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Abstract

The Mozambique Ridge (MOZR) is one of the basement high structures located in the Southwest Indian Ocean,
parallel to the Southeast African continental margin. It was formed as a result of the tectono-magmatic evolution
of the Gondwana breakup. The origin of the MOZR has been highly debated, with models suggesting either
continental or oceanic origin. With new free-air gravity anomaly and multichannel seismic (MCS) reflection data,
we present results of 2D density modeling along two seismic profiles acquired by R/V Xiangyanghong 10 at the
northern Mozambique Ridge (N-MOZR) between 26°S and 28°S. We observed high free-air gravity anomaly and
strong positive magnetic anomaly related to the emplaced seaward dipping reflectors (SDR) and high density
lower crustal body (HDLCB), and high Bouguer gravity anomaly associated with the thinning of the continental
crust underneath the N-MOZR over a distance of ~82 km. This suggests a thinned and intruded continental crust
bound by the Mozambique Fracture Zone (MFZ) that is characterized by gravity low and negative magnetic
anomaly. This fracture zone marks the continent-ocean boundary (COB) while the N-MOZR is the transform
margin high, i.e., marks the continent-ocean transition (COT) of the Southern Mozambique margin, following the
definition of transform margins. We suggest that the N-MOZR was formed by continental extension and
subsequent breakup of the MFZ, accompanied by massive volcanism during the southward movement of the
Antarctica block. The presence of SDR, HDLCB, and relatively thick oceanic crust indicates the volcanic nature of
this transform margin.
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1 Introduction

The East African Margin is a geotectonic feature with a wide
range of geological frameworks that can help us understand the
Gondwana breakup processes. The margin was formed due to
the opening between Africa and Antarctica during the Jurassic
Period. Several studies investigated the tectono-magmatic evolu-
tion of the Gondwana Supercontinent and provided a full paleo-
geographic reconstruction of the supercontinent (Rabinowitz et
al., 1983; Coffin and Rabinowitz, 1992; Cox, 1992; Reeves and De
Wit, 2000; Jokat et al., 2003; Eagles and Konig, 2008; Kénig and
Jokat, 2010; Reeves et al., 2016; Leinweber and Jokat, 2012; Nguy-
en et al., 2016; Thompson et al., 2019; Mueller and Jokat, 2018).
The breakup of Gondwana is thought to be related to the Karoo

(Bouvet) mantle plume (Cox, 1992; Jokat et al., 2003; Reeves,
2009, 2014; Reeves and Mahanjane, 2013; Reeves et al., 2016),
where the basement structure was the main factor controlling the
distribution of the Bouvet mantle plume, which flowed in three
directions, forming the Mwenezi Triple Junction: the Lebombo,
Okavango, and Limpopo-Angoche dyke swarms that formed the
Karoo-Ferrar Large Igneous Province prior to the Gondwana
Breakup (Riley and Knight, 2001; Eagles and Kénig, 2008;
Klausen, 2009; Leinweber and Jokat, 2012; Svensen et al., 2012;
Hastie et al., 2014; Reeves et al., 2016). Reeves and Mahanjane
(2013) showed that the movement of Eastern Gondwana fol-
lowed a dextral strike-slip pattern defined by the Davie Fracture
Zone (DFZ) and Lebombo-Explora segments in the earliest phase
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of Gondwana'’s disruption (183 Ma). The strike-slip setting
changed to a transform setting when the seafloor spreading star-
ted ca. 155.3 Ma between Africa and Antarctica (Kénig and Jokat,
2010; Hastie et al., 2014).

According to the paleogeographic reconstruction model pro-
posed by Reeves et al. (2016), the initial rift phase of Gondwana
was in the NE-SW direction parallel to the Limpopo-Angoche
dyke swarm during 188 Ma to 170 Ma, similar to the Karoo rift
geometry in Africa (300 Ma to 200 Ma) (De Wit, 2003). This mod-
el suggests that the initial phase of the breakup of Gondwana in
the Middle to Late Jurassic was a result of the reactivation of the
Karoo tectonic event, and considered three rifting episodes in
Africa: The Karoo (300 Ma to 200 Ma), Early Jurassic-Aptian (183 Ma
to 120 Ma) and East African Rift (25 Ma to 0 Ma). Klimke et al.
(2018) proposed that Antarctica initially moved away from Africa
in a WNW-ESE direction between 184 Ma and 171 Ma and then
changed the direction to SSE, whereas Nguyen et al. (2016) sug-
gested an NNW-SSE opening. These different interpretations, ac-
cording to Mueller and Jokat (2018), result from the lack of high
quality geophysical data along the conjugate margins of the
Africa-Antarctica corridor (AAC), leading to several problems
constraining the early plate movement during the Gondwana opening.

The subsequent southward drift of Antarctica relative to the
African block formed the Mozambique basin off the coast of
Africa and the Riiser-Larsen Sea, north of the conjugate Antarc-
tica margin between the DFZ in the east and the Mozambique
Fracture Zone (MFZ) in the west, along the AAC (Senkans et al., 2019).

