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Aristoteles Metafisica, I, 1, 980a, 1

Πάντες ἄνθρωποι τοῦ εἰδέναι ὀρέγονται φύσει

All humans, by nature, desire knowledge
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Summary

This thesis presents a study of the southern South Atlantic based on a marine geo-
physical data set containing new reflection and refraction seismic sections between
32◦ S and 50◦ S. The integration of seismic, gravimetric, and magnetic data provides
methods to study the crustal structure, and magmatic and tectonic features of the
South Atlantic. Gravimetric and tectonic modelling complement the results.

The first part of the thesis concentrates on the continental margin that is most remote
from the mantle plume. It investigates structural features of the crust and the evolution
of the southern Argentine passive margin. The continent-ocean transition (COT) of the
margin is characterised and stratigraphy of the area is developed. I outline a subsidiary
branch of the North Falkland Graben as well as several synrift graben on the shelf.
The tectono-magmatic processes that act on the shelf, the North Falkland Graben,
and on the Falkland Agulhas Fracture Zone are described. Gravimetric modelling of
two sections support the results. Two segments can be distinguished: a N-S trending
rifted margin and a E-W trending transform margin. One important outcome of this
is the magma-poor nature of the southernmost margin segment in the South Atlantic,
which acts as the transition between the transform and the volcanic margin. A possible
influence of the mantle plume on the early break-up was examined.

The second part of the thesis presents two new refraction seismic sections that are
additionally compiled together with already-published data. The deep crustal struc-
ture down to the crust-mantle boundary is investigated along the conjugate margins.
Together with 2D gravimetric modelling, the seismic data confirm the presence of
high-velocity lower crustal (HVLC) bodies. The sections enable a comparison with the
conjugate South African margin. Variations in the distribution of the HVLC along and
across the conjugate margins of the South Atlantic are observed. The magmatic and
tectonic processes that led to the opening of the South Atlantic were inferred from their
distribution. The results indicate formation of the HVLC in different phases of the rift-
ing and break-up process. Therefore there is no direct relationship between HVLC and
seaward-dipping reflectors (SDRs). An asymmetry in the cross-sectional area of the
HVLC across the conjugate margins is observed. The asymmetric-distributed HVLC
suggests that the South Atlantic opened in a simple shear mode.

The last part of the thesis concerns the formation of the SDRs and the implications for
the break-up of the South Atlantic. Observations of two conjugate sections of the South
Atlantic reveal differences in the structure of the SDRs. Different subsidence histories
for the conjugate South African and South American margins are proposed. Tectonic
modelling evidences a detachment fault that only offsets the SDRs for the South
American margin, while the South African margin underwent passive subsidence.

Beside the magma-poor nature and a revision of the influence of the mantle plume on
the Austral (southernmost) segment, asymmetric-distributed HVLC bodies are found
as well as different subsidence histories for the SDRs on the conjugate margins of the
South Atlantic. Based on these results an opening of the South Atlantic in the simple
shear mode is proposed.
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Zusammenfassung

Die vorliegende Arbeit untersucht den südlichen Südatlantik basierend auf der Grund-
lage eines marinen geophysikalischen Datensatzes von reflexions- und refraktions-
seismischen Daten zwischen und 32◦ S and 50◦ S. Unter Einbezug von gravimetri-
schen und magnetischen Daten wird beispielhaft die Krustenstruktur des Südatlantiks
sowie die magmatischen und tektonischen Prozesse während des Aufbrechens des
Südatlantiks dokumentiert und analysiert. Gravimetrische und tektonische Modellie-
rungen ergänzen die Ergebnisse.

Der erste Teil der Arbeit konzentriert sich auf den am weitesten vom Plume entfernten
Kontinentrand. Die Krustenstruktur und Evolution des südlichen argentinischen Kon-
tinentrandes wird untersucht. Ein stratigraphisches Model des südlichsten Atlantiks
wurde erstellt, welches Elemente des Nord Falkland Grabens und des Argentinischen
Beckens verbindet. Die Postriftsedimente wurden in fünf charakteristische Horizonte
eingeteilt. Der Kontinent-Ozean Übergang wurde charakterisiert sowie die Fortsetzung
des Nord Falkland Grabens in einem nordöstlichen Arm wurde kartiert. Die magma-
tischen und tektonischen Prozesse, welche auf das Arbeitsgebiet einwirkten, werden
beschrieben. Dieses umfasst den Nord Falkland Graben, den Falklandschelf, den ar-
gentinischen Schelf und die Falkland Agulhas Fracture Zone. Gravimetrische Modelle
zweier Sektionen unterstützen die Ergebnisse. Der mögliche Einfluss des Mantelplumes
auf den Riftprozess und das Aufbrechen des Kontinents wird untersucht. Der argenti-
nische Kontinentrand kann in zwei Segmente eingeteilt werden: einen N-S verlaufenden
gerifteten Rand und einen gescherten Rand nördlich des Falklandplateaus. Ein wich-
tiges Ergebnis ist der magma-arme Charakter im Übergangsbereich vom gescherten
zum vulkanischen Rand.

Der zweite Teil der Arbeit präsentiert zwei neue refraktionsseismische Geschwindig-
keitsmodelle am südamerikanischen Kontinentrand, welche bereits veröffentlichte Mo-
delle an den konjugierten Rändern des Südatlantiks ergänzen. Die tiefe Krustenstruk-
tur bis zur Krusten-Mantelgrenze wird untersucht. Interpretationen der zwei neuen Ge-
schwindigkeitsmodelle zusammen mit den gravimetrischen Modellierungen bestätigen
die Hochgeschwindigkeitszonen in der Unterkruste (HVLC). Die Modelle erlauben
einen Vergleich mit dem konjugierten südafrikanischen Rand. Die Verteilung der HVLC
variiert entlang und quer zu den konjugierten Rändern des Südatlantiks. Aus der Ver-
teilung der HVLC leite ich die tektonischen und magmatischen Prozesse ab, die zur
Öffnung des Südatlantiks führen. Die HVLC sind in unterschiedlichen Phasen während
und nach dem Aufbrechen des Südatlantiks entstanden. Eine direkte Beziehung zwi-
schen den HVLC und den seewärts-einfallenden Reflektoren (SDRs) wird angezweifelt.
Des Weiteren weisen die beiden konjugierten Ränder eine deutliche Asymmetrie in der
Verteilung der HVLC auf. Die Asymmetrie der HVLC wurde wahrscheinlich durch
Rifting im Simple Scher Modus verursacht.

Der letzte Teil der Arbeit betrifft die Entstehung der seewärts-einfallenden Reflekto-
ren (SDRs) und ihre Bedeutung für das Aufbrechen des Südatlantiks. Die Struktur der
SDRs an zwei konjugierten Profilen des südamerikanischen und südafrikanischen Kon-
tinentrandes wird untersucht. Es werden unterschiedliche Subsidenzgeschichten und
eine unterschiedliche Struktur hinsichtlich der SDRs für beide Ränder vorgeschlagen.
Kinematische Modellierungen weisen eine listrische Störung nach, welche nur die SDRs
versetzt. Dagegen wirkte auf der südafrikanischen Seite passive Subsidenz ein.
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Neben einem magma-armen Charakter und einem revidierten Einfluss des Mantelplu-
mes auf den südlichsten Teil des Südatlantiks werden asymmetrisch verteilte HVLC
sowie unterschiedliche Subsidenzgeschichten für die SDRs an den konjugierten Rändern
des Südatlantiks gefunden. Die Ergebnisse lassen auf eine Öffnung des Südatlantiks
im Simple Scher Modus schließen.
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1 INTRODUCTION

1 Introduction

1.1 Motivation and aims of this thesis

The geophysical and geological studies of this thesis were carried out within the frame-
work of project TRANSFORM funded by the German Research Foundation. It is part
of the Priority Program 1375 SAMPLE (South Atlantic Margin Processes and Links
with onshore Evolution) (FR2119-2). The main research subjects of the Priority Pro-
gram 1375 are the mantle dynamics and magmatic processes, the lithospheric structure,
deformation and break-up processes, the postrift topographic evolution and links to
climate and tectonics, and the sedimentary processes and fluid systems of the South
Atlantic. Questions addressed in SAMPLE are e.g. how did the rifting start, what is
the role of the major transform faults, and how is the mantle plume involved in the
break-up of the continent.

Most of the SAMPLE projects concentrate on combined on- and offshore seismic ex-
periments at the location of the Walvis Ridge, which is part of the Southern African
passive margin, to assess the interaction of the presumed plume with continental litho-
sphere, and to determine the deep structure of the transition from the coastal fold belt
to the stable craton, where the Walvis Ridge hits the African continent (Behrmann
et al., 2011). Fromm et al. (2014) concentrate on the crustal structure of the Walvis
Ridge and the associated high velocity lower crustal (HVLC) body at a location, where
the influence of the mantle plume may be the largest. My study area extends from
south of the Rio Grande Rise/ Walvis Ridge southwards up to the Falkland Agulhas
Fracture Zone (FAFZ).

Substantial knowledge about the South Atlantic was gained by lithosphere-scale 3D
structural models constrained by 3D gravity and thermal modelling, namely litho-
spheric structure, deformation and break-up processes. Example regions are the South-
west African margin (Maystrenko et al., 2013), the Kwanza Basin (Nicolai et al., 2013)
north of the Walvis Ridge and the Colorado Basin at the Argentine margin (Autin et
al., 2013). Based on the present-day configuration, they reconstruct the margin his-
tory. Nicolai et al. (2013) and Autin et al. (2013) focus on the structure and evolution
of sediment basins at the Central respective South Atlantic. The Maystrenko et al.
(2013) model incorporates a high velocity lower crustal zone (HVLC), but the term
was used in a more comprehensive way including the lower oceanic crust in the high
velocity lower crustal zone. Gruetzner et al. (2014, 2012, 2011) concentrate on the
Tertiary sediments and contourite drifts and the implications for the circulation and
the currents in the Argentine basin.

This thesis studies the crustal structure of the passive rifted margin of South America
and the processes that led to the formation of the margin and its magmatic features
(see Fig. 1). This starts with understanding the transition from a transform margin
to a magma-poor and finally to a volcanic rifted margin. This study involves stud-
ies of the probably magmatic break-up related features, which extend up to the Rio
Grande Rise, and comparison of the deep crustal structure and its high velocity lower
crustal (HVLC) bodies with those of the South African Margin. The dependency of
the magmatism from the distance to the mantle plume is examined. Finally I want to
provide new insight on the formation of the seaward-dipping reflectors (SDRs) and the
primary evolution of the South Atlantic. This involves evaluation using a rift model.
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1.2 Structure of this thesis

50˚S
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Figure 1: Map of the southernmost South Atlantic. Black boxes (see Fig. 2 and Fig. 3)
indicate the study areas covered by seismic sections. FAFZ: Falkland Agulhas Fracture
Zone.

1.2 Structure of this thesis

This thesis is divided in eight chapters. Chapter 1 provides an introduction, Chapter 2
a short geological overview, Chapter 3 describes the processing of the reflection and
refraction seismic data. Two publications form Chapters 4 and 5 (Becker et al., 2012,
2014a). Chapter 4 presents a study published in Geophysical Journal International
(Becker et al., 2012), that discusses the crustal structure and evolution of the southern
Argentine passive margin and the transition of the transform to the rifted margin.
Chapter 5 was published in Solid Earth and focuses on the deep crustal structure in
the South Atlantic (Becker et al., 2014a). This paper mainly addresses the origin and
distribution of the HVLC. Chapter 6 is concerned with the formation of the SDRs and
the implications for the break-up. This is currently in review for publication in G3.
Chapter 7 is a discussion and Chapter 8 summarizes and concludes the study.

1.3 Contribution of this thesis

This thesis studies the crustal structure and the evolution of the South Atlantic. Reflec-
tion and refraction seismic data, in combination with magnetic and gravimetric data
and substantiated by gravity modelling, are used to elucidate the crustal structure
and reflect the tectonic and magmatic processes that lead to the break-up. Although
the South Atlantic has been extensively studied, the southernmost South Atlantic has
been poorly examined. As well as sections BGR04-08/13 and BGR04-06/07, that were
published in Blaich et al. (2009), Franke et al. (2007), Gruetzner et al. (2011) and
Hernández-Molina et al. (2009), Chapter 4 provides new MCS (multichannel seismic)
lines BGR04-09, BGR04-10, BGR04-11 and BGR04-12, which cover the southernmost
South Atlantic (Becker et al., 2012) (Fig. 2). In addition two industry sections (warg
77-12 and warg 77-13) that were released by the USGS (U.S. Geological Survey) were
at our disposal. Two MCS sections are substantiated by gravimetric modelling.
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Figure 2: Seismic sections on the Argentine margin presented in this study. Red lines
are refraction seismic lines. Black lines are reflection seismic lines.
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1.3 Contribution of this thesis

Chapter 4 covers the transition of the FAFZ to the rifted margin, that includes mag-
matic and tectonic structures. I outline the shape of the North Falkland Graben (NFG).
Several rift graben exist on the Falkland Shelf (Becker et al., 2012). A stratigraphy
of the local area has been established. The tectono-magmatic processes that shaped
the area are described, that means two extensional phases in the the NFG and in
the South Atlantic as well as the activity at the FAFZ. Two transects (seismic lines
BGR04-08 and BGR04-09) image the MOHO discontinuity. The structure, e.g. the
COT (continent-ocean transition), and the features at the margin are described. Lim-
ited magmatic features are found on the continental slope. This contributes to the
discussion about the influence of the plume.

Chapter 5 provides insight into the deep crust and possible origin of the HVLC along
the conjugate margins of the South Atlantic (Becker et al., 2014a). Implications for
the magmatic processes during the break-up are inferred. Two new refraction seismic
lines complement the interpretation of the deep structures along the South American
margin (see red lines in Fig. 2). Gravimetric modelling supports the interpretation of
the crustal structure of the two new lines. The distribution of the HVLC was com-
pared with five already-published refraction seismic lines along the conjugate margins
(see red lines in Fig. 2 and 3; Bauer et al., 2000; Hirsch et al., 2009; Schinkel, 2006;
Schnabel et al., 2008). The position of the HVLC relative to the SDRs varies. I deduce
a formation during different rifting and break-up stages. The two conjugate margins
show remarkable differences and therefore asymmetry in the cross-sectional area of the
high velocity lower crustal zones suggesting the opening of the South Atlantic in the
simple shear mode.

Chapter 6 deals with a mechanism for the emplacement of the SDRs. At two transects
across the conjugate margins of the South Atlantic I observe different structure and
subsidence histories of the SDRs. An asymmetric rifting model is derived from tectonic
modelling and observations of asymmetric-distributed HVLC. A model for the South
Atlantic is proposed, that involves simple shear break-up of the South Atlantic with
fault emplacement of the SDRs only on the western Argentine side.

4
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1.3 Contribution of this thesis

6



2 GEOLOGY

2 Geology

This thesis mainly describes the crustal structure and evolution of the conjugate mar-
gins of the South Atlantic. The South Atlantic is divided in three segments: Equatorial,
Central and Austral (Southernmost) Segment (Moulin et al., 2010). The study area
concentrates on the Austral Segment, which is bordered by the Rio Grande Fracture
Zone to the North and the Falkland Agulhas Fracture Zone to the South (see Fig. 4).

�

Ascension FZ

Marathon FZ

Austral
Segment

Central
 Segment

Equatorial
 Segment

Figure 4: Topographic map of the Atlantic with magnetic anomalies and distribution
of SDRs, flood basalts (red) and oceanic ridges (orange) (modified from Koopmann
(2014) with information from Bryan et al. (2010), Courtillot et al. (2003), Franke et
al. (2007) and Koopmann et al. (2014b)). Black boxes indicate the study area.
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2.1 Magmatic setting

2.1 Magmatic setting

Two end members of passive margins are usually distinguished: magma dominated
margins and magma-poor margins (Allen and Allen, 1991; Franke, 2013). Initial rift-
ing of the South Atlantic started as magma-poor. Here, in the southernmost part
of the Austral Segment, the “magma-poor” margin is characterized by a paucity of
magmatism. The term “magma-poor” is not used in its original meaning where the
major features of a magma-poor margin are expressed as extremely thin crust with
the exhumation and serpentinization of mantle and rotated fault blocks on high angle
faults as, e.g. on the Newfoundland-Iberia rifted margin (Krawczyk and Reston, 1995;
Krawczyk et al., 1996; Peron-Pinvidic et al., 2013). Magma-poor in this thesis means
limited magmatism. Northwards of the Colorado-Cape Zone the magma-poor margin
evolves into a volcanic-rifted margin, which extends northwards to the Florianopolis
zone (Walvis Ridge-Rio Grande Rise). North of the Rio Grande Fracture Zone starts
the Central Segment with the Santos, Campos and Esperito Santo Basin (Moulin et al.,
2010). In contrast to the Austral Segment the Central Segment exhibits magma-poor
affinity (Blaich et al., 2011).

Typically, a volcanic rifted margin is characterized by three prominent features:
seaward-dipping reflectors (SDRs), flood basalts in large igneous provinces, and high
velocity lower crustal bodies (HVLC). SDRs show an arcuate diverging pattern. Scien-
tific drilling revealed that they are mainly composed of basalt with minor intercalations
of sediments (Planke et al., 2000). Different hypotheses exist to describe the forma-
tion of SDRs, which are symmetrical subsidence or fault-related models (Hinz, 1981;
Mutter et al., 1982; Planke et al., 2000; Geoffroy, 2005; Mjelde et al., 2007; Quirk et
al., 2014). The SDRs in the study area are geographically limited between the Rio
Grande Rise-Walvis Ridge and the Colorado-Cape Zone in the Austral Segment. They
are well documented from seismic data (Bauer et al., 2000; Franke et al., 2007, 2010;
Koopmann et al., 2014b,c; Hinz et al., 1999; Gladczenko et al., 1997). The velocity
distribution in the inner SDRs reaches from 4 km/s at the sediment-basalt interface in
the upper basement to velocities about 6 km/s in the deepest part (Planke and Eld-
holm, 1994). The formation of the discontinuities limiting the different wedges depends
on variation of the magmatic production (changes of the rate and volume), variation
of subsidence (changes of rate and amount), synvolcanic and postvolcanic deformation
(Franke et al., 2007).

Blaich et al. (2011) studied margin-parallel crustal structures and the evolution of the
Central and Austral (Southern) Segments of the South Atlantic. Previous studies by
Franke et al. (2007, 2010) and Koopmann et al. (2014b) show margin segmentation
by transfer faults along the South Atlantic, which is also reflected in offset variations
of the SDRs. Blaich et al. (2009, 2011), Franke et al. (2010, 2007) and Koopmann et
al. (2014b,c) study the volcano-tectonic structures and geology along the margin of
Argentine/Uruguay.

HVLC are zones in the lower crust which show velocities above 7 km/s up to 7.8 km/s.
Usually they are interpreted as mafic intrusions or magmatic underplating (White et
al., 2008; White and McKenzie, 1989). However HVLC have also been interpreted
as old inherited metamorphic rocks, old cratons/ shields (Holbrook et al., 1992) or
serpentinized mantle peridotite (O’Reilly et al., 1996; Gernigon et al., 2006).
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2.1.1 Theories of SDRs generation

The generation of SDRs observed on the passive continental margins still remains in
dispute. Different models exist to interpret the SDRs, namely Hinz (1981); Mutter
(1985).

After the model of Mutter (1985), SDRs build the upper layer of oceanic crust. The
SDRs were formed when the seafloor spreading center emerges above sea level. Lava
erupts and flows laterally to a great extent under subaerial conditions. As the crust
moves away from the axis new dykes are formed and the lava pours out above the
old lava flows. The overlying load causes the blocks to rotate and dip towards the
spreading axis. This continues until the sea level is reached and the spreading center
falls under the sea level. This process occurs in the first stages of seafloor spreading.

Hinz (1981) developed a model, that describes SDRs formation as a consequence of
extended continental crust in four stages. As a consequence of the extended crust dykes
intrude along linear zones under subaerial or shallow conditions. Lava flows laterally
over crust. The load of the extrusiva causes differential sagging with a dip towards the
center of eruptions. Deep crustal processes and the load of the volcanic edifice increase
the subsidence and initiate further volcanism. Cooling contributes to the subsidence.
Hydrostatic pressure reduces degassing of lava and the extent of the lava outflow. The
break-up unconformity immediately above the SDRs represents the onset of sea floor
spreading. In general it can be described as the syntectonic infilling of a rift basin.

After Mutter et al. (1982) and Hinz (1981) the SDRs are closely related to the
continent-ocean transition (COT) and were emplaced during the early evolution of the
South Atlantic immediately before or after the seafloor spreading. Thus Mutter (1985)
and Hinz (1981) interpreted the location of the continent-ocean boundary (COB) in
different ways. For Mutter (1985) the COB can be found at the landward end of the
SDRs, which overlie early oceanic crust. However Hinz (1981) located the COB at the
seaward end of the SDRs limiting stretched continental crust. The inclination of the
SDRs is mainly caused by subsidence.

Planke et al. (2000) divided the volcanic seismic facies in five units: Landwards flows,
lava delta, inner flows, inner SDRs, outer high and outer SDRs. They suggested an
emplacement model in five stages to describe the evolution of the volcanic setting.
First volcanic eruptions in a rift basin are followed by subaerial volcanism, which
forms landwards flows, lava delta and inner flows. As the rift narrows, the inner SDRs
are formed at the break-up center. The inner SDRs thus represent syntectonic rift
infill (Hinz, 1981) or deposition (Mutter et al., 1982) during early seafloor spreading.
Outer High and Outer SDRs are generated under shallow and deep marine conditions,
respectively.

In contrast fault-related models at SDRs also exist (Geoffroy, 2005; Mjelde et al., 2007;
Quirk et al., 2014). Geoffroy (2005) interpreted SDRs as synmagmatic rollover flexures
controlled by continentward-dipping faults. Similarly Mjelde et al. (2007) interpreted
SDRs as a consequence of intrusions along landward-dipping fault segments. Syn-
tectonic magmatic extension formed coast parallel dike swarms. Quirk et al. (2014)
interpreted the SDRs as magma-filled accommodation space, which formed on the
footwall of an up-thrown horst block, which remained a high as the plates separated;
landward-dipping normal faults cut the SDRs.
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2.2 Tectonic setting

2.2.1 Precambrium/Paleozoic evolution

The Neoproterozoic Pan African/Brasiliano Orogeny imprinted the continental mar-
gins of the South Atlantic when Gondwana amalgamated (Will and Frimmel, 2013).
On both conjugate margins fold belts border the cratons seawards. During the Pro-
terozoic and early Paleozoic, the Damara Orogeny produced orogenic belts through
accretion on the South African margin which welded together the Kalahari, Angola
and Congo Cratons (Hirsch et al., 2009; Grunow et al., 1996). The Damara Belt sepa-
rates the Congo from the Kalahari Craton and is composed of medium to high-grade
metasedimente with mainly semipelitic, carbonate, and graywacke protoliths (Trum-
bull et al., 2007). The Kaoko and Gariep Belt, which can be regarded as a coast-parallel
continuation of the Damara Orogen evolved together during successive phases of in-
tracontinental rifting, continental break-up and continental collision (Frimmel et al.,
2011). Similar to the Damara Orogen, the Gariep Belts consists of metasedimentary
sequences representing continental rifts and platforms (see Fig. 5). A suture disjoins
the oceanic metabasite from the western part (Frimmel and Frank, 1998).

The regional geology of Argentina and SW Uruguay is dominated by the Rio de la
Plata Craton (2.1 Ga in age), which is separated by the Dom Feliciano Belt from the
oceanic crust (see Fig. 5). The Dom Feliciano Belt represents an assemblage of terranes
subducted and collided during the Neoproterozoic and Early Cambrian (900-530 Ma).
The belt is composed of three segments: the southeast granitoid belt, a schist belt, and
the northwest-foreland belt (Pángaro and Ramos, 2012). From Cambrian to Devonian
several terranes accreted: e.g. Pampia, Cuyana and Chilenia. From Carboniferous to
Permian the Ventania-Cape Fold Belt was formed as a consequence of northwards
directed convergence of Patagonia with Proto-Gondwana (Pángaro and Ramos, 2012).

2.2.2 Mesozoic extension

In the Mesozoic tectonic and magmatic processes acted on Gondwana, that consisted of
cratons and mobile belts formed during the Proterozoic and Early Cambrium. Mesozoic
extension from Triassic to the Cretaceous formed several sedimentary basins and led
finally to the break-up of Gondwana and the evolution of the South Atlantic (Uliana
et al., 1989; Macdonald et al., 2003).

During Jurassic to Tertiary times several sedimentary basins evolved on the South
American margin, e.g. the Salado Basin, the Colorado Basin, Rawson and Valdez
Basins (see Fig. 6). The Salado Basin is characterized as an episutural basin, related
to a 2.1 Ga old suture in the Rio de la Plata Craton. The Colorado Basin is divided in 4
depocentres that reflect different emplacement environments. The western depocentre
represents a episutural basin. The central and eastern depocentre of the Colorado
Basin as well as the Salado Basin are oriented orthogonal to the continental margin
in contrast to the external depocentre of the Colorado Basin and the Rawson and
Valdez Basins (Pángaro and Ramos, 2012). Similarly Franke et al. (2006) interpreted
the Colorado Basin as a failed rift basin, developed in an early opening phase of the
South Atlantic as interferred from prevailing Paleozoic structures. It merges to the east
into SDRs wedges. Autin et al. (2013) specified the extensional events in the Colorado
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Figure 5: Plate reconstruction at 134 Ma, after Pángaro and Ramos (2012), SB=
Saldania Belt.

