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Abstract a variety of structures results from the interplay of evolving far-field forces, plate kinematics,
and magmatic activity during continental break-up. The east Limpopo transform margin, offshore northern
Mozambique, formed as Africa and Antarctica separated during the mid-Jurassic period break-up of the
Gondwana supercontinent. The nature of the crust onshore has been discussed for decades in an effort to
resolve issues with plate kinematic models. Two seismic refraction profiles with coincident multichannel
seismic reflection profiles allow us to interpret the seismic velocity structures across the margin, both onshore
and offshore. These seismic profiles allow us to (a) delineate the major regional crustal domains; (b) identify
widespread indications of magmatic activity; and (c) map crustal structure and geometry of this magma-

rich transform margin. Careful examination of the profiles allows us to make the following observations and
interpretations: (a) on land, continental crust is overlain by a >10-km thick volcano-sedimentary wedge related
to an early rifting stage, (b) offshore, thick oceanic crust formed due to intense magmatic activity, and between
the two (c¢) a 50-60-km wide transform zone where the crustal structures are affected by intense magmatic
activity and faulting. The prominent presence of intrusive and extrusive igneous units may be attributed to

the combination of a deep-seated melting anomaly and a trans-tensional fault zone running through thinned
lithosphere that allowed melt to reach the surface. A comparison of the crustal thinning along other transform
margins shows a probable dependence with the thermal and/or tectonic history of the lithosphere.

1. Introduction

The crustal structure of rifted continental margins can be highly variable (Blenkinsop & Moore, 2013) largely
due to changes in plate kinematics during the sequential stages of rifting, break up, and ocean basin formation.
Changes in plate motion during these stages can result in the segmentation of the rift and the subsequent spread-
ing center, vertical movement of the crust, and affect the evolution of the thermal regime (Huismans & Beau-
mont, 2011). Thus, continental margins can be classified according to their orientation relative to the direction of
plate motion: orthogonal being considered divergent margins, oblique being considered trans-tensional margins,
and parallel being considered to transform margins. Changes in plate kinematics can induce an evolution from
divergent to transform within the same margin (Brune et al., 2018; Philippon & Corti, 2016).

Transform margins are thought to develop through a series of stages: (a) the continent-continent stage of in-
tra-continental transform faulting; (b) the continent-ocean shear stage in which the active transform margin devel-
ops; and (c) the post-shear stage of the passive transform margin (Ammann et al., 2018; Basile, 2015; Bird, 2001;
Le Pichon & Hayes, 1971; Le Pourhiet et al., 2017; Lorenzo, 1997; Mascle & Blarez, 1987; Mercier de Lépinay
et al., 2016). However, the tectonic and magmatic history of transform margins can be much more complex
and variable than this simple classic model. Some transform margins exhibit evidence of at least one divergent
episode prior to the development of transform motion (e.g., Guiana, Greenroyd et al., 2007; South-Africa; Her-
mann & Jokat, 2016; Demerara Plateau; Museur et al., 2021; Parsiegla et al., 2009; Jan Mayen Fracture Zone;
Stankiewicz et al., 2008), or in some cases trans-tension, a combination of extension and shear (e.g., Edwards
et al., 1997). Magmatic activity can occur at different stages of transform margin evolution: (a) during an early
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divergent stage (e.g., Museur et al., 2021), (b) during transform motion resulting in a “leaky” transform (e.g.,
Greenroyd et al., 2008; Ritzmann et al., 2004), or (c) during all stages of transform margin evolution (e.g., Par-
siegla et al., 2009). Thus, crustal structure and thermal evolution of transform margins can differ significantly
from divergent margins (Mercier de Lépinay et al., 2016), and may result in such features as a marginal ridge and/
or plateau (e.g., Basile, 2015; Basile et al., 1998; Loncke et al., 2020; Mercier de Lépinay et al., 2016; Nemcok
et al., 2016; Sage et al., 2000).

Transform and divergent margins do exhibit some similarities in that their crustal structure can be categorized
into three distinct domains: continental and oceanic, often with a transitional domain in between. These structural
domains record the interplay of the tectonic and magmatic processes that formed them. The continental domain
is characterized by unequivocal continental crust, showing a marked thinning in distal parts of the margin. The
transitional domain corresponds to the transition from thinned continental crust to oceanic crust (e.g., Cannat
et al., 2009; Jolivet et al., 2015; Nonn et al., 2017; Péron-Pinvidic & Manatschal, 2019; Péron-Pinvidic & Os-
mundsen, 2016; Sutra et al., 2013).

The continental rifted margins off the coast of Mozambique provide excellent examples of divergent, trans-ten-
sional, and transform margins with significant structural and magmatic histories (Figure 1). Before this study,
the nature and geometry of the distinct crustal domains were poorly known across segments of the Mozambique
margin, in particular along the Mozambique Coastal Plain (Figure 1), and at transform margins in general due to
the lack of high-resolution crustal-scale seismic data. Questions remained regarding the Early Jurassic igneous
province that crops out around the Mozambique Coastal Plain (e.g., Melluso et al., 2008; Klausen, 2009) and is
thought to be related to the Karoo mantle plume (e.g., Duncan et al., 1997; Svensen et al., 2012). Previous studies
found onshore volcanic units and dyke complexes dating from ca. 183 Ma, potentially related to the rifting event
(Duncan et al., 1997; Jourdan et al., 2006, 2007; Klausen, 2009), which may shed light on the early stages of
margin development. While wide-angle and multi-channel seismic data from previous studies (Mahanjane, 2012;
Leinweber et al., 2013; Mueller et al., 2016; Mueller & Jokat, 2017; Klimke et al., 2018; Senkans et al., 2019)
have provided insights into the crustal structure of the Beira High and Angoche segments along the Central
Mozambique margin, the tectonic structure, and nature of Mozambique's Limpopo margin crust are still poorly
known (Figure 1). Remarkably, not only is the crustal structure of the offshore Limpopo unclear, but the nature
of the onshore crust as far west as the Lebombo monocline and as far north as the MatakeSabi monocline (Lein-
weber & Jokat, 2011) is poorly constrained. It has been discussed as being either continental or oceanic based
on gravity modeling showing that both interpretations are possible (Gwavava et al., 1992). Determining whether
this region is continental or oceanic would have significant implications for conjugate margin studies and plate
tectonic reconstructions.

Mapping carried out in this study reveals the margin crustal domains and improves our knowledge of the evolv-
ing magmatic supply during margin formation. Two seismic refraction profiles were acquired and analyzed in
conjunction with existing industry seismic reflection profiles. We present the results of the velocity modeling and
characterize the crustal domains of the Limpopo margin, providing a better understanding of the formation and
evolution of this margin and perhaps that of conjugate margins in general.

This study is associated with that of Roche et al. (2021), which presents the structural interpretations with the
identification of distinct tectonic deformation episodes.

2. Geological Setting

Several plate kinematic models based upon geological studies, potential field data, and seismic data propose re-
constructed initial positions of Africa and Antarctica (Evain et al., 2021; Gaina et al., 2013; Klimke et al., 2018;
Leinweber & Jokat, 2012; Reeves et al., 2016; Sahabi, 1993; Thompson et al., 2019). These plate kinematic mod-
els show that Africa and Antarctica were joined along what is now the Mozambique margin, before the break-up
of Gondwana. The Africa-Antarctica Corridor (AAC), which separates the continental margin, is the result of
the southward drift of Antarctica relative to Africa along the Davie and Mozambique fracture zones (Figure 1a).
The Limpopo transform margin is located in the northwestern part of the AAC, between the African continent in
the west and the deep-water Mozambique Basin in the east. It lies to the south of the magma-rich Beira High and
Angoche divergent margin segments (Figures 1a and 1b; Senkans et al., 2019).
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Figure 1. Location map of the study area and geodynamic context of the Limpopo transform margin and Mozambique Channel. (a) Map of the Mozambique

margin and Channel. LIP: Large Igneous Province, MCP: Mozambique Coastal Plain, AAC: Africa-Antarctica Corridor. The well shown in red contains basalts
dated in Roche et al. (in rev., this journal) at 181-186 Ma (Karoo). (b) Structural context of the study area (Roche et al., in rev.; modified from Castilla et al., 2015;
Senkans et al., 2019). White and black dots are magnetic anomaly identifications and thin black lines are the denote oceanic transform fault zones (after Leinweber
& Jokat, 2012; Mueller & Jokat, 2017, 2019). (c) Map of the areal extent of the Karoo Igneous Province and the associated Karoo sediments (Nguyen et al., 2016)

in the African continent. The Ferrar Igneous Province is located in the Antarctica continent, which is shown in its reconstructed position before the opening of the
Mozambique basin (modified from Klimke et al., 2018). Dashed lines show the reconstructed positions proposed by the various kinematic models listed in the legend
(Gaina et al., 2013; Klimke et al., 2018; Leinweber & Jokat, 2012; Reeves et al., 2016; Sahabi, 1993; Thompson et al., 2019).

