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Abstract
Volcanic passive margins (VPM) initiate with the eruption of flood basalts
in continental rift settings that overlie an active mantle plume. Magmatism on
conjugate VPM’s increases in volume and intensity during continued lithospheric
stretching and includes the generation of igneous belts ranging from 10-200+
km in width and to 8-24 km-thick. Conjugate volcanic passive margin belts
include seaward-dipping reflectors (SDR’s) whose dips range from 0 to 20°. I
use 33,000 line km of 40-km-record 2D seismic reflection data to identify a VPM
beneath the Demerara Rise, offshore Suriname and to investigate VPM’s along
the conjugate margins of the South America (Brazil and Uruguay) and West
Africa (Namibia).
My 5500 km of 2D seismic data from the Demerara Rise - previously
characterized as a continental plateau – reveals a basement composed of >22km-thick, 250-km-long, steeply-dipping (>20°) packages of SDR’s related to
Jurassic rifting of North America and South America. 2D gravity modeling and
VPM analogs are used to support its proposed magmatic origin.
I

investigated

the

crustal

structure

of

conjugate

VPMs

in

Uruguay/Southern Brazil and Namibia using 27,500 km of 2D seismic data. An
asymmetrical distribution of SDRs is proposed as a consequence of increased
plate velocities relative to a fixed mantle position. The faster plate – South
America - contains 30% less volume of SDR’s (201,700 km3) compared to the
slower plate – Africa (296,400 km3). I identify rifting along crustal weaknesses
inherited from Paleozoic orogenic belts trending either parallel or perpendicular
vii

to the Cretaceous rift margin. I calculate crustal stretching factors (Δc) for: 1) riftorthogonal orogenic belts (Δc=4.3-5); 2) suture zones and rift-parallel orogenic
belts (Δc=2.5-3.5). Obliquely-oriented belts show evidence of moderate thinning
with intermediate thinning factors. The relationship between crustal and trend of
crustal fabric is supported by my compilation of thinning factors from other rift
zones worldwide.
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CHAPTER ONE:
INTRODUCTION TO THE DISSERTATION
1.1 History and development of this dissertation
In the fall of 2011, I chose to leave a 12-year-long career in the
construction and contracting industry and enrolled in the master’s degree
program in Geology at the Department of Earth and Atmospheric Sciences at
the University of Houston (UH). I had earned a B.S. degree in Geology from
Wright State University in 1999, but had opted to enter the burgeoning
construction and contracting industry following graduation. In 2011 had decided
my career path would be more fulfilling in geosciences and that a MS degree
with a thesis study would help facilitate the goal of facilitating a job in the
Houston-based oil exploration where my wife was also employed.
My original plan in graduate school in the fall of 2011 was to earn a
Master’s degree in the standard time of two years and seek a job in the Houston
oil industry upon graduation in August of 2013.

By the end of the spring

semester of 2012, I realized that that the questions that I was interested in
studying in the Central and South Atlantic Oceans needed to be addressed in a
more systematic and detailed study than allowed by a two-year MS program. It
was that point and with the support of Dr. Mann, my wife, and three children, I
made the decision to change from the MS program to the PhD program of the
UH Department of Earth and Atmospheric Sciences.
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Dr. Mann encouraged grad students like myself to regularly present their
research at UH seminar seminars and at conferences as a way to communicate
their main results, receive critical feedback from a larger peer group, and gain
self-confidence.

Through the course of this five-year study I have given 8

seminars at UH, 4 seminars at ION Geophysical (my employer since 2013) and
7 seminars at national and international meetings. In addition, my presentations
included my involvement in the AAPG Imperial Barrel Award class at UH taught
by Drs. Mann and John Castagna in the spring semester of 2013. The fiveperson UH team - for which I was elected team captain – placed third out of a
field of nine universities of the AAPG Gulf Coast Section based on our analysis
of the subsurface data from the Cooper basin, Australia.
I was also selected with 14 other grad students to compete in the poster
competition of the 2012 AAPG ACE conference held in Pittsburgh,
Pennsylvania, and I placed third in a student poster competition at the
September, 2016 meeting of the Houston Geological Society-Africa conference
held in Houston. I also received a third place poster award for the advanced
PhD category at the May, 2016 student poster competition at the annual Student
Research Day of the Department of Earth and Atmospheric Sciences.
Spectrum Geo Inc., one of the sponsors and seismic data providers of
the Caribbean Basin Tectonic and Hydrocarbon (CBTH) hired me as a summer
intern in 2012 where my main task was interpreting seismic data from the
Brazilian Equatorial Atlantic. This experience exposed me to the area of seismic
2

interpretation. This summer internship experience led me to investigate other
rifted margins of South America and to ask more questions and seek larger
geophysical data sets regarding the evolution of Atlantic rifted margins.
I returned to UH in the fall of 2012 and began to expand my learning
beyond the classroom by reading about topics of interest for my studies in peerreviewed journals as summarized in this dissertation. In areas of my interest, I
searched for areas of consensus, areas of controversy, and how the
controversial areas were sometimes the result of different groups using different
data types to investigate the controversial issue.
I was hired as an intern for the summer of 2013 at ION GXT, which is
well-known for regional, tectonic scale seismic data and an emerging
interpretation team. The first week at ION GXT reaffirmed my purpose and
focus to study rifted-passive margins.

I was intrigued with tectonic-scale

processes at rifted margins and wanted to pursue that aspect as the focus of my
dissertation. At ION, I was provided access to the highest-quality crustal-scale
global seismic data and began to explore more areas of South America and the
South Atlantic. The majority of my full-time work at ION GXT included work from
the South Atlantic and occasionally the conjugate margins of West Africa, so
there was a strong overlap between my job and my dissertation study.
Shortly after my arrival at ION GXT, the raw data from offshore Suriname
were being processed. Brian Horn, Jim Pindell, and my colleagues at ION GXT
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were intrigued, as was I, on the possibility that the Demerara Rise, offshore
Suriname, was a volcanic passive margin based on the new data. These new
ION data from this margin provided an opportunity to contribute new ideas about
the Demerara Rise and function as Chapter 2 for my dissertation. I was offered
a full time position at ION GXT in the fall of 2013 with the understanding that I
would be able to juggle the new job, the UH courses, and dissertation research,
and my family life.
As most of my ION work continued to focus on the South Atlantic, I began
to notice certain similarities and differences between South Atlantic conjugate
margins. Many “water-cooler” type conversations with an ION colleague, Joe
Paul, made the asymmetrical nature between the west African margin and the
South American margin evident. My supervisor, Brian Horn, agreed that such a
comparative study could be added to my ION workload and be contributed to my
project as Chapters 3 and 4 of this dissertation.
The subject of volcanic passive margins (VPM) offers many remaining
processes to be explained using high-quality geophysical data. This dissertation
attempts to explain several of these processes of VPMs of Suriname, Uruguay,
Southern Brazil, and Namibia.

1.2 Outline and organization of this dissertation on volcanic margins of
the south-Central and South Atlantic
This dissertation contains three chapters on the geological and geophysical
study using 33,000 km of 2D seismic data from the volcanic margins of the
4

Demerara Rise (offshore Suriname) in the south-Central Atlantic and the
conjugate margins of the South Atlantic. The main scientific themes for all three
chapters include: 1) defining the geographical limits of the crustal domains
(oceanic, SDRs/igneous, continental) and establishing criteria for their
interpretation based mainly on interpretation of deeply-penetrating seismic
reflection data; 2) recognizing internal features and transitions between the
domains; and 3) reconstructing the tectonic evolution of the margins both in map
view and in cross sectional view.
Chapters 2, 3, and 4 were written in the format of journal papers. Chapter 2
on the Demerara Rise was submitted to the SEG journal Interpetation in
November, 2014, and published in February, 2016. The coauthors of the paper
were Dr. Brian W. Horn and Dr. James Pindell and the reviewers of the
manuscript included Douglas Paton (University of Leeds) and Rod Graham. I
plan to submit Chapter 3, which was coauthored by Dr. Paul Mann and Dr.
James Pindell, to the journal Geochemistry, Geophysics, Geosystems in May,
2017, and Chapter 4, which was coauthored by Dr. Paul Mann, to the journal
Tectonophysics in May, 2017.
1.2.1 Chapter 2 summary
The Demerara Rise of offshore Suriname was previously thought by
Greenroyd et al. (2008) and Basile et al. (2013) to be a broad (110,000 km2)
plateau of continental origin that marked the intersection of the Central and
Equatorial domains of the Atlantic Ocean (Fig 1.1). These previous studies
5

utilized short-record (8-second TWT) seismic profiles to base interpretations of
the younger, Cenozoic intervals of the Demerara Rise (Gouyet, 1988;
Greenroyd et al., 2008; 2009; Basile et al., 2013). In 2013, 40-km-deep record
seismic profiles were acquired by ION that imaged a much more complex
Mesozoic tectonic evolution for the Demerara Rise than had been previously
known (Fig 1.1).
Chapter 2 uses 5,500 km of deep-penetrating data over the Demerara Rise
to support the hypothesis that a magma-rich VPM formed during the initial
Jurassic phase of opening of the Central Atlantic by separation of the North
American and combined Africa-South American plates (Fig 1.1). The Demerara
Rise is underlain by up to 24 km-thick SDRs/ igneous crust that is overlain by
Jurassic and younger passive margin sediments related to the Central Atlantic
rift and passive margin phase. The VPM interpretation I propose for the
Demerara Rise in Chapter 2 raises the question of whether its conjugate
margins in Guinea Bissau, Florida, and the Bahamas are also VPM’s (Fig 1.1).
The VPM’s of the South Atlantic have been previously studied using limited
refraction data, shallow-record 2D reflection data, and sparse, deep-record
seismic data (Abreu et al., 1997; Gladczenko et al., 1997; Jackson et al., 2000;
Mohriak et al., 2002; Franke et al., 2010; Blaich et al., 2011; Blaich et al., 2013;
Becker et al., 2014; Koopman et al., 2014; Stica et al., 2014) (Fig 1.1). Marginparallel zones of seaward-dipping reflectors (SDRs) have been mapped using
the shallow-penetrating seismic data. More deeply-penetrating seismic data has
constrained the limits of this igneous belt of the VPM related to the second
6

phase of Barremian (131 Ma) South Atlantic opening related to the separation of
Africa and South America (White and McKenzie, 1989; O’Connor and Duncan,
1990; Gladczenko et al., 1997; Jackson et al., 2000; Blaich et al., 2011; Becker
et al., 2014; Koopman et al., 2014).
1.2.2 Chapter 3 Summary
Chapter 3 of this dissertation focuses on using this same type of deeplypenetrating seismic data to map the conjugate distribution of the SDR
complexes at the margins between Uruguay/southern Brazil and Namibia in the
South Atlantic Ocean (Fig 1.1). Using 27,550 km of 40-km-deep 2D seismic
data, I mapped the crustal limits of the SDR complexes/igneous crust on both
conjugate margins.

Mapping and quantitative analysis efforts led to my

recognition of the asymmetrical distribution of SDRs (South American margin:
201,700 km3; Namibian margin: 296,400 km3). I identified the wider and thicker
emplacement of SDR’s on the trailing plate of Africa within the tectonic context
of northwest-directed absolute plate motion and rapid initial continental break-up
during the Barremian-Aptian (131-126 Ma) opening of the South Atlantic Ocean.
1.2.3 Chapter 4 Summary
Chapter 4 uses the same 27,550 km of 2D seismic data from the South
Atlantic used in Chapter 2 to map the conjugate zones of stretched continental
crust on the margins of Uruguay/southern Brazil and Namibia (Fig 1.1). Chapter
4 integrates previously studied onshore orogenic belts and suture zones of the
South Atlantic. Results of my interpretation and mapping confirms that rifting in
7

the South Atlantic occurred along pre-existing zones of weakness controlled by
north-south-trending, rift-parallel orogenic fold belts and by intersections
between north-south-trending rift-parallel and east-west-trending rift-orthogonal,
Paleozoic orogenic belts. The amount of crustal stretching as measured by
thickness of un-thinned continental crust/thickness of thinned continental crust
ranges from stretching factor values of 2.5 to 3.5 at rift-parallel margin segments
and 4 to 5 at rift-orthogonal oriented foldbelts. These stretching factors fall
within published calculated values that I compiled from other VPM’s and nonVPMs.

8

Figure 1.1: Location map of the dissertation areas of study on bathymetry and topography grid. A) The Demerara Rise, offshore Suriname (Chapter 2); B) The conjugate margins of
Uruguay/southern Brazil and Namibia (Chapters 3 and 4).
9
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CHAPTER TWO:
DEMERARA RISE, OFFSHORE SURINAME: MAGMA-RICH SEGMENT OF
THE CENTRAL ATLANTIC OCEAN, AND CONJUGATE TO THE BAHAMAS
HOT SPOT
Chapter Two published as:
Reuber, K., Pindell, J., and Horn, B.W., 2016, Demerara Rise, Offshore
Suriname: Magma-Rich Segment of the Central Atlantic Ocean, and Conjugate
to the Bahamas Hot Spot: SEG Interpretation, 4/3, 31-45.
2.1 Summary
The tectonic histories of volcanic and non-volcanic passive margins are
commonly characterized by a discrete period of rifting associated with initial
continental extension, followed by a passive margin phase associated with the
initiation of sea floor spreading (Wilson, 2001; Geoffroy, 2005; Franke, 2012).
However, the Demerara Rise is unique in that its western margin is related to
the opening of the Central Atlantic and its northern and eastern flanks are
related to the opening of the Equatorial Atlantic (Pindell, 1985; Gouyet, 1988;
Greenroyd et al., 2007a; Pindell and Kennan, 2009; Basile et al., 2013). As
seismic data acquisition and processing technology improve for deep
subsurface studies, new conclusions can be derived that help provide clarity to
existing geologic and tectonic models for underexplored frontier regions, such
as offshore Suriname.
In this study, I present an interpretation of newly acquired seismic
reflection data for the Demerara Rise and deepwater offshore Suriname (Fig. 2.
1 A and B). This deeply penetrating, high resolution dataset was collected as
part of a multi-client venture by ION Geophysical in 2013. The GuyanaSPAN
12

Figure 2.1: A) Regional location map of the Demerara Rise and study area (in red) with bathymetry contours showing the overall geometry of the Demerara Rise and the broad continental shelf to the
south. Major features include the Guyana Basin and the Amazon Cone that are present on each of the oceanic domains of the Central and Equatorial Atlantic. Key wells from ODP/DSDP and
hydrocarbon exploration (A2-1) are shown and referred to in the text. Given the varied nature of the tectonic phases for the Demerara Rise, divergent margin segments are identified in pink, and
sheared margin segment in yellow. Inset) providing dip and strike orientation to the Central Atlantic tectonic phase. B) High resolution free-air gravity image (Sandwell and Smith, 2009) illustrating the
location of the Demerara survey across the Demerara Rise (courtesy of Mark Longacre from MLB). Tectonic domains of the Central and Equatorial events are delineated (white line) and an “oceanocean boundary” exists where they are adjacent. The Demerara-Guinea Transform separates the tectonic domains. (Free-air anomaly gravity data: reds represent gravity highs; blues represent
gravity lows.)
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survey was designed to provide a full breadth of coverage for the Demerara
Rise in order to better understand the tectonic phases, stratigraphic intervals,
and crustal transitions from the continental shelf of Suriname to the various
oceanic domains of the Central and Equatorial Atlantic (Fig. 2.1B). The primary
goals of this study are to present new observations on the early stages of the
tectonic evolution of the Demerara Rise and to test for evidence of hot-spotrelated volcanism associated with the opening of the southern Central Atlantic
Ocean. Additionally, an important implication for hydrocarbon exploration is that
sequences below the Central Atlantic passive margin sediments may be
magmatically-derived rather than a large sequence of sedimentary syn-rift.
Therefore, Central Atlantic Phase syn-rift source rocks would be sparse or
completely absent and prospective intervals are limited to the latest Jurassic or
younger. This study will contribute to a better understanding of the geologic
history of the Demerara Rise, while also providing critical insights into its
conjugate margins of Southern Florida/Bahamas and Guinea in Equatorial West
Africa.
2.2 Volcanic and non-volcanic margins
Two end-member classifications exist for giant rifted margins: 1) Volcanic
margins and 2) Non-volcanic margins (Franke, 2012). Each type possesses
unique elements which are linked to their tectonic evolution. A general geometry
of downward and basinward-dipping reflector packages within modern seismic
data is a consistent feature shared by both classifications (Planke et al., 2000).
Determining the genetic origin of these reflectors is critical to properly classifying
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the margin’s evolution.
Volcanically rifted margins are observed to have thick packages of
magmatically derived material that represent the syn-rift tectonic phase (Hinz,
1981; Mutter et al., 1982; White et al., 1987 Eldholm et al., 1995) and underlie
the passive margin sequences (Skogseid, 2001; Menzies et al., 2002). Seismic
reflection data of thick volcanic wedges typically reveal sequences of seismic
events that are related to voluminous outpourings of magma during the rifting
stage (Planke et al., 2000; Franke, 2012).

These sequences have internal

reflections that dip basinward/seaward and are commonly referred to as
Seaward Dipping Reflectors (SDRs) (Planke et al., 2000, Menzies et al., 2002;
Pindell et al., 2014). Loss of reflectivity below the SDRs is common on volcanic
margins (Geoffroy, 2005). Without physical evidence, determining the origin of
these SDRs involves the use of analogs and seismic facies analysis (Planke et
al., 2000).
Non-volcanic margins have variable syn-rift sedimentary infill of rotated fault
blocks overlying thinned continental crust (Geoffroy, 2005). Basement structure,
syn-rift and passive margin sediments have a transparent response in seismic
data and therefore are more revealing (Geoffroy, 2005).

Basinward and

downward dipping reflectors are also present on non-volcanic margins, but they
show evidence of depositional responses to sea level fluctuations (Planke et al.,
2000). These sequence-stratigraphic units record variations in accommodation
and sediment supply (Planke et al., 2000). The presence of these stratigraphic
features assists in determining the genetic origin of the dipping reflectors
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(Planke et al., 2000; Pindell et al., 2014).
2.3 Regional tectonic setting
The Demerara Rise is a positive bathymetric feature that covers
approximately 170,000 km2 in the offshore Equatorial Atlantic (Fig. 2.1A). It is
positioned between the deepwater Guyana Basin offshore Guyana to the west
and the offshore region of French Guiana to the east (Fig. 2.1 A and B). Water
depths on the Demerara Rise are relatively shallow at the crest (approximately
40 m) and gradually deepen to the respective abyssal plains reaching depths
greater than 3,000 m on its eastern and western flanks (Fig. 2.1 A and B).
The tectonic and stratigraphic history of the Demerara Rise encompasses
two tectonic phases, the Central Atlantic tectonic phase and the Equatorial
Atlantic tectonic phase (Fig. 2.2) (Pindell, 1985; Mascle et al., 1987; Pindell and
Kennan, 2001; Greenroyd et al., 2008; Basile et al., 2013). This dual-phase
history resulted in a stratigraphic record that provides clues to the role played by
the Demerara Rise in Central and Equatorial Atlantic tectonic reconstructions
(Fig. 2.2) (Pindell, 1985, Basile et al., 2005; Moulin et al., 2010). Within this
study I refer to the Central Atlantic tectonic phase and the Equatorial Atlantic
tectonic phase as the first and second tectonic phases, respectively (Fig. 2.2).
Figure 2.2 is a generalized stratigraphic column for the Suriname-Guyana Basin
(Staatsolie, 2013) illustrating the correlation with the interpreted horizons from
this study. The stratigraphy is partially constrained by the A2-1 well which
penetrated Jurassic carbonates related to the drift phase of the Central Atlantic
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Figure 2.2: A generalized stratigraphic column (Staatsolie, 2013) illustrating the correlation with the recently acquired GuyanaSPAN seismic data. The stratigraphic units below the late Jurassic
carbonates are not constrained, as only the A2-1 well (Fig. 1A) has penetrated Jurassic units. Also, illustrated are geologic time divisions for the two major tectonic phases (Central Atlantic and
Equatorial Atlantic). Lower interpreted horizons (Syn 1-6), now visible on deep penetrating seismic, are not represented on the stratigraphic column.
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(Fig. 2.2) (Staatsolie, 2013).
Previous

efforts

to

reconstruct

pre-breakup

paleogeographic

configurations of the southern Central and Equatorial Atlantic margins have
incorporated variable margin overlaps, gaps, and proposed shortening events of
the major plates (e.g., Bullard et al., 1965; Rabinowitz and LaBrecque, 1979).
These interpretations are a consequence of the uncertainties in the amount
of continental crust beneath the Great Bank of the Bahamas and the Amazon
shelf. With the advent of satellite gravity maps of the ocean floors (Fig. 2.1B),
Pindell and Dewey (1982) proposed a tighter Equatorial fit that juxtaposed the
Guinea and Demerara shelves as an original geometry within Gondwana.
Pindell (1985), Moulin et al. (2010), Kneller and Johnson (2011) and Heine et al.
(2013) followed this general model and explored adjustments in how the Great
Bank, the Demerara Rise and the Guinea Plateau were juxtaposed prior to the
opening of the Central Atlantic (Fig. 2.3A). Figure 2.3A shows the relative
positions of these key tectonic features at approximately 158 Ma (Late
Oxfordian), and is based on the assumption that the Great Bank is largely
continental, as well as the association of the approximate lateral extent of the
presumed hot-spot volcanism with formation of the southeastern most portions
of the Bahamas. Figures 2.3B, 2.3C, and 2.3D show the subsequent
displacement of these features and are described in this study as the Central
Atlantic or Equatorial Atlantic Tectonic Phases. The apparent underlap of the
2,000 meter isobath at a restored position (Fig. 2.3A-C) indicates an interpreted
contractional event for this plate model.
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Figure 2.3: Four panel tectonic reconstruction of Meso-America (modified after
Pindell and Kennan, 2009). A) Oxfordian plate reconstruction at ~158 Ma
showing the recently initiated opening of the Central Atlantic and the location of
the Bahamas hotspot that I now believe spilled over into the Demerara Rise
during rifting and/or onset of seafloor spreading, and hence was initially an “onspreading axis” hotspot. B) Berriasian plate reconstruction at 141Ma with all
continental crust of South Florida and the western Bahamas in final place, and
hence is post-rift for the southern Central Atlantic, although hot-spot volcanism
parallel to Atlantic fracture zones continued in the eastern Bahamas, providing a
shallow-water foundation for initial reef development. C) Early Aptian plate
reconstruction at ~125Ma, near the onset of the Equatorial Atlantic rifting/drifting
that produced transpression and peneplanation of the Demerara Rise. D)
Middle Albian plate reconstruction estimated at ~104 Ma, illustrating the
activation of the Demerara-Guinea Transform, subsequent to all presumed
Bahamian hot spot activity, and during the drift stage for the Equatorial Atlantic,
following Pindell and Dewey (1982).
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Figure 2.3B illustrates the southern Central Atlantic at 141 Ma (Berriasian)
after further separation of Africa and North America, although there is no
conclusive evidence that the Guinea Plateau and the Demerara Rise had begun
to separate. The Demerara A2-1 well showed that shallow-water carbonate
deposition had been established by this time (Fig. 2.2) (Staatsolie, 2013), and
thus the western margins of Guinea Plateau and Demerara are shown as a
continuous passive margin of the SE Central Atlantic (Pindell, 1985; Erbacher et
al., 2004; Pindell, 2014). Mascle et al. (1988) proposed a similar Jurassic
Central Atlantic rift and drift phases for the Guinea Plateau.
Figure 2.3C represents the transition from the Central Atlantic Tectonic
Phase to the Equatorial Atlantic Phase for the Demerara Rise. The stratigraphy
of the Equatorial Atlantic marginal basins suggests that these margins began to
rift at 125 Ma-113 Ma (Barremian-Aptian) as a series of alternating dextral
transforms and en-echelon pull-apart basins (Fig. 2.3D) (Pindell, 1985;
Greenroyd et al., 2007a & 2007b; Basile et al., 2013). This later rifting event, the
Equatorial Atlantic Tectonic Phase, is the second tectonic phase where the
Demerara Rise was further flanked by transform faults to the north and a N-S rift
segment on its eastern flank (Fig.2.3D) (Pindell, 1993; Pindell et al., 2006;
Greenroyd et al., 2007a and 2007b; Basile et al., 2013). A series of right-lateral
paleo-transform faults, now fracture zones, delineate the relative path of the
plates from the conjugate margins of northern South America and Equatorial
Africa (Fig. 2.3D) (Pindell et al., 2006; Moulin et al., 2010). The transform faults
were locally transpressional and/or transtensional as plate motion proceeded
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(Greenroyd et al., 2007a and 2007b; Basile et al., 2013). Folds, inversion
features, and thrust faults affecting early marginal strata have been documented
along other sheared margins in the Equatorial Atlantic, such as the Cearà Basin
in Brazil at the Romanche Fracture (paleo-transform) Zone (Zalan, 1984;
Azevedo, 1991, Davison, 2013). The formation of the Demerara-Guinea
transform between the once-continuous Demerara Rise and Guinea Plateau
resulted in a sheared margin to the north of the Rise (Fig. 2.1A (yellow bar) and
Fig. 2.3D), and a divergent eastern flank (Fig. 2.1A (pink bar)) (Benkhelil, et al.,
1995; Greenroyd et al., 2007a & 2007b; Basile et al., 2013). Volcanism
associated with rifting in the Equatorial Atlantic Tectonic Phase has only locally
been documented and appears to be very minor when present (Gouyet, 1988;
Azevedo, 1991; Greenroyd et al., 2008).
2.4 Previous studies
The lack of exploration activity in deepwater offshore Suriname and the
shallow Demerara Rise has resulted in a limited understanding of the region’s
earliest geologic history. Despite oil and gas shows within the small number of
offshore wells, commercial hydrocarbon production has not been established
(Staatsolie, 2013). Previous studies have generally concentrated on the eastern
flank or the shallow geologic intervals of the Demerara Rise (Loncke et al.,
2009; Mosher et al., 2005).