Basin, that reactivated inherited structures.

The Falkland Graben is one of the four Mesozoic basins that surround the Falkland
Islands. The North Falkland Graben is located to the north of the Falkland Islands.
The islands pass to the east into the Falkland Plateau with the Falkland Basin and
the Maurice Ewing Bank. The Falkland Agulhas Fracture Zone (FAFZ) is bound to
the North of the Falkland Plateau (Fig. 1 and 2). The Maurice Ewing Bank is a
microcontinental block. The Falkland Basin contains 7 km synrift, transitional and
hemipelagic sediments that overly the partly overthickened oceanic crust. Rotation of
the Falkland Islands is almost certain, the timing is still discussed. Rotation by almost
180◦ began at 190 Ma and was completed by 165 Ma (Thomson, 1998; Macdonald et
al., 2003).

In the Middle/Late Jurassic it is likely, that there was extension in the North Falkland
Graben (NFG) (Macdonald et al., 2003). After Richards and Fannin (1997) the for-
mation of the NFG started in the Triassic/Early Jurassic and went through maximum
extension in the Late Jurassic/Early Cretaceous. The N-S trending NFG was inter-
preted as a failed rift system (Richards and Fannin, 1997). Synrift sedimentation of the
NFG which lasted until the Berriasian, was dominated by fluvial-lacustrine deposition.
The active rifting of the NFG was stopped in the Valanginian by the formation of the
break-up unconformity. On the South African margin south of the Walvis Ridge late
Mesozoic basins can be observed, such as the Walvis Basin, Luderitz Basin and the
Orange Basin.

2.2.3 From rifting to break-up

The formation of the South Atlantic began in the south at the Falkland Agulhas region
during Late Jurassic. The final break-up of Gondwana began in the Early Cretaceous
in the south at the FAFZ and resulted in the Atlantic Ocean. The break-up reached
the Equatorial Atlantic region by Aptian/Early Albian time. First movements along
the FAFZ occurred in the Early Cretaceous (about 130 Ma) during the break-up of
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Figure 6: Location of major basins along the margins of the South Atlantic (dark
purple). Further shown are the major fracture zones (dark green), the Parańa and
Etendeka flood basalt (light purple) as well as Rio Grande Rise and Walvis Ridge
(light green). For details of box see Fig. 14. VB=Valdez Basin, SJB=San Jorge Basin,
RB=Rawson Basin, FAFZ= Falkland Agulhas Fracture Zone, RFZ=Rio Grande Frac-
ture Zone, FZ=Fracture Zone.

Gondwana and endured until 65 Ma (Ben-Avraham et al., 1997). The 1200 km long
E-W trending FAFZ represents a giant right lateral transform fault. Ben-Avraham et
al. (1997) concentrates only on the FAFZ of the African margin.

Seafloor spreading anomalies confirm the opening of the South Atlantic from south
to north as suggested by Gladczenko et al. (1997). M9n (133 Ma) off Cape Town is
the oldest interpreted seafloor spreading anomaly (Rabinowitz and LaBrecque, 1979)
as confirmed by Koopmann et al. (2014c) (134 Ma after GTS 2012). M11 (136 Ma)
has further been suggested Rabinowitz and LaBrecque (1979), but the reliability was
doubted (Eagles, 2007; Moulin et al., 2010). It is improbable that SDRs caused the
older anomalies M10 (Koopmann et al., 2014c). The end of generation of the SDRs is
marked by the oldest seafloor spreading anomaly M9 (134 Ma) at the southernmost
end of the SDR and by M4 (130 Ma with GTS 2012) nearby Walvis Ridge. Thus the
SDRs predate the main phase of the mantle plume. The main eruption phase of the
flood basalt in the Paraná-Etendeka Province was dated to 133-129 Ma (Peate, 1997;
Menzies et al., 2002) with some earlier magmatism in the northwest of the Paraná
Basin by 135-138 Ma (Gallagher and Hawkesworth, 1994; Peate, 1997).

The volcanic trails, Walvis Ridge and Rio Grande Rise, as well as the large igneous
provinces - Paraná-Etendeka flood basalts - can be related to the Tristan da Cunha
mantle plume (White and McKenzie, 1989; O’Connor and Duncan, 1990). The Walvis
Ridge and Rio Grande Rise system formed synchronously with the South Atlantic
spreading axis. At about 70 Ma the spreading axis began to move westwards from
the mantle plume. The role of Tristan da Cunha mantle plume during the break-
up is still controversially discussed (White and McKenzie, 1989). Active and passive
rifting models are used to explain the generation of volcanic margins (Menzies et al.,
2002). Gladczenko et al. (1997) make the mantle plume responsible for the volcanic
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rocks found along the rift e.g. flood basalts and the volcanic trails Rio Grande Rise and
Walvis Ridge, while Franke et al. (2007) invoke far-field stress and a margin segmented
by transfer zones as the reason for the intruded and extruded magmatism.

2.2.4 Postrift evolution and uplift

Thermal subsidence of the South Atlantic margins and the beginning of open ocean
circulation characterize the postrift phase of the South Atlantic. The extension changed
from oblique to normal in the early postrift phase (Macdonald et al., 2003). After
the break-up postrift sedimentation, either marine or sourced from uplifted margins,
set in. The postrift infill of the NFG was deposited on the Valanginian break-up
unconformity and can be divided in four tectono-stratigraphic units. In the Paleogene
a regional uplift occurred succeeded by thermal sag and deltaic deposition (Richards
and Hillier, 2000a). The stratigraphy of the postrift sediments in the greatest South
American part of the Austral Basin was classified after Hinz et al. (1999). Richards and
Fannin (1997) and Richards and Hillier (2000a) give a stratigraphy of the NFG. Besides
several distinctive reflectors the postrift sedimentation in the Argentine Basin reveals
two major unconformities, the break-up unconformity and the Pedro Luro equivalent
at the Cretaceous/Tertiary Boundary (Franke et al., 2007). The stratigraphy of the
NFG and the Argentine slope is established in subsection 4.3.

Besides the rift-related uplift in the South Atlantic, two phases of uplift, mainly based
on apatite fission track and fluid inclusion data, were reported for the southwestern
African margin. The first two events occurred in the mid to late Cretaceous (Gallagher
and Brown, 1999; Hudec and Jackson, 2004; Raab et al., 2002; Teisserenc and Villemin,
1989). The second major phase in the Cenozoic is attributed to the eruption of the
Afar Plume at 31 Ma, Oligocene or Miocene (Burke et al., 2003; Hudec and Jackson,
2004; Lavier et al., 2000, 2001). Across the entire African continent, three major post-
rift volcanic events have been documented in the late Cretaceous (90-–70 Ma) (Moore
et al., 2008, late Eocene/early Oligocene: 40 Ma) and Miocene (Bailey, 1992; Bailey,
1993; De Wit, 2007).

With respect to events in the Andes regional uplift can be reported for the Late Cre-
taceous and the Miocene to Recent. Phases of Andean uplift (Peruvian and Quechua
phase) coincide with high sedimentation rates, which effect the Colorado Basin (Mar-
cano et al., 2013). In Eocene/Oligocene South America separated from Antarctica
and subsequently formed the Drake Passage. It is well known that this event caused
Cenozoic cooling because it enabled the development of the Antarctic Circumpolar
Current. While Gruetzner et al. (2011) and Hernández-Molina et al. (2009) used seis-
mics to focus on the contourite depositional systems, sediments deposited since the
Eocene-Oligocene boundary, Becker et al. (2012) examine postrift sediments and the
basement (see chapter 4).

2.3 Extent and role of mantle plume

The influence of the mantle plume is still under debate. At least Gladczenko et al.
(1997) query the influence of the plume over the whole, 2000 km long margin. Re-
constructions at 136-132 Ma with a hot spot located beneath the present day South
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American coastline under the Pelotas Basin indicate the Tristan da Cunha mantle
plume (TdC), with a diameter of 400 km (Heine et al., 2013; Turner et al., 1994). The
proposed distances range from a radius of 200 km derived from excess melt production
to distances from Springbok to the Orange Basin. The SDRs distribution within the
segment boundaries along the South African margin are irregular and start with strike
directions non parallel to the spreading axis at the Walvis Ridge. The northernmost
SDR area with regard to the Cape Cross segment boundary shows a constant broad
width, which is twice the width of the next-southern SDR area (Koopmann et al.,
2014b,c).

The dike swarms off Cape peninsula may represent a mantle plume that emplaced
magma (Trumbull et al., 2007), while White and McKenzie (1989) suggested the
basalts in the Cape Basin can be attributed to the Bouvet Hotspot. The magma pro-
duction as well as the temperature of the melt generation and the degree of melting is
higher in the northern margin segment than in the southern segment. The MgO con-
tent and the thickness of the HVLC also reflect a gradient in volume and temperature
of break-up related magmatism (Trumbull et al., 2007). The mantle plume is thought
to be a radial shaped and not a linear source as given by the SDRs distribution.

Franke et al. (2007) questioned the influence of the Tristan da Cunha mantle plume on
the opening of the South Atlantic. The distance between the center of the plume (30◦ S)
and the initial opening in the south (48◦ S) challenge the plume theory. The plume
theory expects a continuous decrease of extruded magmatic material southwards. On
the South American margin the SDRs south of the Salado FZ decrease from south to
north within the segments (Franke et al., 2007), while they increase towards the Rio
Grande Rise in the region of the Pelotas Basin (Stica et al., 2013). This suggests the
influence of the plume to reach only as far as the Pelotas Basin and not as far as the
Colorado Cape fault zone. The tectonic pattern and the inherited lithospheric pre-rift
structure control the variation and structure of the extruded magma (Franke et al.,
2007).
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3 Data and Methods

This study is based on marine reflection and refraction seismic data mainly acquired
by the BGR. Within this chapter I will give an overview of the data sets and methods
that were used to process the reflection and refraction seismic data that were presented
in Subsections 3.2.1 and 3.3.

3.1 Acquisition

The Federal Institute for Geosciences and Natural Resources (BGR) conducted several
scientific research expeditions and marine geophysical cruises in the South Atlantic
between 1978 and 2004. The reflection and refraction seismic lines (Figs. 2 and 3)
in Chapters 4 and 5 are mainly based on the data-set acquired in 2004 by BGR with
the RV Akademik Aleksandr Karpinsky (Becker et al., 2014a, 2012). In addition to
the seismic data, gravimetric and magnetic data were integrated. Further data-sets
measured during the marine cruises in 1995, 1998 and 2003 were incorporated into
Chapter 5 (see Fig. 3) (Becker et al., 2014a). The data-sets have formed the basis for
several other research papers (Bauer et al., 2000; Franke et al., 2010, 2007, 2006; Hinz
et al., 1999; Hirsch et al., 2007, 2009; Schnabel et al., 2008; Koopmann et al., 2014b,c).
The study shown in chapter 6 is based on two reflection seismic lines from cruises in
1998 and 2003 (see Figs. 2 and 3).

The streamer system Syntron 960, used for MCS (multichannel seismic) sections
BGR04-06 to BGR04-13, consisted of 36 sections with 135 channels and a total length
of 3 km. A twofold streamer receiver spacing with group intervals of 12.5 m between
channels 1-81 and 25 m between channels 82-135 was used. The seismic source contains
an airgun array with two linear subarrays and a total volume of 51.2 l, operating at an
air pressure of 13.5 MPa. In general, the shots were triggered at time intervals of 18 s
resulting in a shot distance of 50 m at a ship speed of 5.2 knots. Section BGR04-06
was carried out with a shot distance of 125 m. To control the streamer a Multitrak
system was used to control the streamer position, depth and heading, composed of 16
Multitrak remote units (birds) and a PC based digital remote system. A summary of
acquisition parameters is shown in Chapter 4, Table 2.

The refraction seismic data sets from the two new lines described in this study were
recorded at ocean bottom hydrophones (OBHs), seven each line. The water depth of
the OBHs varies between 380 and 4190 m. As seismic source, an array consisting of
20 airguns with a total volume of 51.2 l was used. The airguns were fired at a mean
shot interval of about 125 m. Parameters are listed in Table 1. The wide-angle seismic
profiles BGR04-01 and BGR04-02 (MCS: BGR04-06) run in E-W direction across
the South American margin (Fig. 2) and the resulting velocity fields are presented in
Figure 11 (Becker et al., 2014a).

Shipboard gravity data were recorded using sea gravimeter systems CHETA and
CHEKAN-AR and processed to obtain the free-air anomaly (FAA). According to the
time interval of the data acquisition system, gravity values were available every 10 sec-
onds. To reference the shipboard gravity data connection measurements were carried
out with a LaCoste & Romberg land gravity meter at the beginning and the end of
the cruise.
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Table 1: Acquisition parameters of marine refraction data.
Source type airgun

number of guns 20
total volume 51.2 l
shot point distance 125 m

Section length BGR04-01 240 km
BGR04-02 300 km

Receiver OBHs 7
3-component seismometer 1

Gravity modelling was performed to validate the tectonic interpretations for sections
BGR04-06/07, which is parallel to refraction seismic BGR04-02 (line 3), BGR04-09
and refraction seismic line BGR04-01 (line 1) (see locations in Fig. 2).

3.2 Reflection seismics

3.2.1 Seismic processing of ARGURU MCS data-set

Selected lines from cruise ARGURU (BGR04-06 to 13) were reprocessed to gain a bet-
ter image of the deeper crust (Fig. 7). The idea was to improve the seismic sections by
removal of the multiples. Three multiple reduction techniques were applied, which are
described below (3.2.1.2). The software used for reprocessing the data was Landmark
SeisSpace ProMAX.

3.2.1.1 General Work Flow
The 2D Marine Geometry Spreadsheet was used to check the assigned geometry. The
reflection seismic data acquired during cruise 2004 (ARGURU), shown in Figure 7 and
Chapter 4, were reprocessed using the following processing work flow:

� Trace editing: Spikes and noise bursts were identified and removed.

� Bandpass filtering: An Ormsby Bandpass filter defined by the corner frequencies
of 5-10-70-110 Hz was applied.

� Velocity analysis: A semblance velocity analysis was performed to obtain the
stacking velocities used for normal move-out correction.

� Surface-related multiple elimination: Surface-related multiple energy is removed.

� Predictive deconvolution in the τ -p domain: Predictive deconvolution is effective
for suppressing multiples.

� True amplitude recovery

� Radon filter: The parabolic radon filter transform was used to remove multiples.

� Normal move-out correction: After normal move-out correction the primary re-
flectors should be flattened to be able to stack them in the following CDP stack.
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� CDP stack

� Kirchhoff time migration: The lines were migrated using RMS velocities resulting
from velocity analyses based on the semblance. The velocity model of two selected
lines was obtained as a result of prestack depth migration (see section 3.2.1.3).
The interval velocities were converted to RMS velocities and used as input for
the migration. We used the following parameters:

– CDP interval: 12.5 m

– maximum frequency to migrate: 60 Hz

– migration aperture: 5000 m

– maximum dip to migrate: 80◦

� F-X deconvolution

� F-K filter

� Trace mixing

3.2.1.2 Multiple elimination
The main focus for the reprocessing of the data was the attenuation of multiples.
Some of the most common multiple reduction techniques are predictive deconvolution,
Radon filter and surface-related multiple elimination. After denoising and bandpass
filtering the prestack data, a combination of these different multiple removal techniques
was applied to the data. To illustrate the effects of the multiple reduction techniques
an inlet of MCS profile BGR04-08 is shown in Figure 8.

Surface-related multiple elimination
Surface-related multiple elimination (SRME) is most efficient at removing multiples in
shallow water enviroments (near offset data). This technique is based on the work of
Verschuur et al. (1992). Surface multiples show at least one downward reflection from
the water-air surface. The wave equation-based technique is used to predict the surface
multiples and then subtract them from the original data. The process is performed in
three steps. The SRME process requires regular data in terms of shot and receiver
spacing. Thus in a first stage the data were interpolated in case of missing near and
intermediate offset traces and a split-spread set was created. The method involves the
fact that any multiples can be predicted by the convolution of the wavefield with itself
(Berkhout, 1980). The second step enables the method MASWEMR, a Promax tool
to predict multiples through convolution of the input shot with synthetic shots. This
method requires a coincidence of source and receiver gathers. Thus synthetic shots are
made for each receiver location. This is a repetitive process applied to each trace of the
input shot. In the third step, the calculated multiples are subtracted from the recorded
seismograms. The subtraction was carried out with a least square filter (Dragoset and
Jericevic, 1998; Verschuur et al., 1992).
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Figure 7: Reflection seismic lines acquired in 2004 and reprocessed for this thesis. The
black box in Figure 7 shows Figure 8.
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Figure 8: A 60 km section of MCS profile BGR04-08 is presented before and after
the attenuation of the multiples. a) The stacked MCS profile BGR04-08 acquired in
2004 displays distinct multiples. b) After applying multiple reduction techniques the
migrated section shows a significantly improved signal-noise ratio, especially in the
shallow region. The structure of the basement shows an improved image.
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Predictive Deconvolution in the τ-p domain
Deconvolution is a filtering process that removes a wavelet from the recorded seismic
trace by reversing the process of convolution. There are two methods: spiking and
predictive deconvolution. Spiking deconvolution is used to sharpen the signal and to
improve the vertical resolution. Predictive deconvolution in the τ -P domain is often
the best way to attenuate peg leg multiples with short periods in shallow water (Smith
et al., 2008). Predictive deconvolution processes use the periodicity of the multiples
to suppress them. The periodicity is given in the zero offset case in the time offset
domain with vertical incidence and a horizontal reflector.

As a preprocessing technique the direct wave and the refracted wave were muted.
The data are transformed from the time domain with a travel-time curve into the τ -p
(radon) domain, in which each point is described by the time axis intercept τ and the
slowness p, the slope of the line tangential to the curve. In this domain the multi-
ples become periodic with each p value. Minimum phase predictive deconvolution was
performed before an inverse transformation back into time domain. The transforma-
tion used 550 p values. Important parameters are the prediction lag and the operator
length. The prediction lag is the two way travel-time to the first multiple generating
reflector (prediction filter), the operator length should contain the length of the input
signal. The parameters for the deconvolution used in this study were the operator
length of 240 ms, and the prediction lag of 36 ms. The prewhitening was 0.1.

Radon Filter
The parabolic radon filter as a differential velocity based method is appropriate to
eliminate multiples in deep water. It fails at near offsets, where little move-out differ-
ences between primaries and multiples occur. Therefore it was difficult to eliminate
the multiples in the shallow water at the continental part of the profiles.

Normal move-out (NMO) corrected common mid-point (CMP) gathers are trans-
formed into the τ -p (radon) domain. Radon-transformed seismic data appear along
curves and can be linear, hyperbolic or parabolic. In our case the residual amplitudes
of the NMO correction were summed up along parabolic curves, because multiples
reveal a parabolic form after NMO. Multiples differ from primaries by analyzing the
residual move-out. Due to different move-out at same offset values it is possible to fo-
cus primaries and multiples and set up a filter. In this domain events are removed by
designing a radon filter. They are filtered after the methods of the minimizing squares.
The Nyquist Frequency is defined with FNyquist ≤ FSamplerate/2 resulting in 125 Hz for
a sample rate of 4 ms. The upper corner of the bandpass is 110 Hz. The filtered data
are transformed back to the time domain, an inverse NMO is applied and attenuated
multiples are obtained.

3.2.1.3 Prestack depth Migration (PSDM)
A prestack depth migration was performed only on two sections to obtain an improved
velocity model (Figs. 9 and 10). It was clear that further migration would not produce
better migration sections. Prestack depth migration uses a migration method before
stacking, followed by stacking to produce the depth image. Depth migration takes
into account the changes of the lateral velocity field. Prestack depth migration is an
iterative process.
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The layer stripping method was used to update the velocity model layer by layer
from top to bottom. The starting depth velocity model was derived by converting
the stacking velocity model to interval velocities using Dix’s equation. The seismic
offset-sorted data in the time domain were depth migrated with this starting velocity
model. To control the quality of the depth velocity model the depth migrated data
were sorted into gathers with a common reflection point (CRP). Each CRP gather
reflects one point in the considered depth (CMP). If the velocity model is correct, the
plane in the CRP gather is horizontal. The velocity model was updated iteratively by
applying a residual move-out analysis to flatten the horizons in the CRP gather image.
The residual move-out RMO is a measure for deviation in depth of the interpreted
reflector.

3.3 Refraction seismics

Seismic travel-time tomography is one of the most common methods for calculating
the seismic velocity structure. In general there exist two basic schemes for modeling
refraction seismic data: forward kinematic modeling and tomographic inversion.

While forward modeling resembles a trial and error process and is influenced by the
experience and preconceptions of the modeler, tomographic inversion is more objective
and allows to perform resolution estimates for the final model. Several tomographic
codes have been developed (Korenaga et al., 2000; Koulakov et al., 2009, 2011; Zelt
and Smith, 1992). The PROFIT code combines tomographic forward modelling and
inversion. Its parameterization is based on nodes with a fixed predefined spacing.
The variable grid size definition depends on the ray density and density. The inver-
sion routine FAST uses a regular grid, while the code RAYINVER traces through
a layer-interfaced media. As an advantage over the inversion codes of RAYINVER
and PROFIT TOMO2d offers the possibility to include one reflector in the approach.
TOMO2d allows a more detailed grid parameterization than RAYINVER, which uses
a uniform vertical gradient between interfaces defined by nodes.

The two new refraction seismic lines across the South American margin presented
in this study were constructed using the tomographic inversion routine TOMO2d of
Korenaga et al. (2000). As in Schnabel et al. (2008) a inversion routine was applied in
contrast to the forward routines used in the sections across the South African margin
(Bauer et al., 2000; Hirsch et al., 2009; Schinkel, 2006). The P-wave velocity models
across the South African margin, published in Bauer et al. (2000), Hirsch et al. (2009)
and Schinkel (2006) were computed using the forward modeling routine RAYINVER
of Zelt and Ellis (1988); Zelt and Smith (1992). This method is also limited in complex
media.

The travel-times of the reflected waves, in our case those reflected at the MOHO,
were used to constrain the P-wave velocity model and to perform a joint inversion
of refracted and reflected travel-times (Korenaga et al., 2000). It inverts simultane-
ously first arrival and reflected travel-times by ray tracing through a velocity model
parameterized as sheared mesh. The velocity field is made continuous by using bilin-
ear interpolation in each parallelogram-shaped cell. The ray tracing code is a hybrid
method based on the graph method, also known as shortest path method, and the
ray-bending method.
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Figure 9: Seismic line BGR04-08 a) after prestack depth migration. b) Velocity field
of section BGR04-08 obtained from prestack depth migration
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of section BGR04-09 obtained from prestack depth migration
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3.3 Refraction seismics

The shortest path method is used to find seismic ray paths based on Fermat’s Principle
and can calculate the shortest travel-time routes in a network of nodes. The ray bending
method applies the conjugate gradient method to minimize a travel-time along a ray
path (Moser et al., 1992). Hybrid travel-time computing is more accurate than with
the finite difference method but much more demanding in computing-time. The inverse
problem is solved by iterative application of a sparse least squares regularized inversion
(LSQR variant of conjugate gradient method). It employs smoothing and damping
constraints to regularize an iterative inversion (Korenaga et al., 2000).

For the evaluation of the data along the lines BGR04-01 and BGR04-02 I started with
a very simple model, which consisted of the bathymetry and a 1D velocity model. I
inverted the first arrivals which covered the sedimentary layer as well as the upper
crust. For the inversion of line BGR04-01, I used 3576 travel times. The result of the
Pg-inversion was used as starting model for a joint refraction/reflection inversion. In
addition to the Pg phases, 2531 travel times from the crust mantle boundary (PmP
phases) were used for the inversion. The final model is shown in Figure 11a. This model
shows an RMS-misfit for the Pg phases of 42 ms and for the PmP phases of 41 ms.

For the inversion of line BGR04-02 2376 Pg and 727 PmP travel times were used from
8 common receiver gathers. After 25 iterations the RMS travel time misfit reduced to
40 ms with a corresponding χ2 of 650 ms. The resulting velocity model is shown in
Figure 11b. Figure 11a also shows the top of the crustal layer as identified on multi
channel seismic data (white line). Within the velocity model, this boundary is roughly
at the 4.8 km/s isoline. The crust in the seaward part of the profile shows a mean
thickness of about 8 km, which perfectly agrees with normal oceanic crust. Between
150 km and 180 km of the profile, the velocity in the lower crust exceeds values of
7.3 km/s. Further landward, the crust thickens. The western half of the profile only
images the upper 6 km (Fig. 11).

