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Abstract

The technique of receiver function analysis is applied to the study of crustal and upper mantle structures beneath the
Kaapvaal craton in southern Africa and its surroundings. Seismic data were recorded by the seismic array of 82 sites deployed
from April 1997 to April 1999 across southern Africa, as well as a dense array of 32 sites near Kimberley, in operation from
December 1998 to June 1999. Arrival times for phases converted at the Moho are used to determine crustal thickness. The
Moho depth in the south–western section of the craton was found to vary between 37 and 40 km, except for one station that
recorded a depth of 43 km (SA23). Farther north along the western block of the craton (into Botswana) the depth increases
up to 43 km. The depth increases even further in the north–eastern section of the craton, where results vary from 40 to 52 km.
Just north of the Kaapvaal craton, in the neighbouring Zimbabwe craton, the crustal thickness drops significantly. The results
obtained there varied from 36 to 40 km. For the Kimberley area, using the dense array, the Moho depth was found to be
37.3 km. Arrivals of the Ps and Ppps phases were used to determine the Poisson’s ratio in the region. This was found to be
0.26± 0.01. Arrivals of phases from the 410 and 660 km mantle discontinuities are used to interpret the relative positions
of these discontinuities, as well as for comparison of mantle temperatures and seismic velocities in the region with global
averages. In the Kimberley area the 410 and 660 km discontinuities were found at their expected depth, implying that mantle
temperatures in the region are close to the global average. The seismic velocities above the ‘410’ were found up to 5% faster
than the averages from the globaliasp91 model, which is fast even by Precambrian standards. In other sections of the Kaapvaal
craton, the velocities are also faster than global averages, but not as fast as beneath Kimberley. In these sections, the ‘410’ is
also slightly elevated, while the ‘660’ is depressed, which implies a slightly lower mantle temperature relative to the global
average. Beneath the Kaapvaal craton we find evidence suggesting the presence of a zone with a reduced wavespeed gradient
at an upper bound of approximately 300 km, which may mark the lower chemical boundary of the craton. © 2002 Elsevier
Science B.V. All rights reserved.
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1. Introduction

Granite-greenstone assemblages of Archean age
have been found on all continents and represent rem-
nants of Earth’s earliest preserved continental crust
(de Wit, 1998). Worldwide, these Archean rocks
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Fig. 1. (a) Locations of Kaapvaal and Zimbabwe cratons in Africa. (b) The Archean Kaapvaal craton (2.6–3.6 Ga), shaded dark gray and
subdivided into eastern and western blocks (EB and WB), and the surrounding younger lithosphere, with the 82 recording sites from the
regional array (filled triangles). Cape town (C), Kimberley (K), Vredefort (V), Johannesburg (J) and Durban (D) are shown for reference.
Surface exposures of the bushveld complex are shown in black in northern south Africa. To the north the Zimbabwe craton is shown in
pale gray. (c) The recording sites from the Kimberley array on a zoomed-in map. The four large triangles represent the regional stations
adjacent to the town of Kimberley. Irregular lines represent rivers with names.
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are preserved in about 10 small kernels, known as
Archean cratons, embedded within the lithosphere
of the present continents. Most of these cratons
formed in the late Archean (2.5–3.0 Ga); those cra-
tons with older history (early Archean, 3.0–4.0 Ga)
have been deformed and metamorphosed to a large
degree. The only regions that have retained substan-
tial portions of pristine early Archean rocks are the
Kaapvaal craton in southern Africa (Fig. 1a, area of
1.2 × 106 km2) and the smaller (6× 104 km2) Pil-
bara craton in northwest Australia. The Kaapvaal
craton, thus, preserves a rich geological record of
the early earth (de Wit et al., 1992). It has also been
suggested that the Kaapvaal craton is underlain by
unusually thick (>200 km) and chemically depleted
lithospheric mantle keel also largely of early Archean
age (Jordan, 1975; Boyd, 1989; Pearson, 1999). This
unique structure provides one of the geologic require-
ments for the ubiquitous diamonds that occur in the
kimberlite intrusions that have subsequently pene-
trated the craton’s upper mantle rocks (Gurney, 1990).
The internal structure of this unusual upper mantle,
termed the tectosphere byJordan (1975), has yet to be
revealed in detail, and a better understanding should
yield new insight into the origins of Earth’s early
continents.

