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Abstract

The initial break-up of Gondwana was one of the most significant geological events
to have affected the southern hemisphere in the past 200 Myr. The evolution of seafloor
spreading in the Indian Ocean is key to understanding the break-up process of
Gondwana. Reconstruction models of Gondwana have been proposed based on
geophysical data; however, the detailed initial break-up process of Gondwana is poorly
understood because of the sparse geophysical data, especially around the continental
margins of the Indian Ocean. To reveal the initial break-up process of Gondwana,
systematic vector geomagnetic surveys were conducted in the Natal Valley and
Mozambique Ridge, off South Africa, and the Cosmonauts Sea, off East Antarctica.

The Natal Valley and Mozambique Ridge were formed as a result of opening
between Africa, South America and Antarctica during the initial stage of Gondwana
break-up, and there was an unsolved problem as to whether the underlying crust is
continental and/or oceanic in this region. I summarize the nature of the crust using the
results of dense vector geomagnetic anomaly data, as well as satellite gravity data.
Based on both inversion and forward analytical results, I identified areas of stretched
continental crust, with basaltic magma intrusion in parts, as the northern Natal Valley,
the north part of the Mozambique Ridge, and the north part of the southern Natal Valley.
Oceanic crust was identified in the south part of the southern Natal Valley and the south
part of the Mozambique Ridge. Magnetic isochrons MO-M10 (125.0-133.5 Ma) were
identified in the south part of the southern Natal Valley. Clear magnetic lineations were
observed in the south part of the Mozambique Ridge, where parts of these areas were
distorted by hotspot volcanism. Seafloor spreading between Africa and South America
in the study area occurred at chron M10 (133.5 Ma). The formation of the Natal Valley
and Mozambique Ridge finished at chron MO (124.6 Ma); therefore, I inferred that the
seafloor spreading between Africa and Antarctica likely started at chron MO. The
location of the continent—ocean boundary in the Natal Valley and Mozambique Ridge is
newly proposed along with a four-stage model of tectonic evolution of the study area
since about 183 Ma.

The Cosmonauts Sea in the western Enderby Basin, off East Antarctica, was formed
as a result of opening between Antarctica and Sri Lanka/India/Madagascar. The seafloor

spreading history of this region is still poorly understood because of sparse marine



geophysical data. A systematic vector geomagnetic survey of SE-NW oriented four
track lines was carried out in the Cosmonauts Sea using the icebreaker Shirase during
the 54th Japanese Antarctic Research Expedition (JARE). Data acquired during other
JARE marine geophysical surveys were also used. The isochrons M10N-M3n
(134.3 Ma—127.6 Ma) with an almost WNW-ESE spreading direction in the south of
the Cosmonauts Sea were newly identified with several smaller segments. Moreover,
the thinned continental crust, which was implied by the previous study, was inferred
from multiple analytical results from vector geomagnetic anomalies, as well as satellite
gravity data. One possibility for the Kainan-Maru Seamount, a northern portion of the
Gunnerus Ridge, is that it was divided from the Gunnerus Ridge, and was a replacement
from the continental shelf, based on to the WNW-ESE continental extension and
seafloor spreading. The seafloor spreading occurred at about chron M10N (134.3 Ma).
The transition of seafloor spreading around the 65°S likely occurred during chron M3n—
MOr (127.6-124.6 Ma). Then, the NNE-SSW oriented seafloor spreading started since
chron MO (124.6 Ma) in the north of the Cosmonauts Sea.

Seafloor spreading was initiated in chron M10 (133.5 Ma), and the change in
spreading regime occurred in chron MO (124.6 Ma) in both the Natal Valley and
Mozambique Ridge, off South Africa, and in the Cosmonauts Sea, off East Antarctica.
During the initial break-up of Gondwana, continental extension occurred before seafloor
spreading around each continental margin. The intense basaltic magmatic activity,
which was likely related to the large igneous province (LIP) or hotspot, was suggested
to have occurred prior to seafloor spreading at some parts of the continental margins
between Africa and South America. In contrast, there is no evidence of intense
magmatic activity before the seafloor spreading at the continental margins between
Antarctica, Sri Lanka/India, and Australia. I organized the Gondwana break-up system
by compiling the spreading rate, spreading direction, initiation age of seafloor spreading,
and the relationships of spreading ridges with LIPs or hotspot located at each
continental margin based on my study and previous studies. My conclusion was that
intense volcanic activities such as LIPs and hotspots were not indispensable for the
initial fragmentation of Gondwana. The configuration of the subduction zones
surrounding Gondwana likely forced seafloor spreading during chron M10 and M0. My
new findings constrain the initial break-up process of Gondwana in the Indian Ocean,

especially around chron M10 and MO.



Chapter 1. General Introduction

1.1 Gondwana Break-up

The theory of continental drift was first developed by Alfred Lothar Wegener in 1912.
He proposed that the Earth’s continents had once formed a single supercontinent named
“Pangea”, which slowly drifted and broke apart into the present continental positions.
His hypothesis had higher scientific accuracy than the previous theories (e.g.,
Land-bridge; Expanding Earth) based on geodesy, geology, paleontology,
paleoclimatology, and geophysics. However, he could not explain the physical driving
force of the drift and separation velocity of 2,500 mm/yr in his examination. Many
geologists and biologists of that time did not accept his hypothesis for many years.
Arthur Holmes (1931) suggested that the sub-continental circulations of the mantle
caused by radioactive heat moved the crust at the surface, and that continental drift was
probably caused by mantle convection. Evidence for continental drift such as
“mid-ocean ridges” and “magnetic lineation” were obtained through marine
observations from core sampling, sub-bottom profiling, and magnetic surveys in the
1950s-1960s. Based on seismic, magnetic, and petrologic studies, the theory of
“seafloor spreading” was proposed (Dietz, 1961). Studies of rock samples and seismic
velocities revealed that the composition and structure of the oceanic crust was basically
different from that of the continental crust, and that the uniform thickness of the oceanic
crust was formed at the mid-ocean ridge by mantle convection systems (Hess, 1962).
Moreover, large amplitudes of magnetic anomalies across the mid-ocean ridges were
observed. Vine and Matthew (1963) suggested that the magnetic lineation, distributed
asymmetrically centered on the mid-ocean ridge, represents the record of geomagnetic
reversal patterns. Additionally, the study of rock magnetism revealed that the oceanic
floor became older farther away from the ridge axis (Morley and Larochelle, 1964).
Magnetic lineation is the zebra-stripe pattern of the crustal magnetization anomaly, and
is considered to be an expression of the reversal pattern of the Earth’s magnetic field.
The Earth’s magnetic field reversal, which repeats at random cycles every few million
years, was identified based on studies of rock magnetism and K—Ar radiometric dating

methods. On the mid-ocean ridge, at the eruption point of hot mantle material,



upwelling volcanic material is cooled by the seawater to below the “Curie temperature”.
The Curie temperature is the temperature at which magnetic materials obtain heat from
residual magnetization; for example, the Curie temperature of magnetite, which is a
major magnetic mineral in the earth’s crust, is 858 K. Mantle materials exist in
temperature conditions higher than the Curie point, and the magnetization direction of
these magnetic materials is disturbed by heat. The magnetic materials acquire a
remanent magnetization parallel to the direction of the Earth’s magnetization when
volcanic material with ferromagnetic minerals is exposed over the ridge. The volcanic
product obtains a paleo-geomagnetic field at that time as heat residual magnetization,
and becomes solid oceanic crust. The theory of seafloor spreading demonstrates that the
mid-ocean ridge is where new oceanic crust is produced, and that oceanic crust moves
away from the central axis of the mid-ocean ridge accompanied with mantle convection.
Wegener’s hypothesis of continental drift attracted renewed attention, and ‘“Plate
Tectonics”, including the theory of continental drift and seafloor spreading, was
developed in late 1960s (e.g., Le Pichon, 1968; Morgan, 1968; Wilson, 1968a,b). Actual
observation of continental drift was enabled after the development of survey technology
using a radio star and satellite in the late 1980s. In the present day, a movement speed of
up to several centimeters per year for many continents has been revealed on a global
scale.

The investigation of oceanic crust is necessary to reveal the history of seafloor
spreading according to continental drift. Oceanic crust accounts for about 70% of the
surface of the earth, and is dominated by an average 3,000-6,000 m depth of flat
oceanic floor, although there are a variety of bathymetric features such as ridges,
trenches, and seamounts. Oceanic crust produced at the mid-ocean ridge moves and
sinks down to the subduction zone after about 200 million years in the generation cycle
of the oceanic crust. Most oceanic crust is not deformed by large-scale modifications,
such as orogeny of the continental crust. Volcanic activity at the oceanic crust is
focused in sparse areas of the spreading axis region. The oceanic crust preserves
geophysical information, such as geomagnetism, acquired on the ridge before it sinks
into the subduction zone.

Marine geomagnetic observations can clarify the magnetic lineations that
demonstrate the history of seafloor spreading, such as the spreading direction and the

formation age. Geomagnetic surveys using satellites have also been conducted in recent



years. However, these observation signals do not have enough resolution to determine
seafloor history because of the high satellite altitude (4 km above mean sea level).
Therefore, necessary evidence for magnetic lineation can only be acquired using ships,
underwater vehicles, and near-surface airborne surveys.

Areas where the magnetic lineation is not obtained are typically another constraint on
the spreading direction using topographic structures such as fracture zones, which are
deduced from acoustic bathymetry, seismic, and gravity surveys. A fracture zone
extends far away from a corresponding transform fault produced by the discontinuity of
the oceanic crust on the mid-ocean ridge with seafloor spreading. For example, the
Cretaceous Normal Superchron is known as a very long period with only normal
magnetization polarity for 40 million years, from 124.6 million years ago (Ma) to
84 Ma (Gradstein, 2008). There is only a change in amplitude; therefore, the magnetic
lineation for seafloor history could not be detected in this period. Spreading direction
from 124.6-84 Ma is only constrained by fracture zones in general. In addition, the
clear magnetic lineation from which the formation age could be determined is also
disturbed by volcanic activities, such as hotspots and large igneous provinces. However,
age determination of the rock samples dredged or drilled from the seafloor constrains
the formation age of volcanic plateaus and seamounts. The formation age and spreading
direction of the seafloor are finally obtained based on a number of marine geophysical
and geological observations, and constrain the break-up history of the supercontinent.

The Supercontinent “Pangea” existed on the earth from the Permian Period to the
Triassic Period (e.g., Dietz, 1970; Van der Voo et al., 1976; Torsvik and Voo, 2002;
Shephard et al., 2013). In the early Jurassic at about 200 Ma, Pangea was divided into
two supercontinents, “Laurasia” and “Gondwana”. Gondwana was constructed from the
plates of Africa, South America, the Indian subcontinent, Madagascar, Antarctica,
Australia, and the Arabian Peninsula, and separated from Laurasia in the mid—Jurassic,
about 180 Ma. Gondwana underwent further separation into West Gondwana and East
Gondwana. In the Cretaceous, West Gondwana split into Africa and South America in
association with the seafloor spreading of the Atlantic Ocean, while East Gondwana
was divided into the Indian subcontinent, Madagascar, Antarctica, and Australia,
accompanied by seafloor spreading of the Indian Ocean. Based on the observed seafloor
ages and spreading directions, many Gondwana reconstruction models were proposed

(e.g., Royer and Coffin, 1992; Storey, 1995; Seton et al., 2012). The most of the present



Antarctic margin and African east-west margins are surrounded by mid-ocean ridge.
Because there is almost no subduction around these areas, the history of the break-up of
Gondwana should be recorded well enough.

The Indian Ocean and Atlantic Ocean were formed as a result of the break-up of
Gondwana. The initial break-up process of Gondwana is under discussion based on
geological and geophysical data for the Indian and Atlantic Oceans (e.g., Eagles, 2007;
Eagles and Konig, 2008). Magnetic lineation indicating formation before about 154 Ma
has not been observed in the Indian and Atlantic Oceans. Continental extension during
the initial break-up process of Gondwana was implied by the wide-spread seaward
dipping reflectors with thickened crust. Observed magnetic lineations around Africa,
South America, the Indian subcontinent, Madagascar, Antarctica, and Australia indicate
that seafloor spreading in Gondwana first started at about 154 Ma (M25; e.g., Jokat et
al., 2003), separating the supercontinent into West and East Gondwana, and secondly at
about 137-133.5 Ma (M12-M10; e.g., Martin et al., 1982; Rabinowitz and RaBrecque,
1979), separating into each modern continent. The seafloor spreading directions and/or
spreading rates in the Indian and Atlantic Oceans likely changed at around 124.6 Ma
(e.g., Gibbons et al., 2012), based on geomagnetic and gravity data. The detailed initial
break-up processes are still debated, with speculation about issues such as the nature of
the crust, the timing of seafloor spreading, and the spreading direction at the continental
margins. In addition, several hypotheses have been proposed, with different opinions
about the formation process of nearby continental margins, especially in the Indian
Ocean, such as whether it was caused by seafloor spreading or continental
extension/fragmentation, and about what rotation the continent underwent (e.g., Eagles
and Konig, 2008). However, a common opinion about the detailed initial break-up
process of Gondwana has not yet been provided, because of limited geophysical data
such as geomagnetic and seismic data around the continental margins.

The break-up of Gondwana was one of the most significant geological events in the
southern hemisphere in the past 200 Myr, and greatly influenced the paleo-environment
and paleoclimatic changes, as well as biological evolution. Revealing the break-up
process of the supercontinent provides fundamental information about solid-earth
dynamics such as mantle convection. Gondwana is the only supercontinent in the
southern hemisphere that could reveal the break-up process based on marine

geophysical data such as geomagnetic anomalies because of the generation cycle of
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oceanic crust. Within a reasonable time-scale, it is uncertain whether the initiation of the
break-up of Gondwana was caused by a mantle plume or subduction. The initial
break-up process of Gondwana began with the break-up of West and East Gondwana.
Thus, the understanding of the tectonics of advantageous seafloor areas, such as the
Antarctic and African margins along the present boundary between West and East
Gondwana, is key to investigating the initial break-up process of Gondwana. The
opening of the Atlantic Ocean has been well studied since the 1960s, whereas the
spreading history in the Indian Ocean is still debated. Recent studies provide
consideration of new evolutionary processes in the Lazarew Sea, off East Antarctica
(e.g., Hinz et al., 2004). The Lazarew Sea was located at the east edge of West
Gondwana, and the evolutionary process of the Lazarew Sea and conjugate areas is
considered to have a strong relationship with the initiation of the break-up of Gondwana.
However, revealing the formation and evolution processes of the conjugate areas, such
as off South Africa, is necessary for understanding the initial break-up of Gondwana;
the fragmentation history of East Gondwana is still enigmatic (e.g., Seton et al., 2012).
Understanding the formation and spreading process of areas such as the Cosmonauts
Sea offshore of Syowa Station, located at the western edge of East Gondwana, is also
required.

The location of the continent—ocean boundary (COB) is one of a number of features
that can be used for constructing the Gondwana reconstruction model, although there
are many uncertainties about the definition of the COB (Eagles et al., 2015). The
location of the COB is estimated based on seismic, magnetic, and gravity studies. The
COB is assigned to the boundary between the continental and oceanic crust, in general.
The crustal magnetic susceptibility and density contrast between the continental and
oceanic crust make an ‘edge effect’ anomaly of geomagnetism and gravity, respectively.
Because of the continental extension of pre-spreading and/or the products of
pre-spreading volcanism to the extended continental crust, it is difficult to determine the
precise location of the COB. The finite-width continent—ocean transition zone (COTZ)
1s often used instead of a linear COB, because of the existence of the extended
continental crust (with or without intense volcanism). The COTZ is observed as the
seaward-dipping reflector (SDR), and is accompanied by normal faults, based on
seismic reflection studies. Moreover, intermediate seismic velocity and crustal thickness

between the continental and oceanic crust has been observed on the COTZ based on
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seismic refraction studies. The magnetic anomaly in the COTZ shows similarities to
those of the basalt layer of oceanic crust. The edge effect of the gravity anomaly is
related to the continental and oceanic crust boundary, the distribution of sediment,
underplated thermal composition, and underplated rock composition. Only the magnetic
and gravity anomalies are therefore unlikely to show the precise location and scale of
the COB and COTZ. Insufficient seismic data around the continental margins,
especially in the Antarctic and Indian Oceans, make it difficult to identify the COB and
COTZ.

The sparse observation lines caused by the difficulty of access interfere with the
identification of continuity of magnetic isochrons and the actual spreading direction,
especially at the Antarctic margin. Additionally, ambiguous magnetic signals (e.g.,
Seton et al., 2014) also prevented identification of magnetic anomaly lineation because
of the thick sediment and/or long interval of the Cretaceous Normal Superchron at the
continental margins. These factors make it difficult to understand the detailed initial
break-up process of Gondwana.

Shipboard vector geomagnetic anomaly analysis is an effective tool for investigating
both magnetic lineation and structural boundaries (e.g., Seama et al., 1993). Magnetic
boundary strikes are only calculated from vector geomagnetic anomalies. The biaxial
spatial differential derives a unique boundary of magnetization contrast. Therefore, a
few observation lines of geomagnetic vectors make it possible to observe the clear
magnetic lineation. Additionally, low magnetization contrast caused by the topographic
effect can be selected out based on the intensity of spatial differential vectors (ISDV).
Seama et al. (1993) demonstrated the magnetic boundaries of magnetization polarity
change, morphological structures, and magnetization contrast using vector geomagnetic
anomalies. Magnetic lineations with distinct spreading direction and segment
boundaries in the southernmost central Indian Ocean were presented by Sato et al.
(2009) base on a systematic vector geomagnetic survey. The structure boundaries were
estimated by magnetic boundary strikes, as well as satellite-derived free-air gravity
anomalies. The ISDV is a useful way to select the magnetic boundary strikes indicating
whether the magnetic polarity changes or if there is another origin such as the COB or
segmentation boundary. To reveal the initial break-up process of Gondwana in detail,
vector geomagnetic observation to investigate the magnetic lineation and structural

boundary around the continental margins is needed.

12



1.2 Goal of this study

The missing piece for understanding the initial break-up process of Gondwana exists
in the Natal Valley and Mozambique Ridge, off South Africa, and the Cosmonauts Sea,
off east Antarctica. The COB, COTZ, and the oldest oceanic crust are expected to exist
in these areas. The other area linked to the initial break-up process of West Gondwana,
between Africa and South America, the Atlantic Ocean, has been well studied during
the last half century. In contrast, the Indian Ocean is the result of the fragmentation of
many continents. Seafloor spreading of the Indian Ocean comprises the main stage of
the break-up process of Gondwana. Because the fragmentation history of Gondwana in
the Indian Ocean is still under debate, geophysical observations are especially required
in these areas.

In this study, the Natal Valley and the Mozambique Ridge off South Africa, which is
the present eastern margin of West Gondwana, and the Cosmonauts Sea off East
Antarctica, which is the present western margin of East Gondwana, were selected as the
study areas. I aim to reveal the initial break-up process of Gondwana in detail based on
vector geomagnetic anomaly analysis, as well as satellite-derived free-air gravity
anomalies. The obtained geomagnetic anomaly data are compared with the results of
previous studies, and reveal what the geomagnetic anomalies and structural boundaries
indicate.

These study areas have several problems: (1) low-amplitude magnetic anomalies
make it difficult to identify the record of magnetic polarity change because of the thick
sediment and/or old oceanic crust around the continental margin, (2) unsolved problems,
such as the location of the continent—ocean boundary (COB), are still under discussion,
and (3) multiple hypotheses for the initial break-up process of Gondwana have been
proposed. In this study, the COB is defined: (1) on the oldest magnetic isochron, or (2)
on the edge of the oceanic crust based on the magnetic and gravity data where magnetic
isochrons could not be observed. I reveal the formation and evolution processes,
including the location of the COB off of South Africa and Antarctica, in the Indian
Ocean, based on systematic vector geomagnetic surveys conducted in the Natal Valley
and Mozambique Ridge, off South Africa, and in the Cosmonauts Sea, off Antarctica
(Fig. 1-1).
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For Chapter 2, I conducted a dense vector geomagnetic survey in the Natal Valley
and Mozambique Ridge, off South Africa. In the Natal Valley and Mozambique Ridge
at the east African margin, there are several problems still to be discussed. (1) Does
continental or oceanic crust exist beneath the northern Natal Valley? (2) How do the
magnetic lineations continue further east in the southern Natal Valley where the western
side was well identified in previous studies? (3) What is the crustal nature between the
northern Natal Valley and southern Natal Valley? (4) Finally, why was rock of
continental origin obtained from the Mozambique Ridge? Detailed evolution and
formation processes in this area are still under debate. I used multiple analytical results
of vector geomagnetic data as well as satellite-derived free-air gravity anomalies to
solve each problem. Thus, I have clarified the processes of continental extension and
seafloor spreading in the Natal Valley and Mozambique Ridge during about 180-
120 Ma.

