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Abstract

Thick and high-velocity roots are generally observed beneath the Archean cratons. Inside these high-velocity keels, velocity
contrasts are detected neither by surface nor by body waves tomographies. We present here evidences based on the S-to-P and P-to-
S converted waves for the existence of an irregularly stratified and thick keel beneath the Kalahari super-craton. To satisfy surface
wave data and S-to-P conversions, the velocity model should have beneath the Moho a ∼160 km thick anisotropic structure with
vertical slow axis and decreasing anisotropic parameters with depth. Such a structure may stem from the preferred orientation of
olivine [100] axis in the horizontal plane under shearing deformation. This structure, together with the ∼100 km thick layer
underlying it, forms a ∼300 km thick continental root beneath the cratons. Inside this root, the P and S velocities should be higher
on average respectively by an amount of 6% and 4% than the AK135 velocity model. Beneath ∼300–350 km depth, a low velocity
zone is clearly detected that may be either the remainder of large magma reservoirs related to cratonic flood basalts or a melted
silicate layer created by the transformation, just above the 410-km deep discontinuity, of wadsleyite assembly to olivine assembly.
© 2007 Elsevier B.V. All rights reserved.
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1. Introduction

The Kalahari super-craton is formed by the Archean
Kaapvaal and Zimbabwe cratons that are separated by
the Limpopo Belt and surrounded in the south by the
Proterozoic Namaqua–Natal belt and in the west by the
Kheiss Belt (Fig. 1). The Kaapvaal craton is one of the
oldest continental blocks on Earth and is the outstanding
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feature of this collage of cratons and terranes named the
Kalahari super-craton. The Kaapvaal craton itself is
formed by an aggregation of Archean terranes with
distinct structural trends assembled and stabilized
between −3.1 to −2.6 Ga. Later, at ∼−2.06 Ga, the
ultra-mafic Bushveld complex intruded the craton and
covered an about 60,000 km2 large area. The Limpopo
Belt is an ancient micro continent, which contains
probably the oldest (∼−3.8 Ga) basement in Africa, it
was squeezed between the Kaapvaal and Zimbabwe
cratons during their collision (∼−2.7 to −2.6 Ga).
During the collision, the Limpopo terrane was thrust
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Fig. 1. Situation map with stations location (open circles are mobile stations and diamonds are permanent stations); the cluster near BOSA is the dense
Kimberley array. Contours (from [5]) outline cratons and mobile belts. Insert shows the azimuth and distance distribution of the used earthquakes for
the S-receiver functions. The black line gives the position of the migration sections, with origin at latitude −26°, longitude +26° (blue star). (For
interpretation of the references to colour in this figure legend, the reader is referred to the web version of this article.)
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over the Zimbabwe craton and the Kaapvaal craton was
thrust under the Limpopo terrane generating a signifi-
cant crustal thickening [1].

The distinctive seismological characteristic of Ar-
chean cratons is their high-velocity keel [2–4]. Beneath
the Kalahari super-craton in Southern Africa, high
seismic velocities principally obtained from surface and
body wave tomographies are reported for the upper
mantle. Body wave tomography [5,6] shows a thick and
high-velocity root extending down to 300 km depth
beneath the Kaapvaal craton and∼200 km beneath most
of the Zimbabwe craton. Surface wave tomographies
assuming isotropic medium show either a rather uniform
high-velocity keel with values up to∼+10% higher than
the reference models [7,8], or a high-velocity lid above a
lower velocity zone [9–11]. On the contrary, anisotropic
surface wave analysis [12,13] shows evidences for the
existence of an anisotropic layer with radial symmetry
and vertical slow axis that may extend up to 200 km
depth. While surface wave tomography has a coarse
spatial horizontal resolution, body wave tomography
cannot easily detect horizontal or sub-horizontal strati-
fications due to its inescapable vertical smearing.
Nevertheless most of these studies are in keeping with
a 200 to 250 km thick uniform high-velocity root
beneath the South African cratons. Strikingly there is
little or no seismic evidence for the existence of upper-
mantle stratifications located between the Moho and the
410-km deep discontinuity. Gao et al. [14] using P-
receiver functions seem also to credit this absence of
detectable upper-mantle discontinuities. However the P-
receiver functions which are blurred by multiples up to
∼260 km depth are not appropriate for upper-mantle
stratification detection. The velocity gradients located
between the Moho and the transition zone are probably
weak, their detection therefore remains a challenge. In
contrary, the three foremost upper-mantle discontinu-
ities, the Moho, the 410 and the 660-km deep
discontinuities, are easily detected with the receiver
function technique.