The ray coverage along profile BGR04-02 defines the seismic velocities between 20
and 270 km of the profile (Fig. 11b). The velocities of the sedimentary cover range
between 1.5 km/s at the top to 4.8 km/s above the basement (white line in Fig. 11),
whereas in the upper continental crust they reach values between 5 and 6 km/s. Only
the eastern part of the profile beyond 150 km is covered by reflections from the crust
mantle boundary. In the eastern part of the line the data indicate a body with seismic
P-wave velocities (vP) between 7-7.8 km/s in the lower crust.

3.3.1 Checkerboard test

In order to test the ability of the tomographic inversion to resolve the structures within
the crust a checkerboard test was performed by first arrival tomographic inversion. I
built a perturbed model by adding alternating regions with positive and negative
anomalies of a maximum amplitude of ±5% to our preferred start velocity model. The
resolution is indicated with the checkerboard pattern. In a next step synthetic travel-
times were calculated by forward modeling using the shot and receiver geometry of
the field experiment. Random noise, as a pick uncertainty of the real data, is added to
the synthetic data. The inversion of the synthetic travel-time was initiated using the
same start velocity model to obtain the perturbated velocity model. Eight Iterations
were used. The start velocity model is subtracted from the recovered model and the
final perturbations were displayed (Nolet, 2008).
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Figure 11: Velocity models resulting from tomographic inversion with TOMO2d. The
white line, which is the 4.8 km/s isoline, reflects the basement, the black line resembles
the MOHO. The velocities range from 1.55 km/s at the sea floor up to 7.8 km/s at
the MOHO.
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3.4 Gravity

Figure 12 presents the results of the checkerboard tests with initial anomaly sizes
of 25 km x 9 km for profile BGR04-01 (Fig. 12a) and 30 km x 12.5 km for profile
BGR04-02 (Fig. 12b). The results prove velocities in the lower crust can be resolved.
In a second test I concentrated on the lower crust, where three anomalies shaped like
ellipses occur. Based on the results I can reliably resolve structures exceeding 10 km
horizontal and 1.5 km vertical dimension. This is within the size of the high velocity
lower crustal zones.
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Figure 12: Results of checkerboard tests. a) Checkerboard test for line BGR04-01.
b) Checkerboard test for line BGR04-02. The left panels show the relative velocity
perturbation with 5%. The right panels show that elliptic anomalies can be resolved
within the data. The upper panels of a) and b) show the velocity perturbation applied
to the models. The lower panels of a) and b) show the recovery after 8 iterations.

3.4 Gravity

The following processing steps were applied to the gravity data to obtain the free-air
gravity anomalies for subsequent modelling. Forward modelling of gravity data was
accomplished with the software GM-SYS (Northwest Geophysical Associates, Inc.).
To set up a starting model, we used the geometry and interval velocity information
of the corresponding MCS section. We converted the P-wave velocities for each layer
to density, according to the data collection from Barton (1986). To obtain a best fit
between modelled and observed free-air gravity anomalies, the density values were
inverted whereby the geometry was kept fixed. The inverted density values differ only
slightly from the start values and all lie within the range of Barton (1986).
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3 DATA AND METHODS

3.5 Tectonic modelling

Kinematic modelling was applied to predict the structures observed at reflection seis-
mic lines BGR98-18 and BGR03-16a as discussed in Chapter 6. Fault shape prediction
with constant slip is an appropriate choice for modelling geological structures in an ex-
tensional setting, where deformation is accommodated by fault-parallel displacement.
Any disturbed horizon that is considered to represent an originally-flat surface and
now forms the shape of the hanging-wall can be used to predict the geometry of the
fault below it (Davison, 1986; Groshong, 1989). It is most useful because, it assumes
that the slip, i.e. the displacement of the hanging-wall, is constant at all points along
the fault (Davison, 1986).

The method used to construct the faults can be described along Figure 13. The re-
gional, the original plane of the SDRs, was defined. A line d with the fault dip of 45◦ to
the point A, the tip of the uppermost seaward dipping reflector, was drawn. Distance
d, the length of line OA, was measured. The displacement trajectory matches the fault
surface and a perpendicular working line (wl1) to it at point A is drawn. A swinging
arc of length d is drawn at the intersection of the working line (wl1) and the regional.
Where the arc hits the reference bed, the SDRs surface, a working line parallel (wl2) to
the first is drawn which defines point B at the fault surface (see Fig. 13). This process
is repeated until the reference point reaches the regional. The shape of the resulting
fault is plotted.
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Figure 13: Prediction of fault shape (black line) using constant slip. d=distance of line
OA, wl=working line

Modelling illustrates the different structure and inclination angles of the SDRs at
the conjugate South Atlantic margins, which therefore require different subsidence
histories.
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Key Points:

1. Reflection seismic profiles together with gravimetric and magnetic data elucidate
the structure of the southernmost Argentine margin.

2. The southernmost Argentine margin reveals a magma-limited or magma-poor
character.

3. Tectonic-dynamic processes that shaped the study area are described.

4. The influence of the mantle plume during the initial break-up is revised.

Keywords:
Image processing, Continental margins: divergent, Continental margins: transform,
Crustal structure, Atlantic Ocean

Summary

Multichannel reflection seismic profiles, combined with gravimetric and magnetic data
provide insight into the crustal structure of the southernmost Argentine margin, at the
transition from a rifted to a transform margin and outline the extent of the North Falk-
land Graben. Based on these data we establish a regional stratigraphic model for the
postrift sediments, comprising six marker horizons with a new formation in the Bar-
remian/Lower Cretaceous. Our observations support that a N-S trending subsidiary
branch of the North Falkland Graben continues along the continental shelf and slope
to the Argentine basin. During the rift phase a wide shelf area was affected by the
E-W extension, subsequently forming the North Falkland Graben and the subsidiary
branch along which finally break-up occurred.

We propose the division of the margin in two segments: an N-S trending rifted margin
and an E-W trending transform margin. This is further underpinned by crustal scale
gravity modelling. Three different tectono-dynamic processes shaped the study area.
(1) The Triassic/Early Jurassic extensional phase resulting in the formation of the
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4.1 Introduction

North Falkland Graben and additional narrower rift grabens ended synchronously
with the break-up of the South Atlantic in the early Valanginian. (2) Extensional
phase related to the opening of the South Atlantic. (3) The transform margin was
active in the study area from about Hauterivian times and activity lasted until late
Cretaceous/early Cenozoic.

Both, the rifted margin and the transform margin are magma-poor. Very limited struc-
tures may have a volcanic origin but are suggested to be post-rift. The oceanic crust
was found to be unusually thin, indicating a deficit in magma supply during formation.
These findings in combination with the proposed break-up age in the early Valanginian
that considerably predates the formation of the Paraná-Etendeka continental flood
basalt provinces in Brazil and Namibia question the influence of the Tristan da Cunha
hot spot during the initial formation of the South Atlantic.

4.1 Introduction

The southernmost South Atlantic is a prime area to study the process of continental
break-up and the formation of passive margins. The origin of rifting of continental
lithosphere and particularly the role of major transform faults are still under debate
(e.g., Hopper et al., 1992; Armitage et al., 2010). Transform continental margins rep-
resent the third category of passive continental margins and are less well understood
than magma-poor and volcanic rifted margins. There is an ongoing discussion on the
amount of rift-related magmatism or the exhumation of continental mantle being asso-
ciated with transform margins, on margin segmentation as result of major transform
faults and on the nature and style of the continent-ocean transition. Probably the
best studied transform margin in the Atlantic is the Ghana margin, West Africa (e.g.
Mascle and Blarez, 1987; Basile et al., 1993; Mascle et al., 1995; Peirce et al., 1996;
Edwards et al., 1997; Sage et al., 2000; Turner et al., 2003; Wilson et al., 2003; Attoh
et al., 2004; Antobreh et al., 2009; Turner and Wilson, 2009)

The Argentine Margin at the transition from the transform to the passive margin
is poorly studied. Two end-members of passive margins, namely a transform mar-
gin and a magma poor margin can be studied in close spatial relationship. Lorenzo
and Wessel (1997) investigated the Falkland Agulhas Fracture Zone along the Falk-
land/Malvinas Plateau focusing on the flexural coupling across the continent-ocean
fracture zone, i.e. the zone beyond the junction of the seafloor spreading centre and
the transform fault. The consideration of flexural coupling induces a landward shift
of the locus of maximum uplift and maximum amount of erosion. Further east, the
South African transform margin was previously studied by e.g. Ben-Avraham et al.
(1997) and Parsiegla et al. (2008, 2009). Ben-Avraham et al. (1997) concentrated on
the structure and tectonics of the Falkland Agulhas Fracture Zone at the southeast-
ern African margin and found it to be split in four segments. The segmentation was
inherited from Middle to Late Jurassic rifts and partly oceanic embayments, which
can be related with the tectonic rotation of microplates. Parsiegla et al. (2009) inves-
tigated the crustal structure of the South African transform margin based on velocity
depth models and derived crustal stretching factors in the Outeniqua Basin, indicating
two different crustal stretching phases. The first episode was related to the break-up
between Africa and Antarctica (169–155 Ma). The second episode can be associated
with the shearing along the Falkland Agulhas Fracture Zone beginning at ˜136 Ma
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(Parsiegla et al., 2009).

In this study we focus on the transition from the N-S trending passive margin of
Southern Argentina to the E-W trending transform margin bounding the Falkland
Plateau to the North (from 50 to 45◦S). The study is based on a set of multichannel
reflection seismic lines, acquired during a marine geophysical survey in 2004. In ad-
dition to the previously published lines BGR04-06/07 and BGR04-08/13 (Franke et
al., 2007; Blaich et al., 2009; Hernández-Molina et al., 2010; Gruetzner et al., 2011)
we present all new lines (BGR04-09, BGR04-11 and BGR04-12) covering the area. We
supplemented our data set by some lines acquired by WesternGeco and having been
made available by the USGS (warg77-12 and warg77-13). We analysed the seismic lines
together with gravimetric and magnetic field data, to derive a regional stratigraphic
concept. Further discussion is accompanied by gravimetric modelling and encompasses
the continent-ocean transition and the crustal structure of the Southern Argentine pas-
sive and transform margins.

4.2 Geological setting

4.2.1 Geodynamic and tectonic frame

The study area in the southernmost South Atlantic is located at the transition from
the E-W trending transform margin to the N-S trending passive margin off Argentina
(Fig. 14). The Argentine shelf is constrained to north of 48◦ S, the Falkland shelf
is confined south of 48◦ S. The Falkland Agulhas Fracture Zone (FAFZ) runs along
the northern edge of the Falkland Plateau and reaches with its western end into the
study area. To the north-west of the study area the San Jorge Basin is located on
the shallow shelf. To the south lies the North Falkland Basin, a Mesozoic-Cenozoic
sedimentary basin to the north of the Falkland Islands. The Falkland Islands lie to
the west of the Malvinas Plateau Basin, while the Maurice Ewing Bank lies to the
East, the latter being a suspected micro-continental block (Lorenzo and Wessel, 1997).
The final break-up of Gondwana in the Early Cretaceous formed the 1200 km long
east-west trending, right lateral FAFZ transform margin. First tectonic activities were
determined at 130 Ma, when the FAFZ offset the mid oceanic spreading ridge (Ben-
Avraham et al., 1997). This is in common with Thomson (1998), who suggested the
Valanginian as the earliest age known for motion along the FAFZ.

The age of the oceanic crust in this Austral segment of the South Atlantic as well
as number and timing of the rift phases affecting the area before the opening of the
South Atlantic, are under discussion (Moulin et al., 2010). The time scale of Gradstein
et al. (2004) is consistently used here but we are aware that a discussion about the
absolute age of the M-anomaly sequence is underway. He et al. (2008), Torsvik et al.
(2009) and others challenge the shift of M0 by about 4 Ma to an earlier age introduced
in the Gradstein et al. (2004) as compared to former time scales (e.g. Gradstein et
al., 1994). We tentatively follow the arguments of Tominaga and Sager (2010) who
discussed this question and kept the calibration age of 125 Ma for Chron M0, which
was also used by Gradstein et al. (2004) in their revised Mesozoic time scale. In any
case, the older end of this polarity interval represents the base of the Aptian and a
possible revision of our decision would mean a nearly constant shift of all absolute ages
used here by 4 Ma. On the African margin Rabinowitz and LaBrecque (1979) identified
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magnetic Chrons M9N (133 Ma) to M11 (137 Ma) as the earliest spreading anomalies
and extrapolated the continent-ocean boundary back to M13 time (139 Ma). Eagles
(2007) questioned the presence of Chron M11 (137 Ma) on the African plate because
this anomaly was not identified at the South American side. On the South American
margin, off Argentina, the oldest anomaly identified by Rabinowitz and LaBrecque
(1979) is Chron M4 (130 Ma). Moulin et al. (2010) suggested that M11 and M9 of
Rabinowitz and LaBrecque (1979) were over-interpreted and that only M7 can be
identified in the southern part of the Orange Basin and offshore the Rawson Basin
on the Argentine continental shelf, between about 42-45◦ (Fig. 14). Early Cretaceous
seafloor spreading is widely accepted based on the identification of M4 (126.5 Ma) as
the oldest magnetic anomaly found in this area.

Discussion is also related to the number of extensional phases that affected the study
area before the final Late Jurassic-Early Cretaceous phase of Atlantic extension. Keeley
and Light (1993) suggested two phases of rifting in the Late Triassic-Early Jurassic
and in the Middle Jurassic. The continental extension may have begun in isolated
centres during the Late Triassic when almost all of southern and western Gondwana
were affected by magmatism (Macdonald et al., 2003). According to Fitzgerald et al.
(1990) intraplate extension reactivated pre-existing depocentres and originated new
ones by the end of Triassic/Early Jurassic, such as the San Jorge Basin. The early
extensional phase probably initiated the formation of the North Falkland Basin and
may be reflected by a lower syn-rift succession in the North Falkland Basin (Richards
and Fannin, 1997) and the San Jorge Basin (Rodriguez and Littke, 2001; Richards and
Fannin, 1997). Rifting in the North Falkland Basin widely ended in the Valanginian,
leaving a failed rift system (Richards and Fannin, 1997).

The final phase of extension resulting in the subsequent opening of the South At-
lantic is suggested to have lasted from 150 to 130 Ma, until Chron M4 (Nürnberg and
Müller, 1991). A slightly earlier age may be inferred based on a comparison of the
North Falkland Basin with the Outeniqua Basin in South Africa. Both basins were
affected by extensional deformation in the Oxfordian/Kimmeridgian. This extension
was compensated by first movements along the Falkland Agulhas Fracture Zone in the
Valanginian (at about 138 Ma; Thomson, 1998). The time when the fracture zone was
active is unclear.

Ben-Avraham et al. (1997) proposed 130 to 65 Ma as the time period for the major tec-
tonic activity along the fracture zone. In contrast, Lorenzo andWessel (1997) suggested
that the activity at the transform zone stopped at about 83 Ma (Santonian), when the
seafloor spreading centre cleared Maurice Ewing Bank. During Eocene/Oligocene times
South America separated from Antarctica and the Drake Passage opened. This event
may have enabled the development of an Antarctic Circumpolar current (Hernández-
Molina et al., 2010) and coincides with the major East Antarctic ice expansion in the
Late Eocene (Hinz et al., 1999). During Middle Miocene times a renewed cooling and
East Antarctic ice expansion occurred (Hinz et al., 1999; Hernández-Molina et al.,
2010), which may also have influenced the sedimentation in the study area.

4.2.2 Types of margins

Three end-members of passive continental margin types are generally distinguished:
magma-poor rifted margins, volcanic rifted margins and transform margins (e.g.,
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Figure 14: Structural map of the investigated area with profile locations in study area
(red box). Structural map, faults, folded belt, bank, continent, San Jorge basin, Malv-
inas Plateau Basin and Malvinas Basin based on Ramos and Caminos (1999). Valdez,
Rawson and San Julian Basin after Ramos and Turic (1996). Outline of North Falk-
land Graben after Marinelli et al. (1996). Bathymetric map after Smith and Sandwell
(1997). FAFZ=Falkland Agulhas Fracture Zone after Becker et al. (2011). Open cir-
cles mark wells, with 511 = DSDP site 511 (Shipboard Scientific Party, 1983), 327 =
DSDP site 327, 329 = DSDP site 329, 330 =DSDP site 330 and 14/24-1 = industry
well 14/24-1.
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White and McKenzie, 1989; Whitmarsh et al., 2001; Boillot et al., 2002). The clas-
sification in volcanic rifted margins and magma-poor rifted margins depends on the
amount of igneous break-up features. Magma-poor rifted margins are characterised by
extreme crustal stretching, which occurs over distances of up to 200 km (Whitmarsh
et al., 2001). Volcanic rifted margins are characterised by extrusive complexes, which
are manifested in seismic data as seaward-dipping reflector sequences (SDRs) (Hinz,
1981; Mutter et al., 1982). These margins are additionally accompanied by intrusive
complexes, sills, dikes and volcanic vents (Eldholm et al., 1995). At volcanic rifted
margins there are typically lower crustal bodies with relatively high velocities of 7.3-
7.5 km/s which are commonly attributed to magmatic underplating (White et al.,
1987; Eldholm et al., 1995; Callot et al., 2001). In contrast to magma-poor margins
volcanic margins are restricted to much narrower areas, usually less than 100 km wide.
Transform margins show a relatively abrupt continent-ocean transition, the evolution
of complex rift basins and the formation of marginal ridges along the continental side of
the margin (Mascle and Blarez, 1987; Lorenzo et al., 1991; Basile et al., 1993; Minshull
et al., 1992; Bird, 2001).

4.3 Stratigraphy

As there are no drilling constraints in the study area (Fig.14), we summarise the
stratigraphy of the North Falkland Basin (Richards and Fannin, 1997; Richards and
Hillier, 2000b) and the San Jorge Basin (Rodriguez and Littke, 2001; Fitzgerald et al.,
1990) to obtain insight into the stratigraphy of the shelf area (Fig. 15). The sedimentary
sequences of the North Falkland Basin resemble those observed in the San Jorge Basin,
indicating that the sedimentary sequences are regional. For the Argentine Basin we
built up on Hinz et al. (1999), who suggested a regional stratigraphic scheme for the
deep sea area offshore Argentina (Fig.15). There also exist several DSDP wells on
the Maurice Ewing Bank to the east of our study area (Shipboard Scientific Party,
1974a,b, 1977, 1983).

4.3.1 North Falkland Graben

The N-S trending North Falkland Graben forms the main depocentre in the North
Falkland Basin. Six wells were drilled by oil companies in 1998 (Richards and Hillier,
2000b). The formation of the basin initiated in the Triassic/Early Jurassic. The basin
fill was deposited during three major phases; prerift, synrift and postrift (Richards
and Hillier, 2000b).

Sedimentary to metasedimentary rocks of Devonian age, as found on the Falkland Is-
lands, form the base of the prerift interval in the North Falkland Graben (Richards
and Hillier, 2000b). The synrift interval was deposited during the Middle Jurassic to
the Early Cretaceous in a fluvio-lacustrine environment. The rift to sag transition
with an assumed Berriasian to Valanginian age separates the synrift units from the
postrift units (see Fig.15). On top of the break-up unconformity a package of high
amplitude reflectors forms the base of the early postrift (Valanginian to Aptian) suc-
cession. At the base of this unit are partly marine shales, which were also found in
DSDP boreholes on the Maurice Ewing Bank (Richards and Fannin, 1997). The de-
position of these sediments under anoxic conditions in a restricted basin was followed
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Figure 15: Stratigraphy of the North Falkland Graben (combined from Richards and
Hillier (2000b); Richardson and Underhill (2002) the Argentine Basin (Hinz et al., 1999;
Shipboard Scientific Party, 1983) and the San Jorge Basin (Rodriguez and Littke, 2001;
Fitzgerald et al., 1990). The stratigraphy of this paper and regional events (Lawrence
et al., 1999) are included. AB = Argentine Basin, NFG= North Falkland Graben,
SA=South Atlantic, P = Period, GMP = Geomagnetic Polarity Primary, SLC = Sea-
Level Curves.
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4.3 Stratigraphy

by progradational delta sedimentation showing a seismically transparent character.
During the Valanginian to early Barremian delta progradation ceased with a sea wa-
ter level fall and the local deposition of a subunit on top in deeply subsided basins.
After the sea water level fall the middle postrift unit of Aptian to Albian age was
deposited. During this interval the environment changed from a fluvial-lacustrine-
lagoonal setting to marginal marine deposition. A highstand system tract with flu-
vial sedimentation was established on its top and remained during the rest of the
interval. The late postrift interval spans probably Albian to early Palaeocene times
with the flooding of the rift shoulders and the surrounding platform area (Fig.15).
The rift shoulders of the North Falkland Graben are faulted and the surrounding
platform consists mainly of Devonian-Carboniferous sedimentary rocks (Richards and
Fannin, 1997). The sediments of the synrift succession on the shoulders are proba-
bly eroded (Richards and Fannin, 1997). A prominent undulating reflector, possibly
of Maastrichtian to Palaeocene age, divides the late postrift succession into two parts
(Richards and Fannin, 1997). The upper sequence is characterised by a transition from
a marginal marine to an open marine environment established in the Campanian. After
an early Palaeocene uplift of the entire region thermal sagging followed. Deposition of
the sag unit began with a northward prograding deltaic wedge, which continues until
nowadays (Richards and Hillier, 2000b).

4.3.2 Stratigraphy of the Argentine slope and the Basin

Hinz et al. (1999) defined five regional seismic marker horizons at the deep-water
Argentine margin (see Fig.15). The ages of the marker horizons are tentative. Uncon-
formity AR 1, the most prominent reflector, was interpreted as the break-up uncon-
formity, which evolves into the top oceanic basement. AR 1 also forms the top of the
seaward-dipping reflector sequences (SDRs). Horizon AR 2 marks the top of an early
drift succession of presumable Late Aptian age, i.e. the transition from restricted to
open oceanic conditions. AR 3 as the surface of another drift sequence was suggested
to have an early Campanian age (about 81 Ma in Hinz et al. (1999)) with a progra-
dational and aggradational pattern that passes into parallel reflectors. The horizon
above AR 3 reveals a complex pattern with mound facies, giant dune like feathers
and unconformities. Horizons AR 4 and AR 5 may be related to the cooling and ice
expansion on the Antarctic ice sheet in the Oligocene and Miocene (Hinz et al., 1999).

4.3.3 DSDP wells

DSDP wells 511, 330, 329 and 327 are located on the flanks of the Falkland Plateau and
on Maurice Ewing Bank, about 560 km to the east of the study area (Figs. 14 and 15;
Shipboard Scientific Party (1974a). At sites 327, 330 and 511 indications for shallow
marine conditions were found. From Late Jurassic through the Aptian times shallow
marine, sometimes euxinic conditions lead to the deposition of sapropelic material at
sites 330 and 511 (Shipboard Scientific Party, 1977). Similar sediments were contem-
poraneously deposited during Neocomanian to Aptian age at site 327. These sapropelic
claystones indicate limited circulation in an initially restricted basin stage. At site 327
shallow marine conditions began in the Albian. Also, black shales of Jurassic to Early
Albian age were encountered at site 511, which are rich in organic material. They
were deposited under anoxic conditions in a shallow marine environment (Shipboard
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4 THE CRUSTAL STRUCTURE OF THE S. ARGENTINE MARGIN

Scientific Party, 1983) and later replaced by pelagic deposition under open marine con-
ditions during the Albian. An erosional event was identified at the Cretaceous/Tertiary
boundary at site 511 that is linked to the existence of the Circum-Antarctic (Australia)
current prior to the opening of the Drake Passage (Shipboard Scientific Party, 1983).
There is also a distinct hiatus at the Cretaceous/Tertiary boundary at site 327.

A major hiatus between the early Eocene and Quaternary (site 327) and a gap in
the late Oligocene to Early/Middle Miocene (site 329) resulted almost certainly from
strong bottom currents due to the opening of the Drake Passage (Shipboard Scientific
Party, 1974a,b).

4.4 Data and processing

For data acquisition during survey BGR04, the use of a 3 km long streamer consisting
of 135 channels resulted in an offset ranging from 193 m to 2877 m. Seismic signals
ere generated by a tuned airgun array comprising 20 airguns with a total capacity of
51.2 litres (51200cm3, 3124 in3 ). A record length of 14 s with a sample interval of 4
milliseconds and a shot interval of 50 m were used (Table 2).

Table 2: Acquisition and field parameters of survey BGR04.
General information Recorded by area 2004 BGR Hannover

offshore Argentina and Uruguay
Profile length 3785 km

CMP’s CMP spacing 12.5 m
Fold 34

Recording Sample rate 4 ms
Recording system Syntrak 960 MSTS
Recording time 14.34 s
Recording format SEGD, 3590 Cartridge
number of channels 135

Reveivers streamer type Syntron 960 system
sections 36
group interval 25 m (channels 1–81)

12.5 m (channels 82–135)
depth 9 m
streamer length 2877 m

Source airgun array tuned Type: Bolt
total volume 51.2 l
array depth 7 m
array length 19.6 m
Number of Guns 2*10 on two linear arrays in 6 groups
Pressure 13.5 MPa
shot distance 50 m (time-dependent)
except for BGR04–06 125 m

We studied selected lines of the BGR04 data-set recorded offshore Argentina and
processed the data-set to gain a better image of the deeper crust along the margin
(for location see Fig. 14). The reflection seismic lines cross the continental shelf and
slope south of 47◦S (Fig. 14). Prestack processing included geometry editing, filtering,
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noisy trace editing, deconvolution, true amplitude recovery and multiple attenuation
(Table 3).