Magmatic activity played an important role throughout the geological history of the region. The Karoo and Ferrar
Large Igneous Provinces (LIP), in Africa and Antarctica, respectively (Jourdan et al., 2009), are associated with
the rifting and dispersal of Gondwana, during the Early Jurassic. Most of the Karoo LIP volcanism occurred
between 184 and 177 Ma (Jourdan et al., 2007). This thick series of basalts (White & McKenzie, 1989), mainly
crops out in the Lebombo Monocline, just west of the Mozambique Coastal Plain (Klausen, 2009, Figure 1a).
The origin of this magmatic province is still controversial and may be associated with a mantle plume activity
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or with decompression melting due to divergent far-field forces (e.g., Cox, 1989; White & McKenzie, 1989;
Jourdan et al., 2007; Klausen, 2009; Hastie et al., 2014; Peace et al., 2019). Subsequently, magmatic activity be-
came more widespread, occurring throughout the Mozambique Channel (e.g., the Mozambique Ridge, Figure 1).
This widespread magmatic activity ranges in age from the Lower Cretaceous (Erlank & Reid, 1974; Fischer
etal., 2017; Konig & Jokat, 2010; Thompson et al., 1982) in the south Natal Valley to Mid-Miocene-to-present in
the Natal Valley and the areas south of Beira High and Angoche segments (Ben-Avraham et al., 1995; Courgeon
et al., 2017, 2018; Deville et al., 2018). This volcanic activity may have been associated with a large, deep, and
long-lived thermo-chemical anomaly that may be the source of the Karoo LIP volcanism as well as the pres-
ent day Afar mantle plume (e.g., Jacques et al., 2019; O’Connor et al., 2019; Torsvik & Cocks, 2013; Torsvik
et al., 2000).

The entire Mozambique margin shows clear indications of a rifting stage during the emplacement of the Karoo
LIP, before the transform motion (e.g., Roche et al., 2021; Senkans et al., 2019; Vormann et al., 2020). This
rifting stage is characterized by intense syn-rift magmatic activity that is observed both offshore and onshore as
evidenced by the seaward dipping reflectors at Angoche margin and magmatic sills and volcano-clastic material
at Beira High (Senkans et al., 2019), as well as basalts, including some below Cretaceous sediments, found in
wells (Flores, 1984; Ponte et al., 2019; Raillard, 1990; Salman & Abdula, 1995). The onshore outcropping Pro-
terozoic basement consists of a Precambrian orogenic zone, the Mozambique Belt, along the northern part of
Beira High and Angoche segments, and the Kaapval craton along the Lebombo Monocline (Figures 1a and 1b;
Daly et al., 1989). Northwest-southeast trending extension resulted in continental break-up followed by seafloor
spreading, which occurred in the Angoche segment first (Figure 2). Recent seismic reflection profiles crossing
the Central Mozambique margins (Angoche and Beira High segments) show that the peculiar oceanic crust seis-
mic facies is not apparent before chron 33n (161 Ma) in the Angoche segment and chron 25n (156 Ma) in the
Beira High segment (Figure 1b; Senkans et al., 2019). The onset of seafloor spreading in the Beira High segment
may have been slightly delayed by the formation and failure of the northern Beira High rift (Figure 1b; Senkans
et al., 2019) and polyphase seafloor spreading as proposed by Mueller and Jokat (2019).

The deformation style along the Limpopo margin varies from oblique rifting resulting from NW-SE extension
during the Kimmeridgian (stage TF1, Figure 2), to transform motion resulting from N-S extension during the
Barremian (stage TF4, Figure 2). During the intermediate stages (TF2 and TF3, Figure 2), the orientation of
extension rotated, leading to the formation of a trans-tensional faulting system along the margin, with a wide
zone affected by shear deformation. The two profiles presented in this study cross the transform fault system
and, together with industry seismic reflection data, the velocity models provide clear insight into the nature and
geometry of the crust, as well as the occurrence of magmatic activity.

3. Data Acquisition and Processing

The seismic refraction and collocated multi-channel seismic data used in the study were acquired during the
MOZ 3/5 cruise in 2016 (Moulin & Aslanian, 2016; Moulin & Evain, 2016). We used additional high-resolution
multi-channel seismic reflection profiles for the seismic interpretation acquired by INP - WesternGeco in 2013.
The seismic refraction data (Watremez et al., 2021) allowed us to build velocity models at crustal scale, while the
coincident commercial and academic seismic reflection profiles allowed us to image and model shallow struc-
tures, particularly the uppermost basement.

3.1. MOZ 3/5 Survey

In this study, we present the results of the P-wave velocity modeling along two seismic refraction profiles crossing
the East Limpopo Margin: MZ4 and MZ5 (Figures 1 and 3). The two profiles were acquired across the transform
margin, but with slightly different orientations.

The two profiles were acquired using a 6,500 in? source (i.e., 107 L, using 15 airguns), fired every 60 s (~155-m
spacing), and synchronized on the first peak (Avedik et al., 1993). A total of 1,504 and 1,882 shots were record-
ed by all instruments along MZ4 and MZ5, respectively. Data were recorded by 16 ocean bottom seismome-
ters (OBS) and 18 on land seismometers along MZ4, and 22 OBSs and 16 on land seismometers along MZ5.
The lengths of the profiles, from the westernmost on land seismometer to the easternmost shot, are ~360 and
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Figure 2. Series of sketches showing the evolution of the central Mozambique area and the Limpopo magma-rich transform
zone based on a study of the Angoche and Beira High segments by Senkans et al. (2019), our study and that of Roche et al.
(2021). Isochrons modified from Mueller and Jokat (2019). Red lines show the location of the seismic profiles. Transform
stage 1 (TF1): Initiation of the transform fault zone may have occurred at 155 Ma as seafloor spreading, oriented NW-SE,
began along the Beira High and Antarctica conjugate margins. Transform stage 2 (TF2): The opening of the oceanic basin
continues with the spreading center migrating southward. Transform fault stage 3 (TF3). The direction of opening and the
transform fault have become slightly oblique to the Limpopo transform margin. Transform fault stage 4 (TF4): the direction
of extension trended NS during T4.

~400 km for MZ4 and MZ5, respectively. Data were picked at source-receiver distances of up to 330 km using
Zplot, an interactive picking and visualization software for seismic data, developed by C. Zelt.

Instrument spacing was 12 and ~3 km offshore and onshore, respectively. All the OBSs were 4-components-in-
struments (hydrophone and three-component-geophone; vertical, transverse, and radial) and were relocated on-
board using the arrival times from the closest shots. On land seismometers along the profiles were all three-com-
ponent-geophones. The data acquired along the two profiles generally have high signal-to-noise ratios, for both
OBSs and on land seismometers. However, the signal tends to be noisier on instruments that are close to the coast-
line due to factors such as dense marine traffic and waves. Frequencies of data collected by the OBS hydrophones
are usually higher than that collected by OBS vertical geophones at short source-receiver distances (hereafter
“offsets”), while OBS vertical geophones record high amplitude signals at larger offsets than hydrophones. Thus,
we used both data sets for our processing.
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Figure 3. Location of the profiles used in this study and (a) bathymetry map, and (b) free-air gravity anomaly map. The
bathymetry data from the GMRT compiled data set (Ryan et al., 2009) and the MOZ 3/5 cruise data. The free-air gravity
anomaly data from the Sandwell and Smith (2009) data (v18.1).
Collocated seismic reflection data were acquired as the refraction shots were recorded, on a 4,500-m-long solid
streamer section with 720 channels distributed every 6.25 m. On-board processing was carried out using the Geo-
cluster software (CGG-Veritas). The main processing sequence consisted of external mute of the direct wave and
water column, wideband filter (1-8—-64-92 Hz), predictive deconvolution, surface-related multiple elimination,
normal move-out correction, time-dependent bandpass filtering, external mute of the seabed, and associated re-
fractions, and stacking. Finally, a Kirchhoff migration was applied before stacking the pre-processed data.
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Collocated potential field data were also acquired during the MOZ 3/5 cruise. Free-air gravity anomaly data were
acquired using a KSS31M gravimeter located near the ship's center of gravity, and magnetism data were acquired
using an SMMII magnetometer attached at the end of the seismic streamer to prevent the ship's magnetic field
from influencing the signal.