In 2004, the Ocean Drilling Program (ODP)

published results of drilling operations and seismic acquisition at the northwest
flank of the Demerara Rise (Fig. 2.1A), which were primarily focused on
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gathering data related to relatively recent geologic intervals, primarily pertaining
to the Equatorial Atlantic tectonic phase (Erbacher et al., 2004). These cores
penetrated the Albian unconformity as interpreted by Gouyet (1988), which
marks the stratigraphic boundary between the two tectonic phases (Loncke et
al., 2009; Mosher et al., 2005).
Greenroyd et al. (2007a) published their model of the crustal architecture at
the eastern flank of the Demerara Rise, the obliquely rifted French Guiana
margin, and the Foz do Amazonas Basin, which was interpreted using Ocean
Drilling Project data. Greenroyd et al. (2007a) modeled rift margin profiles of
Suriname, French Guiana, and the Amazon Cone from multi-channel seismic
and wide-angle refraction data.

The objective of this earlier study was to

characterize the Cretaceous Equatorial Atlantic tectonic phase of the
easternmost Demerara Rise, as opposed to the older opening of the Central
Atlantic at the western margin.
Although our understanding of the Cretaceous equatorial tectonic phase has
improved, the Jurassic Central Atlantic tectonic phase of the Demerara Rise
remains relatively un-investigated with few constraints on basement and early
syn-rift history. Deep seismic intervals below the prominent Albian unconformity
have been previously considered to be continental crustal layers that provide the
shallow bathymetric expression of the Demerara Rise (Greenroyd et al., 2007a,
Basile et al., 2013). The data utilized in this study provides evidence of a
deeper, more complex core to the Demerara Rise.
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2.5 Data
The data used in this study were sourced from the ION Geophysical
GuyanaSPAN multi-client project (Fig. 2.1A and B). The SPAN project is
composed of approximately 5,500 km of seismic data in water depths of 40 3,500 meters. The source consisted of a bolt and sleeve air-gun with 9 guns per
string and 4 strings per array at a depth of 8.5 meters. Seismic reflection data
from shot intervals spaced at 50 meters were recorded at 2 millisecond sample
rate within 408 channels to 18 seconds. Receiver depth for the acquisition was
15 meters. Data processing from raw stacks to a final pre-stack depth migration
(used in this study) included proprietary ION Geophysical applications and
processing workflow.
2.6 Observations
Analysis of the 18 second (two-way travel time) / 40 km-deep record seismic
data revealed thick seismic successions that extend to depths greater than 35
km below sea level (Fig. 2. 4A and B). Deep seismic reflections are concordant,
have medium to high frequency, and are steeply dipping in various directions
(Fig. 2.4A and B). Discrete packages of reflectors dip downward and
seaward/basinward and have a maximum dip direction to the northwest. The
origins of these seismic reflections that underlie the transition from the broad
shallow Demerara Rise to the abyssal plain have critical implications for defining
the early history of the Demerara Rise.
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A)

Figure 2.4A: A representative E-W dip line (un-interpreted above interpreted) from the GuyanaSPAN survey positioned atop the Demerara Rise. Crustal domains of continental and volcanic/igneous
crusts are identified and subsequent SDRs that transition westerly to oceanic crust.
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B)

Figure 2.4B: A representative S-N line (un-interpreted above interpreted) showing similar features in the strike orientation and the transition from continental rocks into the northernly bounding
oceanic crust.
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Figures 2.4A (dip) and 2.4B (strike) are representative lines oriented with
respect to the opening of the southern Central Atlantic Ocean (Fig. 2.1A inset).
Figure 2.4A shows an unfaulted interval of parallel, continuous reflectors
overlying the Albian unconformity horizon (Gouyet, 1988). Below the Albian
unconformity, I observe a faulted and deformed succession of reflectors which
appear to progressively onlap the underlying unit in an angular fashion (Fig.
2.4A). Below this angular onlap, six individual packages of seaward dipping
seismic reflectors (SDRs) are observed. Seaward dipping reflector (SDR)
packages lose reflectivity in the west and transition into a 10-12 km- thick zone
of nondescripts, unstructured seismic events (Fig. 2.4A).

At the western

termination of these SDRs, deep seismic events are recognizable and show
localized areas of continuity at 20 km below sea level (Fig. 2.4A).
Figure 2.4B illustrates the strike orientation for the same units in the eastern
region of the survey. In Figure 2.4B, the uppermost stratigraphic packages are
present over the shallow and deepwater regions of the Demerara Rise. The
lower six seismic units, spanning South-North, display moderately concordant
reflections that possess an undulating seismic character dipping in north and
south directions (Fig. 2.4B).
2.6.1 Seismic intervals
Detailed observations of seismic data indicate six unique intervals of SDRs
that comprise the majority of reflective units. Overall, the six observed individual
SDR packages are convex upward and generally thicken and offlap westward
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(Figs. 2.4 and 2.5).

The variability between the units is observed in unit

thickness, magnitude of dip angle, internal reflection character, and lateral
extent (Figs. 2.4 and 2.5). The maximum thickness of the six units reaches
approximately 21 km and extends E-W for approximately 250 km (Fig. 2.4A).
The dip angles range from 8 to 20 degrees and decrease in the shallower
overlying units (Fig. 2.5).

Internal amplitudes are highly variable and no

consistent trends within units were observed, with the exception of the high
amplitudes at the uppermost interval of each unit (Fig. 2.5). Thickness of the
individual SDR units generally increases with depth, but their spatial coverage
decreases (Figs. 2.4 and 2.5). Each of these units possesses a unique set of
geometries and seismic character that are described in the following sections.
The oldest unit (Syn-1) is at the base of the seismic succession and the
youngest unit (Syn-6) overlies the package of SDRs.
The maximum thickness of Syn-1 unit is 7,300 m and has basal reflectors at
28.7 km below sea level. The uppermost reflector is a continuous high amplitude
event in the east that loses continuity to the west (Fig. 2.5). Internal reflections
within the Syn-1 unit are disrupted and chaotic. The Syn-2 package is capped
by a smooth, high amplitude reflector that has a reduction in amplitude in the
west (Fig. 2.5). This SDR unit contains intermittent instances of parallel to subparallel reflectors (Fig. 2.5).

Maximum thickness of the Syn-2 unit is

approximately 2,400 m and the deepest reflector within the package reaches
approximately 28.3 km below sea level (Fig. 2.4A). The Syn-3 SDR package is
the deepest unit to exhibit highly continuous, and parallel to sub-parallel internal
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Figure 2.5: A zoomed-in view of the outer high, inner and outer SDRs and the six “Syn-Units.” This view illustrates the variations of seismic character (internal and topmost) and high-amplitude
reflectors that mark the inferred stagnation of magmatic activity and a likely erosional surfaces, and potential variations of unit composition (Syn1-6).
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reflections dipping at approximately 20 degrees (Fig. 2.5).

The average

thickness of this package is 2,300 m and the deepest units reach 27.2 km in
depth. Syn-4 package of SDRs extends for approximately 140 km to the West
in the dip-direction. It exhibits parallel reflectors to the east that transition into
chaotic, discontinuous events to the west (Fig. 2.4A). In the east, the top
reflector for this unit is a smooth, high-amplitude reflector (Figs. 2.4 and 2.5).
This unit of SDRs achieves its greatest thickness (8,400 m) at the approximate
mid-point of the transect (Fig. 2.4A). Syn-5 is capped by a highly intermittent,
but seismically bright, top reflector (Fig. 2.4A and 2.5). This unit has a lateral
maximum extent of 235 km and a maximum thickness of 9,300 m (Fig. 2.4A).
Maximum thickness was estimated over the approximate mid-point location
where the bases of the resolvable SDR events lose reflectivity. Syn-6 is the final
observed SDR unit which is composed of a relatively thin (avg. < 2000m), but
laterally extensive series of reflectors (Fig. 2.4A and 2.5). The top reflector of
this unit is a smooth, high-amplitude reflection that loses coherency in the
western region (Fig. 2.4A). In the east, internal reflections are concordant with
underlying units (Fig. 2.4A).
A zone of chaotic and unstructured amplitudes underlies the base of
reflective SDRs and is present along the entire transect (Fig. 2.4A). The zone
appears to range in thickness from 10-15 km, but shows variability east to west
(Fig. 2.4A).

The boundaries to this zone are deepest to the east and

progressively shallow to the west (Fig. 2.4A). This basal zone appears to be
segmented into three distinct regions that have an undulating basal reflection
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and underlie the SDR units in the east and the layered reflectors in the west
(Fig. 2.4A).
2.6.2 SDR units- volcanic sequences
Overall, the six identified downward and seaward dipping units lack any
remarkable evidence for a sedimentary origin. The units do not exhibit stratal
geometries that are indicative of sedimentary deposition as a response to sea
level fluctuations. Alternatively, the six “Syn” SDR units are capped with bright,
high-amplitude reflectors and present features that are indicative of volcanic
margins outlined by Planke et al. (2000), Blaich et al. (2013) and Pindell et al.
(2014). From these observations, I infer that the origin of the SDRs is related to
magmatic activity which occurred at the earliest stages of continental break-up
at the Demerara Rise (Planke et al., 2000; Geoffroy, 2005; Franke et al., 2012,
Pindell et al., 2014). The thickness, dip angles, and geometries of the units are
key indicators of large scale volcanism at a rifted continental margin (Planke et
al., 2000; Pindell et al., 2014). The apparent lack of faulting and the in-filled
nature of the large continental grabens indicate that the SDRs at the base of the
section were likely deposited during and after a significant period of continental
extension (Franke et al., 2000). Based on the tectonic model employed here,
these volcanically derived units (Syn 1-6) (Fig. 2.4A and B) are likely related to
the rift phase of the Central Atlantic opening.
The six “Syn-“units are divisible by their prominent high amplitude reflectors.
This anomaly between units is most likely a result of weathering, erosion, and
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alteration of the material between pulses of magmatic supply (Planke et al.,
2000). Although the time intervals between eruptions are unknown, I interpreted
that the variations of the various successions are related to periods of volcanic
quiescence (Planke et al., 2000). The Syn-1 unit has been interpreted as the
initial syn-tectonic unit within a prominent depression, possibly a rift basin,
based on its geometry and position with the section (Figs. 2.4B and 2.5). The
western seismic reflectors for this unit appear to terminate on a structure that is
dipping to the east; interpreted as a fault bounded half-graben. I interpret their
emplacement to have occurred at the earliest stages of volcanism, and likely as
subaerial flood basalts (Plank et al., 2000).

Units Syn-2 and 3, although similar

to Syn-1, represent the subsequent flows of basaltic material from the western
rift axis. The westerly limit of Syn-3 marks the first unit that does not appear to
terminate on a structure, rather displays the loss of reflectivity at a nondescript
zone of seismic data. The same transition of reflections can be seen for the
remaining three Syn units (4-6) and are interpreted as westerly terminations
onto a different crustal domain than the units to the east. Determining the exact
boundary between the overlying SDRs and this new crust is not presently clear
(Fig. 2.4A), as the contact between them is poorly imaged in seismic. Units
Syn-5 and Syn-6 begin to show evidence of a waning magma supply by the
reduced thickness overall and more remarkably in the west. In the east, internal
reflections of Syn-6 are strongly parallel and exhibit sedimentary features such
as stratigraphic pinchouts and wedging (Fig. 2.5). This unit, based on its
thickness, reflectivity, and distal-proximal seismic character variations is likely
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entirely of sedimentary origin in the east and volcanically sourced in the west.
2.6.3 Crustal domains
Based on seismic character, analysis of analogous margins, and relative
position to the continental shelf-slope, three crustal types are interpreted for the
study area. Block faulted, thinned continental crust is present in the eastern
region of the survey and underlies the Syn 1-3 units. Half-grabens within the
crust are infilled with the earliest occurrences of volcanic material. A transitional
volcanic/igneous crust that likely possesses a variable composition of
unresolvable SDRs, pillow basalts, and an underlying chilled magma chamber is
present to the east of the continental domain. To the west I observe oceanic
crust that is suggested to be of Jurassic age based on the model employed here
(Figs. 2.3 A-D).The transition from SDRs to an absence of seismic reflectors
marks the boundary from the volcanic/igneous crust to the oceanic domain.
On the seismic sections, the interpretation of continental crust has been
based on the interpreted horizons between semi-layered SDR reflections and
the presence of the architecture of an underlying crustal block (Figs. 2.4A and
B). The relief presented by the Syn-1 unit indicates that a prominent outer horst
of continental crust is present to the east of the underlying rift basin. The
Mohorovicic discontinuity (“Moho”) at the base of the continental crust appears
to extend eastward to a depth beyond 36 km (Figs. 2.4A and B).

The

composition of the faulted basement is interpreted to be the Pre-Cambrian
Guyana Craton of northern South America, given its relative position to outcrops
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on the French Guiana margin (Gouyet, 1988).
Figure 2.4A illustrates a transitional zone of interpreted thick (~10-12 km)
volcanic / igneous crust (Pindell et al., 2014) that separates the continental
rocks and the more “normal” oceanic crust. In seismic, this intermediate domain
is interpreted as being bounded by two distinctly different sets of reflectors: 1)
high amplitude, subaerially emplaced SDRs (and probable hyaloclastites) as the
upper limit of crust, and 2) an underlying, seismically unstructured, zone floored
by the interpreted “Moho” horizon (Fig. 2.4A). The lateral boundaries for this
volcanic / igneous crust are: 1) the limit of interpreted continental crust to the
east; and 2) the westerly limit of SDRs (Fig. 2.4A). The interpreted Oceanic
Crustal domain is likely overlain by deepwater sediments and extends to the
west, flooring the deepwater Guyana Basin (Fig. 2.1A). The eastern boundary
of oceanic crust is marked by the western termination of SDRs and the transition
to chaotic seismic amplitudes that is bounded above by parallel reflectors and
below by the Moho.
2.6.4 Gravity modeling approach
In order to constrain the above interpretation, forward gravity modeling was
performed for the same transect as Figure 2.4A. Shipborne gravity data was
used in this portion of the study and modeled within the Geosoft GM-SYS 2D
modeling software. The purpose of this model was to constrain the depth and
thickness of the crustal bodies under the Demerara Rise and to validate the
interpretation of the lower, Syn 1-6 units. Within this portion of the study, the
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Figure 2.6: The 2D gravity model of figure 4A, illustrating the applied densities for interpreted sedimentary, magmatically-derived material, continental and oceanic crustal domains. The lower panel
is a multilayer crustal and stratigraphic cross-section constrained by seismic reflection data and interpretation, the upper panel illustrates observed free-air gravity data, dashed and the calculated
model, solid. The gravity data utilized for the model is derived from the ship acquired dataset courtesy of Getech Inc.
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gravity response of the proposed model was calculated and iteratively compared
to the observed gravity profile (Fig. 2.6). The model was then adjusted until a
satisfactory fit between the calculated response and the observed gravity profile
was obtained. Densities for apparent sedimentary strata were calculated from
the Nafe-Drake (Ludwig et al., 1970) relation. The observed gravity values
required that the lower intervals were assigned higher densities typically
associated with volcanically-derived material, continental crustal layers, oceanic
crust, and mantle (Fig. 2.6) (Blaich et al., 2009; Dragoi-Stavar and Hall, 2009;
Blaich et al., 2011; Schiffman et al, 2011; Blaich et al., 2013).
2.6.4.1 2D Modelling-interval densities
Five seismic units were modeled as sedimentary strata, three units younger
than the Albian Unconformity and 2 units older than the Albian unconformity that
represent the older Central Atlantic passive margin phase (Figs. 2.4A and. 2.6).
The sedimentary units of the younger, Equatorial Atlantic phase were assigned
increasing densities with depth-- 1.89 g/cm3 , 2.09 g/cm3, and 2.17 g/cm3 (Fig.
2.6). Two sedimentary intervals related to the Central Atlantic passive margin
phase were modeled using densities of 2.28 g/cm3, and 2.35 g/cm3 (Fig. 2.5). In
order to achieve a satisfactory fit between the calculated and observed gravity
values, higher densities were required for the SDR units.

Layer densities

assigned to deeper “Syn” intervals are consistent with the wide range of
previously published values at volcanic margins for igneous rocks such as,
basalts and gabbros (Fig. 2.6) (Blaich et al., 2009; Dragoi-Stavar and Hall, 2009;
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Blaich et al., 2011; Blaich et al., 2013). Blaich et al. (2009) modeled volcanic
units emplaced on the rifted margins of the South Atlantic at derived densities of
2.5 -2.66 g/cm3 at depths of approximately 8 km.

Schiffman et al. (2011)

reported a significantly broad range of hyaloclastite densities of 2.2-2.8 g/cm3
sampled from a drill core at a comparatively shallow depth of 3 km. This broad
density range, which approaches similar values of upper continental crustal
density, was attributed to high degrees of alteration and depth of burial
(Schiffman et al., 2011). Therefore, units of seaward dipping reflectors were
assigned density values of 2.6 g/cm3, 2.68 g/cm3, 2.75 g/cm3, 2.83 g/cm3, a2.nd
2.85 g/cm3 (Fig. 6). Previous gravity modeling studies on volcanic margins have
generally placed single density values for SDR or volcanic units. My approach
was to integrate a general increase in density with depth, as one might expect
from deeply buried, multi-phase emplacement of volcanic rocks. In the context
of alteration and compaction, Schiffman et al. (2011) observed an increase in
density from 2.2 g/cm3 to 2.8 g/cm3 within a 500 m vertical zone of weathered
and altered zone of volcanics.

I have acknowledged the relationship of

increasing density with depth in basalts and have employed a similar approach,
accounting for the compaction and alteration of the SDRs within the section.
Fits of the calculated and observed values confirm that such an interpretation
is supported by the gravity anomalies on the Demerara Rise. This observation of
deep crustal structures and transitions through the integration of 2D potential
field data and the deep reflection data permits the analysis of probable and
improbable crustal structures. Rifted continental crust is inferred to underlie Syn
37

units 1-3, by applying upper (2.95 g/cm3) and lower (3.05 g/cm3) crustal
densities and honoring the interpreted seismic reflections (Fig. 2.6). The high
density crust below the SDRs is an indicator of intruded crystalline basement
related to the onset of magmatism in the overlying SDRs (Blaich et al., 2009).
The gravity model also supports the western extension of this high density (3.05
g/cm3) lower crustal body under the Syn-3 unit (Fig. 2.6). A lithological change is
assumed based on the termination of SDRs in the 2-D reflection data and the fit
of the gravity model. This assumption is further extended to the west where the
overlying SDRs decrease in thickness and the prominent underlying
volcanic/igneous crust increases in thickness. Maintaining previously modeled
densities of SDRs, the construction of an acceptable gravity model requires
density values of 2.9 g/cm3 and 3.1 g/cm3 for the volcanic/igneous transitionaltype crust (Fig. 2.6).

Similar transitional crustal domains have been observed

on other well-known volcanic margins of the South Atlantic (Blaich et al., 2009;
Pindell et al., 2014). On these margins, high-density/velocity bodies were
modeled and determined to be a common component of typical rifted volcanic
margins (Blaich et al., 2009).

Thick packages of SDRs were consistently

observed as the extrusive component to a two part crustal domain, where a
high-density igneous crust served as the basal component (Blaich et al., 2009;
Pindell et al., 2014). A distinct transition to oceanic crust is defined from seismic
data at the location where SDRs terminate in the west and a higher density (2.9
g/cm3) is required for an acceptable 2-D gravity model fit.

This change in

lithology is interpreted to mark the cessation of extrusive magmatic activity and
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Figure 2.7: An example line from the Pelotas basin (courtesy of ION Geophysical). The data is in a REVERSED orientation in order for a more straightforward comparison to figure 2.4A. Blaich et
al., (2013) interpreted and modeled the same line and features presented in their work have been labeled. Pindell et al. (2014) interpreted a similar line and features from that investigation are also
labeled. Planke et al. (2000) performed an analysis of volcanostratigraphy on well-known volcanic margins and applied terms to volcanic features (also applied here).
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the onset of sea floor spreading.

2.7 Discussion
In order to understand the origin of the deeper sequences within the
Demerara Rise, and therefore its evolution, analogs and various geologic
processes must be considered. By acknowledging that the deeper section was
previously unknown, the starting point to assess the evolution of the crustal
domains and SDRs must be broad in scope. Considering the two potential
modes of margin evolution (volcanic and non-volcanic) and key features within
the data, a volcanic origin for the Central Atlantic Tectonic phase of the
Demerara Rise has been hypothesized. Significant correlations exist between
analogous volcanic margins and what is observed on the seismic data and
gravity modeling. I also rule out a non-volcanic (and therefore stratigraphic)
origin on the basis of an overall lack of sedimentary and stratigraphic features in
seismic.

The presence of pre-rift (pre-Jurassic) strata or folded orogenic

material was also considered and dismissed due to the absence of faulted prerift units. It is my interpretation that Demerara Rise was the site of intense
volcanism during the early stages of rifting and consequently produced a largely
magmatically derived basement. Based on the seismic data presented and 2-D
gravity modeling,

rift-related magmatism is the most plausible process for

accumulations of thick sequences of SDRs and an intermediate type crust
termed as “volcanic / igneous crust” (Figs. 2.4A, 2.7 ,and 2.8).
For comparison purposes, I have highlighted a representative line (Fig. 2.7)
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from the Pelotas basin, a well-known volcanic margin in southern Brazil. In the
following section, I will integrate my findings with previous studies of the Pelotas
Basin in order to develop an accurate SDR emplacement and crustal model for
the Demerara Rise.

2.7.1 Crustal domains
Seismic character, interval densities, and overall geometries were used to
evaluate crustal domain models for analogous margins and to develop an
appropriate tectonic model for the Demerara Rise. Crustal models previously
proposed by Planke et al. (2000), Blaich et al. (2013) and Pindell et al. (2014)
exhibit strong correlations with my observations and the interpreted crustal types
that core the Demerara Rise.

My proposed model for the Demerara Rise

includes three primary crustal domains: 1) Continental; 2) Volcanic / Igneous;
and 3) Oceanic.

2.7.1.1 Continental crust
The interpreted profiles within Figures 2.4A and 2.4B illustrate large faulted
blocks of continental crust at 12-22 km depth that underlie the inner portions of
the volcanic SDRs and other possible volcanically-sourced material emplaced
during the late stages of rifting (e.g., pillow basalts and hyaloclastites). The
apparent lack of continental basement in the western regions of the Demerara
Rise is in contrast to previous interpretations on the composition of the broad
bathymetric feature (Greenroyd et al., 2007a, Basile et al., 2013). The seismic
41

data indicate that much of the Rise is not shallow, subsurface continental
material, based on the well-layered seismic events recorded to depths of 24 km.
In fact, crystalline basement rocks of continental crust are likely a minor
component to the overall composition of the Rise. Integration of seismic
reflection interpretation and 2-D Gravity modeling indicate the presence of a thin
veneer of high-density material (3.05 g/cm3) below the interpreted thinned
continental crust. Pindell et al. (2014) proposed a similar high-density body
underlying the “Outer Marginal Detachment” of continental crust for segments of
the Pelotas Basin (Fig. 2.7).

2.7.1.2 Volcanic / igneous crust
Within the data, I have interpreted a zone of Volcanic / Igneous Crust that
developed as transitional crust between the continental crustal domain and
oceanic crust (Fig. 2.4A). The origin of this transitional crust is not well known
and has been observed on similar volcanic margins (e.g. Pelotas Basin,
deepwater, offshore Argentina) (Fig. 2.7). Within the seismic data, this crust is
recognized as a resolvable zone of data having high density (2.9 g/cm3), as
indicated in the 2-D gravity model (Fig. 2.6). The overlying flows and underlying

crustal body possess similar densities to crust and therefore serve as an
intermediate crustal domain between the limit of continental crust and oceanic
crust (Fig. 2.4A). Similar to the proposed underplate at the Pelotas continental
margin (Fig. 2.7), this crust also appears to be floored by a higher density zone
(Fig. 2.6).