Studies based on paleogeographic reconstruction models and
seismic data (reflection and refraction) interpretation indicate
that the Gondwana breakup had two main stages of rifting in the
south, which supports a rift jump model (Cox, 1992; Mahanjane,
2012; Mueller et al., 2016). Breakup stage I relates to the develop-
ment of the first Karoo rift that ended along the northern Zam-
bezi Coast with the emplacement of the Angoche dykes, around
170 Ma (Reeves and De Wit, 2000); this was post-rift magmatism
as aresult of the reactivation of the Pebane shear zone. Breakup
stage Il relates to the development of rift IT located along the
southeastern edge of the Beira High (Mahanjane, 2012). This rift
was mostly magma-poor, but with strong distensive deformation,
giving rise to the final breakup of Gondwana and the onset of
oceanic crust during 166 Ma to 154 Ma based on magnetic anom-
aly data (Jokat et al., 2003; Konig and Jokat, 2010; Senkans et al.,
2019). Most of the paleogeographic reconstruction models con-
verge to approximately (183+1) Ma and provide new insights in-
to the Gondwana breakup and the onset of oceanic crust.
However, the consensus concern this matter is far from being
achieved, regarding the initial position of Antarctica block at the
time of the breakup, with one hypothesis defending a loose fit
between Africa and Antarctica block and another hypothesis sug-
gested by recent studies, defending a tighter fit implying a large
overlap of the blocks, presuming oceanic origin for the Mozambi-
que Coastal Plain (MCP), northern Natal Valley (NNV) and
Mozambique Ridge (MOZR) (Eagles and Konig, 2008; Leinweber
and Jokat, 2012; Mueller and Jokat, 2018). Therefore, some issues
remain unclear, such as the nature of the crust in the MOZR, and
the demarcation of the continent-ocean Transition (COT) and
the continent-ocean boundary (COB) in the southern Mozambi-
que margin.

In this study, we divided the MOZR into the northern, central,
and southern regions, following previous studies (Hanyu et al.,
2017; Fischer et al., 2017) (Fig. 1). Based on new gravity and seis-
mic reflection data surveyed by R/V Xiangyanghong 10 on the
northern Mozambique Ridge (N-MOZR) and Mozambique Basin

(MB), we discuss the crustal nature of the N-MOZR and the con-
tinent-ocean transition (COT) of the southern Mozambique mar-
gin and provide new information on Gondwana reconstructions.

2 Definition and demarcation of the COT and COB

The continent-ocean transition represents the zone that
archives the complex mechanisms from continental rifting to the
onset of seafloor spreading. Therefore, the identification and un-
derstanding of the COT can provide valuable information con-
cerning the geological processes related to the continental break-
up. The classification of the COT is usually based on melt supply
(Eagles et al., 2015). Therefore, Whitmarsh and Miles (1995) pro-
posed three main interpretations for the formation of the COT
based on the above classification: (1) heavily intruded and exten-
ded continental crust; (2) exhumed upper mantle material; and
(3) ultraslow seafloor spreading. The COT along the magma-rich
or volcanic margin is defined as a zone of highly intruded and
stretched continental crust with igneous rocks in the form of sea-
ward dipping reflectors (SDR), and high velocity lower crust be-
neath the stretched continental crust (Mjelde et al., 2007;
Minshull, 2009; Blaich, 2013). For the magma-poor rifted mar-
gins, the COT is usually express in the form of hyper-extended
continental crust, with limited or absent of syn-rift magmatism,
serpentinized peridotites, detachment fault, rotated fault blocks
with seaward dipping faults (Sutra et al., 2013; Gao et al., 2015).
In this type of margins, the COT is considerably wider compared
to magma-rich and transform margins. Furthermore, for the
transform margins, the COT is usually described as abrupt com-
pared to the rifted margins, comprising marginal ridge rising 1-3 km
above the seafloor, and the seaward termination of the COT is
characterized by a transform fault separating continental crust
from the oceanic crust (Lorenzo and Wessel, 1997; Bird, 2001;
Berndt et al., 2001). The identification of COT in the passive mar-
gins is strictly associated with magmatism (SDR, HVLCB, volca-
noes), crustal thickness changes, changes in the Moho depth,
typical gravity, and magnetic signatures.

Several studies attempted to mark the COT and COB along
the Mozambique continental margin, where most of them fo-
cused on the central part of the margin. Leinweber et al. (2013),
using P-wave and 2D density models, observed typical character-
istics of the magma-rich margins, with SDR, stretched continent-
al crust and magmatic underplating on the COT, also corrobor-
ated by Mueller et al. (2016) and Nguyen et al. (2016) that placed
the COB close to the coast. In our study area, some authors tried
to demarcate the COT and COB based on the understanding of
the MOZR nature. The correct name is Darracott (1974), based
on gravity and isostatic data, suggested that the Mozambique
coastal plain (MCP), northern Natal Valley (NNV), and MOZR
were the transitional crust of the southern Mozambique margin,
supported by Mahanjane (2014). While Leinweber and Jokat
(2011) proposed that part of the MCP and NNV were the COT,
but the entire MOZR was purely from oceanic origin, on the oth-
er hand, Hanyu et al. (2017) suggested that the N-MOZR and
central Mozambique Ridge (C-MOZR) were part of the COT, pla-
cing the COB between C-MOZR and southern Mozambique
Ridge (S-MOZR).