3.2. Method, Phase Picking, and Uncertainties

Two primary methods are generally used to process travel time arrivals from wide-angle seismic data to gener-
ate a velocity model: forward modeling and travel-time tomography. In this study, we used the Rayinvr forward
modeling scheme developed by Zelt and Smith (1992). Model parameters consist of interface depth nodes, the
depth of the interface being linearly interpolated between two nodes, and velocity nodes located at the interfaces
(just above and/or just below, allowing for velocity contrasts at each interface). The aim of forward modeling is
to build a velocity model with the smallest number of parameters as possible that correlates well with the data,
lying within the data uncertainty range (“minimum parameter” or “minimum structure” approach in Zelt, 1999).
We followed a layer stripping strategy, working first with the arrivals at short offsets (uppermost layers), and
building the model from top to bottom, including arrivals at larger offsets, that is, that traveled in deeper (higher
P-wave velocities) structures (Zelt, 1999). Rayinvr also has an inversion scheme, but it is not efficient when the
model structure is complicated by layers pinching out, velocity inversions with depth, and/or strong lateral veloc-
ity variations. However, this inversion feature can be useful for resolution assessment (see Section 3.3 Resolution
assessment and Zelt, 1999). We also ran Tomo2D (Korenaga et al., 2000) layer-stripping inversions using the
same method as Sallares et al. (2011) for the offshore parts of both models, giving similar but smoother results
than those obtained with Rayinvr (see Section S1 in Supporting Information S1 for more details).

The first step of forward modeling is to identify the different seismic phases on each seismic record, starting from
the arrivals at short offsets (i.e., arrivals from the uppermost layers). Table 1 links the phase codes and interpre-
tation of the typical velocities. This interpretation can vary slightly near the sediment/crust interface and will be
discussed later in the text; Table 1 must be considered as a guide.

Most of the seismic phases can be identified by comparing the signal and apparent velocities from one instrument
to another, while maintaining lateral velocity continuity to respect the minimum parameter approach during
modeling. For the shallowest layers, that is, the sediments, we compared the arrival times of reflected arrivals at
normal incidence along the OBS records with the seismic reflection profile to help define which phases to use
in the sediments.

Building a minimum structure model involves modeling the smallest number of layers possible. Thus, an interface
in the velocity model may differ from a geological interface observed on the seismic reflection data, especially
in sediments. An example of phase identification in the sediments is shown in Figures 3a and 3b. The hyperbola
shaped arrivals in the central part of the record correspond to the intra-sedimentary reflections that were picked
following the comparison with the seismic reflection profile, in two-way travel time. We chose the sediment re-
flections that could be associated with refracted arrivals in the layer above the reflection and that had an apparent
velocity close to the reflections at larger offsets. Some other arrivals could be seen with apparent velocities typi-
cal for sediment phases but are interpreted as converted S-wave arrivals. Indeed, they show comparable features
to P-waves, but with slower apparent velocities. For example, the clear set of arrivals dipping down from 2 to 4 s
at offsets >10 km (in Figure 4a) corresponds to a seismic phase that propagated as refracted S-waves in the crust.

Deeper phases are defined using the apparent velocities of the refracted phases while always trying to limit
lateral velocity variations within a layer (minimum structure). Examples of phase identification in the crust and
uppermost mantle are shown in Figures 4b—4d (down to upper-crust and, to lower-crust and to uppermost mantle,
respectively). This phase identification process allowed us to identify a total of 68,719 and 75,920 arrival times
on the OBS and land-seismometers record sections of MZ4 and MZ5, respectively.

To assess the fit between the data (i.e., picks) and the model (i.e., computed arrival times), uncertainty values
must be assigned to the picked arrival times. These uncertainties are set by an automatic process as a function
of the signal-to-noise ratio, independent of the user and the picked phase (Zelt, 1999). Zelt and Forsyth (1994)
used an empirical relationship to define the uncertainties using the signal-to-noise ratio of the seismic trace of
250 ms before and after the pick. However, this relationship was defined in 1994, and the data available today
have a greater number of shots within a given distance, and source signals have been improved (wider range of
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Table 1

Description of the Model Phases

Phase Description

1.0 WW — Direct arrival in the water

2.1 Sedl — Refraction in the first sediment layer

2.2 SedlR — Reflection at the base of the first sediment layer

3.1 Sed2 — Refraction in the second sediment layer

32 Sed2R — Reflection at the base of the second sediment layer
4.1 Sed3 — Refraction in the third sediment layer

4.2 Sed3R — Reflection at the base of the third sediment layer
5.1 Sed4 — Refraction in the fourth sediment layer

5.2 Sed4R — Reflection at the base of the fourth sediment layer
6.1 Sed5 — Refraction in the fifth sediment layer

6.2 SedSR — Reflection at the base of the fifth sediment layer
7.1 Sed6 — Refraction in the sixth sediment layer

7.2 Sed6R — Reflection at the base of the sixth sediment layer
8.1 Sed7 — Refraction in the seventh sediment layer

8.2 Sed7R — Reflection at the base of the seventh sediment layer
9.1 Sed8 — Refraction in the eighth sediment layer or the uppermost basement
9.2 Sed8R — Reflection at the base of the eighth sediment layer or uppermost basement
10.1 Pgl — Refraction in the upper-crust

10.2 PgP — Reflection at the intra-crustal boundary

11.1 Pg2 — Refraction in the lower-crust

11.2 PmP — Reflection at the Moho discontinuity

12.1 Pn — Refraction in the uppermost mantle

Note. The left column presents the phase names used during modeling: the first number is the deepest layer in which the ray
is traced and the second number describes the type of propagation (0 for direct waves, 1 for refractions, and 2 for reflections
at the base of the considered layer).

frequencies), probably leading to overestimates of this uncertainty, especially at short offsets. Therefore, we
decided to use a slightly modified version of Zelt and Forsyth's (1994): we reduced the uncertainties for offsets
<30 km (see Section S2 in Supporting Information S1). This way, an objective value of picking uncertainty in
time, was automatically assigned to each pick.

3.3. Resolution Assessment

The modeling statistics consist of the number of rays traced in the model (N), the root-mean-squared travel time
residual (ty,, ), and the normalized chi-square (y%). y* corresponds to the average misfit between the theoretical
and picked travel times, with respect to the picking uncertainty. A y? reduced to ~1 means that the phase/model
correlates well with the picks, falling within their uncertainty margins (Bevington, 1969). Table 2 presents the
modeling statistics for each phase and each model. Thus, the two models correlate well with the data, when 2
values are close to 1. Almost 94% of these picks are actually modeled after the ray-tracing in each model. Section
S3 in Supporting Information S1 presents all the fits for each instrument used in this study. Despite similar values
of 2, the 1, values tend to be greater along MZ4 than along MZ5. This is due to the fact that the signal-to-noise
ratio is generally higher along MZ5 than along MZ4.

Another test that can be used is to assess the sensitivity of the model to perturbations of the model parameters (i.e.,

velocities or interface depths) by plotting #,,,,. values for different sets of perturbations (e.g., Leprétre et al., 2013).

RMS
We present the results of this test as velocity anomaly diagrams (see Section S4 in Supporting Information S1.
This test is useful in that it provides an estimate of the range of uncertainty for the velocities within the crust/

uppermost mantle and for the depth of the Moho. For example, a 0.1 km/s velocity perturbation in the lower crust
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Table 2 or the uppermost mantle leads to a significant increase of the residual travel
Modeling Statistics times (>50 ms) for both profiles (Section S4 in Supporting Information S1).
MZ4 MZ5 The velocity models are presented together with their quantitative resolution
Phase N fens 7 N fanas 7 results (Figures 5 and 6). We present the values of the diagonal of the reso-
10 956 o 0419 1414 = 0.142 lution matrix (Figures 5 and 6b) and the acceptable velocity deviations from
the velocity model using a Monte Carlo analysis (Figures 5c, 5d, 6¢ and 6d).
2.1 174 27 0.679 113 33 0.358
29 725 22 0.294 1.063 2 0445  The resolution of each velocity and interface depth nodes can be assessed
31 343 25 0577 471 29 0.482 using the value of the diagonal of the resolution matrix obtained from the
inversion scheme of Rayinvr (Zelt, 1999). A value of the diagonal of the
32 L 22 0-291 e 27 0499 resolution matrix below 0.5 is considered fair, values above 0.5 are consid-
el = = s 395 - ez ered good, and values above 0.75 are considered very good. Both diagrams
4.2 916 25 0.562 2,331 28 0499  of the value of the diagonal of the resolution matrix show good to very good
5.1 102 25 0.699 86 31 0.48 resolution throughout the velocity models (Figures 5 and 6b). In particular,
52 832 38 0.854 1,021 28 0.387 (a) resolution is close to one in the crustal layers; (b) it is still good but with
6.1 65 2 0.704 35 30 0.562 more variability in the sedimentary layers, depending on the number of picks
modeled and potential presence of low velocity zones, thin layers, and pinch-
62 946 4 1.826 1,140 3 0611 outs; and (c) it is also lower at the ends of the sections, at model distances
a1 e 25 A 190 31 0.487 lower than the landward-most shot and greater than the seaward-most OBS;
72 2,071 33 1.146 697 30 0771  thatis, in areas where seismic rays traveled in only one direction. Similarly,
8.1 147 37 0.879 1,349 33 0.306 the resolution of the interface depth nodes in the crust is also very good,
8.2 59 47 0.618 759 32 0.147  except where layers pinch-out (MZ5, model distances of 110-120 km and
91 1,949 B 0.978 1.806 31 0582 140-150 km, 6-7 km depth, Figure 6). However, such high-resolution values
in the crust are meaningless. Therefore, we ran a quantitative resolution anal-
92 387 4 0825 e 33 0-584 ysis in the crustal layers using VMonteCarlo.
10.1 3,880 52 1.152 5,528 46 0.615
102 1,845 77 1.075 3.070 63 0712 VMonteCarlo (Loureiro et al., 2016) is an automatic procedure that tests the
111 16.490 9 1035 19.860 66 Lo values for the velocity and interface depth nodes within a certain range and
quantitatively assess their resolution. Here, we use this procedure for the
1.2 DB 2 1.214 12,948 e L0 crustal and uppermost mantle layers. The velocity and depth nodes in the
12.1 17,840 134 1151 13,074 90 1.892 crust and uppermost mantle were randomly perturbed following the para-
Total 64,231 103 1.073 71,283 68 1.138 metrization scheme in Table 3. The choice of the introduced perturbations
Note. N: number of rays traced in the model; t: root-mean-squared travel was guided by the results of the velocity anomaly diagrams (see Sections