Fig. 2. A) Synthetic S-to-P seismograms (P component) generated in
an isotropic (a) and an anisotropic (b) model, calculated with the
method of [40]. The sign of the seismograms was reversed in order to
make the S-receiver functions similar to the P-receiver functions. The
origin of the time axis is at the principal shear-wave arrival. Multiples
conversions exist and may be strong, but they arrive after the direct S
wave and thus do not interfere with the primary conversions. B)
Synthetic P-to-S seismogram (Sv component) in the same isotropic
medium as for A) showing that the direct conversions and the
multiples arrive all together after the direct P-arrival (time 0). Note the
opposite sign of the time axis for the P and S-receiver functions.
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Here we shall first attempt to define the thickness of
the tectospheric root beneath the Kalahari super-craton.
This goal can be achieved with some details due to the
reasonably good lateral resolution obtained with the
receiver functions migration technique. We also deal
with whether the craton keel is a uniform high-velocity
feature or whether significant stratifications may be
detected. The Bushveld complex, the largest mafic
intrusion of the world, is located in the northern part of
the Kaapvaal craton. A magma reservoir still present
today and located at the base of the tectosphere [15] is
probably associated with these huge 2.05 Ga old flood
basalts. The receiver function techniques should be able
to detect this hypothetical reservoir and to appraise its
size. To achieve these goals, we shall use mostly the S-
to-P conversions (S-receiver functions), not only
because they are free from multiples but also because
their amplitude may be higher than the corresponding P-
to-S conversions (P-receiver functions). To support the
S-receiver functions we use in addition the P-to-S
conversions in the time or depth intervals where they are
not polluted by the strong Moho multiples.

2. Data and method: mutual assessment of the S and
P-receiver functions

Here we present a view of the upper-mantle structure
beneath the Kalahari super-craton based mainly on the
S-to-P conversions. We use the data collected during the
Kaapvaal and Kimberley seismic experiments (http://
www.iris.edu/SeismiQuery/ and http://www.dtm.ciw.
edu/mantle/kaapvaal/) in addition to the data of four
permanent stations (SUR, BOSA, LBTB and LSZ).
Using a signal/noise ratio criterion, we selected the
events with magnitude Mw higher than 5.7, but mostly
higher than 6.0, and with epicentral distances between
55° to 110° for the S-receiver functions and between 40°
to 95° for the P-receiver functions. These earthquakes
are fairly evenly distributed versus back azimuth and
epicentral distance (Fig. 1) and provide about 5000 S-
receiver functions (here after named SRFs).

The SRFs [16] are the equivalents for the S-to-P
conversions of the nowadays well-known P-receiver
functions (here after named PRFs). They are well
adapted for imaging seismic velocity contrasts in the
upper mantle since all the S-to-P conversions are pre-
cursors of the direct shear wave while all the multiples
arrive later than the direct S wave (Fig. 2-A). This is a
quite different situation than for the PRFs blurred by
strong crustal multiples (Figs. 2-B and 3-A). The SRFs
are computed using low-frequency filtered data (0.125–
0.03 Hz) with a time domain iterative deconvolution
[17] of the P component by the shear-wave source-
function isolated on the Sv component. The precise
identification of the selected shear-wave source, namely
S or SKS phases, is important since their ray parameters
differ strongly from one another. Around the epicentral
distance of 83°, the S and SKS phases overlap and the
ScS phase arrives significantly later with smaller
amplitude. The contamination of the S-to-P conversions
by other seismic phases is discussed in [18]. In the
distance range of 81° to 85°, we inspected visually each
seismogram to decide which of the S or SKS phases
should be used for the deconvolution. Most of the SRFs
in the narrow distance range of 82° to 84° were
discarded. In the migration process we use the ray
parameter corresponding to the phase (S or SKS) used
for the deconvolution. If the time and the amplitude axes
are reversed for the SRFs, they look like the PRFs
(except in the time interval of the crust multiples, see
Fig. 2). In isotropic media, the P-to-S and the S-to-P
transmitted waves are only sensitive to the shear-wave
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Fig. 3. Move-out corrected stacks of the PRFs (Sv components) (A) and the SRFs (P components) (B) for the stations located on the Kaapvaal craton.
Time 0 corresponds to the principal P (PRFs) and S (SRFs) arrivals. A reference ray parameter of 7.5 s/° is used. The epicentral distances are larger
than 80° for the SRFs and 55° for the PRFs in order to recover the conversions for interfaces as deep as the 660-km discontinuity. For the SRFs stack,
the time and the amplitude axes are reversed so that, for both kinds of RFs, the red (respectively blue) color stands for positive, (respectively negative)
downward velocity gradients (as in Fig. 2). The red (respectively blue) arrows in Fig. A give the theoretical arrival times of the two main Moho
multiples (Pppms, Ppsms+Pspms) for a Moho at a mean depth of 35 km. (C) “Bootstrap” move-out corrected stacks for the same dataset as in (B),
white line is the mean stack and red lines correspond to ± one standard deviation from the mean (90% confidence level).
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velocity contrasts and gradients. A downward positive
(respectively negative) velocity contrast produces posi-
tive (respectively negative) converted-wave amplitude on
the two kinds of receiver functions.