3 Geological setting

The MOZR is a large N-S trending structure lying roughly par-
allel to the southeast coast of Africa between 25°S and 35°S. It is
bordered in the east by the 5 000-m deep Mozambique Basin and
west by the Natal Valley, which separates this ridge from the
Southeastern African continental margin. As one of the many
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aseismic structures located in the SW Indian Ocean, the nature of
the MOZR, whether continental or oceanic, is still under debate.
Several geophysical and geological studies proposed that the en-
tire ridge is underlain by either continental crust (Dingle et al.,
1978; Lyakhovsky et al., 1994; Marks and Tikku, 2001; Tikku et al.,
2002; Eagles and Konig, 2008), transitional crust (Darracott, 1974;
Martin and Hartnady, 1986; Mahanjane, 2014), or oceanic crust
(Maia et al., 1990; Green, 1972; K6nig and Jokat, 2010; Leinweber
and Jokat, 2011; Gohl et al., 2011). Other researchers divided the
ridge into the northern and central Mozambique Ridge of contin-
ental origin, and the southern Mozambique Ridge of oceanic ori-
gin (Hanyu et al., 2017; Fischer et al., 2017).

The basement rock of the C-MOZR was sampled from the
Deep Sea Drilling Project (DSDP) Site 249, where tholeiitic basalt
was observed with a composition similar to weathered mid-
ocean ridge basalt. DSDP Site 248 in the Mozambique Basin, 150 km
east of DSDP Site 249, recovered basalts distinct from the aver-
age MORB-like rocks that, according to Simpson (1974), fall with-
in the range of Karoo basalts from Lebombo Monocline (Fig. 1c).
Nevertheless, dredged rock samples DR1 and DR3 collected on
R/V Marion Dufresne- MD60-MACAMO (Mougenot et al., 1991),
and DRQ collected on R/V Professor Logachev (Ben-Avraham et
al., 1995) support a continental affinity for the southern and cent-
ral MOZR. The DRQ rock samples are similar to rocks found in
Namaqua Province of Southern Africa, implying that part of the
southern MOZR was a microcontinental fragment embedded in-
to oceanic crust, associated with a zone of contemporary litho-
spheric stretching (Ben-Avraham et al., 1995).

Recent studies using high-resolution magnetic potential field
data suggested that the entire MOZR was an indication of a long-
lasting interaction between a mantle plume and the Antarctic
plate boundary during the opening between Africa and Antarc-
tica from 140 Ma to 122 Ma (K6nig and Jokat, 2010; Leinweber
and Jokat, 2011). Deep crustal ocean bottom seismometer data
and multichannel seismic reflection data provided evidence that
the southern MOZR is predominantly of oceanic origin, and
probably formed due to excessive volcanism and magmatic ac-
cretion phases (Gohl et al., 2011; Fischer et al., 2017). For the
central and southern MOZR, the geophysical data indicate a large
igneous province (LIP).

However, little is known about the N-MOZR. The magnetic
anomaly study done by Leinweber and Jokat (2011) concluded
that the N-MOZR was formed by large-scale volcanism, while
Hanyu et al. (2017), Thompson (2017), and Moulin et al. (2019)
suggested a stretched continental crust, using vector geomagnet-
ic anomaly and satellite gravity data, and wide-angle seismic
data, respectively. The nature of the MOZR is one of the critical
points for the demarcation of the COT and COB along the south-
ern Mozambique margin.

4 Data acquisition and processing

4.1 Multichannel seismic data

The seismic reflection survey was conducted in June 2016
during the China-Mozambique Joint Cruise onboard the R/V Xi-
angyanghong 10. This survey was performed under the coopera-
tion between Second Institute of Oceanography, State Oceanic
Administration, China) and the IMAF (Boundaries and Maritime
Institute, Mozambique), from June 1 to 23, 2016. During the
cruise, geophysical data were acquired along the southern
Mozambique Margin (Fig. 1). The seismic01 profile is 359 km
long, lying NW-SE from the northern Natal Valley, across the
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northern Mozambique Ridge, into the Mozambique Basin. The
seismic02 profile is 351 km long, lying W-E from the Northern
Mozambique Ridge into the Mozambique Basin. A total of 710 km
of 2D high-resolution multichannel seismic profiles were recor-
ded using a 108-channel streamer (active length of 1 475 m) with
an interval spacing of 12.5 m. The source consisted of four G-gun
airgun arrays with a total volume of 1 340 cubic inches (1 cubic
inch=0.016 387 037 037 L), working pressure of 13 790 kPa, towed
at 10 m depth, at a shot interval of 50 m. The recording length
was 14 s two-way travel time (TWT), and the sampling rate was set at
2ms.