time residual (ms); 2 normalized chi-square.

S4 and S5 in Supporting Information S1) and test runs with VMonteCarlo.
VMonteCarlo was set for 50,000 runs along each profile. Rays were success-
fully traced in a total of 39,661 and 38,362 models along MZ4 and MZ5,
respectively. Threshold criteria chosen for the computation of the uncertainty
maps were selected as follows: (a) the perturbed model would allow for at least 90% of the rays of the original
model to be traced, (b) #,,,, should be less than 1.5 times the #,,,. of the final model, and (c) the % should be less
than twice the final model y?. The models that did not meet these thresholds were discarded. A total of 5,975 and
1,040 models met these criteria along MZ4 and MZ5, respectively. This difference in number of models is due to
the fact that the signal-to-noise ratio is higher for MZ5 data. Therefore, average uncertainties along MZ5 are low-
er than along MZ4. Thus, the limit y? is met for smaller model variations along MZ35 than MZ4. The results of the
VMonteCarlo analysis show that the crustal and uppermost mantle velocities are usually well resolved along both
lines, with uncertainties <300 m/s (Figures 5c, 5d, 6¢ and 6d). Larger uncertainty values occur near the interfaces
because of the uncertainty of the interface depth nodes. The uncertainty of the interface depth nodes is approxi-
mately +500 m along both lines for both mid-crust and Moho interfaces. Highest velocity standard deviations are
observed at the Moho interface along both models. This is due to the fact that some valid models may place the

Figure 4. Examples of data (top panels in a, b, c, and d), picked arrivals with colored uncertainty bars (second panels from the top), computed arrivals (third panels
from the top), and raytracing (bottom panels) in different parts of the model. A bandpass filter (1-5-18-25 Hz) was applied for display only. MZ4-OBS07 (a) shows
data and interpretations in the sediment layers, MZ5-OBS07 (b) shows data and interpretations down to the transform domain, MZ5-OBS03 (c) shows data and
interpretations down to the lower crust in the continental domain, and MZ4-OBS03 (d) shows data and interpretations in the crustal and mantle layers, in the oceanic
domain. The color code for the rays and picks is shown on the right of the plots and refers to model phases detailed in Table 1. The gray arrows in the top panels show

S-wave arrivals (not used in this study).
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Figure 5. Velocity modeling results along MZ4. (a) P-wave velocity model. The free-air gravity and magnetic anomalies
acquired during the cruise are shown above the model. (b) Diagonal of the resolution matrix. (c)—(d) Maximum and
minimum admissible velocity deviations from the preferred model shown in (a) obtained using VMonteCarlo, with maximum
perturbations set in Table 3. Color scales are shown next to each plot.

WATREMEZ ET AL. 11 0f 29



A7 | .
€ 19 Tectonics 10.1029/2021TC006915

ADVANCING EARTH
AND SPACE SCIENCE

- 200

3 Ny A, o
7

0
\/ - -100

-45 - Transform zone - -200

Free Air Anomaly (mGal)
Magnetic Anomaly (nT)

NW Continental domain TD  Overthickened oc. domain Oceanic domain SE
01112131415 1718192021

Depth (km)

T T T T
-100 -50 0 50 100 150 200 250 300
Distance (km)

Depth (km)
Vp resolution

-100 -50 0 50 100 150 200 250 300
Distance (km)

0.8

0.6

Depth (km)

0.4

1.0
0.9
0.8
0.7
0.6
0.5

T T T T T T T T

-100 -50 0 50 100 150 200 250 300
Distance (km)

0.2

|
o
o

S
N}

V, uncertainty (km/s)

Depth (km)

40 3 -1.0

T T T
-100 -50 0 50 100 150 200 250 300
Distance (km)

Figure 6. Velocity modeling results along MZ5. (a) P-wave velocity model. The white line shows the 7.2 km/s iso-velocity contour. The free-air gravity and magnetic
anomalies acquired during the cruise are shown above the model. (b) Diagonal of the resolution matrix. (¢)—(d) Maximum and minimum admissible velocity deviations
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Table 3

Maximum Allowed Parameter Perturbations for Each Set of Parameters for

VMonteCarlo

Moho above this area, and others below. Thus, the standard deviation in this
~1 km layer around the Moho is approximately equal to the velocity contrast
at the Moho. Conversely, the upper part of the lower crust in the continental
domain (model distances <50 km) shows the lowest velocity standard devia-

Parameters Parameters Max.
Set of parameters MZ4 MZ5 Perturbation tions, indicating very good resolution in this area. However, only a few nodes
V, top of upper-crust 1-16 1-23 +0.25 knvs (model distances <0 km)‘deflne t.he v‘elocny. flelqs in the westernmost part of
the models and the velocity gradient is low in this area. Thus, the * and £,
V,, base of upper-crust 17-28 24-38 + 0.25 km/s " . . .
values are strongly sensitive to the velocity perturbations, leading to a low
Wegpidn a3 it il dmierifge 2o st =2 1l g uncertainty in this area. The VMonteCarlo standard deviations are generally
V, top of lower-crust 57-64 66-72 £ 0.1 km/s greater than that suggested by the velocity anomaly diagrams (see Section S4
V, base of lower-crust 65-71 73-78 + 0.2 km/s in Supporting Information S1).
Depth of Moho 72-89 79-97 + 1 km
V,, top of mantle 90-95 98-104 + 0.2 km/s 4. Results and Interpretation
V,, top of mantle 96-97 105-106 + 0.2 km/s

Transform margins typically show a narrow transition domain between con-

Note. The parameter numbers for each model correspond to a sequential  tipental and oceanic domains. P-wave velocity models, arrived at by inter-

number of perturbed parameters (see Section S4 in Supporting Information S1
for the location of each parameter along both lines).

pretation of the seismic refraction data, are used to distinguish the different
crustal domains and the thickness of the crust. Wide-angle reflections are
used to model discontinuities, in particular the Moho as the interface sep-
arating typical crustal velocities (<7.5 km/s) from typical mantle velocities
(>7.8 km/s). The continental crust generally exhibits up to three layers, with velocities of 5.7 to 7-7.2 km/s,
increasing with depth (Christensen & Mooney, 1995) and a total thickness of up to 40 km. In contrast, oceanic
crust usually shows the typical Penrose oceanic layering with a high velocity gradient layer 2 (L2a/L2b) and a
low velocity gradient layer 3 (L3), with a total thickness of ~6—8 km (Christeson et al., 2019; White et al., 1992).
In the transitional domain, it can be difficult to distinguish thinned continental crust from oceanic crust. Seismic
reflection data from nearby our profiles (see location in Figure 2), provide further constraints on the shallowest
structures.

The P-wave velocity models along the two crustal transects MZ4 and MZ5 are shown in Figures 5a and 6a.
Figures 7 and 8 present subsets of high-quality industry seismic reflection profiles (top panels), to be compared
with the P-waves velocity models overlain by the collocated MOZ 3/5 seismic reflection data (bottom panels).
The results show clearly delineated continental, transitional, and oceanic domains along both profiles, as well as
indications of magmatic activity and transform motion at fault zone (Figures 2, 5 and 6). The westernmost parts
correspond to the continental domain characterized by crustal necking up to model distances of 90 km along MZ4
and 95 km along MZ5. The easternmost parts correspond to the oceanic domain, defined as a zone showing little
lateral velocity variations and measuring model distances greater than 150 and 170 km along MZ4 and MZS5,
respectively. Between the continental and oceanic domains is a transitional domain. We discuss the nature of
these domains in detail below.