Similar zones have been interpreted from seismic reflection
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characteristics (Gladczenko et al., 1998) and by velocity intervals indicative of
underplating (Bauer et al., 2000). Pindell et al. (2014) arrived at a similar
interpretation along the margin when describing the concept of “outer marginal
collapse” within the Pelotas Basin (Fig. 2.7). Further, Pindell et al. (2014) cite
this zone of less prominent reflection character to be the remnant chilled magma
chamber that once sourced the volcanism. The rotation of the SDR units is
achieved by the collapse of the chilled magma chamber and the migration of the
igneous source away from the rifted margin. Densities of the volcanic / igneous
crust have been modeled at 2.9 g/cm3 and are likely gabbroic in composition
(Fig. 2.6). The distribution and thickness of the igneous crust are inferred to be
related to volume of magma and duration of supply.

2.7.1.3 Oceanic crust
Figure 4A illustrates a relatively thick (10-12 km) segment of oceanic
crust that is present at the western extent of the study area. The above-average
thickness is an indicator of a higher than normal supply of melt for production of
oceanic crust at the transition from volcanic / igneous crust (Fig. 2.4A). The lack
of overlying SDRs indicates that this was the position at which the invasion of
shallow marine waters occurred (Planke et al., 2000). It also signifies the
cessation of volcanic activity and the onset of passive margin conditions in a
deepwater marine environment (Planke et al., 2000).
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2.7.1.4 Seaward dipping reflector units
At the Demerara Rise, I observe evidence for multiple units of SDRs that
likely relate to variable pulses or geographic shifts of magma supply during the
continental breakup. These occurred at the onset of rifting along the continental
margin up to the time of oceanic crust production. 2-D gravity modeling
performed here employed densities from previously modeled volcanic passive
margins (Blaich et al., 2009; Dragoi-Stavar and Hall, 2009; Blaich et al., 2011;
Blaich et al., 2013). SDR units display geometric variability that I interpret as
different magmatic compositions, or interbedded sedimentary rocks at the newly
rifted margin (Fig. 2.4A). I expect the intercalation of terrestrial sediments
between basaltic intervals as the magma source migrates distally (Bray, 1999;
Planke et al., 2000).
Variability of geometries of the SDR units is present and can be inferred
to be related to multiple mechanisms. The contributing factors include
composition, volume of magma supply, degree of rotation, and environment of
emplacement (e.g., subaerial or sub-aqueous) (Planke et al., 2000). Pindell et
al. (2014) suggested that magma and/or magmatic mush (>40% melt) is
evacuated basinward from below the outer limit of the continental crustal domain
to feed the overlying SDR units, both of which rotate strongly (beyond 20
degrees) basinward. This basinward rotation is evidenced by the angular onlap
of subsequent sedimentary intervals (Figs. 2.4A and 2.7). Thick wedge-shaped
reflectors with a convex up geometry are present within the initial three SDR
units that were the initial manifestations of magma along the rifted margin (Fig.
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Figure 2.8: Shows the basinward extent of the volcanic material final sub –aerial and/or –marine emplaced volcanic package highlighting the non-systematic, hummocky nature of the seismic
character that was potentially emplaced in a shallow-marine environment. Division of resolvable SDRs reflectors and the apparent loss of reflectivity within the volcanic/igneous crust (red) is identified
(pink dashed), this interpreted crust is positioned above a series of strong, deep reflectors that have been interpreted as “Moho.“
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2.5). These initial SDR units contrast the younger SDR units in the West, as
their geometries are strongly divergent at their terminations onto the
volcanic/igneous crust (Fig. 2.8). This also is a function of the westerly migrating
magma chamber away from the continental margin of the Rise. The final stages
of volcanic units, Syn 5-6, present less seismic reflections and more chaotic
seismic amplitudes (Fig. 2.8). Similar seismic facies have been identified as
occurring in shallowing marine eruptions prior to the initiation of sea floor
spreading (Fig. 2.8) (Planke et al., 2000). This systematic transition from SDRs
to a marine eruption occurred as the supply to the magma chamber waned,
collapse of the chamber initiated, and shallow marine waters invaded the
opening basin (Pindell et al., 2014).

Thus, I expect that the mottled and

hummocky seismic reflections to consist of hyaloclastites and possibly pillow
basalts (Fig. 2.8) (Planke et al., 2000). The absence of SDRs at this position is
inferred to be the result of a reduced topographic expression of the
fissure/volcano at the incipient mid-ocean ridge.
Based on the geographical shift and probable fluctuations of magmatic
supply, each of the six SDR units varies in aerial distribution and thickness.
Figure 2.9 illustrates the mapped westerly migration of the inner and outer SDRs
facies (Syn 1-6) (Planke et al., 2000). The aerial extent of each successive unit
grows between each package and is likely the result of separate pulses of
magmatism. The coverage of the SDR units 1-6 are: 17,400 km2, 12,100 km2,
14,600 km2, 29,400 km2, 71,700 km2, and 77,600 km2 respectively. These data
indicate both a progressively deepening and widening basin in addition to an
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Figure 2.9: Revised crustal domains are highlighted and show the westerly
transition from stretched continental crust into a wide zone of volcanic/igneous
crust and interpreted Jurassic oceanic crust.
Aerial distribution of
SDR/volcanic/volcaniclastic syn-rift packages are represented by colored lines
and provide evidence of an evolving basin as the Central Atlantic opened to the
west. The Bahamas Hotspot was likely the primary source of magma for this
poly-phase volcanic margin. (Polygon key: Red) Syn-1, Yellow) Syn-2, Purple)
Syn-3; Green) Syn-4, Pink) Syn-5, Blue) Syn-6).
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initial voluminous pulse and then subsequent decrease of magmatic supply and
extrusive material at the spreading center. Figure 2.9 also presents the revised
crustal domains for the Demerara Rise. Inferred Jurassic-aged oceanic crust is
the end-member to the Central Atlantic Rift phase on the rise and its occurrence
was preceded by the emplacement of a wide zone (70-100 km) of
volcanic/igneous crust (Fig. 2.9).

2.8 Plate model implications
The tectonic plate model employed here (Figs. 2.3A -2.3D) suggests that the
magmatism is of Jurassic age. However, I acknowledge that choosing between
an Early Jurassic syn-rift phases, versus a late Middle Jurassic, late syn-rift
phase is dependent upon the plate model invoked. This also determines the
potential magmatic source of the volcanic margin as either CAMP (Central
Atlantic Magmatic Province) or the suspected Bahamas hot spot-related. The rift
model of Kneller and Johnson (2011), which suggested minimal continental
crust underlies the Great Bank of the Bahamas would infer the older age, while
models presuming a thinned and possibly intruded continental Great Bank
(Pindell, 1985; Pindell and Kennan, 2009) would favor the later age, even
though the magmatism in either case could relate to the Bahamas hot spot (i.e.,
the CAMP magmatic outpourings could have been a precursor to the Bahamas
hot-spot). The SDR units share similar geometries and seismic properties with
SDRs on other volcanic passive margins, such as Southern Brazil, Uruguay and
Argentina (Franke et al., 2000; Franke, 2012; Blaich et al., 2013, Pindell et al.
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2014). Conjugate margin studies of volcanic margins (Blaich et al., 2009, Blaich
et al., 2013) suggested that volumes of magmatic material on opposing margins
vary, but both are volcanic in nature.

With the observation that rift-related

magmatism creates conjugate volcanic margins, the plate model employed here
places the continental rocks of the Bahamas as the conjugate to the Demerara
Rise. Therefore I can infer that the southern extent of the Great Bank of the
Bahamas and the Central Atlantic succession of the Guinea Plateau are also
volcanic margins.

2.9 Conclusions
The acquisition of deep-penetration, high-resolution seismic data has
resulted in the imaging of geologic intervals linked to the initial stages of the
opening of the southern Central Atlantic Ocean. These data are consistent with
the model that the Demerara Rise (and most likely the Guinea Plateau) was the
site of extensive syn-rift volcanism during the Central Atlantic Phase, which was
the first of its two tectonic phases. Seaward dipping reflectors interpreted to be
sourced from the Bahamas hotspot are present to depths of 25 km on the Rise.
Voluminous magmatic activity was also responsible for the addition of a
transitional igneously-derived crustal domain positioned between thinned
continental basement in the east and oceanic crust to the west (Fig. 2.9).
This study, based on the integration of high resolution seismic, 2-D
gravity modeling, and examination of analogous volcanic margins, has
determined that the Demerara Rise is underlain by a thick sequence of SDRs
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and passive margin sediments related to the opening of the Central Atlantic
Ocean and genetically related to the igneous origin of the Great Bahamas Bank.
An implication of this study is that the presumed extent of the southern
continental rocks of the Bahamas and the deep composition of the conjugate
Guinea Plateau were magmatically derived. This study also confirms the
identification of the Central Atlantic margin of the Demerara Rise as a volcanic
margin and infers similar classifications for its conjugate margins. As a result of
this work, I have gained a better understanding of the formation of
igneous/transitional crust, the broad spectrum of possible densities within the
volcanic wedge, and the substantial potential for the aerial distribution of SDRs.
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CHAPTER THREE:
HOTSPOT ORIGIN FOR ASYMMETRY OF CONJUGATE, VOLCANIC
MARGINS OF THE SOUTH ATLANTIC OCEAN AS IMAGED ON DEEPLYPENETRATING SEISMIC REFLECTION IMAGES

3.1 Summary
I present 27,550 km of deep-penetrating, seismic reflection profiles
across the South Atlantic conjugate margins of Uruguay/Southern Brazil and
Namibia to illustrate an asymmetrical, lateral and cross-sectional distribution of
voluminous, post-rift volcanic material erupted during the Barremian-Aptian
(130-120 Ma), early seafloor spreading phase.

I mapped the margin-parallel

limits of seaward-dipping-reflector complexes (SDR’s) based on interpretations
of seismic reflection data that were integrated with previous studies using
seismic refraction data from both conjugate margins. These conjugate zones of
SDRs and their underlying igneous crustal basement are bound by the limit of
continental crust (LoCC) and the limit of oceanic crust (LoOC). Subaeriallyemplaced and tabular SDR’s have rotated downward 20° in the direction of the
spreading ridge and are up to 22 km thick near the LoCC. The SDR package is
wedge-shaped and thins abruptly basinward towards the LoOC to transition to a
normal, 6-8-km thick oceanic crust. Large volumes of continental flood basalts
are pre-rift in age (Hauterivian-132 Ma) and are linked spatially to the Tristan de
Cunha mantle plume centered during the Hauterivian -Barremian (132-131 Ma)
in the Paranà region of southeastern Brazil.

My model to explain an

approximately 30% greater volume of SDRs/igneous crust on the trailing
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Namibian margin than on the leading Brazilian margin during the syn- and post
rift phases invokes a combination of diverging tectonic plates and a northwesterly plate motion with respect to a fixed mantle position of the mantle
plume. This plate and ridge geometry resulted in the eruption of prolonged and
voluminous magmatic material on both conjugate margins in the syn-rift period
prior to the nucleation of the mid-oceanic ridge. My proposed model for volcanic
margin asymmetry in the South Atlantic does not require simple shear
mechanism to produce the observed asymmetrical volcanic material distribution
observed both in my data and in seismic refraction studies by previous workers.
Understanding the processes and conditions that produce these asymmetries is
critical in performing accurate tectonic plate reconstructions and understanding
VPM evolution.
3.2 Introduction
The Cretaceous conjugate passive margins of the southernmost - or
austral - South Atlantic Ocean include extensive belts of margin-parallel
magmatism formed during the initial stages of the breakup of western
Gondwana (Hinz 1981; White and McKenzie, 1989; O’Connor and Duncan,
1990; Abreu et al., 1997; Gladczenko et al., 1997; Mohriak et al., 2002; Blaich et
al., 2011; Stica et al., 2014). The Early Cretaceous (126-137 Ma) opening of the
South Atlantic has been divided by previous workers into three, main stages: 1)
pre-rift, voluminous continental flood basalts affecting the diffuse, cratonic rift
basins (Rabinowitz and LaBrecque 1979; Unternehr et al. 1988; White and
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McKenzie, 1989; O’Connor and Duncan, 1990); 2) break-up-related volcanism
affecting the rifted continental crust (Rabinowitz and LaBrecque 1979; Unternehr
et al. 1988; White and McKenzie, 1989; O’Connor and Duncan, 1990); and 3)
initiation of sea floor spreading along a newly-formed mid-ocean ridge that
marks the end of the continental rift phase (Unternehr et al. 1988; White and
McKenzie, 1989; O’Connor and Duncan, 1990; Nürnberg and Müller 1991;
Gladczenko et al. 1997; Franke et al., 2010).
The volcanic conjugate margins along the coasts of South America and
West Africa are presently separated by more than 6,500 kilometers of oceanic
crust formed by Barremian (131 Ma) to recent spreading along the Mid-Atlantic
ridge (Fig. 3.1A).

This extensive ocean basin between South America and

Africa contains evidence of prolonged periods of magmatism recorded on the
seafloor in the form of seamount chains and linear, volcanic ridges (O’Connor
and Duncan, 1990; Gladczenko et al., 1997, Jackson et al., 2000) (Fig. 3.1A).
Modern day coastlines and bathymetric features exhibit a strong degree of
asymmetry from the spreading center with an overall 4.1% wider zone of
oceanic crust on the South American side than on the African side (Fig. 3.1A)
(Müller et al., 1998).
I present interpretations of deeply-penetrating seismic lines across the
10-200 km-wide zones of plume- and post-rift related volcanic material in the
offshore basins of Uruguay and southern Brazil and their conjugate basins in
Namibia (Fig. 3.1A). In this study I use deeply-penetrating seismic reflection
images across the conjugate margins to identify and compare similar continental
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Figure 3.1A:
Regional topographic and bathymetric map of the South Atlantic showing conjugate margins in Uruguay and Namibia described in this study: 1) Punta de Este Basin (PEB); 2) Pelotas Basin South
(PBS); 3) Pelotas Basin North (PBN); 4) Orange Basin (OB); 5) Luderitz Basin (LB); and 6) Walvis Basin (WB). Arrowed lines 1 (PEB-OB), 2 (PBS-LB), and 3 (PBN-WB), indicate the conjugate
basins identified within the study area and have been chosen for analysis within this investigation. Major oceanic fracture zones (FZ) - including the Malvinas-Algulhas and Florianopolis - allow for
precise, plate reconstructions that remove oceanic crust formed at the South Atlantic, mid-ocean ridge (MOR) and realign the rifted, conjugate margins of Uruguay and Namibia. Volcanic margin
segments proposed by Franke et al. (2007) and boundaries of the Rio Grande Rise and the Walvis Ridge volcanic complexes are shown. Hotspot-related alignments of volcanoes and seamounts
(HS) include these chains: 1) Bouvet; 2) Meteor; 3) Discovery; 4) Tristan; 5) Cameroon; 6) Trinidade.
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rift and volcanic features and to infer the relative ages of structural and lithologic
features from the seismic images. I use these observations to compare to
previous studies mainly based on refraction data and to propose a tectonic,
evolutionary history for the rifting to oceanic spreading transition. The primary
objective of this study is to integrate these observations and interpretations to
establish crustal boundaries for an evaluation of symmetries between conjugate
volcanic passive margins.
The mapping and modeling of Cretaceous igneous belts along both
conjugate margins has been carried out in the South Atlantic for the past,
several decades (Hinz 1981; White and McKenzie, 1989; O’Connor and
Duncan, 1990; Abreu et al., 1997; Gladczenko et al., 1997; Blaich et al., 2011;
Mohriak et al., 2002; Franke et al., 2007; Hirsch et al., 2009; Blaich et al., 2013;
Becker et al., 2014; Koopman et al., 2014; Stica et al., 2014). The contribution
of this paper to the topic of magmatism related to South Atlantic rifting includes
the use the deeply-penetrating seismic lines to map and quantify the lateral
distribution of the igneous zones and crustal transitions on the opposing,
conjugate margins (Fig. 3.1A). I use these images to define crustal thicknesses,
crustal types (continental, thinned continental, oceanic basement), stacked flows
of “seaward-dipping reflectors”, and the overlying strata of the sedimentary,
passive margin section. I interpret these features in a plate-scale, hotspot and
paleogeographic context and present an evolutionary model for the accretion of
magmatic material on the conjugate margins that may be applicable to volcanic
margins along other conjugate margins.
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3.3 Geologic setting
3.3.1 Volcanic margin formation
The creation of large volumes of new mafic crust is commonly associated
with volcanic margin formation during the early opening of oceanic basins
(White and McKenzie, 1989; O’Connor and Duncan, 1990; Jackson, et al., 2000,
Franke et al., 2007; Franke et al., 2011). Evidence of rift- related voluminous
magmatism at continental margins is commonly represented by distinctive
“seaward-dipping reflectors” composed of stacked, volcanic flows (White and
McKenzie, 1989; Hinz, 1981; Mutter, 1984; O’Connor and Duncan, 1990;
Gladczenko et al., 1997; Planke et al., 2000; Pindell et al., 2014; Geoffroy,
2015).
Previous studies have identified the continental flood basalts (Hinz, 1981;
White and McKenzie, 1989), magmatic underplating, and packages of seawarddipping reflectors (SDRs) (Mutter, 1984; Geoffroy, 2005; Pindell et al., 2014;
Geoffroy, 2015) as common elements of VPMs. Oceanic plateaus (O’Connor
and Duncan, 1990; Gladczenko et al., 1997; Jackson et al., 2000) and
seamount chains (O’Connor and Duncan, 1990; Müller et al., 1998) (Fig 3.1A
and 3.1B) have also been proposed as common components of volcanic activity
following the period of normal oceanic crust production (Blaich et al., 2013;
Becker et al., 2014; Pindell et al., 2014).
3.3.2 Opening of the South Atlantic
The volcanic passive margin of Uruguay and Southern Brazil began to
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Figure 3.1B:
Regional, satellite free-air gravity data modified from Sandwell and Smith (2014) illustrates the various features associated with the intense volcanic activity that has taken place within the South
Atlantic. Continental Rocks of the Rio de la Plata Craton (RdLPC) and the Dom Feliciano Foldbelt (DFFB) are the conjugate members to the Damara Foldbelt (DFB) in Namibia. Magnetic lineation
and physical samples from the Rio Grande Rise and the Walvis Ridge provide firm date constraints on the volcanic complexes (O’Connor and Duncan, 1990; Rohde et al., 2013, O’Connor and Jokat,
2015), including the present day location of the Tristan de Cunha Hotspot, formerly a large effusive mantle plume. (Free-air anomaly gravity data: reds represent gravity highs; blues represent gravity
lows.)
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separate from its conjugate margin in Namibia after the initial opening of the
South Atlantic in the Hauterivian (~ 134 Ma) (Rabinowitz and LaBrecque 1979;
Unternehr et al. 1988; Nürnberg and Müller 1991; Gladczenko et al. 1997;
Franke et al., 2010). From magnetic anomaly investigations, a south-to-north
unzippering process is the most widely accepted interpretation for the opening
of the South Atlantic Ocean north of the Malvinas-Algulhas Fracture Zone and
south of the Florianopolis Fracture Zone (Rabinowitz and LaBrecque 1979;
Austin and Uchupi 1982; Uchupi 1989; Jackson et al. 2000) (Fig 3.1A).
During the Hauterivian (132 Ma), onshore continental flood basalts were
erupted in the Paranà and Etendeka intracratonic basins (Hoernle et al., 2015)
(Fig 3.1A, B). The spatial distribution of the pre-opening flood basalts have
been well-mapped and displays a markedly asymmetrical distribution with a
larger area of volcanism on the South American plate (Jackson et al., 2000) (Fig
1A and 1B).

Two mechanisms have been proposed by previous workers to

explain this asymmetrical distribution of continental, flood basalts include: 1) the
location of the of the Tristan de Cunha Plume west of the paleo-rift axis
(O’Connor and Duncan, 1990); and 2) the presence of a high-relief topographic
area that restricted the eastward flow of continental flood basalts from the west
to the Etendeka province of Namibia (White and McKenzie, 1989).
Progressive and northward unzipping of the two continental margins
followed zones of inherited crustal weakness along late Paleozoic orogenic belts
bounding the Rio de la Plata craton and the Dom Feliciano fold belt of South
America and the African Damara orogenic belts of west Africa (Chapter 4, this
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dissertation) (Fig. 3.1B). These early rifts were followed by voluminous, volcanic
eruptions basalts along the main rift axis (White and McKenzie, 1989; O’Connor
and Duncan, 1990; Gladczenko et al. 1997; Jackson, et al., 2000; Franke et al.,
2010) (Fig 3.1A).

In these rifted, volcanic areas, massive zones of SDR

complexes up to 24 km in thickness were emplaced along the rift axis and were
accreted basinward as the two plates continued to diverge (Hinz, 1981;
Gladczenko et al. 1997; Jackson, et al., 2000; Franke et al., 2010). The wide
complexes of SDRs show distinct geometries, features, and morphologies on
my 2D seismic reflection data used for my study and allow many new
interpretations.
Once the pulse of excess magma supply related to the nearby mantle
plume was depleted, the initial formation of normal oceanic crust began along
the South Atlantic spreading ridge and a north-to-south transgression of marine
waters filled the rift valley containing the axial spreading ridge (Rabinowitz and
LaBrecque 1979; Austin and Uchupi 1982; Uchupi 1989; Jackson et al.
2000).

Maps of high-resolution bathymetry and free-air gravity data illustrate

the present-day position of the mid-ocean ridge (MOR), the Rio Grande-Walvis
Volcanic Ridges, and the asymmetrical distribution of various hot-spot related
features on the ocean floor (Fig 3.1A and 3.1B).
3.3.3 Plate motion
The pre-rift position of the Tristan de Cunha plume in the area of the
Paraná-Etendeka continental, flood basalts has been described by previous
65

workers (O’Connor and Duncan, 1990; White and McKenzie, 1989; Jackson et
al., 2000; Hoernle et al., 2015) (Fig 3.1B).

Plume-related volcanism following

the intra-plate, subaerial emplacement of the Paranà-Etendeka flood basalts is
recorded within the Rio Grande Rise-Walvis Ridge volcanic complex and has
been dated to show a consistent, west-to-east age progression in the oceanic
crust for about 60 million years during the Cretaceous (130-60 Ma) (O’Connor
and Duncan, 1990; Rohde et al., 2013, O’Connor and Jokat, 2015) (Fig 3.1b).
This migration of locus for the volcanic features is the result of movement over
the Tristan de Cunha plume head producing a track on the separating South
American and African plates (O’Connor and Duncan, 1990; Mueller et al., 1998,
Fairhead and Wilson, 2005)
Ages of the of the marine sediments deposited on the accreted volcanic
ridges have been determined by deepsea drilling (Barker et al, 1981a; Barker et
al., 1981b; Hay et al., 1982;) and by age interpretations of magnetic stripes in
the underlying oceanic crust produced at the spreading ridge (Rabinowitz, 1976;
Cande and Rabinowitz, 1978; Cande and Rabinowitz, 1979; LeBrecque at al.,
1984; Cande et al., 1988; Shaw and Cande, 1990). These combined drilling and
magnetic data reveal a period of 70 Ma (130-60 Ma) of when the underlying
mantle Tristan de Cunha plume was directly beneath the young, spreading ridge
(O’Connor and Duncan, 1990; Müller et al., 1998, Fairhead and Wilson, 2005)
(Fig 3.1B).
The apparent asymmetry of the Rio Grande Rise-Walvis Ridge volcanic
complex (wider limb associated with the Walvis Ridge to west, more narrow limb
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associated with the Rio Grande Rise to east – Fig. 3.1A) has been attributed to
westward migration of the spreading center relative to the plume head in
addition to a series of ridge jumps (O’Connor and Duncan, 1990; Müller et al.,
1998, Fairhead and Wilson, 2005) (Fig. 3.1B).

The continued westward

migration of the spreading center relative to a fixed position in the mantle has
positioned the Tristan de Cunha Plume head, off-axis of the original spreading
center, and approximately 300 km east of the modern, mid-ocean ridge
(O’Connor and Duncan, 1990; Müller et al., 1998; Fairhead and Wilson, 2005)
(Fig. 3.1B).
3.4 Previous studies
3.4.1 Results from recent South Atlantic conjugate margin studies
Previously proposed asymmetrical elements of the South Atlantic
conjugate margins include: 1) conjugate onshore-flood basalts and SDRs
(Gladczenko et al., 1997); 2) SDR’s (Koopman et al., 2014); and 3) high-velocity
lower crust (Becker et al., 2014).
Koopman et al. (2014) studied the variability of the conjugate volcanic
margins in the South Atlantic using variable-record-length seismic reflection
data.

In this study they identified distinctive, along-strike margin segments

within the belts of SDRs and the transitions between fracture zones. They
integrated dated, magnetic lineation data for age constraints and observed an
asymmetrical relationship of SDRs and HVLC underlying the conjugate margins,
with an excess amount of igneous material being present on the African plate.
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Becker et al. (2014) studied conjugate margin study in the austral region of the
South Atlantic using regionally spaced seismic profiles integrated with gravity
data.

