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Deep structure of the Namibia continental margin as
derived from integrated geophysical studies
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Abstract. During the Geophysical Measurements Across the Continental Margin
of Namibia (MAMBA) experiments, offshore and onshore refraction and reflection
seismic as well as magnetic data were collected. Together with the existing free-air
gravity data, these were used to derive two crustal sections across the ocean-
continent transition. The results show that the Early Cretaceous continental
breakup and the separation of South Africa and South America were accompanied
by excessive igneous activity offshore. Off Namibia we found a 150-200 km wide
zone of igneous crust up to 25 km thick. The upper part of this zone consists of an
extrusive section comprising three units of basaltic composition: two distinct wedges
of seaward dipping reflectors (SDRs) separated by flat-lying volcanic flows. The
inner wedge of SDRs can be modeled as the source of a long-wavelength magnetic
anomaly that borders long parts of both South Atlantic margins (anomaly G). The
crust underneath these extrusives is characterized by high-velocity and high-density
material (average values 7 km s™!, 3 x 10® kg m~3). Free-air gravity anomalies along
both sides of the high-density crust are interpreted as edge effects resulting from
juxtaposition with normal oceanic and continental crust on either side. We define
the abrupt landward termination of this zone as the continent-ocean boundary,
and consequently, the crust seaward is interpreted as exclusively igneous material
and not intruded continental crust. Extrapolation of the interpreted geophysical
features along the southwest African margin suggests a fast prograding narrow rift
zone and sharp lithospheric rupture leading to the formation of a margin-parallel
magmatic belt south of the Walvis Ridge. The influence of the Tristan da Cunha
mantle plume may explain the widening of this thick igneous crust near the Walvis

Ridge.

1. Introduction

Volcanic rifted margins are one of the main categories
of large igneous provinces on Earth [Coffin and Eld-
holm, 1994]. During the last decades the North At-
lantic Volcanic Province has emerged as a type exam-
ple for volcanic margins associated with a prominent
mantle plume thanks to the combined interpretations of
geophysical data with geological and petrogenetic stud-
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ies [Holbrook et al., 1994a; Eldholm and Grue, 1994;
Saunders et al., 1997]. The continental flood basalts on
the conjugate margins of Namibia and South America
and the existence of paired hotspot tracks on the South
Atlantic seafloor (Walvis Ridge and Rio Grande Rise)
have long been recognized as evidence that the South
Atlantic is also flanked by plume-related volcanic mar-
gins [0’Connor and Duncan, 1990]. Marine reflection
seismic data support this interpretation with the recog-
nition of seaward dipping reflector (SDR) sequences on
both sides of the South Atlantic [Light et al., 1993;
Gladczenko et al., 1997; Hinz et al., 1999]). Figure 1
shows the distribution of seaward dipping reflector se-
quences offshore and flood basalts onshore in the South
Atlantic region. It is important to note that both the
continental flood basalts and the seaward dipping reflec-
tors appear limited to the margins south of the hotspot
traces.

Previous studies have addressed many different as-
pects of the rifting and continental breakup at the
Namibian margin. These include studies of the geol-
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Figure 1. Magmatic features related to the Mesozoic opening of the South Atlantic ocean,
indicated by PFB, Parand flood basalts; RGR, Rio Grande Rise; WR, Walvis Ridge; EFB,
Etendeka flood basalts. Distribution of seaward dipping reflectors (SDRs) are shown that have
been recognized during previous surveys. Locations of BGR. reflection seismic profiles (including
this study) and DSDP/ODP drill sites are indicated by numbered dots.

ogy and petrogenesis of igneous complexes [e.g., Martin
et al., 1960; Erlank et al., 1984; Milner and LeReoz,
1996; Trumbull et al., 1997; Ewart et al., 1998]; inter-
pretation of offshore reflection seismic profiles [Austin
and Uchupi, 1982; Light et al., 1993; Gladczenko et al.,
1997], studies of magnetic seafloor anomalies [Rabi-
nowitz and LaBrecque, 1979; Nirnberg and Miiller,
1991], gravity models [Rabinowitz and LaBrecque, 1979;
Light et al., 1992], and models for uplift and erosion de-
rived from apatite fission track data [Brown et al., 1990;
Gallagher and Brown, 1997).