In 1996 a major interdisciplinary, multi-institutional
project was started to investigate the origin and evo-
lution of the Kaapvaal craton and its thick lithosphere
(Carlson et al., 1996, 2000). The central goal of this
project is to produce a tomographic image of the deep
lithospheric structure of the craton using delay times
of teleseismic rays. Recently,Nguuri et al. (2001)
also used a receiver function analysis to study the
crustal structure in southern Africa. Within the re-
ported uncertainties the estimates on crustal thickness
reported here generally concur with the results by
Nguuri and co-workers. Because of the limited reso-
lution of this technique, other studies are ongoing to
complement the tomographic results.1 For example,
the precise depth to the bottom of the cratonic litho-
sphere cannot be deduced from tomographic studies
(e.g. James et al., 2001), and further information
about possible internal lithosphere structure must be
deciphered using different seismological techniques

1 More information on the Kaapvaal project can be found on
http://kaapbase.uct.ac.za or http://www.ciw.edu/kaapvaal.

(Vinnik et al., 1996). Here we attempt to analyse in
greater detail the structure of the crust and the upper
mantle beneath this old craton using receiver function
analysis.

2. Method

Receiver functions are commonly used to estimate
the structure of the Earth’s crust and upper mantle
(e.g. Langston, 1977; Chevrot and Girardin, 2000).
These functions are computed from three-component
seismograms and show the relative response of
Earth’s structure below the receiver (Ammon, 1991).
The observed waveform is a composite of P-to-S
converted waves that reverberate beneath the seis-
mometer. These conversions occur when a direct wave
is transmitted or reflected at an interface in Earth’s
interior. The simplest converted wave, Ps, occurs
when the direct P-wave passes through an interface
and is partially converted into an S-wave (Fig. 2).
Other (usually weaker) phases consist of waveforms
that pass through the interface, reflect off the Earth’s
surface back to the interface from which they reflect
back to the recording station, converting to an S-wave
during one of the reflections. Depending on the nature
and the number of internal reflections the multiples
are labeled, for instance, Ppps, Ppss and Psss (e.g.
Ammon, 1991; Gurrola et al., 1994) and (seeFig. 2).

To observe converted Ps and other secondary phases
we used a technique introduced byVinnik (1977),
which was also used in the global-scale analysis
of Chevrot et al. (1999). Teleseismic seismograms
are projected on the L, Q, and T axes, where L is
along the principal motion direction, Q is comprised
in the vertical direction and normal to L, and the
transverse component, T is normal to both L and Q
(Chevrot et al., 1999), and should not contain signifi-
cant amounts of energy—if it does, there is a strong
possibility there was a problem with the seismome-
ter when the event was recorded. The components
are then deconvolved by the principal component of
the P-wave measured for a single event at all avail-
able stations. This registers all events resulting in a
velocity gradient change of the P-wave, converting
them into peaks or troughs, depending on whether the
velocity change in positive or negative. The decon-
volved Q-component should not have energy in the
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Fig. 2. Schematic ray diagram illustrating the direct P, Ps, Ppps and Ppss phases, as well as the L and Q directions.

direction of the P-wave, and the S-wave arrivals can
either be reflections of the direct S-wave or Ps con-
verted phases. This method will be used to process
data from the Kimberley array.

The alternative approach (e.g.Ammon, 1991;
Gurrola et al., 1994)involves deconvolving the radial
component by the vertical component. The receiver
functions thus obtained contain peaks at the arrival of
the direct P-wave, as well as peaks and troughs mark-
ing the Ps arrivals. This approach was used to analyse
the regional array data. Neither method is superior
to the other one, they are both used purely for the
purpose of demonstrating the alternative approaches.

Before each radial component was used for calcu-
lation, the transverse components were checked for
anomalously high levels of energy, and were rejected
if these were comparable with the radial component
energies.

The pulses related to P-to-S conversions can be used
to estimate the depth at which they were produced.
For a P-wave with a vertical incidence converted to an
S-wave at a depthz we have:

z = �t
vpvs

vp − vs
(1)

where�t is the time between the arrival of the direct
P-wave and the converted Ps phase, andvp andvs the
respective velocities of P- and S-waves. This equation

is purely hypothetical for horizontal discontinuities, as
perpendicular rays do not undergo phase conversion.
In reality, since the waves that reach the seismic station
are not vertical (Fig. 2) a correction must be made for
their angle of incidence.Eq. (1), thus, becomes (e.g.
Sheriff and Geldart, 1982):

z = �t

[(v−2
s − p2)1/2 − (v−2

p − p2)1/2]

= �t

qs − qp
(2)

where p is the ray parameter in s/km, andqs and
qp the vertical slownesses of the S- and P-waves,
respectively.

In this model the possibility of seismic anisotropy
was not taken into account, i.e. seismic waves were
assumed to have the same velocity in all directions.
A study by Ben-Ismail et al. (2001)revealed that
Kaapvaal craton anisotropy is weak (2.64%), a re-
sult compatible with the small SKS wave splitting
(0.62 s) calculated bySilver et al. (2001). These re-
sults suggest seismic anisotropy can be ignored for
the purposes of this study.