Overall, the quality of reflection seismic data is good. The
standard seismic processing of the data was provided by China
National Offshore Oil Corporation, which involved the compre-
hensive treatment (including stack, migration, and velocity ana-
lysis). The processing flow included: de-noising, amplitude com-
pensation, energy equalization of gun offset, surface-related mul-
tiple elimination, diffracted multiple attenuation, de bubble us-
ing predictive de-convolution, common reflection surface stack-
ing, pre-stack isotropic ray-traced Kirchhoff time migration
(PSTM,) and pre-stack depth migration (PSDM). During the
PSTM, a precise velocity analysis was carried out, and the stack-
ing velocities were converted into interval velocities and set up to
the velocity field for the migration process, and then we did the
time-depth conversion. The data were processed using CGG
GEOCLUSTER 5000, Westerngeco Omega 2.0, Paradigm EPOS3/4
software, and then was loaded to the GeoFrame/IESX software
for further data interpretation.

4.2 Gravity and magnetic data

The free-air gravity anomaly data were collected along nine
profiles with a total length of 4 500 km by R/V Xiangyanghong 10,
using the Air-Sea Gravity System II Marine Gravimetry System (S-
129) produced by LaCoste and Romberg, USA. The gravity data
were processed following the traditional marine gravity data pro-
cessing flow, described in more detail by Wang et al. (2018). We
used these data to perform 2D gravity modeling along the mul-
tichannel seismic (MCS) reflection data (seismic01 and
seismic02) to determine the nature of the crust in the N-MOZR.
The Bouguer gravity anomaly data were obtained from the world
gravity model (WGM 2012) (Bonvalot et al., 2012). The WGM2012
model was derived from earth global gravity models EGM2008
and DTU10 with 1'x 1’ resolution terrain corrections derived from
ETOPOL. The total field magnetic anomaly data were derived
from the global earth magnetic anomaly grid (EMAG2) (Maus et
al., 2009). The EMAG2 dataset was compiled from satellite, air-
borne, and marine magnetic measurements at 4 km altitude
above the geoid with 2-arcmin resolution.

4.3 Gravity modeling

Gravity modeling was carried out using the interactive gravity
and magnetic modeling program GM-SYS (from the northwest
Geophysical Associates, Inc.). The aim of the gravity modeling
was to achieve a consistent geological model that corresponds to
the geology of the study area. The modeling was performed by
continuously apply small adjustments to the geometries and
density values until a good match between observed and calcu-
lated gravity anomalies was achieved, which fell within the ac-
ceptable error for this method of no more than 10x10-5 cm/s?
(Ljones et al., 2004; Antobreh et al., 2009)

As the first step, a depth-converted seismic data was incor-
porated to get the starting depth model. The following step was to
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Fig. 1. Tectonic overview of the Mozambique passive margin and Mozambique Ridge (MOZR). a. Bathymetric map (data from
GEBCO_2014, https://www.gebco.net/data_and_products/gridded_bathymetry_data/), with 1 000-m contours in black, showing the
dominant geological features and magnetic anomalies. In a, the solid yellow lines along the northern MOZR (N-MOZR) mark the
location of our seismic and gravity profiles. b. Magnetic anomaly (data from EMAG?2, http://geomag.org/models/emag2.html). In b,
the black lines indicate the fracture zones along the Mozambique Basin, with one of them crossing the N-MOZR. c. Free-air gravity
anomaly map (data from WGM2012, http://bgi.omp.obs-mip.fr/data-products/Grids-and-models/wgm2012). In ¢, the NW-SE black
lines indicate the magnetic anomalies M12 to MO0 identified by Goodlad et al. (1982); the W-E black lines indicate the magnetic
anomalies M10N and M4, and XR is the extinct spreading center proposed by Marks and Tikku, 2001; the white triangles are Deep Sea
Drillhg Project (DSDP) Sites 248 and 249 (Simpson, 1974); the white stars are the rock samples DR1, DR2, DR3, DRQ (Ben-Avraham et
al., 1995; Mougenot et al., 1991); the white circles in c are wells located along the Mozambique Coastal Plain; the three red circles show
the wells that recovered the Early Cretaceous basalts; and the solid red line refers to the Ariel Graben (AG). d. Bouguer gravity anomaly
map (data from WGM2012, http://bgi.omp.obs-mip.fr/data-products/Grids-and-models/wgm2012). S-01: Seismic01; S-02: Seismic02;
MozB: Mozambique Mobile Belt; ZC: Zimbabwe Craton; LB: Limpopo Belt; KC: Kaapval Craton; MCP: Mozambique coastal plain; MC:
Mozambique Channel; DFZ: Davie Fracture Zone; NNV and SNV: Northern and Southern Natal Valley; MFZ: Mozambique Fracture
Zone; MOZR: Mozambique Ridge; N-MOZR: northern Mozambique Ridge; C-MOZR: central Mozambique Ridge; S-MOZR: southern
Mozambique Ridge; MB: Mozambique Basin; MP: Madagascar Plateau; MAD: Madagascar.
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develop a simple 4-layer crustal model that included the seawa-
ter, sediments, crust (continental and oceanic), and mantle. To
obtain the initial geometries for these four layers, we based on
the interpretation of the most prominent reflectors from the seis-
mic reflection data. The seismic profiles were depth-converted
using velocity functions obtained from interval velocities based
on stacking velocities from MCS data. The assigned densities
were based on previous studies done in the Mozambique margin
and well known rifted volcanic margins (e.g., Mjelde et al., 2005;
Hirsch et al., 2007; Voss and Jokat, 2007; Leinweber et al., 2013;
Miiller, 2017).