However, the deep-crustal seismic data and velocity-
depth models needed for a complete interpretation
of the Namibian margin had previously been lack-
ing, and the investigations reported here were designed
to provide that information.
offshore multichannel and wide-angle seismic survey
was carried out in December 1995 by the Bundes-
anstalt fiir Geowissenschaften und Rohstoffe, Hannover
(BGR), the Alfred-Wegener-Institut fiir Polar- und
Meeresforschung, Bremerhaven (AWI), and the Geo-
ForschungsZentrum, Potsdam (GFZ). The offshore por-
tion of the experiments was designed to obtain com-
plete two-dimensional (2-D) crustal sections across the
continent-ocean boundary; to confirm the existence of
high-velocity bodies in the lower crust below the SDRs,

A combined onshore-

postulated by Gladczenko et al. [1997]; and to assess
the cause of the prominent magnetic anomaly G [Rabi-
nowitz and LaBrecque, 1979]. Onshore, the goals of the
experiments were to map the variations in Moho depth
from the continent-ocean boundary onto stable conti-
nental crust and to reveal the deep structure of the con-
tinental crust in a region that was intruded by breakup-
related igneous complexes. This paper presents the re-
sults and interpretations of two profiles that traverse
the continental margin in the late Precambrian Damara
Belt (Figure 2).

2. Geological and Geophysical Setting

The seismic transects 1 and 2 traverse deeply eroded
basement rocks of the late Precambrian Damara Oro-
gen. Transect 1 crosses a region of the Damara base-
ment, which has been strongly affected by Cretaceous
breakup-related igneous activity. The transect lies just
south of the Etendeka flood basalts, the largest expo-
sures of continental flood basalts in Namibia, and it di-
rectly crosses two Cretaceous intrusive complexes (Cape
Cross and Messum, see Figure 2). Transect 2 intersects
the coastline ~150 km farther south, in an area of the
Damara basement that is less affected by Cretaceous
activity and is more deeply eroded.
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Figure 2. Location map, showing the geometry of the reflection and refraction seismic experi-
ment and wiggle traces of the simultaneously measured magnetic data. Magnetic lineaments after
Rabinowitz and LaBrecque [1979] are given as well as simplified geology of the Damara orogeny

and Mesozoic igneous complexes (shaded).

2.1. Prerift Geology: The Damara Orogen

The Damara Orogen is part of the late Precambrian
Pan-African fold system, which affected much of the
western margin of Africa and has its equivalents on the
Atlantic coast of South America [Porada, 1979, 1989].
The orogen consists of a coastal arm (Kaoko Belt in
the north and Gariep Belt in the south) along which
a proto-Atlantic Ocean opened [Porada, 1979], and an
inland arm, the Damara Belt proper, which strikes NE-
SW. Reviews of the geology of the Damara Orogen are
given, e.g., by Miller [1983] and Tankard et al. [1982].

The Damara Belt itself is a deeply eroded fold belt
some 400 km wide, which separates the Congo Craton
and Kalahari Craton (Figure 2). It is subdivided into
a number of tectonostratigraphic zones, which in part
outline the position of late Proterozoic NE-SW trend-
ing rift structures filled with thick metasedimentary se-
quences. Subsequent convergence of the bounding cra-
tons caused intense NW-SE directed compressional and
transpressional deformation with inversion of the rift
structures, medium to high-grade regional metamor-
phism, and granite emplacement.

2.2. Mesozoic Volcanism, Rifting, and
Continental Breakup

After erosion of the Damara Orogen, sedimentation
began in the late Paleozoic with glacial deposits of the
Dwyka Group, and this was followed in the Permian
and Triassic by continental and shallow marine sedi-
mentation, which formed the upper units of the Karoo
Supergroup. Sedimentation terminated with outflow
of the olivine-normative flood basalts of the Drakens-
berg Group, whose age is 186-183 Ma [Duncan et al.,
1997]. Karoo age volcanics are of much less importance
in central Namibia than in South Africa, and the main
focus of Mesozoic magmatism was in the early Creta-
ceous at the site of the present Atlantic coast, where
continental flood basalts (Parans-Etendeka Province)
were emplaced on both sides of the present Atlantic
Ocean. The continental flood basalts now cover an
area of some 800,000 km? and the volume of erupted
magma is estimated at a minimum of ~2x10° km?
[Peate, 1997]. Controversy continues about the pro-
cess of mantle melting producing this huge volume of
basalts and about whether, or in what manner, a man-
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tle plume was involved [Arndt and Christensen, 1992;
Turner et al., 1996; Peate, 1997].