To enhance the conversions having some spatial
continuity and to reduce the noise probably spatially
incoherent, we use two stacking techniques, one in the
time domain and the other in the depth domain. First, we
perform a move-out corrected stack of a bundle of RFs
(Figs. 3 and 4) to obtain an average RF over the retained
back azimuths and distances. The S-to-P converted waves
have great emerging angles so that the conversions occur
far from the station, at about a horizontal distance equiva-
lent to the depth of the conversion point. For this reason,
the stacks (Figs. 3-B and 4-a,b,c) are smoothed means
relevant for hundreds of kilometers of lateral extend all
around the stations. This is particularly valuable for the
stacks (Figs. 3-B and 4-b and c) involving numerous
stations themselves spread-out over great distances.

We appraise the ability of the SRFs to detect weak
converters using a bootstrap-like method. In order not to
introduce large dissimilarity in the RFs due principally
to strong differences in the tectonic setting, the stations
used for this evaluation are restricted to the Kaapvaal
craton. The bootstrap stacks combine the contribution of
the strictly spoken “seismic noise” that is present in each
individual RF with the variability of the RFs due to the
lateral variability of the converters. We use only great
epicentral distances (ΔN80°) in order to include
conversions from the transition zone. A primary set of
∼2500 SRFs is used and divided into ∼50 subsets, each
one composed of ∼125 RFs randomly selected among
the primary set. A move-out corrected stack is then
performed on each data subset and the result plotted,
allowing the determination of the mean and of the
standard deviation (Fig. 3-C). The Moho, the 410-km
deep discontinuity and three converters located between
the Moho and the “410” are significantly detected with a
confidence level of ∼90% corresponding to the mean
plus or minus one standard deviation. Other conversions
are less accurately detected as for example the 660-km
deep discontinuity and structures in the transition zone.

We also perform a three-dimensional common con-
version point (CCP) migration [17] using a modified (see



Fig. 4. Move-out corrected stack of the SRFs (P component) (a) at
station BOSA, (b) at all stations located on Kaapvaal craton (including
stations of Kimberley array) and (c) at all stations of Kaapvaal network
(107 stations), including stations SUR, BOSA, LBTB and LSZ. A
reference slowness 8.4 s/° is used. Number in italic beside the stack
indicates the number of RFs involved. (d) Synthetic SRF computed
using the isotropic velocity model indicated in blue. (e) Synthetic SRF
computed with an anisotropic model (Fig. 8-B) similar to the model in
[13], deeper than 200 km this model is the same as for (d). The
reference model AK135 is indicated in green. Conversion of the time
scale (on right side) to the depth scale (on left side) is done using the
AK135 model.
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below) AK135 velocity model [19]. The output of this
CCPmigration is a 3-D image of the uppermantle beneath
the array of stations in which each elementary cell is
assigned with the averaged amplitude of all the conver-
sions that occurred in this cell. Finally, the vertical
sections, oriented N30°E, are obtained by averaging
horizontally and perpendicularly to the section the
conversion amplitudes that occurred beneath the selected
tectonic units (Figs. 5, 6, 7, 8, 9 and 10). This is why these
sections bear the inescapable drawback of representing
laterally tilted or buckled interfaces as thickened inter-
faces. We use a blue–white–red color code to represent
the conversion amplitudes, with blue (respectively red)
color corresponding to downward negative (respectively
positive) impedance contrasts in either PRFs or SRFs
migrations, providing the amplitude sign has been
reversed on the latter.