For Chapter 3, systematic vector geomagnetic data were acquired from the
Cosmonauts Sea in the west Enderby Basin, off East Antarctica. For the Cosmonauts
Sea, as the East Antarctica margin, four theories have been proposed regarding the
initial break-up process of Gondwana: (1) N—S-oriented seafloor spreading started about
M11, (2) N-S-oriented seafloor spreading started about M9, (3) seafloor spreading
perpendicular to the coastline occurred during the Cretaceous Normal Superchron, and
(4) there was a wide-spreading continent—ocean transition zone. The seafloor spreading
history in this area has not yet been revealed because of limited geomagnetic data.
Therefore, 1 have carried out an analysis of systematic geomagnetic data as well as
satellite-derived free-air gravity data to reveal the seafloor spreading history in this area.
I present the process of continental extension and seafloor spreading in the Cosmonauts
Sea from break-up to 120 Ma.

Finally, in Chapter 4, I discuss the direction and spreading rate of seafloor spreading
of each study area with conjugate areas during the initial break-up of Gondwana. Based
on comparison of my findings for the Natal Valley, Mozambique Ridge, and
Cosmonaut Sea with those of previous studies on the western margin of Australia, south
of Sri Lanka, the Bay of Bengal, the corresponding margin of eastern South America,
and the west margin of Africa, I propose a new model of the initial break-up process of

Gondwana, especially around 130-120 Ma.
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Fig. 1-1

Overview of the study area and conjugate area superimposed on the free air gravity
anomaly map (Sandwell, 2014). MAD, Madagascar; SL, Sri Lanka; MAR, Mid-Atlantic
Ridge; SWIR, Southwest Indian Ridge; SEIR, Southeast Indian Ridge; CIR, Central
Indian Ridge; FP, Falkland Plateau; NEGR, North East Georgia Rise; AP, Agulhas
Plateau; MR, Maud Rise; AR, Astrid Ridge; GR, Gunnerus Ridge; KP, Kerguelen
Plateau; LZS, Lazarev Sea; RLS, Riiser-Larsen Sea; EB, Enderby Basin; BB, Bay of

Bengal.
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Chapter 2. Crustal formation and evolution processes
of the Natal Valley and Mozambique Ridge, off South
Africa

2.1 Introduction

2.1.1 Geological setting

The break-up of Gondwana was one of the most significant geological events to have
affected the southern hemisphere in the past 200 Ma. A number of recent reconstruction
models of Gondwana have been reported based on geophysical data (e.g., Cox, 1992;
Konig and Jokat, 2010; Lawver et al., 1998; Eagles and Konig, 2008; Leinweber and
Jokat, 2012; Reeves and Wit, 2000; Reeves et al., 2016). Geophysical research around
the continental margins that formed Gondwana is key to understanding the
fragmentation processes during the initial stage of the break-up. The Natal Valley and
Mozambique Ridge off South Africa (Figs.2-1a and 2-1b) are considered to have
formed as a result of separation between South America—Africa—-Madagascar and the
Antarctic continents during the initial break-up (e.g., Tikku et al., 2002). The Natal
Valley is separated into two areas along the Ariel Graben (AG; Fig. 2-1b): the southern
Natal Valley (SNV), and the northern Natal Valley (NNV). Magnetic isochrons M0O—
MI10 (124.6-133.5 Ma) associated with seafloor spreading in the SNV were interpreted
(e.g., Goodlad et al., 1982). The Mozambique Ridge (MOZR), located to the east of the
Natal Valley, is an aseismic ridge. Precambrian rocks were obtained by dredging from
the MOZR (e.g., Mougenot et al., 1991). The Explora Escarpment (Hinz et al., 2004) in
the Lazarev Sea off Antarctica and the Falkland Plateau off South America (Fig. 2-1a)
are considered a conjugate pair with the Natal Valley and Mozambique Ridge (e.g.,
Konig and Jokat, 2010). The details of the geological setting are described in the
following sections.

Vector geomagnetic anomalies are a useful tool for detecting the history of seafloor
spreading. In this study, I present the first dense vector geomagnetic anomaly data for
the Natal Valley and Mozambique Ridge, and use multiple analytical results, alongside
satellite gravity data, to evaluate the nature of the crust and processes related to the

initial break-up of Gondwana.
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2.1.2 Southern Natal Valley (SNV)

The SNV is located within 30-35°S and 31-33°E off South Africa (Fig. 2-1b). The
direction of seafloor spreading in the SNV is constrained by the Agulhas-Falkland
fracture zone (AFFZ). A NW-SE-directed Mesozoic-spreading anomaly sequence of
MO-M10 was identified by Goodlad et al. (1982) and Martin et al. (1982) in the
northwest of the SNV. M11 and M12 anomalies were inferred in the northern part of the
SNV following M10 (Goodlad et al., 1982; Martin et al., 1982); however, they do not
correlate with their modeled profile. Because the opening of the South Atlantic initiated
at M10N (e.g., Rabinowitz and LaBrecque, 1979), Goodlad et al. (1982) and Martin et
al. (1982) inferred that seafloor spreading in the SNV likely began at M10N. They
suggested that the observed M11 and M12 were formed by intense volcanic activity at
the rifted continental margin in relation to the initiation of seafloor spreading in the
SNV.

In the southeast of the SNV, the seafloor spreading process is unclear because of poor
coverage of geophysical data on fracture zone offsets and other spreading systems (Du
Plessis, 1977; Leinweber and Jokat, 2011; Martin et al., 1982; Reznikov et al., 2005).
Based on seismic reflection data, Reznikov et al. (2005) suggested a fracture zone in the
SNV, and identified M0-M4 sequences in the east of the SNV using the total
geomagnetic anomaly profile, which correlates with the MO-M10 sequence proposed by
Goodlad et al. (1982). Alternatively, Leinweber and Jokat (2011) noted a NNE-
SSW-oriented extinct ridge in the east of the SNV based on marine geomagnetic data,
showing that the symmetric geomagnetic anomaly sequences coincide with the center of
the moderate gravity high. However, the timing of seafloor spreading has not been
determined because of a lack of geomagnetic data. The orientation of the suggested
extinct ridge is parallel to the fracture zone and perpendicular to the magnetic lineations
identified by Reznikov et al. (2005).

2.1.3 Northern Natal Valley (NNV)

The NNV is located between the Mozambique Coastal Plain (MOZCP) and the Ariel
Graben (AG; Fig. 2-1b). The presence of continental crust beneath the NNV was
determined from gravimetric analysis and seismic data (Darracott, 1974; Ludwig et al.,

1968; Scrutton, 1976). Ludwig et al. (1968) proposed that a seismic velocity of 5.22—
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6.88 km/s at a depth of 7.5 km below sea level indicated oceanic crust. Darracott (1974)
and Scrutton (1976) proposed, based on an isostatic model, that a thinned continental
crust was present underneath the oceanic crust, indicating a continent—ocean transition
zone. Tikku et al. (2002) identified an extinct spreading center, along with magnetic
isochrons M4 and M10N with W—E orientation, and suggested that opening of the NNV
occurred at the same time as that of the SNV, and that a continental fragment may

remain between the SNV and NNV.

2.1.4 Mozambique Ridge (MOZR)

The MOZR, located to the east of the Natal Valley, is an aseismic ridge. Dredge
samples obtained from the MOZR, including ‘kinzigite’, which contained
metamorphosed components such as high-grade gneiss, correlating with the
Precambrian orogeny (DR1; Fig. 2-1b); metamorphic rock, including a garnet-bearing
metapelite that correlates with the Natal Belt in South Africa (DBA; Fig. 2-1b); and
fragments of Archean basement, which are reported to be similar in composition to the
Rhodesian craton (DR3; Fig. 2-1b), have all been interpreted as indicative of continental
crust (Ben-Avraham et al., 1995; Mougenot et al., 1991). In contrast, Erlank and Reid
(1974) reported that drilled core samples collected at Deep Sea Drilling Project (DSDP)
site 249 included fresh volcanic glass. However, Ben-Avraham et al. (1995) reported a
seismic velocity of 5.8-6.3 km/s approximately 6 km beneath the MOZR, based on
seismic refraction data, and inferred that the MOZR is on continental crust. They
interpreted the fresh volcanic glass samples as evidence of recent volcanic activity.
Conversely, Konig and Jokat (2010) and Leinweber and Jokat (2011) interpreted the
MOZR as oceanic crust thickened by basaltic intrusion of the Karoo volcanism and the
subsequent large igneous province, based on ocean-bottom seismometry and
multichannel seismic reflection data from Gohl et al. (2011). They also interpreted the
dredged continental rocks as smaller embedded continental fragments and/or ice-rafted

debris. However, Gohl et al. (2011)’s seismic data were limited to the S-MOZR.

2.1.5 Continent—Ocean Boundary (COB)

Two models of the COB have been proposed for the Natal Valley and Mozambique
Ridge. The first model places the COB at the AG based on geomagnetic, gravity, and
seismic studies (e.g., Darracott, 1974; Martin et al., 1982; Scrutton, 1973), and assumes
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that the NNV and MOZR are continental or transitional crust. If this is the case,
kinematic reconstruction models show a large overlap onto the Explora Escarpment and
Dronning Maud Land in Antarctica (e.g., Konig and Jokat, 2010). This interpretation
cannot explain the proposed volume of continental crust beneath the NNV and MOZR.
To resolve this overlap problem, it is necessary to understand the crustal nature of the
Natal Valley, Mozambique Ridge, and the Explora Escarpment, and detailed
geophysical data, such as marine geomagnetic anomalies, are required. The second
model places the COB at the Lebombo and Mateke-Sabi monoclines in South Africa
(Fig. 2-1b) (e.g., Cox, 1992; Eagles and Konig 2008; Leinweber and Jokat, 2012). Cox
(1992) suggested that the Lebombo and Mateke-Sabi monoclines and the Explora
Escarpment represent continental margins, and that they were continuous structures
during Karoo and Ferra igneous activity. Eagles and Konig (2008) removed the entire
area east and south of the Lebombo and Mateke-Sabi monoclines from their
reconstruction, and interpreted that the MOZR and Astrid Ridge (Fig. 2-1a) formed
parts of Karoo-aged volcanic margin conjugate to the Lebombo and Mateke-Sabi
monoclines. Because there is no magnetic signature indicating the COB to the south of
the Lebombo and Mateke-Sabi monoclines, Leinweber and Jokat (2012) proposed a
new Gondwana reconstruction model, which follows the second model of COB based
on Cox (1992). However, this model is based only on total geomagnetic anomalies, in
which magnetic lineations in the NNV and MOZR may not be distinct, and are
inappropriate for the interpretation of structural boundaries. It remains unclear,
therefore, whether the Natal Valley and Mozambique Ridge are on oceanic or
continental crust, and the origin of continental fragments in the MOZR is still enigmatic.
Consequently, the details of crustal formation and evolution in the study area remain

poorly understood.
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2.2 Data and data processing

2.2.1 Vector geomagnetic survey and analysis

Sea-surface vector geomagnetic data were acquired in the Natal Valley and
Mozambique Ridge using a shipboard three-component magnetometer (STCM; Isezaki,
1986) during the AISTEK III expedition of the R/V Pelagia (April 9—-June 1, 2009).
The total length of the survey line was 16,455 km, with line spacing of approximately
18 km in the N-S direction and 36 km in the E-W direction for the NNV, and 36 km in
the N-S and NNE-SSW directions for the SNV and MOZR (Fig. 2-1c—f). Total
geomagnetic data were also acquired using a ship-towed Overhauser magnetometer
during the same cruise.

The STCM consists of the three orthogonal axes of fluxgate sensors (SFG2005;
Tierra Tecnica, Ltd.) and a gyro compass. The fluxgate sensor part was set on the top
deck. The antenna of the Global Positioning System (GPS) was also set on the top deck
to measure the Coordinated Universal Time (UTC) and the ship’s location. A ring laser
gyro (JIMS-200R; Japan Aviation Electronics Industry, Limited) was used to measure
the ship’s attitude, such as angles of the heading, roll, and pitch. The controller, ring
laser gyro, and a laptop computer were set in the ship’s laboratory to collect vector
geomagnetic data, UTC, and the ship’s location and attitude.

The vector geomagnetic field was used for the calculation according to the method of
Isezaki (1986). The vector geomagnetic fields measured using the STCM are obtained

as follows,
Hob = AﬁpYFrf + Hp (1)

where F.; is the geomagnetic field, Hop is the observed magnetic field, and H, is
the ship’s permanent magnetic field. A is a 3 x 3 constant matrix that depends on the
distribution of the magnetic susceptibility of the ship, the location of the STCM sensors,
and the shape of the ship. R, P, and Y are matrices of rotation based on the roll, pitch,
and heading of the ship. In this study, A= = B was applied for equation (1) as

follows:
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b= RPTE,.. ()

To determine B and H,p, 360-degree rotation data of the ship were measured at a
place where F.; was estimated using the International Geomagnetic Reference Field
(IGRF). The data obtained during the 360-degree clockwise rotation were biased
because the roll came close to one side. To correct for this bias, 360-degree
counterclockwise rotation data were also acquired at the same point. Because the ship
track resembles a figure eight, this measurement is known as a ‘figure eight turn’. The
‘figure eight turn’ was conducted at six different locations during the AISTEK-III
expedition (Table 2-1), and B and H,, were estimated using the least-squares method
(Table 2-2). The vector geomagnetic anomalies were obtained from the acquired vector
geomagnetic field by subtracting the 10th International Geomagnetic Reference Field
(IGRF2005; Macmillan and Maus, 2005). Crossover error correction was also
performed by removing the linear trend for each component of the calculated vector

geomagnetic anomalies for level adjustment.

2.2.2 Analysis of magnetic boundary strikes

The intensities of the spatial differential vectors (ISDV) were calculated from the
observed vector geomagnetic anomalies based on Seama et al. (1993).
A horizontally infinite plate at depth h; with thickness h, — h; is assumed on a
three-dimensional Cartesian coordinate system, with origin 0 and axis lines x, y, and z.
The magnetization of the plate has constant values of J and —J with a boundary parallel

to the axis line x at y = 0, as follows:

]:{KE Jyo Jz)  y<0
(e Ty J2) y>0

The magnetic field F = (Fx, Fy, Fz), which is produced by these magnetic

structures, is given by the following equations:

E =0 €)
FE, = Jx(—J,xA + J,XB)
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F, = Jx(J,xA + J,xB)

where,
y (Y
- - (_) B ' (_)]
A 4 [tan n tan n
_ y2+h3
B = 2><log—y2+h%.

The ISDV is calculated as follows:

6F| (an)Z aFy 2 (an)Z
5Y ay ay ay

= 4xJX [J2 + ]2x .
g JO2 + )2 + hl)

(4)

The ISDV reaches a peak when y = 0, at the position of the magnetic boundary. This
equation shows that the peak value of the ISDV depends on the depth of the
magnetization body and the magnetization contrast.

The ISDV was calculated from the acquired vector geomagnetic anomaly F =
(E., F,, Fy) asfollows:

1SDV = |6F _ (aFn)Z N (6Fe)2 N (aFd)Z
~lopl — \ap op op

where p is the distance in the ship’s direction. The ISDV is a local maximum value at
the magnetic boundary. Note that if there is an angle q between the ship’s direction

and the magnetic boundary, the ISDV is decreased as follows:
6F| _ |6F i
al ~ lay sin q.
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The magnetic boundary, which is parallel to the ship’s direction, could not be detected
using the ISDV.

Equation (3) means that the component of the magnetic field parallel to the boundary

is zero. If the boundary vector is defined as X, then the inner product of the orthogonal

vectors X and F is:
F-X=0. 5

The actual geomagnetic anomaly field data contain biases because of measurement
errors and/or errors in the reference field. Assuming that the bias F, is constant near

the magnetic boundary, equation (5) can be rewritten as:
(F-Fy)-X=0.

Here, using the constant C = —F, - X:
E,xX, + F,xX, + F;xX; = 0. (6)

The boundary vector X is calculated using equation (6) and applying more than four
data points for magnetic anomaly F, using the least-squares method. Note that all biases
appear only in C and have no effect on X,, X,, and X;, even if the geomagnetic
anomaly field has biases. Therefore, the boundary vector X is correctly determined
using only the relative change of the geomagnetic field vectors.

There are several ways to distinguish whether the magnetic structure is
three-dimensional or two-dimensional using vector geomagnetic data. The first way is
using the standard deviation of the calculated strike. The boundary vector is constant
over a two-dimensional magnetic structure, but not over a three-dimensional magnetic
structure. Therefore, the magnetic field caused by a three-dimensional structure should
have a large standard deviation. The second way is using the inclination of the boundary
vector (Isezaki, 1986). Three-dimensional magnetic structures can be identified based
on the phase shift between the horizontal and the downward components of vector

geomagnetic anomalies. The boundary vector in the normal mid-ocean (distant from the
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trenches) should be nearly horizontal, and the boundary inclination should be
approximately zero. The boundary vector is calculated in three dimensions using
equation (6); therefore, the boundary inclination is also obtained. If the boundary
inclination is large, the magnetic structure is three-dimensional.

The positions and directions of magnetic boundary strikes given by the calculated
vector geomagnetic anomalies were estimated based on a threshold ISDV level of
20 nT/km (Fig. 2-2a). In this figure, the black bar and the white bar indicate the
‘magnetic boundary strike’. The cross point of the black and white bars indicates the
position of the magnetic boundary. The black bar is along the magnetic boundary,
indicating the direction of the magnetic boundary. The length of the black bar is
proportional to the cosine of the boundary inclination. The length of the white bar is
proportional to the standard deviation of the strike.

In this study, ISDV in the NNV, SNV, and MOZR were classed into three types
(Table 2-3) based on the results of simple 2D magnetic structure models (Fig. 2-3),
where two horizontally infinite plates, at depth h;; with thickness h;, — h;; and at
depth h,; with thickness h,, — h,;, were considered, and the magnetization values of
the plates are constant values J; and J>, with a boundary parallel to the axis line x at

y =0, as follows:

(b B 1) <0
2(]xi ]y: ]z) y>0'

The magnetic field F = (Fx, Fy, Fz) produced by these magnetic structures is

given by:

E,=0

o {jlx(—];xA +J,XB) y <0

Y 2X(=J, %A + J,XB) y >0

_ J1X(J;%xA + J,xB) y <0
2X(Jz%A + J,xB) y > 0.

z

To construct the models, equation (4) was rewritten as:
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x hyy — hay >
VO + 1) 2 + h3,)

6F|
dy

y > 0.

4 (sz J2 + )2

Several models were applied to select the threshold levels of the ISDV peaks (Fig. 2-3).
The thickness of the magnetization layer (h;, — h;; and h2; — hy;) was assumed as 1 km,
which is appropriate for oceanic crust. Models with inclinations of 90° and 0° were
applied to check that the ISDV intensity was not affected by the inclination variability
of magnetized bodies (Fig. 2-3a). The mean top depths of the magnetization layers (4;;)
in the NNV, SNV, and MOZR were estimated as 4, 6, and 3.5 km, respectively, based
on ETOPO1 topographic data (Amante and Eakins, 2009) and sediment thicknesses
from the global sediment thickness model (Laske and Masters, 1997). In general, the
magnetization intensity of oceanic crust is > + 5 A/m(e.g., McKenzie and Sclater,
1971); therefore, I assumed = 5 A/m (h;; = hjp,, J;=5 A/m and J,=-5 A/m) of
magnetized bodies for the magnetic polarity boundary model (Figs. 2-3bl, c1, and d1).
Taking into account any effects of magnetization intensity (e.g., decreasing
geomagnetic anomaly amplitude from Jurassic to Cretaceous; Cande et al., 1978),
magnetizations exceeding + 3 A/m (h;; = hpp, J;=3 A/m and J>=-3 A/m) were
considered for magnetic polarity boundary modeling in the study area (Figs. 2-3b2, c2,
and d2). I assumed that lower magnetizations (h;; = h;, J;=5 A/m and J, =0 A/m)
were not indicative of seafloor spreading (Figs. 2-3b3, c3, and d3). Topographic effects
with same polarity magnetized bodies were assumed for topographic contrast boundary
modeling (h;; — h2; = 0.5 km, J; =J, =5 A/m) (Figs. 2-3b4, c4, and d4). Thresholds of
the ISDV peaks were determined using the mean top depth in each region (Figs. 2-3b—
d). Finally, magnetic structure features from the ISDV were categorized into three types
(Table 2-3): 1) high magnetization contrast boundary (e.g., magnetic polarity
boundary); 2) low magnetization contrast boundary; and 3) topographic effects (i.e.,
consideration of the topographic gap of the magnetized block, assuming the same
polarity and layer thickness). Magnetic boundary strikes of types 1) and 2) of were
selected for further examination (Fig. 2-2b).