This approach revealed an asymmetrical distribution of HVLC bodies

similar to Koopman et al.’s findings (Becker et al., 2014).
Koopman et al. (2014) and Becker et al. (2014) attributed the mechanism
for the emplacement of asymmetric conjugate SDR complexes to a simple shear
rifting process (Lister et al. 1986).

This simple-shear model invokes the

presence of a lithosphere-thick detachment within the crust resulting in
asymmetric geometries between the diverging plates. Becker et al. (2014)
concluded that rifting style was the cause of: 1) the unequal distribution of the
Paranà-Etendeka Flood Basalts (wider zone to Paraná); and 2) the wider zone
of HVLC bodies is located beneath the West African conjugate margin.
3.4.2 Previous models for SDR formation
Magma-rich continental breakup has been previously studied at many
conjugate margins (Hinz, 1981; Mutter, 1984; Planke et al., 2000; Geoffroy,
2005; Pindell et al., 2014; Geoffroy, 2015). Planke et al. (2000), Geoffroy (2005),
and Pindell et al. (2014) have established widely accepted models with
overlapping elements from the initial stages of break-up to the passive margin
phase. From established models cited above, the initial sequences of magmatic
activity during the continental break-up stage involves the development of a
thick, volcanic pile along the rift axis (Pindell et al.,2014)(Fig. 3.2A).

Initial

volcanic flows onto rifted, continental crust are faulted along landward-dipping,
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normal faults (Geoffroy, 2005; Pindell et al., 2014) (Fig. 3.2A).

As plate

divergence continues, the once-elevated volcanic flows rotate downwards
towards the nucleating spreading ridge (Pindell et al., 2014; Paton et al., 2017).
Continued magmatism and plate divergence includes the progressive
accretion and rotation of SDR complexes from the magmatic rift axis as
described by Mutter (1984) and Pindell et al. (2014) (Fig. 3.2B). The basinward
rotation of SDR’s occurs at the flanks of a basinward (sub-SDR) migrating
magma body, Pindell et al. (2014). This rotation is also a result of progressive
loading of magmatic material atop the magmatic body and the subsequent
differential subsidence (Pindell et al., 2014; Paton et al., 2017) (Fig. 3.2C). The
system records the progressive loading and rotation of the once-horizontal sheet
flows that are isostatically driven towards the magmatic center, where the
denser igneous material is located between rifted continental crust (Paton et al.,
2017).

This process continues until the magma supply is depleted and the

accretion of “normal” oceanic crust begins (Pindell et al., 2014) (Fig 3.2D).
Determining the lithologic boundaries between deformed pre-existing
continental crust, newly accreted SDRs, and oceanic crust is critical to constrain
the conditions of volcanic passive margin (VPM) formation (Fig. 3.2D).
McDermott et al. (2015) introduced the terminology of “limit of continental crust”
(LoCC) and “limit of oceanic crust” (LoOC) - that I also use in this chapter to
identify the crustal boundaries between continental, oceanic, and igneous crust
(Fig. 3.2D).
The position of the LoCC at the transition from continental crust to the
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igneous crustal domain is marked by the proximal location of the steepest
dipping series of SDR’s (Pindell et al., 2014) (Fig 3.2D). Planke et al. (2000)
described packages of SDR complexes from a volcanostratigraphic perspective
and identified “inner-SDRs” as the earliest sets of basaltic flows that overly
continental crust and transition to sets of “outer-SDRs” in a more distal position
(Fig 3.2D).

For all interpreted lines in this study, the term “SDR complexes”

refers to both the subaerially-emplaced, steeply-dipping-reflector packages and
its underlying igneous crust that occupies the domain between oceanic and
continental crusts (Fig. 3.2B-D).
The oldest marine strata of the passive margin onlaps the underlying rotated
SDR packages (Fig. 3.2D). This onlap relationship is supportive of the proposal
by Pindell et al. (2014) that there is an abrupt transition from a subaerially
emplaced SDRs to a submarine setting along thermally-subsiding, conjugate
margins.
3.5 Data
The seismic reflection data used in the study total 27,550 km in length
and were acquired by ION Geophysical for regional surveys of both conjugate
margins in the period of 2009 to 2014 (Fig 3.1A). UruguaySPAN (2012) and
PelotasSPAN (2009) (a subset of the BrasilSPAN3 – 2009) were used as my
dataset to document the zones of SDRs on the South American volcanic
margins, south of the Florianopolis Fracture Zone (Table 3.1).

The

NamibiaSPAN seismic reflection data (2014) were also used to document the
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Figure 3.2
A 4-stage conceptual model for the evolution of a volcanic margin compiled and
summarized from previous authors (Hinz, 1981; Mutter, 1984; Planke et al.,
2000; Geoffroy, 2005; Pindell et al., 2014; Geoffroy, 2015). The models
presented here address the 4-primary tectonic stages that have been identified
to determine crustal limits and the kinematics of SDR formation. Stages A
through D illustrate the primary features and components present on a typical,
symmetric volcanic margin.
A) This model stage represents the earliest stage of volcanic activity as
igneous intrusions into thinned continental crust are present and plate
divergence occurs away from the rift axis. Also highlighted are the
primary subaerial flood basalts outpouring into the flanking half grabens.
Note the elevated rift axis away from a normal thickness continental crust
and landward-dipping faults as continental crust “sheds” away from axis.
Plate divergence is minimal and is only as wide as the zone of rifting and
region of intrusions.
B) The second stage illustrates the continued magmatic outpouring onto
fully ruptured continental crust, were a large volcanic pile (Pindell et al.,
2014) is emplaced with multiple basaltic flows. Half-graben structures
are infilled with a variable composition of rift related sediments and
extrusive basalt material. Approximate 20 km separates the opposing
plates at this stage and continued divergence results in margin
subsidence and SDR rotation basinward.
C) The third stage represents a period of prolonged volcanism during plate
divergence and the continuous, symmetric accretion of SDRs and
underlying igneous crust, on both margins. Rotated arrows indicate
progressive basinward rotation of once elevated to flat-lying flows to
steeply dipping packages of basalts towards the volcanic center. Zones
of SDRs/igneous crust can be a few 10’s of kilometers wide up to 100’s of
kilometers. In this profile a typical 32-km-thick continental crust is thinned
and separated by approximately 160 km of SDRs/igneous crust
approaching 20 km in thickness at the proximal regions. Crustal thinning
and fault movement is considered to be negligible at this stage due to the
accretion of new crust and the resulting lack of extensional strain on the
continental domain.
Therefore continental rifting, in its classical
definition, has ceased.
D) The fourth and final stage illustrates a typical volcanic passive margin,
were: 1) voluminous volcanism has ceased; 2) a mid-ocean ridge is
active; 3) margin subsidence has occurred; and 4) marine drift-sequence
71

stratigraphy overlies the crustal transitions.
This stage indicates
conjugate volcanic margins with ~300 km of newly added crust now
underlying the young ocean basin. Final rotation of the SDR complexes
has occurred and infilling drift sequence marine strata onlap the steeply
dipping reflectors. Similar to previous authors (McDermott et al., 2015); I
have chosen to use the term limit of continental crust (LoCC) and limit of
oceanic crust (LoOC) to describe the crustal boundaries. Using the term
“continent-oceanic boundary” isn’t appropriate in this scenario, given the
lack of that particular transition. Inner and outer SDRs indicate the
relative position of SDRs to the margin and crustal limits. Outer highs are
sometime present at or near the LoCC, but this study finds that to be an
inconsistent feature of within the study area. The SDR-oceanic transition
is generally observed as a pronounced “notch” in the Moho and the
basinward extend the final SDRs.
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Figure 3.2 (A-D)
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Table 3.1: Seismic data acquisition parameters (ION GXT)
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west African volcanic margin. The total line kilometers of the surveys are 2,818
km, 10,667 km, 3,638 km, and 10,421 km, respectively (Table 3.1).
Seismic lines were recorded to 18 seconds two-way-travel time and were
depth-migrated to 40 kilometers (Table 3.1). Data processing from raw stacks to
the final pre-stack depth migration shown in this study included proprietary ION
Geophysical applications and processing workflow.
Acquisition specifications from survey to survey had varied air-gun source
depths varied (8.5-10 m), but a uniform cable length of 10,200 m (Table 3.1).
Survey orientation and spacing was designed at right angles to the extension
direction of the rifts with orthogonal dips lines connecting the strike lines (Fig.
3.1A).
3.6 Interpretation of deep-penetration seismic reflection lines
Seismic profiles from three conjugate basin pairs along the margins of
Uruguay/Sothern Brazil and Namibia were interpreted to show the along- and
across-strike variability of volcanism within the study area, including asymmetry
on the two margins (Fig. 3.1A and 3.1B). I have defined the three conjugate
basin pairs as: 1) the Punta de Este – Orange basins; 2) the Pelotas SouthLuderitz Basins; and 3) Pelotas North- Walvis Basins (Fig. 3.1A and 3.1B).
These divisions were made based on geographic basin terminology from the
Namibian margin (Fig. 3.1A and 3.1B). In this section, I identify the recurring
features from the seismic data that permit the identification of crustal transition
zones. Despite the high degree of variability between the transitional zones,
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distinct seismic elements from facies described here form the basis for defining
crustal boundaries.
3.6.1 Conjugate basins
Determining the limits of the thick igneous crust with overlying SDRs that
separates the rifted continental domain from the normal oceanic domain
requires the identification of specific and repeated features on the seismic
profiles. Conjugate similarities and differences can be identified once a
consistent framework for interpretation has been established.
For this study, the LoCC is positioned beneath the oldest, most proximal sets
of steeply-dipping SDR’s where the seismic facies are not dipping or layered,
and are interpreted as rifted continental crust (Fig. 3.2D). The LoOC position
interpretation was placed at the location where the angle of the dipping SDR’s
diminishes to a sub-horizontal position and where the seismic Moho generally
exhibits a downward-facing concavity or “notch” in the transition zone to typical
oceanic crust (Fig. 3.2D). In this position, I also observe a change in seismic
character from the smooth-top SDRs to a rugose-top oceanic seismic event that
defines the top of the SDR units. This change would infer the transition to the
sheeted dike emplacement related to normal oceanic crust production at a midocean ridge.
3.6.1.1 Reflection lines from Punta del Este-Orange Basins
Seismic profiles from the southern region of the study area: the Punta de
Este (Fig. 3.3A and 3.3B) and Orange Basins (Fig. 3.3C and 3.3D) illustrate the
76

Figure 3.3A-3.3D: Seismic profiles and interpretation for the conjugate Punta de
Este and Orange basins (inset).
A) A 40-km-deep record seismic line from the Punta de Este Basin of
offshore Uruguay.
B) The interpreted version of the Punta de Este Basin line shows a west to
east crustal transition from: 1) 32-km-thick continental crust; to 2) initially
13-km-thick SDR/igneous crust; to 3) ~6-km-thick oceanic crust in the
east. Continental crust shows evidence of extensive thinning from its
original thickness and then transitions to a ~175-km-wide zone of
SDRs/igneous crust. The LoCC has been determined based on the
location of the westernmost rotated packages and located at the former
rift axis. The LoOC is observed by the pronounced concave-don Moho
expression at the SDR-oceanic transition and the “step-down” at a
seismically bright Top-SDR seismic event. Deeper within the section,
seismic events are present and are likely evidence of shear zones deep
within the mantle. These events do not represent Moho reflectivity.
C) An un-interpreted deep record seismic line from the Orange Basin of
offshore southern Namibia.
D) This interpreted Orange Basin seismic profile illustrates an east to west
~28-km-thick continental transitions to a wide ~135 km zone of
SDRs/Igneous crust and then to an ~8.5-km-thick section of oceanic
crust. The LoCC has been determined based on the location of the
easternmost rotated packages, where the LoOC is observed by the
pronounced “notch” of the SDR-oceanic transition.
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broad nature of SDRs present on the VPMs.

The South American seismic

profiles both show a broad area of 32-km-thick continental crust that is thinned
across a series of horsts and grabens towards the LoCC and the former rift axis
(Fig. 3.3A and 3.3B).

Beyond the distal limits of the continental crust and

extending to the LoOC, there are a series of outer SDR complexes that reach a
thickness of 13 km and occupy a belt that is 175-km-wide (Fig. 3.3B). This zone
of igneous crust is underlain by a series of mantle seismic events inferred to
represent mantle shear zones (Planert et al., 2016) (Fig. 3.3B).

The SDR-

Oceanic crustal transition at the LoOC is marked by the prominent concavedown “notch” at the in the seismic Moho and a distinctive, crustal step-down
coinciding with faint sets of inferred SDRs (Fig. 3.3B). An oceanic crust of ~6 km
thickness is present seaward of this transition (Fig. 3.3B). The various crustal
domains are floored by a relatively continuous and mappable Moho that is
overlain by passive margin strata that onlap the underlying igneous basement
(Fig. 3.3B).
Seismic reflection lines from the Namibian margin that show similar
volcanic and igneous features to the conjugate Punta de Este seismic profile
(Figs. 3.3C and 3.3D). The crustal profile also shows a continuous transition
from un-thinned continental crust (28 km), to igneous crust (16.5 km), to oceanic
crust (8.5 km) (Fig. 3.3D). In contrast to the conjugate Uruguayan- Punta de
Este profile, the early SDR’s on the Namibian margin onlap the distal boundary
of the continental crust over a distance of 40 km. The SDRs within the zone of
igneous crust reach a thickness of approximately 16.5km and extend across a
79

135-km-wide zone separating the LoCC and LoOC (Fig. 3.3D). SDR-oceanic
transition is defined by the transition from the zone of igneous crust to an 8.5km-thick oceanic crust is marked by the concave down section of Moho at the
base of the crust. There is a smooth and continuous transition from subhorizontal SDRs to the top oceanic crust (Fig. 3.3C and 3.3D).
The Moho reflector is a high-amplitude, 1-2 km-thick package of
reflectors underlying the continental, igneous, and oceanic domains (Fig. 3.3C,
3.3D). At a depth of 36 km below the Moho, there is a series of mantle seismic
events that are inferred to be mantle shear zones as a result of rheological
alteration of the mantle from intense magmatism (Planert et al., 2016) (Fig. 3.3B
and 3.3D). Passive margin strata overlie and angularly onlap the zone of SDR’s
(Fig. 3.3D and 3.2D).
3.6.1.2 Reflection lines from Pelotas South and Luderitz Basins
The seismic lines shown in Figures 3.4 are from the VPMs of the Pelotas
South and Luderitz Basins. Consistent with the lines from the Punta de Este
line to the south, Figure 3.4A and 3.4B crossing the Uruguayan margin show
full-thickness (32 km), continental crust with a much more abrupt (65 km)
transition to the volcanic sequences in the east (Fig. 3.4A and 3.4B) than seen
on the previous lines from the Punta del Este Basin (Figs. 3.3A and 3.3B). The
interpreted zone of thinned continental crust in this position is 140 km less in
width compared to the Punta del Este basin line in Figure 3.3A. The proposed
LoCC in Figure 3.4B is located along the former rift axis and marks the transition
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Figure 3.4A-4D: Seismic Profiles and interpretation for the conjugate Pelotas
South and Lüderitz basins (inset).
A) An un-interpreted deep record seismic line located in the Pelotas South
Basin of the offshore southern Brazil and Uruguay region.
B) The interpreted seismic profile from Fig 4A where a relatively narrow
zone (~70 km) of SDRs/igneous crust occupies a region between an
abruptly rifted continental crust and a section of typical thickness (~6.5
km) oceanic crust. Clear onlap is present on the upper-seismically bright
Top SDR horizon as a relatively flat transition is present in the east to
oceanic crust. The SDR-oceanic transition is subtle for this example.
C) An un-interpreted deep record seismic line from the Luderitz Basin of
Namibia and a conjugate image from Figure 4 A and B.
D) This interpreted section shows an extensively rifted zone of continental
crust with a high density of internal seismic events, likely evidence of
previous deformation. West of the LoCC, a 90-km-wide/ 14-km-thick
zone of SDRs/igneous crust transitions to a thick ~8.5-km-thick oceanic
crust in the West.
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to the basinward igneous domain consisting of SDR complexes that extends to
a width of 70 km and reaches a thickness of 13 km (Fig. 3.4B).
The transition from SDRs to a 6.5-km-thick oceanic crust across the
Uruguayan margin is interpreted at a concave down “notch” of the Moho (Fig.
3.4A and 3.4B).

The SDR-oceanic crust transition for this profile shows

distinctly sub-vertical and planar seismic events, characteristic of oceanic crust
production, east of the dipping reflectors of the SDRs (Fig. 3.4B).

The

interpreted Moho is a continuous reflective event underlying all the crustal
domains (Fig. 3.4A and 3.4B).
The interpreted, highly-deformed, continental crust of Paleozoic age in
Figure 3.4D occupies a 180-km-wide zone of crustal thinning characterized a
series of horsts and grabens. Seismic facies within the interpreted upper- and
mid-crustal levels reflect the folded and thrusted units of the late Paleozoic
Damara orogenic belt (Fig. 3.1B and 3.4D). The thickest section of continental
crust imaged within this profile reaches 34 km in the east and thins to ~5.5 km in
the west (Fig. 3.4D).
The rifts in continental crust at the western end of the line are overlain by
the oldest SDR’s which extend beyond the LoCC for a distance of 90 km
towards the ocean basin (Fig. 3.4D). The SDR complex is thickest at the LoCC
at 19 km and tapers down to a thickness of 14 km near the LoOC (Fig. 3.4D).
The basinward limit of the SDR complex marks the LoOC and oceanic crust of a
thickness of 8.5 km lies to the west (Fig. 3.4D).
The oceanic domain on this profile of the Namibian margin exhibits
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distinctive, sub-vertical seismic events within the lower crust inferred to
represent large-scale dikes from an increasing volume of magmatic supply
during the Albian (113-100 Ma) - but is still lacking the excessive volcanic
material necessary to produce SDR’s (Fig. 3.4D). The Moho interpreted on this
profile consists of a 1-3-km-wide band of seismic reflections, rather than a
single-isolated event, and underlies all continental and oceanic crustal domains
(Fig. 3.4D).

As observed on previous profiles in Figures 3.3B and 3.3D, a

prominent concave-downward geometry on the Namibian margin marks the
transition to oceanic crust from the SDR complexes (Fig. 3.4D).

The top

reflector between the oceanic and SDR domains is seismically smooth and
conformable from east to west (Fig. 3.4C and 3.4D).
3.6.1.3 Reflection lines from Pelotas North and Walvis Basins
Near-conjugate margin profiles through the Pelotas North and Walvis
Basins illustrate the wide zones of SDRs related to the intense breakup
magmatism at the continental margin (Fig 3.5A - 3.5D).

Seismic facies

packages from these seismic profiles match previously established VPM
features from Figure 3.2 A-D. This pair of seismic profiles of these conjugate
margins does not image the transition to a non-SDR-composed oceanic crust
(Fig. 3.5A and 3.5B).
The western limit of the Pelotas North line is consists of un-thinned, 27.2km-thick continental crust that transitions to a 24-18 km-thick series of SDR
complexes that extend over an across-margin distance of 280 km (Fig 3.5B).
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Figure 3.5A-5D: Seismic profiles and interpretation for the conjugate Pelotas
North and Walvis basins (inset).
A) An un-interpreted seismic profile located in the Pelotas North Basin
B) The interpreted section for the Pelotas North Basin shows high angle dips
of SDRs at an abrupt LoCC spanning a zone of greater than 280 km. An
abrupt transition occurs from the 27-km-thick continental crust to the
SDR/igneous domain, indicating that the process of crustal thinning was
replaced by the addition of magmatic material. Within the SDR/Igneous
crust, five distinct packages of SDRs can be observed and have an
onlapping relationship to the older package.
C) An un-interpreted seismic profile from the Walvis Basin
D) The interpreted version of Figure 4C illustrating the 300+-km-wide zone
of SDRs from the Walvis Ridge complex. The undulating Moho is at the
base of the interpreted igneous crust that varies in thickness from 25- 19
km. The LoCC is interpreted to be located at the eastern-most package
of resolvable SDRs.
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Five distinct packages of SDR’s are observed on the southern Brazil
margin with younger and basinward-dipping packages onlapping the previous
flows (Fig 3.5B). The earliest sets of SDR’s emplaced on continental crust on
the southern Brazil margin reach maximum dip angles of 20° and transition to
sub-horizontal dips on the most distal eastern end of the profile (Fig. 3.5A and
3.5B). SDR sets 1, 2, and 3 are inferred to represent a basinward-migrating
magmatic center with expelled volumes of magma that onlap the previous sets
of SDRs (Fig. 3.5B). For example, set 4 overlies set 3, that in turn onlaps set 2,
and, finally, with set 5 overlying the entire SDR complex (Fig. 3.5B). All these
sets indicate a highly voluminous SDR complex which indicates a variability of
supply and duration given their onlapping relationship with the older, rotated
packages (Fig 3.5B).
The line shown in Figure 3.5C and 3.5D are the near-conjugate line to the
line shown in Figure 3.5A and illustrates extensive amounts of SDR’s on the
Namibian margin. The Walvis Basin profile images the Walvis Ridge volcanic
complex and the transition from the continental crustal domain to the entirely
igneous domain of the SDR complexes (Fig. 3.5D). In the east, the 28-km-thick
continental crust displays an abrupt transition from westward-dipping SDR’s
(Fig. 3.5D).

The 25 to 16-km-thick-zone of SDR complexes likely extend

beyond the western limit of the data in this location (Fig. 3.5D). SDR’s reach a
maximum thickness of 25 km at the former rift axis and average 19 km in
thickness in the western area (Fig. 3.5D).

On the western part of the line,

westward-dipping reflectors converge with a zone of eastward-dipping reflectors
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(Fig. 3.5D). These converging packets of SDR reflectors occur above a zone of
chaotic events that are floored by a concave-downward geometry of the Moho
and could be related to westerly jump in the volcanic center (Fig. 3.5D). Kumar
(1979) noted similar events on the conjugate volcanic ridge and igneous domain
of the Pelotas North Basin.
SDR complexes appear to progressively prograde westward in a
repeating geometry with little variation until they appear to have a convergent
relationship with packages in the west (Fig. 3.5D). This convergence may
indicate a volcanic center jump, similar to an oceanic spreading ridge jump. The
interpreted Moho horizon at this location appears to be the deepest along the rift
axis and gradually shallows under 25-16 km SDR’s (Fig. 3.5D).

The Moho

horizon appears as a variable thickness band of seismic events for the entirely
of the profile with a wide region of faint to non-existent reflectivity under the SDR
complexes (Fig. 3.5C and 3.5D).
3.6.2 Determining SDR complex limits from reflection data
Determining the proximal and distal limits of the SDR complexes within
the study area is critical estimating the volumes of SDR’s and igneous rocks on
both conjugate margins (Figs. 3.2-3.5). The seismic reflection profiles show
variable types of transitions between the LoCC and LoOC that complicate the
location of the exact limits of the SDR complexes (Figs. 3.2A-3.2D). In the
following sections I provide additional description of the interpreted crustal
boundaries based on the common seismic facies and the reflector geometries.
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Figure 3.6: Seismic profile and interpretation for the Pelotas South basin (inset)
illustrating the typical LoCC and SDR transition over a narrow zone of
continental rifting.
A) An un-interpreted seismic profile example from the Pelotas South Basin.
B) The interpreted seismic profile is from the Pelotas-South Basin
(highlighted in inset) and interpreted elements from a typical volcanic
margin are labeled to define the LoCC. Older, outer SDRs are present
beyond the LoCC and are present in conjunction with the igneous crust.
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3.6.3 Defining the Limit of Continental Crust (LoCC) from reflection data
The basinward limit of rifted continental crust (LoCC) on volcanic margins
has been studied intensively by many groups of previous workers (Hinz, 1981,
Mutter et al., 1982; Smythe, 1983; Roberts et al., 1984; Geoffroy, 2005; Pindell
et al., 2014; Geoffroy, 2015; Paton et al., 2017). Pindell et al. (2014) proposed
that the apparent absence of continental crust beneath SDR complexes was
required due to the large (>20°), seaward rotation observed for SDR’s on
conjugate margins in the Gulf of Mexico and South, Central, and North Atlantic
(Figs. 3.2B-C).

In this investigation I also maintain, similar to Pindell et al.

(2014), the required absence of continental crust beyond the initial packages of
SDRs in order to achieve the dip angles associated with the final degree of
rotation at the LoCC (>20°) (Pindell et al., 2014) (Figs. 3.2B-3.2C).
Pindell et al. (2014) and Geoffroy (2015) also describe landward-dipping
normal faults within the continental crust adjacent to the rift axis, this structural
style is also observed in profiles from this study (Figs. 3.2A-3.2D). Seismic
imaging of the oldest sequences of basalt emplacement atop of continental crust
is quite rare and has been interpreted based on seismic events related to the
Moho and the landward limit of parallel-, offlapping SDRs reflective seismic
facies (Figs. 3.2A-3.2D).
The Southern Pelotas Basin illustrates an example of an abrupt transition
from un-thinned, 33-km-thick continental crust to an 18-km-thick (85-km-wide)
zone of SDRs and igneous crust (Fig. 3.6). This transition occurs over a 45-kmwide zone of rifting.