3. Data

As part of the Kaapvaal craton project, portable
broadband, three-component seismometers were de-
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Fig. 3. Epicentres of the seismic events used in this study—shaded circles correspond to events registered by the regional array, and solid
circles to the Kimberley array.

ployed in an array of 82 sites along a SW–NE axis
from Cape Town to Harare (Fig. 1a). Natural teleseis-
mic events and local mine-induced seismic activity
were monitored, starting in April 1997 for a period
of 2 years. In addition, a closely packed array of 32

Table 1
Time and locations of the seismic events registered by the regional array

Date Latitude Longitude Location Magnitude Average back azimuth

97130 33.825N 59.809E Iran 6.4 30.6
97133 36.411N 70.945E Afghanistan 6.1 36.6
97141 23.083N 80.041E India 6.0 52.2
97168 51.347N 179.332W North Pacific 6.4 30.6
97329 1.241N 122.536E Indonesia 6.1 92.3
98091 0.544S 99.261E Indonesia 6.2 83.2
98123 22.306N 125.308E Chinese sea 6.4 74.0
98245 5.410N 126.764E Philippines 6.6 90.5
98271 8.194S 112.413E Indonesia 6.4 96.1
98333 2.071S 124.891E Indonesia 6.5 96.3

The dates used are in numerical format, i.e. 97130 refers to the 130th day of 1997, or the 10th May 1997. The date in that format will
be used as the index for referring to individual events.

stations was deployed near the town of Kimberley (in
December 1998), which was operational for a period
of 7 months (Fig. 1b).

After an analysis of the events recorded by the
regional array, 10 earthquakes from different parts
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Table 2
Details of the seismic events recorded by the Kimberley array

Date Latitude Longitude Location Depth (km) Magnitude Average ray
parameter (s/km)

Average
back azimuth

99063 28.343N 57.193E Iran 33 6.5 0.0587 31.4
99087 30.512N 79.403E Nepal 15 6.6 0.0495 45.8
99093 16.660S 72.662W Peru 87 6.2 0.0424 251.9
99126 29.501N 51.880E Iran 33 6.3 0.0595 26.3

of Asia were selected (Fig. 3, Table 1). The selected
records were subjected to a high-pass Butterworth fil-
ter with corner frequencies ranging between 0.2 and
0.4 Hz, depending on the amount of low frequency
seismic noise. Receiver functions were then computed
from the filtered traces using the programs in seismic
analysis code (SAC) (Tapley and Tull, 1992).

In 7 months the Kimberley array recorded only
four events of sufficient quality for our purposes
(Fig. 3, Table 2). The records of different stations
were stacked accounting for the varying ray param-
eters. Subsequently, these records were processed
with a slightly different analytical method (but with
the same equations) than the data from the regional
array, using in this case the Seismic Handler software
(Stammler, 1992), instead of SAC.

4. Results

4.1. Crustal structure and poisson’s ratio

To study Moho conversions we constructed the
radial components of the receiver function for each
station, and we stacked them in order to reduce ran-
dom noise and enhance features that are prominent
throughout all individual traces. Receiver function
stacks were, thus, produced for 42 stations of the re-
gional array, with the other 40 either not functioning
or recording too much seismic noise or transverse
component energy to be useful for our purposes. In the
successful stacks the arrival of the Ps phase converted
at the Moho was identified and the time difference with
the arrival of the direct P-wave determined. Assuming
velocities of 6.5 and 3.8 km/s for P- and S-waves, re-
spectively (Drummond and Collins, 1986), the depth
of the Moho discontinuity was then computed us-
ing Eq. (2). The Archean Kaapvaal craton, as well

as the surrounding Proterozoic mobile belts, can
be divided into a number of geological terranes
(de Wit et al., 1992), but with no comprehensive
model for the crustal velocities variations in the ter-
ranes, the same set of velocities has been used for the
entire area.

The three data samples shown inFig. 4yield crustal
thicknesses of 40, 38 and 36 km (with an approx-
imate uncertainty of 1 km). The calculated crustal
thicknesses for all stations, as well as estimates from
a previous study (Harvey et al., 2001), are shown in
Fig. 5.

With one exception (z = 43 km), the crustal thick-
ness in the south–western part of the craton varies be-
tween 37 and 40 km. The average depth to the Moho
is 38.9 km with a standard deviation of 2.0 km. Far-
ther north the crustal thickness decreases to 36 km, but
increases again (to a value near 45 km) in southern
Botswana. In the northern part of the western block
the average depth is 42.1±4.9 km. In the northeastern
section, the crust becomes even thicker, with a number
of stations recording depth over 45 km, with a maxi-
mum of 52 km. Here the average is 44.7 ± 3.4 km.

Across the northern boundary of the Kaapvaal cra-
ton, in the neighbouring Zimbabwe craton, the Moho
depth decreases significantly again to between 36 and
40 km, with an average of 38.0 ± 1.6 km. Only three
stations off the southern boundary of the Kaapvaal
craton gave reliable results. This area, which includes
the Namaqua and Cape Fold belts, has been inves-
tigated byHarvey et al. (2001). Harvey et al., (2001)
found depth there to vary between 36 and 50 km, ex-
cept for the southernmost station positioned right on
the coast, just SE of Cape Town, for which they found
a value of 28 km. The average for this area (excluding
the southernmost site) was found to be 43.7±2.9 km.