2.2.3 Estimation of intensity of crustal magnetization and two-dimensional magnetic
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structure model

Total geomagnetic anomalies obtained from the AISTEK II cruise, and the published
data of Konig and Jokat (2010) and the National Geophysical Data Center (NGDC;
https://www.ngdc.noaa.gov) were merged with the vector geomagnetic anomalies for
the offshore area, and crossover error corrections were applied. Total geomagnetic
anomalies from the Earth Magnetic Anomaly Grid (EMAG2; Mause et al, 2009) were
used to evaluate the geomagnetic anomaly features of the onshore area. The resolution
of the compiled total intensity geomagnetic anomaly map is 2 arc-minutes onshore and
1 arc-minute offshore.

The distribution of crustal magnetization was estimated from the compiled total
geomagnetic anomalies using the inversion method of Parker and Huestis (1974). The

two-dimensional Fourier transform of the function f(p) is generally defined by:

FIFO) = [ dsfe® %
where,

r=(#z2)={2r)

k-r=Fk-?

In this equation, k is the wave vector of the transform function, and r is the
projection onto the x-y plane at observation position p, written as r = (X, Y, Z) in
the three-dimensional Cartesian coordinate system with the unit vector Z, which is
directed vertically upward.

For magnetic model calculation, it is commonly assumed that the restriction in the

direction of magnetization is constant, but the intensity may vary, as follows:
M(#) = MM (7).

The perturbations in the observed field caused by the magnetized material are always

very small. The total field |B| is observed based on the geomagnetic measurement
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taken at sea; thus, the geomagnetic anomaly A|B| can be approximated by:
A|B| = B, - AB

where B, is the unit vector in the direction of the unperturbed field and AB is the
perturbing field. A constant thickness of the magnetized layer 4y is also assumed, so

equation (7) for 4 displaced from A|B| can be rewritten and solved as follows:

o |kI?

FIAIBI] = FIA] = S poe™ 170 (1 — e~ I}y (k) - £33 == FIM(Oh ("] ®)

where,

Fl[A] = foodx e kXA (%)

V(k) =B, (Z + i’A‘k)l\ﬁ (Z + Xk
=By (Z+ 77 (Z+ 7).
° k|70 k|

In this equation, the summation begins at n» = 0, and A(x) is the geomagnetic anomaly
measured on a level line everywhere above the topography at a height zy from the x-y
plane. Based on the inversion method and the consideration of an inhomogeneous
Fredholm integral equation, equation (8) can be rearranged into the inversion procedure

using the n = 0 term of the summation on the left side of equation (8):
1 (o]
FIMOI = 100 - 5 | dko FIMGIG® — ko) ()

with

o FlAlela
fle) = Bo 11— e-teino]y (k)

G(k, ki) = Flelklh) — 1],
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Equation (9) can be solved according to an iterative process with the assumption of a
uniform magnetization layer thickness. There is a linear relationship between the
observed geomagnetic anomalies and the magnetic source; thus, the linear operator £

is used:

A= L[M]. (10)

Suppose that magnetization exists, which is not identically zero but satisfies:
L[a] = 0.

The L is called an annihilator. If an annihilator exists, the solution of an inverse
problem to equation (10) cannot be unique. The magnetization a(x) that is associated
with an anomaly of zero, because of the 1 — e lklho of equation (8), vanishes at k = 0,

can be solved using the Dirac delta function:

5(k) = o™= Fla()h™ (1))

If h(x) is assumed as constant, then a(x) is also constant. The annihilator a(x) will be
reduced from the solution of the intensity of the magnetization.

In this study, the thickness of the magnetization layer was assumed as 1 km, and its
surface geometry was assumed using ETOPO1 topographic data for the onshore area.
For the offshore area, the sedimentation layer was considered as a non-magnetized layer
using ETOPO1 topography data and sediment thickness from the global sediment
thickness model, and the surface geometry of the magnetization layer was assumed as
the base of the sediment layer. The direction of crustal magnetization was assumed to be
parallel to the present-day geocentric axial dipole field, because it is considered that the
African plate has been almost fixed since the break-up of Gondwana (e.g., Schettino
and Scotese, 2005). The inclination of magnetization was set as —69°. An annihilator
was estimated and added using a clear normal-reversed lineation sequence in the
Mozambique Basin (Leinweber and Jokat, 2012).

Two-dimensional magnetic structure models were constructed to fit the observed
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profiles of line 34 (Figs. 2-1e and 2-5b). A two-dimensional magnetic structure model
of the M-sequence was constructed based on the forward modeling method of Talwani
(1964). When the observation position r = rF is directed from the dipole, the magnetic

field B of a single dipole is given by:

_Hom
473

[3(m - F)f — m] r+0 (11)

where p, is the magnetic permeability of free space, and m = mm is the dipole
moment. If there are several magnetic bodies, assuming that each body appears at a
distance as a dipole, equation (11) can be used to derive the field of each dipole. The
dipole moment m of each body is given by the product of its magnetization and volume.
Finally, the effects of all dipoles are summed. In this study, magnetized body
inclinations are set to —69° as the geocentric axial dipole field. The magnetization of the
bodies is set to 2.5 A/m for a normal magnetized block and —2.5 A/m for a reversed
magnetized block, considering the decreased magnetization intensity of the oceanic
crust that formed during the Jurassic Period (e.g., Tivey et al., 2006). Magnetized block
boundaries were also defined using observed magnetic boundary strikes from the vector
geomagnetic data of observation line 34 (Figs. 2-6). The model profile is calculated

with consideration of only the two-dimensional structure.

2.2.4 Estimation of the crustal thickness

Crustal thickness was estimated using satellite gravity anomalies. At first, Bouguer
anomalies were calculated from free-air gravity anomalies following the method
presented by Parker (1972). The Bouguer anomalies can be calculated by subtracting
the effects of the sea-water, sediment, and crust layer from the free-air gravity

anomalies:

Agbouguer = Agfree—air - (Agcrust + Agsediment + Agsea—water)-

To calculate the effect of each layer, the Fourier transform and inverse Fourier
transforms can been used. Equation (7) could be applied to the gravitational field. Here,

the mass between the upper boundary z,(x,y), lower boundary z,(x,y) of the gravity
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layer, and the density p(x,y) between the upper boundary and lower boundary are
assumed, so the Fourier transform of the vertical attraction at observation surface

z = z, is described as:

- n-1
K]
!

—FlE -z (12)

F[Ag] = —2nGeklzo Z
1

where G is Newton’s gravitational constant. Equation (12) is used to estimate the effect
of each layer with the assumption of the density and thickness of each layer.

The density contrast interfaces of seawater, sediments, and the crust were considered
in the calculation of Bouguer anomalies for the offshore area. Offshore Bouguer
anomalies were deduced from a 1-arc-minute grid of satellite-derived gravity anomalies
(Sandwell and Smith, 2009) combined with ETOPOI1 topography data and the global
sediment thickness model. The two data sets, ETOPO1 bathymetry data and satellite
gravity anomaly data, are not independent; therefore, I estimate the difference between
the ETOPOI data and sounding data. ETOPO1 was built from numerous global and
regional data sets derived from satellite measurements and ocean soundings (Amante
and Eakins, 2009). Multibeam sounding data were obtained during the AISTEK II and
AISTEK III cruises (Fig.2-4a). I also estimate the offset between ETOPO1 and
multibeam sounding data (Fig. 2-4b). Large discrepancies are only shown at the edges
of rugged features within = 500 m (Fig. 2-4b, c). Therefore, I concluded that my
analysis of crustal thickness using both ETOPO1 bathymetry and satellite-derived
gravity anomaly data could be used for understanding large-scale structures.

The results of Bouguer anomaly computation in this study are focused on estimating
crustal thickness for large-scale structures. The comparison of the ETOPO1 bathymetry
with acoustic bathymetry data shows good consistency; therefore, my rough estimation
of crustal thickness is valuable for this study area. Bouguer anomalies for the onshore
area were also calculated using a 2.5-arc-minute grid of the Earth Gravitational Model
(EGM2008; Pavlis et al., 2012) combined with ETOPO1 topography data. The density
of the crust was assumed to be 2,750 kg/m’. The densities of ocean water and sediment
were also assumed to be 1,030 and 2,200 kg/m’, respectively, for the offshore area. The

density contrast between continental crust and oceanic crust was not considered. No
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thermal effect was considered. Secondly, crustal thickness distributions were estimated
from the Bouguer anomalies based on the method of Kuo and Forsyth (1988), and
equation (11) was solved by assuming that the Bouguer anomalies were only
attributable to variations in crustal thickness. The Bouguer anomalies continued
downward to the hypothetical average Moho depth of 14 km, assuming a mean oceanic
crust thickness of 8 km and a mean water depth of 6 km in the study area, and these data
were converted to variations in the Moho depth, assuming that the density contrast of
the crust and mantle is 550 kg/m’. A cosine-tapered low-pass filter with a length of 50—
100 km was applied to reduce short wavelength variations. Finally, offshore and
onshore crustal thickness data were obtained using ETOPOI1 topographic data and

estimated Moho depth data, and combined along the coastline.
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2.3 Results

2.3.1 Geomagnetic anomalies

The corrected northward (Fig. 2-1¢) components of the geomagnetic anomalies show
mostly inverse correlations with the corrected eastward (Fig. 2-1d) components of the
geomagnetic anomalies. The corrected downward component of geomagnetic anomalies
(Fig. 2-1e) shows a good inverse correlation with the calculated total geomagnetic
anomalies (Figs. 2-1f). The calculated total geomagnetic anomalies (Fig. 2-1f) coincide
well with those measured by the ship-towed Overhauser magnetometer during AISTEK
II (Fig. 2-1g). The total and each component of the geomagnetic anomalies show a
clear boundary with a positive and negative pattern along the Ariel Graben (AG:
Fig. 2-1f). This SW-NE-oriented high-amplitude geomagnetic anomaly pattern that
accompanies the AG is divided into two regions: the NNV, and the SNV and MOZR.

First, in the NNV, the geomagnetic anomalies were almost within a 600 nT amplitude
except in a wedge-shaped region around 28.5°S, 33°E-30°S, 35°E. The geomagnetic
anomalies demonstrated a large amplitude of more than 600 nT in this wedge-shaped
region. Predominantly SW—NE and SE-NW trends of the geomagnetic anomaly pattern
are shown. The geomagnetic anomalies indicate a short wavelength wiggle pattern (<
50 km) that is biased toward positive and a predominantly SW—-NE direction.

Secondly, in the SNV and MOZR, variable wavelength geomagnetic anomalies (20—
100 km) are observed, and each area can be sub-divided further.

The SNV is divided into two regions by a WSW-ENE boundary at 32.5°S (SB in
Fig. 2-11): (1) to the north of SB (N-SNV), the geomagnetic anomalies were almost
within 300 nT except around 30°S, 32.5°E-31°S, 33°E. The geomagnetic anomalies
exhibited a high amplitude of more than 300 nT around 33°S, 32°E-35°S, 33.5°E, and
negative long-wavelength (> 50 km) geomagnetic anomalies dominate; (2) to the south
of SB (S-SNV), large-amplitude (more than 600nT) and long-wavelength
(approximately 100 km) geomagnetic anomalies with a NW—SE direction dominate, and
there are three offsets annotated as m1, m2, and m3 with NE-SW orientation between
wiggles (Fig. 2-11).

The MOZR is divided into two regions around the NW—SE-oriented boundary at 31—
32°S (MB in Fig. 2-11): (1) north of the MB (N-MOZR), a within 600 nT amplitude of
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the geomagnetic anomalies was observed. A short wavelength wiggle pattern (< 50 km)
that biases toward the positive, similar to those of the NNV, was dominant; (2) south of
the MB (S-MOZR), geomagnetic anomalies more than 600 nT in amplitude were
demonstrated. Long-wavelength (> 50 km) magnetic anomalies similar to those of the
S-SNV were observed. Note that the total and downward component of a geomagnetic
anomaly with very high amplitude, more than 900 nT in total (=900 nT in the

downward direction), was observed around 30-30.5°S, 36°E.

2.3.2 Magnetic boundary strikes

Magnetic boundary strikes, which indicate high magnetization contrasts (type 1), low
magnetization contrasts (type 2), and topographic variation (type 3) (e.g., Seama et al.,
1993), were selected using ISDV peak thresholds for each region (Table 2-3 and
Fig. 2-2b). The SW-NE-dominated magnetic boundary strikes show the Ariel Graben
(Figs. 2-2b and 2-5a).

In the NNV, the spacing of observed magnetic boundary strikes of type (1) and type
(2) was approximately 50-100 km, with dominant directions of NE-SW and NW-SE.
These strikes were also demonstrated in the results of the geomagnetic anomalies map
(Fig. 2-5a). Most of the magnetic boundary strikes indicate two-dimensionality,
although the high standard deviations are studded around the high contrast on the
magnetic anomaly map. In the SNV, the characteristics of magnetic boundary strikes
differ between the south and the north, consistent with the geomagnetic anomaly
distribution (Figs. 2-1f and 2-5a). In the N-SNV, no magnetic boundary strikes of type 1
were observed. The observed magnetic boundary strikes of type 2 imply the topographic
effect. In the S-SNV, magnetic boundary strikes have short intervals and are dominantly
oriented NW—SE. There are offsets between the magnetic boundary strikes on each
observation line. The MOZR also has different magnetic boundary strike characteristics
in the south and north. In the N-MOZR, the spacing and orientation of magnetic
boundary strikes is mostly the same as that in the NNV, with dominant directions of
NE-SW, E-W, and NW-SE. A few NNW-SSE- and NNE-SSW-oriented magnetic
boundary strikes are also observed in the N-MOZR. In contrast, in the S-MOZR, the
magnetic boundary strikes, which indicate magnetic polarity boundaries, have short
intervals (approximately 20 km) and primarily NW—SE directions, as also observed in

the S-SNV. Two-dimensional magnetic boundary strikes were widely observed in the
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S-MOZR.

The E-W-oriented extinct ridge and seafloor spreading anomalies in the NNV
proposed by Tikku et al. (2002) are not interpretable in the observed magnetic boundary
strikes or geomagnetic anomaly profiles (Figs. 2-1f and 2-5a). In contrast, the obtained
magnetic boundary strikes and geomagnetic anomaly profiles are concordant with the
magnetic lineations in the SNV proposed by Goodlad et al. (1982). The NNE—-
SSW-oriented extinct ridge and seafloor spreading anomalies in the S-SNV proposed by
Leinweber and Jokat (2011) were also not detected in my results. There are a few
boundaries annotated as bl, b2, and b3 with NE-SW orientation, between wiggles
(Fig. 2-2b). Two-dimensional magnetic boundary strikes are mainly used for the

discussion (Fig. 2-2c).

2.3.3 Intensity of crustal magnetization

The intensity of magnetization was calculated using total geomagnetic anomalies
(Fig. 2-5b). In the onshore area, a low magnetization intensity mostly within + 3 A/m
was estimated. High magnetization intensities of up to 12 A/m, such as L1, L2, and L3,
were observed around the Karoo volcanic basalt. The magnetization intensity within +
5 A/m biased toward normal was observed in the north part of the offshore area,
whereas a higher contrast (> 10 A/m) of magnetization intensity was observed in the
south part of the offshore area. McKenzie and Sclater (1971) reported that the
magnetization intensity of normal oceanic crust ranges from + 5 to = 10 A/m, and Vine
and Matthews (1963) suggested + 5 A/m for off-axis oceanic crust in the Indian Ocean.
Therefore, I estimate that the borders of oceanic crust or other origins in the study area
would have magnetizations of at least + 5 A/m.

In the NNV, magnetization intensity is mostly within + 5 A/m and biased toward
normal magnetization, although there are highly magnetized areas (up to 12 A/m; the
same as L1, L2, and L3) at P1 and V (Fig. 2-5b). Note that the reversed magnetization
intensity in the NNV is almost more than —3 A/m. The location of the South Tugela
Ridge (Goodlad et al., 1982), which is considered as a continental fragment, is
surrounded by P1. In the N-SNV, the intensity of magnetization is mostly biased toward
reversed magnetization and within + 5 A/m, except around the AG, whereas in the
S-SNV, magnetization intensity is generally more than + 5 A/m and is concordant with

that of normal oceanic crust. The magnetization intensity in the N-MOZR is mostly
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within £ 5 A/m and is biased toward normal magnetization, as also observed in the
NNV, although a highly magnetized area (up to 12 A/m) was observed at P2 (Fig. 2-5b).
In contrast, a high magnetization intensity (more than + 5 A/m and less than —5 A/m) is

mainly demonstrated in the S-MOZR.

2.3.4 Two-dimensional magnetic structure models

The model profile calculated using simple normal and reversed magnetized blocks
does not fit the observed profile (Fig. 2-6a). Variable thicknesses and/or magnetization
intensities are necessary to explain the observed geomagnetic anomaly profile in the
NNV (Fig. 2-6b). Assuming a uniformly magnetized body with a magnetization
intensity of 2.5 A/m and surrounding non-magnetized bodies, the calculated magnetic
profile coincides well with the observed geomagnetic profile. The proportional length of
non-magnetized bodies (117 km) along line 34 (363 km) is approximately 32%. The
block with high-amplitude geomagnetic anomalies of 300-550 nT (NA and NB in Fig.
2-6b) has an estimated crustal thickness of 4-8 km. The large amplitude of the gravity

anomaly is observed at NA and NB, indicating thicker or denser crust.

2.3.5 Crustal thickness

Crustal thickness is calculated using gravity data (Fig. 2-5¢). Crustal thickness in the
NNV is calculated as 11-14 km, which is more than 4 km thicker than that of normal
oceanic crust (7.08 = 0.78 km; White et al., 1992), and is almost equal to that of the
Mozambique Coastal Plain (MOZCP) in this study located on the continental area of
South Africa. This value is smaller than that of the previously reported crustal thickness
of ~20-30 km obtained via seismic survey in the MOZCP (e.g., Domingues et al., 2016),
which implies that my calculation assuming density of basaltic rock is underestimated.
In contrast to the NNV, estimated crustal thickness in the S-SNV is approximately 8 +
0.5 km, almost the same as the crustal thickness of the Mozambique Basin, which is
regarded as normal oceanic crust. Between the NNV and SNV, the crustal thickness is
9-11 km, greater than that of normal oceanic crust. In the MOZR, estimated crustal
thickness is mostly over 11 km, and thicker than that of normal oceanic crust, although

it is slightly thinner (10—11 km) to the north of the 31°S MB boundary (Fig. 2-5¢).
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2.4 Discussion

Here, I divide the study area into five general regions, the NNV, N-SNV, S-SNV,
N-MOZR, and S-MOZR (Fig. 2-7a), based on geomagnetic anomalies, boundary strikes,
and gravity anomalies (Fig. 2-5d), to evaluate the nature of the crust. The NNV is
bounded by the AG, and the SNV and MOZR are divided into two by the SB and MB,

respectively.

2.4.1 Northern Natal Valley

The crust beneath the NNV is most likely stretched continental crust with basaltic
intrusions. The observed geomagnetic anomaly profiles and magnetic boundary strikes
are not explained by the E-W extinct ridge and seafloor spreading anomalies proposed
by Tikku et al. (2002). The trend of the geomagnetic anomalies is NE-SW; however,
the trends of the magnetic boundary strikes do not correspond with this direction. The
magnetic boundary strikes proposed in my study show a lack of continuity (Fig. 2-7b).
Moreover, the profile calculated from the two-dimensional magnetic structure model
considering simple normal and reversed magnetized blocks does not fit the observed
geomagnetic anomaly profile (Fig.2-6a). Therefore, I infer that the observed
geomagnetic anomaly profiles along the N—S observation lines do not show products of
seafloor spreading. The ISDV peaks from geomagnetic data along the E-W observation
lines are very low intensity, which indicates a topographic effect and/or low
magnetization contrast (Fig. 2-2b). Thus, I conclude that the observed geomagnetic
anomaly profiles in the NNV do not support a seafloor spreading origin.