The oldest magmatic activity present on this profile is
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represented by a discrete package of inner SDRs and a prominent outer high
(Fig. 3.6). Reflective events within the continental crust and basinward wedging
of the inner SDR packages support the interpreted landward dipping faults (Figs.
3.2 and 3.6). Packages of seismic reflections are present in the east underlying
the base of the interpreted continental crust and could indicate the presence of
underplating at the rift axis in addition to intrusive bodies into the continental
crust (Fig. 3.6). The LoCC for this profile has been located at the position where
the oldest- outer SDRs lose seismic reflectivity into the underlying igneous crust
(Fig. 3.6 and 3.2B-3.2D).
Seismic data in Figure 3.7 is an example of a transition from thinned
continental crust to outer SDRs from the Orange Basin on the West African
margin. In contrast to the profile in Figure 6, this profile shows a 100-km-wide
zone of thinned continental crust that has been thinned to 7 km at the LoCC
(Fig. 3.7). Similarly, I observe landward dipping faults that are present under the
Inner SDR packages (Fig. 3.7 and 3.2A-3.2D). A seismically bright package
(125 km-wide, 3 km-thick) of reflectors is present at the LoCC that have been
interpreted to be underplated continental crust at the rift flank (Fig. 3.7). In the
western region of the profile in Figure 3.7, I interpret the packages of outer
SDRs to extend basinward and overly the new mafic crust below (Fig. 3.7 and
3.2A-3.2D). I also note the absence of an outer high as described by Planke et
al. (2000); therefore I have grouped the SDRs that overlie the distal edges of
continental crust as Inner SDRs which indicate the earliest presence of
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Figure 3.7: Seismic profile and interpretation for the Orange basin (inset)
illustrating the typical LoCC and SDR transition over a wide zone of rifting.
A) An un-interpreted seismic profile crust example from the Orange Basin of
southern offshore Namibia.
B) The interpreted version illustrates the transition from a wide zone of rifted
continental domain to the 95+-km-wide zone of igneous crust underlying
progressive SDRs. Inner SDRs are highlighted over a zone of rifted
continental domain and the outer SDRs extend basinward overlying
igneous crust.
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active volcanism as it was subaerially extruded onto the rifted continental crust
(Fig. 3.7 and 3.2B). The observed presence of outer highs (Planke et al., 2000);
within the data is not observed in my data. It can be concluded that outer highs
are not a standard element of SDR volcanostratigraphy.
3.6.4 Defining the Limit of Oceanic Crust (LoOC) from reflection data
The position of the lateral transition from the voluminous emplacement of
SDR’s to the onset of the accretion of oceanic crust has been identified on lines
from both conjugate margins (Figs. 3.8-3.10).

This transition line has been

interpreted using the underlying and overlying seismic facies along each 2D
profile (Figs. 3.8-3.10). In this section, the criteria is explained for identifying this
transition based on the depth of the interpreted Moho horizon, reflections within
the interpreted crustal domains, and the nature of the top reflector for the
igneous and oceanic crust (Figs. 3.8-3.10).
Figures 3.8, 3.9, and 3.10 illustrate the lateral transition from SDR
seismic facies to the oceanic crustal domain. I propose that this change in
seismic character is gradational as the exact processes do not appear to be
replicated in the same manner at each LoOC boundary as observed on other
seismic profiles (Figs. 3.8-3.10). The most prominent feature in each section is
the presence of a concave-down geometry of the Moho at the LoOC/SDR
transition (Figs. 3.2D, 3.8 and 3.9). This 10-15 km-wide and distinctive notch in
the Moho is marked by a
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Figure 3.8: Seismic profile and interpretation for the Punta de Este basin (inset)
illustrating the typical LoOC and SDR transition on the South American Plate.
A) An un-interpreted seismic section of the SDR-oceanic transition example
from the Punta de Este Basin from offshore Uruguay.
B) The interpreted seismic section illustrating a gradual decrease in dip
angle for the overlying SDRs is an indicator of decreasing magmatic
supply prior to the onset of oceanic crust production. This profile shows
the transition of dip angles from 16 degrees to 8 degrees followed by a
period of magma-water interaction. Figure 3.8 inset schematically
represents the gradual transition of SDRs to oceanic crust production.
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Figure 3.8 Inset
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band of reflectors that vary from high- to low- amplitudes (Figs. 3.8-3.10). The
transition varies from a smooth, high-amplitude top-SDR package to a rugose
top-oceanic event (Figs. 3.8-3.10). A distinct change in internal reflectivity of the
crusts also occurs at this location, where proximal dipping events cease and the
internal seismic character is more sub-vertical in nature. This transition marks
the onset of normal oceanic crust production thought dike accretion at a
spreading ridge.
Figure 3.8 illustrates a second example of an SDR-oceanic transition in
the Southern Pelotas Basin of Uruguay where more details of the final stages of
the outermost SDR’s are present (Fig. 3.8). Individual SDRs reach dip angles of
16° in the westernmost position of the line and lose their reflectivity at depths of
12-15 km within the igneous crust (Fig. 3.8). Arcuate and divergent dipping
reflectors gradually decrease in dip angle to 8° prior to loosing reflectivity at
depths of 7 km (Fig. 3.8).
A package of chaotic and near-opaque reflectors extends to the LoOC
east of the shallowest dipping SDRs (Fig. 3.8).

I predict this zone to be

composed primarily of hyaloclastites that were deposited during a period of
transition from subaerial environment rich in ash deposits to a marine setting
characterized by larger amounts of basaltic lavas (Planke et al., 2000). Calvés
et al. (2011) and Reuber et al. (2016) observed similar seismic facies at the
transitional locations and where there were water-extrusive-lava interaction (Fig.
3.8).
The uppermost reflector of the SDR complex is a high-amplitude, smooth
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event which contrasts to the rugose reflector of “normal” oceanic crust. The
rugosity of normal oceanic crust stems from generation of sub-vertical dike
emplacement, the primary mode of oceanic crust emplacement at a slowspreading, mid-ocean ridge (Fig. 3.8). The rugosity of normal oceanic crust is
related to the variable magmatic budget, but remains in contrast to a smooth
top-SDR reflector.

Also present at the transition in this area is a prominent,

basinward-offlapping surface of the SDRs (Fig. 3.2 and 3.8). The notched Moho
is present east of the interpreted LoOC where I observe a normal thickness of
oceanic crust of 7.5 km (Fig. 3.8).
Seismic data in Figure 3.9 illustrates the zones of crustal transitions
within the Lüderitz Basin of Namibia. SDR packages reach dip angles of 14° in
a concave down geometry to the east and flatten their arcuate shapes to
achieve dip angles of less than 5° at the position of the LoOC (Fig. 3.9).
Onlapping, divergent, and planar events are present to the western limit of the
SDR complex within this section (Fig. 3.9). The previously described (Fig. 3.8)
zone of discordant disrupted and opaque events at the LoOC is not observed on
this profile (Fig. 3.9).
The 7.5 km-thick zone of crust at the LoOC and the shallowing Moho
forms the boundary between the voluminous SDRs and the oceanic domain
(Fig. 3.9). Oceanic crust initially increases in thickness to 8.25 km away from
the transition area. Extensive tilted to sub-vertical (~80°) seismic events are
present within the upper and lower regions of the crust (Fig. 3.9). A prominent
basinward, step-down divides the smooth amplitude of the SDRs and the mildly99

Figure 3.9: Seismic profile and interpretation for the Lüderitz basin (inset)
illustrating the typical LoOC and SDR transition on the African Plate.
A) An un-interpreted seismic section of the SDR-oceanic transition example
from the Lüderitz Basin from offshore Namibia.
B) An interpreted profile from the Namibian margin showing the abrupt
transition of SDRs/igneous crust to the oceanic domain. This transition is
illustrated by a decrease in dip angles from 14 to 5 degrees over the
distance of 75 km prior to the notable “step-down” above the concave
down Moho expression. The clear and significant change in seismic
expression is observed as the transition from SDRs/igneous crust to
oceanic crust. An abrupt transition at the observed “step down” and
concave-down geometry of the underlying Moho.
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rugose oceanic crust (Fig. 3.9).

This abrupt change from dipping to sub-

horizontal reflectors to the LoOC is inferred to represent a rapid transition from
subaerial SDR emplacement of basalts to the incursion of marine waters along
the volcanic spreading axis as a result of rapid subsidence and rotation (Planke
et al., 2000).

The lack of hyaloclastite seismic facies indicates the minor

magma-water interaction at the time SDR-producing magmatic activity waned
(Planke et al., 2000).
SDR-oceanic crust transitions occur as smooth, high-amplitude events of
the outer SDRs to the highly rugose surface of oceanic crust (Fig. 3.10).
Seaward-dipping events decrease in dip angle from 14° to horizontal and the
underling basement is not well defined (Fig. 3.10). A series of dikes are present
within the basal igneous crust and were emplaced into both the pre- and postrotated SDR packages (Fig. 3.10). This distinction has been made based on the
orientation of the intrusion and the cross-cutting nature (Fig. 3.10).
Similar relationships of SDR’s and intrusive dikes have been observed on
the Norwegian margin by Abdelmalak et al. (2015). The 18 km-wide-zone of
oldest oceanic crust is 6 km-thick and shows an early infilling of 0.6 km of
sediments overlying a faulted zone (Fig. 3.10).

The recurring nature of the

elements and seismic facies described from these profiles (Figs 3.8-3.10) add to
the evidence of the high degree of variability at the transition between the two
domains along margin segments (Figs 3.8-3.10).
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Figure 3.10: Seismic profile and interpretation for the Lüderitz basin (inset)
illustrating the faulted LoOC and SDR transition on the African Plate
A) An un-interpreted section of seismic from the Lüderitz Basin showing the
SDR/Igneous crust to oceanic crust transition.
B) The interpreted profile seismic profile showing the abrupt transition
between SDRs and oceanic crust where early faulting has occurred at
the transition, west of the “step-down” and above the brief rise in the
Moho expression below the transition. Similar to figure 9, a dramatic
decrease in SDR dip angle occurs from 14 to 3 degrees.
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3.6.5 Mechanism for faulting observed within SDR’s
A distinctive, high-amplitude seismic event that represents the boundary
between igneous SDRs and overlying strata was used to identify the top of the
SDR units on all lines in this study (Figs. 3.2-3.5). Seismic evidence of internal
faulting within SDR complexes is generally rare, as subsidence and a basinward
migrating volcanic center are thought to be the main mechanisms for SDR
rotation (Pindell et al., 2014). In the following section, I describe two areas of
widespread, normal faulting within the upper sequences of SDR’s. These same
normal fault geometries are also expressed in the older, underlying SDRs (Figs.
3.11-3.12). Similar normal faults are also observed on the Rio Grande Rise and
the Walvis Ridge volcanic ridge complexes, and are interpreted to be related to
the massive volumes of magmatic material or the proximity to the Tristan de
Cunha hotspot, as inferred by their absence on margins with less magmatic
addition (Figs. 3.1, 3.2, and 3.11-3.12).
The lines in Figures 3.11 and 3.12 provide evidence for faulted SDR’s in
different marginal settings. The example from the southern Brazil margin of
South America shows apparent symmetrical extensional faulting about a
prominent convex-upward package of outer SDRs to the east of the continental
domain (Fig. 3.11). A proximal sediment-filled graben was created as a result of
the localized subsidence and subsequent faulting as shown by basinward onlap
of strata against the underlying SDR complexes (Fig. 3.12).
Complex normal faulting of SDR’s is also observed within the Walvis
basin and includes a series of landward-dipping faults adjacent to a region of
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Figure 3.11: Seismic profile and interpretation for the Pelotas North basin
(inset) illustrating the faulted TOP SDR surface on the South American Plate
A) An un-interpreted section of seismic from the Pelotas North Basin on the
Rio Grande Rise
B) An interpreted seismic profile showing a faulted Top SDR surface that
underlies the drift sequence strata. Bold, black-hachured lines delineate
the multiple magmatic flows in this area that formed during variable rates
of magmatic supply and a migrating spreading center.
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Figure 3.12: Seismic profile and interpretation for the Walvis basin (inset)
illustrating the faulted TOP SDR surface on the African Plate.
A) An un-interpreted section of seismic from the Walvis Basin on the Walvis
Ridge volcanic complex
B) A interpreted seismic profiles showing landward-dipping normal faults
deforming the upper ~7 km of the SDR complex ,
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steeply-dipping SDRs (>20°) (Fig. 3.12).

The resulting rift zone was

subsequently filled by the overlying, clastic sediments of the passive margin
(Fig. 3.12). As proposed for the line in Figure 3.5B, the likely mechanism for the
normal faulting seen on Figure 3.11 is thermal subsidence overlying a
basinward-migrating volcanic center. The faulted SDRs in both locations are
located at the oldest position of SDRs for each location and might be a result of
greater subsidence related to the initial site of rifting. Normal faulting on the
broad scales identified within Figures 3.11 and 3.12 was not observed south of
these locations which are further away from the location of the Tristan de Cunha
plume and consequently contain less voluminous, volcanic eruptions.
3.6.6 Mapping the Mohorovicic Discontinuity (Moho) and deep igneous
events
Deep seismic events related to the Mohorovicic Discontinuity (Moho) are
generally well-imaged from both conjugate margins (Figs. 3.3-3.10). Pindell et
al. (2014) note the presence of a seismically-well-defined Moho as a key
indicator of a magmatic margin versus an amagmatic rifted margin.

This

characteristic is likely a key process related to the addition of crust at the rifted
margin, similar to oceanic crust generation. The Moho discontinuity underlies
the unstructured zone below the SDRs and gabbroic igneous crust (Sheridan et
al., 1993; Pindell et al., 2014) (Fig. 3.13).
The shallowing basal reflector(s) of this igneous crust is inferred to
represent progressive basinward migration of the once-active magma chambers
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Figure 3.13: Seismic profile and interpretation for the Pelotas North basin
(inset) illustrating the variable Moho expression on the South American Plate.
A) An un-interpreted section of seismic from the Pelotas North Basin on the
Rio Grande Rise.
B) The interpreted profile illustrating a highly variable expression of Moho
underlying an SDR complex and/or igneous crustal domain.
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that supplied the overlying SDRs (Fig. 3.2). Variations in magmatic supply or
spreading rates are likely mechanisms for generating relief along the Moho of
the SDR complex that separates the continental and oceanic domains. The
interpreted Moho horizon in this study area occurs as wide bands of seismic
events or bright and continuous reflectors, similar to VPM observations of
Calvés et al. (2011) and Pindell et al. (2014) (Figs 3.3-3.10, 3.13).
An example of the rugosity present along the seismic Moho is illustrated
in Figure 3.13 from the Northern Pelotas Basin and the Rio Grande Rise. The
Moho has been interpreted from a generally-consistent band of seismic events
that underlie the SDRs/igneous crust (Fig. 3.13). The average depth to the top
of the SDR complex is approximately 7 km along this profile, illustrating a
consistent supply of magmatic material (Fig. 3.13). The Moho varies in depth
beneath the angular onlap of the SDRs and has a maximum range from 22.5 km
to 16.5 km in depth (Fig. 3.13).

This characteristic is in contrast with the

described basinward-shallowing trend on other profiles in this study.
For this location, a variability of Moho depths can be explained by changes in
the magma supply during the accretion of the SDR complexes. I propose that
the mechanism for Moho shallowing is a decrease in the volume of magma
supply at the volcanic center. This interpretation corresponds with the regularly
observed shallowing of the Moho at the LoOC and its concave down geometry.
It is also at this position where the voluminous magmatic supply is greatly
reduced and the onset of normal oceanic spreading is initiated. In the case
where the Moho deepens again under the SDR complex, I interpret this as a
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localized increase in the magmatic supply (Fig. 3.13). I interpret this control of
this Moho depth variability to be related to the proximity of the Tristan de Cunha
Plume to this location with a variable magmatic supply (Fig. 3.1B).
3.7 Synthesis of main observations in this study and proposed model for
South Atlantic volcanic margins
The interpretation of the LoCC, SDR complexes/igneous crust, and the
LoOC using deep crustal 2D-seismic reflection data provides new constraints for
the spatial distribution and volumes of the volcanic/igneous crustal domain
related to continental breakup in the South Atlantic (Figs. 3.1, 3.3-3.13). The
evolution of a volcanic margin is marked by the onset of rift-related volcanism,
breakup-related magmatic activity, and finally by the onset of oceanic crust
accretion along a spreading ridge (Fig. 3.2).
The spatial boundaries (LoCC and LoOC) were mapped using criteria
from previous workers described in the previous sections that are summarized
in the conceptual model in Figure 3.2D.

Figure 3.14 is a plate tectonic

reconstruction at Aptian times (115 Ma) shows the spatial relations of the
volcanic margin crustal domains after the onset of oceanic crust production in
the late Aptian (126-113 Ma).
The stippled pattern on the plate reconstruction of conjugate volcanic
margins in Figure 3.14 shows the reconstructed-overlap area of the Early- to
Late-Cretaceous (120-60 Ma) Rio Grande Rise and the Early Cretaceous to
Miocene (120-10 Ma) Walvis Ridge volcanic complexes that formed as the
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Figure 3.14:
Aptian (115 MA) reconstruction of the South Atlantic (Seton et al., 2012) showing locations of conjugate margins of this study: 1) Punta de Este Basin (PEB); 2) Pelotas Basin South (PBS); 3) Pelotas
Basin North (PBN); 4) Orange Basin (OB); 5) Lüderitz Basin (LB); and 6) Walvis Basin (WB). The extent of SDRs/igneous crust is asymmetrical with a wider zone (~70 - 170 km) present in west
African than found in South America (0-147 km).
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result of the long-lived position of the plume center at the spreading ridge after
the ridges formation in the Aptian (115 Ma) (O’Connor and Duncan, 1990; Müller
et al., 1998). The average widths of the igneous zones located between the
LoCC and LoOC on the South American margins of the study area are 91 km,
while the average width of the wider, Namibian margin is 117 km (Fig. 3.14).
Based on the seismic reflection profiles described in this chapter, I
estimate that the volcanic margins of Uruguay and Southern Brazil contain a
total area of 81,100 km2 of igneous material (SDR’s and igneous crust) and that
the volcanic margins of Namibia cover an area of 110,800 km2 (Fig. 3.14). My
volumetric calculation for the study area south of the Rio Grande Rise and
Walvis ridge complexes and is 201,700 km3 for the South American margin and
296,400 km3 for the Namibian margin (Fig. 3.14). Volumes were calculated
using a right triangle geometry method similar to the method proposed by
Franke et al. (2010). This method assumes a rough fit triangle at the margin
where the LoOC is considered the apex of the triangle and a vertical boundary
at the LoCC is the considered the triangle base. My estimates do not include the
volume of SDRs/basalts that are from the volcanic ridge depicted by
overlap/stippled region in Figure. 3.14.

3.8 Discussion
3.8.1 Comparison of this study to previous refraction study of the same
margins
Recent studies by Becker et al. (2014) and Koopman et al. (2014) used
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seismic refraction methods for these same South Atlantic conjugate margins to
observe similar asymmetrical distributions of magmatic materials and internal
elements associated with volcanic passive margins.

Becker et al. (2014)

mapped the distribution of high-velocity lower crust (HVLC) using seismic
refraction data from the Argentine, Uruguayan, Namibian and South African
margins.
From this overlay shown in Figure 3.15, I observe close correlations
between the Becker et al. (2014) refraction model and the seismic reflection
data for the eastern expression of Moho, top oceanic crust, and the seafloor
surface.

However, there are significant differences in the limits of the

interpreted SDRs in the Becker et al. (2014) model and the basinward extent of
the seismic facies related to SDRs as observed on my seismic reflection data. In
the same location I interpret SDRs extending 50 km east of the observed,
seismic limit of the SDR’s seen on refraction data (Fig. 3.15). One additional
dissimilarity between my reflection data and Becker et al.’s refraction line is that
the outer-high modeled by Becker et al. is shown to protrude upward into the
overlying passive margin sediments (Fig. 3.15A).
The southern profile (profile 6) from Becker et al. (2014) (Fig. 3.15) is
more problematic to correlate with the interpretation of a reflection line from the
Orange Basin (Fig. 3.15D) considering the near-exact match in position between
the refraction model and the seismic reflection data.

An acceptable match

between the Becker et al. (2014) “refraction model profile 6” and the seismic
reflection data utilized here could not be achieved. Although a fair match for the
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Figure 3.15: Comparison of interpreted refraction profiles from Becker et al.
(2014) and seismic data used in this study.
A) A refraction cross section (Profile #1) from Becker et al. (2014) located on
the Uruguay volcanic margin.
B) A comparison image of a collinear (inset), ION seismic line in the on the
Uruguay margin and is overlain onto the refraction line in A. The comparison
of seismic refraction and reflection also show an overall “fair” fit of crustal
horizons (i.e.-Moho, Top SDRs).
C) A refraction cross section (Profile #6) from Becker et al. (2014) on the
Namibian margin.
D) A comparison image of a collinear (inset), ION seismic line in the on the
Namibian margin and is overlain onto the refraction line in C. The
comparison of seismic refraction and reflection also show an overall poor fit
of crustal horizons (i.e.-Moho, Top SDRs).
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seafloor was made, the boundaries between the crustal units and the overlying
stratigraphic units are not in agreement. Seismic reflection data shows that the
Moho is far deeper (29 km) than modeled on the seismic refraction lines (23
km); the westward extent of SDR’s extends ~200 km beyond the modeled
location; and the thickness of the continental crust is greater (24 km) than
observed from the refraction data (20 km).
The difference in my reflection and refraction observations is significant
for interpreting the early rifting processes of this margin. Based on refraction,
Becker et al. (2014) concluded that the asymmetrical distribution of their
modeled HVLC is a result of asymmetrical rifting and simple-shear extension
with hanging wall and footwall components (Fig. 3.16A). This proposed
interpretation of conjugate, structural asymmetry could only be possible if the
entire section of rift and volcanic sections overlay thinned continental crust (Fig.
3.16). However, I know from accepted models of SDR’s on volcanic margins,
discussed earlier in this paper, that the syn-rift phase on volcanic passive
margins is complete after the basinward rotation of the oldest packages of
SDRs.

From this point onward, extension occurs by the accretion of new

igneous crust to the margin (Pindell et al., 2014) and not by a simple-shear
process.
My observations here require that the observed asymmetry must be the
result of another mechanism related to a spreading ridge, where excess material
is emplaced preferentially on one plate over the other. The process of accreting
new material at a volcanic spreading center no longer is driven by the processes
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Figure 3.16: A comparison of models for SDR asymmetry.
A) Seismic refraction-based interpretation by Becker et al. (2014) with zones of asymmetrical distribution of high-velocity lower crust (HVLC) and underplated, magmatic material on the conjugate,
volcanic margins of southern South America and southern West Africa. B) Seismic reflection-based interpretation based on seismic interpretations shown in this paper with asymmetrical zones of
SDRs. Average widths of SDRs are approximately 30% wider on the African margin.
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of simple- or pure- shear rifting and is more likely a product plate and ridge
interaction. A generic SDR-spreading ridge model with features similar to that of
an oceanic spreading ridge forming in a subaerial setting has also recently been
proposed by Paton et al. (2017).
3.8.2 Asymmetric-conjugate SDR model
An idealized model for the asymmetrical distribution of SDRs on my
seismic reflection observations invokes regional elements of plate motion and
velocity to explain the excess accretion of SDRs on the slower, trailing plate
relative to a fixed mantle position (Fig 3.16B).
To address the asymmetry of the volcanic zones, I integrate several key
points of evidence: 1) the asymmetrical distribution of continental flood basalts
of 132 Ma age that are found in Paranà and Etendeka (White and McKenzie,
1989; O’Connor and Duncan, 1990; Gladczenko et al., 1997; Hoernle et al.,
2015); 2) the asymmetrical distribution of SDR complexes with a wider zone in
Africa than South America (Fig. 3.14 and 3.16B); 3) a well-documented past and
present-day position of the Tristan de Cunha Hotspot (O’Connor and Duncan,
1990) (Fig. 3.1B).

