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ARTICLE

Middle-lower continental crust exhumed at the
distal edges of volcanic passive margins
Laurent Geoffroy 1✉, François Chauvet1 & Jean-Claude Ringenbach2

The extent of continents in oceans is an important scientific, economic and political issue.

The crustal types seaward of the necking zones of volcanic passive margins are investigated.

From a set of high-quality seismic data from Namibia we discuss the nature of this crust,

oceanic or continental. Here we show that over ~100 km, this crust shares few of the char-

acteristics of oceanic crust born from accretion at a slow-spreading oceanic ridge. We

alternatively suggest that the middle-lower continental crust could be exhumed and made

brittle at the most distal end of volcanic passive margins. We consecutively distinguish the

mechanical break-up of the continental lithosphere at volcanic passive margins, i.e., the drop

in mechanical strength, from a stage of steady-state syn-magmatic extension, most probably

subaerial, predating the onset of the purely magmatic oceanic crust. These findings suggest

that the extent of continental material in oceans could be more significant than isolated

continental blocks and microcontinents.
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Passive margins are formed from successful continental
rifting, involving mechanical extension. At volcanic passive
margins (VPMs), continental extension is distinctly coeval

with abundant mafic magmatism above a continuously melting
asthenosphere1,2. At both VPMs3 (Fig. 1A) and non-VPMs4

(Fig. 1B), a crustal necking zone generally divides two distinct
domains, proximal and distal (Fig. 1). This necking zone is
characterized by a steeply dipping Moho associated with a strong
gradient in crust thinning and stretching (Fig. 1). At VPMs, the
proximal and necking domains are specifically associated with
inner SDRs (seaward-dipping reflectors). Inner SDRs consist of
thick wedges of compound or/and thick lava flows emplaced
subaerially5–7, intruded by sills and dykes6–8 with no or anecdotic
interlayered sediments5–7 except, locally, at their very top9. Purely
isostatic analytical models for SDRs development10 fail to account
for direct observations of SDR growth11 and structure3,7,8. Inner
SDRs are bounded by continentward-dipping listric normal faults
that flatten at the top of a ductile middle or lower crust5,7,9,12,13

(Fig. 1A).
To seaward of the necking zone, in the distal (or outer)

domain, the exhumed continental mantle is frequently docu-
mented at non-VPMs4 (Fig. 1B). The boundary between con-
tinental and oceanic lithosphere is usually very abrupt and
marked by a positive basement step (Fig. 1B). The distal domain
of VPMs is very different and poorly explored (Fig. 1A). It gen-
erally shows a crust with a clearly defined Moho (Figs. 2 and 3).
In its upper part, it is characterized by outer SDRs and/or by the
so-called “flat-lying (volcanic) flows” (herein FLFs)9,14,15. Outer
SDRs are generally shorter in length and more arcuate at their
distal seaward end than are inner SDRs3,9. Their extremities
appear to lean against flat-lying subhorizontal surfaces, top of a
crust of unknown composition (Figs. 3 and 4)9,14–16. The FLF-
bearing upper crust is still more poorly defined14–16. It is unclear

to date if FLFs are, or not, a distinct type of outer SDRs9,16. This
crust type may occur continentward regarding the outer-SDR
type, or not (this paper). FLF-bearing upper crust is associated
with bright and horizontal reflections to its top, interpreted as
lavas15. Below is a poorly defined medium with some low-angle
seaward-dipping reflectors14–16. A remarkable set of bright
reflections, the UCR15,16 (upper crustal reflections) lies 0.5–1.5 s
of TWT beneath the acoustic basement.

Because outer SDRs generate clear linear magnetic anomalies
(Supplementary Fig. 1)17,18, the outer domain at VPMs is often
considered as made up of oceanic-type lithosphere, e.g.,17.
However, a continuity of the continental lower crust from inner-
to outer VPMs has recently been suggested based on seismic
refraction19 and seismic reflection surveys20. Nevertheless, the
supporting seismic reflection data were of limited depth extent
and/or of medium quality. We recently reviewed the extensive set
of depth-converted seismic reflection lines of high quality from
IONTM in the South Atlantic8. Here, we focus our analysis on the
most distal edges of the Namibian VPMs mostly using the
NamibiaSPANTM dataset from IONTM (Fig. 2). We perform new
observations of the distal domain of these VPMs. We discuss the
continental or oceanic nature of the crust types based on a review
of the distinctive features of the oceanic crust generated at slow-
spreading ridges. We argue that the abrupt assertion of the
oceanic-crust nature of the distal VPMs in Namibia and else-
where is not scientifically established and that a continental
interpretation is possible.