5 Results

The modeled density with the calculated and observed grav-
ity data for the profiles seismic01 and seismic02 are shown in
Figs 3 and 4. The Moho depth for these profiles along the
Mozambique Ridge was mainly inferred from the gravity anom-
aly data because no corresponding seismic reflectors were ob-
served. Overall, there is a good fit between the observed and cal-
culated gravity anomaly, in both models with an absolute error of
1.937x10-% cm/s? for profile seismic01 and 1.143x10-% cm/s? for
profile seismic02.

5.1 Profile seismic01

Profile seismic01 is oriented NW-SE and is 354 km long (Fig. 2).
We have identified two regional seismic reflectors in the sedi-
mentary basement, the top basalt associated with basalt intru-
sions (CDP 1-18501) and the oceanic crust (CDP 18501-56204).
The interpreted sedimentary sequences followed Gao et al.
(2020), which described the stratigraphic framework in detail in
the study area. Distinct reflectors typical of volcanic margins,
commonly known as seaward dipping reflectors (SDR), can be
seen along the N-MOZR between CDP 7401-14801, with ~ 45 km
wide. The reflectors show a high-amplitude, a divergent arcuate
with dip steepening from sub-horizontal and laterally continu-
ous at little over 4 km depth, and can be observed to at least 5.5 km
below the basement. It is also characterized by abrupt strata ter-
mination in landward direction, along the basement high (Fig. 3).
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No clear observation of fault controlling the SDR unit accom-
modation was identified. Moreover, toward the MB, we also ob-
served other high-amplitude reflectors between CDP 18501-
22201 (Fig. 6a). Below the SDR, we clearly see the transition from
low-amplitude reflectors from the N-MOZR to high-amplitude
and chaotic reflectors in the Mozambique Basin, separated by
deformed reflectors aligned vertically between 7 km and 14 km
depth below the basement in the CDP 18501 corresponding to
MFZ (Fig. 4). The high amplitude reflectors observed between
CDP 18501-22201 appear to accommodate along the fracture
zone. The base of the crust in some parts of the MB that we were
able to identify is marked by a continuous reflection below 9 s
TWT interpreted as Moho discontinuity. From the Moho reflec-
tion, we observed that the crust thins to the southeast, from the
N-MOZR, where the Moho discontinuity is deeper to MB, where
the Moho reflection depth decreases along the major fault de-
formation in the CDP 40701 (Fig. 5).

The free-air gravity anomaly varies considerably along the
profile. The eastern part of the NNV (between 0 km and 50 km) is
composed by relatively thinner crust compared to the western
part and MCP with 30-35 km (Domingues et al., 2016; Moulin et
al,, 2019). The free-air anomaly shows a maximum of ~80x10-% cm/s?,
with a positive Bouguer anomaly (less than 300x10-° cm/s?) and
magnetic anomaly. At 30-50 km, we observed a gravity low that
coincides with a sharp change in crustal thickness. The Moho re-
lief in this area gradually rises from 24 km in the NNV to 14 km in
the N-MOZR.

At 50-132 km (across the MOZR), the free-air anomaly shows
a maximum peak of ~120x10-5 cm/s? with a positive Bouguer an-
omaly (300x10-5-350x10-% cm/s?) and a local minimum and max-
imum of —200 nT and 200 nT, respectively, in response of mag-
matic intrusions (Fig. 3b). At 119-144 km (N-MOZR and MB
boundary), the free-air and magnetic anomaly rapidly drop to
less than 40 mGal and less than -100 nT, respectively, along the
MFZ. Furthermore, the Moho shows a flat topography in this
area, until 240-270 km, where the Moho relief very sharply rises
to ~5 km (Fig. 6¢). The free-air anomaly has two local peaks
(180-210 km and 240-270 km) due to intrusions and a major

Nw CDP SE
1 3701 7401 11101 14801 18501 22201 25901 29601 33301 37001 40701 44401 48101 51801 56204
32{112;5rn natal | northern Mozambique Ridge |MFZ | Mozambique Basin

TWT/s
=N

Fig. 2. Uninterpreted seismic01 profile from NW-SE, showing the northern Natal Valley, northern Mozambique Ridge, Mozambique
Fracture Zone (MFZ) and Mozambique Basin. TWT: two-way travel time.
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SE
29601

25901

TWT/s

TWT/s

Fig. 3. Enlarged section of profile seismic01 showing the high-amplitude SDR in the northern Mozambique Rudge (N-MOER) (a) and
its simple seismic interpretation (b). T1, T2 and T3 are stratigraphic unconformities observed in the N-MOZR, and t1 and t2 are
unconformities observed in the Mozambique Basin (Gao et al., 2020). TWT: two-way travel time.

fault, with a negative magnetic anomaly and very high Bouguer
anomaly (400x10-5-450x10-° cm/s?). The oceanic crust in the MB
has a thickness of ~9.5 km, which is thicker than normal oceanic crust.