Multiples were reduced by the means of Radon filtering and surface related multi-
ple elimination. The initial stacking velocity model was determined by analyses of
semblance plots. Finally, prestack depth migration (PSDM) was performed on lines
BGR04-08 and BGR04-09 (Figs. 16-18) to obtain an improved velocity model. These
lines were migrated with a prestack Kirchhoff time migration algorithm using the im-
proved velocity field from PSDM. Since the result of PSDM is not much different to
that of post-stack time migration, the lines BGR04-06, BGR04-10 and BGR04-11/12
(Figs. 19, 20 and 21) were post-stack time migrated with the RMS velocity field cre-
ated during velocity analysisbased on the semblance velocities. To provide homogenous
figures, time sections are shown consistently.

The data set finally includes two already processed reflection seismic lines, warg77-12
and warg77-13 (Fig. 22), acquired by WesternGeco and made available by the USGS.

Shipboard gravity data were recorded using sea gravimeter systems CHETA and
CHEKAN-AR and processed to get the free-air anomaly (FAA). Magnetic measure-
ments were taken with a Vostok proton magnetometer.

According to the time interval of the data acquisition system, gravity values are avail-
able every 10 seconds. To reference the shipboard gravity data connection measure-
ments were carried out with a LaCoste & Romberg land gravity meter at the beginning
and end of the cruise.

Several processing steps were applied to the gravity data to obtain the free-air grav-
ity anomalies for subsequent modelling. The forward modelling of gravity data was
accomplished with the software GM-SYS (Northwest Geophysical Associates, Inc.).
To set up a starting model, we used the geometry and interval velocity information
of the corresponding MCS section. We converted the P-wave velocities for each layer
to density, according to the data collection from Barton (1986). To obtain a best fit
between modelled and observed free-air gravity anomalies, the density values were in-
verted whereby the geometry was kept fixed. The inverted density values differ only
slightly from the start values and lie all within the range of Barton (1986).

Gravity modelling was performed to validate the tectonic interpretations for sections
BGR04-06/07 and BGR04-09, which partly suffer from resolution limitations (Figs. 17,
19 and 23).

4.5 Interpretation

In the first subchapter we will derive a stratigraphic concept, while in the following
one prominent structural features on the continental shelf, the continental slope and
the Argentine Basin are presented.

4.5.1 Stratigraphy

Six marker horizons were identified, which subdivide the postrift sediments into five
characteristic units (Fig. 15). The horizons from the continental shelf could not easily
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4.5 Interpretation

Figure 16: Sections of combined profiles BGR04-08/13 (location in Fig. 14). A) Ob-
served gravimetric and magnetic data with M0, M2 and M4 marine magnetic anomalies
(alternative notation used by Gradstein et al. (1994) in brackets). B) Time-migrated
seismic sections using a pre-stack Kirchhoff algorithm, overlain by C) seismic inter-
pretation. D) Tectonic interpretation. F und E are Tertiary horizons, K/T is Creta-
ceous/Tertiary boundary.
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4 THE CRUSTAL STRUCTURE OF THE S. ARGENTINE MARGIN

Figure 17: Profile BGR04-09 (location in Fig. 14). A) Observed gravimetric and mag-
netic data. The magnetic line is difficult to interpret because it crosses the oceanic
crust at a low angle with the strike of possible structures. B) Time-migrated seismic
sections using a pre-stack Kirchhoff algorithm, overlain by C) seismic interpretation.
D) Tectonic interpretation. F und E are Tertiary horizons, K/T is Cretaceous/Tertiary
boundary.
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Figure 18: Inlets of sections BGR04-08, BGR04-13 and BGR04-09 and specific inter-
pretations, respectively. a) BGR04-08: Magmatic intrusions, b) BGR04-13: Oceanic
crust overlain by postrift sediments , c) BGR04-09: Oceanic crust overlain by postrift
sediments. F und E are Tertiary horizons, K/T is Cretaceous/Tertiary boundary.

42
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Figure 19: Sections of combined profiles BGR04-06/07 (location in Fig. 14). A) Ob-
served gravimetric and magnetic data with M0 and M2 marine magnetic anomalies
(alternative notation used by Gradstein et al. (1994) in brackets). Brackets indi-
cate that magnetic data may be disturbed by variations due to a magnetic storm. B)
Time-migrated seismic sections using a pre-stack Kirchhoff algorithm, overlain by C)
seismic interpretation. D) Tectonic interpretation. F und E are Tertiary horizons, K/T
is Cretaceous/Tertiary boundary.
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Figure 20: Sections of combined profiles BGR04–10/11/12 (location in Fig.14) (A)
Observed gravimetric and magnetic data. Magnetic anomalies could not be identi-
fied univocally due to the direction of the profile parallel to the magnetic spreading
anomalies. (B) Time-migrated seismic sections using a post-stack Kirchhoff algorithm,
overlain by (C) seismic interpretation. (D) Tectonic interpretation. F und E are Ter-
tiary horizons, K/T is Cretaceous/Tertiary boundary.
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Figure 21: Inlets of section BGR04-11 and specific interpretations, respectively. a) Rift
graben on Falkland Shelf, b) continent ocean transition covering the FAFZ. F und E
are Tertiary horizons, K/T is Cretaceous/Tertiary boundary.
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Figure 22: Industry profiles warg77-12 (a) and warg77-13 (b). A: Time migrated seismic
sections, B: seismic interpretations, C: tectonic interpretations.
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Figure 23: Gravity modelling of profiles BGR04-06/07 (a) and BGR04-09 (b). The
upper panels compare observed and modelled gravity, while tectonic units are defined
in the lower panels. Density values (D) are given in g/cm3.
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be traced into the Argentine Basin as the postrift sediments of the Argentine Basin
onlap onto the subsiding break-up unconformity on the slope (Figs. 16 and 19). The
modified stratigraphic concept described hereafter is based on the stratigraphy of Hinz
et al. (1999), that of the North Falkland Graben (Richards and Hillier, 2000b) and
new data (Fig. 15).

The interpretation of the postrift units was not straightforward. Our approach was to
compare these units with the nearest industrial well 14/24-1 (Richardson and Under-
hill, 2002), drilled about 40 km westwards of the study area in the North Falkland
Basin (for location see Fig. 14). The profiles that are located on the eastern graben
shoulder of the North Falkland Graben (Figs. 16 and 17) show that the continental
postrift sediments are thinner than observed in well 14/24-1, which is located in the
depocentre of the North Falkland Graben. In the deep Argentine Basin the horizon
ages were constrained by correlating the seaward termination of the individual uncon-
formities with identified magnetic Chrons of the underlying oceanic crust (see Fig. 16).
In general, the break-up unconformity is a prominent reflection (horizon B) through-
out the entire area. We adopted horizon AR 1 of Hinz et al. (1999) as horizon B, which
is the break-up unconformity evolving into the top of the oceanic crust. Some of the
magnetic anomalies along the composite line BGR04-08/13 (Fig. 16) can be attributed
to the M anomaly sequence between M0 (124.6 Ma) and M4 (129.8 Ma, ages accord-
ing to Gradstein et al. (2004). Thus, seafloor spreading started before 130 Ma. No
further spreading anomalies could be unequivocally identified between a more land-
ward positive anomaly of unknown origin and age close to the shelf edge (Fig. 16:
distance 75 km) and M4. This does not exclude the presence of older oceanic crust as
the respective anomalies often have very low amplitudes and may, therefore, remain
undetected on single profiles. Considering the date for the break-up unconformity at

˜140 Ma we require additional older oceanic crust than M4.

A distinct transparent sedimentary layer is evident between the break-up unconfor-
mity and the supposed Aptian, high-amplitude reflections (Hinz et al., 1999) (Figs. 16:
distance 150-325 km, 17, 18 and 20). Thus, we found this new seismically transparent
succession as Barremian with top horizon ’Barrem’ terminating seawards against mag-
netic Chron M2 (˜128.5 Ma). This package is characterised by low-amplitude, parallel
reflections. Our concept considers horizon Barrem as the base of a high-amplitude
reflector package with marker horizon Apt on its top. We confirm the presence of
horizon Barrem in the Argentine Basin between approx. 47.5-48.5◦ S and 56-57◦ W.
It is missing to the north of the eastern Falkland Shelf because of the delayed on-
set of the oceanic spreading in this area (Fig. 20 distance 300-500 km). A sequence
of high-amplitude reflections overlies the Barremian successions. By comparison with
the North Falkland Graben these successions may represent marine shales as found
at DSDP site 511 (Shipboard Scientific Party, 1983). Similarly, Hinz et al. (1999) de-
scribed a unit with top AR 2 (Late Aptian) as an early drift sequence deposited under
euxinic conditions. We termed this unconformity Apt.

Another prominent unconformity is present in the deep sea region about 900 ms TWT
above horizon Apt (Figs. 16, 17, 18c, 19 and 20). From the regional occurrence of a
distinct unconformity, present in the North Falkland Graben (Richards and Fannin,
1997) and at DSDP sites 511 and 327, we propose that it represents the K/T uncon-
formity (horizon K/T). On the continental shelf, horizon K/T separates continuous
parallel layers from a prograding and thinning package towards the NE (Fig. 17: dis-
tance 50-150 km, 0.5 s and Fig. 20: distance 100-150 km, 0.5-0.8 s). This fits well with
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the finding of Richards and Hillier (2000b) that a regional uplift in the Palaeocene
likely resulted in deltaic progradation. The successions between horizons E and F,
which are current-controlled, were only identified in the Argentine Basin. Horizon E
may correspond to horizon AR 4 of Hinz et al. (1999). In our study area horizon E
is identified as the base of a giant drift in the deep sea and may be related to the
opening of the Drake Passage, which occurred in the Late Eocene/Early Oligocene
(about 34-31 Ma; Hernández-Molina et al. (2010) and Gruetzner et al. (2011). Con-
tourite sediment drifts mark the sediment sheet deposited above horizon E in the
Oligocene/Miocene (Hernández-Molina et al., 2010). Horizon F is the top of the buried
drift bodies and may be an equivalent to AR 5 (Fig. 15) with an age of about 17 Ma
(Gruetzner et al., 2011).

4.5.2 The continental shelf and slope

The smooth tilting of the break-up unconformity towards the Argentine Basin along
the Argentine shelf likely is an expression of a very moderate thermal subsidence
(Figs. 16, 17, 19 and 20). The postrift subsidence resulted in a down warping of horizon
B of 1 km over an distance of 80 km (Fig. 17: distance 90-170 km); further seawards
the horizons subsided 700 m over a distance of 50 km (Fig. 17: distance 225-275 km).

Although the continental slope or the escarpment as shown in Figures 16, 17, 19 and
20 is intensely faulted, only very minor faulting affected the continental shelf. The
Argentine continental slope (e.g., Fig. 16) is marked by extensional faults. At the foot
of the continental slope we observe seaward-dipping, listric normal faults. Although
not unequivocally imaged by the available data, it is possible that those sole out in a
common detachment surface as observed in other areas (e.g. Galicia margin, Krawczyk
and Reston (1995); Reston et al. (1996). Therefore, rotated fault-bounded blocks and
half grabens filled with syn-sedimentary deposits (Fig. 16: distance 150-200 km) are
interpreted in the Argentine Basin.

Along the transform margin, four major seaward-dipping, steep faults dissecting the
escarpment are identified (Figs. 17, 20 and 21). The escarpment here corresponds to
the FAFZ. The vertical offset of the seafloor at the main fault zone amounts to approx.
2250 m (3 s TWT). From scouring of the seafloor, the exposure of basement at the
seawards inclining North Falkland shelf and from the thickness of the postrift sediments
we infer a major erosion phase which affected the continental shelf, in proximity of
the escarpment (see Figs. 17 and 20). These sediments were likely re-deposited further
offshore. Transparent, fan-shaped deposits are frequently present within the succession
between Aptian at the base and horizons K/T, E and F on top (Figs. 17 and 18c).

4.5.2.1 Magmatic features
There are a few indications for break-up related magmatism on the lines crossing the
rifted margin segment (see e.g. Figs. 19 and 24I). There is only one location where a
flat layered sequence underlying the slope with high internal reflectivity may indicate
magmatism. A small positive magnetic anomaly (about 60 nT) correlates with the
structures and suggests the presence of magmatic material (Fig. 19). These bodies
are tentatively interpreted to be intrusions or volcanic flows, potentially representing
seaward-dipping reflectors. In any case the width of these features is small in com-
parison to the seaward-dipping reflectors further north (e.g., Blaich et al., 2008, 2009;
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Hinz et al., 1999; Franke et al., 2007, 2010).

At the continental slope along line BGR04-08 two highly reflective bodies, 7 and 10 km
wide, are imaged around horizon B (Figs. 16 and 24II). The piercing of these structures
into horizons Barrem and Apt indicate a postrift evolution. These bodies correlate
with a small positive anomaly in the magnetic data (Fig. 16: distance 120 km) which
suggests a magmatic origin.

If magmatic at all the emplacement of these structures may have been controlled by
pre-existing extensional faults (Fig. 18a: distance 100-150 km).

Figure 24: Tectonic interpretation of the four main E-W time migrated seismic profiles.
I) BGR04-06, II) BGR04-08, III) warg77-12, and IV) warg77-13. F und E are Tertiary
horizons, K/T is Cretaceous/Tertiary boundary.
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4.5.2.2 Graben structure
The interpretation of the two seismic lines warg77-12 and warg77-13 south of profiles
BGR04-08 and BGR04-06 allows us to determine the structural geometry of a major
graben (Figs. 22, 24 and 25). The imaged graben is approx. 90 km wide and consists of
a series of half grabens and minor grabens, bounded by synthetic and antithetic faults.
On warg77-13, at between 60 and 80 km distance (Fig. 22b), an intra-graben high sep-
arates a western and eastern depocentre. The eastern depocentre widens northwards
and can be followed to line warg77-12 (Fig. 22a). The grabens and half grabens are
filled by wedge shaped sediment sequences, indicating synrift activity. The synrift infill
is sealed by a distinct unconformity, interpreted as the break-up unconformity. The
thickness of the synrift sediments is up to 1.5 s TWT in the southwest (Fig. 24 IV, dis-
tance 40- 60 km), while these reach only 1 s TWT thickness in the southeast (Fig. 24IV
distance: 70-100 km). North of warg77-13, on warg77-12 the synrift sediments are gen-
erally thinner, up to 1 s TWT in the west and 0.5 s TWT in the east (Fig. 24 III).
The overlying postrift sediments are up to 1.5 s TWT thick and are divided in two
sequences by the inferred K/T unconformity. The margins of the graben are overlain
by postrift sediments.

4.5.2.3 Rift grabens
Beside the prominent, 90 km wide graben (c.f. Figs. 22 and 24) we found distinct
smaller rift grabens along the continental shelf areas under study. Most rift graben
features are observed on the Falkland continental shelf (Figs. 17 distance 15-35 km, 20
and 21). One rift graben system is imaged along profile BGR04-10 (Fig. 20 distance
150-180 km). The half grabens are bound to the East by steeply dipping faults. The
largest one of these half grabens has a depth of 0.8 s TWT and a width of about 19 km.
The break-up unconformity is clearly imaged on top of this en-echelon graben system.
Provided that active rifting of the North Falkland Graben ceased in the Valanginian
(Richards and Fannin, 1997) and the main extensional deformation related to the South
Atlantic opening terminated after the break-up unconformity with the onset of the
ocean spreading in the Valanginian/Hauterivian as determined by means of magnetic
anomaly M4 and potential older crust, we deduce age constraints. The local basins
formed likely contemporaneously with the formation of the North Falkland Graben
prior to the opening of the South Atlantic. The half grabens are filled with wedge-
shaped synrift sediments showing a high amplitude reflection pattern. We interpret
these as an equivalent to the late synrift unit deposited during Tithonian to Berriasian
time (Richards and Hillier, 2000b). Similar en-echelon graben systems are not present
along the other sections. However single rift grabens with a depth of about 0.6 s TWT
are observed (Figs. 17, 20 and 21). The single rift grabens depicted (Fig. 17) seems
to be continued south eastwards (see Figs. 20 and 25). This single graben feature
with a width of about 20 km in the seismic section (Fig. 17 distance: 15-35 km)
corresponds to a broad gravimetric low (Fig. 23b, distance km: 0-120 in the upper
panel). The modelling results support the existence of a graben structure, but suggest
a width of about 50 km for this graben feature (Fig. 23b distance km: 20-70 in the
lower panel). The short wavelength signals in the measured data may be attributed to
lateral variations or possibly 3d effects.

51



4.5 Interpretation

Figure 25: Summary of structural elements defining the revised tectonic model of the
study area. Outline of the NFG south of 49°S modified after Marinelli et al. (1996).
Satellite-derived gravity field is shown for the area (Sandwell and Smith 1997). Bathy-
metric map after Smith and Sandwell (1997). COB: continent ocean boundary. M0-
M: magnetic Chrons.
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4.5.3 The Argentine Basin

The Argentine Basin lies in the north eastern edge of the study area, north of the
FAFZ (see Fig. 14). A prominent high amplitude reflector marks the top of the basaltic
oceanic crust (Figs. 16, 17, 19 and 20). The entire oceanic crust is highly dissected by
numerous faults. Because of the vicinity of the Falkland-Agulhas Fracture Zone, the
oceanic crust was likely subject to shearing. Due to the fact that only few faults reach
and detach the inferred K/T horizon, we conclude that the dissection of the oceanic
crust took mainly place in the Late Mesozoic (Fig. 16, distance 400 and 450 km,
Fig. 19, distance 450 to 500 km and Fig. 20 distance 450 to 500 km). Minor dissection
continued but with a strongly decreased amount.

The oceanic crust is overlain by packages of postrift sediments with thicknesses varying
from 3.5 s TWT (Figs. 16, 18b, c and 19 ca 2.5 s TWT; approx. 2.5-3.5 km with
v=2 km/s) in the North-West to 1.5-2 s TWT (in Fig. 20; approx. 1,5-2 km) in the East.
Compared to the 1.5-3.5 km thick postrift sediments in the Argentine Basin the postrift
sediments on the continental shelf are much more condensed with a thickness of 150-
500 m (Figs. 16, 17 and 19 with v=2 km/s). In eastward direction along the transform
margin the thickness of the inferred Plio- and Pleistocene sediments decreases from
1 s TWT to 0.3 s TWT, probably due to the prevailing currents.

4.5.4 The continent-ocean transition zone

To define the transition from continental to oceanic crust (COT) we first identified the
southern limit of the oceanic crust. The oceanic crust was found to be highly dissected
by faults. We thus interpret the COT where this dissected horizon gradually merges
with the smooth break-up unconformity, horizon B (e.g., Fig.16: distance 100-200 km).
The interpretation of the oceanic crust was further constrained by the presence of
magnetic spreading anomalies and reflections below the crust interpreted as MOHO
(Figs. 16 around distance 200 km, and 17 around distance 300 km). A depth of the
MOHO interface of 5-10 km is typical for oceanic crust.

In the rifted margin segment the COT is displayed by profiles BGR04-06 and BGR04-
08 (Fig. 16: distance 100-190 km, Fig. 19: distance 150-240 km and Fig. 24 I and
II). Gravimetric modelling indicates the deep structure of the rifted margin (Fig 23a).
The MOHO gradually increases from 31 km to 25 km at 160 km distance, from where
it rises abruptly to 15 km. The rise corresponds to a wide gravimetric high, which
according to the amplitudes must correspond to an elevation of the mantle. The gravity
model reveals an extremely thin continental crust from 180-260 km distance, which
accompanies the COT (Fig. 23a). Landwards the COT terminates where the break-up
unconformity changes from a diffuse to a continuous surface (Figs. 16 and 19). Within
the crustal COT area listric extensional faults are overlain by a rather diffuse reflector
representing horizon B. Oceanic crust is certainly present from distance 260 km on
(in Fig. 16) as evidenced by magnetic anomaly M4. The dissected horizon, interpreted
as oceanic crust can be followed landwards to (Fig. 16, distance 190 km) and merges
with horizon B. In the area of the COT we observe few MOHO reflections with high
amplitudes at 10 s TWT (Fig. 16 distance 190-250 km). The magmatic portion of the
crust results in a thickness of 1.5 s TWT (3.8 km) with a range between 3.3-4.3 km
(velocity of 5.07±0.63 km/s (White et al., 1992)). This resolves an unusual thin oceanic
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crust.

In contrast to the rifted margin segment the COT of the transform margin segment
is confined to a narrow zone of 15-19 km width (Figs. 17, 20 and 25). We cannot
unequivocally relate anomalies in the magnetic data of line BGR04-12 (Fig 20) to
seafloor spreading anomalies, however we interpret the oceanic crust by means of the
distinct reflection pattern showing a highly dissected surface. The faulted fabric of
the oceanic crust occurs along the downthrown part of the strike-slip faults associated
with the FAFZ on profiles BGR04-09 and BGR04-11 (Figs. 17 and 20). This contrasts
to the crust of the rifted continental shelf, which reacted differently to the influence
of the FAFZ. Thus, the FAFZ separates the continental crust from the downthrown
oceanic crust. The steep escarpment associated with steeply dipping faults seems to
be a significant feature of the continent-ocean transition at the transform segment.
MOHO reflections are present close to the main fracture zone at a depth of 9.8 s TWT
(e.g., Figs. 17: distance 300-320 km and 18). The resulting crustal thickness of 1.3 s
TWT is another indication for the presence of oceanic crust. Gravimetric modelling
depicts a MOHO relief for profile BGR04-09 (Fig. 23b), that starts at 30 km depth
and gradually increases to 21 km depth at a distance of 280 km, from where it rapidly
rises to 11 km. This gives a thickness of about 4 km for the magmatic portion of
the oceanic crust. We interpret this sharp rise of the MOHO and the corresponding
gravimetric minimum of the -50mGal as abrupt thinning, which clearly locates the
continent ocean boundary (COB).

The COT of both the rifted and the transform segments shows a relatively thin igneous
section of oceanic crust close to the transition zone. In proximity of the FAFZ the
thickness of the igneous portion of the oceanic crust as traversed by profiles BGR04-
08/13 and BGR04-09 varies between 3 and 4 km (Figs. 18b and c) calculated with an
average velocity of 5.07±0.63 km/s (White et al., 1992). The resulting oceanic crust
in proximity of the FAFZ thus is much thinner than average oceanic crust with a
thickness of about 7±0.8 km (White et al., 1992). Northwards on the rifted segment
as traversed by profile BGR04-06/07 the thickness of the magmatic portion of the
oceanic crust increases to 6-7 km as revealed by gravimetric modelling (Fig. 23a).

4.6 Discussion

4.6.1 Extent of the North Falkland Graben

Richards et al. (1996) proposed a northward widening of the North Falkland Graben
as well as an extension down the continental slope towards the deep Argentine Basin.
We confirm the northern extension of the rift graben based on gravimetric and reflec-
tion seismic data. The northernmost seismic line in Richards et al. (1996) traverses the
North Falkland Graben at 49.1◦ S between 59-60◦ W, illustrating an eastern and west-
ern depocentre, separated by a structural high. The sediments of the eastern depocen-
tre show a thickness of 5 s TWT, in the western depocentre of 3.2 s TWT Richards and
Fannin (1997). This resembles the western depocentre of section warg77-13 (Fig. 22).
A graben is separated by an intra high in a western and an eastern depocentre. The
intra graben high in (Richards and Fannin, 1997) may be imaged at distance 30 km
(Figs. 22 and 11 IV). The sedimentary succession is slightly thinning towards the north
about 0.8 s TWT in the western depocentre and about 0.5 s TWT in the eastern de-
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pocentre (Fig. 24 III and IV). The eastern depocentre of profile warg77-13 shows likely
the eastern extension of the North Falkland Graben, which is limited to the east at lon-
gitude 58◦ W. Further to the NE profile warg77-12 outlines another graben structure
(Fig. 24), which probably is the northward continuation of the eastern depocentre of
the North Falkland Graben (Figs. 24 and 25). A smaller N-S trending rift graben runs
parallel to the subsidiary branch. This graben system, with a width of about 60 km
(Fig. 22, warg77-12, distance: 25-85 km) correlates with a depression in the seafloor
where the synrift sediments reach down to 5 s TWT and are generally thinner than 1 s
TWT (Fig. 24). We interpret this graben system as a N-S running subsidiary branch
of the North Falkland Graben with a smaller width, of about 60 km. Further north,
at the rifted margin, the zone of tilted fault blocks is bound by listric faults on profile
BGR04-08 (Fig. 16: distance 150-190 km) may resemble the western part of the rift
graben as imaged along line warg77-12 (Fig. 24: distance 25-60 km). This zone thus is
interpreted as a northward continuation of this subsidiary branch of the North Falk-
land Graben into the Argentine Basin (Fig. 16: distance 150-190 km). The youngest
synrift sediments forming the infill of the North Falkland Graben are of Tithonian to
Berriasian age Richards and Hillier (2000b). Due to the subsequent dextral activity of
the FAFZ, the small eastern rift graben as imaged along line warg77-12 (Fig. 25) would
now be placed at the West Africa margin. In this case we derive an upper age constraint
for the activity of the FAFZ of Valanginian age. This is consistent with Lawrence et al.
(1999), who proposed M10 (Valanginian/Hauterivian times) as the beginning motion
at the FAFZ. If we compare the location of magnetic Chron M4 (˜130 Ma) with the
bathymetric expression of the FAFZ we observe an onset of the fracture zone about
25 km west of the location of this Chron. The first oceanic crust is considered as an age
equivalent to the break-up unconformity with an age of about 140 Ma. By assuming a
constant spreading rate this distance would correspond to about 5 Ma. Thus the onset
of activity along the FAFZ is interpreted at about 135 Ma.