I propose instead that the NNV was affected by basaltic intrusion. The observed
geomagnetic anomalies in the NNV are explained well by the profile of the
two-dimensional magnetic structure model using a combination of 2.5 A/m magnetized
blocks with thicknesses of 1-8 km (Fig. 2-6b) and non-magnetized bodies. Highly
magnetized areas correspond to strong gravity anomalies (NA and NB in Fig. 2-6¢),
indicating structural variation. Highly magnetized areas with magnetization intensity
over = 5 A/m are sparse, and poorly magnetized areas of less than + 5 A/m dominate
(Fig. 2-7b). The NE-SW and NW-SE trending magnetic boundary strikes correspond to
structure boundaries shown by the magnetization data (Fig.2-7d). Magnetization

intensity of up to 12 A/m is observed in area V, which is enclosed by magnetic
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boundary strikes. This intensity is similar to that observed in the area of the Karoo
volcanic basalt in South Africa (for example; L1, L2, and L3 in Fig. 2-7b). I conclude
that highly magnetized areas over + 5 A/m represent basaltic intrusions, based on the
magnetization distribution and magnetic boundary strikes. The presence of many areas
of normal magnetization and a few areas of reversed magnetization likely indicate that
the NNV was exposed to long-term volcanic activity, comprising both normal and
reversed polarity periods.

I consider that the crust of the NNV is composed of a mixture of oceanic and
continental crust. Relative to the interpretation of Tikku et al. (2002), Leinweber and
Jokat (2011) suggested that the NNV is oceanic crust that formed during the Jurassic
Quiet Zone (JQZ) because the observed profile showed very low geomagnetic anomaly
amplitudes. The JQZ is characterized by high frequency of polarity changes (e.g., Sager
et al., 1998; Tivey et al., 2006), which suggests small variations in the intensity of
magnetization. Conversely, large variations of magnetization intensity in the NNV are
required for the observed profile of the 2D magnetic structure model (Fig. 2-6b);
therefore, the NNV cannot be oceanic crust formed during the JQZ. The other possible
process for forming poorly magnetized thickened oceanic crust in the NNV (< £ 5 A/m)
is hydrothermal alteration. However, high-temperature hydrothermal alteration should
be local with a spatial scale of hundreds of meters; therefore, the widespread poorly
magnetized area of the NNV likely was not formed by high-temperature hydrothermal
alteration. However, the decrease in magnetization caused by the alteration of crustal
magnetic minerals, likely due to reaction with seawater, is limited within the first 10—-15
Ma (e.g., Dyment et al., 2015). It is difficult to conclude that the widespread
magnetization decrease in the NNV is caused by the alteration of crustal magnetic
minerals.

The other possibility for the origin of the poorly magnetized area is continental crust.
The low intensity of magnetization in the NNV is comparable to that of continental
crust in South Africa (< £ 5 A/m) with basaltic intrusions such as L1, L2, and L3,
interpreted as Karoo volcanic basalt (Fig. 2-7b). Thus, I conclude that the area of low
intensity of magnetization indicates continental crust. The presence of the continental
crust mentioned above was affected by extensional stress, then basaltic magma, which
carried strong magnetization after cooling and intruded along the extensional faults. The

two-dimensional model calculation (Fig. 2-6b) is mostly consistent with the intensity of
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magnetization derived from inversion analysis. A crustal thickness in the NNV of 11—
15 km, estimated from gravity anomalies (Fig. 2-7c), is intermediate between that of
normal oceanic crust (6—8 km) and typical continental crust (30—40 km), and I interpret
it as representative of stretched continental crust. The stretching of continental crust
occurred at the conjugate margins of the Falkland Plateau and Explora Escarpment
during the initial break-up of Gondwana, likely after 183 Ma (e.g., Hinz and Krause,
1982; Jokat et al., 2004). I interpret that the continental crust beneath the NNV was
stretched together with these conjugate areas. The NE-SW- and NW-SE-trending
magnetic boundary strikes that dominate in the NNV are in accord with a fault direction
resulting from N—S extension. Basaltic intrusion likely occurred at zones of weakness in
the continental crust such as extensional faults, and strong magnetization contrasts
formed between the basaltic and continental crust. Therefore, the magnetic boundary
strike should be observed along extensional faults in this case. Orthogonally dominant
trends of magnetic boundary strike in the NNV may indicate faults caused by N-S
extensional stress between the continents of Africa, South America, and Antarctica after
183 Ma. The free-air gravity anomaly, which indicates topographic elevation, supports
NE-SW- and NW-SE-trending structures (red lines in Figs.2-5d and 2-7b).
Additionally, previous seismic surveys by Raillard (1990) demonstrated the presence of
faults across the NW—SE and NE-SW survey lines. Consequently, the magnetic
boundary strikes in the NNV likely indicate extensional faults, and highly magnetized

areas are likely the result of basaltic intrusion along these faults.

2.4.2 Southern Natal Valley

My estimates of crustal thickness and magnetization intensity indicate that the
southern part of the SNV (S-SNV) is oceanic crust formed by seafloor spreading
between Africa and South America. Therefore, magnetic boundary strikes with
magnetization contrast in the SNV indicate magnetic polarity change. I interpreted M0O—
MI10 isochrons on line 19 (Fig. 2-8); the observed geomagnetic anomaly profiles and
magnetic boundary strikes on line 19 correlate with the M0-M10 isochrons of Goodlad
et al. (1981) based on the synthetic model of Rabinowitz and LaBrecque (1979)
(Fig. 2-8b). However, the magnetic boundary strikes indicate low ISDV peaks for M4
and M9 compared with M0, M2, and M10 (Fig. 2-8c). Seismic reflection data from
Reznikov et al. (2005) indicate a sediment thickness around M4-M9 approximately
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1 km thicker than that of the global sediment thickness model. The depth to the top of
the magnetized layer depends on the thickness of the sediment. If the sediment thickens,
the top depth of the magnetization layer deepens. If the top depth of the magnetization
layer deepens, the peak value of the ISDV decreases (e.g., Fig. 2-3). Therefore, if the
sediment thickens, the peak value of the ISDV decreases. I suggest that thick sediment
likely influenced the peak values of ISDV for M4 and M9 on line 19.

On line 18, I identified M1-M10 isochrons based on magnetic boundary strikes;
however, the M4 isochron was not observed (Fig.2-8c). Reznikov et al. (2005)
suggested that a fracture zone was distributed around the area where M4 was identified
in my study; therefore, the geomagnetic anomaly profile and magnetic boundary strike
here are probably disturbed. Geomagnetic anomaly profiles on lines 17 to 14 (Fig. 2-8a)
are not continuous with the magnetic isochrons identified on lines 19 and 18, and both
observation lines in previous work (Goodlad et al., 1982) and magnetic boundary strikes
are irregular in direction. However, comparison with the magnetic isochrons on lines 19
and 18 and observation lines in previous work (Goodlad et al., 1982) suggests that the
magnetic boundary strikes on lines 17 to 14 may conform to M1-M10 (Fig. 2-8a).

NW-SE-oriented magnetic boundary strikes are dominant in the S-SNV, and this
finding may be indicative of geomagnetic anomaly lineations in the area, suggesting
NE-SW-oriented seafloor spreading between Africa and South America. My results do
not support the presence of a NNE-SSW-oriented extinct ridge in the S-SNV as
suggested by Leinweber and Jokat (2011).

I identified three fracture zones in the S-SNV, F1, F2, and F3 (Fig. 2-7), which are
offsets between geomagnetic anomaly profiles (m1, m2, and m3 shown in Fig. 2-1f) and
magnetic boundary strikes (b1, b2, and b3 shown in Fig. 2-2c) of lines 19 and 18, 18
and 17, and 15 and 14, respectively (Fig. 2-8a). These NE-SW-oriented structural
boundaries correspond to the position of offsets shown by the gravity anomalies (g1, g2,
and g3 shown in Fig. 2-5d) and the distribution of magnetization (F1, F2, and F3 shown
in Fig. 2-7b), and are perpendicular to the magnetic lineations in the S-SNV. Thus, I
infer that these offsets are across NE-SW-trending fracture zones. The seafloor
spreading rate (1.5 cm/year half rate) for M2-MO in profile F of Goodlad et al. (1982)
differs from that in their profiles A—E and my profile for line 19 (Figs. 2-8a and b). The
M2-MO isochrons in profile F were obtained near fracture zone F1 identified in this

study, and were probably disturbed by the fracture zone.
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2.4.3. Between the Northern Natal Valley and Southern Natal Valley (P1 and N-SNV)

I interpret that P1, which has an area of ~7,500 km® and is located to the west
between the continental crust of the NNV and the oceanic crust of the SNV, was formed
by intense volcanic activity along the continental rifted margin. The intensity of
magnetization in P1 (Fig. 2-7b) is very high (up to 12 A/m), which suggests a large
volcanic intrusion between the NNV and SNV. The estimated crustal thickness of P1
based on gravity anomalies is 10—12 km (Fig. 2-7¢). This result agrees with the
two-dimensional structure model, which requires a + 2.5 A/m magnetized block with a
thickness of 11-14 kilometers at P1. My interpretation supports Goodlad et al. (1982)’s
suggestion that the area north of M10 consists of continental crust that underwent
intense basaltic intrusion caused by volcanism. This volcanism likely preceded seafloor
spreading in the S-SN'V.

Conversely, I interpret the N-SNV, located to the east between the NNV and S-SNV,
as stretched continental crust. Because of the absence of confirmed magnetic boundary
strikes and the low amplitude of geomagnetic anomalies, magnetic lineations are not
clearly recognized in the N-SNV (Fig. 2-5a). Although oceanic crust formed during the
JQZ has low-amplitude geomagnetic anomalies, the 9—11-km-thick crust of the N-SNV
(Fig. 2-7c) is thicker than that of normal oceanic crust, and is more likely to be stretched
continental crust. Very low magnetization intensity is observed in the N-SNV
(Fig. 2-7b), which indicates that it was not exposed to volcanic activity. Therefore, |
conclude that the N-SNV is stretched continental crust without basaltic intrusion.
Previous studies have also suggested that continental fragments are located to the south
of the AG (e.g., Raillard, 1990). At around 146 Ma, the N-SNV was located at the edge
of the spreading axis between Antarctica and South America during the initial break-up
of Gondwana (e.g., Konig and Jokat, 2010). The spreading direction between Antarctica
and South America is NW—SE, which implies that extension of the N-SNV is in the
NW-SE direction, perpendicular to my observation lines. If the seafloor spreading
direction is perpendicular to the observation lines, magnetic boundary strikes caused by
the magnetic lineations are not detected. There is no evidence as to whether extension or

seafloor spreading formed the N-SNV.
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2.4.4. North part of the Mozambique Ridge

I interpret the N-MOZR as stretched continental crust with basaltic intrusion, as in
the NNV. Its estimated crustal thickness of 11-13 km is similar to that of the NNV
(Fig. 2-7c). The intensity of magnetization is low and biased toward positive (Fig. 2-7b),
like that of the NNV. The distribution of magnetic boundary strikes and geomagnetic
anomaly profiles in the N-MOZR is also similar to those of the NNV, which implies an
origin other than by seafloor spreading. The results of the two-dimensional magnetic
structure model of Konig and Jokat (2010) for the N-MOZR, in which poorly
magnetized areas surrounding highly magnetized thick crust were observed, agree well
with my two-dimensional magnetic structure model for the NNV. Thus, the N-MOZR
was likely formed by the same process as that of the NNV. I conclude that there is
mixture of continental and oceanic crust beneath the N-MOZR. The magnetic boundary
strikes in the N-MOZR indicate the presence of extensional faults. Moreover, highly
magnetized areas are likely the result of basaltic intrusion along these faults.

Magnetic boundary strikes on the south of the Galathea Plateau, located between
30.8°S to 32°S, are predominantly oriented E-W (Fig. 2-7b), whereas NE-SW- and
NW-SE-oriented extensional faults would be formed by a N—S-oriented extensional
stress field, as mentioned in Chapter 4.1. I suggest that the existence of the E—
W-oriented magnetic boundary strikes is explained by the rotation of the south of the
Galathea Plateau linked to stretching of the continental crust of the N-SNV, between the
NNV and N-MOZR, as mentioned in Chapter 4.3 (Figs. 2-9). This deformation would
drive the Galathea Plateau counterclockwise, resulting in a change in the direction of
magnetic boundary strikes from NW—-SE to E-W. In contrast, on the Dana and northern
Galathea Plateaus, NW-SE- and NE-SW-oriented magnetic boundary strikes
dominated. A few NNW-SSE-, NNE-SSW-, and E-W-oriented magnetic boundary
strikes were also observed. I inferred that the Dana and northern Galathea Plateaus were
also slightly rotated during the N—S extension, and various oriented faults were formed.
The NE-SW- and NW-SE-oriented magnetic boundary strikes indicating extensional
faults formed by the N—S extensional stress were preserved. Based on this concept, it is
suggested that the AG, which is located between the NNV and N-SNV, was also formed
by evolution of the N-SNV and rotation of the Dana and Galathea Plateaus (Figs. 2-9b
and 2-9¢). The eastern end of the AG reaches, but does not cross, the northern end of

the Dana Plateau. This observation supports the idea that the Dana Plateau was also
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affected by rotation linked to the N-SNV. I conclude that rotation of the Dana and
Galathea Plateaus occurred because of the stretching linked to NW—SE rifting between
South America and Antarctica after ~146 Ma (e.g., Konig and Jokat, 2010), and that the
AG formed by evolution of the N-SNV and rotation of the Dana and Galathea Plateaus.

2.4.5. South part of the Mozambique Ridge

The S-MOZR is oceanic crust whose formation was accompanied by continuous
intense volcanic activity. The crustal thickness of 11-13 km in the S-MOZR is the same
as that of the N-MOZR, and more than 4 km thicker than that of normal oceanic crust
(Fig. 2-7c¢). In contrast to the N-MOZR, normal and reversed magnetization intensity
greater than = 5 A/m is clearly observed in the S-MOZR (Fig. 2-7b), which implies that
the S-MOZR formed during seafloor spreading. Therefore, I considered that magnetic
boundary strikes with high magnetization contrast in the S-MOZR indicate a magnetic
polarity change. The high magnetization contrasts of magnetic boundary strike in the
S-MOZR predominantly trend NW-SE, similar to those in the S-SNV, which indicates
that the NE-SW seafloor spreading occurred in the S-MOZR (Fig. 2-7b). Magnetic
isochrons are not confirmed in this area, which I suggest is because of intense basaltic
intrusion and extrusion that distorted the continuous magnetic lineations caused by
seafloor formation. The thickened crust (11-13 km) supports this hypothesis (Fig. 2-7c¢).
Generally, the thickness of normal oceanic crust is 7+2km because of the
homogeneity of mantle temperature, temperature—pressure composition, and chemical
composition under the mid-ocean ridge (McKenzie and Bickle, 1988). Seismic studies
suggest that the lower crust of the S-MOZR was thickened by addition of large volumes
of mantle-derived magma, likely associated with the Bouvet hotspot (Gohl et al., 2011).
Consequently, my interpretation supports that of Konig and Jokat (2010), who
suggested that the S-MOZR was formed by intense volcanic activity (likely associated

with the Bouvet hotspot) during seafloor spreading.

2.4.6. Between the north and south part of Mozambique Ridge (P2)

P2, located in the northern part of the S-MOZR, was formed by intense basaltic
intrusion into the rifted margin. The highly magnetized area (up to 12 A/m) is clearly
surrounded by magnetic boundary strikes (Fig. 2-7b). The situation of P2 is similar to

that of P1, indicating intense volcanic activity along the continental rifted margin. In the
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south of P2, continental fragments such as the metamorphic rocks mentioned in
Chapter 2.1.4 (Mougenot et al., 1991; Ben-Abraham et al., 1995) have been obtained
via dredge sampling (DR1, DR3, and DBA in Fig. 2-1b). I propose that P2 was formed
at a continental rifted margin with intense volcanic activity between the N-MOZR and
S-MOZR. This process may lead to the preservation of remnant fragments of
continental crust, such as Archean basement rock, and the metamorphic rock confirmed
in DR1 and DBA in the S-MOZR. Further investigation, such as by seismic refraction
or sub-seafloor drilling, is required to determine whether P2 volcanic rocks and inherent

crust are oceanic or continental in origin.

2.4.7. Interpretation of the evolution of the study area

In this study, three specific crustal features of continental crust, oceanic crust, and
basaltic intrusion were observed, and the COB was determined (Fig. 2-7d). In contrast
to previous studies, in which the NNV, N-SNV, and N-MOZR were categorized as
nearly all oceanic crust (e.g., Leinweber and Jokat, 2011), I infer that 32-49% of the
area is occupied by stretched continental crust, based on the distribution of
magnetization intensity and the two-dimensional magnetic structure model. To estimate
the area of the original continental crust, I calculated the areas of the stretched
continental crust between the Mateke-Sabi monocline and COB using a simple block
model (Fig. 2-10). I assumed that this area was stretched with constant width in the E—
W direction. Based on gravity anomalies and using a length of 780 km and an estimated
crustal thickness of 9-14 km, the areas of stretched continental crust in the NNV,
N-SNV, and N-MOZR was calculated as 2,870-4,395 km®. Using a similar method and
assuming that the whole MOZCP is stretched continental crust, I calculated an area of
7,540 km” in the MOZCP based on a length of 520 km and an estimated thickness of
14—15 km. Thus, I estimate the total areca of stretched continental crust between the
Mateke-Sabi monocline and the COB as 10,410-11,935 km®. The thickness of the
South African continental area estimated from gravity anomalies is approximately 22—
28 km. Assuming an average thickness of 25 km for the original continental crust, I
estimate an original length of 416477 km. The location of the pre-stretching break-up
boundary between Africa and Antarctica has been estimated using overlaps in recent
reconstruction models (e.g., Konig and Jokat, 2010), which indicate that the length of

the original continental crust between the Mateke-Sabi monocline and the boundary is
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about 450 km, and agree well with my estimation of the length of the original
continental crust. Thus, the overlap problem of the Antarctic continent onto the African
continent (e.g., Cox, 1992; Konig and Jokat, 2010) is solved by my estimation of the
pre-stretching COB.

I propose that the entirety of the conjugate margins, including the NNV, N-SNV, and
N-MOZR, were affected by extensional stress during the initial break-up of Gondwana,
about 183-130 Ma. Extensional tectonics with normal faulting occurred before the
break-up of Gondwana at 183 Ma (Fig. 2-11a; Cox, 1970). After that, stretching of the
continental crust occurred at conjugate margins such as the Falkland Plateau and the
Explora Escarpment during the initial break-up of Gondwana at 183—130 Ma (e.g., Hinz
and Krause, 1982; Jokat et al., 2004). These considerations support my findings (Fig.
2-11b). The main Karoo volcanic activity occurred at 183 Ma, and subsequent
volcanism occurred during the initial break-up stage of Gondwana. The Lebombo and
Mateke-Sabi monoclines were intruded by basaltic magma at 183—-172 Ma (e.g., Jordan
et al., 2008). I interpret that stretching and basaltic intrusion into the NNV, N-SNV, and
N-MOZR represent the first stage of the break-up of Gondwana after 183 Ma
(Fig. 2-11b). In addition, subsequent volcanism continued at the NNV and conjugate
margins during seafloor spreading between the Mozambique Basin and the
Riiser-Larsen Sea that began at about 163 Ma (Fig. 2-11c; e.g., Konig and Jokat, 2010).

In the second stage (Fig. 2-11d), the seafloor spreading between Antarctica and South
America was begun about 146 Ma (e.g., Konig and Jokat, 2010). The N-SNV was
stretched without basaltic intrusion, caused by NW-SE-oriented extension between
Antarctica and South America. Rotation of the Dana and Galathea Plateaus occurred
because of the stretching of the N-SNV. The AG was formed by extension of the
N-SNV and rotation of the Dana and Galathea Plateaus (Fig. 2-9).

The third stage of the seafloor spreading between Africa and South America occurred
at approximately M10 (Fig. 2-11e). The COB in the study area is thought to have
formed at approximately M10. Goodlad et al. (1982) interpreted that the COB is located
between M10 and M11 in the S-SNV, as it is approximately M10 in the conjugate
Falkland Plateau. I follow their interpretation, and conclude that P1 and P2 (Fig. 2-7d)
were exposed by intense basaltic intrusion that likely triggered subsequent seafloor
spreading.