These three documented features of the South Atlantic are

related to the plate motion relative to a fixed mantle position and magma-rich
continental break up (Fig. 3.1B).
3.8.3 Plate motion controls on asymmetry of volcanic passive margins
Prior to the onset of Barremian (~132 Ma) rifting in the study area, the
Rio de la Plata Craton, Dom Feliciano, and Damara Foldbelts were fused
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Figure 3.17: Sequential opening of South Atlantic conjugate margins from
Hauterivian (130 Ma) to Middle Miocene (20 Ma) based on GPlates
reconstructions of present-day bathymetry and topography (Seton et al., 2012)
showing the controls of Tristan de Cunha plume and plate motion for production
of asymmetrical volcanic margins (wider volcanic margin is on the African
conjugate margin).
A) Hauterivian (130 Ma) early-opening, rift phase, reconstruction with Tristan de
Cunha plume-head, continental flood basalts of the Parana-Etendeka Flood
Basalt Provinces and the location the schematic cross section shown in A2.
A1) Schematic cross section showing the closed fit, pre-rift reconstruction of
the South American and African plates and preexisting orogenic belts of
varying strike that will be reactivated during extension: RLPC = ~130 km;
DFFB = ~65 km; DFB = ~180 km. A2) Schematic cross section with arrival
and intrusion of the Tristan de Cunha Plume head into continental crust and
subaerial extrusion of overlying, Parana-Etendeka continental flood basalts.
B) Aptian (120 Ma) volcanic margin and SDR formation phase south of the
volcanic ridge complexes of the Rio Grande Rise and Walvis Ridge and the
location the schematic cross section shown in B1. B2) Schematic cross
section at 120 Ma showing the relative position of the South American and
African plates during the emplacement of SDRs with a wider and more
voluminous accretion of SDRs on the slower African plate.
C) Campanian (80 Ma) reconstruction showing SDRs on the volcanic margins
and the volcanic ridge complexes of the Rio Grande Rise and the Walvis
Ridge and location of the schematic cross section shown in C1. C1)
Schematic cross section at 80 Ma with Tristan de Cunha Plume underlying
the symmetrically-spreading, South Atlantic spreading ridge.
D) Middle Miocene (20 Ma) reconstruction zones of SDRs on both conjugate,
volcanic margins, the direction of plate motion relative to a fix position, and
the hotspot-related Rio Grande Rise and Walvis Ridge. The center of the
modern Tristan de Cunha hotspot is now 300 east of the active, South
Atlantic spreading ridge. The location of the schematic cross section shown
in D1. D1) Schematic cross section at 20 Ma showing the asymmetrical
lengths of both volcanic margins and the location of the modern Tristan de
Cunha 300 km west of the active spreading ridge.
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together to form part of Western Gondwana craton (White and McKenzie, 1989)
(Fig 3.17-A1).

The initiation of the Tristan de Cunha Plume during the

Hauterivian (132 Ma) caused an elevated geotherm that extended 2000 km
outward from the plume head (White and McKenzie, 1989) (Fig. 3.17A, 3.17A2).
The area of the elevated geotherm and extrusive continental flood basalts
overlay a broad, sub-lithospheric, “plume pancake” (O’Connor and Duncan,
1990; Fairhead and Wilson, 2005) that began to expand radially and encroach
on the rifting, conjugate margins of the austral South Atlantic (Fig. 3.17A-A2).
During the Aptian (~120 Ma), the interaction between the northwesterly path of
the South American and African plates and the stationary position of the plume
began to shift the two plates eastward away from the initial sites of the
Hauterivian continental flood basalts and towards the South Atlantic rift axis and
the sites of its volcanic margins (Fig. 3.17B and 3.17B1).
Following this rifting event, my model proposes the establishment of an
extensive zone of volcanic complexes along or near the rift axis (Fig. 3.17B1).
At this stage, the model derived from my observations of seismic data would
predict a period of crustal thinning, the emplacement of Inner SDRs in the
topographic lows of half-grabens, and the potential for underplating of highvelocity materials beneath the zone of thinned continental crust. After continued
divergence of the continental domain during the Albian, a ~12 km-thick zone of
mafic crust overlain by SDRs accumulates at the plate margins in a subaerial
setting (Fig. 3.17B2). During this stage the South American plate is established
as the faster plate and Africa as the slower plate, as a result of increased plate
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velocity (Brune et al., 2016)(Fig. 3.17B2).
This plate motion, relative to a fixed mantle position, permits greater
accretion of new, igneous crust and SDR complexes on the Namibian margin
(Fig. 3.17B2). Stein et al. (1977) modeled this asymmetric plate accretion in
their study of seafloor spreading and the relationship to absolute plate motion
relative to the oceanic spreading ridge between the Indian and Antarctic plates.
They developed a fluid mechanical model which predicted the faster accretion
on the trailing ridge flank Stein et al. (1977). Fujita and Sleep (1978) reported a
higher susceptibility of dyke intrusion on the hotter and weaker flanks of a
spreading ridge system, creating asymmetry at the axis. They also noted that, in
a hot spot scenario, the slower plate would be hotter and weaker in comparison
to the faster plate (Fujita and Sleep, 1978). This plate motion concept was
further discussed by Müller et al. (1998). Muller et al. (1998) compared the
Stein et al. model with their calculated, global ocean age maps. They agreed
that minimum spreading rates could accompany greater magmatic addition on
the slower plate provided that the rate of spreading remained high (30-80
mm/yr.) relative to a fixed mantle position.
Spreading rates for the emplacement SDRs/igneous crust were
investigated by Armitage et al. (2010) and a correlation was proposed between
spreading rates during magmatism (40-50 mm/yr.) and thicknesses of the
SDRs/igneous crust (15-20 km). From my study I can determine the lateral
extent of SDRs and crustal thickness from the seismic data. Paleo-extensional
velocities from the South Atlantic rifted margins were calculated by Brune et al.
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(2016) and indicate a rapid increase from the Barremian (128 Ma) through the
Mid-Aptian (118 Ma). The calculated 40-50 mm/yr. extensional velocity for this
time period supports the boundary criteria for the emplacement of thick igneous
crust (Armitage et al., 2010; Brune et al., 2016). The relationship of
SDR/igneous thickness and spreading rates proposed by Armitage et al. (2010)
can be integrated with Brune et al.’s findings to support a rapid (>30mm/yr.)
spreading rate during the emplacement of SDRs. By linking the spreading rate,
SDR/Igneous crust thickness, and plate motion, the model for asymmetric
accretion of SDRs can be confirmed.
From the Cenomanian (100 Ma) to the Early Eocene (40 Ma), the Tristan
de Cunha Plume was underlying the Mid-Atlantic Ridge (MAR) (O’Connor and
Duncan, 1990; Müller et al., 1998) (Fig. 3.17-C-C1).

This plume-ridge

interaction produced a symmetrical on-axis geometry, where the two plates
recorded plume-related magmatism at the spreading ridge (O’Connor and
Duncan, 1990).
South of the conjugate volcanic ridge complexes and during the period of the
Aptian (“126-120 Ma”), the supply of melt from the mantle plume declined; the
production of thick igneous crust eventually ceased; and the onset of oceanic
crust formation at the spreading ridge began by the Aptian (“~120 Ma”) (Fig
3.17D). The lack of a recognizable, morphologic junction along the modern
MOR between the ENE-trending Rio Grande Rise and the WSW-trending
Walvis Ridge (Fig. 3.1B and 3.17D) can be explained by the proposed westward
migration of the spreading axis and its depleting magmatic supply (O’Connor
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and Duncan, 1990) (Fig. 3.17D1).

Evidence for a shift from an on-axis to

intraplate hotspot in the Late Cretaceous – Early Paleogene (70-60 Ma) is
observed by the series of seamounts chains and volcanic edifices of early
Eocene (40 Ma) to present age (O’Connor and Duncan, 1990; Müller et al.,
1998; Hoernle et al., 2015) along the western limit of the Walvis Ridge and
approximately 300 km from the MOR (Fig. 3.71D and D1).
3.9 Conclusions
On our seismic reflection data, the conjugate margins of Uruguay/
Southern Brazil and Namibia both exhibit wide, asymmetrical zones of SDRs in
10->220 km-wide transition between the LoCC and LoOC (Figs. 3.3-3.7). SDR
complexes have distinctive seismic character (Figs. 8-10), internal structures
(Figs. 3.6-3.10), Moho reflector (Fig. 3.13), crustal velocities (Fig. 3.15), and
relation to overlying strata (Figs. 3.8-3.13) - which all distinguish the recognition
for the areas of igneous crust formed during the rifting phase from adjacent
areas of oceanic and continental crust.
The Uruguay/Southern Brazil margin south of the Rio Grande Rise has
30% less volume of rift-related igneous rocks compared to the conjugate margin
of Namibia (Fig. 3.14 and 3.16B). The greater volume of volcanic addition to the
African plate is related to the north-westward direction of plate motion of the
South American and African plates and increased spreading velocity. These
combined elements produced a fast South American plate and a slower African
plate, relative to a fixed mantle position.
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From the point of continental

separation and formation of the mid-oceanic spreading ridge, a greater amount
of SDR-related igneous material accumulated on the hotter, weaker, and slower
African plate (Fig. 3.14).
Interpretations by previous workers that have invoked simple- and/or pureshear mechanisms to explain the observed asymmetries cannot explain the lack
of continental crust underlying SDR’s – a relationship that is shown on several
seismic images (Figs. 3.3-3.10, 3.13). Simple and pure rifting models imply
lithospheric thinning and prior to the onset of oceanic formation or SDR crustal
accretion. Findings from this study and previously established models indicate
that the continental rifting process is no longer active during the emplacement of
SDRs basinward of the LoCC. In this position, a volcanic spreading ridge is
present where magmatic addition takes place by accretion at a spreading axis.
In my model, I propose that the observed asymmetry can be explained by the
accretion of thick, igneous crust underlying the SDRs, and a divergent setting of
plate motions over a fixed mantle position that involves a faster, South American
plate and a slower, African plate.
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Chapter Four:
Control of Paleozoic basement orogenic trends on along-strike variations
of Cretaceous continental stretching and formation of South Atlantic
volcanic passive margins

4.1 Summary
Early

Cretaceous

(134-131 Ma)

continental

rupture

of

Western

Gondwana to form the South American and African plates closely paralleled the
elongate trends of Precambrian and Paleozoic basement orogenies. These
orogenic belts were produced as a result of the Neoproterozoic convergent and
strike-slip assembly of Gondwana that were later re-deformed by later Paleozoic
orogenic events. Subsequent Early Cretaceous (132-130 Ma) continental rifting
to form the South Atlantic Ocean produced conjugate volcanic passive margins
(VPM’s) whose widths vary from 55-180 km. Along-strike variations in crustal
stretching, measured from deep-penetration, depth-migrated seismic reflection
profiles, can be correlated with the orientation of the rift relative to the trend of
the older, basement fabric. Where basement fabric trends parallel to the northsouth South Atlantic rift direction in the Dom Feliciano Uruguay/Brazil and
Kaoko orogenic belt of Namibia, narrow (55-90 km) rift zones with modest
continental stretching factors of 2.5-3.5 are measured as smaller amounts of
rifting were needed to stretch the weaker, parallel, orogenic fabric. Where
basement fabric trends near--orthogonally to the north-south South Atlantic rift
direction in the Salado suture of Southern Uruguay and the Damara belt of
Namibia, wider (185-220 km) rift zones with higher stretching factors of 4.3-5 are
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observed as greater amounts of stretching were needed to extend the stronger,
orthogonal, orogenic fabric. The rift-oblique Gariep belt intersects the South
Atlantic continental rupture at an intermediate angle (30°) and an intermediate
stretching factor (4). A compilation of published stretching factors from other
rifted margins worldwide confirms the same relationship described, with riftparallel margins having lower stretching factors in a range of 1.3-3.5 and riftorthogonal or oblique-margins have higher stretching factors in a range of 4-8.
4.2 Introduction
Pre-existing structures and anisotropic tectonic fabrics within the
continental lithosphere have been proposed by many groups of previous
workers to influence the structural architecture of rifted, continental margins
(Sykes, 1978; Dunbar and Sawyer, 1989; Tommasi and Vauchez, 2001; Autin et
al., 2013; Chenin, 2015). The variable orientation of crustal fabrics adjacent to
large ocean basins have been proposed to control the locations of continental
transfer faults connecting normal faults and oceanic fracture zones (Wilson
1965; Sykes, 1978; Vink et al., 1984; Dunbar and Sawyer, 1989; Benkhelil et al.
1995; Mascle et al. 1997; Tommasi and Vauchez, 2001; Mohriak and
Rosendahl, 2003; de Castro et al. 2012). Rift propagation preferentially occurs
along rift-parallel orogenic fabrics, but in some locations rifts crosscut
orthogonally- and obliquely-oriented, basement fabrics (Sykes, 1978; Vink et al.,
1984; Dunbar and Sawyer, 1989; Tommasi and Vauchez, 2001; 2013; Chenin,
2015).
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Compilation of onshore geologic data by previous workers have shown
that basement orogenic trends on the conjugate VPM’s of the South Atlantic
Ocean were both rift-parallel and rift-orthogonal to the Barremian-Aptian (132125 Ma) paleo-spreading center (Tommasi and Vauchez, 2001; Frank et al.,
2007; Gray et al., 2008; Blaich et al., 2013).

The net result of the interaction

between the northward-propagating lithospheric rupture across pre-existing
crustal fabrics was expressed as both wide and narrow rifted margins. These
variations in the width of the margin are thought to reflect variations in the
amount of crustal stretching, measured as a beta factor (β), the ratio between
the initial crustal thickness/final and stretched crustal thickness as defined by
the zone of crust and underlying lithosphere (McKenzie, 1978; Davison, 1998).
Low beta-factor rifts are characterized by lower amounts of crust and
lithospheric stretching, and narrower zones of extension, and high- to moderateangle normal faults bounding half-grabens and tilted fault blocks. High betafactor rifts are characterized by wider zones of extension, lower-angle normal
faults, and a greater degree of fault block rotation along these lower-dipping
normal faults.
4.2.1 Main features of continental rifting and oceanic spreading of the
South Atlantic Ocean
The breakup of the Western Gondwana continent by early Cretaceous
opening (134-130 Ma) of the South Atlantic Ocean initiated along the east-weststriking Malvinas-Algulhas transfer zone and propagated northward (Rabinowitz
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and LaBrecque 1979; Austin & Uchupi 1982; Nürnberg and Müller 1991; Chang
et al. 1992; Blaich et al., 2011; Blaich et al., 2013) (Fig. 4.1). The tectonic
evolution of the South Atlantic, conjugate VPM’s and non-volcanic margins of
the northern South Atlantic was the result of continued, northward propagation
of the rift towards the Equatorial Atlantic (Rabinowitz and LaBrecque 1979;
Austin and Uchupi 1982; Nürnberg and Müller 1991; Chang et al. 1992;
Gladczenko et al., 1997; Blaich et al., 2011; Blaich et al., 2013). The conjugate
VPM’s of the southernmost - or austral segment - of the South Atlantic Ocean
are now separated by more than 6,500 km of oceanic crust formed from the
Aptian (132-120 Ma) to present-day along the Mid-Atlantic Ridge (Fig. 4.1)
(Moulin et al., 2010; Blaich et al., 2011; 2013).
Extensive plume-related, pre-break-up volcanism is recorded on South
Atlantic VPM’s from the onshore Hauterivian (132 Ma) Paranà flood basalts of
southern Brazil and Etendeka volcanic area of the same age in northern
Namibia (Wilson 1965; Sykes, 1978, Gladczenko et al., 1997; Tommasi and
Vauchez, 2001; Geoffroy, 2005; Blaich et al., 2011, 2013; Geoffroy et al., 2015)
(Fig. 4.1).

Voluminous break-up related magmatic activity continued after

lithospheric thinning as recorded by wide zones of Barremian-Aptian (131- 125
Ma) SDR’s along the conjugate VPM’s (Fig 4.1). Aptian (130 Ma) oceanic crust
production followed the extrusive magmatism and continues at the presently
active Mid-Atlantic Ridge (Wilson 1965; Franke et al., 2007; Blaich et al., 2011;
Blaich et al., 2013; Koopman et al., 2014) (Fig. 4.1).
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Figure 4.1: Regional topographic and bathymetric map of the South Atlantic showing conjugate margins in Uruguay and Namibia described in this study: 1) Punta de Este Basin (PdEB); 2) Pelotas
Basin(PB); 4) Orange Basin (OB); 5) Lüderitz Basin (LB); and 6) Walvis Basin (WB). Oceanic fracture zones (FZ) - including the Malvinas-Algulhas, Salado, and Florianopolis – are flow lines that
allow for restoration of conjugate margins. Volcanic margin segments and discreet zones of SDR packages proposed by Franke et al. (2007) are highlighted in the austral South Atlantic on the South
American margin. The Early Cretaceous opening of the South Atlantic Ocean basin was accompanied by effusive volcanism emplaced at the rifted continental margins and continued hotspot activity
has been recorded in the ocean floor as seamounts and volcanic ridges. The post-rift Rio Grande Rise and the Walvis Ridge volcanic complexes associated with the Tristan de Cunha hotspot are
shown. Younger hotspot-related features of sub-marine volcanoes and seamounts (HS) include these chains: 1) Bouvet; 2) Meteor; 3) Discovery; 4) Tristan; 5) Cameroon; 6) Trinidade.
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rifting and magmatic processes (Franke et al., 2007, Blaich et al., 2013,
Koopman et al., 2014) (Fig. 4.1).
The east-west-trending Salado oceanic fracture zone links the conjugate
basins of the Punta del Este and Orange Basins (Franke et al., 2007; Koopman
et al., 2014) (Fig. 4.1). The east-west-trending Florianopolis oceanic fracture
zone forms the northern boundary of the VPM’s of the austral South Atlantic and
connects the Northern Pelotas and Walvis Basins of Brazil (Franke et al., 2007,
Blaich et al., 2013, Koopman et al., 2014). The Barremian-Eocene (131-40 Ma)
Rio Grande Rise and the Barremian – Miocene (131-10 Ma) Walvis Ridge
Volcanic Complexes provide evidence of long- lived volcanism associated with
the Tristan de Cunha Plume (O’Connor and Duncan, 1990; Planert et al., 2016)
(Fig. 4.1).
4.2.2 Plate reconstructions of the opening of the South Atlantic Ocean
Figures 4.2A and 4.2B show plate reconstructions of the South Atlantic at
Maastrichtian (67 Ma) and Aptian (120 Ma) modified from reconstructions by
Seton et al. (2012). Satellite free-air gravity data present evidence for variable
gravity expressions of structural domains onshore and at the Barremian (130
Ma) rifted margins (Fig. 4.2). These boundaries onshore can also correlate with
prominent east-west-trending, oceanic fracture zones (Franke et al., 2007;
Sandwell and Smith, 2009; Koopman et al, 2014) (Fig. 4.2).

Tectonic plate

reconstructions permit the restoration of major tectonic domains to their pre-
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Figure 4.2: A) A 67Ma GPlates reconstruction of the South Atlantic show a conjugate relationship between the volcanic passive margins of Uruguay and Namibia (Seton et al., 2012) and major
geologic features of the region. Fracture zones, divided by the mid-ocean ridge, act as flow lines within the satellite free-air gravity data (Sandwell and Smith, 2009) and can be used to retrace the
path of the diverging plates since continental rupture. Seismic data used in this study is also highlighted on the conjugate margins of Namibia and Uruguay/Southern Brazil. Major tectonic and
orogenic foldbelts (FB) and their structural orientation to the rift axis are labeled on the opposing conjugate margins: South American Plate: Dom Feliciano FB, Salado Suture, El Cortijo Suture;
African Plate: Cape FB, Gariep FB, Damara FB, and Kaoko FB. (Free-air anomaly gravity data: reds represent gravity highs; blues represent gravity lows.)
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Figure 4.2: A 120 Ma tectonic reconstruction using free-air gravity data
B) The South American margin has 3 notable tectonic features and foldbelts
(FB): 1) the El Cortijo Suture; 2) the Salado Suture; and 3) the Dom Feliciano
Foldbelt. Their orientations to the paleo-rift axis of the South Atlantic are riftorthogonal, rift-orthogonal, and rift-parallel respectively. The West African
margin is flanked by four prominent foldbelts: 1) the Kaoko; 2) the Damara; 3)
the Gariep; and 4) the Cape FBs. These have orientations of rift-parallel, riftorthogonal, rift-oblique, rift-parallel/oblique respectively. (Free-air anomaly
gravity data: reds represent gravity highs; blues represent gravity lows.)
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break-up, Barremian (131 Ma), locations and allow for a better understanding of
the paleogeography at the time of the formation of the conjugate VPM’s of the
South Atlantic (Fig. 4.2A) (Moulin et al., 2010; Seton et al., 2012; Blaich et al.,
2013).
4.2.3 Overview of Precambrian to Paleozoic orogenic belts surrounding
the Cretaceous South Atlantic Ocean
Precambrian to Paleozoic intra-cratonic, orogenic belts and their related
suture zones have been previously mapped on the onshore regions of the South
American and African plates (Figs. 4.2A, B) (Coward, 1983; Tommasi and
Vauchez, 2001; Gray et al., 2008, Blaich et al., 2013, Chernicoff et al., 2014).
The onshore continental rocks of the South American plate contain three,
distinctive orogenic belts and suture zones: 1) El Cortijo suture formed at 20502300 Ma (Moulin et al., 2010; Chernicoff et al., 2014); 2) Salado suture formed
2050-2300 Ma (Chernicoff et al., 2014); and 3) the Dom Feliciano orogenic belt
formed 580-620 Ma (Gray et al., 2006; Blaich et al, 2013, Chernicoff et al.,
2014) (Figs. 4.2A, B).

The 1200-km-long Dom Feliciano orogenic belt is

considered rift-parallel with respect to the north-south-trending rift axis of the
early South Atlantic Ocean (Tommasi and Vauchez, 2001; Gray et al., 2006;
Heilbron et al., 2008) (Fig. 4.2B). In contrast, the sutures to the south of the
Dom Feliciano FB have a relatively narrow exposure of 50-90 km at the margin.
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The conjugate margin of Namibia has three margin orogenic foldbelts that
flank the Cretaceous rifted margin (Gray et al., 2006; Heilbron et al., 2008;
Blaich et al., 2013) (Fig. 4.2B). The north-south-trending Kaoko orogenic belt formed at 580-655 Ma - is conjugate to the northern regions of the South
American N-S Dom Feliciano FB (580-620 Ma) and shares a similar rift-parallel
orientation to the rift axis for 450 km at the modern coastline (Goscombe et al.,
2003, Gray et al., 2006; Heilbron et al., 2008) (Fig. 4.2B).
South of the Kaoko belt is the rift-orthogonal Damara belt (505-530 Ma)
which has a mostly right-angle orientation to the modern coastline of Namibia
(Gray et al., 2006; Heilbron et al., 2008) (Fig. 4.2B).

This tectonic feature

intersects 715 km of the present day Namibian coast (Fig. 4.2B). The rift-oblique
Gariep belt (535-545 Ma) is located in the southern coastal region of Namibia
and has an arcuate shape with respect to the Barremian (130 Ma) rifted margin
and therefore has an oblique component the paleo-rift axis of the South Atlantic
(Frimmel and Frank, 1998; Gray et al., 2006; Heilbron et al., 2008) (Fig. 4.2B).
This Paleozoic belt occupies approximately 220 km of the southern Namibian
coast (Fig. 4.2B).
4.3 Geologic setting of South Atlantic continental rifting
The early Cretaceous, Barremian (131 Ma) continental break-up occurred
within a framework of heterogeneous tectonic domains that made up Western
Gondwana (Kröner and Cordani, 2003; Gray et al., 2008; Heilbron et al., 2008)
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(Fig. 4.3). This preexisting framework consists of a mosaic of: 1) thick, PreCambrian cratons; 2) reworked basement terranes; 3) magmatic arc
assemblages; and 4) mixed terranes of Paleoproterozoic basement and backarc successions (Heilbron et al., 2008) (Fig. 4.3).
Pan-African-Brasiliano (870-550 Ma) mobile foldbelts situated amongst
the cratonic domains compose much of Western Gondwana (Gray et al., 2008;
Heilbron et al., 2008) (Fig. 4.3). The tectonic fabrics and various structural
orientations are a result of multi-orogenic deformation as the ages of the
deformation zones vary widely (Gray et al., 2008) (Fig. 4.3).

