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Abstract

High-quality seismic data obtained from a dense broadband array near Kimberley, South Africa, exhibit crustal

reverberations of remarkable clarity that provide well-resolved constraints on the structure of the lowermost crust and Moho.

Receiver function analysis of Moho conversions and crustal multiples beneath the Kimberley array shows that the crust is 35

km thick with an average Poisson’s ratio of 0.25. The density contrast across the Moho is f 15%, indicating a crustal density

about 2.86 gm/cc just above the Moho, appropriate for felsic to intermediate rock compositions. Analysis of waveform

broadening of the crustal reverberation phases suggests that the Moho transition can be no more than 0.5 km thick and the total

variation in crustal thickness over the 2400 km2 footprint of the array no more than 1 km. Waveform and travel time analysis of

a large earthquake triggered by deep gold mining operations (the Welkom mine event) some 200 km away from the array yield

an average crustal thickness of 35 km along the propagation path between the Kimberley array and the event. P- and S-wave

velocities for the lowermost crust are modeled to be 6.75 and 3.90 km/s, respectively, with uppermost mantle velocities of 8.2

and 4.79 km/s, respectively. Seismograms from the Welkom event exhibit theoretically predicted but rarely observed crustal

reverberation phases that involve reflection or conversion at the Moho. Correlation between observed and synthetic waveforms

and phase amplitudes of the Moho reverberations suggests that the crust along the propagation path between source and receiver

is highly uniform in both thickness and average seismic velocity and that the Moho transition zone is everywhere less than

about 2 km thick. While the extremely flat Moho, sharp transition zone and low crustal densities beneath the region of study

may date from the time of crustal formation, a more geologically plausible interpretation involves extensive crustal melting and

ductile flow during the major craton-wide Ventersdorp tectonomagmatic event near the end of Archean time.
D 2003 Elsevier B.V. All rights reserved.
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1. Introduction

Despite a voluminous literature on both the compo-

sition and structure of Archean crust, many contentious
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issues remain as to how continental crust formed and

evolved in Archean time. Of particular interest is

evidence suggesting that in southern Africa, both the

structure and composition of Archean crust differ in

fundamental ways from that of crust formed in post-

Archean time (e.g. (Durrheim and Mooney, 1994;

Griffin and O’Reilly, 1987; Nguuri et al., 2001; Niu

and James, 2002). That there are differences in the
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processes of crustal formation between Archean and

post-Archean time is not unexpected, but the nonintu-

itive nature of these differences is significant. Previous

studies in southern Africa suggest that the crust beneath

the undisturbed regions of Kaapvaal and Zimbabwe

cratons is not only thin relative to that of adjacent

Proterozoic terranes, but it lacks both the lower crustal

reflectors and the basal high-velocity (7� ) layers that

typify many post-Archean crustal sections (Durrheim

and Mooney, 1991, 1994; Nguuri et al., 2001; Niu and

James, 2002). Thus, while there is evidence that the

lower continental crust in general is dominated by

mafic compositions (Christensen and Mooney, 1995;

Rudnick, 1992, 1995; Rudnick and Fountain, 1995),

the lower crust beneath the cratons of southern Africa

may be intermediate or even felsic in composition1

(Griffin and O’Reilly, 1987).

In this paper, we analyze data from a dense 31

station broadband seismic array in the vicinity of

Kimberley, South Africa. The unique dataset from

the array and its unusually high quality make it possible

to image the crust and Moho beneath the undisturbed

Kaapvaal craton in unprecedented detail. We will show

that in the vicinity of Kimberley, the crust is relatively

thin, that it is of average felsic to intermediate compo-

sition in its lowermost section and that it is character-

ized by a sharp Moho that is almost perfectly flat over

an extensive area. The remarkable nature of the Moho

structure and the unambiguous composition of the

lowermost crust place first-order constraints on possi-

ble mechanisms of crustal formation and stabilization

of the Kaapvaal craton in the late Archean.

1.1. Kaapvaal Project

The data for this study were collected as part of the

Southern Africa Seismic Experiment. The seismic

experiment was a major component of the Kaapvaal

Project, a multidisciplinary program to study cratonic

formation and evolution. The locations of broadband

seismic stations of both the large aperture regional
1 Here, we loosely follow the International Union of Geological

Sciences nomenclature for broad categories of igneous rocks: mafic

rocks have < 52% SiO2, intermediate rocks have 52–63% SiO2 and

felsic rocks have >63% SiO2. These compositions are sufficiently

distinct as to have relevance in terms of quantifiable seismic wave

velocities.
array and the dense Kimberley array are shown in Fig.