A further important expression of the Cretaceous
magmatism in Namibia is the emplacement of a large
number of subvolcanic ring-type intrusive complexes
(the Damaraland complexes) and mafic dike swarms.
The Damaraland complexes as a group comprise of a
great variety of rocks including carbonatites, syenites,
gabbros, and granites [Martin et al., 1960]. Two of
these complexes are crossed by the onshore part of seis-
mic transect 1: Cape Cross at the present coastline
and Messum, some 50 km farther inland (Figure 2).
The Cape Cross intrusion is only poorly exposed at the
coastline, but aeromagnetic data show that more than
half of it is located offshore [Eberle et al., 1996]. The
exposed rocks at Cape Cross are granites, gabbros, and
syenites. Messum consists of concentric ring dikes of
gabbros, anorthosite, granitoids, and syenites, with a
central intrusion of syenites, microgranites, and rhyo-
lite [Korn and Martin, 1954; Harris et al., 1999]. The
gabbros and syenites from Messum and the basalts as-
sociated with the complex have O, Sr, and Nd isotopic
compositions, which indicate a mantle origin [Harris,
1995; Trumbull et al., 1997; Ewart et al., 1998; Harris
et al., 1999].

Radiometric dating has shown that eruption of the
continental flood basalts and emplacement of several
of the intrusive complexes took place over a very nar-
row interval of time at 132 + 1 Ma [Milner et al,
1995; Renne et al., 1996, 1997; Schmitt et al., 2000].
The oldest magnetic seafloor-spreading anomaly rec-
ognized off Namibia is correlated with M4 (circa 130
Ma, [Rabinowitz and LaBrecque, 1979]), which therefore
indicates that the continental magmatism took place
only shortly before or simultaneously with the onset of
seafloor spreading. Apatite fission track data of Brown
et al. [1990] indicate a phase of rapid denudation at 125
Ma in the coastal area of central Namibia, where an es-
timated 3000 m have been removed by erosion, particu-
larly in the early Cretaceous. In the area of the central
Damara Belt and the seismic traverses, apatite fission
track data of Haack [1983] show that young ages (<130
Ma) extend much farther inland than in the south, a
fact that may reflect a greater degree of Mesozoic cover
in this area and/or the thermal effect of the Damara-
land intrusive complexes. Estimates of the thickness
of volcanic cover once present above the intrusive com-
plexes suggest that in this area, too, some 3000 m of
section was removed by uplift and erosion.

2.3. Previous Geophysical Surveys

Some 14,000 km of commercial reflection seismic pro-
filing, with concurrent gravity and magnetometry sur-
veys, were carried out on the Namibian continental
shelf to aid in hydrocarbon exploration [Light et al.,
1992, 1993]. Most of the seismic profiles were recorded
to a maximum of 7 s two-way time, and information
about the deep crustal structure is therefore limited.
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On the basis of these data, Light et al. [1992] distin-
guished four stages of basin development on the margin:
prerift, synrift I, synrift IT, and drift/thermal sag phase.
Drilling results confirm that the rift basins contain in-
terbedded aeolian sands and basalts of the Etendeka
formation. Light et al. [1992] also comment on the pres-
ence of a coast-parallel free-air gravity high. Lacking
deep-crustal seismic data, they were only able to spec-
ulate that the anomaly was due to Moho topography
under a crust thinned by simple shear extension. The
possibility of dense magma underplating the crust was
not discounted.

Gladczenko et al. (1997, 1998] emphasized features of
the Namibian margin related to magmatism using com-
mercial multichannel seismic (MCS) data and gravity
data from Namibia and also discussed parallels with
the conjugate margin of Argentina. They interpreted
the transition between normal oceanic and continental
crust as a ~150-km-wide rift zone partly covered by dip-
ping wedges which borders on thick oceanic crust with
seaward dipping reflectors.