In another study of receiver functions,Nguuri et al.
(2001)also used the regional array to estimate Moho
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Fig. 4. Radial components of receiver functions stacked for three of the stations from the regional array. The Ps phase is clearly visible
at each stack between 4 and 5 s after the P-wave.

Fig. 5. Values for the crustal thickness computed from Ps
phases converted at the Moho. Values in italics taken from
Harvey et al. (2001). Diagonal AB is a surface projection of the
cross-section inFig. 10.

Table 3
Summary of values obtained for the crustal thickness (in km) and
their comparison to results ofNguuri et al. (2001)

Area This study Nguuri
et al. (2001)

SW Kaapvaal craton 38.9± 2.0 37.6± 2.7
NW Kaapvaal craton 42.1± 4.9 41.9± 4.3
NE Kaapvaal craton 44.6± 3.2 45.1± 2.6
Zimbabwe craton 38.0± 1.6 35.3± 0.5
South off the Kaapvaal craton 44.8± 3.1 45.3± 4.1

depth across southern Africa. Generally the results of
the two studies compare very well, and the summary
of the results is provided inTable 3.

For the Kimberley array, theQ-components of the
individual receiver functions were used to produce a
depth stack. This depth stack comprises a series of
stacks obtained from move-out corrected records for
conversions produced at successive depth. If a feature
corresponds to a converted phase arrival it is expected
to be best focused on the stack corresponding to the ac-
tual conversion depth. Prominent arrivals will be seen
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Fig. 6. P-to-S conversion depth stack for the four events recorded by the Kimberley array. P-wave arrival is at 0 s, but has no energy in
the Q-component and, therefore, is not visible.

throughout the depth stack but will still be best defined
at the individual stack corresponding to its true depth.
The depth stack of P-to-S converted phases from the
four selected events is shown inFig. 6, while Fig. 7il-
lustrates stacks of all stations for each individual event.

Fig. 7. Q-components of receiver functions of the four individual events recorded by the Kimberley array.

Steps of 40 km were used between individual stacks.
The arrival of the direct P-wave is set at 0 s and is not
seen on the depth stack because it has no energy in
theQ-component. The arrival times in the depth stack
could be read with an accuracy of 0.1 s.
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Taking vp = 6.5 km/s andvs = 3.8 km/s, as be-
fore, we obtain the crustal thickness of 37.6± 0.9 km
from the obvious Moho conversion at 4.1 s. This is
consistent with the results from the regional array (the
crustal thickness near Kimberley was found to vary
between 37 and 40 km). The next significant events are
the Ppps arrivals and the characteristic trough of the
Ppss (e.g.Ammon, 1991; Chevrot and van der Hilst,
2000). These were observed at 14.6 and 18.6 s, re-
spectively. These phases can be used to obtain a more
accurate value for the Moho depth, as well as in the
calculation of the Poisson’s ratio,σ , of the Kimberley
crust. Poisson’s ratio is a quantity related to the elas-
ticity of a medium. It is defined as the ratio of lateral
contraction to the longitudinal extension of the body
when it is placed under stress (Bullen and Bolt, 1947).
For an isotropic medium it can be expressed in terms
of the two Lamé elastic parameters,λ andµ (the rigid-
ity, or shear modulus):

σ = 0.5λ

λ + µ
(3)

A perfectly elastic solid, also known as a Poisson’s
medium, hasλ = µ, and in that caseσ takes on a
value of 0.25. A perfect fluid hasµ = 0, and therefore,
σ = 0.5.

It is possible to express the ratio of the primary lon-
gitudinal wave velocity to that of the secondary trans-
verse wave. The relation is (Bullen and Bolt, 1947):(

vp

vs

)2

= λ + 2µ

µ
(4)

CombiningEqs. (3) and (4)Poisson’s ratio can be re-
lated to the P- and S-wave velocities via the following
relation:

σ = 0.5

[
1 − 1

(vp/vs)2 − 1

]
(5)

Simple calculation shows that whenσ is 0.25, the
value predicted for a perfectly elastic solid,(vp/vs)

2is
equal to 3, as is often assumed for studies of the crust
(Zandt et al., 1995).

The ratio provides much tighter constraints on the
crustal composition than either the compressional or
the shear velocity alone (Chevrot and van der Hilst,
2000). Laboratory experiments (Christensen, 1996)
have shown that many physical and chemical fac-
tors may induce variations of the average crustal

Poisson’s ratio. The abundance of quartz (σ = 0.09)
and plagioclase feldspar (σ = 0.30) have a domi-
nant effect on the Poisson’s ratio of common crustal
rocks. An increase of plagioclase content and a de-
crease of quartz can increase the ratio from 0.24 for
a granitic rock to 0.27 for a diorite, to 0.30 for a
gabbro (Tarkov and Vavakin, 1982). Poisson’s ratio
can, therefore, be a very useful tool to trace crustal
composition.