It is from this

setting of orogenic belts and tectonic fabrics that structural inheritance - and
therefore variable amounts of stretching - would be affected during the
Barremian (131 Ma) rifting (Tommasi and Vauchez, 2001; Mohriak and
Rosendahl, 2003; de Castro et al. 2012; Blaich et al., 2013).
4.3.1 South Atlantic crustal fabrics
Gray et al. (2008) investigated the orogenic processes of the Brasiliano
and Pan-African orogenic systems (870- 550 Ma) and the amalgamation of the
intra-cratonic components to confirm the Pan-African-Brasiliano cratonic
assemblage by 550 Ma (Fig. 4.3). In a pre-rift, restored position, the orientation
of the structural fabrics to the South Atlantic rift basin is apparent (Gray et al.,
2008; Heilbron et al., 2008) (Fig. 4.3A). Gravimetric response from satellite
derived free-air gravity data (Sandwell and Smith, 2013) of the Gondwanan
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Figure 4.3: Previous works featuring a Gondwana reconstruction and
associated profiles of major orogenic belts between South America and Africa.
A) A western Gondwana reconstruction highlighting the regional Brasiliano-PanAfrican mobile foldbelts and sutures within the area of investigation. Prominent
orogenic foldbelts (FB) are positioned between major cratons on both the South
American and African plates The El Cortijo (ECS) and Salado Sutures (SS)
and Damara FB are orientated rift-orthogonal with respect to the rift axis. In
contrast, the Dom Feliciano and Kaoko FBs are observed to be oriented in a riftparallel position.
B) The inset shows the approximate location of the zoomed-in western
Gondwana area (A) within a reconstructed, free-air gravity image of Gondwana.
(Free-air anomaly gravity data: reds represent gravity highs; blues represent
gravity lows.)
C) Four profiles of Conjugate Margin Tectonic Belts from previous works
(Gosscombe and Gray, 2007; Gray et al., 2008; Chernicoff et al., 2014)
Profile 1) The conjugate, rift-parallel, N-S trending Dom Feliciano (DFFB) and
NNW- trending Kaoko FBs (KFB) share a mirror-like structural geometry with
respect to shear direction and thrust vergence. They share similar ages of
deformation that ranges from ~ 580 to 655 Ma. These foldbelts are adjacent to
the Rio de la Plata Craton (RdlP) on South American and the Kaoko FB is at the
western limit of the Congo Craton. These belts are both dominated by NNWtrending lithospheric shear zones. Age of deformation from DFFB - Basei et al.,
(2000), KFB- Gosscombe et al., (2005).
Profile 2) The E-W trending thrusted zones within Damara FB (DFB) are
positioned rift-orthogonal to the South Atlantic Rift axis. The origin of the foldbelt
stems from the convergence between the Rio de la Plata, Congo, and Kalahari
Cratons (Gray et al., 2006). The northern and southern limits of the Damara FB
are doubly-vergent with inwardly dipping thrusts from the flanks of the bounding
cratons. It should be noted that based on the near-coast change in geometry,
the northern and southern arms of the Damara FB take on a less-orthogonal
orientation at the rift axis, while the core of the foldbelt remains strongly
orthogonal. Age of deformation from Jung and Mezger, 2003.
Profile 3) The structural fabric of the Gariep FB, on the west African margin has
arcuate shaped zones with respect to the rift axis and therefore likely has both a
parallel and oblique component along strike within the Gariep domain. The
Gariep FB ranges in age from ~535-545 Ma and is generally younger than the
foldbelts to the west and north. The Kalahari Craton borders the Gariep FB to
the west where a thrust nappe is present on the craton. Age of deformation from
Frimmel et al., (2000).
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Profile 4) The Rhyacian age WNW trending El Cortijo and Salado Sutures are
related to the Transamazonian Orogeny and fall within a region of that
continually re-worked during Paleozoic orogen. The Salado Suture is the
northern limit of the orogenic domains and is positioned at the southern
boundary of the Rio de la Plata Craton. These suture zones are separated by
the Tandil High (TH) and are oriented rift-orthogonal to the future propagation of
the South Atlantic opening. Age of deformation from Chernicoff et al., (2014).
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assembly illustrates structural boundaries of the orogenic fabrics along the
once-fused supercontinent (Gray et al., 2008) (Fig. 4.3B). Along strike- variables
from the data used here can be correlated with the orogenic boundaries
observed in gravity data.
Plate reconstructions show that conjugate orogenic trends are either
complementary (parallel-parallel) or create apparent intersections (parallelorthogonal) with respect to their opposing plate (Gray et al., 2008; Heilbron et
al., 2008) (Fig. 4.3A). The Damara belt is rift-orthogonal and contrasts with the
Dom Feliciano belt on the South American Plate (Gray et al., 2008; Heilbron et
al., 2008; Blaich et al, 2013) (Fig 4.3A). The Salado and El Cortijo sutures are
orientated approximately orthogonal to the paleo-rift axis and contrast the
oblique rift-axis orientation of the Gariep and Cape Foldbelts (Chernicoff et al.,
2014) (Fig. 4.3A).

The Barremian (131 Ma) rift propagation through these

zones of various orientations led to the opening of the South Atlantic Ocean
basin (Rabinowitz and LaBrecque, 1979; Austin and Uchupi, 1982; Nürnberg
and Müller 1991; Chang et al. 1992; Tommasi and Vauchez, 2001; Moulin et al.,
2010; Blaich et al., 2011; Blaich et al., 2013) (Fig. 4.3A).

The locus of the rift

axis was influenced by the structural boundaries between these major orogenic
trends (Austin and Uchupi, 1982; Tommasi and Vauchez, 2001; Moulin et al.,
2010; Blaich et al., 2013).
The Dom Feliciano and Kaoko conjugate-pair foldbelts are both riftparallel and show evidence of shearing during the course of deformation
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(Gosscombe and Gray, 2007; Gray et al., 2008; Heilbron et al., 2008;) (Fig.
4.3C, Profile 1).

The Kaoko belt of northern Namibia is composed of four

distinct structural zones that are separated by sinistral-oblique shear zones that
extend into the deep lithosphere (Goscombe and Gray, 2007).

Westward-

dipping thrusts are observed at shallow depths and major faults dip in a listric
fashion to deeper crustal zones (Goscombe and Gray, 2007) (Fig. 4.3C). The
Brasiliano-Dom Feliciano belt on the conjugate margin of South American
shares a mirror-like structural deformation

history within the high-grade

metamorphic units and magmatic arc units, in dextral shear regime of the Kaoko
FB (Gray et al., 2008; Passerelli et al., 2010) (Fig. 4.3C, Profile 1). Similar to
the Kaoko belt, the surface exposures of the Dom Feliciano belt are
characterized by high-angle N-S shear zones that have westerly dipping listric
faults at deeper, crustal levels (Passerelli et al., 2010) (Fig. 4.3C, Profile 1).
The Pan-African Damara foldbelt is positioned between the Congo and
Kalahari Cratons of Africa (Goscombe and Gray, 2007, Gray et al., 2008) (Fig.
4.3A). The origin of the Pan-African Damara foldbelt is considered to be a result
of the convergence of the three primary cratons that bound it: 1) Congo Craton;
2) Kalahari Craton; and 3) Rio de la Plata Craton (Fig. 4.3A). This east-westtrending orogenic system has been defined as one branch of a collisional triplejunction with doubly-vergent bounding faults (Coward 1981; Coward, 1983;
Hoffman et al., 1994) (Fig. 4.3A). The internal fabric of the Damara belt trends
east-west and contrasts to the adjacent, north-south- trending structural fabrics
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of the Kaoko and Gariep foldbelts belts Gray et al., 2008) (Fig. 4.3A).

At the

coast, the Damara belt has been described to have sinistral-transpressional
boundaries that parallel the Kaoko and Gariep belts. The central exposure at
the margin indicates that the Damara’s coastal terranes remain rift-orthogonal
(Gray et al., 2008) (Fig. 4.3A). East-west-trending internal shear zones of the
Damara belt are dominated by craton-vergent, imbricate thrust shear zone
systems (Gray et al., 2008) (Fig. 4.3C, Profile 2).
The rift-oblique Gariep belt is the southern branch of the collisional triplejunction on the West African Margin (Coward 1981; Coward, 1983; Hoffman et
al., 1994) (Fig. 4.3A). This orogenic belt has internal structural deformation
trends that vary from north to south and are positioned in parallel and oblique
geometries to the paleo-spreading center of the early South Atlantic (Frimmel
and Frank, 1998) (Fig. 4.3A).

The arcuate “bend” in the Gariep Belt is

considered to be a result of the pre-existing geometry of the Neoproterozoic
continental margin at the time of continent-continent collision (Frimmel and
Frank, 1998) (Fig. 4.3A). High angle (>60°) thrust nappes from the Gariep belt
were emplaced onto the western region of the Kalahari Craton (Gray et al.,
2008) (Fig. 4.3C Profile 3). High-angle, westward-dipping thrusts with listric
geometries at- depth divide the major zones of the Gariep belt (Gray et al.,
2008) (Fig. 4.3C Profile 3).
The Salado and El Cortijo Sutures of northern Argentina have been
described by Chernicoff et al. (2014) as structural belts formed during the
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Rhyacian (2050-2300 Ma), Trans-Amazonian Orogeny (Fig. 4.3A). The Salado
Suture defines the maximum northern extent of deformation related to Paleozoic
Orogenic deformation (Gray et al., 2008) (Fig. 4.3A and 4.3C, Profile 4). The
orientation of the east-west suture zones described here and the east-west
trending limit of Paleozoic orogens are oriented rift-orthogonal to the paleospreading axis of the early South Atlantic (Gray et al., 2008; Chernicoff et al.,
2014). (Fig. 4.3A and 4.3C, Profile 4).
4.4 Previous ideas on the control of crustal fabrics on the style of
continental rifting
The investigation of rifted margin architecture geometries as a result of
pre-existing features has been examined by previous workers using several
methods (Sykes, 1978; Dunbar and Sawyer, 1989; Tommasi and Vauchez,
2001; Autin et al., 2013; Chenin, 2015).

Tommasi and Vauchez (2001)

conducted modelling of the preferential and systematic reactivation of preexisting features within the continental lithosphere at sites of intense magmatic
activity associated with mantle plumes. In this study, I analyze the interactions
of the trends of rifting with the orogenic fabrics of the southern segment of the
South Atlantic (Fig. 4.3).
Franke et al. (2007) and Koopman et al. (2014) observed margin
segments with discrete packages of SDR’s within South Atlantic VPM’s that
varied along-strike (Fig. 4.1). These previous studies cited “distinct along-margin
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variations in architecture” as a mechanism to influence the presence of
seaward-dipping reflectors (SDR’s), volume variability in magma volumes, and
margin segmentation (Franke et al., 2007; Koopman et al., 2014).
I investigate the structural influence of along-strike, pre-existing tectonic
fabrics on the Uruguay/Southern Brazilian and conjugate Namibian Margins. I
analyze regional, deep-record, high resolution seismic reflect data to determine
the variable-width zone of continental stretching. I calculate apparent crustal
thinning factors or “Delta c” (Δc) for the South Atlantic margins analyzed from
seismic reflection profiles in order for a quantitative comparison of these values
with global values at rift basins with adjacent tectonic fabrics of varying rift-axis
orientation.

From this we can predict wide and narrow continental passive

margins as they relate to pre-existing zones of weakness at the paleo-rift axis.
4.5 Seismic reflection data used in this study
The seismic reflection data used in the study total 27,550 km in length
and were acquired by ION Geophysical during their various regional, or “SPAN”,
surveys of both conjugate margins from 2009 to 2014 (Fig 4.1A). UruguaySPAN
(2012) and PelotasSPAN (2009) (a subset of the BrasilSPAN3 – 2009) were
used as the dataset to document the South American VPM’s (Table 4.1). The
NamibiaSPAN seismic reflection data (2014) were used to document their
conjugate, west African VPM. The total line kilometers for each of the three
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Table 4.1: Seismic Data Acquisition Parameters (ION Geophysical)
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surveys are: UruguaySPAN = 2,818 km; PelotasSPAN = 10,667 km,
BrasilSPAN = 3,638 km, and NamibiaSPAN = 10,421 km (Table 4.1).
Seismic lines were recorded to 18 seconds two-way-travel time and were
migrated to a depth of 40 km (Table 4.1). The data processing flow from the raw
stacks to the final pre-stack depth migration shown on the seismic images
shown in this chapter are based on geophysical industry standard applications
and processing workflow at ION Geophysical. Acquisition specifications
remained constant from survey to survey with air-gun source depths varying
from 8.5-10 m and cable lengths fixed at 10.2 km (Table 4.1).

Survey design

and spacing was designed to take capture elements of the regional tectonic
setting from the paleo rift and fracture zone orientation between the conjugate
VPM margins of South America and west Africa.
4.6 Observations of rifted continental crust from deep-penetration seismic
reflection profiles of South Atlantic VPM’s
Analysis of the seismic reflection data shown in this chapter confirms a
variability of crustal stretching at orogenic structured zones on the conjugate
VPM’s of the South Atlantic Ocean. In order to compare the various degrees of
continental stretching, I have measured crustal stretching factors for seven, 2D
seismic profiles (Figs. 4.4-4.10).

The seismic profiles are representative

examples from each onshore tectonic structural domain as described in Figure
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4.3A-4.3C. Constraining the crustal limits and thicknesses is a key factor in
determining the true degree of deformation that took place on the rifted
continental margin.

The 40-km-deep record of the seismic reflection data

permits a simple assessment of the un-thinned, maximum continental crust
thickness which ranges from 32-24 km (Figs. 4.4-4.10). The smaller values of
24-km-thick continental crust may indicate a wider zone of rifting that is not
possible to completely define because of the lengths of the available seismic
lines (Figs. 4.4-4.10).

Thinning factors were calculated using a simple

stretching factor calculation similar to Steckler and Watts (1978), where I
determine the factor of thinning as a relationship of:

“Delta c” (Δc) = initial

crustal thickness (km) / final thickness (km).
Until recently, determining the “Limit of Continental Crust” (LoCC)
(McDermott et al., 2015) along passive margins was not well understood.
Pindell et al., (2014) and Geoffroy et al., (2015) provide a similar set of criteria to
determine the location of the LoCC on VPM’s based on several assumptions
about the emplacement and kinematics of the SDR complexes at VPM’s. Both
these studies recognized the existence of landward-dipping normal faults at
VPM’s and proposed that the landward-dipping, normal fault planes were
initiated during the early rift phase by gravitational shedding from an initiallyelevated, volcanic center (Pindell et al., 2014; Geoffroy et al., 2015). These
details of rifted VPM are essential to establish in order to constrain the crustal
boundaries and therefore the total amount of crustal stretching.
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Figure 4.4: A south-north strike profile illustrating the rift-orthogonal El Cortijo
and Salado Sutures.
A) The profile location map (heavy black line) within the South Atlantic, GPlates
reconstruction at 115 Ma.
B) The un-interpreted, south–north, deep record seismic line from the
continental shelf of offshore Argentina and Uruguay.
C) The interpreted seismic profile from Figure 4.4B where deep seismic events
indicate lithospheric scale deformation in the form of thrusts dipping to the south
within the tan-shaded region identified as continental crust. The El Cortijo and
Salado sutures are separated by an area of thick, un-structured continental
crust. Crustal thinning reaches 18km thick at the Salado Suture and reaches a
maximum thickness of 31 km. The apparent brittle-ductile transition (B-D T) is
identified from internal crustal - seismic facies. The continental crust is floored
by a rugose Moho expression. Seismic data at the rifted margin indicates that
the structure of the Salado Suture is dominated by southward dipping thrusts at
the Argentine-Uruguay border.
D) Enlargement of a section of the section from Figure 4C illustrating the
deformed and rotated pre-rift fabric at the Salado Suture.
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4.6.1 Zones of Pre-Existing Weaknesses
4.6.1.1 Rift-orthogonal, Salado suture zone (Argentina and Uruguay)
Figures 4.4A is a north-south, mega-regional strike-oriented seismic
reflection line along the continental shelf of Argentina and southern Uruguay
shows abundant evidence of variations in Paleozoic, orogenic basement trends
and intensity of both Paleozoic shortening and Cretaceous rift-related
deformation. The continental crust along this line extends southward from the
southern limit of the Rio de la Plata Craton in Argentina to Uruguay where
Cretaceous rifting has overprinted the older Paleozoic crustal fabric is present
(Fig. 4.4B, C).
The rugose Moho at the base of the South American continental crust is
attributed to the combined effects of multiple pre-Cretaceous, north-south
shortening events accommodated along a series of southward-dipping thrust
faults (Fig. 4.4B, C). Many of these shallow faults are reactivated thrust faults
from previous orogens (Fig. 4.4C). The Moho (Mohorovicic discontinuity)
expression exhibits a close correlation with the lithospheric scale faulting seen
here, in addition to shallowing at the thinned zones of continental crust (Fig.
4.4C). Along-strike crustal thickness ranges from ~18 km to 31 km (Fig. 4.4C).
The Rhyacian (2050 – 2300 Ma) El Cortijo and Salado Suture zones are
separated by the Tandil High, a relatively undeformed basement dome that
shows little evidence of faulting (Fig. 4.4C). Figure 4.4D highlights a zoomed in
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Figure 4.5: An example profile from the Punta del Este Basin. A) The profile location (black line) map within the South Atlantic, GPlates reconstruction at 115 Ma. B) An un-interpreted deep record
seismic line from Salado Suture zone located in the Punta del Este Basin of the offshore Uruguay. Seismic amplitudes are variable and range from steeply dipping, offlapping packages to laterally
continuous and flat lying events in the shallow section. C) The interpreted section of Figure 4.5B where a wide zone (~185 km) of horsts and grabens are present within rifted continental crust. In the
West, the interpreted continental crust is ~32km in thickness which is then thinned to the east until final continental rupture. A crustal thinning factor (Δc) of 5.0 has been calculated. This continental
crustal domain limit (LoCC) is present west of the onset of SDRs/igneous crust and oceanic crust.
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section of the southern Salado Suture Zone and demonstrates the highly rotated
pre-rift (Paleozoic?) units (Fig. 4.4D). Deep crustal reflective events are the
seismic expression for the rift-orthogonal oriented Salado Suture (Fig. 4.4D).
Faulted units to the south in Figure 4D illustrate the high angle of the units that
remain unaffected by the South Atlantic rifting phase and record the amount of
structural deformation prior to the opening of the ocean basin (> 134 Ma) (Fig.
4.4D).
Punta del Este Basin seismic data, in the dip-oriented position, provides
evidence of a 185-km-wide zone of crustal thinning of the Salado Suture prior to
the onset of Barremian (132 Ma) SDR’s and igneous crust (Fig. 4.5C and 4.5B).
The wide zone of crustal stretching suggests that the crust was highly resistant
to rupture because the direction of extension was orthogonal to the zone of preexiting weakness.
The zone of horsts and grabens from an along-strike position has a
narrow exposure at the margin of ~165 km, where the Salado Suture intersects
the rift margin. The resistance to lithospheric break-up produced a wide margin
(185 km) consisting of horsts and grabens east of full-thickness continental
crust. Break up was followed by the emplacement of SDR’s and igneous crust
in the east (Fig. 4.5C).

Using the stretching factor calculation described in

section 4.6, 32-km-thick crust was eventually thinned by a factor of 5 (Fig. 4.5C).
Intra-crustal reflectivity is high for this seismic section and might represent
extensive shearing within the crust related to pre-existing deformation events
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Figure 4.6: An example profile from the Pelotas Basin. A) The profile location (black line) map within the South Atlantic, GPlates reconstruction at 115 Ma. B) An un-interpreted deep record seismic
line from the rift-parallel Dom Feliciano FB located in the Pelotas Basin of the offshore southern Brazil. C) An interpreted profile from Figure 4.6A illustrating the narrow zone (~55 km) of rifted
continental crust within the rift-parallel fabric of the foldbelt. A crustal thinning factor (Δc) of 2.5 has been calculated. Oceanic domain is present to the east of the SDRs/ igneous crust.
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and crustal stretching associated with the Barremian (132 Ma) rifting in the
South Atlantic (Fig. 4.5C). This 185-km-wide zone of deformation and the
eastern position of the SDR complexes illustrate that the rifting period delayed
the onset of a volcanic ridge development at this location, whereas it less
resistant zones progressed to crustal rupture with less stretching and allowed
the volcanic center to propagate at a more rapid rate.
4.6.1.2 Rift-parallel, Dom Feliciano orogenic belt (Uruguay and southern
Brazil)
The rift-parallel, Dom Feliciano belt intersects at the modern passive
margin of Uruguay and southern Brazil along 1,200 km (Fig. 4.6A).

The

opening of the South Atlantic at the Dom Feliciano belt occurred by reactivation
of preexisting planes of weakness (Tommasi and Vauchez, 2001).

This narrow, 55-

km-wide zone of crustal thinning represents the rapid onset of the volcanic
center from which voluminous igneous material was produced for the
subsequent SDR’s and igneous crust (Fig. 4.6C). Apparent shear zones are
present within the lower crust at the margins flank (Fig. 4.6C). The seismic data
confirms that a full-thickness, 32-km-thick continental crust was present prior to
extension and resulted in apparent crustal thinning factor calculations of 2.5 for
this section and for the rifted Dom Feliciano belt (Fig. 4.6C).

166

4.6.1.3 Rift-orthogonal Damara and Gariep orogenic belts (Namibia)
A north-south, mega-regional strike, seismic reflection line along the
Namibian margin illustrates zones of intra-cratonic zones of Paleozoic
deformation (Fig. 4.7A, B). The Moho expression is rugose, as observed from
the conjugate VPM in Uruguay (Fig. 4.7A, B), and reflects Paleozoic (2300-2050
Ma) orogenic deformation prior to Barremian (132 Ma) rifting in South Atlantic
(Fig. 4.7C). The Moho geometries match seismically-bright events in the lower
crust interpreted as lower crustal shear zones.

Paleozoic (2300-2050 Ma)

north-south shortening occurred across this domain and created the doublyvergent thrust features as previously described (Fig. 4.3).
A brittle-ductile transition can be traced at the base of the series of interpreted
folds and thrusts that bound the Damara belt to the north and south, and are
similar to the geometries that have been described onshore (Gray et al., 2008)
(Fig. 4.7C). The thickness of continental crust ranges from 32 km (Damara belt),
17 km in the north (Kaoko belt), and 21 km (Gariep belt) in the south. The
thinned nature of the crust in the north is likely an offshore expression of the
Kaoko belt, where the pre-existing orogenic fabrics of the Damara and oblique
Gariep belt are more resistant to stretching, and remain thicker (Fig. 4.7C).
The pre-existing structural trends of the Gariep Belt are considered to be
oblique as a result of their varied orientations with respect to the South Atlantic
paleo-spreading axis (Fig. 4.3A). Their arcuate geometry indicates that most of

167

Figure 4.7: An example strike line profile from the Namibia. A) The profile location (black line) map within the South Atlantic, GPlates reconstruction at 115 Ma. B) An un-interpreted North-South
strike-line profile from the Namibian margin, capture in the shelfal domain of the rift-orthogonal Damara and ~rift parallel/oblique Gariep FBs. C) The interpreted version of Figure 4.7A illustrates the
along-strike variation of the continental crust on the margin that is bounded by zones of SDRs to the north and south. Centered within the profile is the Damara FB which remains relatively un-thinned
in this position and presents a thick, ~28-30 km-thick crustal thickness. Internal seismic events suggest intense pre-rift deformation within the foldbelt. From the north, SDRs transition into the
continental domain over a region of thinned continental crust with pre-existing high-angle thrust faults. Internal seismic character indicates a relationship between apparent faults within the crust and
the Moho expression that is present at the base of the continental crust.
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Figure 4.8: An example profile from the Gariep Basin, Namibia. A) The profile location (black line) map within the South Atlantic, GPlates reconstruction at 115 Ma. B) An un-interpreted West-East dip oriented line
profile from rift-oblique oriented Gariep FB on the Namibian margin of West Africa. C) The interpreted profile shows a ~ 140 km zone of rifted continental crust from an original thickness of 28 km. A high density of
internal seismic events is imaged east of the large-scale, basinward-dipping normal fault. A crustal thinning factor (Δc) of 4.0 has been calculated for this profile
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the Gariep belt is oblique to the margin in the offshore position (Fig. 4.3A).
Seismic data from the west African margin at the Gariep belt provides evidence
of crustal thinning over a zone of 140 km (Fig. 4.8C).
The interpreted Moho shows a pronounced concave-down geometry
directly below the basinward dipping, reactivated thrust (Fig. 4.8C).

Figure

4.8C shows a zone of half-grabens west of the 28-km-thick continental crust as
a response to the reversal of the westward-dipping Paleozoic thrust fault (Fig.
4.8C).

This reversal is the reactivation of the nappe features that were

described in Figure 4.3C, where the Gariep Units (535-545Ma) were overthrusted onto the Kalahari Craton (Figs. 4.3C and 4.8C). Following this reversal,
the landward-dipping faults were created at the volcanic spreading center at the
rift axis. A thinning factor of 4 was calculated for the Gariep belt that had an
initial, pre-rift crustal thickness of 28 km (Fig. 4.8C).
The rift-orthogonal E-W Damara FB has approximately 715 km of
intersection with the 220-km-wide, rifted continental margin (Fig. 4.9A). Aptian
(131 Ma) rifting resulted in cross-cutting of this ancient domain across a 220wide-zone of crustal stretching, that was followed by an intense phase of
magmatic activity from a volcanic spreading axis (Fig. 4.9C). The 2D seismic
profile contains well-imaged intra-crustal reflections that reflect both Paleozoic
deformation (505-530 Ma) and of lower crustal shear from rifting at more distal
locations (Fig. 4.9C).
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Figure 4.9: An example profile from the Luderitz Basin, Namibia. A) The profile location (black line) map within the South Atlantic, GPlates reconstruction at 115 Ma. B) An un-interpreted West-East dip oriented line
profile from rift-orthogonal oriented Damara FB on the Namibian margin of West Africa. C) The interpreted seismic section for Figure 4.9A presenting a wide zone (~+220km) of horsts and grabens in the east within
highly structured continental crust. A stretching value (Δc) of 4.3 was calculated for this profile. The true eastern limit of thinning is not constrained within the seismic data, where the eastern limit of this line presents
thinned continental crust at ~24 km. A high-density zone of seismically-bright reflectors is present within the interpreted continental crust.
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from east to west the Moho rises gradually to the oceanic domain (Fig. 4.9C).
The initial thickness of continental crust in this position is 24 km; however, the
true eastward extent of stretching related to the South Atlantic is not constrained
from this study. Therefore, I assume that the pre-rift crustal thickness was 24
km with some amount of overlying Paleozoic cover related to the intra-cratonic
deformation (Fig. 4.9C). Using 24 km as original crustal thickness results in a
calculated crustal thinning factor of 4.3.