Three land-based explosion-seismic refraction profiles
were carried out in 1975 in the central zone of the
Damara Orogen [Baier et al., 1983; Green, 1983]. The
results show an upper crust of dominantly felsic ma-
terial (v, = 5.9-6.2 km/s), which extends to ~15 km
depth. Below that depth the seismic velocity jumps
to 6.4 km/s. According to Green [1983], material with
that velocity extends down to the Moho at 40-50 km
depth, whereas Baier et al. [1983] suggested that higher-
velocity material (v, = 7-8 kmm/s) may be present in the
lower crust at 30-50 km depth and interpreted this to
indicate magmatic underplating. Our seismic transect
2 aligns with profile 1 of Green [1983], which failed to
detect a Moho reflection because it traverses very thick
sedimentary sequences. Green [1983] inferred a crustal
thickness of ~55 km for this area on the basis of gravity
data.

3. Aquisition, Processing and Modeling

The experiments reported here included the acquisi-
tion of seismic reflection and refraction/wide-angle re-
flection data as well as magnetic surveys. In addition,
we have compiled the available satellite-derived free-air
gravity data for the region [Sandwell and Smith, 1997].
This section discusses the acquisition, processing, and
integrated modeling of these data sets.

3.1. Seismics

3.1.1. Data acquisition and processing. The
seismic data were acquired during a two-ship marine
survey involving the Russian vessel R/V Akademik
Neméinov and the Norwegian vessel R/V Polar Queen.
The seismic refraction/wide-angle reflection investiga-
tions involved synchronous data collection by ocean bot-
tom hydrophones (OBH) operated by AWI and onshore
seismometers of the GFZ (see Figure 2). Source signals
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were generated by a tuned air gun array of 54 L (partly
augmented by two 33 L air guns) fired at 60-s intervals,
which corresponds to 140-m source spacing. The dis-
tance between the OBHs varied between 40 and 70 km.
On land, 25 recorders equipped with three-component
1-Hz seismometers were deployed, with spacing of 2.5
km (in the coastal region) to 15 km (on the northeastern
end of the lines). Sampling interval was 10 ms.

A total of 2806 km of MCS data were acquired by
BGR using R/V Akademik Neméinov. The data were
collected along the refraction/wide-angle reflection lines
and an additional 1737 km of pure MCS profiles were
measured from the continental shelf to the deep Cape
Basin off Namibia. The reflection seismic equipment
consisted of a Sercel SN 358 DMX digital recording sys-
tem, a 3000-m, 240-trace streamer, and four air gun
arrays with 32 guns having a total volume of 53.4 L.
The operating pressure was 135 bars; shot intervals on
pure MCS profiles were 150 m and 50 m, with nominal
coverage of 10-fold and 30-fold, respectively.

The refraction data were compiled as receiver gath-
ers for each OBH and land station. The raw land data
are of excellent quality, whereas some of the OBH data
were partly affected by instrumental noise. The latter
was suppressed using predictive deconvolution. Further
data-processing steps included band-pass filtering and
frequency-wavenumber (FK) filtering in cases of strong
noise from previous shots. Dominant frequencies are
~8 Hz. The data also show clear S wave signals result-
ing from conversions at the ocean bottom and crustal
boundaries, which, however, are not considered in this
paper.

The reflection MCS data were processed on ship to
the stage of a stacked version. Conventional processing
routines consisting of geometry application and com-
mon mid point (CDP) sorting were applied. Veloc-
ity analyses were done every 3.5 km. After minimum
phase predictive deconvolution, multiples attenuation,
and dynamic corrections the traces of the CDP gathers
were stacked. These stacked CDP traces were band-
pass filtered and normalized. The stacked data were
time migrated using an FK algorithm.