The final density model (Fig. 6d) consists of five layers with
densities ranging from 1.03 g/cm to 3.33 g/cm?®. The water and
sedimentary layers have densities of 1.03 g/cm? and 2.1 g/cm?,
respectively. The NNV and N-MOZR crust has a density of 2.87 g/cm3,
and the MB crust has a density of 2.9 g/cm3. The mantle was
modeled with a density of 3.33 g/cm?. In conformity with wide-
angle data (e.g., Moulin et al., 2019), a high density lower crustal
body (HDLCB) with 3.19 g/cm3was added at 0-80 km.

5.2 Profile seismic02

Profile seismic02 is 346 km long with a W-E orientation
(Fig. 1b). It is located on the eastern tip of the N-MOZR.

In this seismic profile, we also observed two regional continu-
ous, prominent, high-amplitude reflectors in the sedimentary
basement, corresponding to top basalts between CDP 56372 and
48972 in the N-MOZR and the oceanic crust between CDP

48972-8721 (Fig. 7a).

The free-air gravity anomaly along the profile varies between
31x10-% cm/s? and 95x10-% cm/s? (Fig. 7c). Over the N-MOZR
between 0 km to 30 km, the gravity anomaly reaches 80-89 cm/s,
the magnetic anomaly is constant at 50 nT, and the Bouguer an-
omaly is positive (320x10-5 cm/s?) (Fig. 7b). However, from 30 km
to 65 km, we observed a rapid decrease in free-air anomaly near
the N-MOZR and MB boundary, along the MFZ to ~40x10-% cm/s?
that then rises to ~60-70x10-5 cm/s?, and remained constant
throughout the MB (between 110 km and 340 km). These obser-
vations coincide with the changes in the Moho depth, where
gradually rises from ~15 km depth in the N-MOZR to 10 km depth
in the MB. The magnetic anomaly in the MB fluctuates from neg-
ative to positive throughout the basin (-50 nT to 50 nT), with a
high positive Bouguer anomaly. The oceanic crust in the MB has
a thickness of ~8.1 km, which is thicker than normal oceanic
crust.

The final density model (Fig. 7d) consists of a simple layered
model with five anomalous density layers, with densities between
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TWT/s

Fig. 4. Seismic profile crossing the Mozambique Fracture Zone,
showing the shear zone below the lava flow that separates the
low amplitude reflectors from the northern Mozambique Ridge
to high amplitude reflectors in the Mozambique Basin. TWT:
two-way travel time.

1.03 g/cm3 and 3.33 g/cm3. The water density was set at 1.03
g/cm3, and the sediment density was 2.1 g/cm3. The N-MOZR
crust was assigned a density of 2.87 g/cm?, and the MB crust was
2.9 g/cm3. Finally, the mantle was modeled with a density of 3.33
g/cmd.

6 Discussion

6.1 The nature of the northern Mozambique Ridge

Analysis of the seismic reflection data and density models
yielded three important results. (1) The N-MOZR is formed by
thinned and intruded continental crust, possibly caused by a
continental extension, followed by the rupture of the MFZ. (2)
The N-MOZR forms the transition zone from typical continental
crust to abnormal oceanic crust on the MB, separated by a trans-
form boundary. (3) The presence of SDR, basaltic intrusions, and
HDLCB along the N-MOZR suggest that the development of the

transform boundary was accompanied by intense magmatism.

According to Basile (2015), a transform margin is a continent-
ocean boundary superposed onto an active or previously active
transform fault. Usually, this transform boundary is marked by a
high-standing continental marginal ridge, 50-100 km wide, adja-
cent to a deep sedimentary basin (Lorenzo and Wessel, 1997;
Bird, 2001; Berndt et al., 2001); this is consistent with our obser-
vations in the N-MOZR. The high-standing marginal ridge may
have been induced by thermal uplifting during seafloor spread-
ing (Lorenzo et al., 1991). Moreover, Fischer et al. (2017) and
Jacques et al. (2018) showed that the basement high on the MOZR
is related to the development of a large igneous province (LIP).

Domingues et al. (2016) observed a seaward thinning of the
continental crust from the 35 km thick in the MCP to the 25-30 km
thick in the NNV (Moulin et al., 2019), which gradually thinned
seaward showed by our results; this is supported by the Bouguer
gravity anomaly data (Figs 1d and 6b) showing gravity values
above those of the Kaapvaal Craton, implying a shallow Moho
depth underneath the N-MOZR. Additionally, the Moho relief in
profile seismic01 rises gradually from 24 km depth in the NNV to
14 km depth in the N-MOZR, reflecting a crustal thickness vari-
ation from ~18 km in the NNV (Fig. 6: 0-50 km) to ~10 km in the
N-MOZR (Fig. 6: 50-132 km and Fig. 7: 0-60 km). Although, our
density model has a high depth uncertainty, we believe that it is
in agreement with the observations of Domingues et al. (2016)
and Moulin et al. (2019). Our models show average densities of
2.87 g/cm3 for the N-MOZR crust, which are in agreement with
typical continental crust densities (Christensen and Mooney,
1995) and 2.9 g/cm?3 for the MB oceanic crust, and 3.19 g/cm? for
the HDLCB (Figs 6 and 7) (Mjelde et al., 2005; Voss and Jokat,
2007; Leinweber et al., 2013; Miiller, 2017).