It was pointed out byZandt et al. (1995)that it is
possible to measure the crustal thickness andσ from
the analysis of the travel times of the Ps and Ppps
phases produced at the Moho. Definingt1 as the time
difference between arrival times of the direct P-wave
and the Ps phase from the Moho,Eq. (2)can we rewrit-
ten in terms ofvp and the velocity ratiovp/vs:

t1 =
(

h

vp

)(v2
p

v2
s

− p2v2
p

)1/2

− (1 − p2v2
p)1/2


 (6)

The time difference between the arrival of the Ppps
phase and that of the Ps phase is simply twice the
time taken by a P-wave with the given ray parameter
to travel between the Moho and the surface, so ift2 is
the time between the direct P-wave arrival and that of
the Ppps phase, then

t2 =
(

h

vp

)(v2
p

v2
s

− p2v2
p

)1/2

+(1 − p2v2
p)1/2


 (7)

From Eqs. (6) and (7)it can be seen that the travel
times depend on three crustal parameters: the P-wave
velocity, the vp/vs ratio, and the crustal thickness
h. The P-wave velocity for the crust was again as-
sumed to be 6.5 km/s, the value suggested for Archean
cratons byDrummond and Collins (1986).

A computer program was written to find which set
of values for crustal thickness andvp/vs ratio yields
times t1 and t2 that best correspond to the observed
times. Of the four events used, three (99 087, 99 093
and 99 126) had prominent arrivals of the Ppps phase,
and the calculation was performed for each of them.
Table 4shows the summary of results. The results are
consistent, giving the average value for Poisson’s ratio
in the region as

σ = 0.264± 0.007
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Table 4
Results for the crustal thickness andvp/vs ratio analysis beneath
Kimberley

Event h (km) vp/vs σ

99087 36± 1 1.78± 0.02 0.27± 0.01
99093 36± 1 1.74± 0.02 0.25± 0.01
99126 35± 1 1.78± 0.02 0.27± 0.01

This is slightly higher than the 0.25 expected for
a perfectly elastic solid. In the most simplified geo-
logical model of the crust, assuming it is made up
entirely of quartz (σ = 0.09) and feldspar (σ =
0.30), a value ofσ = 0.264 implies that feldspar
makes up 83% of the crust, while quartz accounts
for the other 17%. For more detailed interpretations
of the ratio’s implications on the crustal structure
we refer to, for instance,Clarke and Silver (1993),
Zandt and Ammon (1995), Christensen (1996)and
Chevrot and van der Hilst (2000).

The depth of the Moho was found to vary between
35 and 36 km, consistent with earlier results in this
study.

4.2. The 410, 520 and 660 km discontinuities

Techniques similar to the one used to estimate the
crustal thickness in theSection 4.1can also be used to
study the structure of the upper mantle, in particular to
detect and determine the depth to horizontal discon-
tinuities. Here, we first focus on discontinuities that
occur, according to theiasp91 reference Earth model
(Kennett, 1991), near 410 and 660 km depth globally.
Hereinafter we will refer to these discontinuities as
the “410” and “660”.

The 410 km discontinuity is generally interpreted
as the result of the transition from the�-phase
(olivine) to the�-phase (wadsleyite) of (Mg,Fe)2SiO4
(Ito and Takahashi, 1989; Bina and Helffrich, 1994).

According to iasp91 the Ps converted phase (re-
ferred to as P410s) arrives 44.1 s after the P arrival. In a
global study,Chevrot et al. (1999)found this time dif-
ference to vary between 41.8 and 48.7 s. This spread
can be largely explained by lateral velocity variations
in the upper mantle (that is, at depth< 400 km). They
found that most of the observed times between 41.8
and 43.0 s are for stations located on Precambrian cra-
tons.

For our data set, the arrivals of the P410s phases
are not nearly as prominent as the conversions from
the Moho, and owing to high noise levels only 17 re-
gional stations could be used to identify the “410”
with confidence.Fig. 8 shows examples of the con-
structed receiver functions. The P410s-P differential
times varied between 41.5 and 43.5 s for stations po-
sitioned on the Kaapvaal craton, while stations on the
Zimbabwe craton yielded differences of about 44.5 s.
Only one station south of the Kaapvaal craton gave a
reliable reading (42.5 s). All these arrival times have
been computed to the nearest 0.5 s. The P410s phase
appears very prominently throughout the depth stack
of the Kimberley data (Fig. 6). At the single stack cor-
responding to the depth of 400 km its arrival has been
timed at 41.9 s.