Remain to determine the smallest size of the imaged
converters that can be interpreted. The first Fresnel zone
of the converted waves gives a good estimate of this lower
scale i.e. of the horizontal resolution. On the other hand,
the vertical resolution is determined by the wavelength
and not by the Fresnel zone because the vertical position
of the converters follows from the travel-times. The
Fresnel zone has an elliptic section whose half axes’
lengths are given by rpar ¼

ffiffiffiffiffiffiffiffiffi
kz

cos3iR

p
and rnor ¼

ffiffiffiffiffiffiffiffi
kz

cosiR

p

respectively for the axis in the plane of incidence and for
the axis perpendicular to this plane [20], where λ stands
for the wavelength of the converted wave (S wave for P-
to-S conversions and P wave for S-to-P conversions), z
for the depth of the converters and iR for the emerging
angle of the converted wave. As the back azimuths of the
used earthquakes are varying (see insert in Fig. 1) we shall
approximate the Fresnel zone by a circular horizontal
section with a radius equal to (rpar+rnor) /2. The size of
this Fresnel zone increases with depth and is ∼4 times
greater for the S-to-P conversions than for the P-to-S
conversions. Short epicentral distances, i.e. great inci-
dence angles, may lead to very large Fresnel zones
especially for the S-to-P conversions. The radius of the
approximately circular Sp Fresnel zone, computed for
example for an epicentral distance of 80°, a focal depth of
33 km and for 100, 200, 300 and 400-km deep converters
are respectively 105, 160, 290 and 380 km. These values
give the minimum lateral size of the converters that can be
interpreted for each depth range.

Owing to these remarks, migration should best be
performed using cells with size increasing with depth.
However, we use an alternative option by performing
the migration with constant-size cells then by smoothing
laterally the depth-sections. In Figs. 7 and 8 the
smoothing-kernel we use extends over lateral distance
that corresponds to the mean radius of the Fresnel zone
at a given depth. The PRFs migration has a much better
lateral resolution than the SRFs migration, but fails
strongly in imaging the upper mantle due not only to the
presence of strong multiples but also to their higher
frequency content, inadequate to detect gradual bound-
aries. Moreover, the strong anelastic attenuation of the S
waves pleads also for stronger SRFs than PRFs.

3. Results: a thick and layered craton keel

If the SRFs and the PRFs migrations are both
performed with a velocity model close to the effective
one, then the converters are imaged at the same depths
with both migrations. Conversely, the true mean
velocity model can be retrieved by perturbing the
velocity model until some selected and well-imaged
converter coincides in both migrations. The outstanding
and clear 410-km deep discontinuity is well suited for
this velocity-model adjustment. For the 410-km deep
discontinuity, the PRFs migration with the standard
AK135 model gives a mean depth of ∼400 km. A
significant deeper mean depth of ∼425 km is obtained
with the SRFs migration (Fig. 5-A and B). Due to the
dissimilarity of the emerging angles of the respective



Fig. 5. Common conversion point (CCP) migration of low-frequency P and S-receiver functions restricted to the Kaapvaal craton and to a depth
interval around the 410-km deep discontinuity. For the save of clarity only the positive conversions are displayed, in black for the Ps and in red for
the Sp. Both migrations are performed with the standard AK135 velocity model (sub-Fig. A and B) and with a modified AK135 model (sub-Fig. C
and D) in which P-velocity is 6% and S-velocity is 4% higher than the velocities of the standard model. Black heavy and blue dotted lines underline
the 410-km deep discontinuity determined respectively with SRFs and PRFs migrations.
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converted rays, the effect of a change in the velocity
model is different on either PRFs or SRFs migration. For
the PRFs migration the converters are mainly moved up
or down while for the SRFs migration the converters are
moved more laterally and only slightly up or down.
Owing to this, the depth discrepancy of the 410-km deep
discontinuity may be corrected (using a grid-search
method) by increasing in the AK135 velocity model the
P-wave velocity by ∼6% and the S-wave velocity by
4% (Fig. 5-C and D) leading to a S-wave velocity
(∼4.65 km/s) at 200-km depth consistent with the
velocity inferred from mantle–xenoliths [21]. We
conclude that beneath the South African super-craton
the upper-mantle velocities seem to be on average
significantly higher than the velocities of the AK135
model in agreement with the tomographic results
[5,11]. Beneath the Moho, the modified AK135
velocity model in keeping with the previous observa-
tions is used for the migrations and the move-out
stacks.