3.1.2. P velocity modeling and imaging:
Procedures and reliability. The seismic velocity
models of the crust were derived using both the
refraction/wide-angle reflection data and MCS data.
The former yield P velocities and roughly locate ma-
jor discontinuities down to upper mantle levels, whereas
the MCS data provide reflectivity patterns of the crust
and highly resolved discontinuities, albeit often limited
to shallower crustal depths. Thus the combination of
both types of data increases the reliability of the P ve-
locity models by providing geometric constraints and
allows for better founded conclusions on the physical
and chemical properties of the crust. We used the fol-
lowing procedures to establish 2-D time sections and
depth sections, each comprising P velocities and reflec-
tion seismic results.
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In the first step the models were developed in the off-
shore regions for the upper section above the acoustic
basement. For each OBH, travel times of primary P
wave phases at small distances (<30 km) were deter-
mined, and forward modeling was applied with 2-D ray
tracing methods [Zelt and Smith, 1992]. Several lay-
ers were established on the basis of diving phases and
some reflection arrivals. We assumed linear lateral P
velocity variations between the well-resolved OBH lo-
cations. Vertical P velocity gradients were estimated
from travel time curvatures. The topography of unre-
solved parts of the layer boundaries was constrained by
the corresponding near-vertical reflections identified in
the MSC data.

Once the sequence from seafloor to acoustic basement
was fixed in the models, crustal and uppermost mantle
P velocities were determined on the basis of both the
OBH and land station wide-angle data. Unfortunately,
the MCS data could not be used for additional con-
straints because of its poor imaging of the subbasement
structures. Again, we forward modeled travel times us-
ing the 2-D ray tracing module of Zelt and Smith [1992].
This method has limitations in strongly heterogeneous
media, and in such cases, where rays could not be traced
through complicated regions of the model, first arrival
times were calculated by the use of wave front trac-
ing [Podvin and Lecomte, 1991]. The velocity distri-
bution of the upper and middle crust was determined
using diving-wave arrivals. The high-quality land data
permitted identification of crustal diving phases from
greater depths as secondary arrivals, which gave some
control on the lower crustal velocities. Otherwise, the
P velocities of the lower crust had to be determined
from travel times of wide-angle reflections. The velo-
city of a layer just above the Moho was estimated from
amplitude modeling [Zelt and Ellis, 1988] of wide-angle
reflections from the top and bottom of this body. The
depth of the Moho was constrained by wide-angle reflec-
tion arrivals and a few arrivals of upper mantle diving
waves. The latter also gave some control on P velocities
of the uppermost mantle. In some cases, we used the
facilitity of the ray tracing module of Zelt and Smith
[1992] to model floating reflectors in the middle crust,
which could not be resolved as velocity discontinuities.

The reliability of the final P velocity models depends
on a number of factors including the accuracy of the in-
dividual travel time picks (0.03-0.1 s), the uncertainty
of measured apparent velocities of the corresponding
phases, the type of phases used, and the ray coverage.
In our case, the dense spatial sampling allows for good
phase correlation and reliable determination of appar-
ent velocities. Further constraints were given by the
MCS reflection data and amplitude modeling. We esti-
mated uncertainties of velocities and depths of bound-
aries by perturbation of selected velocity and depth pa-
rameters [ Zelt, 1999]. For the section above the acoustic
basement and the uppermost crust the error in P wave
velocities is about 0.1 km/s and about £0.3 km in
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depth determination. The error in the velocity of the
deeper crust (>15 km) is about +0.2 km/s, and the
depth determination of boundaries is accurate to about
+ 3 km. Uncertainties in P velocities in the uppermost
mantle are about +0.15 km/s.

Regions of the models that are only covered by rays to
the onshore stations are inherently nonunique because
of the limited distance window of the registrations. This
problem in our study is partly compensated for by the
dense receiver spacing and the fact that parts of the
ray paths are well defined by reversed OBH registra-
tions and MCS data. Further important constraints
came from geological and geophysical knowledge [Mil-
ner, 1997; Baier et al., 1983; Green, 1983], from which
we could exclude a sedimentary succession with low ve-
locities beneath the onshore receiver sites. For the re-
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gions of the models that are affected by this problem,
which are indicated in the following figures, estimated
uncertainties in the velocities are about £0.1-0.15 km/s
in the upper and middle crust (<20 km) and £0.2 km/s
in the lower crust and uppermost mantle. Uncertainties
in the depth determination of the Moho are ~3-5 km.
The P velocity models were finally used to depth con-
vert line drawings of the time-migrated reflection seis-
mic data. A fine grid of rectangular cells (0.1 by 0.01
km, width by height) with constant P velocity was cal-
culated from the velocity models and for each distance-
time pair, a depth was determined from the sum of two-
way times of grid cells at the corresponding location.
3.1.3. Seafloor to basement sequence. Figure
3 shows 2-D depth sections along transects 1 and 2 down
to acoustic basement levels. The sections combine the

e observed
—  calculated by
ray U

o ml?mm tt)A}':«:ing "