The approach of stacking different events at indi-
vidual stations (used here for the regional array data)
is not ideal, because disrupted or dipping discontinu-
ities may result in conversions at different apparent
depths for different events. While the rays from dif-
ferent events will pass a shallow discontinuity such as
the Moho a few km from each other, this error can in-
crease to as much as 100 km for the “410”, and even
more for the “660”—thus, when dealing with local or
tilted discontinuities this approach would not be ac-
ceptable. However, for large, prominent, uninterrupted
and generally horizontal upper mantle structures that
we expect here, the method can be used to obtain a
first order estimate.

The nature of and depth to the 660 km has been
widely discussed.Ringwood and Irifune (1988)re-
fer to the 650 km seismic discontinuity, PREM
(Dziewonski and Anderson, 1981) put the change
at 670 km depth, and theiasp91 reference Earth
model has it located at 660 km depth. It has
been argued that the discontinuity is caused by
an isochemical phase transformation of ringwood-
ite (the γ phase of (Mg,Fe)2SiO4) to perovskite
((Mg,Fe)SiO3) and magnesiowustite ((Mg,Fe)O)
and (e.g. Anderson, 1967; Ito and Takahashi, 1989;
Bina and Helffrich, 1994). Alternatively, it has been
suggested that the discontinuity is associated with
a change in chemical composition from an over-
lying upper mantle dominated by (Mg,Fe)2SiO4
olivine and spinel materials to a relatively silica-rich
lower mantle composed essentially of perovskite
(e.g.Ringwood and Irifune, 1988). This interpretation
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Fig. 8. Examples of radial components of the receiver functions computed from the regional array data.

would imply that the 660 km discontinuity separates
convective systems in the upper and lower mantle. In
the case of a chemical boundary the topography of the
“660” would depend on the density contrast whereas
for the iso-chemical phase transformation it is con-
trolled by the Clapeyron slope, that is, the temperature
dependence of the pressure at which the transition
occurs. The magnitude of the topography puts impor-
tant constraints on the style of mantle convection (e.g.
Ringwood and Irifune, 1988; Machetel and Weber,
1991; Tackley et al., 1993; Schubert and Tackley,
1995).

In their global study of Ps phases,Chevrot et al.
(1999)found that most P660s move-out corrected (with
a reference slowness of 6.4 s/degree) phases arrive

between 65.6 and 72.7 s after the direct P-wave. The
iasp91 model predicts it at 68.0 s. The arrivals in this
study were even less clear then those of P410s, with
only 15 of the stations registering convincing peaks
near the expected time. Most of the selected regional
array traces yielded times within 1 s from the global
average of 68 s, the exceptions being three stations
near Kimberley, which registered arrivals<66 s after
the direct P-wave. In the Kimberley data depth stack
the P660s is not very clear in the shallower stacks, but
focuses clearly as a peak at 65.7 s at the correct depth.

The existence of a discontinuity at∼520 km has
been reported by a few authors (e.g.Revenaugh and
Jordan, 1991; Dueker and Sheehan, 1998; Deuss and
Woodhouse, 2001), and no definitive physical or
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chemical explanation for its existence has been sug-
gested. In the depth stacks determined here a small
peak appears fairly consistently near 53.3 s, which
corresponds to a depth of about 530 km. It suggests
the presence of a discontinuity, but does not provide
conclusive evidence for it, as we cannot rule out that
the peak could be a reverberation of an earlier phase.

4.3. Transition zone thickness and wavespeed

Experimental mineral physics suggests that the
Clapeyron slopes of the phase transformations at 410
and 660 km depth are inversely correlated—lower
(higher) than average temperatures will elevate (de-
press) the “410” while the opposite is expected for
the “660” (e.g. Ito and Takahashi, 1989; Bina and
Helffrich, 1994). The thickness of the transition zone
between these discontinuities will thus depend on
mantle temperature—in relatively hot regions the
thickness of the transition zone is expected to be
thinner than in cooler ones. Accurate measurements
of the depth to the discontinuities would enable one
to determine whether the transition zone is relatively
“hot” or “cold”. To determine the depth one needs the
time difference between arrivals of P410s and P660s
phases as well as information about the wave speeds in
the transition zone and above (Lebedev et al., 2002).
Once the depth to the “410” is determined the P410s
travel time can be used to constrain the propagation
speed of the seismic waves in the upper mantle (i.e.
above 410 km depth).

In iasp91 the time difference between arrivals of
P410s and P660s is 23.9 s. Most stations on the Kaap-
vaal craton yield time differences between 25.0 and
26.5 s, that is, larger than the global average. In con-
trast, stations near the town of Kimberley yielded dif-
ferences between 23.5 and 24.0 s, which is consistent

Table 5
Summary of results for the upper mantle properties

Kimberley
area

NW Kaapvaal
craton

NE Kaapvaal
craton

SW mobile
belts

Zimbabwe
craton

Iasp91
averages

Moho depth (km) 35.3 38.8 40.9 44.1 34.8 35.0
Transition zone thickness (km) 250 270 270 250 240 250
“410” depth (km) 410 400 400 410 415 410
“660” depth (km) 660 670 670 660 655 660
v/viasp91 above 400 km 1.05 1.02 1.02 1.01 1.00 1.00
Low velocity zone Yes Yes Yes No No No

with the global average. For stations on the Zimbabwe
craton the time difference was around 23.5 s, while
the single station over the southern boundary of the
Kaapvaal craton gave a reading of just under 24 s.

