generally speaking this block shows a progressive decrease
in amplitude of anomaly as we progress northeastward.

The CBB is characterized by long wavelength negative values, showing an average
of -400 nT in the scalar magnetic anomaly (Fig. 3a) and also in the reduction to the pole

map (Fig. 3b).
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Figure 4. Gravity anomaly maps. (a) Bouguer anomaly map at sea surface and 3 km resolution.
Contour interval: 10 mGal. WBB: Western Bransfield Basin. CBB: Central Bransfield Basin. EBB:
Eastern Bransfield Basin. (b) Bouguer anomaly map high pass filtered, cut-off wavelength: 50 km.
Red dotted lines show morphologic steps from Gracia et al. (1996). A Bouguer gravity anomaly
low is highlighted inside a black dashed rectangle. A large linear low surrounds the southern part
of South Shetland Archipelago (inside a dashed black polygon, see text for comments). Black
circles delimit short wavelength gravity lows, which appear associated with volcanic edifices. A
white dashed rectangle delimits a proposed magma chamber at DI. Both maps: White triangles
highlight subaerial and submarine volcanoes.
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Throughout the CBB, a series of short wavelength positive anomalies can be picked
out. Some of them correspond to submarine volcanoes as their position coincide with those
volcanic edifices, ‘A’ to ‘G’, described by Gracia et al. (1996) (Fig. 3a). Labels ‘DI’ and
‘BI’ (same figure) correspond to sub-aerial volcanoes, such as those of Deception and
Bridgeman Islands, respectively. Although some anomalies are rounded, they are generally
elongated in a NE-SW trend parallel to the Bransfield basin axis. Volcanoes present values
of magnetic anomaly of 300 nT on average, reaching its highest (450 nT) and lowest
amplitude (135 nT) in edifice ‘G’ and ‘F’ respectively. The PCMA’s magnetic anomaly
amplitude keeps roughly uniform (400 nT) along the whole block reaching a maximum
value of 800 nT in its southwestern part.

The reduced-to-the-pole magnetic map (Fig. 3b) shows, in general, a similar picture
but with a general southward translation of the anomalies. Furthermore, positive short
wavelength signals are slightly better resolved. This is not obvious along the neovolcanic
line, but it is quite evident along the southern part of the CBB, where peaks related with

SSMA blocks have a reduced magnetic footprint, and so are better resolved.

4.2 Bouguer gravity map

The map shows terrains in the northwestern part where high values occur (higher
than 200 mGals) (Fig. 4a). These values correspond to well-developed oceanic domains, in
this case the extinct Phoenix Plate in the Drake Passage. In a matter of just 50 km, the high
values descend to 10 mGals due to the presence of the South Shetland trench. Southeast of
the trench there lies the South Shetland Block, followed by the Bransfield Basin. Inside the
CBB, Bouguer gravity anomalies show an average of 100 mGals and 140 mGals for the
local maxima. Bouguer anomaly values become progressively lower towards the south.

All these features within the CBB provide a first approach to the spatial variation of
crustal thickness in the area. According to past seismic studies (Grad et al.,, 1997;
Christeson et al., 2003), the thinnest values are located along the neovolcanic zone. These
studies indicate that thickness increases asymmetrically away from the neovolcanic zone,
reaching 20-26 km along the South Shetland forearc, but only 14-20 km along the Antarctic
Peninsula margin at similar distances from the neovolcanic zone (Christeson et al., 2003;

their figure 13b).
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Nevertheless, details are not possible to be observed in the gravity map because of
the gravity high. Additionally, as magnetic properties are constrained to middle crust (MC)
and upper crust (UC) depths due to thermal gradients, it is difficult to compare the two
maps (Bouguer gravity and magnetic). Taking into account that deeper sources dominate
the long wavelength part of the spectrum, we applied a high-pass filter to the Bouguer
gravity map, selecting a 50 km cut-off for wavelength coinciding with the width of the
large gravity high, to remove it from the map. This new map (Fig. 4b) shows intra-crustal
anomalous bodies that depict equivalent patterns to the reduced-to-the-pole magnetic map

(Fig. 3b).