-240
sw Distance [km] NE

Figure 4. (a) Receiver gather comprising small-offset recordings of OBH 2 on transect 2. The
vertical axis corresponds to reduced travel time (reduction velocity is 6 km/s). Distances represent
shot-receiver offsets (regular type) and model coordinates of transect 2 (italic type), respectively.
Amplitudes have been trace normalized. (b) Observed and calculated travel times based on the
final P velocity model for transect 2. (c) Corresponding model section showing ray paths and

first arrival wave fronts.
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Figure 5. Seismogram examples (time migrated) from transect 2 (see Figure 3) showing (a) the
outer and (b) the inner wedge of SDRs with superimposed P velocity model. Layer boundaries

of the latter were depth to time converted.

interpiotation of the reflection seismic data and the up-
permost boundaries of the final P velocity models (1-5,
with 1 representing the seafloor). Coherent signals in
the reflection data were marked by line drawings. The
prominent horizons marked L and N were identified by
comparison with former studies in this region [Gerrard
and Smith, 1982; Light et al., 1992]. These bound-
aries correspond approximately to interfaces 2 and 3
of the P velocity models, respectively. The top of the
acoustic basement B was defined by the most promi-

nent and extensive reflection and coincides with bound-
ary 4 of the P velocity models. Beneath this horizon,
regions of distinct reflectivity patterns were identified
(e.g., seaward dipping reflections, flat-lying and mound-
like structures), and these are outlined in different pat-
terns of shading on Figure 3.

Examples of data and modeling are given in Figures 4
and 5 for subregions of transect 2 (see outlines in Figure
3b). The identification and fitting of phases in the OBH
data are shown for OBH 2 in Figure 4. P, to P, repre-
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Figure 6. Observed and calculated travel times (N, number of picks; rms, total root-mean-square
error) and corresponding ray paths for transect 1. Separate depth levels: (a) upper layers down
to the acoustic basement using phases Py, P,, P3;, P4 P, and Py, (b) upper and middle crust (Ps),
midcrustal floating reflectors (P P) and the middle and lower crustal regions (Ps, P; P, and P;),
and (c) the Moho (P, P) and the uppermost mantle (P,).

sent refracted phases diving beneath the interfaces 1-4.
The P4P reflection from interface 4 corresponds with
the top of the acoustic basement as defined with the
near-vertical data. The layer coinciding with the sea-
ward dipping reflectors beneath the basement reflector
is characterized by velocities of 5-5.5 km/s. Beneath
this, velocities >6 km/s are required to explain the P;
first arrivals at offsets larger than 15 km. Note the early
Ps arrivals at offsets between 30 and 40 km (-255 and -
245 km in model coordinates). In order to fit this travel

time anomaly, an updoming of boundaries 4 and 5 was
incorporated in the model.

Figure 5 shows the relationship between the derived
P velocity model and the reflection seismic images and
demonstrates the interpretation of the latter in terms
of reflection horizons and reflectivity patterns. The P
velocities vary only slightly within the layers and are
consistent with the model developed for transect 1. The
sequence in Figure 5a is similar to the modeling exam-
ple discussed above (Figure 4), and it shows that the
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Figure 7. Record section for OBH 2 on transect 1. (a) Data displayed as in Figure 4. (b)

Observed and calculated travel times based on the final

P velocity model for transect 1 (Plate

1@). (c) Estimation of the velocity beneath interface 7 from modeling the amplitude ratio of
wide-angle reflections P;P and P, P. (d) Corresponding model section showing ray paths.

velocity discontinuities constrained by wide-angle ob-
servations are in good agreement with the marker hori-
zons L, N, and B. Furthermore, the superposed velocity
model reveals that each velocity layer corresponds to
a sequence of distinct reflectivity in terms of strength,
frequency, and coherency. The entire succession above
the basement is dominated by subparallel and partly
prograding patterns. Neither horizon N or L nor the
top of the acoustic basement B is apparently offset by
faulting. Both SDR regions comprise stacks of bent
continuous reflections, which diverge seaward and con-

verge landward at the basement reflector. The base of
these zones coincides roughly with the transition to the
layer beneath interface 5, but it is not well defined in
the reflection images.