In order to define clearly the depth interval where the
Moho multiples (Pppms and Pspms+Ppsms) preclude any
imaging of converters, we image the medium up to 60-km
depth using the CCP migration of high frequency PRFs
(Fig. 6-A and B). We use a mean P-wave velocity of
6.5 km/s in the crust [22] and a constant Vp/Vs ratio of
1.75. The Moho appears as a thin, less than ∼5 km thick
and well-defined interface. The mean thickness of the
crust is∼35 kmbeneath the cratons (Fig. 6-B); the crust is
thickened up to 45 km beneath a broad zone encompass-
ing the Bushveld complex, but much larger than its
surfacemanifestation, and beneath the southern part of the
Zimbabwe craton. Under the Bushveld complex, weak
conversions are associatedwith the thickening of the crust
and are probably due to the high-velocity underplated
mafic granulites [23] that reduce the velocity contrast
between the lower-crust and the upper mantle. The
Limpopo Moho is slightly shallower than the Moho
beneath the two adjacent cratons. This supports the
inference that the Limpopo terrane was overthrusted on
the Zimbabwe craton and that the Kaapvaal craton was
underthrusted beneath the Limpopo terrane. Beneath the
younger belts, theMoho is significantly deeper (Fig. 6-A).
This is obvious beneath the subduction related Namaqua



Fig. 6. CCP migration of high frequency (2 to 0.1 Hz) PRFs (radial component) projected along a profile oriented N30°E and centered at lat=−26°
and lon=+26° (black line and blue star in Fig. 1) with vertical exaggeration of a factor 5. A) Only the conversions occurring strictly beneath the
Namaqua Mobile Belt and the Limpopo Belt are stacked in this section. B) Same as A) for the Kaapvaal and Zimbabwe cratons. We do not consider
the conversions occurring at the edges of the area, i.e. the Cape fold belt, the Kheiss Belt and the most northern part of the Zimbabwe craton, where
ray crossing is too scanty. The limits of the structural units are the same as in Fig. 1. Vertical green and blue arrows indicate the approximate limits of
respectively the cratons and the mobile belts. Only cells (size: 50 km in horizontal direction, 2 km in vertical direction) with more than 10 ray hits are
considered. Red (respectively blue) colour stands for positive (respectively negative) velocity contrast. Triangles are the projection of the stations on
the profile.
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Mobile Belt where the Moho reaches a depth of∼48 km,
leading to a huge ∼10-km step separating the Namaqua
and Kaapvaal Moho. The Moho Ps-multiples (Fig. 7)
clearly mimic this step and are also weakened beneath the
Bushveld complex. Our results concerning the crustal
thickness and the amplitudes of the P-to-S conversions at
the Moho are in good agreement with earlier studies
[24,25]. The slight discrepancy observed at some places
between the Moho depth obtained in this study and the
one obtained by [25] follows probably from the spatial
variations of the Vp/Vs ratio. These variations, from 1.66
to 1.82 [25], are not taken into account in our migration. A
high Vp/Vs ratio in the crust rises up the Moho in the
migration image while a low ratio deepens it. Taking into
account the variations of Vp/Vs would have the effect of
smoothing the Moho depth variations since Vp/Vs seems
to be high beneath the Bushveld complex (where we
obtain a thick crust) and lowmostly in the southern part of
the Kaapvaal craton (where we obtain a thin crust).
However, the Kaapvaal experiment is not really designed
for a precise Moho-imaging with CCP-migration techni-
ques: the station's spacing (80 to 100 km) is too large for
the multi-fold coverage with converted waves to be
achieved in the crust.

The Ps Moho multiples beneath the Kalahari super-
craton have unusually strong amplitudes stemming
principally from the sharpness of the Moho interface.
They dominate completely the PRFs-migrated section in
the depth interval of ∼90 to ∼220 km beneath the
Kaapvaal and Zimbabwe cratons and the Limpopo Belt
and in the depth interval of ∼150 to ∼260 km beneath
the Namaqua Belt. Except for these depth intervals, both
migrated sections performed either with the PRFs or the
SRFs (Figs. 7 and 8 respectively) show very similar
structures although some noticeable but local differ-
ences in amplitude strength are present. Because the
Ppsms+Pspms Moho multiples (with negative ampli-
tude) erase the upper part of the positive converter
located in the depth range of∼180 to∼260 km, we only
detect the lower part of this converter on the Ps-section.
A similar observation stands for the negative converter
located just beneath the Moho, which appears thinner on
the Ps-section than on the Sp-section. The exceptionally
strong positive amplitude Pppms Moho-multiple erases
completely the base of this negative converter except
beneath the Namaqua Belt (between km −500 and km
−900 in Fig. 7-A) where the Moho is deeper and
therefore also the depth interval polluted by the
multiples.