4.1. The Continental Domain

Average P-wave velocity models in the continental domain consist of the water column, seven sediment layers,
one or two crustal layers, and a mantle layer (Figures 5 and 6). Seismic refraction velocities provide further con-
straint on the position of the sediment-crust boundary, which is sometimes below the acoustic basement (e.g.,
Figure 8a at model distances of 20-50 km). The P-wave velocity model of MZ4 highlights a landward thickening
wedge (Figure 5a, model distances 0—60 km). This wedge corresponds to a series of landward dipping reflections
in the collocated multi-channel seismic data (Figure 7a), and shows velocities up to 6.2 km/s indicating thick-
nesses up to 12 km. Some bright reflectors suggest magmatic material filling this wedge (Figure 7a). This feature
is interpreted as a volcano-sedimentary sequence. A similar structure exists along MZ5 (Figure 8a), where the
velocity model shows slightly lower velocities (<6.5 km/s) in the crust (model distances > —30 km, Figure 5).
The same reflectivity pattern is observed along both lines (compare the “Landward dipping reflectors” in Fig-
ures 7a and 8a). Thus, seismic reflection data show that this wedge is present in both profiles, whereas it does not
appear in the velocity model layering along MZ5 (Figure 8a). Indeed, the seismic velocities beneath the acoustic
basement in this part of MZ5 show values of ~5 km/s, similar to those for the upper part of the prism along MZ4.
The detailed structure and formation of this volcano-sedimentary prism are discussed by Roche et al. (2021). The

WATREMEZ ET AL.

13 of 29



A2 | .
F\C 19 Tectonics 10.1029/2021TC006915

ADVANCING EARTH
AND SPACE SCIENCE

a)
Continental domain 1D

Post-rift

Erosional surface

10 20 30 40 50 60 70 80 90 100
Model distance (km)

1D Oceanic domain

Contouritic drift
b)
3
w4
E5
<6
"
8 7 = 2 SoE 5
90 100 110 120 130 140 150 160
Model distance (km)
Oceanic domain
c)
4
)
< 6
E 7
=
9

160 170 180 190 200 210 220
Model distance (km)

Figure 7. Comparison of subsets of MZ4 velocity model with collocated seismic reflection data. (a) Subsets of the sections in the continental domain. (b) Subsets

of the sections showing the transitional domain. (c) Subsets of the sections in the oceanic domain. Top panels: Un-interpreted depth migrated coincident INP and
WesternGeco Multiclient profile. Bottom panels: Superposition of the collocated time-migrated seismic reflection profile acquired during the MOZ 3/5 cruise, with the
time-converted model interfaces (red lines) and velocity model, to permit comparison of the velocity models with the reflectivity.
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WesternGeco Multiclient profile. Bottom panels: Superposition of the collocated time-migrated seismic reflection profile acquired during the MOZ3/5 cruise, with the
time-converted model interfaces (red lines) and velocity model, to permit comparison of the velocity models with the reflectivity.
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Figure 9. Comparison of vertical velocity profiles in the thinned continental domain with (a) the Beira-High (Mueller et al., 2016) and (b) the Natal Valley (MZ1,

Moulin et al., 2020).

top of the acoustic basement also shows strong amplitude reflectors (2.5-3 s twtt, Figures 7 and 8) at the eastern
edge of the continental domain (~60 km in Figure 7a and ~70 km in Figure 8a), and at the top of the western
large half-graben (10—40 km in Figures 7a and 20-50 km in Figure 8a). These reflectors, located at the top of
an erosional surface and at the base of the post-rift sequence, probably indicate a layer rich in volcanic material
(Figures 7a and 8a).

Seismic velocities in the crustal layers range from 5.9 to 7.0 km/s along MZ4 and from 5.5 to 7.5 km/s along
MZ5, which probably includes some compacted sediments (Figures 5 and 6). As comparisons, the seismic ve-
locities in the thinned continental crust of profile MZ4 are similar to those of the thinned continental crust in the
Beira High profiles (Figure 9a; Mueller et al., 2016) and velocities of the thinned continental crust in profile MZ5
are similar to velocities of thinned continental crust in the Southern Natal Valley (Figure 9b; Leprétre et al., 2021;
Moulin et al., 2020). The maximum crustal thickness onshore is approximately 35 km along both profiles (Fig-
ures 5 and 6). These characteristics suggest the presence of continental crust with probable magmatic additions
below the Mozambique Coastal Plain along MZ5 (see discussion on magmatism).

The average crustal thinning is similar along both profiles: Moho depth decreases by 25.5 km over 160 km in
MZ4 as the crust thins from 33 to 9.5 km, sediments excluded (Figure 5) and Moho depth decreases by 25.5 km
over 150 km in MZS5 as the crust thins from 35 to 11.5 km (Figure 6), with an average thinning of 0.15 km/km
(average interface dip <10°). However, the geometry of the necking is different in the two profiles. The Moho in
MZA4 rises mostly by steps (model distances of —40, 50, and 95 km, Figure 5) while the rise is more continuous
in MZS5 (Figure 6). MZ4 shows two basement highs at model distances of 60 and 85 km. These basement highs
are located above a zone where the mid-crustal reflector shows a complex geometry as well as major kinks in the
Moho discontinuity (Figure 5a). This Moho geometry and associated basement highs correspond to the crustal
necking zone for line MZ4 (Figure 5), and similar basement highs are located at the seaward limit of the conti-
nental crust along line MZ5 (Figure 6). These basement highs are marked by magnetic anomalies in both pro-
files, implying a magnetic contrast between sedimentary and crustal structures (Figures 5a and 6a). The free-air

WATREMEZ ET AL.

16 of 29



~1
AGU

ADVANCING EARTH
AND SPACE SCIENCE

Tectonics 10.1029/2021TC006915

gravity anomaly decreases toward the east in the continental domain and is lowest at the continental-transitional
domain boundary, which is consistent with the geometry of the crustal structures, similarly to the “edge effect”
as described and modeled by Watts (2001) across the Beira High margin. Seismic reflection lines highlight a
series of normal faults through these basement highs forming tilted blocks and thick volcano-sedimentary basins
(Figures 7 and 8; Roche et al., 2021). Most of the normal faults dip eastward, toward the oceanic domain. The
fault with the largest vertical offset is located at the western extremity of the seismic reflection lines and controls
the thick volcano-sedimentary wedge (up to 4 s twtt).

4.2. The Oceanic Domain

Average P-wave velocity model in the oceanic domain consists of the water column, four or five sediment layers,
three crustal layers, and one mantle layer (Figures 5 and 6). The oceanic crust is defined as three layers along
both lines. The first layer shows thicknesses of 1.0 + 0.3 km for MZ4 and a more variable of 1.1 + 0.6 km along
MZS5. The thicknesses of the second layer are 1.5 + 0.3 km and 2.5 + 0.3 km along MZ4 and MZ5, respectively.
The third layer shows the lowest velocity gradients as well as the largest difference in thickness between the two
profiles: MZ4 layer thickness is 6.5 km while MZ5 layer thickness is 9-11 km. The velocities of the MZ4 oceanic
crustal layers range from 5 to 5.4, 6.1-6.7, and 6.9-7.1 km/s in the three layers, from top to bottom. MZ5 crustal
layers show slightly higher velocities from 5 to 6, 6-6.9, and 6.9-7.15 km/s. These three layers correspond to
the typical oceanic layering with velocity ranges similar to values observed along oceanic crusts of similar age
(Figure 8a). Thus, the oceanic domain is characterized by an 8-9 km and 9-13 km thick crust along MZ4 and
MZ5, respectively (Figures 5 and 6). Such crustal thicknesses are larger than typical oceanic crust. Indeed, the
“normal” oceanic crust we use in Figure 10a corresponds to a compilation of vertical velocity profiles of oceanic
crust in the Atlantic with ages similar to those expected in our study area (White et al., 1992). However, the Atlan-
tic-type oceanic crust shows little or no excess magmatic activity beyond that of normal oceanic crust formation
(Cannat et al., 2006; Escartin et al., 2008). The velocities in the oceanic domain are most comparable to velocity
structures of oceanic crust that have been affected by mantle plumes (Figure 10b; Schimschal & Jokat, 2018;
White, 1992). Thus, the greater thickness of the oceanic crust here is most probably due to late-stage intensive
magmatic activity.