Several studies have documented the presence of thick
wedges of volcanic flows in the rifted margins, commonly associ-
ated to volcanic margins that are expressed in seismic data as
SDR and HDLCB seaward of the continental rifted margin,
between typical continental crust and normal oceanic crust
(Korenaga et al., 2000; Menzies et al., 2002; Geoffroy, 2001, 2005;
Mjelde et al., 2007; Franke et al., 2013; Leinweber et al., 2013).
The high free-air gravity and pronounced positive magnetic an-
omalies observed along the N-MOZR appear to be related to in-
trusions in the NNV between 0-40 km (Fig. 6), the deposition of
SDR and the HDLCB added between 0-80 km (Figs 3 and 6:
50-132 km; CDP 7401-14801), and basaltic lava flow between
0-52 km observed in seismic reflection data (Fig. 7). The SDR in-
terpreted along the N-MOZR indicate an intense syn-rifting vol-
canic activity in this ridge (Fig. 1b). Moreover, we observed intra-
basement seismic reflector changes below the SDR, from contin-
ental crust to typical high-amplitude reflectors, probably resem-
bling igneous rocks emplaced after the Gondwana breakup (Eld-
holm et al., 1995); these were accommodated along the major
shear zone related to the development of the MFZ (Fig. 4) during
the southward drift of the Antarctica block. This process may
have facilitated the emplacement of the igneous rocks in the MB
(Figs 6a and 7a).

The presence of SDR and HDLCB are commonly associated
with volcanic rifted margins, (Menzies et al., 2002; Geoffroy,
2005; Mjelde et al., 2007; Franke, 2013); however, our seismic and
gravity data show that the SDR is located on the interpreted base-
ment high, bound by a major fracture zone to the east, which is
characteristic of transform margins (Berndt et al., 2001; Bird,
2001). Our data indicate a thinned and intruded continental crust
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in the N-MOZR, extending and thinning seaward from the zone
constrained by relatively low free-air gravity and strong negative
magnetic anomalies; this continental region is about 82 km wide
(Fig. 6, 50-132 km) and coincides with the location of the SDR
and HDLCB that we interpreted as magmatic underplating or in-
trusion, as a result of rifting processes, which is in conformity
with Moulin et al. (2019), where they did observe a high velocity
layer beneath the NNV and N-MOZR based on wide-angle data.

Conversely, the thickness of the oceanic crust in the seismic01
profile is higher compared to the seismic02 profile near the N-
MOZR and MB boundary. The crust in the profile seismic01 at
the seaward end of the SDR wedges has ~9.5 km, about 2.4 km
thicker than normal oceanic crust ((7.1+0.8) km given by White et
al., 1992) (Fig. 6d) and ~8.1 km for the profile seismic02 about
1 km thicker than normal oceanic crust, which is consistent with
crustal thickness given by Hanyu et al. (2017) for the MB (Fig. 4d).
In addition to the thickness of the oceanic crust, the presence of
the SDR and HDLCB in the N-MOZR, demonstrates a volcanic
character of the margin, and suggests that the development of the
MFZ was possibly accompanied by magmatism (Lorenzo et al.,
1991), implying a volcanic transform margin as the example of
Voring volcanic transform margin (Berndt et al., 2001), possibly
related to the mantle-plate boundary interaction between the
Antarctica block and Bouvet mantle plume (Leinweber et al.,
2011; Gohl et al., 2011) during the southward movement of the
Antarctica block (Leinweber and Jokat, 2012; Reeves et al., 2016;
Klimke et al., 2018; Senkans et al., 2019).

East of profile seismic01 along the MB (CDP 40701-44401),
we observed diffractions close to a major fault that deformed
both the basement and the overlying sedimentary sequences.
These diffractions are possibly related to deformation phases. We
believe that the major fault is associated with tectonic reactiva-
tion that facilitated the upwelling of magmatic material, produ-
cing relatively high free-air and Bouguer gravity anomalies
between 240 km and 270 km (Fig. 3) (Ben-Avraham et al., 1995;

Tikku et al., 2002; Fischer et al., 2017).

6.2 Implications for the demarcation of the COB

This study provides a good understanding of the COT and
COB of the southern Mozambique margin. Our models reveal
that it is unlikely that the N-MOZR and NNV were formed by
oceanic crust, which is consistent with recent observations
(Hanyu et al., 2017; Thompson, 2017; Moulin et al., 2019), but
rather were created by thinned and intruded continental crust
overlain by SDR and underlain by HDLCB.