Owing to the comparison between Ps and Sp
synthetics (Fig. 2), between the two move-out corrected
stacks (Fig. 3) and between the PRFs and the SRFs



Fig. 7. Same as Fig. 6 but relative to low frequency (0.125 to 0.03 Hz) PRFs (here Sv component). The red and blue arrows in sub-figures A and B
indicate the position of the Moho multiples and the hatched polygons the area where the Moho multiples conceal the converters. The 410-km deep
discontinuity and the inferred base of the tectosphere are underlined with respectively black and green dotted lines. Cell sizes are of 40 km in
horizontal direction and 10 km in vertical direction.
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migrations, our confidence in the imaging with receiver
functions is strengthened. Moreover, the CCP migrations
help to better appraise the spatial continuity and the size of
the conversion levels.
Fig. 8. Same as Fig. 6 but relative to low-frequency (0.1 to 0.03 Hz) SRFs
displayed on the left side of B.
Between the Moho and the 410-km deep discontinuity
the SRFs move-out corrected stacks (Figs. 3-B and 4-a,b,
c) show three arrivals that seem to be enlarged or split into
two pulses. Moreover the mean conversion amplitude at
(P component). The shear-wave radially anisotropic velocity model is



Fig. 9. Smoothed (∼200 km in horizontal and ∼40 km in vertical directions) CCP migration of low-frequency (0.1 to 0.03 Hz) SRFs (P component,
epicentral distances N80°, conversions of S and SKS phases are used). This section is relative to the whole South Africa super-craton including the
cratons and the mobile belts. Grey lines underline the 410 and 660-km deep discontinuities, green dotted line stands for the inferred base of the
tectosphere.
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the two deeper levels changes if the number of stations
involved in the stack increases (Fig. 4-b, and c) reflecting
the fragmentation and/or unevenness over great distances
of the converting levels. The CCP migration (Figs. 7
and 8) enhances the spatial variability of the converters.
The fragments of the three main conversion levels are
located at a depth ranging from 80 to 160 km for the upper
negative level (converter 1), from 180 to 260 km for the
positive intermediate deep level (converter 2) and from
300 to 360 km for the negative deepest level (converter 3)
(Fig. 9). Strikingly, Fig. 8 shows that on average the
Limpopo Belt and even the Namaqua Belt upper-
mantle structures bear a similarity with the Kaapvaal
craton structure. On the contrary, the Zimbabwe craton
Fig. 10. A) CCP migration of SRFs (centered at 27°S, 27°E and projected alo
the vicinity of the Vredefort impact zone. A move-out corrected stack restrict
B) Garnet concentrates analysis (after [1]) from kimberlites (Kroonstadt samp
with respectively yellow, green and red colors representing the percentage o
subplots indicates the direction of the positive velocity gradient deduced eit
seems to have a quite different upper-mantle structure
even if the three main converting levels are present.
Similar observation stands also for the PRFs-migrated
sections (Fig. 7) especially for structures in the vicinity of
the 410-km deep discontinuity.

The conversion amplitude is roughly proportional
to the S-wave impedance contrast (assuming isotropic
medium) and depends also on the incidence angle. The
impedance contrast at a conversion level may be estimated
relatively to a reference impedance contrast if the inci-
dence angles at the two levels are not too different. In-
formation on the S-velocity contrast (δVs=∼+0.81 km/s)
at the Moho is available [26]. Synthetic modeling using
this velocity contrast gives the same conversion amplitude
ng a profile oriented N30°E) restricted to the conversions occurring in
ed to some stations located near the center of the area is superimposed.
les, collected near the center of the impact zone) giving the composition
f depleted, fertile and melt-metasomatised rocks. Grey arrow in both
her from SRFs or from kimberlite analysis.
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at the Moho as the observed (see Fig. 4d). Using the
conversion amplitude at the Moho as reference, the
estimated S-velocity contrasts deduced from themove-out
corrected stack at all stations located on the Kaapvaal
craton (Fig. 3-B or C) are respectively ∼−0.21 km/s
between 80 and 160-km depths, ∼+0.14 km/s between
180 and 260-km depths and ∼−0.16 km/s between 300
and 360-km depths. A downward negative velocity
contrast at ∼350-km depth was observed with the S-to-
P conversions [27] and was attributed to a local low
velocity body (δVs=−0.4 km/s) located NE of the station
BOSA and related to flood basalts. Our large scale study
shows that this low velocity layer exists beneath most of
the Kalahari super-craton, but corresponds on average to a
significantly smaller than −0.4-km/s velocity contrast.
Synthetic modeling using an isotropic velocity model in
keeping with the above observations produces synthetic
SRFs (Fig. 4-d) in fairly good agreement with the
observations (Fig. 4-a).