Results
Moho topology and seismic facies at distal Namibia VPMs. The
necking zone at the distal edges of Namibia-Span lines presents a
Moho slope varying between 7.4° and 14.7° (Figs. 2 and 3). A key
and systematic feature is the presence of narrow crustal thin
points seaward of the necking zone (Fig. 2). Crustal thin points
are defined by a thinner crust regarding the crust located seaward,
herein named the distal crustal bulge (Figs. 2 and 3). The distal
crustal bulge is wide (~100 km) and characterized by a crust
swelled in its lower part. The crustal thickness ratio between the
distal crustal bulge and the crustal thin point is constant
(1.36 ± 0.16), whatever the distal crustal bulge thickness. The
distal crustal bulge area corresponds to the outer SDRs or/and
FLF crust types (Figs. 2 to 4). It ends seaward when crust
thickness is constant (red arrows in Fig. 2). A similar pattern is
found in the conjugate margins of S America8.

Inner-SDR crust (necking zone). A common observation in
Namibia (and elsewhere9), is the capping of the seaward-most
inner-SDR wedge by a large planoconvex or lenticular structure
dipping seaward (Supplementary Fig. 6a, b). The upper con-
tinental crust beneath the inner SDR wedges is relatively trans-
parent. A more reflective and thickened middle/lower crust
underlies the upper crust, with two distinct seismic facies8

(named LC1 and LC2 in ref. 13) (Figs. 3 and 4). At the necking
zone, LC1 P-waves present both high velocities (~7.2–7.3 km.s−1

in average) and small gradients with depth21 (Supplementary
Fig. 2 and 3). LC1 shows a system of bright and thick oblique
reflectors dipping seaward, which are planar, curved as sigmoid
flexures12 or even “folded”13. Along the Moho slope, these
reflectors are curved along the LC2 facies where they merge
(Figs. 3 and 4e–f). LC2 is highly reflective, typically 4–5-km thick,
with layering subparallel to the Moho. It is associated with the
strongest P-wave velocities (~7.6 km.s−1, Fig. 3b)21. The LC2
facies continues beneath both the crustal thin point and the distal
crustal bulge (Figs. 3 and 4, Supplementary Fig. 4).

Fig. 1 Simplified sketches of crustal domains at passive margins.
A Volcanic passive margins. Based from the present study and from a
synthesis of crustal-scale observations at VPMs1–3,8,12,13,18,21,22,41,43,45,48–50;
B nonvolcanic passive margins simplified from51,52.
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Outer-SDR crust. The outer-SDR crust type is common along the
S-America VPMs8,9,14 which is not the case in offshore Namibia.
We observe that outer-SDR wedges grow seaward mimicking
prograding and slightly aggrading foresets as observed in sedi-
mentary basins (Fig. 4c; Supplementary Figs. 5c and 6a). Outer
SDRs may also be associated with distinct (albeit discrete) subsets of

edge reflectors tapping onto low-dipping continentward dipping
discontinuities located top of a transparent crust unit (Fig. 4c;
Supplementary Fig. 5c). Significantly, no clear lateral variations in
seismic facies and seismic velocity (Vp ~7.2–7.3 km.s−1) are
observed from the necking zone LC1 to the outer-SDR lower
crust13,21 (Figs. 3b and 5 and Supplementary Figs. 2 and 3).

Fig. 2 Location of the seismic lines on a gravity map and crustal-scale line drawing. Left: horizontal gradient magnitude of the Bouguer anomaly along the
Namibia margins. Magnetic anomalies in Supplementary Fig. 1. Numbers I–X refer to the seismic lines that we used (NamibiaSPANTM from IONTM).
Information about the depth conversion of time lines is found in Supplementary Figs. 2 and 3. Yellow: seismic refraction lines21. Right and bottom: simplified
line drawings from depth-converted lines.
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FLF-bearing crust. This generalized crustal type is 7.4–13.5-km
thick along the Namibia lines. Beneath the earliest post-rift
sediments (aptian–albian in age), the top basement is flat, sub-
horizontal, and highly reflective. Beneath, are subhorizontal to
gently seaward-dipping reflectors defining here the FLF facies that
usually is much less reflective than SDRs (U1 in Fig. 4d; Sup-
plementary Figs. 6 and 7). The geometric relationships between
these reflectors and the edge of outer SDRs or inner SDRs may
vary. In most of the studied sections, the reflectors onlap the
seaward edge (U4 in Fig. 4d) of the outer- or else inner SDRs
(Supplementary Fig. 6). In this latter case, FLF reflectors onlap
onto the seaward-dipping lentical-shaped structures, if any
(Supplementary Fig. 6a, b). The onlapping reflectors, albeit
mostly parallel, may form a weakly defined wedge with dips
decreasing seaward (Supplementary Fig. 6c, d). Some pinching
out of the reflectors against the inclined SDR reflectors has been
observed (Supplementary Fig. 6b). Many evidences of seaward-