In the final stage, I propose that the S-MOZR and S-SNV were formed by seafloor

44



spreading between Africa and South America from M10 (Figs. 2-11e and f). The NW—
SE magnetic boundary strikes that dominate in both the S-MOZR and S-SNV indicate
that seafloor spreading of the S-MOZR and S-SNV occurred in the same period and in
the same direction. The relationship between the S-MOZR and Bouvet hotspot that was
implied by Leinweber and Jokat (2011) can be considered, although there is no clear
evidence, such as rock samples of intense volcanism related to a hotspot or large
igneous province (LIP) in the S-MOZR. Gohl et al. (2011) interpreted that the Agulhas
Plateau, together with the Northeast Georgia Rise and Maud Rise, were formed when
the region in the vicinity of the triple junction passed over the Bouvet hotspot. They
also implied that the S-MOZR and Agulhas Plateau were formed in same magmatic
regime. As demonstrated by the example of the Shatsky Rise (e.g., Sager, 2005), clear
magnetic lineations were formed on the thickened oceanic crust through the ridge—
hotspot interaction. NW—SE-dominated magnetic boundary strikes on the 11-13 km
thick crust of the S-MOZR indicate the interaction between the seafloor-spreading ridge
and the Bouvet hotspot. Thus, I conclude that the S-MOZR and the subsequent
formation of the Agulhas Plateau—Maud Rise—North East Georgia Rise were formed by
volcanic activity that occurred near the Bouvet triple junction and hotspot (Fig. 2-11f).
In the S-SNV, the area with unclear magnetic isochrons (on line 17-14 in Fig. 2-8a) is
next to the S-MOZR; therefore, this area was likely affected by S-MOZR volcanism.

In summary, the four stages of tectonic evolution are as follows:

1) 183—-146 Ma, stretching of continental crust with basaltic intrusion caused by
volcanism at the southeast area of the Lebombo and Mateke-Sabi monoclines;

2) 146—130 Ma, stretching and rotation related to seafloor spreading between Antarctica
and South America, and formation of the AG; N—S-oriented stretching of continental
crust with basaltic intrusion may have continued;

3) about 130 Ma, intense basaltic intrusion into the continental rift margin;

4) <130 Ma, volcanism and seafloor spreading between Africa and South America.

One of the possible causes of the intense volcanism in the S-MOZR since 130 Ma
and the subsequent volcanism of the Agulhas Plateau is the Bouvet hotspot near to the
Bouvet triple junction. However, the location of the Bouvet hotspot track before the
formation of Agulhas Plateau is still unclear (e.g., Hartnady and Le Roux, 1985;
Duncan, 1984). Therefore, more detailed geophysical data and rock sampling are

required to determine this relationship. Additionally, the formation and origin of the
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N-SNV is still speculative; therefore, additional geophysical data, such as seismic
refraction data, are necessary to understand the detailed formation processes of this

arca.
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2.5. Summary of Chapter 2

I obtained sea-surface vector geomagnetic anomalies in the Natal Valley and

Mozambique Ridge. The multiple analytical results of the dense vector geomagnetic

anomaly and satellite gravity data lead to following conclusions:

1.

I propose a new COB model for the Natal Valley and Mozambique Ridge. My
COB model agrees with previous kinematic reconstruction models, and solves the
overlap problem of the Antarctic continent onto the African continent, revealing the
initial break-up process of Gondwana.

Faulting of the NNV and N-MOZR occurred because of extensional stress during
the initial break-up after 183 Ma. Basaltic magma caused by Karoo volcanism was
intruded along these faults. Thus, a mixture of stretched continental crust and
basaltic crust formed beneath the NNV and N-MOZR.

The Galathea Plateau, which is a part of the N-MOZR, may have rotated because
of rifting between Antarctica and South America after about 146 Ma. The N-SNV
is stretched continental crust affected by the rifting between South America and
Antarctica. The AG formed because of stretching of the N-SNV and rotation of the
Galathea Plateau.

Intense basaltic magma intruded into the south edge of the NNV and N-MOZR,
which indicates that this area was a continental rifted margin prior to seafloor
spreading.

I identified magnetic isochrons MO-M10 in the S-SNV. The S-SNV formed as a
result of seafloor spreading between Africa and South America from approximately
M10. Several fracture zones in the S-SNV offset the magnetic isochrones.

The S-MOZR has been spreading, together with the S-SNV, since approximately
M10. The crust beneath the S-MOZR became thickened because of intense
volcanism, possibly associated with the presence of the Bouvet hotspot. A part of

the S-SNV was also possibly formed by the hotspot interaction.

The cause of intense volcanism on the S-MOZR is still unclear, although volcanism

related to the Bouvet hotspot is one possibility. The formation process of the N-SNV

remains unknown, and additional geophysical and geological data are necessary to

understand the detailed tectonic evolution of the study area.
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Table 2-1

Location of the figure eight turns. *1: The distorted ‘figure eight turn’ was made

without data for the roll on site 2; therefore, the data from this point were excluded from

the calculation.
Data UTC Latitude Longitude
1 2009/4/15 08:49:15 - 10:30:05 —30.00028 36.22177
2" 2009/4/22 13:53:17 — 14:45:11 -34.36578 33.4442
3 2009/5/7 12:17:48 — 13:03:38 —29.88457 31.54347
4 2009/5/22 01:52:42 —02:49:17 —27.10802 33.74922
5 2009/5/27 19:21:26 — 20:08:55 —27.72087 34.3499
6 2009/5/28 12:06:31 — 12:53:18 —25.49985 34.15217
7 2009/5/31 04:58:07 — 05:52:30 —29.74617 32.02337
Table 2-2
Calculated matrix of B and Hpy,. Sum of SD = 407.30
B(1,1) B(1,2) B(1,3) H(1,1) SD
1.06195 —0.07037 0.02388 -5602.4 139.4
B(2,1) B(2,2) B(2,3) H(2,1) SD
—0.0147 1.10979 —0.06223 -5801.3 145.1
B@3,1) B(@3,2) B(3,3) H@3,1) SD
—0.11915 —0.10994 0.78634 —-5379.5 122.8
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Table 2-3

Classification of magnetized structure boundaries based on threshold levels of
intensity of spatial differential vector (ISDV) peaks. Identified signatures for the MOZR,
NNV, and SNV are sorted based on the simple two-dimensional magnetic structure
models. The mean top depth of the magnetization layer is derived using topographic
data from ETOPOI (Amante and Eakins, 2009) and sediment thicknesses from the
global sediment thickness model (Laske and Masters, 1997).

High magnetization Low magnetization contrast Topographic effect
. Mean top depth of
Region contrast boundary boundary (Offset less than 0.5 km) (ization L
magnetization layer
(type 1) (type 2) (type 3) i Y
MOZR ISDV > 60 nT/km 60 nT/km > IDSV > 40 nT/km ISDV <40 nT/km 3.5km
NNV ISDV > 50 nT/km 50 nT/km > ISDV > 30 nT/km ISDV <30 nT/km 4 km
SNV ISDV > 30 nT/km 30 nT/km > ISDV > 20 nT/km ISDV <20 nT/km 6 km
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(continued)
Fig. 2-1

(a) Overview of the study area (Natal Valley and Mozambique Ridge) and conjugate
areas superimposed on a topographic map (ETOPO1). Seaward-dipping reflectors of the
Explora Escarpment (Hinz et al., 2004) are shown. Karoo: Karoo igneous province; FP,
Falkland Plateau; MEB, Maurice Ewing Bank; NEGR, North East Georgia Rise; MR,
Maud Rise; AR, Astrid Ridge; AP, Agulhas Plateau; EE, Explora Escarpment; LZS
Lazarev Sea; RLS, Riiser-Larsen Sea. (b) Study area superimposed on topographic map
(ETOPOL1), showing the Karoo basalt area and the Ariel Graben (AG; dashed white
line). The longer, NW—SE-oriented solid black lines with M12-MO and the COB
indicate magnetic spreading anomalies (magnetic isochrons) proposed by Goodlad et al.
(1982). The shorter, NW—SE-oriented solid black lines with M4 indicate magnetic
spreading anomalies proposed by Reznikov et al. (2005). E-W-oriented solid black
lines with M10N, M4, and XR indicate magnetic spreading anomalies proposed by
Tikku et al. (2002). The NNE-SSW-oriented extinct ridge (XR?) and geomagnetic
anomaly sequences of Leinweber and Jokat (2011) are also shown by solid black lines.
The dashed black line (FZ) indicates the fracture zone identified by Reznikov et al.
(2005). Dredge sites are indicated by triangles (DRI, DR2, DR3, and DBA;
Ben-Abraham et al., 1995; Mougenot et al., 1991). The diamond (DSDP249) represents
Deep Sea Drilling Project site 249. NNV, Northern Natal Valley; SNV, Southern Natal
Valley; MOZR, Mozambique Ridge; MOZCP, Mozambique Coastal Plains; AFFZ,
Agulhas-Falkland fracture zone. (c) Geomagnetic anomaly profiles for the northward
component (positive in black); (d) eastward component; and (e) downward component.
(f) Total geomagnetic anomaly profiles calculated from vector magnetic anomalies; and
(g) total geomagnetic anomalies obtained using a ship-towed Overhauser magnetometer
(Leinweber and Jokat, 2011). SB, MB, ml, m2, and m3 are boundaries defined by

geomagnetic anomaly pattern.
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(continued)
Fig. 2-2

(a) The magnetic boundary strikes determined from vector geomagnetic anomalies
superimposed on the calculated ISDV distribution and contours of the estimated top
depth of the magnetization layer. Black bars indicate the magnetic boundary strikes.
White bars indicate standard angular deviations. (b) Selected magnetic boundary strikes
based on the threshold level of Table 2-3 in each region superimposed on the calculated
ISDV distribution and contours of the estimated top depth of the magnetization layer.
Red bars indicate the magnetic boundary strikes caused by the low magnetization
contrast, and black bars indicate the magnetic boundary strikes caused by the high
magnetization contrast. White bars indicate standard angular deviations. (c) The
estimated magnetic boundary strikes interpreted as the result of high magnetization
contrast boundaries (black solid line) and low magnetization contrast and/or
topographic boundaries (black broken line) superimposed on the calculated ISDV
distribution and crustal thickness contours. Solid dotted lines of bl, b2, and b3 are
estimated boundaries between wiggles defined by the distribution of magnetic boundary

strikes.
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(continued)

Fig. 2-3

Synthetic examples for ISDV profiles calculated using simple two-dimensional
magnetic structure models. The thickness of the magnetization layer is assumed as 1 km.
(a) The effects of different inclinations. Surface depth of the magnetized layer is
assumed as 4 km, and a +5 A/m, —5 A/m normal/reversed magnetized block model.
Black and gray lines show source magnetization inclinations of 90° and 45°,
respectively. (b)—(d) The effects of different surface depths of the magnetization layer
and intensity of magnetization, where magnetization inclination is assumed constant at
90°. The surface depth of the magnetized layer in panels b—d is assumed as 3.5, 4, and
6 km respectively. (bl, cl, d1): +5 A/m and —5 A/m normal/reversed magnetized block
model; (b2, c2,d2): +3 A/m and —3 A/m normal/reversed magnetized block model;
(b3,¢c3,d3): +5 A/m magnetized block and non-magnetized block model; and
(b4, c4, d4): +5 A/m magnetic structures with 0.5 km offset in the topography at the

magnetic boundary. The thresholds in each situation are indicated by dotted lines.
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Fig. 2-4c
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Fig. 2-4

(a) Multibeam sounding data superimposed on ETOPO1 bathymetric data. (b) The
offset between ETOPO1 and multibeam sounding data. (c¢) Frequency distribution of
offset between ETOPO1 and multibeam sounding data.
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(continued)

Fig. 2-5

The blue dotted line indicates the plateau of the MOZR as deduced from free-air gravity
and bathymetry data. (a) Total geomagnetic anomaly map and measured magnetic
boundary strikes in the study area. Solid and dashed thin black lines indicate magnetic
structure boundaries. Red lines indicate magnetic isochrons proposed in previous
studies (Goodlad et al., 1982; Leinweber and Jokat, 2011; Tikku et al., 2001). The area
of the MOZR is indicated by a dashed blue line. Abbreviations as in Fig. 2-1. (b)
Intensity of magnetization distribution in the study area. White and gray lines mark
areas with > +5 A/m and < —5 A/m magnetization intensity, respectively. L1, L2, and
L3 indicate the areas associated with Karoo volcanism with > +5 A/m. P1, P2, and V
indicate high magnetization areas of up to 12 A/m. (c) Estimated crustal thickness.
Thick solid lines indicate 9-km and 11-km contours. (d) Satellite marine gravity map
(Sandwell and Smith, 2008) for the offshore area and the Earth Gravitational Model
(EGM2008; Pavlis et al., 2012) for the onshore area are shown. Structure boundaries
estimated from offshore gravity anomalies are shown by solid and dashed red lines,

including g1, g2, and g3.
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Two-dimensional magnetized structure models. Boundaries of magnetized blocks are
set to the measured magnetic boundary strikes: (a) simple normal-reversed pattern of
fixed magnetization with constant thickness (1 km); (b) fixed magnetization with
variable thickness blocks. MBS: magnetic boundary strikes; (c¢) Free-air gravity
anomaly (Fig. 2-5d) and intensity of magnetization based on inversion analysis (Fig.
2-5b) along line 34. NA and NB: Large-amplitude geomagnetic anomalies of area with
300-550 nT. AG: Ariel Graben.
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Fig. 2-7¢
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Fig. 2-7d
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(continued)
Fig. 2-7

Geological interpretation of the study area superimposed on (a) the topographic map,
(b) the intensity of magnetization map, and (c) the crustal thickness map. The
distribution of newly identified fracture zones (F1, F2, and F3) is shown. White dotted
lines indicate the boundaries of the AG, SB, and MB shown in Fig. 2-1f. Labels and
lines are the same as in Figs. 2-1 and 2-5. (d) Interpreted geological features including
the continent-ocean boundary (thick line), stretched continental crust (white area),
basaltic intrusion with normal (red areas) and reversed (orange areas) magnetization,
interpreted magnetization structure boundaries (thin broken lines), magnetic isochrons
in the S-SNV (medium thickness lines), fracture zones (thin lines), and the AG (blue

lines).
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Fig. 2-8

(a) Detailed distribution of geomagnetic anomalies and magnetic boundary strikes for
lines 14-19 (white wiggle) with geomagnetic anomalies from previous studies (gray
wiggle; Goodlad et al., 1982) in the S-SNV. Magnetic isochrons (thick lines) and
structure boundaries estimated from gravity anomalies (dashed gray lines) are shown.
(b) Comparison of geomagnetic anomaly profiles derived from lines 18 and 19
(semi-thick lines) with those from previous studies (thin lines; Goodlad et al., 1982).
Magnetic block model and profile (thick line; Rabinowiz and Labreaque, 1979) are also
shown. The position of the COB is hatched (approximately M10). The fracture zone
(thin broken line) is shown. (c) Comparison of magnetic boundary strikes on lines 18

and 19. ISDV profiles (gray lines) are also shown.
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(continued)
Fig. 2-9

Proposed formation history of the N-SNV and AG. (a) First stage at about 146 Ma,
showing a reconstructed highly magnetized body, possibly caused by intense basaltic
intrusion (star) before extension. (b) Second stage at 138 Ma, during rotation of the
Galathea Plateau, extension of the N-SNV, and formation of the AG caused by rifting
between South America and Antarctica. (c¢) Third stage at about 130 Ma, when
formation of the AG and N-SNV was complete. The Galathea Plateau is rotated

counterclockwise, resulting in E-W magnetic boundary strikes.
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Estimation of the areas of continental crust in the NNV, N-SNV, and N-MOZR.

Abbreviations are the same as those used previously.
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Fig. 2-11
a before 183 Ma

[l Karoo basalt []Estimated continental crust
% SDRs of Explora Escarpment Basaltic intrusion by volcanic activity

& Extension 4= Seafloor spreading
——Spreading axis ——Fracture zone and transform fault

Fig. 2-11a
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(continued)
Fig. 2-11
b 183Ma

[l Karoo basalt []Estimated continental crust
% SDRs of Explora Escarpment Basaltic intrusion by volcanic activity

& Extension 4= Seafloor spreading
——Spreading axis ——Fracture zone and transform fault

Fig. 2-11b
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(continued)
Fig. 2-11
€ 160 Ma

[l Karoo basalt []Estimated continental crust
% SDRs of Explora Escarpment Basaltic intrusion by volcanic activity

& Extension 4= Seafloor spreading
——Spreading axis ——Fracture zone and transform fault

Fig. 2-11c¢
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(continued)
Fig. 2-11
d 146 Ma

[l Karoo basalt []Estimated continental crust
% SDRs of Explora Escarpment Basaltic intrusion by volcanic activity

& Extension 4= Seafloor spreading
——Spreading axis ——Fracture zone and transform fault

Fig. 2-11d
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(continued)
Fig. 2-11
e 130 Ma

[l Karoo basalt []Estimated continental crust
% SDRs of Explora Escarpment Basaltic intrusion by volcanic activity

& Extension 4= Seafloor spreading
——Spreading axis ——Fracture zone and transform fault

Fig. 2-11e
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(continued)
Fig. 2-11
f 120 Ma

[l Karoo basalt []Estimated continental crust
% SDRs of Explora Escarpment Basaltic intrusion by volcanic activity

& Extension 4= Seafloor spreading
——Spreading axis ——Fracture zone and transform fault

Fig. 2-11f
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(continued)
Fig. 2-11

(a)—(f) Break-up and evolution processes around the Natal Valley and Mozambique
Ridge. Positions of South America and Antarctica by each age are located based on the
model of Leinweber and Jokat (2012). Precambrian cratons (dark gray areas), the COB
(dashed line), and the hotspot (star) are shown. Seafloor-dipping reflectors of Explora
Escarpment (Hinz et al, 2004) are also shown. SDRs; Seafloor-dipping reflectors, MEB,
Maurice Ewing Bank; FP, Falkland Plateau; AR, Astrid Ridge; MOZB, Mozambique
Basin; RLS, Riiser-Larsen Sea; MOZCP, Mozambique Coastal Plain; LZS, Lazarev
Sea; NEGR-AP, North East Georgia Rise and Agulhas Plateau; MR, Maud Rise.
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Chapter 3. Seafloor spreading history of the
Cosmonauts Sea, off East Antarctica

3.1 Introduction

3.1.1 Geological setting

Gondwana break-up and reconstruction models have been created by some authors
using geophysical data sets (e.g., Lawer et al., 1992; Royer and Coffin, 1992; Eagles
and Konig, 2008; Seton et al., 2012). However, the early tectonic history of the
Southern Indian Ocean remains unsolved, because of sparse marine geophysical data
around Antarctica. The Cosmonauts Sea (Fig. 3-1a), located on the continental margin
of East Antarctica, is a key area for investigating the initial break-up history of
Gondwana between Antarctica and Sri Lanka/India (e.g., Talwani et al., 2016). There
are three theories for the genesis of the Cosmonauts Sea: (1) seafloor spreading in the
Mesozoic Era, with the oldest identified magnetic isochrons beginning at chron M11
(135.7 Ma) (Ramana et al., 2001; Desa et al., 2006) or M9 (132.8 Ma) (Gaina et al.,
2007); (2) seafloor spreading during the Cretaceous Normal Superchron (CNS; 124.6—
84 Ma) (e.g., Jokat et al., 2010); or (3) wide-spreading of the continent—ocean transition
zone (COTZ) (e.g., Ritzwoller et al., 2001; Baranov and Morelli, 2013). As mentioned
above, the seafloor spreading history of the Cosmonauts Sea has not yet been revealed
because the magnetic isochrons proposed in previous studies were identified based only
on a sparse marine geophysical data set. In this study, I reveal the formation process and
seafloor spreading history of the Cosmonauts Sea using systematic vector geomagnetic

data obtained during Japanese Antarctic Research Expedition (JARE) surveys.

3.1.2 Theories for the formation process of the Cosmonauts Sea

Before the 21st century, no magnetic isochrons had been identified in the Enderby
Basin. The seafloor spreading direction in the Enderby Basin was only constrained by
the SSE-NNW-oriented fracture zones observed in the gravity anomalies, and the
timing of seafloor spreading between Antarctica and Sri Lanka/India was constrained by
other means, such as the age determination of volcanic rocks obtained from onshore in

Eastern India and from the southern Kerguelen Plateau (e.g., Lawer et al., 1992; Royer
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and Coffin, 1992).