The lithospheric keel of the cratons may be defined as
the cold, highly depleted and therefore with fast seismic
velocities, upper mantle. The seismic tomography, pro-
bably due to its too poor vertical resolution, failed until
now in determining unambiguously the keel thickness;
no low velocity asthenospheric layer – evidence for the
base of the keel – could be found with this technique. In
contrary, the RFs exhibit beneath the Kalahari super-
craton a conversion with negative amplitude, namely the
converter 3 that could be interpreted as the bottom of the
keel, itself formed by the stack of the two layers imaged
with the RFs as the converters 1 and 2. Therefore the
South African craton keel may be on average ∼300-km
thick.

4. Discussion and conclusion

The forsterite content of olivine (%Fo) in the
lithospheric mantle beneath South Africa cratons has
been determined by inverting olivine–garnet thermoba-
rometer [1,28–30] and consequently the distribution with
depth of the depleted, the fertile or the metasomatised
rocks. The shear-wave velocity depends on the compo-
sition of the rocks. Generally the seismic velocities are
faster in depleted rocks than in fertile rocks, which in turn
have faster velocities than basaltic melted and metaso-
matised rocks [29]. As the percentage of these different
types of rocks varies with depth, the variation of the
composition may explain by itself some of the S-to-P
conversions. Moreover steep and significant gradients
appear in the distribution of olivine composition with
depth [1] implying necessarily concomitant velocity
contrasts. The olivine–garnet thermobarometer provides
a kind of chemical well-logging relevant for the past
(before the last kimberlite eruption at ∼100 Ma) upper-
mantle composition while the RFs provide a seismic
image of the present-day velocity contrasts. The Kalahari
super-craton had a lengthy and complex history with a
succession of huge tectonic events that may have changed
its structure. But the fairly good agreement between the
past compositional structure and the present-day structure
as imaged with body waves tomography [5] for example
may indicate that at least up to a depth of ∼200 km there
was no or only undetectable evolution of the sub-cratonic
structure since the last kimberlite eruption. The Vs-depth
profile deduced from cratonic xenoliths (Fig. 10 in [29]
for example) is quite similar to the Vsh-depth profile
shown in Fig. 8-B down to ∼200 km.

However, at some places the velocity profiles deduced
from the composition and from the RFs are in strong
disagreement. For example, the thermobarometric data [1]
from samples collected near Kroonstadt (in Vredefort
impact region) show at∼200-kmdepth a steep gradient in
the composition percents, from depleted (higher velocity)
to metasomatised (lower velocity) minerals implying a
steep downward negative gradient in shear velocity. At
that depth, the SRFs show rather positive conversion
amplitudes (Fig. 10), evidences for positive velocity
contrasts. The apparent high temperature and fertile
composition is probably due to metasomatism processes
occurring at the time of the eruption [30]. The high-T and
fertile composition may thus be only localized around the
kimberlite pipes and is not a regional phenomenon
detectablewith the SRFs.A similar puzzling situationwas
already observed beneath the Baltic Shield [31].

The surface wave tomographies assuming isotropy [8–
10] do not image the velocity contrasts displayed by the
SRFs for depths between 80 and 200 km. The question
remainswhy; are the velocity contrasts tooweak?Another
cause producing S-to-P conversions could be found to
account for this discrepancy. Anisotropy contrasts, not
detected or misinterpreted by isotropic surface wave
analysis, generate wave conversions. A layer with radial
anisotropy, either with vertical slow (VsvbVsh) or fast
(VsvNVsh) axis, embedded in isotropic layers, generates
S-to-P conversions. If the vertical axis is slow, the
converted amplitude is negative or positive respectively
at the incoming or outgoing interface. Such a radial
anisotropic layer with a slow vertical axis and located in
the upper mantle beneath the Moho was detected with
anisotropic surface wave analysis [12,13]. Forward
modeling using a model that incorporates such anisotropy
in the mantle, [(Vph−Vpv) /Vpv∼+7%, (Vsh−Vsv)/
Vsv∼+3%] below the Moho, these anisotropic quantities
decreasing with depth down to 200 km (sketched on the
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right side of Fig. 8-B), produces synthetic SRFs (Fig. 4-e)
in a reasonably good agreement with the observations.
Such an anisotropic model satisfies both the SRFs and the
surface wave data [13]. At least two main physical
processes may be responsible of the observed radial
anisotropy, namely a small-scale periodic layering or the
preferential orientation of minerals that are by themselves
anisotropic like olivine. In both cases, the vertical
direction is slow, and the horizontal directions are fast
on average. These two kinds ofmodels are yet different by
the variations, with respect to the source azimuth, of the
conversion amplitudes they may generate. We observe on
the SRFs some amplitude variations of the conversions
with respect to the source azimuth, but in order to dis-
criminate which of the two models fit the data better, a
proper separation, not done here, of the Sh-to-P and the
Sv-to-P conversions is required (see [16]). In any case, a
model with preferential orientation of theminerals, having
anisotropy parameters similar to those we obtain with the
forward modeling [(Vsh−Vsv) /Vsv∼+3% under the
Moho, this anisotropic parameter decreasing with depth
until 200-km depth] would give SKS-splitting parameters
in agreement with the observations reported in [32].