The top of the oceanic basement shows rough morphology in profile MZ5, with clear basement highs, while
the top of oceanic basement in profile MZ4 shows very limited roughness (Figures 6¢ and 7c). The series of
basement highs along MZ5 may be interpreted as buried volcanic seamounts (Figure 8c, blue arrows, model
distances of 210, 225, 240, and 255 km). Indeed, we observe a series of strong reflections within the sediment
column (red arrows in Figure 8c) on both sides of each seamount, where the seismic velocities are higher than in
the surrounding/unaffected sediments. Velocities jump from the typical ~2 to 2.5-3 km/s just above these strong
reflections. This implies the presence of some volcanic material such as lava-flows or sills interstratified within
the sedimentary sequence. The sediment/magmatic reflectivity shows some top-laps on each side of the buried
seamounts, indicating that these seamounts were emplaced after the onset of steady-state seafloor spreading (Fig-
ure 8c). Furthermore, the magnetic anomalies are highly variable along MZ5 (Figure 6), highlighting basement
features, interpreted as volcanic seamounts (Figure 8c). The magnetic signal also shows a strong increase at the
easternmost end of MZ4 (Figure 5), which may be related to an off-profile volcano, perhaps one of the Neogene
volcanoes (Figure 1b). Similarly, the free-air gravity anomaly in the oceanic domain shows variations above the
seamounts along MZ5 whereas it is continuous along MZ4, which is consistent with the continuous top basement
and modeled oceanic layers (Figures 5 and 6).

A clear series of dipping reflectors are also observed in the oceanic crust along MZ4 (Figure 7c, intra-crustal
reflections, highlighted in purple in the top panel). Similar features were observed in seismic profiles on other
oceanic crusts (e.g., Bécel et al., 2015; Momoh et al., 2017; Sauter et al., 2021). These can be related to magmatic
layering or shear zones that are crossed with a slight angle compared to the oceanic crust fabric.

4.3. The Transform Zone

Within the transform zone, we observe more intense faulting and magmatic activity. In particular, the velocity
model along MZ5 shows a lot of variations in the upper-crustal structures, which may be related to more intense
faulting (Figure 6, km 95-145, 5-10 km depth). The top of the crust in both profiles is slightly deeper (<500 m.)
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Figure 10. Comparison of vertical velocity profiles with previously published studies. Dashed lines correspond to profiles in
the transitional and over-thickened oceanic domains and continuous lines correspond to the oceanic domain. (a) Comparison
with various vertical velocity profiles in oceanic crusts of similar ages in the Atlantic (White et al., 1992). (b) Comparison
with various vertical velocity profiles in oceanic crust affected by mantle plumes (Schimschal & Jokat, 2018; White, 1992).

in the transform zone than in the oceanic domain further east (Figures 5 and 6). In this zone, complex structures
resulting from intense faulting and magmatic activity are clearly delineated by high-resolution seismic data (Fig-
ures 7 and 8b). We observe a series of reflectors dipping toward the east at the top of basement along both profiles
(model distances of 120-140 km, Figures 6b and 130-150 km, Figure 7b). The reflectivity of these structures is
sharp, with strong amplitudes and low-frequency reflectors, indicative of divergent geometries such as seaward
dipping reflectors (SDRs), volcanic units, or volcanoclastic sedimentary units.

4.3.1. The Over-Thickened Oceanic Domain

The P-wave velocities along profile MZ4 show very smooth crustal layering in the transform domain, typical
of oceanic crust, while the velocity scheme of the transform domain basement along MZ5 shows an additional
layer compared to the oceanic crust observed further east (Figure 8, km 85-140), and a much thicker crust (up
to 14.5-150, Figure 6). We modeled this layer the same as the top basement layer in the continental domain.
However, velocities increased from 5.4 to 5.9 km/s in the continental domain to 5.7-6.1 km/s beneath OBS 10
(km 110; Figure 6). In addition, we observe a lateral interruption of this layer at 110 km, with an area of high
P-wave velocities (>6.6 km/s, Figures 6a and 8b). This extra layer may be due to the presence of some volcanic
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Figure 11. Comparison of 1D P-wave velocity-depth structures in the crust at representative locations along MZ4 and MZ5 with oceanic crust models from previously
published studies that have experienced varying amounts of magmatic activity (Funck et al., 2007; Hermann & Jokat, 2016; Kodaira et al., 1998; Sinha et al., 1981;

Tréhu et al., 1989; Tsikalas et al., 2005).

material from a magmatic episode that happened at the end of the shear stage, as it appears just where the crust
is the thinnest. Furthermore, the reflectivity beneath the acoustic basement is sharp and shows high amplitudes,
similarly to the signal observed on each side of the seamounts in the oceanic domain (Figure 8b). Indeed, the
crust at model distances of 115-175 km along MZS5 is thicker than the oceanic crust observed further east, but
the crustal layering is very similar (Figures 6, 8b, 8c, and 10). This thicker crust is comparable to the Madagascar
Ridge crust, interpreted as thickened oceanic crust affected by a mantle plume (Figure 11, Sinha et al., 1981).
Thus, as seismic velocities in this area are similar to the velocities observed further east (Figure 6a), and there are
clear indications of extensive magmatic activity in this area, perhaps this zone is overthickened oceanic crust that
experienced large amounts of intensive magmatic activity.
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4.3.2. The Transitional Domain

The transitional domain consists of the domain located between the continental and oceanic domains. It is in-
cluded in the transform zone, and therefore is affected by the transform movement. These domains and zone
are defined in Figures 5 and 6. The transitional domain corresponds to the area where the nature of the crust is
unclear, the passage from clear thinned continental crust to the oceanic crust (over-thickened or not). This domain
is bordered on the west by a major fault, clearly visible on both profiles (Figures 7a and 8a), which corresponds
to the westernmost strand of transform fault zone (Figure 1b). Further east within the transform zone is an area
where the acoustic basement dips toward the ocean (MZ4, Figures 5a and 7b) or to a zone where the layer defin-
ing part of the upper continental crust layer continues toward the ocean (beneath OBS09 and 10, Figure 6a). Thus,
the nature of this domain is still uncertain as both continental and oceanic crusts can explain the structures, which
may have been affected by intense faulting and intense magmatic activity.

4.4. Uppermost Mantle Velocities

Uppermost mantle P-wave velocities can be as low as 7.5 and 7.8 km/s at the seaward termination of the necking
zone along MZ4 and MZS5, respectively (Figures 5 and 6). MZ5 also shows lower velocities (7.7 km/s) further
east, where the crust is thicker than in the adjacent parts of the profile (Figure 6, beneath OBS 13). This is lower
than the expected velocities in the uppermost mantle (>7.8 km/s; Christensen & Mooney, 1995). We discuss the
processes which might lead to such velocities in Section 5.1.

5. Discussion
5.1. Magmatism

Evidence of magmatic activity are omnipresent in the study area (Figures 7 and 8). A major difference in the
magmatic activity between the two profiles is apparent in the oceanic crust: MZ5 shows a series of large buried
seamounts as well as a much thicker layer 3 than MZ4 (7-9.5 km vs. 5-5.5 km, Figures 5,6, 7c, and 8c). The
velocity-depth profiles of the oceanic crust of MZ4 are on the thicker end of the typical range oceanic crust
thickness (White et al., 1992, Figure 10a). These thicknesses are comparable to oceanic crust in vicinity of a
mantle plume (e.g., Iceland Plume; Figure 10b; White, 1992). The thickness of the oceanic crust along MZS5 is
even greater (up to 14.5 km, Figure 10). It shows similarities with the oceanic crust of the Falkland Plateau Basin,
which is an oceanic plateau with crust up to 20 km thick emplaced in the vicinity of a regional thermal anomaly
(Schimschal & Jokat, 2018, Figure 10b). The oceanic crustal layering along MZ4 and MZS5 is similar to that of
oceanic crust at magmatic rifted margins such as the Lofoten Basin in Eastern Greenland (Figure 11; Kodaira
et al., 1998; Tsikalas et al., 2005; Hermann & Jokat, 2016). This is unexpected as the spreading half rates for
the formation of this oceanic crust are approximately 8.3 mm/yr in the time frame of M25 to MOr (Mueller &
Jokat, 2019), which is at the lower end of the range of seafloor spreading rates. At such slow spreading rates, one
would expect thin, irregular, and faulted oceanic crust, to form (e.g., Cannat, 1996). However, the mafic Layer
two of the oceanic crust in our study area is continuous, which is consistent with steady-state melt production at
intermediate and fast-spreading rates. Some complex reflectivity is observed beneath the P_P reflections (e.g.,
Figure 4d, sets of reflected arrivals beneath the picked P_P, in orange, clearly visible on the right branch of
the record), which is characteristic of high velocity lower crust. We could not model such a feature as a unique
solution. Similar reflectivity is also observed in the uppermost mantle in the oceanic domain of MZ4 (Figure 7c,
annotated as “deep strong reflectors”). In any case, these features may be interpreted as a magmatic contribution
and additions at the base of and in the crust.