Fault activity at the FAFZ may have terminated widely at the Cretaceous/Tertiary
boundary according to our stratigraphic scheme (Fig. 21b). This time is inferred as
termination of strike-slip activity at the transform margin in the study area. The FAFZ
was active in the region under study at least until the spreading centre cleared the
Maurice Ewing Bank and thus magnetic Chron M34 (˜83 Ma) (Lorenzo and Wessel,
1997). However, Ben-Avraham et al. (1997) suggested 65 Ma as the end of activity for
the FAFZ.

We generally confirm previous interpretations of the North Falkland Graben, north
of 49◦ S, however, the width of the graben differs from those ofRichards et al. (1996);
Richards and Fannin (1997) proposing a northward widening of the North Falkland
Graben. The northern continuation with a well defined narrow graben and the transi-
tion of this graben into the oceanic Argentine Basin in our view supports the idea that
the South Atlantic initially developed in isolated rift grabens. The northern extension
of the North Falkland Graben is suggested as the location where the break-up of the
South Atlantic initiated.

There are few indications for rift grabens at the southernmost Argentine continental
shelf (Fig. 16). However, on the continental Falkland shelf several narrow rift grabens
are evident (Figs. 17, 20, 21 and 25). All these minor rift grabens correlate with a
negative anomaly in the gravimetric data. These rift grabens have horizon B, the
break-up unconformity, as top and may similar to the prominent en-echelon graben
system displayed in BGR04-10 (Figs. 20 and 25) be related to the origin of the North
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Falkland Graben.

4.6.2 Transform margin or magma-poor margin

The transform margin segment is characterised by a steep escarpment associated with
strike-slip faults, which represent the FAFZ. Transform faults are expected to have
steep to vertical dips. The faults as depicted here dip seawards with angles up to 45◦

(Fig. 17). Due to the nearly vertical faults (Figs. 17,20 and 21) the continental slope
may have gravitationally collapsed and induced slumps resulting in a lower angle. A
narrow fault zone of 15-19 km width is typical for transform margins and coincides
with a steep gradient in the free air gravity (Figs. 17, 20 and 21). Contrarily, the
continental slope of the rifted margin segment is inclining seawards with an angle of
about 5◦ (Fig. 16). Seaward-dipping extensional faults developed at the slope. Most of
them were active until the South Atlantic break-up, while others dissect the Aptian
sequences (Figs. 16 and 18a).

The only evidence for rift-related magmatism are small-scale, high-reflective bodies at
the continental slope (Figs. 16, distance 100-150 km, 18a, 19), which suggest only minor
magmatic activity during and/or after break-up. Overlying layers are affected by these
magmatic bodies and indicate an eruption after break-up (Fig. 16). The proximity to
the transform fault may have limited the magma supply and gives reason for the
absence of SDRs in this area. The well known Vøring Transform Margin in the North
Atlantic also reveals a complex interplay between magmatism and strike-slip structures
(Raum et al., 2006). Blaich et al. (2009) state for the southernmost South Atlantic
that the narrowness of strike-slip basins causes extreme heat loss to the sides. The
comparable thin oceanic crust is another indication for the poverty of magma supply
during the early drift phase. Turner and Wilson (2009) proposed that oceanic crust
adjacent to fracture zones at transform margins is expected to be thinner than normal
oceanic crust. The transform margin in the Gulf of Guinea is an example, where the
oceanic crust westward of the Ascension Fracture Zone is abnormally thin (1.5 s TWT;
5 km). Here, the thickness of the oceanic crust as indicated by discontinuous reflector
elements representing the Moho amounts to 1.3 s TWT (3.2 km using an average
velocity of 5.07 ± 0.63 km/s (White et al., 1992) for the oceanic crust) (Figs. 16 and
18b). This evidences a decreased thickness of the oceanic crust compared to normal
oceanic crust with a thickness of 7,1 ± 0.8 km (Turner and Wilson, 2009).

In spite of steep listric faults at the foot of the southernmost Argentine continental
slope, we describe it as a prevailing rifted passive margin segment. In the study area,
Franke et al. (2007) had interpreted an elongation of the FAFZ on line BGR04-08,
which is supported here by gravity modelling (Fig. 16: distance 150-180 km). Gravity
modelling of line BGR04-06/07 reveals an abrupt thinning of the crust corresponding
to an elevation of the mantle. This suggests that the shearing of the FAFZ had a strong
influence on the already rifted margin.

4.6.3 Initial break-up and the role of the mantle plume

There is considerable controversy about whether plumes initiate rifting, or rifting
focuses plume activity (e.g., Ebinger and Sleep, 1998; Foulger and Natland, 2003;
King and Anderson, 1998; White and McKenzie, 1989). At the southernmost Argentine
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margin we can test this dependency. It is widely accepted that a mantle plume which
is manifest in the Paraná-Etendeka continental flood basalt provinces in Brazil and
Namibia initiated the break-up of the South Atlantic. With this study we question
this idea. First there may be a timing problem. The Paraná-Etendeka continental
flood basalts were emplaced mainly between 129 and 133 Ma (e.g. Renne et al., 1992;
Stewart et al., 1996; Peate, 1997; Menzies et al., 2002). Only one study from the
western margin of the Paraná province proposed that melt generation occurred in two
major phases; at 145 Ma and 127.5 Ma, i.e. before and at the end of the 139–127.5 Ma
Paraná-Etendeka flood-basalt eruptions (Gibson et al., 2006).

In this study we propose that the South Atlantic initially developed in isolated rift
grabens and that the northern extension of the North Falkland Graben was the loca-
tion where break-up occurred first. This is in coincidence with most previous studies
proposing a diachronous, from South to North progressing opening of the South At-
lantic (e.g. Austin Jr and Uchupi, 1982; Martin, 1987; Rabinowitz and LaBrecque,
1979; Sibuet et al., 1984; Uchupi, 1989) which may be described as a successive north-
ward unzipping of rift zones (e.g. Jackson et al., 2000; Nürnberg and Müller, 1991).

For the break-up unconformity, separating rift from sag infill in the North Falkland
Graben a Berriasian to Valanginian age (140 Ma) was derived. As an unconformity,
representing a hiatus is dated according to the overlying strata this age is a lower limit
and the hiatus may have started earlier. Thus, this time predates by at least 10 Ma
the ages of the continental flood basalts given in most studies. Only the ages given
by Gibson et al. (2006) for the earliest melts in the Paraná province coincide roughly
with this break-up age.

More important, however is the result of this study that the southernmost Argen-
tine margin is magma-poor. Few indications for magmatism along the margin are far
from allowing an interpretation as a volcanic rifted margin. In addition these struc-
tures likely are post-rift because these pierce and dissect inferred Aptian sediments.
Plume models generally require that the mantle temperature be elevated above that
of the normal asthenosphere before break-up (White and McKenzie, 1989; Griffiths
and Campbell, 1991; Ernst and Buchan, 1997). Not only the deficiency of break-up
related magmatism but also the comparable thin oceanic crust indicates that there
was a lack of magma supply during break-up and initial seafloor spreading. This is
an argument against elevated mantle temperatures. From the comparable thin earliest
oceanic crust and the lack of break-up related magmatism we thus propose there was
no major influence of a hot-spot on the initial formation of the South Atlantic. If our
timing is correct we can further exclude an influence of that hot-spot on the initial
break-up location. The time where we would widely exclude an influence of a man-
tle plume on the southernmost Argentine margin spans from ˜140 Ma (break-up) to

˜130 Ma (Chron M4 on oceanic crust), i.e. merely the time when the Paraná-Etendeka
flood basalts were emplaced.

4.7 Summary and conclusion

Based on six multichannel reflection seismic profiles that are combined interpreted
with gravimetric and magnetic data as well as gravimetric modelling, we analysed the
structure of the southernmost Argentine margin with a focus on the transition from the
rifted to the transform margin. In our regional stratigraphic concept composed of six
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seismic marker horizons, we applied a combined interpretation of the stratigraphy of
the North Falkland Graben and a modified concept of Hinz et al. (1999) to the area of
investigation. We suggest the presence of a Barremian succession based on the termina-
tion against oceanic crust with magnetic anomaly M4. This is the oldest sedimentary
formation found in the Argentine Basin. It may also indicate the location where break-
up initiated. Because of a distinct unconformity at the Cretaceous/Tertiary boundary
in the North Falkland Graben we propose this unconformity as a marker horizon in-
stead of Horizon AR 3 of Campanian age that has been proposed by Hinz et al. (1999)
before.

At the rifted margin there are surprisingly few rift grabens (see e.g. Fig. 16 and 19).
We outline and extend the structure of the North Falkland Graben in northeastward
direction (Figs. 22, 24 and 25). Thus, the North Falkland Graben is complemented by a
N-S trending subsidiary branch with a width of about 60 km. This subsidiary branch is
also indicated by an N-S trending gravimetric low. Based on seismic reflection, gravity
and magnetic data we suggest that a northeastern subsidiary branch of the North
Falkland Graben extends northwards to the foot of the continental slope (seismic
line BGR04-08; Fig. 24: distance 130-190 km). Evidence of several rift grabens on
the continental Falkland shelf of the study area (Fig. 25) indicates that initially a
much wider area was affected by extension than only the North Falkland Graben.
This supports the idea that the formation of the South Atlantic began as extensional
deformation of Gondwana resulting in isolated rifts basins.

The Argentine margin can be divided in two segments, defined by the N-S trending
rifted margin segment, and the E-W trending transform margin segment. The rifted
margin segment exhibits an inclining continental shelf of about 5◦. As there are no
seaward-dipping reflectors, the rifted margin segment is not of the volcanic type, al-
though limited break-up or post break-up related magmatism is observed. The rifted
margin was later affected by the FAFZ as recorded in the oceanic crust and the struc-
ture of the crust. Here, at the rifted margin, gravimetric modelling showed that a
localized, extremely stretched continental crust (6 km) accompanies the COT over
a length of about 90 km. Steep seaward-dipping faults form the escarpment of the
transform margin. The COT of the transform margin is constrained to a narrow zone
of 15-19 km in contrast to the rifted margin, where it is an 80-90 km wide zone. Grav-
ity modelling revealed an abrupt thinning of the continental crust at the transform
margin, which clearly outlines the COB. Further gravimetric modelling confirms the
presence of unusual thin oceanic crust that may be related to the proximity of the
FAFZ. Close to the FAFZ the oceanic crust is thinner (3-4 km on Fig. 23b) than
normal crustal thickness (7,1 ±0.8 km) occurring northwards (6-7 km on Fig. 23a).

Three major tectonic phases shaped the study area: 1) The formation of the North
Falkland Graben and the evolution of synrift basins lasted until early Cretaceous.
2) The tectonic activity of the faults at North Falkland Graben and the rift graben
ceases at the break-up unconformity, which is regarded as the begin of the South
Atlantic opening. Further extensional deformation of the margin due to the opening
of the South Atlantic began in early Cretaceous. 3) Shear movements along the FAFZ
are mainly recorded in the steep escarpment of the transform margin segment and in
the highly dissected oceanic crust. The FAFZ appears to have been active until the
Cretaceous/Tertiary boundary.

From the deficit of break-up related magmatism and the comparable thin oceanic crust
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we suggest there was no major influence of a hot-spot neither on the initial break-up
location nor on the earliest oceanic crust.
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Key Points:

1. Two new refraction seismic lines complement five existing velocity models of the
southernmost South Atlantic.

2. We observe a formation of the high velocity lower crustal bodies at different
times during the rifting and break-up process.

3. The cross-sectional areas of the high velocity lower crustal bodies on the South
African margin are four times larger than on the South American margin.

4. The asymmetry of the high velocity lower crustal bodies across the conjugate
margins of the South Atlantic suggests an asymmetric rifting in the simple shear
mode.

Keywords:
marine refraction seismics, high velocity lower crust (HVLC), South Atlantic, simple
shear

Abstract

High-velocity lower crust (HVLC) and seaward-dipping reflector (SDR) sequences are
typical features of volcanic rifted margins. However, the nature and origin of HVLC is
under discussion. Here we provide a comprehensive analysis of deep crustal structures
in the southern segment of the South Atlantic and an assessment of HVLC along
the margins. Two new seismic refraction lines off South America fill a gap in the
data coverage and together with five existing velocity models allow for a detailed
investigation of the lower crustal properties on both margins. An important finding
is the major asymmetry in volumes of HVLC on the conjugate margins. The seismic
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refraction lines across the South African margin reveal cross-sectional areas of HVLC
4 times larger than at the South American margin, a finding that is opposite to the
asymmetric distribution of the flood basalts in the Paraná–Etendeka Large Igneous
Province. Also, the position of the HVLC with respect to the SDR sequences varies
consistently along both margins. Close to the Falkland Agulhas Fracture Zone in the
south, a small body of HVLC is not accompanied by SDRs. In the central portion
of both margins, the HVLC is below the inner SDR wedges while in the northern
area, closer to the Rio Grande Rise-Walvis Ridge, large volumes of HVLC extend far
seaward of the inner SDRs.

This challenges the concept of a simple extrusive/intrusive relationship between SDR
sequences and HVLC, and it provides evidence for formation of the HVLC at dif-
ferent times during the rifting and breakup process. We suggest that the drastically
different HVLC volumes are caused by asymmetric rifting in a simple-shear-dominated
extension.

5.1 Introduction

A lower crustal zone with high density and high seismic P -wave velocity is part of
the magmatic “trinity” that characterizes volcanic rifted margins: continental flood
basalts, seaward-dipping reflector (SDR) sequences and high-velocity lower crust
(HVLC) (e.g., Menzies et al., 2002; White et al., 1987; Talwani and Abreu, 2000). There
is no set definition for “high velocity” in this context, but here we use a cutoff value
of 7 km s−1 as “normal”, based on the Vp values of unaltered gabbroic oceanic crust
(layer 3: 6.8–7.1 km s−1 after Mooney et al. (1998). Thus, the HVLC has a P -wave ve-
locity (and density) greater than that of typical oceanic lower crust. In general, HVLC
at volcanic rifted margins is thought to represent magmatic (gabbroic) intrusions and
related cumulate layers (Farnetani et al., 1996; Furlong and Fountain, 1986; Kelemen
and Holbrook, 1995; White and McKenzie, 1989; Thybo and Artemieva, 2013). Alter-
natively, HVLC may represent serpentinized peridotite (O’Reilly et al., 1996) or dense
metamorphic rocks (Gernigon et al., 2004; Mjelde et al., 2013). The lower continental
crust of cratons or shields may have velocities exceeding 7 km s−1 (Rudnick and Foun-
tain, 1995). A common assumption describes a close spatial relationship between the
SDRs and HVLC, whereby the HVLC represents intrusive equivalents of the erupted
lavas which form the SDRs (White et al., 2008; White and Smith, 2009; Blaich et al.,
2009). HVLC can make up a large part of the total magmatic output along volcanic
rifted margins, and as studies in the North Atlantic have shown, variations in size
and physical properties of the HVLC in these settings hold important clues to mantle
melting scenarios (Fernàndez et al., 2010; Kelemen and Holbrook, 1995; Korenaga et
al., 2002; Ridley and Richards, 2010; Voss and Jokat, 2009; White et al., 2008). Al-
ternatively, it might be speculated that portions of the HVLC form postrift (Franke,
2013).

The presence of HVLC bodies along the South Atlantic rifted margins is well estab-
lished from seismic and gravity studies (e.g., Bauer et al., 2000; Blaich et al., 2011;
Franke, 2013; Franke et al., 2010; Maystrenko et al., 2013; Schnabel et al., 2008), but
they have not yet been studied for areal extent and rifting process determination.
That is the purpose of the study reported here. We provide seismic velocity and grav-
ity models for two new margin profiles in South America and integrate them with five
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others into a regional interpretation of breakup and magmatism in the South Atlantic.
The emphasis is on variations in the size and P -wave velocities of the HVLC along the
South American and African margins, and on their distribution relative to the SDRs.
We demonstrate a much stronger development of HVLC bodies on the African margin
than on the conjugate margin of South America, whereas the distribution of surface
volcanism in the Paraná–Etendeka flood basalt province shows exactly the opposite
sense of asymmetry. The development of SDR sequences is roughly symmetrical, and
there are variations in the relative position of HVLC bodies with respect to the SDRs
which question a simple intrusive vs. extrusive relationship and have implications for
the timing of HVLC formation relative to rifting and breakup.

5.2 Geologic framework

For the interpretation of the origin of HVLC on the conjugate margins of the South
Atlantic (in Sect. 5.1), it is useful to summarize the onshore geology of the continental
crust. The coastal zone on both margins is underlain by Neoproterozoic mobile belts
and/or Paleozoic fold belts which border older cratonic provinces farther inland (see
Frimmel et al. (2011), for a review). On the South American margin, the Neoprotero-
zoic crust at the Atlantic margin is part of the Dom Feliciano Belt, which separates
the inland Rio de la Plata Craton from the coast. Much of the Dom Feliciano Belt
is composed of intermediate meta-igneous rocks that represent a magmatic arc which
was accreted to the inland basement terranes (Frimmel et al., 2011). Seismic line 1
crosses the Neoproterozoic arc terrane on the Uruguay margin, whereas lines 2 and
3 cross the broad Argentine continental shelf at or south of the Colorado transform
fault, an area whose basement geology is buried by younger rocks.

On the conjugate margin of South Africa, the coastal zone is underlain by the Neo-
proterozoic Kaoko, Damara and Gariep belts (from north to south, respectively).
These are bordered on the east by older, Mesoproterozoic metamorphic units of the
Namaqua–Natal Mobile Belt and, still farther inland, by the Kalahari Craton. On the
southern end of the margin the Neoproterozoic rocks are overthrust by mainly Paleo-
zoic sedimentary rocks of the Cape Fold Belt, which resulted from northward-directed
convergence in Permian and Carboniferous times. With respect to these basement fea-
tures, the onshore parts of seismic lines 4 and 5 lie within the Damara Belt, whereas
lines 6 and 7 cross the Gariep Belt at the coast and extend into the Namaqua-Natal
Mobile Belt to the east. The seismic traverse across the southern margin of Africa
(Stankiewicz et al., 2008) crosses the Cape Fold Belt and extends into the Namaqua–
Natal Mobile Belt to the north (line 8 in Fig. 26).

The key point about the regional geology of the South Atlantic margins is that the
zones of HVLC detected by geophysics are located beneath the current coastline or
farther seaward, so only the Neoproterozoic belts near the margins are potentially
relevant for explaining the crustal velocities. None of the seismic traverses on either
margin extend inland as far as the cratons.

The South Atlantic Ocean formed as a consequence of the breakup of Western Gond-
wana in Early Cretaceous times (ca. 140–130Ma). South of the Walvis Ridge–Rio
Grande Rise, the volcanic trail generated by the mantle plume Tristan da Cunha,
most of the continental margins of the South Atlantic are of the typical volcanic rifted
type, with well-developed SDR wedges and HVLC bodies mentioned above. How-
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Figure 26: The southern South Atlantic Ocean aligned along magnetic seafloor-
spreading anomaly M0 (dashed green line; ca. 125 Ma). The continental margins be-
tween the Falkland–Agulhas Fracture Zone (FAFZ) and the Colorado–Cape transfer
zone lack major magmatic extrusives and are indicated as magma-poor. The margins
to the north of the transfer zone are volcanic rifted margins with extensive seaward-
dipping reflector (SDR) wedges and high P -wave velocities in the lower crust. Black
lines show the location of the refraction seismic lines discussed in the text: line 1
(BGR04-01), line 2 (BGR98-02), line 3 (BGR04-02), line 4 (Mamba 1), line 5 (Mamba
2), line 6 (Orange River), line 7 (Springbok) and line 8 (Agulhas–Karoo transect).
Magnetic anomalies are shown as green lines.The inlay shows the present-day South
Atlantic Ocean, with the black areas marking the distribution of the Paraná–Etendeka
flood basalts.
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ever, the nature of the margins changes abruptly beyond these limits. North of the
Walvis Ridge–Rio Grande Rise, the margin architecture resembles the end member of
a magma-poor margin (Mohriak and Leroy, 2013). HVLC at the West African An-
golan margin thus was interpreted as being likely unrelated to breakup (Contrucci et
al., 2004). Still another style of margin occurs at the Falkland Agulhas Fracture Zone
(FAFZ) in the south (Fig. 26), where the South Atlantic rifting likely was accommo-
dated by strike-slip displacement to form a margin that is lacking SDRs and other
signs of magmatism (Becker et al., 2012; Franke et al., 2007; Koopmann et al., 2014b).

In contrast to the rifted volcanic margins in the North Atlantic, the geology and
spreading history of the South Atlantic (between the FAFZ and the Walvis Ridge–Rio
Grande Rise) is comparatively simple. There are no major ridge jumps as found in
the Greenland–Iceland Ridge, and the opposing continental margins have a broadly
similar geologic history. The margins of East Greenland and Norway are shaped by
the Caledonian orogen, post-Caledonian basins and flood basalts. The asymmetry
in the crustal structure of the conjugate margins, as well as a complicated tectonic
interplay of magmatism and geological features, like lineaments and/or metamorphic
rocks (eclogites) inherited from the Caledonides, suggests a complex rifting evolution
and postrift events (Voss and Jokat, 2007; Mjelde et al., 2002). The timing of South
Atlantic opening was diachronous, progressing from south to north (Austin Jr and
Uchupi, 1982; Blaich et al., 2011; Franke, 2013; Franke et al., 2007; Jackson et al., 2000;
Rabinowitz and LaBrecque, 1979; Sibuet et al., 1984; Koopmann et al., 2014c). The use
of seafloor magnetic anomalies to date this process is complicated by uncertainties in
anomaly picks for the southern margins. A recent detailed investigation by Koopmann
et al. (2014c) proposed that the oldest magnetic anomaly offshore of Argentina and
South Africa related to oceanic spreading is M9r (ca. 135Ma, using the Geologic Time
Scale 2012 (GTS 2012; Gradstein et al., 2012). Rabinowitz and LaBrecque (1979)
suggested that M9N and M11 (133 and 136Ma, respectively) are the oldest spreading
anomalies, whereas others mentioned M7 as the earliest anomaly. There is less debate
about spreading anomalies in the northern margin areas of the Walvis Basin, where
M4 (ca. 130Ma) is the oldest spreading anomaly. Anomaly M4 can be mapped along
the entire margin (Fig. 26), and this will serve in the present study as a time marker
for the regime of seafloor spreading in oceanic lithosphere.

Onshore, by far the largest concentration of magmatic activity was in the Paraná–
Etendeka province of Brazil and Namibia, where considerably more than 106 km3 of
continental flood basalts and related silicic volcanic units were erupted in the time
span of about 134–126My (Peate, 1997). We do not discuss the complex topic of
magma generation and evolution here, but point out that there is a great deal of in-
formation and much controversy about the source of magmas in the Paraná–Etendeka
province and the role of the Tristan plume in producing them (see Peate et al., 1999;
Hawkesworth et al., 1999; Trumbull et al., 2003; Ewart et al., 1998; Comin-Chiaramonti
et al., 2011). The distribution of lavas offshore, represented by the SDR wedges, shows
that magmatism was not only concentrated in the north but in fact extended along
both margins to the Colorado–Cape Fracture Zone (Franke et al., 2007; Becker et
al., 2012; Koopmann et al., 2014b; Gladczenko et al., 1997) (Fig. 26). On the South
African margin onshore, mafic dikes of breakup age occur as far south as Cape Town.
A comparative geochemical study of mafic dikes along the African margin (Trumbull
et al., 2007) demonstrated a north–south decrease in crystallization temperatures by
about 150◦C, which is important when discussing the variations and possible origin

65



5.3 Geophysical coverage

of HVLC in a later section. Finally, widespread but sporadic magmatic activity con-
tinued well after breakup (80Ma and younger) in southern Africa and Brazil (Gibson
et al., 1995; Comin-Chiaramonti et al., 2011). The most common expression of this
are alkaline intrusions, which are locally numerous (e.g., kimberlite fields) but involve
much smaller volumes compared with the Early Cretaceous activity.