In as far as they reflect variations in the thickness of
the transition zone beneath the stations, these differen-
tial times imply that for most of the Kaapvaal craton
this zone is wider than the global average of 250 km.
In turn, this suggests that its temperature is lower than
average. If the difference in transition zone thickness
is split equally between the two discontinuities then
the “410” is elevated possibly by >10 km, while the
“660” is lowered by the same amount. Beneath Kim-
berley the transition zone thickness is inferred to be
close (that is, within 2%) to the global average depth
of 250 km, which would suggest that the two discon-
tinuities are near their expected depth and the mantle
temperature close to the global average (but warmer
than the surrounding mantle). For the Zimbabwe cra-
ton the data suggest that the transition zone is thinner
than average, with the discontinuities shifted towards
each other by about 5 km. Results from the station
to the south of the Kaapvaal craton imply an average
mantle temperature, and no significant shift in posi-
tion of the two discontinuities is required. A summary
of these results is given inTable 5.

If we assume the approximate positions of the
“410 km” discontinuity, and this solution is clearly
non-unique, the arrival times of the P410s phases can
be used to estimate seismic velocities in the upper
mantle (depth< 400 km) relative to the global aver-
age velocities in theiasp91 model. Near Kimberley
the “410” is assumed to be very close to its name-
sake depth, but at the stations in that area the P410s
phase arrived >2 s earlier than the predicted value
of 44.1 s (Kennett and Engdahl, 1991). This would
suggest that beneath Kimberley uppermost mantle
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velocities beneath Kimberley are up to 5% faster than
the global average. In other regions of the Kaapvaal
craton P410s arrivals were similar to those recorded
by sites near Kimberley, but the P660s arrivals sug-
gested the “410” to be elevated by 10 km or more.
Although they are faster than the global average by
up to 2%, the velocities in these regions may thus not
be as high as beneath Kimberley. Stations on the Zim-
babwe craton registered the arrivals from the slightly
(probably<5 km) depressed “410” slightly (<0.5 s)
later than the global average of 44.1 s. This suggests
that mantle velocities are very close to the averages
from the iasp91 model. One would hesitate to treat a
single station off the southern edge of the craton as
a reliable source of information, but a slightly early
arrival time from a discontinuity that is not displaced
would imply seismic velocities faster by up to 1%
than the global average.

The Kimberley array results give a travel time of
the converted S-wave through the transition zone as
23.8 s.Vinnik et al. (1996)observed the two phase ar-
rivals at 41.8 and 65.6 s, respectively, also implying a
travel time of 23.8 s. The inferred time difference is
also very close to the 23.9 s predicted by theiasp91

Fig. 9. Radial components of two stations on the Kaapvaal craton (sa24 and sa40) and two on the Zimbabwe craton (sa76 and sa79). The
trough suggesting a low velocity zone is visible att ≈ 32 s. only for the Kaapvaal stations.

model (Kennett and Engdahl, 1991) and repeated in
the global study ofChevrot et al. (1999). This sug-
gests that the 410 and 660 km discontinuities beneath
Kimberley occur very close to their namesake depth,
i.e. 410 and 660 km, respectively. It can, therefore,
also be concluded that the data are consistent with an
upper mantle temperature in this region that is simi-
lar to the global average. These results are consistent
with the ones obtained from the regional array for the
Kimberley area.

The individual arrival times of the converted phases
concerned are significantly earlier than the values of
44.1 and 68.0 s from theiasp91 model. This is again
consistent with the results fromSection 4.3, and sug-
gests that the upper mantle velocities beneath Kim-
berley are up to 5% faster than the global average,
which is fast even by Precambrian standards, in fact
these values are higher than anywhere else analysed
by Chevrot et al. (1999).

4.4. Existence of a sub-continental low velocity zone

Many Archean cratons are associated with a low
velocity zone starting at a depth of about 300 km (e.g.
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Fig. 10. Cross-section of the crust and upper mantle showing all the features discussed in the text. Percentages indicate how seismic
velocities in a given zone differ from the global average for that depth.

LeFevre and Helmberger, 1989; Vinnik et al., 1996).
If the upper boundary of such a zone has a suffi-
ciently steep gradient, or is discontinuity, it will pro-
duce a P-to-S converted wave which would register a
trough in the receiver function. The existence of the
low velocity zone has been suggested but the depth
has remained enigmatic. From surface wave stud-
ies Qui et al. (1996)and Priestley (1999)suggested
its upper bound to be shallower than 200 km, while
Vinnik et al. (1996) use converted phases to claim
that the zone does not extend further than 50 km
above the 410 km discontinuity.