In the continental domain, there are indications of high velocities at the base of the continental crust along MZ5
(Figure 6, V,, > 7.2 km/s, up to 7.5 km/s). Although this area of the model is characterized by less well-con-
strained velocities because the seismic rays traveled in only one direction, it is clear that the velocities at the base
of the continental crust along MZS5 are higher than those along MZ4. Such a high-velocity lower crust, is either
interpreted as magmatic underplating or intrusions in the lower crust (e.g., Bauer et al., 2000). Here, a large land-
ward dipping volcano-sedimentary wedge overlays the continental crust (Figures 7a and 8a). This implies diking
of igneous material through the thinned continental crust as well as basin filling with magmatic material. Further
offshore, similar processes are observed with magmatic additions at the top of the transitional crust as well as the
oceanic crust of the transform zone.
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P-wave velocities in the uppermost mantle are generally in the expected range of 7.8-8 km/s. However, these
velocities are lower than normal under the thinned continental and transitional crust along MZ4 (Figure 5, model
distances of 50-100 km) and under the overthickened oceanic crust along MZ5 (Figure 6, model distances of
120-180 km). Such low velocities in the uppermost mantle overlain by thin crust might indicate an abnormally
hot mantle or magmatic underplating at the base of the crust (e.g., Hirsch et al., 2009; Minshull et al., 2008).
Small-scale convection due to the varying lithospheric thickness on either side of the transform faults might be
invoked as previously proposed, for example, in the Gulf of Aden (Korostelev et al., 2015), to explain low seismic
velocities in the lithospheric mantle. The presence of a large mantle plume imaged from South Africa to Afar
(e.g., O’Connor et al., 2019) could also explain such velocities. Elevated temperatures in the mantle (140-170°C,
e.g., O’Connor et al., 2019) could account for ~100 m/s of the velocity anomaly (e.g., Xu et al., 2008). While a
mineralogical variation as small as 0.51% (e.g., Cammarano et al., 2003) is enough to explain large modeled tem-
perature differences, and thus, the rest of the velocity anomaly. The mantle plume hypothesis may better explain
these low velocities in the magma-rich context of the upper mantle.

We consider two main hypotheses to explain such widespread magmatism, which is strongly variable in time and
space. The first hypothesis is that the transform margin was affected by a major melting anomaly in the mantle
during its formation and evolution. The more extensive magmatic activity toward the south is in agreement with
the location and timing of the mantle plume proposed by White and McKenzie (1989) as a 1000-km diameter
feature, centered beneath the Natal Valley south of our study area. The second hypothesis simply involves the seg-
mentation and transform the movement of the oceanic crust. The oceanic crust in the transform is over-thickened.
This may be due to motion on the transform fault bringing the eastern segment of the mid-ocean ridge next to the
cooler, older oceanic crust such that thicker crust was produced by the spreading center. This is consistent with
the estimated early Cretaceous age of the Mozambique Ridge (e.g., Erlank & Reid, 1974; Jacques et al., 2019;
Konig & Jokat, 2010; Thompson et al., 1982), which is a highly magmatic structure at the southward extension
of the transform zone of MZ4 and MZ5 (Figure 1). Thus, the second hypothesis may provide a good explanation
to the locally thick oceanic crust along MZ5 while the first hypothesis may explain the widespread magmatism
in the continental domain.

5.2. Crustal Structure and Transform Margin Evolution in a Magma-Rich Context

Our two P-wave velocity models confirm the continental nature of the South Mozambique Coastal Plain, which
represents the pre-rift crust in Mozambique (landward part of our profiles, Figures 5 and 6). Its initial thickness is
at least 30 km according to gravity studies in the area (Gwavava et al., 1992). Our results show a crustal thickness
of up to ~35 km along MZ5 (Figure 6), and up to 41 km in refraction profiles in Natal Valley (Leprétre et al., 2021;
Moulin et al., 2020). A joint inversion of receiver functions and surface wave dispersion curves shows crustal
thicknesses of ~36—40 km in the Eastern Kaapval craton (see Figure 1 for location; Kgaswane et al., 2009). Such
a highly oblique rifting context is usually characterized by transfer or accommodation zones that allow for the
juxtaposition of continental and oceanic crusts (Figure 12a). We interpret the transform zone in the study area
as a system of faults with extensive indications of magmatic activity (magmatic infilling, over-thickened oceanic
crust, low velocity mantle) that separates the thinned continental domain from the oceanic domain. We propose
that the continental crust of the Limpopo segment underwent oblique extension that evolved into a transform
stage. Thus, the Limpopo segment represents a transform margin associated with significant magmatic activity.

The presence of over-thickened oceanic crust along MZ5 and a wide zone affected by the transform motion and
excess magmatic activity concurs in the absence of a distinct marginal ridge along MZ4 and MZ5. The formation
of a marginal ridge is expected along with thermal uplift, both effects created by the migration of an oceanic
spreading center along the edge of the continental crust (e.g., Basile, 2015; Mercier de Lépinay et al., 2016).
The transform fault system experienced both strike-slip and some extension (Figure 2), resulting in a wide zone
of deformation (40-50 km) that was affected by magmatic activity, that is, a leaky transform. Thus, the sharp
thermal gradient between the oceanic spreading center and the cool continental crust that is expected to create
a marginal ridge did not happen here. We propose that the Limpopo margin went through an episode of uplift
marked by an erosional surface observed in the western part of the profiles (Figures 7a and 8a), which affected the
acoustic basement. This uplift may be related to the presence of a long-term mantle plume responsible for several
specific periods of magmatic activity (183 Ma to present day; e.g., Torsvik et al., 2006).
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Figure 12. Comparison of the crustal structures of the Mozambique transform margin with other known transform margins. (a) Simplified crustal structures across
NW Svalbard, Guiana, Ghana, and South Africa transform margins (Edwards et al., 1997; Greenroyd et al., 2008; Museur et al., 2021; Parsiegla et al., 2009; Ritzmann
et al., 2004; Vormann et al., 2020) compared with the structures observed along the sections from the Mozambique transform margin (Moulin et al., 2020; this study).
The red and purple arrow refer to the measurements used in Table 4 and panel (b). (b) Diagram showing T, (crustal thinning ratio, i.e., vertical km for each horizontal
km) as a function of a (dip of the Moho), both corrected for the angle of the profile with the trend of the considered transform. Details of how these values were
calculated are presented in Table 4.

Thermo-mechanical models predict the formation of some deep basins, perpendicular to the future transform
zone, followed by the formation of basins parallel to the transform zones after 20 Myr of activity (Le Pourhiet
et al., 2017). In the Limpopo margin, only basins parallel to the trend of the transform are imaged. These basins
should correspond to a later stage of the transform fault development. A large N-S trending basin near the coast
shows syn-tectonic infilling (“Landward dipping reflectors,” Figures 7a and 8a), which we think is a long-lived
sedimentary basin. Active since the permo-trias rifting stage (Basin 1, Figures 7a and 8a), this basin was reac-
tivated during the Early Jurassic rifting event (Basin 2, Figures 7a and 8a), which resulted in the formation of
the northern Beira-High and Angoche margins, before the onset of seafloor spreading. During this latter stage,
the extension localized along the future transform boundary with the emplacement of volcanism, observed as
magmatic infill (see Figure 2, stages TF1 to TF3, and Figures 7a and 8a). The presence of magmatic activity
throughout its history clearly indicates that the Limpopo transform margin is a magma-rich transform margin.
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Table 4
Geometry of the Crustal Thinning Along the Transform Fault for a Variety of Transform Margins, Including Different Tectono-Magmatic Evolutions
Crustal Moho .
thicknesses (km) depths (km) r
D a  (km/
Margin/Profile Summary of tectono-magmatic history (°) H, H, Z, Z, (km) (°) km)
Mozambique® (23.5°S)/  Oblique rifting + Transform stages. Volcanism: syn-rift, syn- and 90 24 9.5 325 17 73 12.0 0.20
MZz4 post-transform.
Mozambique® (25°S)/ Oblique rifting + Transform stages. Volcanism: syn-rift, syn- and 70 32 11.5 41 17.5 115 123 0.19
MZ5 post-transform.
Mozambique® (27°S)/ Oblique rifting + Transform stages. Volcanism: syn-rift, syn- and 80 26 9 32 16 140 6.6 0.12
MZ1 post-transform.
Davie Ridge*© (14.5°S)/ Oblique rifting + Transform stages. Some post-transform volcanism further 8 13 11 19 16.5 11 129 0.18
AWI-20140100 south.
South Africa! (23.5°E)/  Rifting + Transform stages. Pre-rift (Karoo), syn-transform (marginal ridge) 85 15.5 6 20 12 50 9.1 0.19
AWI-20050100-FRA and post-transform (Agulhas Plateau) volcanism.
South Africa® (25°E)/ Rifting + Transform stages. Pre-rift (Karoo), syn-transform (marginal ridge) 70 21 9.5 26 15.5 50 12.6 0.24
AWI-20050200-GRA and post-transform (Agulhas Plateau) volcanism.
Jan Mayen Fracture Two rifting events + transform stages. Iceland Plume during the second 30 21 7 19 13 40 16.7 0.70
Zone'/AW1-94340 & rifting event (3 km thick HVLC), excess magma production at the leaky
AWI-20090100 fracture zone.
French Guiana®/Profile =~ Leaky transform but no syn-tectonic volcanism identified. 75 33 7.5 35 15 55 20.6 048
A
Demerara plateau'/ Rift + Transform stages. Syn-rift volcanism (HVLC + igneous material 70 26.5 4.5 335 15 50 215 047
MARO1 overlaying the plateau).
Ghana'/Profile 7 No clear evidence of igneous material (but not excluded), maybe leaky 75 20 4.5 23 105 22 305 0.73
transform stage.
NW Svalbard// Syn-transform magmatism (HVLC) due to mid-ocean ridge migration along 60 17 0.1 235 10 25 319 0.78
AWI-99400 the thick continental crust.