prograding features are observed in the FLF facies (Supplemen-
tary Fig. 7).

No oblique reflections crosscut the FLF section. An overall
transparent medium with sporadic chaotic seismic facies
generally underlies the seaward-dipping reflections located to
the top (Supplementary Fig. 6). The FLF section overlays a highly
reflective deeper basement (Fig. 4d, Supplementary Figs. 6 and 7)
whose top is defined by a prominent planar reflector U2, which is
dipping seaward (Fig. 4d). Reflector U2 may parallel the overlying
weak reflector U1 located above (Fig. 4d; Supplementary Fig. 5b).
This is the top of a very reflective medium associated with parallel
and closely spaced reflectors dipping continentward (U3).
Significantly, none of these reflectors prolongate in the FLF
section (Fig. 4d and Supplementary Fig. 5b). This “deep
basement” corresponds to the UCR reflections as described
elsewhere14–16 (Fig. 5). The deep-basement roughness is
apparently due to offsetting and tilting of U2 by numerous and

Fig. 3 Crustal structure of VPMs offshore Namibia. a Selected line with crustal thin point (CTP) and distal crustal bulge (DCB) (IONTM line VI, Fig. 2).
b Synthetic VPM models from the studied seismic lines. Main drawing: VPM with outer-SDR and FLF crust types (lines II and III, Fig. 2). Infra: with FLF crust
only (lines I and IV–X, Fig. 2). Full seismic velocities can be found in Supplementary Figs. 2 and 3.
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closely spaced (~6 ± 3 km) normal faults underlined by bright
reflections, with vertical throws <800 m, all of them dipping
continentward. These faults are parallel to the reflectors U3
(representing, probably, planar intrusions).

Beneath the UCR, the thick deep crust (corresponding to the
distal crustal bulge) is characterized by a huge density in

high-energy planar reflectors that may dip either continentward
(Fig. 4d) or both continentward and seaward, with, in this latter
case, an X-shape pattern (Figs. 3 and 4e–f; Supplementary Fig. 4).
This deep crust presents similar seismic facies with the
lower crust from the adjacent necking zone (Supplementary
Figs. 5a and 6c–d). Some continuity of the UCR facies beneath the

Fig. 4 Distal crustal types offshore Namibia. a S-Atlantic IONTM line II (Fig. 2); b line drawing. c and d. Close-ups of the outer edge of the margin (location
in a, location of d in c; V volcano); e, f close-up of the outer edge of IONTM line VIII (Fig. 2). Some of the periodic reflections could be multiples (m) of the
top-basement seismic horizon. An enlargement of Figs. 4d and 4e is given in Supplementary Fig. 5.
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most distal SDR is observable in some lines (Supplementary
Fig. 6c–d).

Crust type to seaward of the FLF crust. A crust with a constant
thickness (6.0 ± 0.5 km), albeit with poorly defined Moho, is
located to seaward of the distal crustal bulge (Figs. 2 and 3,
Supplementary Fig. 4b). The top of the upper crust shows a
marked roughness with abyssal hills 0.25 ± 0.15 km in amplitude,
in significant contrast to the smoother top of the adjacent FLF
crust. This rugosity is clearly due to continentward-tilted blocks
bounded by clear discontinuities (normal faults) dipping seaward,
spaced 3 ± 1 km, with throws not exceeding 0.6 ± 0.5 km, off-
setting and tilting continentward top-basement reflectors. The
underlying lower crust shows a few oblique reflectors.