In the depth stack of the Kimberley data (Fig. 6)
two phases are observed at 31.9 and 34.2, correspond-
ing to focusing stack depth of about 305 and 330 km,
respectively. The troughs seem sufficiently prominent
to suggest that the reduced wavespeed gradient zone
does in fact exist beneath the Kaapvaal craton. Our
observations suggest, however, that the upper bound-
ary of the zone occurs at depth different to those sug-
gested byVinnik et al. (1996), Qui et al. (1996)and
Priestley (1999). Our result is consistent with results

from Freybourger et al. (2001), who showed there is
no evidence for such a zone at depth less than 250 km.
The presence of two troughs instead of just one could
mean that the low velocity zone is a fairly complex
feature, with the velocities decreasing at 305 km, and
then decreasing even further at 330 km. This zone may
mark the lower chemical boundary of the Kaapvaal
craton.

Similar results were observed in the data from the
regional array, but they were not as robust and more
research is necessary to make them conclusive. A low
velocity zone was only detected beneath the Kaapvaal
craton stations, further illustrating the difference be-
tween the Kaapvaal and Zimbabwe cratons (Fig. 9).

Fig. 10summarises the results for the upper mantle
properties obtained in the study.

5. Discussion and conclusions

In the first part of this study we showed how receiver
functions can be used to study discontinuities in the
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lithosphere by analyzing variations of the crustal thick-
ness and depth to deeper discontinuities beneath the
surface of the Kaapvaal craton and its surroundings.
Off the craton’s south–western boundary values for
the crustal thickness vary around 45 km and decrease
to between 37 and 40 km toward the southern section
of the craton. Farther north the Moho depth increases
to 52 km. These larger crustal thicknesses coincide
with the surface exposure of the 2.06 Ga Bushveld
complex, the world’s largest mafic layered intrusion,
and it is likely that the thick crust here includes Paleo-
proterozoic addition to the Archean crust in this region
(Nguuri et al., 2001; Doucouré and de Wit, in press).
North of the Kaapvaal craton (on the Zimbabwe cra-
ton) stations record depth between 33.0 and 36.0 km.

Our analysis of converted phases suggests that for
most of the Kaapvaal craton the mantle transition
zone, between the 410 and 660 km discontinuities,
has a greater than global average thickness, possibly
by >20 km. If we assume that the 410 km disconti-
nuity is shifted upwards by about half that distance
(∼10 km), the earlier than expected arrival times of
the P410s phases imply the seismic velocities in the
upper mantle beneath the craton are above the global
average. This is consistent with earlier findings (e.g.
Vinnik et al., 1995, 1996).

In the Kimberley region, however, our observations
are consistent with the transition zone having exactly
the expected thickness, and the two discontinuities
can thus be expected to occur close to their namesake
depth. The early arrival times of the P410s are represen-
tative of large parts of the Kaapvaal craton, confirm-
ing the results ofChevrot et al. (1999)that the seis-
mic velocities in this region are fast even by Archean
cratonic mantle standards.

By relating the thickness of the transition zone to
the relative upper mantle temperature, our results sug-
gest that while the temperatures beneath the Kimber-
ley area are close to global averages, the surrounding
upper mantle is considerably cooler. The results for
the neighbouring Zimbabwe craton suggest a slightly
thinner than average transition zone, and thus, some-
what higher temperatures than below the Kaapvaal cra-
ton. Here the seismic velocities are close to the global
averages from theiasp91 model, and therefore, rela-
tively slow for an Archean craton. Our data, therefore,
suggest that the deep structure of the two neighbour-
ing cratons differ from each other.

A cool mantle is not necessarily inconsistent
with the high heat flow across southern Africa
as reported, for instance, byNyblade et al. (1990)
and Nyblade and Pollack (1993), which has been
associated with southern Africa’s abnormal el-
evation known as the African Superswell (e.g.
Nyblade and Robinson, 1994; Lithgow-Bertelloni and
Silver, 1998). From studies of heat flow in the
Witwatersrand Basin and the Vredefort structure,
Hart (1978), Nicolaysen et al. (1981), Welke and
Nicolaysen (1981), Jones and Bottomley (1986)and
Jones (1988)found that excessive heat production is
generated in the crust. Our results confirm that the
lithospheric mantle of the Kaapvaal craton is actually
relatively cold, and therefore, cannot be responsible
for an abnormally high heat flow, nor for the topo-
graphic swell related to it.

Finally, we also found evidence suggesting the pres-
ence of a low velocity zone with an upper bound of
approximately 300 km beneath the Kaapvaal craton.
We believe this zone reflects the complex base of the
craton.
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