Note. 0 is the angle of the profile orientation relative the transform fault zone. Crustal thicknesses (H) and Moho depths (Z) are measured to highlight the oceanward-
most crustal thinning near the transform fault, where the thinning is most intense. H, and Z, are measured in the thinned continental domain, just landward of where
thinning begins. H, and Z, are measured at the thinnest continental crust. D refers to the horizontal distance, along the profile, from points 1 to 2. We define a as the dip

of the Moho interface: @ = tan™! (

Z1=2,
D cos(90-6)

H,—H,

), and T, the crustal thinning ratio: T, = ——=—,
D cos(90-6)

to the transform (0). References:

This study. ®Moulin et al. (2020). “Vormann et al. (2020). ¢Stankiewicz et al. (2008). °Parsiegla et al. (2009). fHermann & Jokat (2016). ¢Greenroyd et al. (2008).
"Museur et al. (2021). ‘Edwards et al. (1997). 'Ritzmann et al. (2004).

5.3. Comparison With Known Transform Margins

between 1 and 2, both corrected for the profile orientation relative

A comparison of the crustal geometries of other transform margins (Figure 12 and Table 4) shows more even thin-
ning of the crust along MZ4 and MZ5 than found at some other transform margins (e.g., NW Svalbard, Guiana,
and Ghana; Edwards et al., 1997; Ritzmann et al., 2004; Greenroyd et al., 2008). Another important difference be-
tween the Mozambique transform margin and some other transform margins is that the oceanic crust along MZ4
and MZS5 is thicker: 9-14.5 km thick. The other transform margins in this comparison tend to have thinner than
the typical 5-7-km-thick oceanic crust (Figure 12a; e.g., Edwards et al., 1997; Ritzmann et al., 2004; Greenroyd
et al., 2008). The oceanic crust south of our study area is also thicker than might be expected (Figure 12a; Mou-
lin et al., 2020), which is consistent with the intensive magmatic activity evident during margin formation (see
Section 5.1). South Africa transform margin, with thicker than typical oceanic crust associated with the Agulhas
LIP, is the one exception (Parsiegla et al., 2009).

Most of these margins show indications that magmatic activity affected their continental crust at various stag-
es of margin formation. The Demerara continental crust shows some indications of magmatic underplating or
lower crustal intrusions, evident as a clear double wide-angle reflection, as well as extensive igneous material
overlaying the plateau (e.g., Museur et al., 2021; Reuber et al., 2016). The SW Svalbard lower continental crust
was intruded by igneous material when the oceanic ridge migrated along the thick continental crust during the
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evolution of the transform zone (Ritzmann et al., 2004). Only the Ghana profile does not show clear evidence of
magmatic additions (Edwards et al., 1997).

A comparison of the continental crustal thinning geometries within the outer continental domains of several
transform margins is presented in Figure 12. Outer continental domains are delimited on one side by the neck-
ing line and on the other side by the thinnest crust near the transform (see inset in Figure 12b). Comparing the
outer continental domain from one margin to another allows us to help distinguish extensional deformation (i.e.,
eventual pre-transform rifting episodes that may have thinned the crust further onshore; see Table 4, summary
of tectono-magmatic history column) from shear deformation. Figure 12b presents a graphic representation of
the variations of the crustal thinning ratio (T) as a function of the dip of the Moho interface (o) within the outer
continental domain (see the caption of Table 4 for explanation parameters and their calculation). The points, with
one exception, fall along what could be interpreted as a trend that predicts that the dip of the Moho is related
directly to the crustal thinning ratio. The Jan Mayen Fracture Zone is the exception to this trend, perhaps due to
the fact it was affected by two phases of rifting that thinned the continental crust significantly before transform
development (Hermann & Jokat, 2016).

The cluster of the majority of points on the 7, versus « indicates that transform margins tend to have relatively
narrow outer continental domains and very shallow to intermediate Moho dips. Narrow outer continental do-
mains and shallow Moho dips may seem counterintuitive until the fact that these domains at these margins tend to
end abruptly in transform fault or transform fault systems is taken into consideration. Shallow Moho dip may be
one effect of the magmatic activity that these margins experienced during formation. However, magmatic activity
such as volcanism, emplacement of igneous bodies, and underplating tends to thicken the crust, the inverse of
what we observe. This may be an indication that while magmatic activity smooths and flattens the Moho, factors
such as inherited topography and structures, stretching and faulting during an extensional stage of margin devel-
opment, and syn-tectonic sedimentation, all of which are evident in the Limpopo Margin MZ4 and MZS5 profiles,
may also play an important, if not dominant, role in continental crustal thinning. Characteristics of continental
crustal thinning observed at the Limpopo Margin are similar to those found in seismic profiles along the eastern
coast of Africa as far north as the Davie Ridge and as far south as South Africa, suggesting that this transform
margin underwent (a) trans-tensional deformation during its early stage(s) and (b) intense and extensive magmat-
ic activity during all stages of the margin evolution.

One suggestion for further studies would be to acquire seismic refraction data at the conjugate margins of the
locations of the points in the cluster to determine if they have matching crustal thinning characteristics. Addi-
tionally, the duration of margin evolution before the final stage transform motion development could be used to
weight the crustal thinning ratio.

6. Conclusions

The layered models of two crustal scale wide-angle seismic refraction data and the interpretation of industry and
academic seismic reflection data across the magma-rich Limpopo transform margin were processed and exam-
ined to produce the following series interpretations and conclusions regarding (a) the delineation of the different
crustal domains, as well as a transform zone, (b) the identification of magmatic features along the whole margin,
which occurred at all stages of the formation and evolution of the margin, and (c) the study of the structures and
geometry at crustal scale and comparison of these structures with those found at other margins across the world.

The P-wave velocity models and coincident seismic reflection profiles highlight distinct crustal domains and
associated indications of magmatic activity:

1) The Mozambique Coastal Plain is underlain by continental crust, which is at least 25 km thick. The crust thins
by 23.5 km over a distance of 150-160 km and is overlain by a >10-km thick volcano-sedimentary infilled
basin that indicates the occurrence of a rifting phase before the transform movement, associated with some
magmatism.

2) The oceanic domain is defined by 8-14.5 km thick oceanic crust that shows a continuous typical layering,
which is unexpected in this context of ultra-slow spreading rates (8.3 mm/yr). This attests to intense magmatic
activity during the formation of the oceanic crust.
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3) We define a transform zone that extends from the thinned continental domain to the oceanic domain and that
displays evidence of intense faulting and magmatic activity (i.e., seaward dipping reflectors). Indeed, the
Limpopo transform zone was a system of faults that were active during the trans-tensional stage of margin
evolution.

4) The uppermost mantle shows low P-wave velocities (7.5-7.8 km/s), which may be explained by the influence
of a thermo-chemical mantle anomaly.

The intense magmatic activity that affects the structures of the Limpopo transform may be explained by the com-
bination of two magmatic processes:

1) A deep-seated melting anomaly, which is active since at least the early Jurassic period, is at the origin of the
volcano-sedimentary wedge overlying the continental crust and the thick oceanic crust.

2) The thicker oceanic crust and excess magmatic activity in the transform zone is also due to the effect of the
trans-tensional movement along the transform, which led to a leaky transform phenomenon. This is consistent
with the presence of the Mozambique Ridge to the south, which is mostly volcanic in nature.

The quantification of the crustal thinning across several transform margins across the world shows a probable
relationship between the geometry of the crust next to the transform and its thermal and/or structural history.
In particular, the crustal thinning across the transform margins of Mozambique and South Africa show similar
characteristics. However, further studies are essential to bring better insights or explanations for such observation.
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Evain, 2016) cruises are archived and referenced in Ifremer SISMER database and can be requested at https://
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well, 1999). Zplot is available from https://terra.rice.edu/department/faculty/zelt/zplot.tar.gz.
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