Discussion
The interpretation of the FLF-type crust is a key point (Fig. 5A,
B). The FLF-type crust has been interpreted as an unambiguous
oceanic crust from TWT sections in the same area22 (Fig. 5B).
The reflections at the top of the crust section were considered as
layer 2A extrusives and the underlying more transparent med-
ium to be dyke complexes (layer 2B) and isotropic gabbros. The
more reflective deeper crust was considered to be a typical
oceanic lower-crust gabbroic section (layer 3) (Fig. 5B). Our
observations add more complexity (Fig. 5A). We outline, as
others did15,16, the seismic and geological importance of the so-
called UCR reflections (U2 in Fig. 4d). Independently from the
nature of the sub-UCR middle/lower crust (oceanic or not, see
next section), we find evidence for the progressive seaward
infilling (by probable volcano-sedimentary material) of a topo-
graphic depression bounded by a paleotopographic seaward-
dipping monocline defined by the outer edge of the SDR-bearing
crust. This slope may have formed during the progressive basin
infilling. Indeed, the lens-shaped material to the top of the
monocline (Supplementary Fig. 6a, b) has been interpreted either
as tilted volcanoes or as large slumps along a seaward slope9. Both
of these interpretations point to a top-UCR basin. We favor the
former interpretation (i.e., volcanoes) due to the frequent strati-
fied facies of the lens-shaped material (Supplementary Fig. 6b).
The observed onlaps onto these tilted volcanoes imply that the
observed seaward tilt of the most recent lavas (and overlying
volcanoes) from the outermost-SDR wedge occurred during the
progressive infilling of the basin. No horizontal variations in the
Bouguer anomaly exists seaward the crustal thin point in the
Namibian oceanic basin (Fig. 2). The FLF material thus probably
filled in a basin 2 ± 1-km thick, of mafic volcanic or volcano-
sedimentary nature, whose subhorizontal basement would
account for the strong UCR reflections (Fig. 5A). Seaward offlaps
and pinching out of lavas/sediments against the convex paleoto-
pography may suggest that the infilling material came from the
inner VPM itself and not from a seaward location. This is also
suggested by the occurrence in lines V–X (Fig. 2) of a late hya-
loclastite subbasin, characterized by typical seaward-developing
“foresets” passing, seaward, to sediments (Fig. 4e–f and Supple-
mentary Fig. 5). These observations, as well as the smooth top
surface of the FLF crust, also strongly suggest a subaerial
paleoenvironment with lakes or shallow marine embayment just
before deposition of the Aptian–Albian post-rift sediments. It
should be noticed that some of the FLF facies that we observed,
with seaward gently dipping reflections, have been else-
where described as SDRs by others9,23.

We hereafter question further if the outer-SDR- and FLF crust
types, which are observed throughout the South-Atlantic margins,
may be interpreted as oceanic in type (i.e., purely mafic and born
from accretion at a ridge) (Fig. 5B).

Oceanic crusts usually have the following characteristics that are
largely independent of the accretion rate24,25: (1) an average thick-
ness of about 6.15 ± 0.93 km25; (2) when discernable, i.e., in less than
60% of seismic reflection studies, a flat-lying and most generally
horizontal Moho with frequent sub-Moho reflections24,26,27; (3)
when discernable, a subhorizontal boundary between an upper crust
~1.5-km thin with strong Vp gradient (“layer 2”; Vp ~4–6.5 km.s−1)
and a thicker lower crust with much lower velocity gradient (“layer
3”; Vp ~6.7–7.1 km.s−1)25,28; (4) strong and oblique reflections in
the lower crust27,29–31. At ultraslow to slow-spreading ridges
(~10–40mm.yr−1 full rate), a high-amplitude subsediment rough-
ness characterizes the top of the upper basaltic crust, associated with
volcano-tectonic features and/or detachment faults exhuming the
mantle32. Top-basement faults naturally tilt lavas “continentward”33.
It must however be noticed that ridgeward-dipping lavas have also
been observed in conjunction with outward-dipping planar intru-
sions in intermediate- to fast-spreading ridges34. Taken individually,
none of the above characteristics can be considered as an accurate
diagnostic tool for oceanic crust, however, a combination of them
considerably increases the reliability.

Considering the criteria above, there is no doubt that the crust
seaward to the distal crustal bulge is oceanic (Figs. 2 and 3). A
spreading rate of ~50 mm.yr−1 may be inferred from its
roughness35, in coherence with the 56–58 mm.yr−1 early
spreading rates as suggested from magnetic anomalies36.