3.1.4. Crustal architecture. Plate 1 shows the
final P velocity distribution and depth-converted line
drawings derived for the entire crust along transects 1
and 2. Both crustal sections extend to 400 km offshore,
including the rise, slope, and shelf, and 100 km on land.
In addition to the five boundaries which were shown in
Figure 3 and discussed in section 3.1.3, the sections in
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Figure 8. Seismic data recorded by the vertical component of land station 9 on transect 1. (a)
Data displayed as in Figure 4. The detail illustrates the wave field and travel time fitting of phase
Ps (Figures 8b and 8c). (b) Observed and calculated travel times based on the final P velocity
model for transect 1 (Plate 1a). (c) Corresponding model section showing ray paths.

Plate 1 show first-order discontinuities 6 and 7 and the
crust-mantle boundary M. Both transects are character-
ized by strong lateral variations of the crustal velocities
as indicated in Plate 1 by dashed isolines. The most
prominent feature of both transects is a high-velocity
zone (>7 km/s) in the middle and lower crust between
-300 and -100 km on transect 1 and -300 to -150 km on
transect 2. This zone underlies the regions with distinct
reflectivity patterns, including SDRs mentioned above.
At the base of the high-velocity zone is a layer with
velocities of ~7.6 km/s.

Crustal velocities decrease abruptly landward of this
high-velocity zone in the entire crustal section. We
identify this strong lateral velocity gradient as the
continent-ocean boundary (COB; see discussion below).
On transect 1, steeply bounded regions of enhanced
velocity were modeled at about -15 km and 35 km.
The near-vertical data (line drawings) and wide-angle

data (floating reflectors) reveal lower crustal reflectivity
around these high-velocity regions. The lower crustal
reflectivity appears to disappear oceanward of the COB,
which could be due to a masking effect of the overlying
material or could indicate a real change in the elas-
tic properties of the lower crust. We define a further
crustal boundary near the NW end of the transects,
which is defined by a change in depth and topography
of the Moho and is indicated in Plate 1 as transitional-
normal oceanic crustal boundary (TNOB). The Moho
varies considerably in depth along the transects, from
~15 km in the southwest to 35-40 km onshore. In some
parts of the transect a reflection Moho (line drawing)
could be identified, and where present, its location is in
agreement with the velocity models.

To support the derived crustal sections, Figures 6-11
present overviews and examples of data and modeling
for each transect including OBH and land data. Fig-
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Figure 9. Observed and calculated travel times (N, number of picks; rms, total root-mean-
square error) and corresponding ray paths for transect 2. Devided into separate depth levels:
(a) upper layers down to the acoustic basement using phases Py, P2, Ps, P4P, Py, and P; P, (b)
upper and middle crust (Ps) and the middle and lower crustal regions (Ps, P; P, and P;), (c) the

Moho (P, P) and the uppermost mantle (P,).

ure 6 shows the ray coverage and travel time fitting for
transect 1. The data from OBH 2 on transect 1 (Figure
7) show clear first arrivals, which were used to adjust
the crustal velocities. The intracrustal boundary 7 is
based on the wide-angle reflection phase P;P observed
at offsets between 30 and 70 km. The Moho reflection
can be identified at offsets >40 km. Because we have
no direct velocity information from refracted arrivals
for the layer beneath interface 7, we estimated its value

by modeling the amplitude ratio of the P;P to P,P
wide-angle reflections (Figure 7c). For this purpose, the
entire model was fixed except for velocity just beneath
boundary 7, while the vertical velocity gradient of 0.02
/s in this layer was extrapolated from the layer above it.
Velocities of 7.6 + 0.1 km/s produce reasonable relative
amplitude variations with offset.