Recent models [15] of cratonic flood basalts imply the
presence still today ofmelt zones located at the base of the
tectosphere that may correspond to the negative gradient
zone we detect at about 350-km depth. The 350-km deep
negative converter (converter 3) may be interpreted as the
image of the top of a giant basaltic reservoir that has
formerly fed the flood basalts [21,33]. But this negative
converter seems to extend beneath the whole super-craton
and thus its interpretation as the top of a unique reservoir
may be inappropriate. An alternative interpretation could
be found in the transformation, just above the 410-km
deep discontinuity, of wadsleyite assembly into olivine
assembly accompanied by water release [34]. This
transformation may create a thin low velocity layer,
relatively stable in time, of (partial) molten silicate [35]
whose ceiling is detected with the receiver functions as a
negative gradient. Global seismic tomography [36,37]
would probably not be able to image such a thin – some
tens of kilometres [34] – layer in contrary to the RFs that
are sensitive to the steep velocity gradients.Moreover, the
lateral extend of the converter 3, which is over hundreds
of kilometres, pleads also for its interpretation as a melted
silicate layer overlying the transition zone.

How thick is the lithosphere beneath the South African
super-craton? The negative impedance contrast (convert-
er 3) observed at ∼350-km depth implies a ∼300-km
thick lithosphere on average. While beneath the cratons
and the oldest belts (∼2.0 to ∼3.6 Ga) a ∼300-km thick
lithosphere is in keeping with previous results, such a
thickness is not expected beneath younger mobile belts.
The green dotted line (Fig. 8) shows that the ∼300-km
thick lithosphere, we may call tectosphere owing to its
thickness, is gently thinning northward beneath the
Limpopo Belt (∼2.7 Ga) but less southward beneath the
much younger Namaqua–Natal belt (∼1.1 to ∼1.9 Ga).
However, as the migration process of the receiver
functions smoothes the interfaces over a horizontal scale
corresponding approximately to the first Fresnel zone
(here ∼300 km for the Sp), the lithosphere–astheno-
sphere boundary is laterally smoothed. Moreover, since
the Mobile Belts are located at the borders of the studied
area, our imaging technique is not able, because of the
poor ray crossing at the edges, to detect the possible
thinning of the tectosphere. Jordan [2] estimated the
thickness of the tectosphere at ∼400 km. More recent
estimations based on geochemistry [38] and heat flow
data [39] give a thickness of ∼250 km. Our estimation,
based on the determination of the mean upper-mantle
velocities and RFs imaging gives ∼300 km. The thick
root, observed beneath the Kalahari super-craton, seems
to be not disrupted by convection and is probably
stabilized by the depletion of the upper mantle, thus
leading to the high velocities we observe. This observa-
tion is in keeping with Jordan's tectosphere hypothesis.

In summary, the simultaneous use of S and P-receiver
functions shows that the tectosphere beneath the South
African super-craton is about 300-km thick on average
and stratified. The upper part of the craton keel is a
∼160 km thick anisotropic structure and the lower part a
∼100-km thick positive velocity gradient layer. The
Kalahari super-craton tectosphere has significantly (up to
∼+6% for P wave) higher velocities than the reference
model AK135. This stratification seems to be the clearest
beneath the Kaapvaal craton. Moreover, beneath the keel,
we image a negative velocity gradient at about 350-km
depth that could be interpreted alternatively as the top of
the remainders of the giant basaltic reservoir that formerly
fed the flood basalts or as the ceiling of a layer of dense
molten silicates generated by the transformation at the
410-km deep discontinuity of wadsleyite assembly into
olivine assembly.
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