Several studies done in the passive margins have shown that
the COT is located between a clear indication of the continental
crust seen through rotated fault blocks and normal oceanic crust.
It is associated with abrupt changes in crustal thickness, reflect-
ing the Moho depth changes, accompanied by changes in the as-
sociated gravity anomaly, the presence of SDR, magmatic under-
plating, and volcanoes (Taylor and Hayes, 1983; Menzies et al.,
2002; Geoffroy, 2005; Franke et al., 2011, 2013; Gao et al., 2015).
Therefore, we interpreted the abrupt changes in crustal thick-
ness that it is evidenced by the gravity low, the shoaling of the
Moho discontinuity, the presence of SDR, and the magmatic un-
derplating or intrusion (between 50 km and 132 km) as repres-
enting the COT for the southern Mozambique margin (~82 km
wide) from the stretched and intruded continental crust at the
NNV (~18 km) to the thick oceanic crust (~9.5 km), separated by
a shear zone which according to Bird (2001) is one of the charac-
teristics of the transform margin.

The igneous complex of southeast Africa is related to three
distinct periods (Wiles et al., 2014): the Early Jurassic associated
with Karoo igneous activity; the Late Jurassic to Early Cretaceous
associated with the breakup of Gondwana, and the period re-
lated to the southward propagation of the East African Rift Sys-
tem. This is consistent with well data drilled along the MCP,
which identified basalts from the Early Jurassic (Fig. 1c, white
circles) related to mantle plume activity prior to the breakup
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between Africa and Antarctica (ECL, 2000). Furthermore, three
boreholes (Zandamela-1, Sunray-2, and Sunray-4) (Fig. 1c, red
circles) recovered basalts from the Early Cretaceous mentioned
above, also interpreted by Thompson (2017) and ECL (2000) us-
ing seismic reflection data. These basaltic intrusions were em-
placed through a series of parallel fractures from west to east

(Flores, 1973; Nairn et al., 1991) as a result of lithospheric stretch-
ing in the Southern Mozambique margin (Ben-Avraham et al.,
1995; Salman and Abdula, 1995; Hanyu et al., 2017), which is dif-
ferent from the C-MOZR and S-MOZR, known to be of oceanic
origin. According to Berndt et al. (2001), the extent of the trans-
form margin high or well known marginal ridges are usually de-
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termined by a combination of tectonic and thermal processes,
which usually should have a width of 100 km or more if it was
mostly controlled by tectonic processes, or less than 100 km if it
was primarily controlled by thermal processes. For the N-MOZR
with ~82 km wide, we believe that falls within the marginal ridges
mostly controlled by thermal uplift than tectonics, which is evid-
enced by basaltic lava flow and magmatic underplating or intru-
sions in the lower crust that probably induced the thermal uplift-
ing (Lorenzo et al., 1991). We suggest that the COB for the South-
ern Mozambique margin is located at the seaward termination of
the SDR, where it coincides with a transition from positive to neg-
ative free-air gravity and magnetic anomalies associated with
MFZ in both profiles at 132 km for the seismic01 profile (Fig. 6)
and 60 km in seismic02 (Fig. 7) (Watts and Fairhead, 1999; Li and
Song, 2012).

7 Conclusions

Our new 2D density models and multichannel seismic pro-
files across the Northern Mozambique Ridge provide an addi-
tional constraint on the crustal structure of this ridge.

The seismic data and density models reveal that the N-MOZR
crust is made by thinned and intruded continental crust rather
than oceanic crust. The crust underneath N-MOZR was thinned
by continental extension associated with a magma-rich rifting,
followed by the rupture of the MFZ during the southward drift of
the Antarctica block.

The shear zone observed on multichannel seismic data sug-
gests a transform boundary between the continental crust of the
N-MOZR and the oceanic crust of the MB. We observed typical
transform margin structure, such as the transform margin high,
thinning seaward over a distance of ~82 km along the transition
from continental to oceanic crust, and a major transform fault
between the continental and oceanic crust, indicating that the
evolution of the Southern Mozambique margin was also con-
trolled by a transform margin setting.

The prominent high free-air gravity and positive magnetic an-
omalies represent the high-amplitude reflectors, known as sea-
ward dipping reflectors and HDLCB, observed on the seismic
profile. The presence of SDR, HDLCB, and thick oceanic crust in-
dicates that the evolution from rifting to the development of this
transform margin was accompanied by intensive magmatism,
possibly as a result of the mantle-plate boundary interaction dur-
ing the southward movement of Antarctica, thus suggesting a vol-
canic transform margin for the southern Mozambique margin.

We suggest that the N-MOZR mark the COT for the Southern
Mozambique margin. Furthermore, we propose that the COB is
located seaward termination of the SDR, where it coincides with
a transition from positive to negative free-air gravity, magnetic
anomaly, and bouguer anomaly associated with MFZ.

The Early Cretaceous basaltic intrusions at the MCP and
NNV, found in data from wells Zandamela-1, Sunray-2, and Sun-
ray-4, indicate that the lithospheric stretching in the Southern
Mozambique margin was accompanied by volcanism from west
to east prior to seafloor spreading. Our results are consistent with
the current understanding that the COB in the Southern Mozam-
bique margin is probably located along the MFZ.
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