5.3 Geophysical coverage

5.3.1 Existing profiles and interpretation

The upper crustal structure on both margins is well constrained by multichannel re-
flection seismic data, and this has been used for mapping the distribution of SDRs
and their segmentation along the margins (e.g., Bauer et al., 2000; Franke et al., 2007;
Koopmann et al., 2014b; Gladczenko et al., 1997). In contrast to the reasonable spatial
coverage of seismic reflection data, wide-angle seismic lines are few, especially on the
South American margin, which motivated the new studies reported below. To some
extent, gaps in the seismic coverage can be compensated for by regional gravity inter-
pretations (e.g., Blaich et al., 2008, 2011; Dragoi-Stavar and Hall, 2009; Maystrenko
et al., 2013; Franke et al., 2006; Hirsch et al., 2009).

Prior to this study, five velocity profiles were available from wide-angle seismic studies
and four of them are on the African margin (Fig. 26). Bauer et al. (2000) presented
seismic velocity and gravity models for two seismic refraction traverses of the Namibian
margin at 22–24◦ S (Fig. 26, lines 4 and 5), which show thick bodies of HVLC beneath
a broad zone of SDRs (inner wedge, flat-lying flows and outer wedge). The third
seismic traverse on this margin crosses the Namibian coastline near Orange River
(Fig. 26, line 6) (Schinkel, 2006). The fourth traverse is located at about 30◦ S (Fig. 26,
line 7) and the seismic velocity profile derived by Hirsch et al. (2009) shows a well-
developed body of HVLC below SDRs. Finally, it is worth mentioning for reference that
Stankiewicz et al. (2008) published a seismic velocity profile (Fig. 26, line 8) across the
sheared South African margin east of the Cape Peninsula in South Africa. This seismic
profile across the FAFZ shows no evidence of magmatic features at the continent–ocean
boundary, but there are small HVLC bodies well inland, which Stankiewicz et al. (2008)
attributed to igneous crust formed during the 180Ma Karoo event, but may also be
interpreted as high-density metamorphic rocks (garnet amphibolite, mafic granulite)
in the continental basement (as in Norway; see Gernigon et al. (2006)).

On the South American margin, Schnabel et al. (2008) identified HVLC underlying
SDRs along a traverse of the Argentina margin at latitude 44◦ S (Fig. 26 line 2). They
interpreted this HVLC as magmatic underplating at the Moho with intruded lower
crust above.

5.3.2 New profiles

5.3.2.1 Seismic velocity
For this study we have calculated P -wave velocity–depth models for two previously un-
published seismic lines at the South American margin. Line BGR04-REFR02 (Fig. 26
line 3) crosses the Argentine margin at about 47◦ S, and line BGR04-REFR01 (Fig. 26
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Figure 27: Data example for ocean-bottom hydrophones (OBHs) from line 1 (a:
OBH1.5; b OBH1.2) and line 3 (c: OBH2.4; d OBH2.1). The reduction velocity is
6 km s−1. Upper panels: seismic sections for OBHs. Middle panels: the middle panels
represent the picked travel times as gray circles and the calculated travel times as
black dots for the final model. Lower panels: the lower panels show the ray coverage
for the stations.

line 1) is located at 35–36◦ S (Fig. 26). In addition to seven ocean-bottom hydrophones
(OBH), one three-component seismometer was deployed to collect the data (Fig. 27).
An array of 20 airguns with a total volume 51.2 l was used as a seismic source. Re-
fraction line 1 and line 3 had a mean shot distance of 125m. The seismic P -wave to-
mography models were computed using the TOMO2d refraction and reflection travel
time inversion routine described by Korenaga et al. (2000). The evaluation procedure
started with a very simple model consisting of the bathymetry and a 1-D velocity
model to the basement as constrained by coincident seismic reflection data. For the
resulting velocity model, we inverted the first arrivals which covered the sedimentary
layers, as well as the crust, down to the crust–mantle boundary. Primary phases from
the refracted waves were observed at all stations, whereas coverage by reflected waves
from the crust–mantle boundary (PmP phases) was slightly lower. The Moho as a
reflector was sampled every 2 km (black line in Fig. 28). Schnabel et al. (2008) tested
the velocity depth ambiguity for a similar data set on the Argentine margin (line 2)
which has a comparable acquisition and processing procedure as compared to lines 1
and 3. Variations of the weighting parameter had no significant influence on the depth
of the Moho.

For the inversion of line 1, we used 3576 refracted travel times. A model resulting
from an inversion of these crustal phases (Pg) formed the starting model for a joint
refraction/reflection inversion. The final models, shown in Fig. 28, include an inversion
of the PmP phases in addition to thePg phases. Line 1 is constrained by 2531 reflected
travel times from the PmP phases and the resulting velocity model has a root-mean-
square (rms) misfit for thePg phases of 42ms and for the PmP phases of 41ms.

For the inversion of line 3, 2448Pg and 727PmP travel times were used from eight
common receiver gathers. After 25 iterations the rms travel time misfit reduced to
41ms, with a corresponding χ2 of 0.658. On line 3 the seaward extent of the HVLC
cannot be fully constrained due to poor ray coverage between 210 and 250 km dis-
tance (Fig. 28b). The eastern parts of both lines show distinct regions of HVLC, with
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velocities between 7 and maximal 7.5 km s−1 at the base of the crust (Fig. 28).

Figure 28: The resulting P -wave velocity models according to deep seismic refraction
experiments along profile (a) line 1 and (b) line 3 of the South American margin.
The location of the lines is shown in Fig. 26. The white line roughly resembles the
4.8 km s−1 isoline and marks the top of the basement, and the black line is the Moho.
The basement depicts the breakup unconformity on the continental crust separating
the crystalline basement from the postrift sediments and evolves eastwards into the
top of the oceanic crust. Black points indicate OBH positions.

5.3.2.2 Checkerboard tests and resolution
We performed checkerboard tests to examine the resolution of the data imaging the
crust–mantle boundary. The velocities of the final model were perturbed by variations
of ±5%, resulting in a checkerboard with cells of dimension 25 km× 9 km for line 1 (see
Fig. 29a upper panel), and 30 km× 12.5 km for line 3 (Fig. 29c). Synthetic travel times
were calculated using this input model and the given source receiver geometry. We
assumed an uncertainty of 50ms in the identification of the travel times and inverted
these data to recover the undisturbed anomaly pattern (Fig. 29a, c, lower panel).
The results show that the resolution is good at shallow crustal depth. To resolve the
artificial velocity perturbation in the lower crust, we conducted a second test, where
we placed three different anomalies (characterized by Gaussian spikes, ellipses with
a = 10 km, b = 1.5 km) in the lower crust (Fig. 29b, d, upper panel). The obtained
recovery displayed in Fig. 29b confirms that we are also able to resolve variations in
the lower crust exceeding 10 km horizontal and 1.5 km vertical dimension.

5.3.2.3 Gravity models
The seismic modeling was complemented and extended by 2-D gravity modeling
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Figure 29: Checkerboard tests of line 1 and line 3. The upper panels represent the
applied velocity perturbations and the lower panels the resolved velocities after eight
iterations. (a) and (b) are results of line 1.(a) The upper panel shows the relative
velocity perturbation of up to 5 % in cells of 25 × 9 km. The right panels of (b) show
that even small elliptical anomalies within the lower part of the crust can be resolved
with the data. (c) and (d) Results of line 3. The upper panel of (c) shows the velocity
perturbations of 5 % in cells of 30 × 12.5. The panels of (d) show the resolution test
for elliptical anomalies within the lower part of the crust.
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(Figs. 30, 31) based on shipboard gravity data, which were processed and modeled
using the software GM-SYS. For the density–depth model, structural constraints are
given by the seafloor, basement and the Moho from the seismic reflection experiment.
These boundaries were fixed throughout modeling. The densities of model blocks rep-
resent mean values following the velocity–density conversion law by Ludwig (1970). In
general, two layers were used to represent the Cenozoic and Cretaceous postrift sed-
iments in the Argentine Basin, with densities between 2150 and 2400 kgm−3. In the
area of the shallow continental shelf, the thin postrift sediments are modeled jointly
as one layer. The crust is represented by three layers: upper continental, lower con-
tinental and oceanic crust. Wedges of SDRs were included in the gravity model as a
single body. To set the boundaries for the HVLC we followed the 7 km s−1 isoline in
the 2-D P -wave velocity models. From the deviation of the observed and calculated
gravity for models with and without a high-density lower crustal body (see red and
green lines in Figs. 30 and 31), we conclude that a high-density lower crustal body
within the velocity range above 7 km s−1 determined by the tomography is necessary
to fit the observed gravity values. The dimension of the HVLC bodies is verified by
refraction seismics. We can observe a strong lateral gradient in the velocities to values
below 7 km s−1 eastwards of the HVLC, where there is a lack of data in line 1 and
3 due to low quality. Gravity modeling confirms the extent of the HVLC within the
distance range given by the tomography. A refraction seismic line across the Colorado
Basin also shows that the HVLC is limited to an area close to the continent–ocean
transition and gives evidence that there is no continuation of the HVLC to the west
(Franke et al., 2006).

5.4 Distribution and geometric analysis of the HVLC

HVLC bodies (with Vp> 7.0 km s−1) are identified in all deep seismic lines on the con-
jugate margins of the South Atlantic (Figs. 5.4 and 5.4). However, the HVLC bodies
differ greatly in thickness and velocity, and the emphasis of this section is to docu-
ment and interpret these differences. Useful points of reference are the Rio Grande
Rise-Walvis Ridge in the north and the FAFZ in the south (Fig. 26), as well as the
seafloor-spreading anomalies M4 and M0, which are mapped on both conjugate mar-
gins (Fig. 26). To define the size and seismic properties of the HVLC bodies along the
traverses, we divided the velocity profiles into vertical sections with 20 km width and
compiled for each section the thickness and the average Vp of HVLC. Due to the use
of different modeling approaches for the eastern and western margin we have to dif-
ferentiate between the respective uncertainties. For the western margin, the estimated
uncertainty in average Vp estimates is probably better than 0.1 km/s, and the uncer-
tainty in thickness is on the order of 1 km. All relevant lines on the African margin
were modeled with a forward modeling routine. Thus the uncertainties relating the
eastern margin are higher.

The South American margin at the latitude of line 3 is classified as magma-poor be-
cause there are no SDRs and no records of Cretaceous igneous rocks onshore. However,
the seismic velocity and gravity models do indicate small bodies of HVLC with a to-
tal estimated cross-sectional area of about 120 km2, a maximum thickness of 4.4 km
and maximum average Vp of nearly 7.3 km s−1 (one segment has a local maximum of
7.6 km s−1). The lack of SDRs above the HVLC body calls into question whether it
can be interpreted as a magmatic feature related to breakup. Farther north along the
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Figure 30: Two-dimensional gravity model along northernmost line 1 from the western
margin as adopted from velocity modeling. (a) Observed shipborne gravimetric (red)
and magnetic (green) data with tentative interpretation of magnetic anomalies M3
and M2. (b) Observed (blue) and calculated (red) gravity curves shown for the gravity
model. The green line displays the curve for a gravity model without an HVLC body.
(c) Result of 2-D gravity modeling showing a deep crustal transect with a gradually
thinning crust–mantle boundary towards the oceanic domain. The HVLC results in
thick mafic crust close to the continent–ocean transition before a typical thickness of
the oceanic crust is reached at the eastern end of the line. The density values are given
in g cm−3. SDRs: seaward-dipping reflectors; HVLC: high-velocity lower crust.
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Figure 31: Two-dimensional gravity model of the southernmost line 3 from the west-
ern margin as adopted from velocity modeling. (a) Observed gravimetric (red) and
magnetic (green) data with interpreted magnetic anomalies M2 and M0. (b) Observed
(blue) and calculated (red) gravity curves shown for the gravity model. The green line
displays the curve for a gravity model without an HVLC body. (c) Result of 2-D grav-
ity modeling showing an abrupt thinning of the continental crust when approaching
the oceanic domain. The density values are given in g cm−3.
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margin, on lines 2 and 1, the area of HVLC increases to 334 and 586 km2, respectively.
The corresponding values for maximum thickness are 4 and 6 km, and the average Vp
values reach 7.4 and 7.3 km s−1, respectively.

(a) Interpretation of the crustal-scale
lines 1–3 from north (top) to south
(bottom) along the South American
margin with emphasis on the HVLC.
HVLC with P -wave velocities above
7.0 km s−1 is indicated in red; HVLC
exceeding 7.3 km s−1 is shown in or-
ange. Line 2 is modified after Schn-
abel et al. (2008). The shape and dis-
tribution of SDRs as interpreted from
coincident seismic reflection data are
indicated as black lines on line 1 and
2.

(b) Interpretation of the crustal-scale
lines 4–7 from north (top) to south
(bottom) along the South African
margin with emphasis on the HVLC.
HVLC with P -wave velocities above
7.0 km s−1 is indicated in red, HVLC
exceeding 7.3 km s−1 is shown in or-
ange. Line 4 (Mamba 1) and line 5
(Mamba 2) are modified after Bauer
et al. (2000), line 6 (Orange River
mouth) is modified after Schinkel
(2006) and line 7 (Springbok) is mod-
ified after Hirsch et al. (2009). The
shape and distribution of SDRs as in-
terpreted from coincident seismic re-
flection data are indicated as black
lines. Same scale as in Fig. 5.4.

Figure 32: Interpretation of the crustal-scale lines 1-7

The seismic profiles in South Africa and Namibia show much greater amounts of HVLC
(Fig. 33). The southernmost traverse, line 7 at about 30◦ S, has a cross-sectional area
of HVLC of 1340 km2, a maximum thickness of about 10 km and highest average Vp
of 7.4 km s−1. The next traverse to the north, at Orange River (line 6), has a well-
developed HVLC with a cross-section area of about 1900 km2, maximum thickness of
12 km and maximum average Vp of 7.3 km s−1. Finally, the two northern refraction
lines in Namibia (4 and 5), about 100 km apart and 500 km north of Orange River,
show thick and broad bodies of HVLC. The HVLC in line 5 (Mamba 2) has a cross-
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section area of 2530 km2, average Vp of 7.2 km s−1 and maximum thickness of 20.5 km.
The HVLC on line 4 (Mamba 1) has an even larger cross-section area of 3240 km2,
maximum thickness of 18 km and average Vp reaching 7.3 km s−1. We point out that
the estimated volumes of the HVLC based on 2-D sections for lines 4 and 5 are likely
to be overestimated because these lines do not run perpendicular to the continental
margin. We have not corrected for this effect because to do so requires information
about the 3-D shape of the HVLC bodies and that is not constrained.

In summary, the HVLC bodies are 2–3 times thicker and about 4 times larger in cross-
sectional area on the African margin compared to the South American margin, and
this contrast is maintained along the entire N–S extent of the margins. A striking
feature of the African margin profiles is a systematic increase in the size of the HVLC
from south to north (Fig. 33).

5.5 Discussion

5.5.1 Origin of the HVLC bodies

HVLC bodies on volcanic rifted margins are commonly interpreted as mafic igneous
crust related to rift-induced mantle melting, but many researchers have pointed out
that there are other possibly explanations. These fall into two categories: (1) high-
density metamorphic rocks at the base of the pre-rift continental crust or (2) serpen-
tinized upper mantle.

Holbrook et al. (1992) pointed out that P -wave velocities greater than 7.0 km s−1 are
found in seismic refraction studies of the lower continental crust. Based on extensive
data for typical crustal lithologies, such high velocities (and/or corresponding den-
sity) can be assigned to high-grade mafic crustal rocks (e.g., mafic granulites, garnet
amphibolites, or mixtures of mafic and ultramafic igneous rocks. From the position
of the HVLC bodies under the present coastal regions on most profiles, we can rule
out a contribution from cratonic crust. The Neoproterozoic mobile belts are typically
volcano-sedimentary sequences, metasediments and felsic–intermediate plutonic com-
plexes of an arc or back-arc association (Frimmel et al., 2011) and are not known
or expected to contain thick sections of high-density mafic rocks in the lower crust.
Where the seismic profiles are long enough to constrain lower-crustal velocities of the
Damara or Gariep Belt (lines 4, 5, 6), the values do not exceed 6.8 km s−1, and the
same is true for the Cape Fold Belt and Namaqua–Natal Mobile Belt (line 8 in Fig. 26).
Stankiewicz et al. (2008) described a zone of HVLC in the Namaqua–Natal Mobile Belt
with > 7 km s−1, but interpreted this as mafic intrusions from the Karoo igneous event
since seismic studies of the Namaqua–Natal Mobile Belt in other locations (e.g., Green
and Durrheim, 1990; Hirsch et al., 2009) did not identify high velocities in the lower
crust. Therefore, there is no reason to expect that pre-rift crustal rocks contribute
significantly to the HVLC bodies described on the South Atlantic margins.

The next possible explanation is serpentinization of mantle peridotites. This process
is known to occur when oceanic crust is thinned to a thickness of 5 km or less (Mjelde
et al., 2002), where brittle and semi-brittle faults provide pathways for downward
migration of seawater. We consider this concept to be unlikely in the South Atlantic for
the following reasons. First, if serpentinization beneath the thinned crust took place,

74



5 ASYMMETRY OF HIGH VELOCITY LOWER CRUST

it must have occurred before the emplacement of the SDRs, which would be expected
to seal deep-reaching faults. Furthermore, the HVLC bodies along the northernmost
lines 1, 4 and 5 developed maximum thickness at the continent–ocean transition and
extend from there for a considerable distance under oceanic crust, and therefore their
formation at least partly postdates the emplacement of the SDRs. Third, the vertical
extent of the HVLC bodies, especially on the African margin, is greater than 10 km, far
exceeding values suggested for serpentinized mantle in other studies. We find it difficult
to envision a process that could produce such thick serpentinized zones. Finally, the
serpentinization model offers no explanation for the systematic north–south variations
in HVLC distribution that is observed and (see below) is consistent with an origin
from mantle-derived melts.

The conjugate margins on the South Atlantic were classified as volcanic because of the
emplacement of the SDRs. Due to the close spatial correlation of SDRs and HVLC, a
magmatic origin for the latter seems likely, with underplating or mafic intrusions as
the most probable reasons for the anomalous velocity layer. In its original meaning,
underplating described the accumulation of magmatic material at the base of the crust.
Nowadays the term “underplating” combines both processes, i.e., mafic intrusions and
underplating (Thybo and Artemieva, 2013; Mjelde et al., 2002). Bauer et al. (2000)
favor sensu stricto accreted igneous material over intrusions as an explanation for the
HVLC in line 4 and 5. Intrusions related to the Cretaceous Cape Cross complex with
velocities of 6.9–7.2 km s−1 fail to explain the part of the HVLC with velocities above
7.2 km s−1 (displayed in orange in Fig. 5.4) and differ in shape from the HVLC bodies. It
is important to note that the P -wave velocities in HVLC bodies on the northern margin
segments are considerably higher than the value of 7.2 km s−1 which is typical for ocean
layer 3, i.e., gabbro of MORB (mid ocean ridge basalt) composition. It has long been
recognized (e.g., Kelemen and Holbrook, 1995) that the higher Vp velocities of HVLC
can be explained by magmas richer in Mg than MORB, which are the consequence of
melting at anomalously high potential temperature. Trumbull et al. (2003) suggested
from petrophysical models that the HVLC intrusions on profiles 4 and 5 have 14 to
18 wt.% MgO, consistent with melting at 150 to 200◦C excess temperature compared
with average MORBs. Further, a sharp vertical velocity gradient above the HVLC in
line 1 may argue for underplated material against small-scale intruded crust.

The HVLC along central lines 2, 6 and 7 extends over the total width of the SDRs.
Previously, the HVLC was interpreted as a combination of magmatic underplating
and heavily intruded crust (Schnabel et al., 2008; Hirsch et al., 2009). A low-velocity
gradient above the HVLC on line 2 suggests intruded continental crust above the
HVLC. Densities exceeding normal crustal values argue for intruded continental crust
above the HVLC in the central lines 2, 6 and 7 (Schinkel, 2006; Schnabel et al., 2008;
Hirsch et al., 2009), which implies the HVLC being intruded crust.

If the HVLC of line 3 is magmatic material, it may be interpreted as an intrusion,
which has not reached the surface to form SDRs. The small thickness of the HVLC
makes magmatic underplating unlikely for this section. This does not necessarily mean
the HVLC is composed of serpentinized mantle. The HVLC occurs together with an
extremely thin continental crust and with a synrift basin above the HVLC, which may
have eased water entry to serpentinize mantle peridotites. Since serpentinization is a
gradual process with no clear interface Mjelde et al. (2002), the presence of Moho re-
flections at the base of the HVLC argues against the model of serpentinized peridotites
and supports, together with a sharp vertical and lateral velocity gradient surrounding
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the HVLC, the hypothesis of an intrusive body. Based solely on seismic observations
we cannot clearly decide on one hypothesis – magmatic intrusions or serpentinization.

5.6 Relationship of HVLC and SDR sequences

All margin profiles except line 3 from southern Argentina show well-developed SDR
wedges close to the HVLC. Previous studies have demonstrated a common pattern
of SDR sequences with distinctive “facies” consisting of an inner (landward) SDR
wedge interpreted as subaerial lava flows, which is followed by a zone of flat SDRs and
commonly an outer wedge that presumably formed in a submarine setting (Planke
and Eldholm, 1994). The generation of the SDRs is assumed to be restricted to the
breakup process and lies close to the continent–ocean boundary (Mutter, 1985; Hinz,
1981). Astonishingly, there is a distinct seaward shift of the HVLC relative to the
SDRs. While in the south the HVLC is situated below the SDRs, towards the north
the HVLC formed seaward of the SDRs. The contrast in their distribution across
the conjugate Atlantic margins, nearly symmetrically SDRs (Koopmann et al., 2014c)
against asymmetrically HVLC, questions a simple intrusive vs. extrusive relationship
between them. The formation of the HVLC bodies seems to be more complex than
merely a breakup-related feature. This is indicated by the 2-fold HVLC as found along
line 2, which could be explained by a formation during different stages of the rifting
and breakup. From the position of HVLC bodies relative to the SDRs, we try to infer
the approximate timing of the HVLC emplacement.

The HVLC of the southernmost line 3 was found in continental crust in an SDR-free,
magma-limited environment. This challenges the intrinsic relationship between SDRs
and HVLC. On the central lines where SDRs and HVLC are well developed (2, 6
and 7), the vertical coincidence of SDRs and HVLC (Hinz et al., 1999; Blaich et al.,
2009, 2011) suggests that the HVLC bodies are of synrift character. This resembles the
classical architecture of volcanic rifted margins. The heavily intruded crust under the
SDRs of the central lines 2, 6 and 7 (Schnabel et al., 2008) may have acted as conduits
providing magma for the thick volcanic flows imaged as SDRs (line 2 and line 7). The
HVLC of the northernmost lines 1, 4 and 5 is located mainly seaward of the inner
SDRs. The HVLC bodies show maximum thickness beneath the inner SDR wedges
and thin slowly with increasing plate separation. This implies that the formation of
the HVLC initiated at breakup marked by the SDR inner wedge but continued into
the phase of margin subsidence and steady seafloor spreading as indicated by magnetic
anomaly M4 (130Ma) at the seaward end of the HVLC.

We do not have the advantage of densely spaced OBS stations as, for example, Mjelde
et al. (2007), but we consider the inner SDR sequences as being emplaced predomi-
nantly over extended continental crust (Hinz, 1981). Planke et al. (2000) argued that
the arcuate, diverging reflection pattern in the inner SDRs are related to more numer-
ous and thicker lava flows towards the rift axis where the largest accommodation space
was created. The southernmost HVLC on the western South Atlantic margin likely lies
below stretched continental crust, but there is no corresponding SDR sequence. We
consider this HVLC to represent intrusions into stretched continental crust, where
magmas extrusion failed to take place or was so minor as to not show up seismically.
The HVLC intrusions on this profile may have occurred before breakup and seafloor
spreading. In the central portion of both conjugate margins, the HVLC likely repre-
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sents a combination of lower crustal intrusions beneath the inner SDR sequences and
later underplating that extends farther seaward. The proportion of magmatic under-
plating vs. crustal intrusion increases to the north, and in the northern margin segment
underplating predominates. There, a major part of the HVLC was emplaced in the
oceanic domain, leading to considerably thickened oceanic crust which is clearly of
post-breakup age.

The HVLC in the central segment of the margins (Fig. 33) formed coincident with
magnetic anomalies M11/M9 (about 136 to 133 Ma), but before M7. In the north,
the HVLC formation postponed anomaly M7 but continued until anomaly M4, at ca.
130Ma. Thus, the seaward-shifting HVLC bodies suggest that the HVLC formation
followed the northward-migrating South Atlantic rift.

Figure 33: Comparative N–S volumes of HVLC in the South Atlantic along the crustal
transects. HVLC on the South American margin is shown to the left and aligned
according to the distance from the Rio Grande Rise (top). HVLC on the South African
margins is shown to the right and aligned according to the distance from the Walvis
Ridge (top). The timing of the emplacement of HVLC is indicated with respect to
magnetic chrons M7, M4, and M2. Southern limit of the SDRs corresponds to the
Colorado–Cape transfer zone as indicated in Fig. 26. The diagrams to the right show
the respective spatial relation of the HVLC to the SDRs at the relative margin position.