Figure 8 shows an example of an onshore receiver
gather from transect 1. To explain the Ps arrivals ob-
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Figure 10. Seismic data recorded by OBH 3 on transect 2. The data are displayed as in Figure
4. Theoretical travel times were calculated for the final P velocity model (Plate 1b).

served at different land stations on this transect, at -15
km a high-velocity anomaly of up to +0.5 km/s with
respect to the surrounding material was modeled. This
feature is necessary to fit the early arrivals on the one
hand and the apparent velocity of ~5.9 km/s charac-
terizing Ps on the other hand. The enlarged details
in Figures 8 a and b illustrate the significance of this
model feature because the theoretical Ps arrivals are
predicted several wavelength later than the observed
arrivals if the high-velocity region is not included in the
model. The Py arrivals at offsets between -155 and -180
km were modeled as refractions from the high-velocity
zone beneath boundary 6 (> 7.1 km/s) and confirm the
OBH data modeling. The Moho could be constrained
by PP reflections. Refracted arrivals from the up-
permost mantle (P,) are very weak, which is probably
due to a very small or even negative velocity gradient
beneath the Moho.

The ray coverage 9) and travel time fitting for tran-
sect 2 (Figure is similar to that of transect 1. Figure

10 shows data from OBH 3 on transect 2. We observe
irregular P travel time branches at offsets between 30
and 120 km. The significant change in apparent veloci-
ties is due the seafloor and basement topography as well
as to a strong lateral velocity gradient in the entire crust
at about -160 km (see COB in Plate 1b). Clear P,, P
reflections define the Moho boundary. The land data
on transect 2 (e.g. Figure 11) show Ps arrivals which
can also be traced as secondary phase at larger offsets.
This gives important control on the middle and lower
crustal velocities and supports the model of a strong
lateral velocity gradient at about -150 km. In contrast
to the land data on transect 1, clear P, arrivals are
recognizable in transect 2.

3.2. Seismics and Gravity

Rifted continental margins are characterized by
prominent free-air gravity anomalies elongated paral-
lel to the ocean-continent transition [e.g., Rabinowitz
and LaBrecque, 1979; Holbrook et al., 1994b; Watts and
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Fairhead, 1999]. The cause of these anomalies is not al-
ways clear because of the ambiguity inherent in poten-
tial field data interpretation. In this section we attempt
to explain the gravity anomalies in the study area by
use of the seismic information on crustal structure and
velocity.

The gravity data compiled for the region of tran-
sects 1 and 2 (Figure 12) reveal a prominent positive
anomaly parallel to the shelf break. This feature is
observed along large portions of the Atlantic margins
[Watts and Fairhead, 1999] and is accompanied by a
seaward gravity low in some cases. Sleep and Fuyita
[1997] demonstrated that a simplified ocean-continent
transition (oceanic crust bordering directly on conti-
nental crust, both of uniform thickness and isostatically
compensated) produces an antisymmetric free-air ano-
maly located at this boundary with a high on the outer
shelf and a low on the oceanic crustal edge. In na-
ture, such a transition of crustal blocks is much more
complex and local disturbances of isostasy are proba-
ble because of the rigidity of the brittle parts of the
lithosphere. Free-air gravity is very sensitive to such

complexity [Watts and Fairhead, 1999] and the ideal-
ized edge effect is distorted in many cases.

Rabinowitz and LaBrecque [1979] interpreted the shelf
anomaly off southwest Africa as such an edge effect pro-
duced by the juxtaposition of continental and oceanic
crust. Their study, however, lacked control from deep
seismic data. Whereas later studies [e.g., Light et al.,
1992; Gladczenko et al., 1998] have not agreed with the
edge effect interpretation, our velocity models do show
a major crustal boundary at the position of the gravity
high (see COB in Plate 1 and Figure 12). Thus, in the
following discussion we refer to this as the COB edge
effect anomaly. An outer gravity high is more diffuse
and of smaller amplitude, but it can be traced parallel
to the margin into the southern Cape Basin. This fea-
ture correlates approximately with the TNOB bound-
ary in Plate 1. We interpret this as a similar edge effect
(TNOB edge effect). Furthermore, gravity data show a
circular high at the position of the Cape Cross intru-
sive complex, which appears to support the P velocity
model of a vertical structure with enhanced seismic ve-
locity at this location (Plate 1).