Considering our observations above concerning the outer-SDR
and FLF crustal types, we encounter few or none of the char-
acteristics listed above for oceanic crust, notably of slow-
spreading type: (1) top-lava surfaces are smooth, (2) the lava
(?) section appears not to be tectonized, (3) when not sub-
horizontal, lavas tend to dip seaward (outer SDRs and FLF), (4)
the Moho, clearly expressed, is neither horizontal nor flat, even at
a small scale (~10 km), (5) crust thickness reaches twice the
thickness of the “normal” oceanic crust nearby, (6) lower crust
seismic velocities appear to overcome (~+0.1 km.s−1 to
+0.4 km.s−1) those from the oceanic crust L3 layer, and (7) the
thick high-velocity layer LC2 is unrecognized at oceanic crusts.
The strong oblique reflections that are observed in the lower
crust could be considered similar to those from the oceanic
lower crust, but they are also observed in the Namibian VPM
necking zone (e.g., Fig. 4f), which is usually considered as
continental22. In addition, to account for our observations,
considering that the top oceanic crust is the UCR would set a
geometric issue to connect it to the top of the acknowledged
oceanic crust seaward.

We thus alternatively propose that an exhumed middle–lower
mafic continental crust could be located to seaward of the crustal
thin point, whose top (UCR or U2 facies in Fig. 4d) would have
been made brittle following the exhumation (Fig. 6a). A purely
active and ductile exhumation mode, driven by lateral lithostatic

Fig. 5 Distinct interpretations for the FLF crust. A Continental
interpretation. The top and left diagrams refer to distinct seismic facies
observed in the basin. B Alternative oceanic-crust interpretation from
seismic data from the same margins22.
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pressure gradients, would involve an outward flow of a fully
decoupled LC1 from the upper crust and from the postulated
ultramafic LC2 (cumulates). This would imply (1) a long-term
low viscosity of LC1 counteracting the hardening effects of mafic
magma crystallization and (2) an opposite direction of shear at
the bottom and top of LC1. Deformed reflectors (most probably a
set of planar intrusions) rather suggest that LC1 as a whole is
sheared top-to-continent12 (Fig. 6a). A Couette-type flow of the
entire lower crust is thus suggested (Fig. 6a). This overall con-
tinentward shear in the necking zone could be a consequence of a
gravitational collapse detaching the upper crust from the pas-
sively exhumed highly mafic but still with continental remnants
(LC1). A convective and buoyant mantle, explaining the perma-
nent subaerial settings of lava emplacement, favored (or even
provoked) this upper crustal detachment (Fig. 6a). The flat sur-
face beneath outer SDRs (with possible allochthons) (Fig. 4c)
would illustrate the detachment fault at its early stage. Outer
SDRs would be dynamically bent over the detachment and thus
be syntectonic features. FLF most certainly infilled the basin

during the progressive fault-controlled flexing of the external SDR
wedges, as shown by the onlaps of FLF onto the tilted strato-
volcanoes (previously horizontal). The progressively exhumed
mafic LC1 experienced rapid embrittlement and some stretching
during its exhumation, coeval with mantle melting.

Figure 6b summarizes the stages of the synmagmatic breaking
up of the lithosphere and onset of the crust types as suggested in
the South Atlantic. An initial continental block (C-Block in13),
even of small size, is geometrically needed to create inner SDRs at
paired margins3,13,23. Due to high thermal fluxes, a significant
part of the lithosphere strength lies within the mafic-intruded
continental crust itself and especially in the ultramafic LC2 and in
the dyke-intruded upper crust, whose large-wavelength mono-
clines (inner-SDR-related bending) attest to its rigidity. The
bottleneck crustal thin point illustrates the sudden weakening of
the continental lithosphere during this mechanical breakup, i.e.,
the sudden transition to a transient low-strength lithosphere due
to detachment of the upper crust (Fig. 6c). A congruent transient
peak in strain rate (Fig. 6c) is suggested by kinematic models in

Fig. 6 Tectonic interpretation and breakup model. a Tectonic interpretation at crustal scale (drawn from IONTM line VI, Figs. 2, 3a); b suggested
lithosphere evolution during breakup: crust necking (1), breaking up (2), and steady-state expanding in pure shear (3); c suggested strain rate and
lithosphere integrated strength evolution with time. Numbers refer to (b).
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the S Atlantic37,38. Seaward of the crustal thin point, continental
extension would be (1) steady state (Fig. 6c), (2) not isovolumic,
tectonic thinning being overcompensated by magma addition,
and (3) in pure shear, as suggested by the X-shape pattern of
intrusions (Fig. 3). The 6.0 ± 0.5-km thickness of the earliest
oceanic crust is indicative of a normal potential temperature in
the mantle1 at the time of complete breakup of the lithosphere.
Therefore, remnant continental material in the lower crusts of the
outer SDRs and FLFs could range from 15 to 30% of the original
thickness of the unstretched, unthinned lower continental crust
along each line, assuming a constant rate and constant tem-
perature of mantle melting beyond the crustal thinning point.
The transition to oceanic crust is discrete (Fig. 6a). It is associated
with the onset of an axial spreading/extensional system generat-
ing the type of mafic crust observed at slow-spreading ridges
worldwide. This could be, strictly speaking, the limit of the
compositional continental lithosphere.