5.7 Asymmetry of magmatism and implications for the
breakup process

Our study shows a 4-fold difference in the cross-sectional area of the HVLC between the
South American and African margins (Fig. 33). A new assessment of SDR distribution
and area by Koopmann et al. (2014c) reveals a more symmetric distribution, with only
50% difference in area (0.2× 103 for South America vs. 0.3× 103 km2 for Africa), which
is insignificant considering the uncertainties. Interestingly, both the HVLC and SDR
distributions are completely at odds with the onshore record in the Paraná–Etendeka
Large Igneous Province, where the magma volumes in South America are on the order
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of 10 times greater than on the African side. The Paraná volcanic units cover at
least 1.2× 106 km2 Peate et al. (1992). The equivalent units on the African margin
cover 0.08× 106 km2 (Erlank, 1984), to which we may add an equivalent area covered
by basaltic feeder dikes where lavas are eroded (Trumbull et al., 2004; Trumbull et
al., 2007). Taking maximum thickness values for the Paraná–Etendeka sequences into
account (1.7 km in Brazil vs. 0.9 km in Namibia from Peate et al., 1992) yields volumes
of 1.4× 106 km3 and 0.14× 106 km3 for South America and Africa, respectively, which
are likely to be minimum estimates given the advanced state of erosion.

This brings up two important questions: how did the strong asymmetry of magmatism
develop during rifting and breakup in the South Atlantic, and why is there such a
difference in the sense of asymmetry from the offshore and onshore evidence? One
point to consider is that the Paraná–Etendeka Large Igneous Province is a feature
of the northern end of the margins only and not necessarily related to the Atlantic
rifting which started in a magma-poor setting in the south. Franke (2013) points out
that there was already a well-established seafloor-spreading system in the southern
South Atlantic during the peak of Paraná–Etendeka volcanism onshore (130 ±2Ma
after Peate (1997). Nevertheless, the contrast in asymmetry of onshore volcanic rocks
and HVLC is a general feature of the margins and must be explained in the context
of the breakup process. One explanation for the smaller volume of volcanic rocks on
the Namibian margin relative to South America could be a greater extent of postrift
uplift and erosion, but fission-track and denudation studies on both margins do not
support this (Gallagher et al., 1994; Gallagher and Hawkesworth, 1994). We suggest
that South America possibly offered more favorable structures for magma ascent and
extrusion than South Africa.

Potentially, the greater HVLC volumes on the African margin could reflect a misin-
terpretation of the HVLC as igneous crust. Arguments for an igneous origin of HVLC
were given above, but we cannot claim that the HVLC bodies consist entirely of ig-
neous material, especially for their landward border under inner SDR wedges. It seems,
however, both unlikely and ad hoc to suggest that the proportion of continental mate-
rial in the African HVLC bodies should be many times greater than on the conjugate
margin. Also, if we suppose that less than half of the African HVLC represents mafic
intrusions, their seismic velocity would need to be much greater than 7.5 km s−1 to
explain the observed average Vp values of the HVLC bodies. Thus, it seems safe to
assume that much of the HVLC observed along the South Atlantic margins represents
magmatic material of mantle origin. However, there is little good evidence regarding
the timing of HVLC-forming intrusions. A breakup-related context for the initial for-
mation is suggested by the coincidence of the landward end of HVLC with the inner
SDR wedge on most of the profiles. However, as pointed out above, the HVLC bodies
on the northern margin profiles extend for 100–150 km seaward of the inner SDRs, and
as far as spreading anomaly M4. It might be speculated that part of the larger volumes
of HVLC on the African margin are related to a longer duration of magma generation
and accumulation. Indeed, it is clear from onshore geology that there were postrift mag-
matic events in the Late Cretaceous (90–70My), late Eocene/early Oligocene (˜40Ma)
and Miocene (Bailey, 1992; Bailey, 1993; De Wit, 2007) in southern Africa. The sur-
face expressions of postrift magmatism must have an intrusive equivalent at depth
that may contribute to the present volume of HVLC. This would only hold for the
landward part of the HVLC. Postrift magmatism as a consequence of uplift cannot be
made responsible for the seaward part of the HVLC. Further, it fails to explain the
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systematic decrease in the cross-sectional area of the HVLC to the south.

Despite many uncertainties regarding how and when the HVLC bodies formed, it is
difficult to avoid the conclusion that much of their volume formed during and slightly
after continental breakup, and therefore the reason for their asymmetric distribution
should relate to the breakup process itself. Asymmetric rifting with a simple-shear
component of stretching offers a mechanism to explain the differences in the HVLC
distribution and was earlier proposed by Blaich et al. (2011) from analysis of structures
across the South Atlantic margins.

Figure 34: Conceptual model for the asymmetric emplacement of the HVLC in a
simple-shear rift setting. According to the lithospheric model, extension is accom-
plished by displacement along a major detachment, resulting in nonuniform extension
of crust and mantle lithosphere. Melts will intrude into the continental lower crust and
fill the resulting space below. Continued extension and subsidence results in increasing
similarities of upper crustal architecture on both margins but the major asymmetry
in HVLC will be preserved.

Latest rift-related sedimentary basins are confined to the eastern margin, where the
Orange, Luderitz and Walvis basins indicate regions of major crustal extension and
thinning, in line with the breakup direction. In contrast, the major sedimentary rift
basins on the South American margin – the Colorado, the Salado and the San Jorge
basins – are oriented perpendicular to the rift axis, which negates a symmetric exten-
sion and support the simple-shear mode of extension as already suggested by Blaich
et al. (2011) and Koopmann et al. (2014c).

According to the simple-shear model, rifting is accomplished by displacement along a
major detachment, resulting in nonuniform extension of the lithosphere (Fig. 34). The
initial stretching process effects an asymmetrically stretched crust. The lower crust
and the space below is filled by the rising melt, producing asymmetrically distributed
HVLC. Figure 34 illustrates the different stages of the breakup process.
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5.8 Conclusions

Two new refraction seismic models complemented by gravity models fill a gap in
the data coverage on the Argentine margin and prove the existence of high-velocity
lower crust (HVLC; Vp> 7.0). Combined with the models from several publications,
a compilation of seven transects allows for a comparative analysis of the deep crustal
structures and physical properties along the conjugate margins of the South Atlantic.
All but one of them (off southernmost Argentina) show a close spatial correlation of
the HVLC with the SDR sequences in the upper crust, suggesting they are magmatic
features. We cannot totally rule out the possibility that the landwards parts represent
metamorphic rocks like eclogites, especially for line 3, but we think that serpentiniza-
tion is unlikely, since it fails to explain the systematic HVLC variations. A close spatial
relationship of the HVLC to the SDRs and to flood basalts and dike swarms onshore,
which were used to classify this margin as volcanic, suggests a magmatic origin for the
central and northern lines. This means that underplating and intrusions of mantle-
derived magmas in different combinations are the most probable origins for the HVLC
bodies.

Three seismic lines on the South American margin cover the change from a magma-
poor margin (lacking SDRs and magmatism) in the south to a well-developed volcanic
rifted margin off Uruguay in the north and were compared with four transects across
the South African margin.

In addition to the volume and the shape, the relative position of the HVLC with
regard to the SDR sequences varies in a systematic way from south to north. The
southernmost small HVLC formed without associated SDRs. In the central sections,
the HVLC underlies the inner SDR wedges. However, the northernmost HVLC are
located seaward of the inner SDRs. The northern profiles off Uruguay and Namibia
show HVLC extending seaward as far as spreading anomaly M4 (130Ma).

From the seaward-migrating position of the HVLC with regard to the inner SDR
wedges, we infer the formation of the HVLC during different stages of the rifting and
breakup process. If of magmatic origin, the HVLC in the magma-starved segment was
likely formed before breakup. The HVLC in central part of the margins was emplaced
contemporaneously with the SDRs, i.e., synrift. However, in the northernmost margin
segment, the formation of the HVLC started after the emplacement of the SDRs.
Thus, a causal relationship between SDRs and HVLC is questioned. The northern
HVLC may have formed at the end of the breakup process and continued until the
earliest seafloor spreading.

Concerning the distribution of the HVLC, we observe an increase in cross-sectional
area on the conjugate margins from south to north. Evident is an asymmetry in the
cross-sectional area across the margins. The South African margin reveals HVLC about
4 times larger and 2–3 times thicker than the South American margin, which stands
in contrast to the onshore Paraná–Etendeka flood basalt province, which shows the
opposite sense of asymmetry. We attribute this asymmetry of HVLC to rifting in the
simple-shear mode. There may be some analogies to the volcanic margin in the North
Atlantic, where asymmetric HVLC structures were observed in the conjugate East
Greenland/Hatton Bank data.
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Key Points:

1. We observe different inclination angles and structure of the SDRs in two conju-
gate sections across the South Atlantic margin.

2. Modelling suggests a detachment fault bounding the SDRs on the South Amer-
ican margin.

3. We suggest a simple-shear mechanism to explain the initial break-up of the South
Atlantic.
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Abstract

We present structural models of two exemplary conjugate seismic lines of the southern-
most South Atlantic to examine their initial evolution, especially the seaward-dipping
reflectors (SDRs). Modelling illustrates the different structure and inclination angles
of the SDRs, which therefore require different subsidence histories. Since typical sym-
metrical subsidence models are not applicable, we derive a model with a westward-
inclining detachment fault offsetting the SDRs on the South American margin and
passively-subsided SDRs on the South African margin. We suggest a simple-shear rift-
ing mechanism to explain the initial break-up of the South Atlantic.

6.1 Introduction

Both active and passive rifting models have been invoked to explain the formation of
volcanic passive margins (Sengör and Burke, 1978). Extension associated with rifting
can be ascribed as either pure or simple shear, or a combination of both (McKenzie,
1978; Wernicke, 1985; Lister et al., 1986; Kusznir et al., 1991). The widespread ar-
cuate attitude of seaward-dipping reflectors (SDRs) has been explained previously by
symmetrical subsidence models (Hinz, 1981; Mutter, 1985), or more recently, by fault-
related models (Geoffroy, 2005; Mjelde et al., 2007; Stica et al., 2013). However, the role
of faulting in the formation of the shape of SDRs is a highly controversial topic (Hinz,
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6.2 Geological Setting

1981; Mutter, 1985; Roberts et al., 1984; Eldholm et al., 1995; Planke et al., 2000;
Geoffroy, 2005; Stica et al., 2013). Here we provide evidence for a westward-dipping
asymmetric lithospheric detachment that controlled the breakup of the southernmost
Atlantic Ocean (or: the final stage of rifting).

6.2 Geological Setting

The break-up of the South Atlantic began in the Early Cretaceous. Reconstructions of
seafloor magnetic anomalies and the transient age propagation of the break-up uncon-
formities along the margins confirm the proposition that the South Atlantic opening
began in the south and then moved northwards (Franke, 2013; Heine et al., 2013; Jack-
son et al., 2000; Koopmann et al., 2014c; Moulin et al., 2010). Prior to and during the
early phase of the formation of the ocean basin, voluminous volcanism affected both
Mesozoic intracratonic basins onshore (Paraná-Etendeka large igneous province) and
the rifted crust offshore (Blaich et al., 2009; Franke et al., 2010; Gladczenko et al.,
1997; Hinz et al., 1999; Koopmann et al., 2014b; Peate, 1997).
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Figure 35: The southern South Atlantic reconstructed along sea floor spreading
anomaly M0 (dashed green line, ca. 125Ma). The black lines show the cross-sections
discussed in the text: line 1 (BGR98-18) and line 2 (BGR03-16a). The red lines are the
parts of the seismic displayed in Figure 2a and b. Magnetic anomalies are shown as
green lines. Colorado-Cape Fault Zone (dashed yellow line), FAFZ - Falkland Agulhas
Fracture Zone (dashed green line). The inlay shows the present-day South Atlantic
with the Parana-Etendeka flood basalts (black area).

The southernmost segment, close to the Falkland-Agulhas Fracture Zone (FAFZ),
however lacks extrusive magmatism (Becker et al., 2012; Franke et al., 2007; Koopmann
et al., 2014b) (Fig. 35). We carefully chose representative seismic profiles of the margins
of the South Atlantic, perpendicular to the spreading ridge, which we consider as type
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crustal sections for the margin segment under consideration (Fig. 35). Because these
sections are located at the southern limit of the SDRs, this area is a good location
to study the initial stages of the opening of the South Atlantic. The SDRs begin
to the north of the Colorado-Cape Transfer Zone (Franke et al., 2007; Koopmann
et al., 2014b), and extend northward until the Walvis Ridge/Rio Grande Rise. In
general the SDRs form distinct wedges that show internally a distinct arcuate reflection
pattern. On the contrary, the tops of the SDR wedges are typically sub-horizontal
over hundreds of kilometers on along-strike profiles. Franke et al. (2007) explained
the observed strong discontinuities on the tops of individual SDRs as being caused by
erosion, followed by episodic emplacement in the seaward direction. According to the
majority of interpretations the most-landward SDR wedge was emplaced first. After
this wedge was emplaced, a hiatus occurred, which possibly included weathering and
subsidence before the next wedge was emplaced (Franke et al., 2007; Koopmann et al.,
2014b).

6.3 Methods

The seismic data used in this study were acquired during two scientific cruises per-
formed by the German Federal Institute of Geosciences and Natural Resources (BGR)
in 1998 and 2003. The two sections BGR98-18 (line 1) and BGR03-16a (line 2) are
regarded as conjugate because they cross the margin close to the Colorado Cape Seg-
ment Boundary (Fig. 35). Previous interpretations of the time-migrated line 2 are
shown in Koopmann et al. (2014b) and Franke (2013); line 1 was presented by Franke
et al. (2010).

Post-stack depth migration was applied to the South American seismic line (line 1).
The African line was converted to depth using interval velocities (line 2; Fig. 36a). The
Moho and HVLC, which are beyond seismic resolution, were projected onto the seis-
mic lines from refraction seismic modeling of velocity sections published in Schnabel et
al. (2008) and Hirsch et al. (2009). To construct a structural model, we incorporated
the reflection seismic horizons in a 2d MoveT M model, including seafloor, SDRs, base-
ment, top high-velocity lower crust (HVLC), and the Mohorovicic̀ boundary (Moho;
Fig. 36c)).

Any disturbed horizon that is considered to represent an originally-flat surface and
now forms the shape of the hanging-wall can be used to predict the geometry of the
fault below it (Davison, 1986; Groshong, 1989). Of the different methods available, the
assumption of constant slip is most useful because it assumes that the slip, i.e. the dis-
placement of the hanging-wall, is at all points along the fault constant (Davison, 1986).
If, instead, assumptions of constant heave or throw are used, and the fault changes
with dip, e.g. it is listric, then the hanging wall would undergo extreme deformation
as the amount of slip would change as the dip changed. This is unrealistic.

In the constant-slip model, a fault is firstly drawn at an expected angle between the
regional and tip of the first hanging-wall bed, in this case SDR 1. The straight line
length of this fault segment represents the first increment of displacement (d). A
rectangle is constructed so that the top edge connects the top of the hanging-wall
with the regional, while the perpendicular is allowed to extend to the last contact of
the hanging-wall with the fault. This is repeated at intervals of d until the fault is
constructed (Davison, 1986). Additional hanging-wall beds can be used to construct
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the fault trace independently and the resultant traces can be compared.

6.4 Results

6.4.1 Seismic Interpretation

The structure model of both conjugated seismic lines shown in Figure 36c) are dis-
played with a true scale and no vertical exaggeration. For clarity we mapped three
reflectors of the inner SDRs wedge (Fig. 36b,c). The SDRs surfaces show a seaward-
increase in dip and the SDR wedge thickens with depth. The area between the top
reflector of the SDRs and the outer volcanic high (area above dark blue line in Fig-
ure 36b,c) were interpreted as flat-lying volcanic flows (Franke et al., 2007, 2010; Bauer
et al., 2000). We cannot find any evidence for seaward-dipping normal faults between
the SDRs on this South American section. The breakup unconformity (dark green in
Fig. 36b,c) on top of the SDR wedges suggests that the SDR formed before seafloor
spreading. First oceanic crust is indicated immediately seaward of the SDRs (Koop-
mann et al., 2014b; Franke et al., 2010; Becker et al., 2014a). The post-rift sediments
on the South American margin reveal a thickness of 3.5 km at the seaward end of the
SDRs thinning to 2.5 km at the feather edge. On the contrary, 2 km thick post-rift sed-
iments at the seaward end of the SDRs on the South African margin thicken to 2.5 km
at the feather edge of the SDR wedges (Fig. 36b,c). The HVLC body is asymmetri-
cal, with a higher cross-sectional area on the South African margin, as discussed by
Becker et al. (2014a). A HVLC (high velocity lower crustal) body with velocities above
7 km/s and a maximum thickness of 4 km at the South American and 10 km at the
South African margin is present under the SDRs. The top of the HVLC body deflects
across the SDRs at a depth of 14 km to about 18 km (American) or 20 km (African)
towards the continent. Wide-angle seismic refractions constrain the Moho depth to
17/18 km below the top SDRs reflector and to 23 (American)/ 25 km (African) below
the bottom SDRs reflector. The continental crust at the end of both lines is around
25 km in thickness and thins seawards.

6.4.2 Modelling

The data reveal that the SDRs on the two conjugate margins have very different
inclinations and structures (Fig. 36). Compared to the SDRs on the South African
side the South American SDRs are considerably shorter and more inclined. Using the
constant-slip method, we began by constructing the listric fault with a dip of 45◦

(Fig. 37). For each SDR, the shape of the resulting fault was plotted, Remarkably, all
three SDRs suggest a very similar listric fault plane trace that detaches at a depth
between 9.4 and 12.6 km (Fig. 37). Therefore we propose that the SDRs of the South
American side can be modelled as hanging-wall surfaces above a single westward-
dipping listric fault. We interpret that the fault crosses the lithospheric crust to sole
out on top of the HVLC and then reach the continental Moho, that is it detaches the
upper crust from the lower crust in an asymmetrical manner (Fig. 37). According to
this scenario, the SDRs were deposited in a synsedimentary fashion against the fault
over several million years, before the system was overrun by seafloor spreading in the
footwall of the fault. A minimal horizontal extension of 28 km occurred during this
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Figure 37: Prediction of fault geometry of the South American structure model by
considering the SDRs to form the hanging-wall of a one listric fault. a-c) Fault traces
constructed using constant slip for three different starting dips and SDR1: a) 60◦ b)
45◦ c) 30◦. d) Structure model with SDRs (1 to 3) for a starting dip of 45◦. Note the
projection of the SDRs 2 and 3 to the major fault as indicated by dashed lines. The
final detachment depth (relative to the regional at the top of the SDRs is between 10.3
and 11.2 km (ca. 15 km present-day depth).
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phase of SDR deposition and faulting.
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Figure 38: Models of SDRs on the South African margin. a) Four different fault traces
(f1a-f3), constructed using constant slip, based on the shape of the four individual
seaward-dipping reflector surfaces (SDR1a-SDR3). Note that this also requires the
SDRs to be projected between 20 (SDR2) and 35 km (SDR1a). b) Interpretation of
the SDR so that each belongs to one of four landward-dipping normal faults (f1a-f3).
Each tilted fault block is truncated by the following SDR emplacement.

Modelling the South African SDRs in the same fashion shows that the SDRs predict
different fault trajectories (Fig. 38a, f3-1), which detach within the HVLC at the depths
of 15, 20, and 22/23 km, respectively. This is highly improbable. It would be possible
to assume each SDR has its own steep listric fault that flattens out along the top of the
HVLC (Fig. 38b), but this would mean each fault was active in strict temporal order,
from landward to seaward (f1a-f1b-f2-f3), and every subsequent SDR event truncates
the structures that occurred before it (Fig. 38). This is equally improbable. Instead,
differential subsidence seems to be the most likely explanation for the inclination of
the South African SDRs.

Thus we envisage two different mechanisms to explain the SDR subsidence history of
the opposing margins; a detachment fault for the South American margin and passive
subsidence for the South African margin.

6.5 Discussion

Seismic observations reveal different inclination angles and lateral extents of the SDRs
on the conjugate margins on the respective sections (Fig. 38). Due to the equal thick-
nesses of the crust on both conjugate margins we reject the hypothesis that differential
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subsidence was induced by overlying post-rift sediments. Symmetrical subsidence mod-
els, as proposed by Hinz (1981) or Mutter (1985), also cannot explain such different
SDR patterns. Landwards-inclined listric faults on the South African margin, which
would be necessary to establish a pure shear mode of rifting, were not verified by the
kinematic modelling. Others have questioned the concept of SDR subsidence on the ba-
sis of onshore investigations. For instance in east and west Greenland, Geoffroy (2005)
interpreted SDRs as syn-magmatic, roll-over tectonic flexures that are controlled by
major continent-dipping normal faults. This concept was also applied to regional SDRs
in the Pelotas Basin (Stica et al., 2013). Opposed to Stica et al. (2013), whose lines
cross the northernmost South Atlantic; our lines are located at the southernmost edge
of the South Atlantic, where magmatic break-up occurred first. However our seismic
data do not show landwards-inclined faults within the SDRs wedges as required by the
model of Geoffroy (2005). This agrees with the seismic interpretation of Koopmann et
al. (2014b) and Franke (2013). The initial configuration of the Icelandic lava pile has
also been explained by an opposing pair of listric normal faults (Gibson and Gibbs,
1987). This idea has been further applied to the SDRs of the Vøring Plateau (Gibson
and Love, 1989; Mjelde et al., 2007). The latter infer a system of opposing detachment
surfaces that sole out at the top of the lower crust, that is, as a symmetrical system.
Mjelde et al. (2007) interpreted the crustal-scale detachment faults to develop in the
last phase of rifting, while in our model one main detachment fault was active since the
first phase of rifting. Mjelde et al. (2007) argued for feeder dikes as magmatic pathways
in the lower crust and related to continent-dipping normal fault, whereas magma in
our model could rise in the footwall of the detachment fault and be extruded as flood
basalts at the surface. Our seismic data do not resolve faults and feeder dykes within
the upper crust. Our model does not exclude footwall deformation, but considers one
fault, which may have also served as a magmatic conduit. A possible ductile lower
crust at the time of rifting and break-up (the future HVLC) below the detachment
fault may have not accommodated the formation of dikes. Alternatively a break-up
eruption center of major feeder dyke seaward of the detachment fault may have addi-
tionally supplied magmatic material. In the case of magmatic intrusions forming the
HVLC, the detachment fault overlies intruded crust.

Compared to the model of Blaich et al. (2011), where a large detachment fault off-
sets the upper crust at the spreading centre, our solution for the South American
margin only offsets the SDRs along a listric fault (Fig. 39). Seafloor spreading begins
immediately seawards of the detachment fault (Fig. 39c and d).

A number of authors have suggested faults exist within highly-magmatic settings. An
asymmetric detachment fault has been observed in the Afar region, where two stages
of extension over listric faults are inferred to have caused faulted rollover anticlines
(Geoffroy et al., 2014). This differs from our prediction of SDR evolution, where we
propose the crust is thinned in just one stage. Quirk et al. (2014) predict that magma
rises due to a pressure gradient as the load decouples across the fault, which is a
maximum at the point where the fault detaches (i.e. the detachment is sub-horizontal).
Quirk et al. (2014) also suggest the magma can rise along a normal fault. In our case,
we suggest that ascent of the magma may occur along the detachment fault on the
American margin, but that magma is confined to the footwall of the fault. We propose
that the differing shape and extent of the SDRs on opposing sides of the Atlantic,
as well as the asymmetrically-distributed high-velocity lower crustal zones, cannot be
explained by a uniform stretching model involving pure shear. We suggest instead that
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Figure 39: Conceptual model showing the stages of the South Atlantic break-up by
simple-shear. a) The first stage is characterized by thinned crust and a detachment
fault. Synrift graben have already formed as indicated. The black box shows the lo-
cations of b & c. b) Formation of the first SDR wedge. Magmatic rocks are emplaced
as flood basalts and intrusions (black color) in the crust over the footwall into the
hanging-wall of the detachment fault. The triangle marks an eruption centre. c) Em-
placement of the SDRs wedges finishes and proper sea-floor spreading begins (oceanic
crust in light brown, the triangle marks the spreading centre). d) Present–day geolog-
ical situation
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west-dipping simple shear crustal detachment occurred during the break-up stage of
the south Atlantic (Fig. 39).

6.6 Conclusions

The SDRs of the South American margin possess much steeper inclination angles and
are shorter compared to the SDRs of the South African margin. We derive a model
from the shape of the South American SDRs that describes a westward-dipping listric
fault that detaches along the top of the HVLC and then enters the mantle. On the
contrary, we attribute the flat inclination of the South African SDRs predominantly
to subsidence. Our model does not need landward-inclined faults between individual
SDRs. The single listric fault of our model offsets all the SDRs and detaches the
crust from the mantle, but the fault neither exhumes the mantle nor does it offset the
spreading centre. We therefore propose a simple shear rifting model in the sense of
Wernicke (1985) to explain the break-up process of the early South Atlantic.
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7 Discussion

Many questions exist about the opening of the South Atlantic. Some central themes
that my thesis covers, concern the role of the mantle plume during break-up, the
magmatic processes involved in the break-up as well as the lithospheric deformation
and break-up processes. One goal is to shed light on the evolution of the South Atlantic,
the rifting and the break-up processes. I also emphasize the symmetry/asymmetry of
the conjugate margin segments.