Subsequently, the initial break-up between India and Antarctica has been suggested
to have occurred prior to M11, based on the identified magnetic isochrones M11-MO
(135.7 Ma—124.6 Ma) in the Bay of Bengal (half spreading rate of 34-36 mm/yr;
Ramana et al., 1994) and the Cosmonauts Sea (Ramana et al., 2001). In addition, the
magnetic isochrons M11-MO0 (135.7-124.6 Ma), with several smaller segments and a
half spreading rate of 15-55 mm/yr or 22-36 mm/yr, were identified in the south of Sri
Lanka (Desa et al., 2006; Gaina et al., 2007). Those authors proposed that the seafloor
spreading changed direction from NNW-SSE and NW-SE to N-S during M0-C34
(CNS; 84-124.6 Ma) based on the orientations of fracture zones. These identified
magnetic isochrons served as new constraints for plate reconstruction models between
Antarctica and Sri Lanka/India. However, the identification of the magnetic isochrons
M11-MO in the Cosmonauts Sea was based on only one observation line (Ramana et al.,
2001). Gaina et al. (2007) identified the anomalies M9-M2 (132.8-127.6 Ma) caused
by an extinct spreading ridge in the central Enderby Basin based on seismic and
geomagnetic data. Chron M9 in the Cosmonauts Sea was identified based on only one
observation line, which was also used in the identification by Ramana et al. (2001).
They also suggested the presence of a wide-spreading COTZ in the south of chron M9.
Consequently, different formation ages were proposed based on the same data set.

In contrast, Jokat et al. (2010) suggested that the formation of the Cosmonauts Sea
may have occurred during the CNS (124.6-84 Ma), based on airborne geomagnetic
anomalies, and the spreading direction was inferred as slightly oblique to the continental
shelf, although they mentioned the results of Nogi et al. (1996) suggesting that the
ESE-WNW or SE-NW magnetic boundary strikes may have been produced by seafloor
spreading during the M-sequence based on vector geomagnetic data. They interpreted
that the broad positive anomaly just north of a strong negative anomaly around
68°S/39°E—66°S/45°E was a part of the COTZ or represented chron M1n (125.0 Ma).
They proposed that the break-up process between Antarctica and India started in the
east and propagated towards the Gunnerus Ridge. However, the existing geophysical
data set did not support their hypothesis (Ramana et al., 2001; Gaina et al., 2007),
especially because no deep seismic data existed to constrain the onset of oceanic crust
formation in the Cosmonauts Sea.

Meanwhile, wide spreading COTZ around the Enderby Land (Fig.3-la) was
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proposed based on seismic studies. Based on the surface wave group and phase velocity
measurement for a wide area (Ritzwoller et al., 2001), a 20-30-km thick crust,
intermediate in thickness between that of typical oceanic crust (~6 km) and the crust of
East Antarctica (30-50 km), was observed in the Cosmonauts Sea (Fig. 3-1b), which
suggested that the crustal structure beneath the Cosmonauts Sea reflects continent—
ocean transitional features. In addition, the Antarctic Moho model was constructed by
merging information from all the seismic data and regional/global models (Baranov and
Morelli, 2013), and a Moho depth of over 16 km was observed around 67-66°S in the
Cosmonauts Sea. Potential field modeling was constructed using seismic refraction and
reflection survey data from the Enderby Basin (Stagg et al., 2004), and implied that the
continent—ocean boundary (COB) in the western Enderby Basin was located around
65°S.

An alternative kinematic reconstruction model between Antarctica and Sri
Lanka/India was proposed by Eagles and Konig (2008). In their model, Sri Lanka was
placed in the underlap east of Enderby Land with Elan Bank and part of the Kerguelen
Plateau, although Sri Lanka is fixed in Liitzow-Holm Bay in most of other models
based on the geological studies. Because it is difficult to identify magnetic isochrons
and fracture zones in the Bay of Bengal and Enderby Basin, India, Sri Lanka, and
Madagascar’s original position in Gondwana is not well constrained. Many recent
reconstruction models have adopted the spreading theory of Ramana et al. (2001) or that
of Gaina et al. (2007), which suggest that the almost N—S-oriented seafloor spreading in
the Cosmonauts Sea occurred after M11 or M9 (e.g., Seton et al., 2012; Talwani et al.,
2016). The direction and timing of the seafloor spreading in the Cosmonauts Sea

remains a matter of speculation, because there is still a lack essential geomagnetic data.
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3.2 Data and data processing

3.2.1 Geomagnetic survey

Systematic sea-surface vector geomagnetic data were acquired in the Cosmonauts
Sea using a shipboard three-component magnetometer (STCM; Isezaki, 1986) aboard
the Japanese icebreaker Shirase during the 54th JARE. Multibeam echo sounding data
were also acquired. Four SE-NW survey lines were obtained. The total length of survey
line was 1,096 km, with a line spacing of approximately 43 km. Sea-surface vector
geomagnetic data sets were also acquired in the same region during other JARE
expeditions, and were compiled for use in this study (Fig. 3-1b). Line numbers are
allocated by each cruise number; for example, line 41L1.0001 was the first segment line
of observation line 1 obtained in the JARE41 cruise. Diurnal variations of geomagnetic
anomalies and the K-index were recorded at intervals of 1 second, using a fluxgate
magnetometer at Syowa Station (Data Center for Aurora in NIPR:
http://polaris.nipr.ac.jp/~aurora/). The 1-minute vector geomagnetic anomalies and

K-index at Syowa Station were used to check for the occurrence of magnetic storms.

3.2.2 Analysis of vector geomagnetic anomalies

The vector geomagnetic field acquired during the 54th JARE was used to calculate
vector geomagnetic anomalies by subtracting the 11th International Geomagnetic
Reference Field (IGRF2010; International Associations of Geomagnetism and
Aeronomy) using the same method described in Chapter 2.2.1 (Isezaki, 1986). The
‘figure eight turn’ was conducted seven times at different places during the 54th JARE
(Table 3-1), and matrices related to the ship’s permanent magnetic field (B) and the
magnetic susceptibility of the ship (Hpy,) were calculated using the least-squares method
(Table 3-2). A large standard deviation was estimated. In fact, the calculated vector
geomagnetic data of the entire JARE survey has a large trend, which depends on the
Shirase’s heading direction (Fig. 3-2a). I assumed that the trend was linear, and
subtracted this linear trend from the vector geomagnetic anomaly data of each line.
After the correction, the total geomagnetic anomalies were calculated from the vector
geomagnetic anomalies of each line.

I verified the influence of the ship’s heading direction change on the observed

magnetic fields. In general, the eastward component of a geomagnetic field is
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geometrically related to its northward component. To minimize the influence of the
ship’s heading change, I selected observed data with a ship’s heading change of less
than three degrees (Fig. 3-2 b—e). I also regarded the data as influenced by magnetic
storms when high K-index values were observed at Syowa Station (Fig. 3-2 b—e).

I corrected the total geomagnetic anomalies calculated from vector geomagnetic
anomalies by subtracting the linear trend, which was deduced by comparing with total

airborne geomagnetic anomalies (Fig. 3-2 b—e and Fig. 3-4 a-b).

3.2.3 Analysis of magnetic boundary strikes

The intensity of spatial differential vectors (ISDV) was calculated from the observed
vector geomagnetic anomalies based on the same method described in Chapter 2.2.3
(Seama et al., 1993). The positions and directions of magnetic boundary strikes were
estimated. In this study, ISDVs in the Cosmonauts Sea were classed into three types
based on the results of simple two-dimensional magnetic structure models. Several
models were applied to select the threshold levels of ISDV peaks. The thickness of the
magnetization layer was assumed as 1 km, appropriate for oceanic crust. The mean top
depth of the magnetization layer in the Cosmonauts Sea was estimated as 6 and 8 km,
respectively, based on the ETOPOI1 topographic data (Amante and Eakins, 2009),
multibeam echo sounding data obtained by the JARE cruise, sediment thicknesses from
the global sediment thickness model (Laske and Masters, 1997), and seismic reflection
data (e.g., Stagg et al., 2004). In general, the magnetization intensity of oceanic crust is
>+ 5 A/m (e.g., McKenzie and Sclater, 1971); therefore, I assumed + 5 A/m of
magnetized bodies for the magnetic polarity boundary model (Fig. 3-3d). Taking into
account some effects of decreased magnetization intensity in older crust (e.g.,
decreasing geomagnetic anomaly amplitude in the Cretaceous to Jurassic; Cande et al.,
1978), intensity higher than = 3 A/m for magnetized bodies was assumed for the
magnetic polarity boundary model related to seafloor spreading in the study area
(Fig. 3-3c). I assumed that lower magnetization was not indicative of seafloor spreading
(Fig. 3-3b). The effect of basement topography with the same polarity of magnetized
bodies was considered using the assumption of 0.5 km offset in the topography
(Fig. 3-3a). Finally, magnetic signatures from the ISDV were categorized into three
types (Fig. 3-3 and Table 3-3): 1) high-magnetization contrast boundary (e.g., magnetic
polarity boundary); 2) low-magnetization contrast boundary; and 3) topographic effects
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only (i.e., consideration for topographic gaps of the magnetized block assuming the
same polarity and layer thickness.) Types 1 and 2 of magnetic boundary strikes were
selected for further examination.

Data affected by the influence of the ship’s heading change and the influence of
magnetic storms were excluded from the estimation of magnetic boundary strikes for
each line (Fig. 3-2).

3.2.4 Synthetic model

A two-dimensional magnetic structure model of the M-sequence was constructed
based on the method described in Chapter. 2.2.3 (Talwani, 1964). The magnetic polarity
time scale of Gradstein et al. (2008) was used to confirm the anomaly identification.
The thickness of the magnetization layer was assumed as 0.5 km. The geomagnetic
profile of observation line 0005 was considered as the key profile, because the surface
geometry of the magnetization layer was assumed using multibeam echo sounding data,
ETOPOI1 topographic data, and sediment thicknesses from the global sediment
thickness model on the observation line 0005. Magnetized body inclinations of the

geocentric axial dipole were set to —77.45°.
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3.3 Results

3.3.1 Geomagnetic anomalies

The calculated northward (x), eastward (y), and downward (z) components of
geomagnetic anomalies and wiggles of the corrected total geomagnetic anomalies
during the JARES4 cruise are shown in Figs. 3-2 and 3-4a, respectively. The influence
of heading change of more than five degrees was observed, especially in the eastward
component with short (15-60 min) intervals (Orange box; Fig. 3-2). The influence of a
heading change of about three degrees was also observed in the east and north
components with short (15-60 min) intervals (Orange dotted box; Fig.3-2). The
influence of magnetic storms on the data was also observed for each component of
geomagnetic anomalies with long intervals (more than three hours) during times with
high K-index values. Times with K-Index values > 5 were assumed as times when
magnetic storms were occurring (Pink boxes; Fig. 3-2), and K-Index values of 3—4 were
assumed to indicate geomagnetic disturbances (Pink dotted boxes; Fig. 3-2). During
magnetic storms and geomagnetic disturbances, observed vector geomagnetic anomalies
were disordered with short intervals (15-60 min). Thus, I have taken this concern into
account in selecting data based on heading changes of 3 degrees and times of
geomagnetic disturbance (Light blue boxes; Fig. 3-2).

Total corrected geomagnetic anomalies were obtained by subtracting the linear trend
(Figs. 3-2 a—e). Crossover error correction was also performed by removing the linear
trend for level adjustment, which was deduced by comparing with total airborne
geomagnetic anomalies (Fig. 3-4a). The selected total geomagnetic anomalies
(Fig. 3-4b) are concordant with total airborne geomagnetic anomalies, which have
previously been collected in this study region. Short wavelengths of total geomagnetic
anomalies were observed between observation lines of total airborne geomagnetic
anomalies. Amplitudes of total geomagnetic anomalies in the Cosmonauts Sea were
within = 200 nT for the most part. The wavelength of the total geomagnetic anomaly
profiles was almost within 50 km. The amplitude of a geomagnetic anomaly of
approximately +300 nT was observed around 66°S/38.5°E on observation line 0003.
Low-amplitude anomalies of about + 120 nT were observed on the observation lines
0001, 32L5.003, 41L1.0064, 41L1.0074, 41L1.0073, 40L4.0021, 34L2.170, and
341.2.171, and southeast of 65.8°S/40.5°E on observation line 0007. The WSW-
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ENE-trending pattern of geomagnetic anomalies was observed around the area of
66.4°S, 40.5°E-65.2S, 37°E (Fig. 3-4b).

3.3.2 Magnetic boundary strikes

Magnetic boundary strikes were calculated in the study area (Figs. 3-2 and 3-4c).
They occur together with high magnetization contrasts (Type 1), low magnetization
contrasts (Type 2), and topographic variation (Type 3) (e.g., Seama et al., 1993). The
thresholds for the ISDV peaks were defined for each region (Fig. 3-4d) based on the
mean surface depth of the magnetization layer estimated based on the ETOPOI
topographic data and the global sediment thickness model (Table 3-3 and Fig. 3-3). A
value of 20 nT/km was assumed as the threshold for the boundary of magnetization
contrast or topographic effects for 6 km depth of the magnetization layer, and 10 nT/km
was assumed as the threshold for the boundary of magnetization contrast or topographic
effects for 8 km depth of the magnetization layer. Based on the thresholds for the ISDV
peak and the estimation of the influence of ship’s heading change and of magnetic
storms (Green boxes; Fig. 3-2), the magnetic boundary strikes indicating a ‘high or low
magnetization contrast’” and ‘topographic effect” were selected (Fig. 3-4d).
Three-dimensional magnetic boundary strikes are excluded from identifying the
magnetic isochrons.

The WSW-ENE-oriented magnetic boundary strikes of type 1 dominated in 66.4°S,
40.5°E-65.2°S, 37°E (area A, Fig.3-4d) on lines 0001-0007. Magnetic boundary
strikes in the south and east of area A did not show a dominant direction, including on
line 0001. In addition, most of the magnetic boundary strikes in the south and east of
area A showed topographic variation. The WSW-ENE-oriented magnetic boundary
strikes of type 3 were observed in the northeast of area A, on lines 34L2.170 and
341L.2.171, whereas in the northwest of 65.2°S, 39.5°E, the orientation of the magnetic
boundary strikes changed from WSW-ENE to W-E or ESE-WNW. The dominant
orientations of the magnetic boundary strikes in this study coincided well with those of

obtained by Nogi et al. (1996) in each area.

3.3.3 Synthetic model
Synthetic magnetic anomalies were calculated along observation profiles based on a

two-dimensional magnetic structure model in which the Mesozoic global geomagnetic
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reversal timescale of Gradstein et al., (2008) was used (Fig. 3-5). The two stages of
seafloor spreading during the M-sequence and the CNS were introduced in the central
Enderby Basin, Bay of Bengal, and south of Sri Lanka between Antarctica and India/Sri
Lanka (e.g., Ramana et al., 2001; Gaina et al., 2007); therefore, I have also taken into
account seafloor spreading during the M-sequence in this region. The possibility of
seafloor spreading during the CNS in this region was excluded because the magnetic
boundary strikes indicated a high magnetization contrast along the observation lines
0003—-0007. In addition, the possibility of an extinct spreading center in this region was
excluded because the seafloor topography becomes gradually deeper farther from the
continental shelf. I also estimate several models including the M-sequence with
considering other possibilities. The model profile of the M-sequence was most
concordant to the observation profile; therefore I adopt the M-sequence for model
calculation.

I identified the magnetic isochrons M10N—M3n on the observation lines 0003—0007
based on the geomagnetic anomaly profiles and magnetic boundary strikes (Fig. 3-5a
and 3-5b). The almost ESE-WNW-oriented spreading direction slightly oblique to the
continental shelf was detected based on the magnetic boundary strikes. The half
spreading rate along these lines was estimated as follows: line 0003, half spreading rate
of 30.5 mm/yr with a ESE-WNW direction; line 0005, half spreading rate of
26.2 mm/yr with a NW-SE direction; and line 0007, half spreading rate of 26.4 mm/yr
with a ESE-WNW direction (Fig. 3-5c¢).

102



3.4 Discussion

In this section, an evaluation of structure boundaries based on the free-air gravity
anomalies and the vertical gravity gradient (VGG) of Sandwell et al. (2014) is provided.
The VGG was calculated directly from the derivations of the vertical deflection grids.
The geoid height is related to the gravitational potential:

N(x) = iV(x, 0)

where X(x,y) is the coordinates, g, is the average acceleration of gravity (9.81 m/s?),
N(x) is the geoid height, and V(x,0) is gravitational potential. The gravity anomaly is

the vertical derivation of the potential; therefore, the gravity anomaly is described as:

V0

Ag(x) = ——~

The east and north components of vertical deflection, defined by n(x) and ¢(x), are

the slope of the geoid in the x and y directions, respectively:
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Laplace’s equation can be arranged using these equations:
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(13)

Equation (13) is used to calculate the vertical gravity gradient from the grids of the east
and north vertical deflection. The vertical gravity gradient will be zero at the structure
boundary, and makes it easier to detect structure boundaries such as the fracture zone

than based on the free-air gravity anomalies alone.

3.4.1 Comparison with previous studies

I propose that the SE-N'W-oriented seafloor spreading in the Cosmonauts Sea began
at about chron M10N (134.3 Ma), based on the total geomagnetic anomaly profiles and
magnetic boundary strikes (Fig. 3-5a and 3-5b). The magnetic isochrons of M10N-M3n
in 66.4°S/40.5°E—65.2°S/37°E (area A) are newly identified.

The WSW-ENE-oriented magnetic boundary strikes did not support the spreading
direction proposed by Ramana et al. (2001) and Gaina et al. (2007). The initiation
process of the seafloor spreading in the Cosmonauts Sea proposed in the previous
studies were constrained only by the SSW—-NNE-oriented fracture zones. However, the
signature of the SSW—NNE-oriented fracture zones was terminated at 65°S, and SE—
NW-oriented structures appeared south of 65°S, based on the gravity anomalies and the
VGG (Sandwell et al., 2014; Fig. 3-6). The ESE-WNW-oriented structures south of
65°S and the SSW-NNE-oriented fracture zones north of 65°S likely indicate a change
in spreading direction at around 65°S.

Jokat et al. (2010) interpreted that the 67.7°S, 39°E—65.3°S, 45°E area within 200 nT
of geomagnetic anomalies represented continent—ocean transition or chron M1n. They
inferred that the northwest part of the 67.7°S, 39°E—65.3°S, 45°E (area B; Fig. 3-7) area
either formed during the Cretaceous Normal Superchron, or perhaps was a continent—
ocean transition zone. However, our results show a positive and negative geomagnetic
anomaly pattern with up to 300 nT in area A, which is northwest of area B. In area A,
bathymetric profiles gradually deepen from southeast to northwest, and there is no
signature of intense volcanic activities based on the multibeam echo sounding data and
gravity anomalies. Additionally, the WSW—-ENE-oriented magnetic boundary strikes in

area A, where the surface depth of the magnetization layer was about 7,000 m, indicate
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the boundary between normal and reversed magnetized structures. Therefore, the
observed geomagnetic anomalies and magnetic boundary strikes are not explained by
magnetically quiet seafloor spreading during the Cretaceous Normal Superchron.
M-sequence magnetic isochrons were proposed for the Bay of Bengal (e.g., Ramana et
al., 1994), the central Enderby Basin (Gaina et al., 2003), and south of Sri Lanka (Desa
et al., 2006). Thus, I suggest that the seafloor spreading of the Cosmonauts Sea also
occurred during the M-sequence age.

The model profile of M10N-M3r, which was calculated using a two-dimensional
magnetic structures model, was well concordant with observation profiles of line 0005.
Magnetic isochrons M8-M3r were observed on line 0003, and magnetic isochrons
M5r-M3n were observed on line 0007. I did not detect magnetic boundary strikes
indicating a magnetic polarity change on line 0001 and line 34L.2.171-172. The half
spreading rate was estimated as about 27-31 mm/yr (Fig. 3-5¢).

I estimated that there were several smaller segments in the Cosmonauts Sea. Offsets
between each observation line likely show this segmentation (Fig. 3-5a). A few SE-NW
magnetic boundary strikes likely indicate the segmentation boundaries (Fig. 3-5b), those
were similar to the segmentation boundary appeared on present mid-ocean ridge.
Several smaller segments were also observed at the conjugate margin, such as the Bay
of Bengal and south of Sri Lanka (e.g., Desa et al., 2006). Our results are concordant
with the segmentation at the conjugate margins. Additionally, the ESE-WNW structural
trend was also observed in the gravity anomalies and the VGG (Fig. 3-6), and likely
represents the smaller segmentation in the Cosmonauts Sea. The discontinuities of
isochrons after M5n on line 0003 may have caused by the segmentation boundary near
the observation line. I concluded that the ESE-WNW-oriented seafloor spreading with a
half spreading rate of 27-31 mm/yr occurred with smaller segmentation in the 66.4°S,
40.5°E—65.2°S, 37°E area (area A; Fig. 3-7a) of the Cosmonauts Sea. In the northwest
of observation lines 0001-0007, a V-shaped structure of positive geomagnetic
anomalies of up to 200 nT (area C; Fig.3-7b) and a small structure of negative
geomagnetic anomalies of about 150 nT (area D; Fig. 3-7b) were observed in the total
airborne geomagnetic anomalies. Based on my results, areas C and D may show M3n—
MIn and MOr, and the distorted shape of M3n—M1n and MOr may represent the change
in spreading direction during M3n—MOr.