Huismans and Beaumont39 previously suggested that at some
passive margins, exhumation of the continental lower crust could
occur following a breaking up of the mantle lithosphere and the
early setting of an oceanic-type convection. It is remarkable that
their related II-A model reproduces a crustal thin point at the
boundary between the rigid (still with mantle lithosphere) and
weak lithosphere. These depth-dependent stretching models have
been recently successfully applied to the formation of VPMs,
explaining not only the extent of the continental realm but also
the excess in synextension magmatism without significant excess
in mantle temperature40. Our interpretation would be the first to
date to fully support depth-dependent extensional models at
VPMs with continental lower-crust exhumation.

Conclusions
We discuss in this paper the extent of continental material sea-
ward to the VPM necking zones, taking into example the
Namibia volcanic passive margins. As far as we know, there are
few equivalent of deep seismic reflection datasets comparable to
the one available in the South Atlantic for the study of distal (and
conjugate) VPMs8,41. However, other observations elsewhere tend
to support the unusual extent of continental material (crust and/
or continental mantle) at VPMs, in the NE-Atlantic19,23, Central
Atlantic42 and Indian3,43 oceans. Notably, a continental inter-
pretation is argued for the Cuvier Abyssal Plain SDR-bearing
crust44 offshore W Australia, which was previously considered as
oceanic45. Our observations may challenge previous oceanic crust
interpretation of FLF- and/or outer-SDR crust types along some
margins46 where thin points and distal bulges may be observed.
Considering that (1) more than 50% of margins worldwide are of
volcanic- type and (2) the mafic extrusives of outer-SDR and FLF
crusts generate perfect linear magnetic anomalies indistinguish-
able from those that are ridge-related17,18,44, there is an obvious
need to explore the distal edges of VPMs. At stake is our ability to
determine the true extent of the oceanic lithosphere.

Methods
We mainly used long-offset prestack time-migrated seismic sections (PSTM),
acquired by ION Geophysical in 2014. The multichannel seismic data were
recorded for 18 s using a 10.2-km long, 804-channel streamer, a 50-m shot interval,
and an air gun with a volume of 6,500 cu.in. The data acquired from ION Geo-
physical by TotalEnergies SE comprised 2 strike and 16 dip-prestack time-migrated
sections, of which 3 sections (lines VIII, IX, and X in Fig. 2) were prestack depth-
migrated (PSDM), involving ION-property applications and workflow processes.
In this study, we specifically used the 10 dip sections lying south of the Walvis
Ridge (Fig. 2). The depth conversion of the whole PSTM sections (lines I–X,
Supplementary Figs. 2 and 3) was carried out using a 5-layer velocity model built
by TotalEnergies SE. Four of these layers correspond to water and to a calibrated
division of the post-rift sedimentary section, using industrial well data. Seismic
velocities for the sedimentary layers were extracted from the ION PSTM data
following Dix conversion and scaling. The basement section is considered as a

single layer whose velocities were largely inferred from velocities extracted from
ION PSDM lines VIII, IX, and X (Fig. 2), which are close to the Kudu well47. This
bespoke model was compiled to fit both the Moho and the top-basalt horizons
from the PSDM sections (lines VIII–X). Our model is compared with seismic
refraction velocities inferred from available cross-cutting lines21 (Supplementary
Figs. 2 and 3). We additionally show that the time to depth conversion does not
change the bulk geometry of the main crustal features, notably the Moho topology
(Supplementary Fig. 4). In addition to the ION dataset, we also used for the
interpretation less-penetrative high-resolution PSTM lines from TGSTM (see
Supplementary Figs. 6 and 7).

Data availability
Thanks to IONTM and TGSTM the seismic data supporting this study are available within
the paper and the supplementary information file and can be used as so to reproduce the
findings. The raw data are private properties of IONTM and TGSTM which have to be
contacted for any lending or acquisition.
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