A controversial issue is the debate about which magmatic processes lead to break-
up of the South Atlantic. Traditionally active rifting, known as the plume theory,
is invoked to explain the formation of passive margins (White and McKenzie, 1989;
King and Anderson, 1998; Foulger and Natland, 2003). Alternatively, passive rifting
caused by adiabatic decompression at shallow depth and driven by far field extension
is a mechanism of lithospheric extension (Cloetingh and Wortel, 1986; Ziegler and
Cloetingh, 2004). This automatically leads to the questions: How far does the influence
of the mantle plume reach ? Is it possible to differentiate between rift and mantle plume
features ?

7.1 Initial break-up

7.1.1 Break-up unconformity and post-rift sediments

The southernmost South Atlantic is a prime area to study initial continental break-up.
Becker et al. (2012) established the regional stratigraphy, that forms a link between
the North Falkland Graben and the Argentine Basin (see Chapter 4). The post-rift
sediments are characterized by six marker horizons. The interpretations of the sections
also elucidate the initial processes during rifting and break-up. Based on a pinch-out
of the top horizon against magnetic chron M2, Barremian sediments were found, the
oldest in this part of the Argentine Basin. Beside the Barremian sediments, the North
Falkland Graben (NFG), with its northernmost extension across the shelf into the
South Atlantic indicates the area where the break-up may have started (Becker et al.,
2012). This interpretation is based on two industrial seismic sections and gravimetric
data. The NFG is interpreted as a failed rift arm, in which extension began in the
Mesozoic. This confirms a suggestion made by Richards et al. (1996). Other synrift
grabens indicated in the seismic data in that region (Figs. 20 and 25) support the
idea, that the extension occurred along several isolated rift grabens (Macdonald et al.,
2003).

The break-up unconformity can be mapped throughout the whole region, as shown by
six reflection seismic sections (Figs. 16-22, presented in Chapter 4) and seven refraction
seismic sections (Fig. 32) (Becker et al., 2012, 2014a). Based on Valanginian post-rift
sediments we can date the break-up in the NFG at 140 Ma. Because of low amplitudes
there are no clearly-identifiable spreading anomalies older than M4 (130 Ma) on line
BGR04-08 for the South American side, although this does not exclude the existence
of older ones (Becker et al., 2012). This gives an uncertainty of ca. 10 Ma for the
age of the break-up unconformity in the early South Atlantic, which depends on the
suggested seafloor spreading anomalies and the oldest post-rift sediments in the NFG
and Argentine Basin.
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From the existence of the oldest Barremian sediments in the Argentine Basin it is
evident that the opening of the South Atlantic occurred from South to the North, as
deduced by magnetic seafloor spreading anomalies (Moulin et al., 2010; Rabinowitz
and LaBrecque, 1979; Talwani and Abreu, 2000). The first oceanic crust is marked
by magnetic anomaly M11 (137 Ma) on the South African margin, off Cape Town, as
suggested by Rabinowitz and LaBrecque (1979), later questioned as M7 by Moulin et
al. (2010). Koopmann et al. (2014c) argued against older anomalies than M9r on the
conjugate South African margin. Koopmann et al. (2014c) suggest M9r (133 Ma) is
the oldest seafloor spreading anomaly off South America.

7.1.2 Classification of the South American margin

The data available for this study allow the classification of the South American margin
as a transform, a magma-poor and a volcanic-rifted margin. One of our major interests
is the transition from a transform margin to a rifted margin, which is covered by four
reflection seismic sections (Figs. 16, 17, 19 and 20). The transform fault is formed by
steep, seaward-dipping faults and a narrow continent-ocean transition (COT)(Figs. 17
and 20), while the COT displayed by profiles BGR04-06 and BGR04-08 (Figs. 16,
19 and 24 I and II) reveals a width of 80-90 km. Two gravimetric models support
the interpretation of the segments along the transition from the transform margin
with an abrupt COT (Fig.23b) to the rifted margin with a extended continental crust
(Fig.23a). Both margins, the E-W trending transform margin and the N-S trending
initial rifted margin are classified as magma-poor in the sense of limited magmatism.
Limited magmatic features can be found.

The magma-poor margin segment is evidenced by the absence of SDRs, as indicated
by the reflection seismic data (Becker et al., 2012) and a thin HVLC (Becker et al.,
2014a). The HVLC of the corresponding new refraction seismic line 3 in this segment
is interpreted as magmatic or serpentinite based on velocities up to 7.6 km/s. In case
of magmatic origin the HVLC may represent extrusive magma, which did not find its
way to the surface to build extrusive flows like SDRs. A serpentinized body may have
formed during the a rifting phase under submarine conditions while the overlying rocks
were thinner than 5 km. In any case, the small HVLC body with an areal coverage
of 120 km2 as evidenced by refraction seismic line 3 emphasizes the magma-poor
character of the southernmost segment of the South Atlantic (Becker et al., 2014a).
There may exist a serpentinized HVLC, but it is not exhumed like on typical magma-
poor margins. Limited break-up related magmatism and a thin oceanic crust doubt
a major plume influence on the initial opening of the South Atlantic (Becker et al.,
2012, 2014a).

The volcanic margin is underpinned by the existence of HVLC, as evidenced in the new
refraction seismic line 1 (Becker et al., 2012) and already published line 2 (Schnabel
et al., 2008). On the conjugate South African margin a magma-poor segment can be
analogously observed, which extents to the Cape Segment Boundary (SB).

This resembles the setting at the conjugate South African margin, where Koopmann
et al. (2014c) found the southernmost margin segment to be lacking volcanic effu-
sives. They characterized the conjugate southernmost South African margin segment
as magma-poor due to limited magmatism. At the Colorado FZ there is an abrupt
transition from the magma-poor margin to the volcanic rifted margin (Franke et al.,
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2010; Koopmann et al., 2014c). Extensive mapping of the SDRs along the conjugate
margins allow them to be classified as volcanic between the Colorado-Cape FZ and
the Salado FZ and Walvis Ridge (Franke et al., 2007, 2010; Koopmann et al., 2014c).
Furthermore they see a segmentation of the conjugate margins along segment bound-
aries. A volcanic margin segment follows northwards of the Cape SB until the Walvis
Ridge (Koopmann et al., 2014c). The published refraction seismic section of line 4-7
contributes to the existence of HVLC to a volcanic margin classification (Bauer et al.,
2000; Hirsch et al., 2009).

7.2 Magmatic features

7.2.1 Tectono-magmatic events

The Falkland Agulhas Fracture Zone (FAFZ) may be important for the evolution of the
southernmost segment of the South Atlantic margin. The influence of the FAFZ is ev-
ident in a highly-fractured oceanic crust and steeply seawards-dipping faults (Figs. 17
and 20). Extension responsible for the opening of the early South Atlantic was ac-
companied by movements along the Falkland Agulhas Fracture Zone, which began in
the Valanginian. The seismic sections of this study indicate activity until the Creta-
ceous/Tertiary boundary (Fig. 21), which is conform with the age of 65 Ma deter-
mined by Ben-Avraham et al. (1997). Lorenzo and Wessel (1997) determine the end of
fault-related activity at 83 Ma. The nearby transfer zone may have impeded magma
production, so that it was not voluminous enough to form SDRs (Becker et al., 2012).

This defines the main tectono-magmatic events that shaped the study area: exten-
sion in the region of the North Falkland Graben, extension related to the South At-
lantic, and activity at the transform margin of the FAFZ (Becker et al., 2012). The
Valanginian post-rift sediments in the North Falkland Graben and first Valanginian
activity at the FAFZ-according to Thomson (1998) predate the emplacement of the
Paraná-Etendeka LIP (Large Igneous Provinces). The begin of the main eruption phase
of the Paraná-Etendeka flood basalts corresponds to the oldest magnetic spreading
anomaly M9 (Gradstein et al., 2012, 134 Ma) in the study area, but postdates the
formation of the SDRs, at least at the initial opening of the South Atlantic. The gen-
eration of the northern SDRs was finalized together with first oceanic crust marked
by magnetic anomaly M4 (Gradstein et al., 2012, 130 Ma), given as the maximum age
of postrift sediments on refraction seismic line 4 (see Fig. 32b in Chapter 5).

7.2.2 Origin of the HVLC

One finding of the study suggests a magmatic origin for the middle and northernmost
HVLC; this means underplating or intrusions. Underplating is partly a question of
terminology. Intrusions in form of sills and dikes are often summarized under this
term, which in its original sense means magma accumulated at the base of the crust.
Based on reflection and refraction seismic data it is not clear, whether the HVLC exists
of intrusions or is underplating. Since there is a close spatial relationship between the
HVLC and the SDRs, I expect them to be volcanic (Fig. 32) (Becker et al., 2014a).

We can rule out the possibility the HVLC being old cratons, but we cannot totally
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dismiss the interpretation as metamorphic rocks for the landwards part of the HVLC,
as suggested by Mjelde et al. (2013). Serpentinization, which could have occurred
during the early rifting process, fails to explain the systematic variations of the HVLC
bodies. It is possible, that the HVLC in the southernmost segment is made of serpentine
(line 3 in Fig. 32). The extremely thinned crust has not led to exhumation of the
mantle, which is regarded as characteristic for typical magma-poor margins, but it
may have enabled water entry to serpentinize the HVLC. I can exclude underplating
for the HVLC. This underlines, besides the lack of SDRs, the magma-poor character
of the southernmost segment.

7.2.3 Relation of the HVLC to the SDRs

The relation of the HVLC relative to the SDRs locations creates doubt on an simple
model, where intrusive magma feeds the extrusive SDRs. Furthermore they indicate
formation of the HVLC during several phases in the rifting and break-up process.
The seaward migration of the HVLC relative to the SDRs proposes that the vertical
coincidence of HVLC and SDRs is not a necessary prerequisite of the opening (Fig. 34).
Furthermore, the nearly symmetrical distribution of the SDRs stands in contrast to
the asymmetrically distributed HVLC bodies (Fig. 32 and Fig. 33). This excludes a
causal relationship and a model, in which the HVLC feed the SDRs (Becker et al.,
2014a).

Franke et al. (2007) observe that the SDRs increase southwards within segments.
Koopmann et al. (2014a) come to the conclusion that there is a link between segment
boundaries and magmatic volume variations. This refers mainly to the SDRs and the
LIP (large igneous provinces). The segment-related increase of the SDRs is not reflected
in the HVLC distribution. I can observe a northwards increase of the HVLC on the
conjugate margins that is not consistent with the proposed segmentation. Based on
the distribution I can see no relationship between the HVLC and the transform faults,
but the scarce number of the refraction seismic sections may have prevented such a
systematic HVLC classification.

This leads to the conclusion that the HVLC was formed during different stages of the
rifting and break-up process. Further the study emphasizes a post-rift emplacement of
the HVLC in the northern South Atlantic, while the middle section reveals spatially
close HVLC and SDRs. The HVLC is most probably emplaced together with the
outflow of the SDRs. Due to the twofold shape of the HVLC (see line 2 in Fig. 32a)
a polyphase rift evolution can be suspected. Gravity modeling of this line supports a
model where intruded crust above the HVLC may act as feeder dykes for the magma
(Schnabel et al., 2008).

7.2.4 Rift- or plume-related magmatism

Another interesting question is, if wether perceivable differences exist between plume-
and rift-related magmatism. The determination of the exact range of influence with
regard to the mantle plume remains disputable. Koopmann et al. (2014a) restrict the
impact of the mantle anomaly even to 200 km based on excess magmatism visible in
the SDRs. If we assume a radial source of this radius, our sections lie outside of the
influence of the mantle anomaly. With an elongate shape of the SDRs wedges along
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a distance of 2000 km to the South, it appears that a plume-related influence can be
doubted. The influence of rift-related magmatism cannot be neglected.

7.3 Asymmetry of the South Atlantic

Observations at the structure of the SDRs showed that the arcuate pattern of the
South American SDRs cannot be explained by pure subsidence-related models such as
proposed by Hinz (1981) or Mutter (1985). The different inclination angles and extent
of the SDRs on the conjugate margin sections argue against a break-up centre forming
symmetrical SDRs as suggested by Hinz (1981) and Mutter (1985). The break-up
unconformity on the two conjugate sections lies above the SDRs, which means seafloor
spreading commenced after the formation of the SDRs. This argument supports SDR
formation before oceanic spreading.

Kinematic modelling (Chapter 6) shows that a listric fault is required to explain the
inclined SDRs on the South American margin. A listric fault only offsetting the SDRs
was coeval with the effusive SDR flows events on the South American margin. Based
on kinematic modelling we can exclude faults for the South African margin and rather
strongly suggest passive subsidence for the SDRs (Becker et al., 2015).

The results from the tectonic modelling support an asymmetric break-up model. Tec-
tonic modeling fails to explain the different inclination angles of the SDRs on the op-
posing seismic lines of the conjugate margins by traditional subsidence models (Hinz,
1981; Mutter, 1985). Our tectonic modeling results evidence a detachment fault on
the South American margin, as opposed to the passively-subsided SDRs on the South
African margin.

Furthermore I confirm this asymmetric break-up of the South Atlantic based on the
distribution of the magmatic intrusiva known as high-velocity lower crustal zones
(HVLC). The distribution of the high-velocity lower crustal zones is substantiated
by a compilation of seven refraction seismic profiles. Gravimetric modeling of two new
refraction seismic lines confirms the existence of the HVLC. This allows to infer the
asymmetry, which shows an about four times larger cross-sectional area on the South
African margin compared to the South American margin (Becker et al., 2014a).

The idea of detachment faults has been applied to many different margin settings.
Mjelde et al. (2007) invoked a system of opposing listric faults soling out on top of the
lower crust for the Vøring Margin. Feeder dikes are needed as magmatic pathways,
while the magma in our model rises along the fault. Geoffroy (2005) used the model
of roll-over flexures controlled by continentward-dipping faults for the East Greenland
margin. Our model needs only one simple continentward-dipping listric fault to ac-
commodate the extension. The need for a detachment fault evidences a simple shear
mode. The asymmetric distribution of the HVLC is most probably the result of the
non-uniform stretching crust giving accomodation space for the HVLC.

Previous works have also suggested an asymmetric break-up model for the South
Atlantic (Blaich et al., 2011; Koopmann et al., 2014c). In comparison with Blaich et
al. (2011), the listric fault in our model is located west of the spreading centre, only
offsetting the magmatic extrusiva (SDRs). Blaich et al. (2011) justify their model on
tectono-magmatic differences of the conjugate margins, which mainly refers to the
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width of the continent-ocean transition (COT). The South American margin segment,
between the Salado and Colorado Hope transfer zone, reveals a narrow COT in contrast
to a wide and thinned COT along the South African margin (Blaich et al., 2011).

Koopmann et al. (2014c) infer the asymmetry from variations of the SDRs width,
strength of the magnetic anomalies and orientation of break-up related sedimentary
basins. A change of the extension axis may have also contributed to the asymmetry.
The basin axes on the South African margin run parallel to the spreading axis (Orange,
Walvis and Lüderitz Basins), while most of the South American basin axes are oriented
perpendicular to it (Colorado, Salado, San Jorge and Rawson Basins) (Koopmann et
al., 2014c). Both works differ from this study in which we deduce the asymmetry from
the distribution of the HVLC and tectonic modeling of the SDRs structures.

7.4 Implications of this thesis

The thickness of the lithospheric, igneous crust and the P-wave velocities are important
for the construction of melt scenarios and consequently the temperature and pressure
conditions during melt generation. Melt scenarios based on the thickness-velocity (H-
Vp) relationship may indicate whether there is an upwelling of magma or if thick crust
impedes melt generation. Petrophysical models of the HVLC should be presented in
the context of mantle melt generation.

The models provided here suggest that the greater volumes and average Vp values
of HVLC on the African margin are due to active upwelling and high temperature,
whereas passive upwelling under a thick lithospheric lid suppressed magma generation
on the South American margin. Refraction seismic data do not reveal a lithospheric
crust, that is considerably thicker on the South American side compared to the South
African side (Trumbull et al., 2015; Becker et al., 2014b). Trumbull et al. (2015)
also conclude differential uplift is responsible for the distribution of the flood basalt
provinces, which is paradoxically opposite to the asymmetrically-distributed HVLC.

Deep reflection or refraction seismic sections would be required to examine whether the
lower crust of the SDRs is fractured. More densely-covered refraction seismic sections
could confirm the distribution of the HVLC along the margin, especially on the South
American side and may be needed to check whether the HVLC were generated during
multiple phases.

Lithosphere-scale structural models are used as a basis for subsidence reconstruction
using different assumptions and backstripping techniques (Dressel et al., 2014). The
magmatic processes effect the subsidence and temperature evolution of the sediment
basins and this may be important for potential hydrocarbon deposits. There may be
implications for other rifted margins. Contrucci et al. (2004) concluded the HVLC in
the Central Atlantic are not break-up related, mainly due to the absence of SDRs.
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8 Conclusion

Based on reflection and refraction seismic profiles the structure and opening of the
South Atlantic is analysed. Gravimetric and magnetic data in combination with gravi-
metric and tectonic modelling were integrated in the thesis, as well, so that new seg-
mentations and processes could be determined. In detail, these are:

1. Based on reflection seismic data we established a stratigraphic model of the
southernmost South Atlantic. The post-rift sediments were divided by six marker
horizons in five characteristic units. The stratigraphy combines elements from the
North Falkland Graben and the Argentine Basin. I found the oldest sediments
in the Argentine Basin, which were dated by magnetic spreading anomaly M2.

2. The North Falkland Graben is outlined by a subsidiary branch with a width of
60 km. This subsidiary branch likely runs across the continental slope to the
Argentine Basin and correlates with a gravimetric low. The evidence of synrift
basins on the Falkland Shelf indicate a wider shelf was affected by extension
than only the North Falkland Graben. This supports the hypothesis, that the
opening of the South Atlantic began with extension of Gondwana and resulted
in the opening of rift basins.

3. The Argentine continental margin can be divided in two segments: a rifted margin
trending N-S and a transform margin segment trending E-W. The rifted margin
in the transition to the volcanic margins reveals limited magmatism and no
SDRs. The oceanic crust of the rifted margin is strongly faulted due to the
vicinity of the Falkland Agulhas Fracture Zone (FAFZ). The continent-ocean
transition of the transform margin with a width of 15-19 km stands in contrast
to the rifted margin with a width of 80-90 km.

4. Three major tectonic phases formed the study area:

(a) The formation of the North Falkland Graben and the evolution of the synrift
basins lasted until the early Cretaceous.

(b) The tectonic activities of the faults at the North Falkland Graben and the
rift graben ceased at the break-up unconformity, which is regarded as the
beginning of the South Atlantic opening.

(c) Shear movements at the FAFZ are mainly recorded in the steep escarpment
of the transform margin and in the highly dissected oceanic crust. The
FAFZ seems to have been active until the Cretaceous/Tertiary boundary.

5. Due to the limited magmatism and the very thin oceanic crust we suggest there
is no major influence of the hot spot on the initial break-up in this part of the
study area.

6. Two new refraction seismic lines on the South American margin completed by
gravity models fill a gap in the data coverage on the South American margin,
that consisted so far of five profiles. In all seven transects we could observe high
velocity lower crust (HVLC). All but one of them, off southernmost Argentine,
reveal a close spatial relationship between the HVLC and the SDRs (seaward
dipping reflector sequences).
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7. A close spatial relationship of SDRs to HVLC was used to classify the margin as
volcanic, that means underplating and intrusions are the most probable explana-
tion for the origin of the HVLC. Serpentinization fails to explain the systematic
HVLC variations, but we can not rule out the possibility that the landward part
contains metamorphic rocks like eclogites.

8. The HVLC vary in shape and cross-sectional area as well as the relative position
of the SDRs to the HVLC in a systematic way from south to north. From this
we infer implications for the formation of the HVLC during the rifting and
break-up process. I observe a seaward migration of the HVLC relative to the
SDRs. A formation of the HVLC during different stages of the rifting and break-
up process is suggested. If magmatic the HVLC in the magma-starved segment
formed before the break-up. The central HVLC are located below the inner SDRs
wedges and were likely formed contemporaneously with the SDRs, i.e. synrift.
The northern HVLC are of post-rift character. Their formation may have started
after the break-up and continued until the early seafloor spreading. This study
doubts a simple intrusive/extrusive relationship between the SDRs and HVLC.

9. Evident is a major asymmetry in the distribution of the HVLC across the mar-
gins. The South African margin reveals 2-3 times thicker and 4 times larger
HVLC than the South American margin.

10. The asymmetry of the HVLC was probably caused by asymmetric rifting in the
Simple Shear mode. The displacement along a major detachment fault may have
effected a non uniform extension of the crust. Melt intruded in the lower crust
and formed what we today call HVLC. In a second stage the break-up started
with the formation of SDRs. In the last stage seafloor spreading started. I suggest
the HVLC were formed during these different stages.

11. Kinematic modelling demands a listric fault for the inclined SDRs on the South
American side opposed to the passively subsided SDRs on the South African
margin. Our model does not need landward-inclined faults between individual
SDRs. The single listric fault offsetts the SDRs and detaches the crust from the
mantle, but the fault neither exhumes the mantle nor does it offset the spreading
centre.

12. The asymmetric distributed HVLC indicate non-uniform extension and a rifting
of the South Atlantic in the simple-shear mode.
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Callot, J.-P., Grignè, C., Geoffroy, L., and Brun, J.-P., 2001, Development of volcanic
passive margins: Two-dimensional laboratory models: Tectonics, 20, no. 1, 148–159.

102



REFERENCES

Cloetingh, S., and Wortel, R., 1986, Stress in the indo-australian plate: Tectonophysics,
132, no. 1, 49–67.

Comin-Chiaramonti, P., De Min, A., Girardi, V., and Ruberti, E., 2011, Post-Paleozoic
magmatism in Angola and Namibia: a review: Geological Society of America Special
Papers, 478, 223–247.
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Perrin, M., 1992, The Age of Paraná Flood Volcanism, Rifting of Gondwanaland,
and the Jurassic-Cretaceous Boundary: Science, 258, 975–979.

Reston, T. J., Krawczyk, C. M., and Klaeschen, D., 1996, The S reflector west of
Galicia (Spain): Evidence from prestack depth migration for detachment faulting
during continental breakup: J. geophys. Res., 101, 8075–8091.

Richards, P., and Fannin, N., 1997, Geology of the North Falkland Basin: Journal of
Petroleum Geology, 20, no. 2, 165–183.

Richards, P., and Hillier, B., 2000a, Post-drilling analysis of the North Falkland Basin–
part 1: Tectono-stratigraphic framework: Journal of Petroleum Geology, 23, no. 3,
253–272.

111



REFERENCES

——– 2000b, Post-drilling analysis of the North Falkland Basin–part 2: Petroleum
system and future prospects: Journal of Petroleum Geology, 23, no. 3, 273–292.

Richards, P., Gatliff, R., Quinn, M., Fannin, N., and Williamson, J., 1996, The geolog-
ical evolution of the Falkland Islands continental shelf: Geological Society, London,
Special Publications, 108, no. 1, 105–128.

Richardson, N. J., and Underhill, J. R., 2002, Controls on the structural architec-
ture and sedimentary character of syn-rift sequences, North Falkland Basin, South
Atlantic: Marine and Petroleum Geology, 19, no. 4, 417–443.

Ridley, V. A., and Richards, M. A., 2010, Deep crustal structure beneath large igneous
provinces and the petrologic evolution of flood basalts: Geochemistry, Geophysics,
Geosystems, 11, 9006.

Roberts, D., Backman, J., Morton, A., Murray, J., and Keene, J., 1984, Evolution of
volcanic rifted margins-Synthesis of LEG-81 Results on the West Margin of Rockall
Plateau: Initial Reports of the Deep Sea Drilling Project, 81, no. DEC, 883–911.

Rodriguez, J. F., and Littke, R., 2001, Petroleum generation and accumulation in the
Golfo San Jorge Basin, Argentina: a basin modeling study: Marine and Petroleum
Geology, 18, no. 9, 995–1028.

Rudnick, R. L., and Fountain, D. M., 1995, Nature and composition of the continental
crust: A lower crustal perspective: Reviews of Geophysics, 33, 267–310.

Sage, F., Basile, C., Mascle, J., Pontoise, B., and Whitmarsh, R. B., 2000, Crustal
structure of the continent-ocean transition off the Côte d’ Ivoire-Ghana transform
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CDP common depth point
CMP common mid-point
COB continent-ocean boundary
COT continent-ocean transition
CRP common reflection point
FAA free-air anomaly
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FZ Fracture Zone
GFZ German Research Centre for Geosciences
HVLC high velocity lower crust
LIAG Leibniz Institute for Applied Geophysics
MCS multi channel seismic
MOHO Mohoroviĉić
NFG North Falkland Graben
NMO normal move out
OBH ocean bottom hydrophone
PSDM prestack depth migration
RMO residual move-out
RMS root mean square
SAMPLE South Atlantic Margin Processes and Links with onshore Evolution
SB segment boundary
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SRME surface-related multiple elimination
TWT two way travel time
USGS U.S. Geological Survey
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