5. Characterization of the central linear magnetic anomaly

To derive information concerning a possible spreading process in the Bransfield
Strait, one key is to characterize the central linear magnetic anomaly. This was
accomplished by means of the following scheme: a) estimation of the depth to the top, b)

estimation of the depth to the bottom, and c¢) estimation of its total magnetization.

a) Depth to the top

We applied three-dimensional (3-D) located Euler deconvolution to the magnetic
dataset, used to evaluate the depth and location of causative bodies of potential field
anomalies. For a complete discussion of Euler deconvolution, see Thomson (1982), Reid
et al. (1990) and Ravat (1996), who provide the mathematical background of the
technique as well as its relevant applications. We should underline that we are interested
in potential sources (neovolcanic axis) that could be limited in width according with the
central magnetic anomaly width, which is inferred from the reduce to the pole map (Fig.
3b). Its depth was limited too, according to the volcanic origin of these sources, which we
expect it to be at sub-cortical Curie depth, while their length extends all along the CBB.
We therefore selected a structural index equal to 1, which would represent an ideal body
with one infinite dimension (Reid et al., 1990).

The located Euler deconvolution modifies classical approaches by first locating only
those windows which encompass peak-like structures in the data. A peak-finding routine

is first run to locate peaks and estimate a window size using the locations of adjacent
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inflection points. These locations and window sizes can then be used to define the
solution using the standard Euler deconvolution method.

This method is widely used in terrestrial and marine applications to model the
source depths of discrete gravity and magnetic anomalies. Ferris et al. (2000) performed
an interpretation of an airborne magnetic data compilation to reveal a series of anomalies
that were interpreted as a sequence of rifts. They determine spatial relationship between
anomalies combining gravity and magnetic Euler solutions. Salem et al. (2007) performed
a study of structural mapping using Euler method on high-resolution aeromagnetic data
collected in the northern Red Sea. They delineated a set of fault systems, and a long and
wide magnetic body, which they interpreted as related to the Red Sea rift. Russell and
Whitmarsh (2003) applied Euler technique to estimate the contribution of basement relief
to the observed magnetic anomalies at the west Iberia margin.

Figure 5 displays the set of Euler depth solutions. Along the CBB we obtained
nearly 4 km depth sources. If we take into account that the water layer is approximately
1.5 km thick and the sediment layer is 2.5 km thick (Christeson et al., 2003), we infer that
the source(s) generating the linear positive magnetic anomaly along the CBB axis is (are)

shallow.

b) Depth to the bottom
Several authors (Blakely, 1988, 1995; Shuey et al., 1977) have used the shape of the

radially average spectra to estimate the depth extent of magnetic sources. In particular,

the position ky.x of the maximum along the |k| axis is related to the depth to the bottom

of the layer according to the following equation:

kmaXZIOga —logz, )

Zy — 2

where z, and z; are the depths to the bottom, and to the top of the layer, respectively,
measured from the survey height, and knax 1S expressed in radians per unit of distance.
Although spectrum analysis provides depth estimates with simple assumptions, we must

highlight that these methods have fundamental limitations. Following Blakely (1995), we
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note that the determination of the depth to the bottom of the source (z,) cannot be known
without knowledge of the depth to its top (z;). Secondly, this estimation of the depth to the
bottom focuses on the lowest wave number parts of the Fourier domain, which is quite
sensitive to poorly known regional fields, and, to be able to discriminate with accuracy the
peak in the spectrum, the magnetic survey must have a minimum dimension, L, which
fulfils the equation:

4n(zp — z;)

(2)

~ logz, —logz;

Blanco-Montenegro et al. (2003) applied the method based on the k., estimation to
a grid centered in Gran Canaria Island, suggesting the presence of rocks located at mantle-

like depths, which could behave as magnetic sources.
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Figure 5. Euler solutions for a structural index of 1 and a depth tolerance of 15%. Contour
interval: 200 nT. Inserted graph shows a radial average power spectrum from two different 80 km
length windows in the SW-NE direction (in black dashed lines, windows used for the depth to the
bottom spectral calculus). See text for comments. Thick black line shows the profile selected for
the forward modelling of the CBB crustal structure.
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We followed a similar technique to Blanco-Montenegro et al. (2003). In order to
solve the peak in the spectrum, taking into account equation (2) and using 10 km as z,, we
selected an 80 km size for the window (following Kim et al., 1992) we considered 10 km as
Curie depth). Thus, we extracted two different 80 km NW-SE windows from the magnetic
anomaly map (Figure 5), and we have obtained a knax 0f 0.033 cycles/km.

To obtain z, values we must solve equation (1). We assumed z= 4 km in view of
our results after the Euler deconvolution analysis. The result shows that the depth to the
bottom of this magnetic source lies at 5.5 km b.s.1., which provides a 1.5 km thick magnetic

source.

6. Forward gravity and magnetic modeling

To accomplish the gravimetric and magnetic modeling we defined a 5-layer
structu