Additional seismic refraction data

indicates that the non-rifted orogenic collisional belt reaches a thickness of 40
km, 191 km to the east of the seismic data from the Damara FB (Baier et al.,
1983). Although I am unable to constrain the true eastern extent of rifting in the
foldbelt, a deeper base of crust would result in a higher crustal thinning factor for
the Damara belt (Fig. 4.9C).
4.6.1.4 Rift-parallel, Kaoko orogenic belt (Namibia)
The Kaoko belt is conjugate to the Dom Feliciano belt and possesses a
similar parallel and complimentary tectonic fabric (Figs. 4.3C and 4.10A). The
rift-parallel orientation allowed full continental rupture and rapid development of
the volcanic spreading ridge
The development of landward-dipping faults across the basinwarddipping, pre-existing fabric was likely enhanced by an elevated thermal regime
from the Tristan de Cunha Plume where the thinning crust was weakened and
lithospheric rupture was accelerated (Tommasi and Vauchez, 2001). Crustal
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Figure 4.10: An example profile from the Kaoko Basin, Namibia. A)The profile location (black line) map within the South Atlantic, GPlates reconstruction at 115 Ma. B) An un-interpreted West-East dip
oriented line profile from rift-parallel oriented Kaoko FB on the Namibian margin of West Africa. This seismic profile also contains data from the Walvis Ridge volcanic complex. C) The interpreted
seismic data from Figure 10A illustrates a narrow zone (~90km) of rifted continental crust underlying the initial set of SDRs on the continental margin. A calculated thinning factor (Δc) of 3.5 has been
determined for this profile.
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stretching took place over a zone of 90 km as the pre-rift Paleozoic tectonic
fabric was reactivated (Fig. 4.10C). Internal seismic facies at the LoCC is
related to lower crust shear zones or a reflection of pre-existing tectonic fabric
from the Paleozoic (Fig. 4.10B and 4.10C). The apparent initial crustal
thickness in the continental domain is 28 km which results in a calculated
thinning factor (Δc) of 3.5 (Fig. 4.10C).
4.7 Discussion
4.7.1 Two modes of South Atlantic rifting controlled by pre-rift orogenic
grain
The south-to north-propagation of Early Cretaceous (134-130 Ma) rifts to
form the proto-South Atlantic Ocean did not result in a uniformly wide zone of
rifting (Fig. 4.5, 4.6,4.8-4.10, 4.11).

My interpretations of the seismic lines

shown in this paper indicate the rift propagation between Uruguay/Southern
Brazil and Namibia occurred as two primary responses to extension: 1) the first
mode was to reactivate and follow the north-south-trending, rift-parallel,
orogenic fabrics to produce a more narrow (55-90 km), less extended, margin
with observed thinning factors (Δc) in the lower range of 2.5-3.5; and 2) the
second mode was to crosscut east-west-trending, rift-orthogonal or oblique
orogenic fabrics to produce a wider, more extended, margin with observed
thinning factors (Δc) in the higher range of 4.3-5 (Figs. 4.5-4.6, 4.8-4.10).
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4.7.1.1 Simple shear vs. pure shear models for VPM’s
Geoffroy et al. (2015) concluded from their study of South Atlantic VPM’s
that these margins are the result of symmetrical, pure shear deformation (i.e.,
lacking upper and lower plates). Here I support the findings of Geoffroy et al.
(2015) where their work concluded that continental breakup at volcanic passive
margins are predominantly the result of pure-shear style extension at the rift
axis. My observations of the seismic data show a lack of evidence to suggest
large scale asymmetries that would be the result of simple-shear rifting of the
continental margin. My calculated crustal thinning factors indicate that onshore,
structural anisotropies from the pre-existing zones of weakness are first-order
controls for the margin’s structural inheritance.
Seismic data illustrate that pre-rift configurations of the South American
and West African tectonic plates would likely reveal near full-thickness
continental crust (~32 km) - with some variability (Fig. 4.4C and 4.7C). A simple
thinning factor (Δc) calculation is used here to quantify the magnitudes of rifting
along-strike at the various tectonic domains (Fig. 4.11A). The quantification of
crustal stretching permits the comparison of the thinning factors (Δc) from the
belts that flank the rift margins (McKenzie, 1978).
4.7.1.2 Crustal fabric controls on wide versus narrow rifted margins
The Aptian (120 Ma) Gondwanan reconstruction shows the along-strike
conjugate relationships and spatial distribution of the pre-rift orogenic belts (Fig.
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4.11B). I have developed three cross-sectional profiles that illustrate the
conjugate relationships between continental rift zones, thinning factors, and
associated tectonic trends along the rift flank (Fig. 4.11C). Conjugate, riftparallel orogenic fabrics from the north-south-trending Dom Feliciano and Kaoko
belts have relatively low thinning values of 2.5 and 3.5, respectively (Fig. 4.11C Profile 1). These conjugate margin profiles are narrow and likely exhibit similar
strain rates and thermal regimes (Davison, 1997) (Fig. 4.11C Profile 1).
The seismic examples shown in Figures 4.6 and 4.10 illustrate the narrow
zone of crustal thinning that shows an abrupt transition to the SDRs and igneous
crust. This abrupt transition may indicate a faster spreading rate during breakup
at these areas. The abrupt failure of continental lithosphere is reasonable as the
addition of new magmatic material can be considered the substitute for
stretching (I. Davison, pers. comm., 2016).
The rifted Dom Feliciano belt maintains a similar thinning factor (Δc) of 2.5
and a narrow zone of extension (55 km), which is in contrast to the higher factor
of 4.3 from the wide zone of rifting (220+ km) on the Damara belt (Fig. 4.11C,
Profile 2).

The north-south and east-west opposing orientations of tectonic

fabrics suggest that the rift axis bisected the two structural domains, and that the
observed structural inheritance is highly asymmetric (Fig. 4.11C, Profile 2).
Finally, the conjugate margins of Punta del Este and the Orange Basins show a
middle-member scenario as the rifting of the E-W Salado Suture fabric resulted
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Figure 4.11: Thinning factor overview and South Atlantic profile cartoons
A) A schematic representation of the varying thinning factor values and margins
width results. From original crustal thicknesses, low thinning factor (Δc) values
will result in narrow continental rift zones, while high thinning factor (Δc) values
will result in wide continental rift zones (Modified from Kusznir and Park (1987).
B) A Western Gondwana reconstruction highlighting the regional BrasilianoPan-African mobile foldbelts and sutures within the area of investigation
C)
Profile 1) Transect A-A’ illustrates the predicted relationship of a prelithospheric breakup between the Dom Feliciano and Kaoko FBs where the
bisection of the pre-existing structural fabric is occurring and results in conjugate
low thinning factor (Δc) values This type of rifting between two rift-parallel
tectonic domains results in conjugate, narrow zones of deformation on each
margin.
Profile 2) Transect B-B’ illustrates the predicted relationship of the prelithospheric break-up between the rift-parallel and rift-orthogonal foldbelts of the
South American, Dom Feliciano FB and the West African, Damara FB. The
Dom Feliciano FB experienced a brief period of rifting and resulting in a low
thinning factor value of 2.5. In contrast, the rift-orthogonal Damara FB
experienced a longer, more resistant-to-rupture rifting episode and resulted in a
thinning factor (Δc) value of 4.3
Profile 3) Transect C-C’ illustrates the predicted geometry of the prelithospheric break up between the South American region of the Salado Suture
and the Namibian Gariep FB. The continental thinning of the rift-orthogonal
Salado suture resulted in a wide zone of thinned and structured crust and a high
thinning factor value of 5. The geometry and arcuate orientation to the rift axis of
the Gariep FB provided for a resulting factor (Δc) value of 4 and a moderately
narrow margin.
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in a wide margin profile and the obliquely oriented Gariep belt shows thinning
between the two extremes presented here (Fig. 4.11C, Profile 3).
4.7.1.3 Comparing zones of stretched crust along the South America
VPM’s
The Albian (115 Ma) plate reconstruction by Seton et al. (2012) (Fig.
4.12) illustrates the spatial relationships between the various crustal domains: 1)
continental crust – rifted and un-deformed; 2) SDRs/igneous crust; and 3)
oceanic crust.

By 115 Ma (Albian), large-scale, the absence of rift--related

faults in the SDR complexes indicates that continental stretching would have
ceased. At this time SDRs and the transition domain of igneous crust were
emplaced, and divergence continued at the mid-ocean spreading ridge
(Rabinowitz and LaBrecque 1979; Austin and Uchupi 1982; Nürnberg and
Müller 1991; Chang et al. 1992; Gladczenko et al., 1997; Blaich et al., 2011;
Blaich et al., 2013) (Fig. 12).
On the South American Margin, two pre-existing fabrics imposed
structural inheritance on the geometry and most likely the style and rate of
extension: 1) the N-S Dom Feliciano orogenic belt; and 2) the east-westtrending Salado Suture (Dunbar and Sawyer, 1989; Kusznir and Park, 1987;
Davison, 1987; Blaich et al., 2009) (Fig. 4.2A, B). The map in Figure 4.12
provides support for the strong influence of the rift-parallel, north-south-trending
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Figure 4.12: 115 Ma Tectonic Reconstruction
Aptian (115 MA) reconstruction of the South Atlantic (Seton et al., 2012) showing locations and structural trends of onshore tectonic domains as they relate to the rifted passive margins of the South
Atlantic. The gray, stippled region illustrates the mapped zone of interpreted zone of rifted continental crust that is present between full thickness (~28-32 km) continental crust and the igneous
domain and oceanic crust. Specifically the offshore regions of the Damara FB and the Salado Suture exhibit wide zones of continental thinning, with high thinning factors (Δc). Regions of narrow
continental thinning are associated with zones of low thinning factor values from exploitation of pre-existing rift-parallel fabrics.
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Dom Feliciano belt on the smaller amount of continental rifting that produced a
relatively, narrow margin (55 km).
The north-south-trending, strike-parallel Dom Feliciano belt an average
thinning factor (Δc) of 2.5 to the west of the igneous crustal domain (Fig. 4.12).
North of the east-west-trending, rift-orthogonal Salado suture, the zone of SDR’s
maintains a constant width of 100-125 km, - but increases significantly in width
to the north and towards the Rio Grande Rise (Fig. 4.12).
South of the Dom Feliciano belt, the rifted Salado Suture exhibits a 185km-wide zone of extension with an average thinning factor of 5 with a margin
width of approximately 165 km (Fig. 4.12). This area appears to behave as a
“locked zone of rifting,” where the lithosphere has resisted rupture it the form of
horsts and grabens as described in Figures 4.5 and 4.12 (Courtillot, 1982). The
concept of locked zones was introduced by Courtillot (1982) and described as
zones that continued to rift while oceanic crust (in this case SDRs) developed at
the rift tip. This increased resistance to rupture was the result of extension
across the E-W rift-orthogonal suture zone tectonic fabric, and thus a wide
margin scenario (Kusznir and Park, 1987; Davison, 1987).
The Namibian margin has three major orogenic belts that were all
affected by the South Atlantic rifting phase: 1) rift-oblique Gariep belt; 2) eastwest-trending Damara belt; and 3) Kaoko belt (Fig. 4.12). They variations in
styles and rates of extension were likely controlled by the structural anisotropies
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within the various, orogenic belts (Dunbar and Sawyer, 1989; Kusznir and Park,
1987; Davison, 1987; Blaich et al., 2009).
Published references on the structural orientation of the Gariep belt
indicate an arcuate trend with respect to the margin; and therefore was more
oblique to the trends of the paleo-rift axis of the South Atlantic (Coward 1981;
Coward, 1983; Hoffman et al., 1994; Frimmel and Frank, 1998). The Gariep belt
has an approximate 220 km of intersection area of its margin with the Atlantic rift
(Fig. 4.2A, B).

This orientation resulted in the extensional stresses being

applied across oblique fabrics within the Gariep belt with a moderately-wide
zone of rifting and a thinning factor of 4 (Fig. 4.12).
Between the conjugate margins in this area, I see two zones that
appeared to have been “locked” across the rift axis (Fig. 4.12). This may have
been the result of a change in orientation from the east-west-trending Damara
belt to the north from the structural fabric of the obliquely-trending Gariep belt in
the south (Fig. 4.12). No data is present to constrain their actual boundaries in
the offshore region; however the Damara belt has been estimated to flank the
margin for approximately 715 km (Gray et al, 2008).
Thinning factor values for the east-west-trending, rift-orthogonal Damara
belt average 4.3 for the area where the trend appears to be perpendicular to the
paleo-rift axis of the South Atlantic and responsible for producing the widemargin configuration (Fig. 4.12). Similar to the east-west-trending Salado suture,

182

the extensional stresses across the pre-existing structural fabric created the
resistance to full continental rupture and therefore have resulted in a wide zone
of horsts and grabens.
The coastal branch of the east-west-trending Damara belt appears to turn
obliquely at the margin (Gray et al., 2008) and therefore exhibits a lower thinning
factor than the core region. This region was also likely a “locked” zone of rifting
(Courtillot, 1982) during extension and is strongly asymmetric to the conjugate
zone of rift at the Dom Feliciano belt (Fig. 4.12). These opposing asymmetries
support the interpretation that the rift axis bisected the opposing tectonic fabrics
and thereby influenced the structural inheritance and style and rate of extension
between the two plates (Fig. 4.12). Continuing northward, the narrow margin
along the Kaoko belt has an average thinning factor of 3.5 and decreases to the
north towards the Walvis Ridge along its 450 km long zone of intersection with
the rifted margin.
4.7.1.4 Comparison of this study to previous concept of “locked zones”
along propagating rifts
Previous work by Courtillot (1982) attempted to conceptually explain
along strike-variations in a propagating rift by invoking the idea of a “locked
zones” produced by thicker crustal areas envisioned as zones of thickened,
plate overlap in a closed-fit, plate reconstruction (Fig. 4.13A). Courtillot (1982)
did not elaborate on why the plates would overlap to form the locked zones
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Figure 4.13: A comparative stretching model with locked zones ad this study’s thinning factors. A) A modified schematic model from Courtillot (1982) illustrating along strike zone of locked
continental extension between two plates. B) A schematic model derived from the observations in this study where I observe wide and narrow zones of rifted that would have been similar to
Courtillot’s findings. I observe varying thinning factor (Δc) values, where large values are present at orogenic trends with an angular relationship to the rift axis (Salado Suture and Damara FB) and
lower values at parallel orientations (Dom Feliciano and Kaoko FBs). Generalized pre-existing structural fabric is traced along the margins (gray lines).
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along the trend of the rift - but my model would predict the locked zones would
correspond to areas of orogenic basement fabric that are orthogonal to the
direction of rift propagation and act as wider, “locked zones” of stronger crust
that requires greater amounts of extension to rupture (Fig. 4.13B).
4.7.2 Global compilation of data to test the link between orientation of
orogenic basement fabric and amount of rift stretching
4.7.2.1 Case of low-stretch rifts along parallel, basement trends
Previous workers have noted that a major rift system that is likely to
propagate in the direction of pre-existing zones of weakness. This occurs in
regions of anisotropy along older, stable orogenic belts like the Appalachians
(Fig. 4.14A), the Hercynian belt and Caledonides (Fig. 4.14B), and orogenic
belts previously described in the South Atlantic region (Tommasi and Vauchez,
2001) (Fig. 4.14C).

This observation implies that the direction of rift

development is not random, but instead can be predicted based on the regional,
extension direction, the trends of mapped, orogenic basement fabrics, and the
locations of major plume heads that thermally weaken the crust and focus
extension (Tommasi and Vauchez, 2001). In the Appalachian and Variscan
case, rifting is parallel to orogenic grains and exhibit low thinning factors (Table
4.2). In the areas on the maps in Figure 4.14 where orogenic basement trend
was orthogonal to rifting, the rift ultimately failed in higher thinning factor settings
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Table 4.2: Worldwide compilation of thinning factors from published literature.
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Figure 4.14: Rift and orogenic trend parallelism. Figures A-C represent modified schematic examples (Tommasi and Vauchez, 2001) of rift and orogenic trend parallelism at major continental rifting
events of the Central Atlantic, Northern Atlantic, and the Southern Atlantic.
A) A schematic representation of the Central Atlantic Magmatic Province (CAMP) illustrating the preferential rift propagation along rift-parallel structural fabrics of the Pan-African Belts to the
south away from the magmatic source and to the north along the Appalachian structural fabric. Rift propagation occurs by reactivation of structural fabrics within the zone of rifting,
radiating from the magmatic center.
B) A schematic representation of northward rift propagation along the Hercynian Belts and the Appalachians in the south and bisecting the Caledonides to the north of the Icelandic Hotspot.
Rift propagation occurs by exploitation of rift-parallel fabrics within the zone of rifting, initiated from the south to the north radiating from the magmatic center.
C) A schematic representation of a northward rift propagation along rift-parallel orogenic trends and foldbelts from the South American Dom Feliciano FB and the Kaoko FB to the Ribeira
FB. Rift propagation occurs by reactivation of structural fabrics in the zone of rifting, initiated from the south to the north through the magmatic center of the Tristan de Cunha Plume.
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(Table 4.2) - as in the case of the areas of the Ouachitas in the southern USA
(Fig. 4.14A) and the Labrador Sea in eastern Canada (Fig. 4.14B).
4.7.2.2 Cases of high-stretch rifts crossing orthogonal or oblique
basement trends
Two other examples of high-stretch rifts attempting to crosscut orogenic
fabric include the Rhine Graben of the northern Europe (Fig. 4.15A) and the
Rukwa shear zone of the East African Rift System (EARS) (Fig. 4.15B). The
east-west-trending, structural trends of the Upper Main Rhine High and the
Northern Black Forest High are oriented at 45° to the current direction of
extension. Because these basement trends are more resistant to stretching
they have localized higher strain rates than observed in the areas that are
oriented parallel to the structural fabric (Bhen et al., 2002). The northwesttrending Rukwa shear zone is also oblique to the current extensional direction
(~50°). This section of the East African rift system and has developed more
extensive, higher thinning factors, extensional fabrics (Rosendahl, 1987) (Fig.
4.15B).
4.7.2.3 Comparison of rifting processes in the North, Central and South
Atlantic
Recent work by Chenin et al., (2015) discusses the impact of structural
inheritance of the Caledonian and other orogenic fabrics on the opening of the
North and Central Atlantic Ocean (Fig. 4.14A, B). Chenin et al. (2015) proposed
that magma-rich VPM’s of the North Atlantic were a consequence of reactivation
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Figure 4.15: Rift and orogenic trend angularity to the rift axis. Foldbelts
oriented at angles to the extensional directional inhibit continental rupture in
contrast to rift parallel orogenic fabrics.
A) E-W Extension within the Rhine Graben region is present at a nearorthogonal relationship to pre-existing lithospheric fabrics resulting
higher Beta where the material is resistant to continental rupture, and
produces a wide zone of present day deformation.
B) E-W extension across the obliquely oriented Rukwa shear zone have
resulted in a resistance of continental thinning and a wider zone of
grabens and depositional basin deepening.
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of the Caledonian rift-parallel, orogenic trends and that magma-poor rifting was
the result of the rift crosscutting the fabric of the Variscan orogenic tectonic belt.
They also propose that the North Atlantic VPM resulted from a long duration
extensional event (60 Ma) while the non-volcanic margins of the Central Atlantic
resulted from a shorter-lived, extensional event. Chenin et al. (2015) do not
comment on Beta Factors as influenced by structural inheritance, but a few
elements are in contrast from the investigation presented in this South Atlantic
study.

These differences are likely to have a significant impact on the

correlation between the investigation performed here and the work performed by
Chenin et al. (2015).
The definition for necking and final lithospheric breakup at a magma-rich
margin is dependent upon the model used to determine crustal limits. The distal
extent to which continental domain is interpreted in an VPM will influence the
characterization of a short or long lived extensional event. Also, the ages of
these orogenic trends are substantially younger than the ages of the tectonic
belts investigated in the South Atlantic (~600 Ma). The Caledonian Orogeny
was active as early as 290 Ma and the Variscan as early as 280 Ma (Chenin et
al., 2015). As Tommasi and Vauchez indicated, the age of the orogenic trend
with respect to the age of rifting might have an influence on final structural
inheritance. The relative age of deformation will dictate important factors such
as the state of isostatic equilibrium, amount of erosion of the topography, and
potential erosion of the orogenic root (Tommasi and Vauchez, 2001). Rifting of
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a younger tectonic structural trend might have significantly dissimilar results
compared to the same processes occurring on a tectonic trend with twice the
age of deformation.
4.7.2.4 Worldwide comparison of rift stretching factors to the orientation of
basement fabric
A table of compiled crustal thinning factors from rifts along volcanic and
non-volcanic margins shows a direct relationship between the orientation of
orogenic fabric to the rift axis and the amount of crustal stretching (Table 4.2).
For the South Atlantic VPM’s, my estimation of thinning factors (Δc) is based on
the identification and assignment of the exact limits of un-thinned continental
crust, thinned, continental crust, igneous crust and SDR’s, and oceanic crust.
Deep-penetration seismic images described in this paper provided a uniform
basis for my measurements especially the definition of the LoCC (Figs. 4.5, 4.6,
4.8-4.10, 4.12) .
My compilation in Table 4.2 shows that more stretching (higher thinning
factors in the range of 4.5-8) is required to rift continental crust in regions where
the trend of the rift is orthogonal to the orogenic grain because this this crust is
more resistant to breakup and requires more extension to rift apart.

Less

stretching (lower thinning factors (Δc) in the range of 1.3-3.5) is required to rift
continental crust where the trend of the rift is parallel to orogenic grain because
this crust is weaker and requires less extension to rift part. These two end
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members also are reflected in the width of the extended zone: in the case of a
low thinning factor.
Figure 4.16 illustrates the results from a distribution plot of Table 4.2,
where crustal stretching factors from published literature from many volcanic
and non-volcanic margins/basins were compared.

This plot illustrates a

consistent relationship of the stretching factor to the angle of pre-existing zones
and the rift axis.

The calculated high thinning factors (4.3-5) for crustal

stretching observed at the rift-orthogonal Damara and Salado belts match other
volcanic and non-volcanic margins where the orientation of the pre-existing
tectonic fabric is a high angle to the direction of extension (Figs. 4.12, 4.16).
The resulting structural interaction between the rift and the orogenic fabric
produces a wide, high-thinning factor, rifted margin. Conversely, the rift-parallel,
north-south-trending Dom Feliciano and Kaoko belts have lower thinning factors
and narrow margins because of their low-angle orientation relative to the paleospreading axis of the South Atlantic (Figs. 4.12, 4.16).

As predicted the

intermediate case of the rift-oblique Gariep belt falls in a moderate thinning
factor due to its intermediate angle to the original direction of extension (Figs.
4.12, 4.16).
From the results presented here, it is possible to predict crustal thinning
factors based on the orientation of the pre-existing structural fabrics at rifted
margins. The structural inheritance is independent of the margin type i.e. volcanic, non-volcanic.
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Figure 4.16: A schematic cross plot of thinning factor (Δc) values versus angle of orientation from Table 1 to illustrate
the relationship of Δc to the structural orientation of orogenic belts on volcanic and non-volcanic margins.
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4.8 Conclusions
Along-strike variations in crustal stretching measured from deeppenetrating, depth-converted seismic reflection profiles can be correlated with
the orientation of the rift relative to the various trends of the Precambrian to
Paleozoic, orogenic fabric. Where basement fabric trends parallel to the northsouth South Atlantic rift direction in the Paleozoic Dom Feliciano and Kaoko
orogenic belts, narrow (55-90 km) rift zones with modest thinning factors of 2.53.5 are measured as smaller amounts of rifting were required to stretch the
weaker, parallel, orogenic fabric. Where basement fabric trends orthogonal to
the north-south South Atlantic rift direction in the Salado suture of
Uruguay/Argentina and the Damara belt of Namibia, wider (185-220 km) rift
zones with higher stretching factors of 4.3-5 are observed as greater amounts of
stretching were required to extend the stronger, orthogonal, orogenic fabric.
The rift-oblique Gariep belt intersects the South Atlantic continental
rupture at an intermediate angle (30°) and an intermediate stretching factor (4).
A compilation of published stretching factors from other rifted margins worldwide
confirms the same relationship described from the South Atlantic VPM’s of riftparallel margins having lower stretching factors in a range of 1.3-3.5 and riftorthogonal or oblique-margins have higher stretching factors in a range of 4.58.
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