I propose that there is wide spreading stretched continental crust beneath the
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Cosmonauts Sea. I observed several magnetic boundary strikes indicating the boundary
of high-contrast magnetization along the southern edge of areas B1 and B2 (Fig. 3-7b),
which represent the continental shelf (Jokat et al., 2010). The initiation of seafloor
spreading likely occurred at about chron M10N. Topographic or gravity signatures
implying magmatic activity were not observed between the continental shelf and the
location identified as chron M10N in area B2. The continent—ocean transition zone
(COTZ) around area B2 was inferred in previous studies (e.g., Jokat et al., 2010; Gaina
et al.,, 2007). Based on the gravity study, Kitada (2008) interpreted the wide COTZ
south of around 67°S as the cause of steeply decreased crustal thickness from 30 km of
the continental shelf to 8 km, around 67°S. In contrast, my results demonstrate that the
COB is located at about 66°S. The relief of crustal thickness noted by Kitada (2008) is
similar to the bathymetric relief. The global sediment thickness model (Laske and
Masters, 1997) was applied in his estimation of the COTZ. Because the seismic data are
poor in the Antarctic region, global sediment thickness model around Antarctica are
estimated using gravity constraints. I considered that the effect of the sediment layer
may remain in Kitada’s estimation. The sediment thickness based on the recent seismic
reflection data in this area was demonstrated to be more than 2 km thicker than that
from the global sediment thickness model (Hochmuth et al., 2017). For the reasons
mentioned above, the actual sediment thickness in the Cosmonauts Sea is still unclear.
The magnetic boundary strikes, indicating only the topographic effect, are observed in
areas B1 and B2. These magnetic boundary strikes represented that the B1 and B2 is not
oceanic crust. Thus, I concluded the boundary between areas A and B indicates the
COB based on the magnetic boundary strikes (Fig. 3-7b). The crustal thickness is likely
decreased from the continental shelf seaward. In addition, 20-km-thick crust was
observed southeast of the Cosmonauts Sea based on the seismic studies (e.g., Baranov
and Morelli, 2013). The intermediate crustal thickness between continental and oceanic
crust likely represents thinned continental crust in areas Bl and B2. The biased to
normal geomagnetic anomalies of up to 200 nT in areas B1 and B2 likely represent the
magnetization contrast of different types of crust, such as the edge effect (Fig. 3-7b).
Thus, I suggest that there is thinned continental crust in areas B1 and B2, which likely
stretched during the pre-spreading of the initial break-up. The VGG (Fig. 3—-6) showed
the ESE-WNW-oriented trend of the structure boundary around 66°S, 43°E—
66.5°S, 36°E and the SSW-NNE trend of that south of 66.5°S. These trends likely

106



indicate the stretching direction.

3.4.2 Seafloor spreading history of the Cosmonauts Sea

I propose a four-stage model of the break-up process between Antarctica and Sri
Lanka/India (Fig. 3-8) and the position of the COB in the Cosmonauts Sea, likely along
area A (Fig. 7).

The first stage is the initiation of the break-up. I interpret that the initiation of
seafloor spreading likely occurred as continental extension, because there was no
signature of volcanism around chron M10N based on the magnetic boundary strikes.
Gaina et al. (2007) also inferred that the break-up of central Gondwana was triggered by
passive rifting driven by change in plate driving forces, not active rifting driven by
mantle upwelling. The continental crust in areas B1 and B2 was stretched during this
pre-seafloor spreading stage.

In the second stage, ESE-WNW-oriented seafloor spreading occurred during chron
M10N-M3n. Smaller segments were likely formed because of the continental extension,
and seafloor spreading occurred slightly obliquely to the continental shelf. South of
Sri Lanka and the Bay of Bengal, NNW-SSE-oriented smaller segments were also
observed (e.g., Ramana et al., 1994). The most recent reconstruction models proposed
SSW-NNE-oriented seafloor spreading between the Cosmonauts Sea and south of Sri
Lanka, although Eagles and Konig (2008) proposed a new fit position for Sri Lanka into
the underlap east of the Enderby Land, because it is difficult to identify magnetic
isochrons and fracture zones. Our results represent the ESE-WNW direction of seafloor
spreading between the Cosmonauts Sea and south of Sri Lanka. Re-examining the
magnetic isochrons and fracture zones south of Sri Lanka and the Bay of Bengal is
necessary to understand the detailed seafloor spreading history between Antarctica and
Sri Lanka/India.

In the third stage, the direction of seafloor spreading in the Cosmonauts Sea changed
from ESE-WNW to SSW-NNE during chrons M3n—-MOr. This change also occurred
south of Sri Lanka, in the Bay of Bengal, and at the western margin of Australia at
around MO (e.g., Gibbons et al., 2012; Desa and Ramana, 2016).

In the final stage, SSW—-NNE-oriented seafloor spreading began at about 120 Ma
(chron MO). There is no clear pattern of the positive and negative geomagnetic

anomalies in the north of 65°S because the seafloor likely formed during the CNS
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period. The SSW—-NNE-oriented fracture zones are only constrained for the direction of
seafloor spreading during the CNS.

Based on this model, I propose reinterpretation of the Kainan-Maru Seamount (G1;
Fig. 3-8), which was considered part of the Gunnerus Ridge, as continental crust. The
Kainan-Maru Seamount was divided from the main part of the Gunnerus Ridge. I
suggest that the SE-NW-directed continental extension and seafloor spreading moved
the Kainan-Maru Seamount from the continental shelf to its present position. The
change in spreading direction during M3n—MOr produced the tilt of the Kainan-Maru
Seamount. Because of this deformation, the Kainan-Maru Seamount became part of
Gunnerus Ridge in appearance. This replacement and deformation process of
Kainan-Maru Seamount is only speculation; additional observation, such as rock
sampling, will be necessary to understand the origin and formation process of the
Gunnerus Ridge.

The previous Gondwana reconstruction models (e.g., Seton et al., 2012) assumed N—
S seafloor spreading for the Cosmonauts Sea. However, my results indicating ESE—
WNW-oriented seafloor spreading in the Cosmonauts Sea newly constrain the
Gondwana reconstruction model, as well as the formation processes of conjugate areas
such as south of Sri Lanka and the Bay of Bengal. The re-examination of the magnetic
isochrons and fracture zones south of Sri Lanka and in the Bay of Bengal is necessary to

investigate the break-up process of Gondwana in detail.

108



3.5 Summary of Chapter 3

I present new sea-surface vector geomagnetic anomalies in the Cosmonauts Sea.
Multiple analytical results of systematic vector geomagnetic anomalies and satellite
gravity data led to the following conclusions:

1. I newly propose that ESE-WNW-oriented seafloor spreading with several smaller
segments occurred in the Cosmonauts Sea during M10N-M3n.

2. Thinned continental crust in the south and east of M10N-M3n was inferred based on
magnetic boundary strikes. The large geomagnetic anomaly amplitude of about
200 nT in this region represents the edge effect between the continental and oceanic
crust. The area of thinned continental crust differs from the previous interpretations
of Gaina et al. (2007), Kitada (2008), and Jokat et al. (2010) based on gravity,
seismic, and geomagnetic studies. The thick sedimentation may be the cause of this
difference. I propose a new position for the continent-ocean boundary in the
Cosmonauts Sea.

3. The spreading direction changed from ESE-WNW to SSW-NNE during M3n—M0r.
Modern seafloor recording this spreading direction change is located around 65°S.

4. One possible explanation for the origin of the Kainan-Maru Seamount is proposed
based on my results. The Kainan-Maru Seamount is where part of the Gunnerus
Ridge may have been replaced from the continental shelf, based on the ESE—
WNW-directed continental extension and seafloor spreading.

The newly proposed model described above is key for revealing the initial break-up of

Gondwana. For further investigation, re-examination of the magnetic isochrons and

fracture zones south of Sri Lanka and in the Bay of Bengal is necessary to understand

the detailed seafloor spreading history between Antarctica and Sri Lanka/India.
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Table 3-1

Location of the figure eight turns during the 54th JARE. *1: This distorted ‘figure eight

turn’ was made without roll data from site 1; therefore, this data point was excluded

from the calculation.

Date UTC Latitude Longitude
1" 2012/12/1 10:17-10:37 37-38S 111-35E
2 2012/12/4 03:19-03:43 50-36S 110-04E
3 2013/2/22 04:34-04:52 66-02S 45-00E
4 2013/3/4 01:18-01:37 62-00S 90-01E
5 2013/3/7 14:10-14:31 62-218S 130-01E
6 2013/3/9 23:20-23:39 63-128S 149-15E
7 2013/3/12 06:06-06:24 55-57S 150-03E
8 2013/3/14 16:46—-17:07 46-01S 152-00E
Table 3-2

Calculated matrix of B and H,, during the 54th JARE. Sum of SD = 12333.2

B (1,1) B (1,2) B (1,3) H (1,1) SD
0.749818 | 0.045451 | 0.081288 —6109 4485
B (2,1) B (2,2) B (2,3) H(2,1) SD
—0.000264 | 0.58318 | —0.032464 5251 6620.5
B(3,1) B (3,2) B (3,3) H@3,1) SD
0.177022 | 0.003055 | 1.016641 3062 1227.7
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Table 3-3

Classification of magnetic boundary strikes based on the threshold levels of intensity
of spatial differential vectors (ISDV) peaks. Identified signatures for the Cosmonauts
Sea were sorted based on simple two-dimensional magnetic structure models. The mean
surface depth of magnetization layer was estimated using ETOPOI topographic data
(Amante and Eakins, 2009) and the global sedimentation thickness model (Laske and
Masters, 1997).

High magnetization Low magnetization contrast ~ Topographic effect

ngazest?zr:zc;fig te}; of contrast boundary  boundary (offset less than 0.5 km)
(type 1) (type 2) (type 3)

6 km ISDV >30nT/km 20 nT/km <ISDV <30 nT/km ISDV <20 nT/km

8 km ISDV >30nT/km 10 nT/km <ISDV <20 nT/km ISDV < 10 nT/km
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(a) Overview of the study area (Cosmonauts Sea) and conjugate areas superimposed
on a topographic map (ETOPO1). MAD, Madagascar; CIR, Central Indian Ridge;
SWIR, Southwest Indian Ridge; SEIR, Southeast Indian Ridge; RLS, Riiser-Larsen
Sea; EB, Enderby Basin; MB, Mozambique Basin; SB, Somali Basin; BB, Bay of
Bengal; CR, Conrad Rise; KP, Kerguelen Plateau; AR, Astrid Ridge; GR, Gunnerus

Ridge. (b) Observation lines superimposed on the topographic data. Red lines show the

observation lines obtained on the JARE 54 cruise. Black lines show the observation

lines obtained on other JARE cruises. The location of Syowa Station is shown as a star.
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(continued)
Fig. 3-2

The observed profiles and ship heading data of the 54th JARE geomagnetic survey
are shown in (a). The profile after subtracting linear trends along (b) line 0001, (c) line
0003, (d) line 0005, and (e) line 0007. The intensity of the spatial differential vectors is
shown as the blue line in the first graph (black line). Calculated magnetic boundary
strikes (MBS) are shown in the second graph. The white, yellow, blue, and green bars
indicate position and direction of the MBS. This classification by color is based on the
intensity of ISDV. Pink bars indicate the standard angular deviation of the MBS. Green
boxes show the excluded data. The northward component and eastward component of
the vector geomagnetic anomalies are shown as blue and red lines respectively in the
third graph. The heading of the ship is also shown as a black line in the third column.
Orange boxes show the ship’s heading change of more than five degrees. Orange boxes
show the ship’s heading change of about three degrees. In the fourth graph, vector
geomagnetic anomalies and the K-Index are shown as blue (northward), red (eastward),
and light green (downward) lines, and black circles respectively. Times with K-Index
values > 5 were shown in pink boxes, and K-Index values of 3—4 were shown in pink
dotted boxes. The downward component of shipboard vector geomagnetic anomalies,
calculated total geomagnetic anomalies, and corrected total geomagnetic anomalies in
this study are shown as light green, red, and black lines respectively in the fifth graph.
Airborne total geomagnetic anomalies of Jokat et al. (2010) are also shown as the blue
line in the fifth graph. The excluded data was shown by light blue boxes. Total magnetic
anomalies data shown by light blue boxes were not excluded. In the sixth graph, the
satellite-derived free-air gravity anomalies (Sandwell, 2014), the ETOPOI1 topographic
data, and the surface depth of the magnetization layer estimated based on the ETIOI1
topographic data and the global sediment thickness model are shown in red, green, and

blue lines respectively.
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Fig. 3-3

Synthetic example of ISDV profiles calculated using a simple two-dimensional

magnetic structure model. The thickness of the magnetization layer is assumed as 1 km.

The left column shows the models for 6 km surface depth of the magnetization layer.

The right column shows the models for 8 km surface depth of the magnetization layer.

(a) +5 A/m magnetic structures with 0.5 km offset in the topography in the magnetic

boundary model. (b) +5 A/m magnetized block and non-magnetized block model. (c)

+3 A/m and —3 A/m of normal/reversed magnetized block model. (d) +5 A/m and

—5 A/m of normal/reversed magnetized block model.
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(continued)

Fig. 3-4

(a) Total geomagnetic anomaly wiggles in this study superimposed on the total airborne
geomagnetic anomaly map (Jokat et al., 2010). (b) Corrected total geomagnetic
anomaly wiggles in this study superimposed on the total airborne geomagnetic anomaly
map. (c) Distribution of magnetic boundary strikes on the magnetic anomaly grid, with
compilation of the corrected total geomagnetic anomalies in this study and the total
airborne geomagnetic anomaly grid. White, yellow, blue, and green bars indicate the
position and direction of the magnetic boundary strikes (intensities of ISDV are same as
in Fig. 2 b—e). Pink bars indicate standard angular deviation of the magnetic boundary

strikes. (d) Corrected magnetic boundary strikes on the magnetic anomaly grid.
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(continued)
Fig. 3-5

(a) Synthetic model profile calculated using the two-dimensional magnetic structure
model of the M-sequence based on the geological polarity timescale of Gradstein (2008)
and geomagnetic anomaly profiles on observation lines 0001-0007 and 34L.2.170-171.
To construct the block model, the thickness of the magnetization layer was assumed as
0.5km, and its surface geometry was assumed using multibeam sounding data,
ETOPOI1 topographic data (Amante and Eakins, 2009), and sediment thicknesses from
the global sediment thickness model (Laske and Masters, 1997) on line 0005.
Magnetized body inclinations of the geocentric axial dipole are set to —77.45°. (b) The
total geomagnetic anomaly wiggles and identified magnetic isochrons superimposed on
the satellite-derived free-air gravity anomalies of Sandwell (2014). Magnetic boundary
strikes indicating the magnetic isochrons, such as the high contrast magnetization
boundary, are shown in solid black lines. Black dotted lines indicate the magnetic
boundary strikes, showing the low contrast. Magnetic boundary strikes indicating the
offset in topography are shown in blue lines. Synthetic model profile (red line) and
model blocks are also shown. (c) Spreading rates of each magnetic isochron are

calculated based on the geomagnetic anomaly profiles and magnetic boundary strikes.
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Fig. 3-6b
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(continued)
Fig. 3-6

(a) Satellite-derived free air gravity anomaly map, and (b) Vertical gravity gradient
(VGG) map of Sandwell (2014). (c) Structure boundaries estimated using the VGG are
shown in yellow lines, superimposed on the VGG map. (d) Structure boundaries shown

in blue lines superimposed on the satellite-derived free air gravity anomaly map.
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(continued)
Fig. 3-7

Interpretation of the formation process of the Cosmonauts Sea superimposed on the
(a) satellite-derived gravity anomaly map, and (b) magnetic anomaly grid. Black lines
show the structure boundaries estimated based on the VGG. B2 is the COTZ proposed
in previous study (Jokat et al., 2010). Thick white lines show the magnetic isochrons
estimated based on the magnetic boundary strikes. Thin white lines are the estimated
magnetic isochrons that could not be detected from the magnetic boundary strikes.
Black dotted lines show the segment boundaries estimated based on the magnetic
boundary strikes. The white shaded area indicates the thinned continental crust. COB

indicate continent—ocean boundary in this study.
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During continental extension
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M10N (134.3 Ma)
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about M3 (127 Ma )
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(continued)

M3n—-MOr (127-124.6 Ma)
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(continued)

After MOr (124.6 Ma)
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(a)—~(f) Break-up model in the Cosmonauts Sea since break-up to the CNS. Gl1,
Kainan-Maru Seamount. Black lines show the structure boundaries estimated based on
the VGG. Thick white lines show the magnetic isochrons estimated based on the

magnetic boundary strikes.
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Chapter 4. General Discussion: Interpretation of the
initial break-up process of Gondwana in the Indian
Ocean

In this thesis, I have presented the initial break-up process of Gondwana in regions
both off Africa and off Antarctica using vector geomagnetic anomalies, as well as
satellite gravity data. In this chapter, magnetic isochron ages are unified using the
geological time scale of Gradstein (2008).

In Chapter 2, the formation and evolution processes in the Natal Valley and
Mozambique Ridge were revealed. The mixture of continental and basaltic (oceanic)
crust under the northern part of this region was represented by multiple analytical
results of dense vector geomagnetic anomalies, as well as satellite gravity data.
Magnetic isochrons M10-MO (about 133.5-124.6 Ma) with a NE-SW spreading
direction were identified in the southern Natal Valley, and were well correlated with the
isochrons in the west of this area proposed by previous studies. In the southern
Mozambique Ridge, seafloor spreading likely began at the same time as in the southern
Natal Valley. Magnetic isochrons in the southern Mozambique Ridge and part of the
southern Natal Valley were disturbed because of the interaction of intense volcanic
activity, which may have been related to the Bouvet hotspot. The NE-SW spreading
direction indicates that the seafloor spreading occurred between South America and
South Africa. The location of the continent—ocean boundary (COB) is around M10, at
30°S—32°S. Continental extension and basaltic intrusion likely occurred until the
initiation of seafloor spreading at about M10 (133.5 Ma).

In Chapter 3, the process of continental extension to seafloor spreading in the
Cosmonauts Sea was revealed using multiple analytical results of the systematic vector
geomagnetic anomalies obtained by the icebreaker Shirase, as well as satellite gravity
data. Wide-spreading thinned continental crust south of around 66°S was inferred. The
isochrons M10N-M3n (about 134.3—127.6 Ma) with an almost ESE-WNW spreading
direction around 66°S—65°S were newly identified with several smaller segments. SSW—
NNE-oriented fracture zones appeared north of around 65°S, indicating the change in
direction of seafloor spreading from SE-NW to SSW-NNE around 65°S. In terms of

timing, the change in spreading direction likely occurred during chron M3n—MOr (about
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127.6-124.6 Ma), based on the pattern of the total airborne geomagnetic anomalies. The
north portion of the Gunnerus Ridge, named the Kainan-Maru seamount, which was
interpreted to be continental crust, may have been displaced from the pre-stretching
boundary along Antarctica to its present position accompanied by the ESE-—
WNW-oriented continental extension and seafloor spreading during pre-stretching to
chron MOr. After 124.6 Ma, the direction of the seafloor spreading was only constrained
by the SSW-NNE-oriented fracture zones, because no magnetic reversal was observed
during the Cretaceous Normal Superchron. However, the structure direction estimated
from the vertical gravity gradient shows an ambiguous spreading direction between the
fracture zones of around 37°E, 65°S—44°E, 65.5°S.

The Natal Valley and Mozambique Ridge off South Africa (AFR) are a conjugate
pair with the Falkland Plateau off South America (SA) and the Lazarev Sea off
Antarctica (ANT). These regions formed as a result of West Gondwana fragmentation,
between AFR—SA—ANT. However, the Cosmonauts Sea in the west Enderby Basin off
ANT is a conjugate pair with the south of Sri Lanka (SL) and the Bay of Bengal off
India (IND). The Gunnerus Ridge is considered to be a conjugate pair with Madagascar
(MAD) and/or SL. These regions formed as a result of East Gondwana fragmentation,
between ANT-MAD/SL/IND—Australia (AUS).

In West Gondwana, seafloor spreading between SA—AFR occurred at chron M12—
M10. The half-spreading rate between SA and AFR during chron M12-MO was
estimated as 10-17 mm/yr, indicating a slow spreading ridge (Rabinowitz and
Rabrecque, 1979; Martin et al., 1982; Goodlad et al., 1982; this study). After chron MO,
the spreading rate between SA, AFR, and ANT increased up to about 40-55 mm/yr
(Rabinowitz and Rabrecque, 1979; Martin et al., 1982). Stretched continental crust,
considered one of the largest COTZs with a width of more than 200 km, like the
northern part of the Natal Valley and Mozambique Ridge, was also proposed to exist
beneath the Santos Basin off SA (e.g., Davison, 1997) and the Lazarev Sea off ANT
(Explora Escarpment; Hinz et al., 2004). In addition, the formation of the largest COTZ
was likely caused by the large igneous province of Parana—Etendeka (about 137—
127 Ma) of the SA—AFR (e.g., Hawkesworth et al., 2000), which occurred at the
initiation of the seafloor spreading. This situation is similar to that of the Natal Valley
and Mozambique Ridge, which was probably associated with the Karoo volcanism. In

addition, there is a great deal of hotspot activity, such as that of the St. Helena (after
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106 Ma: e.g., Coulon et al., 1996) and Tristan-Gough (after 130 Ma: e.g., O’Connor and
Duncan, 1990) hotspots along the MAR, and ridge-hotspot interaction around the MAR
was inferred based on petrological studies. My results implied that the Mozambique
Ridge was formed by the ridge—hotspot interaction around the Bouvet hotspot. The
Agulhas Plateau off South Africa, the North East Georgia Rise off South America, and
the Maud Rise off Antarctica were also likely formed by ridge—hotspot interactions on
the Bouvet triple junction (around 120 Ma; e.g., Gohl et al., 2011). Basically, the largest
stretched continental crust and regional intense basaltic intrusion caused by volcanic
activity characterized the break-up and evolution process of the West Gondwana
margins.

In East Gondwana, magnetic isochrons of M10-MOr with NW-SE and/or WNW-
ESE-oriented seafloor spreading were observed south of SL (Desa et al., 2006; Gaina et
al., 2007), in the Bay of Bengal (Ramana et al., 1994), and at the western margin of
AUS (Gibbons et al., 2012). The spreading direction and rate, with an average of about
35 mm/yr in these regions, coincide well with those of the Cosmonauts Sea based on
my results. After chron MO, the spreading rate between SA, AFR, and ANT sped up to
about 22—40 mm/yr in the central Enderby Basin and the western margins of AUS, and
to 4042 mm/yr in the Bay of Bengal (Desa and Ramana, 2016). The spreading rate in
the north of the Cosmonauts Sea was estimated as about 40 mm/yr, although there is no
reliable geomagnetic data indicating magnetic lineation, likely because of the CNS. My
interpretation requires re-examination of the geomagnetic and seafloor structure
properties in the south of SL, where the ultraslow spreading rate of 6 mm/yr during the
CNS period was estimated (Desa et al., 2006). The continental extension between IND
and AUS was suggested to have initiated as early as 160 Ma (Gibbons et al., 2013).
Continental extension during East Gondwana fragmentation was likely less than that of
West Gondwana fragmentation. COTZs with widths of a few hundreds of kilometers
were observed around the West Gondwana margins (e.g., Brune et al., 2014; Gibbons et
al., 2013; this study), and the continental blocks that contain the non-volcanic basement
were observed around the western margin of AUS (Symonds et al., 1998). Our results
for the Cosmonauts Sea also show that there was no intense volcanic activity between
ANT-IND/SL, at least before 120 Ma. In other words, there was no volcanic interaction
for the initial evolution of the East Gondwana margins.

Based on my results and previous studies as mentioned above, I compiled the
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following stages of Gondwana break-up: (1) seafloor spreading started about M12-M10
in Gondwana; (2) seafloor spreading continued during the CNS period in Gondwana;
and (3) intense volcanism occurred before about 124.6 Ma in Gondwana (Table 4 and
Fig. 4-1). The remarkable point is that the most of the seafloor spreading started around
chron M12-M10 in both East and West Gondwana. Moreover, the spreading rate and/or
spreading direction changed at about MO in both East and West Gondwana. I considered
that a possible change in pulling force originated from the subduction zones that
surrounded Gondwana and caused these seafloor-spreading events. First, before 140 Ma,
it is suggested that there was a subduction zone along the south of the Eurasian
continent (e.g., Metcalfe, 2011; Van der Voo, 1999). The Meso-Tethys Sea was located
between the Lhasa block and Eurasia around present central Tibet to Kazakhstan (Van
der Voo, 1999). During 140-130 Ma, the Meso-Tethys was closed because of the
subduction zone at the southern edge of Eurasia. Then, the Lhasa—Eurasia collision
occurred around 130 Ma. Because of this collision, the subduction of the Neo-Tethys,
which was south of the Lhasa block, was initiated. Subduction of the Neo-Tethys likely
forced the change in spreading regime in Gondwana, such as the formation of a triple
junction at the north of IND caused by the initiation of seafloor spreading between IND
and AUS. Next, during 130-120 Ma, a part of the subduction zone between the Phoenix
Plate and SA/ANT/AUS in the Pacific side was extinct (e.g., Storey, 1995; Miiller et al.,
2016), based on the onshore paleo-geomagnetic data, marine geomagnetic anomalies,
crustal thickness, fracture zones, and hotspot tracks, mainly around the Pacific Ocean.
The extinction of the subduction zone at the east of AUS likely coincided with a distinct
change in the absolute velocity of AUS (Matthews et al., 2010). Then, the seafloor
spreading direction was changed by the transition in velocity that may have reflected the
change in pulling force caused by subduction around Gondwana. Based on this concept,
I constructed a new model for the initial break-up process of Gondwana focused during
137-124.6 Ma (Fig. 4-2), as follows:

(1) First stage: before 137 Ma (Fig. 4-2a)

After the initiation of the break-up of Gondwana at about 183 Ma, continental
extension occurred around each continental margin, caused by the pulling force of
several subduction zones surrounding Gondwana. Mantle plume upwelling and eruption,

such as the Karoo volcanism, also started, and likely set up the large continental-ocean
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transition zone around the SA—AFR margins. Small intrusions into the stretched
continental crust occurred in some parts of the continental margins because of these
volcanisms. Seafloor spreading started in the central and eastern parts of the continental
margins of Gondwana after 153 Ma (e.g., Eagles and Konig, 2008; Gibbons et al.,
2012).

(2) Second stage: 137-133 Ma (M12-M10) (Fig. 4-2a to Fig. 4-2b)

The Lhasa—Eurasia collision in present Tibet to Kazakhstan caused: 1) the extinction
of the subduction of the Meso-Tethys; and 2) the beginning of the subduction of the
Neo-Tethys. These configuration change of the subduction zones forced a change in the
break-up regime of Gondwana. The seafloor spreading at SA-AFR, ANT-IND/SL, and
IND-AUS began. Seafloor spreading between ANT-IND/SL/MAD and IND-AUS
started with a 22-35 mm/yr average half spreading rate, indicating normal seafloor
spreading. In contrast, SA—AFR was far from the east of EUR; therefore, seafloor
spreading with a slow average rate of 15 mm/yr was produced between SA and AFR in

this period.

(3) Third stage: about 124.6 Ma (MO) (Fig. 4-2b to Fig. 4-2¢)

Part of the subduction zone between the Phoenix Plate and SA/ANT/AUS, located
south of ANT/AUS, became extinct. A change in the driving force caused changes in
the spreading regime, such as the direction and/or spreading rate, around the continental
margins. The seafloor spreading of the mid-ocean ridge located at the north of IND was
extinct, and the seafloor spreading between AFR-MAD was also extinct. Seafloor

spreading between AFR and ANT likely started in this period.

(4) Final stage: < 124.6 Ma (Fig. 4-2c¢)

Spreading at AFR-ANT, ANT-IND/SL/MAD, and IND-AUS was oriented in the
same direction. The half spreading rate of each margin was almost the same, with
values of up to 40—55 mm/yr, like normal seafloor spreading.

I suggest that the upwelling of the large mantle plume was not indispensable for the
initial fragmentation of the supercontinent Gondwana, and that intense volcanic
activities, such as LIPs and hotspots, were therefore limited to local effects during the

initial break-up of Gondwana.
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An ultraslow spreading rate of 6 mm/yr was estimated based on the distance and age
between 124.6—-84 Ma as M0 and C34 (CNS) for the observed magnetic isochrons south
of SL. In contrast, a normal spreading rate of up to 55 mm/yr was observed around
conjugate areas such as the Bay of Bengal, the western margin of AUS, and the central
Enderby Basin during the CNS. Compression of the seafloor was suggested between
south of SL to the 85°E ridge (Ramana et al., 1997). The deformation of the seafloor
between M0—C34 caused by the compression stress is one possible explanation for the
differentiation in estimated spreading rates south of SL during the CNS. High-resolution
geomagnetic data are necessary to reveal the formation and evolution processes for
south of SL. New constraints will be obtained by vector geomagnetic surveying
conducted south of SL.

The central Enderby Basin (CEB) is located between the Cosmonauts Sea to the west
and the western margin of AUS to the east. The seafloor spreading before M0 was in the
SE-NW direction in the Cosmonauts Sea and the western margin of AUS, whereas a
N—S-oriented extinct ridge formed during M9-MO was observed in the CEB in previous
studies. There is an inconsistency in spreading direction and spreading scheme between
the Cosmonauts Sea, the western margin of AUS, and the CEB. Thick sediment around
the ANT margin produces ambiguous magnetic signals. Additionally, the volcanism of
the Kerguelen Plateau at about 118 Ma (e.g., Frey et al., 2000) likely disturbed the
continuous magnetic lineation. Moreover, the location of the continent-ocean boundary
and continent—ocean transition zone in the CEB was only constrained by gravity
anomalies, sparse seismic data, and sparse geomagnetic data. Therefore, vector
geomagnetic observations that reveal the magnetic lineations and structure boundaries
in the CEB are necessary for understanding the seafloor spreading history of the CEB.

In summary, my new findings constrain the initial break-up process of Gondwana in
the Indian Ocean, especially around chrons M10 (133.5 Ma) and MO (124.6 Ma). A
relationship between the initial break-up process of Gondwana and the configuration of
the subduction zones around Gondwana is proposed. The large extended continental
crust with basaltic intrusion between the AFR, SA, and ANT was produced during the
long period of the break-up process of West and East Gondwana. The timing of the
spreading between AFR and ANT in my interpretation provides new constraints on

Gondwana reconstruction models. Fragmentation of East Gondwana, such as the
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present position and motion of the SL/IND/MAD, should be discussed based on my
results from the Cosmonauts Sea. Further investigation, especially in the CEB and south
of SL, may potentially lead to more detail on the initial break-up process of Gondwana.
In the CEB, most geomagnetic observation lines that have been conducted were in the
N-S or W-E directions. Between ANT—SL and IND, seismic surveys and drilling in the
Cosmonauts Sea, including the Kainan-Maru Seamount, and south of SL will be needed
to understand the fragmentation process of these continental blocks. Moreover, based on
this study, SE-NW vector geomagnetic observation lines in the CEB will be required
for my future work. Between the AFR and ANT, seafloor was formed during the CNS.
Because revealing the seafloor spreading history during the CNS is a task that is global
in scale, additional near-surface geomagnetic, seismic, and rock sampling surveys

around the continental margins are necessary.
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Table 4-1

Stages in Gondwana based on this study and previous studies. (a) Seafloor spreading

started at about M12-M10. (b) Seafloor spreading after MO. (c) Intense volcanism

before M0. Works in the gray-shaded cells are contradicted by the results of this study.

Table 4-1 (a)

Location Half spreading rate SPreaflmg Reference
direction
Northern * <Extension> *N-S This study
Natal Valley Extinct ridge with M4-M10: 13 mm/yr |N-S Tikku et al. (2002)
Martin et al. (1982)
M10-NO: 13-16 mm/yr NE-SW Goodlad et al. (1982)
Southern -
Natal Valley This study
M4-MO: no identification of rate NE-SW Reznikov et al. (2005)
No identification NW-SE Leinwever and Jokat (2011)
Falkland Plateau  [M10-MO: 15-17 mm/yr W-E Martin et al. (1982)
South Atlantic M12-MO0: 10-15 mm/yr W-E Rabinowitz & RaBrecque (1979)
Central Enderby Extinct ridge with M0-M4: 30.5 mm/yr |N-S Gibbons et al. (2013)
Basin MO9-M4: 40 mm/yr, M4-MO: 16 mm/yr ES% EWNW- | Gaina et al. (2003)
M10N-M1n: 27-31 mm/yr WNW-ESE This study
in south
M2-M4: 22 mm/yr, M4-M9: 39 mm/yr | NNE-SSW Gaina et al. (2007)
Cosmonauts Sea  fpg39 pg: 2865 mm/yr variable N-S Ramana et al. (2001)
No identification WNW-ESE &

(M-series was inffered)

NW-SE in south

Nogi et al. (1996)

M11-M10: 55 mm/yr,
M10-M4: 52 mm/yr,

e S e AN 2 006),
South of Sri Lanka |M4-MO: decrease to NW-SE
15 mm/yr
22-36 mm/yr EI\\IV“Q]S SI8 ¢ Gaina et al. (2007)
M11-M9: 36 mm/yr,
Bay of Bengal NW-SE Ramana et al. (1994)

M4-MO: 34 mm/yr
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(continued)

Table 4-1 (b)

Location Half spreading rate Spreading direction Reference
Southern Natal Valley |42—55 mm/yr average |NE-SW to ENE-WSW | Martin et al. (1982)
Falkland Plateau 4255 mm/yr average |NE-SW to ENE-WSW | Martin et al. (1982)
South Atlantic 40-50 mm/yr W-E Rabinowitz and RaBrecque (1979)
Central Enderby Basin | 22-40 mm/yr S-N to SSW-NNE Desa and Ramana (2016)
Cosmonauts Sea No identification SE-NW to SSW-NNE | This study

NNW-SSE & NW-SE

South of Sri Lanka 6 mm/yr to almost N-S Desa et al. (2006)
NNW-SSE & NW-SE
South of Sri Lanka No identification Gaina et al. (2007)
to almost N-S
NNW-SSE & NW-SE
B fB 1 40-42 D R 201
ay of Benga 0-42 mm/yr to almost N-S esa and Ramana (2016)
Western of Australia 2240 mm/yr SE-NW to S-N Desa and Ramana (2016)
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(continued)

Table 4-1 (¢)

Int
Location n ens.e Name Age Reference
Volcanism
Antarctica Observed |Explora Escarpment 183 Ma Hinz et al. (2004)
Lazarev Sea Observed | Astrid Ridge 183-120 Ma |e.g., eagles & Konig (2008)
Observed |Maud Rise 120 Ma e.g., Gohl et al. (2011)
Africa Observed |Karoo 183-176 Ma | Jordan et al. (2008)
Northern Natal Valley Estimated |Related to Karoo? 183-130 Ma | This study
North of M i
.or of Mozambique Estimated |Related to Karoo? 183-130 Ma | This study
Ridge
South of Mozambique Interaction with This study
Estimated 130-120 M
Ridge stmate Bouvet hotspot? a e.g., Konig and Jokat (2010)
Agulhas Plat
Off south Africa Observed B Sdtedl After 120 Ma |e.g., Gohl et al. (2011)
(Bouvet?)
South America—Africa Observed |Parana-Etendeca 133 Ma e.g., Hawkesworth et al. (2000)
Observed |St Helena 106 Ma e.g., Coulon et al. (1996)
South Atlantic
Estimated | Tristan-Gough After 130 Ma |eg., O’Connor and Duncan (1990)
Falkland Plateau Observed |Northeast Georgia Rise | After 120 Ma |e.g., Gohl et al. (2011)
Central Enderby Basin Observed |Kerguelen After 118 Ma |e.g., Duncan (2002)
India Observed |Rajmahal Traps After 118 Ma |e.g., Baksi et al. (1987)
Not ] ’ .
Cosmonauts Sea observed | et e.g., This study
th of Sri Lank Not [e.. Desaetat. 2006)
south of Sri Lanka observed | o e.g., Desa et al.
Bay of Bengal Not ‘ e.g., Ramana et al. (1994)
v = observed | .- & )
Western margin of Not ’ .
. .g. tal. (2012
Australia observed | . ..-n .8, Gibbons et al. (2012)
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Y& Volcanism before seafloor spreading
vy Seafloor spreading started around M12-M10
Numbers: Half spreading rate [mm/yr] s Seafloor spreading after MO (during CNS)
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Fig. 4-1

Stages in Gondwana based on this study and previous studies superimposed on the
free-air gravity anomaly map (Sandwell, 2014). Orange stars indicate volcanism, such
as Large Igneous Provinces, before the occurrence of seafloor spreading. Pink arrows
indicate seafloor spreading during M12-MO0. Purple arrows indicate seafloor spreading
after MO. The corresponding half spreading rates are also shown in the same colors as
the arrows. MAD, Madagascar; MAR, Mid-Atlantic Ridge; SWIR, Southwest Indian
Ridge; SEIR, Southeast Indian Ridge; CIR, Central Indian Ridge; NER, Ninety East
Ridge; FP, Falkland Plateau; NEGR, North East Georgia Rise; AP, Agulhas Plateau;
MR, Maud Rise; AR, Astrid Ridge; GR, Gunnerus Ridge; KP, Kerguelen Plateau; LZS,
Lazarev Sea; RLS, Riiser-Larsen Sea; EB, Enderby Basin; BB, Bay of Bengal.
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a before M10 Cc after MO

Fig. 4-2
Schematics of the Gondwana break-up (a) before M10, (b) at about M10-MO, and (c)
after MO. Black lines show the subduction zones. Blue arrows indicate the seafloor

spreading direction. White arrows indicate the direction of plate motion.
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Chapter 5. Conclusion

To understand the initial break-up process of Gondwana, I investigated the Natal
Valley and Mozambique Ridge, off South Africa, and the Cosmonauts Sea, off
Antarctica, using vector geomagnetic field data. The multiple analytical results of vector
geomagnetic anomalies and satellite-derived free-air gravity anomalies revealed the
continental extension and seafloor spreading processes in both regions.

The nature of the Natal Valley and Mozambique Ridge was classified into four
categories: (1) mixture of the stretched continental and oceanic crust; (2) stretched
continental crust; (3) normal oceanic crust; and (4) oceanic crust interacted with
volcanism. Magnetic isochrons of M10-MO with NW-SE spreading direction were
identified. I concluded that the seafloor spreading between South America and Africa in
this region started at M10. The seafloor spreading between Antarctica and Africa likely
started after MO, south of this region. I presented the first detailed formation and
evolution model of the Natal Valley and Mozambique Ridge.

The crust of the Cosmonauts Sea was classified into two categories: (1) thinned
continental crust, and (2) oceanic crust. The magnetic isochrons M10N-M3n with a
WSW-ENE spreading direction were newly identified. Change in the spreading
direction during M3n-MOr was inferred, and the SSW-NNE-oriented seafloor
spreading during the Cretaceous Normal Superchron was implied. I presented the
processes of continental extension and seafloor spreading in the Cosmonauts Sea.

Vector geomagnetic anomalies with a few systematic observation lines make it
possible to detect the distinct direction of the seafloor spreading and the position of the
polarity change. Vector geomagnetic anomalies are an efficient tool for understanding
the structural boundaries that are buried by thick sediment and disturbed by volcanic
intrusion, and formed during the Cretaceous Normal Superchron.

I compiled the initial break-up processes of Gondwana, focused on around M10-MO.
Configuration of the subduction zones surrounding likely forced the seafloor spreading
during the periods of M12-M10 and MO. Intense volcanic activities, such as LIPs and
hotspots, were not indispensable for the initial fragmentation of Gondwana. My new
findings concerning the initial break-up process of Gondwana contribute greatly to the

understanding of solid earth dynamics, such as the relationship with mantle convection.
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The Gondwana reconstruction model should be constrained based on my results,
especially in terms of (1) the timing of the seafloor spreading between Africa and
Antarctica, and (2) the present positions and motion of Sri Lanka, India, and
Madagascar.

Further investigation of tectonic history, especially in the south of Sri Lanka and the
central Enderby Basin, may provide more detail on the initial break-up process of
Gondwana. Moreover, revealing the seafloor spreading history during the Cretaceous
Normal Superchron is a task of global scale. Additional near-surface geomagnetic,
seismic, and rock sampling surveys around the continental margins will provide stable

constraints for the detailed initial break-up process of Gondwana.
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