1 in relation to major geologic provinces. Technical

details of the large aperture seismic experiment have

been described in previous papers (James et al., 2001b;

Nguuri et al., 2001) and for the Kimberley array in Niu

and James (2002).

1.1.1. Geologic setting

The Archean Kaapvaal and Zimbabwe cratons form

the continental nucleus of southern Africa. The Kaap-

vaal craton itself is comprised of an eastern domain

with age ca. 3.5 Ga and younger and a western domain

(in which is included the principal area of study for this

paper) mostly post 3.2 Ga in age. While stabilization of

the Kaapvaal craton was essentially complete by about

2.6 Ga, not all of the craton has been stable since that

time. The north-central Kaapvaal craton was disrupted

ca. 2.05 Ga by the major intracratonic Bushveld event.

The Bushveld Complex, the outcrop limbs of which

are shown in Fig. 1, is the largest known layered mafic

intrusion in the world (0.5–1.0� 106 km3) (Von

Gruenewaldt et al., 1985). The Bushveld appears to

be a major geologic province, extending westward as

far as Botswana (Kampunzu, personal communication,

2000) and well into the mantle (James et al., 2001b).

The Limpopo belt sandwiched between the cratons is a

collisional terrane generally considered to have formed

when the Kaapvaal and Zimbabwe cratons were con-

solidated in late Archean time (Van Reenen et al.,

1992). The Limpopo belt is comprised of a Northern

Marginal Zone, a Central Zone and a Southern Mar-

ginal Zone. The two marginal zones have been inter-

preted to be overthrust belts atop cratonic crust (e.g.

Van Reenen et al., 1992; Fedo et al., 1995). The

Central Zone appears to be a deep zone of tectonic

deformation, subsequently uplifted and exhumed to

expose high-grade metamorphic rocks (Treloar et al.,

1992). The Kaapvaal craton is bounded on the south

and east by the Namaqua–Natal Proterozoic mobile

belt (ca. 1.1–1.9 Ga) and on the west by the Kheis

overthrust belt (ca. 2.0 Ga) (De Wit et al., 1992). The

regional seismic array extends across the Phanerozoic

the Cape Fold belt at the southernmost extent of the

continent.

1.1.2. Crustal structure beneath the regional array

Recent seismic studies based on single station

receiver function analysis of P- to S-wave conversions



Fig. 1. Map showing the principal geologic provinces in southern Africa. The 81 stations of the Southern Africa Seismic Experiment are shown

as circles, with shading indicating different periods of deployment. Black squares denote global digital seismic stations. Station locations of the

Kimberley array are shown in the map inset and are indicated by solid triangles. Open squares in the inset denote Moho conversion points,

0P1S, for the analyzed teleseismic receiver function event (see text). All seismometers are sited on bedrock.
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(Ps) at the Moho have been carried out to obtain crustal

thickness beneath each station of the large aperture

array (see Fig. 1) (Nguuri et al., 2001). The receiver

function depth images obtained by Nguuri et al. are

shown in Fig. 2, arranged by geological province as in

Fig. 1. As seen from Fig. 2, only one consistent Ps

signal occurs, and it is readily associated with the M-

discontinuity. A composite summary of these receiver

function results is presented as a color-coded map of
crustal thickness reproduced in Fig. 3 (from Nguuri et

al., 2001).

Stations located within regions of the Kaapvaal

or Zimbabwe cratons that have remained largely

undisturbed since Archean time typically exhibit

sharp, large-amplitude depth images for the Moho

with arrival times that indicate thin crust. There is

no evidence for mid-crustal reflectors anywhere in

the craton. Moho depths for the Zimbabwe craton



Fig. 2. One-dimensional receiver function stacks for southern Africa organized by geologic province. The number of events included in the

stack and the station name is shown to the right of each trace. Individual receiver functions have been corrected for move-out. The Ps conversion

from the Moho is the dominant signal on most of the depth images shown. Relatively thin crust and sharp, well-defined Ps Moho conversions

are associated with undisturbed craton. Ps arrivals associated with modified regions of the craton and post-Archean terranes tend to be more

diffuse and of smaller amplitude (from Nguuri et al., 2001; n 2001 American Geophysical Union).
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are with one exception less than 40 km; those for

the Kaapvaal craton average about 38 km and range

from about 34 to 47 km. Uncertainty in Moho

depth is difficult to determine, but we estimate it

to be less than about F 3 km based on tests of
varying velocity models. Post-Archean and modified

cratonic regions characteristically exhibit smaller

amplitude Ps converted phases, and the crust is

commonly thicker than that beneath undisturbed

craton. Among the most significant findings pre-



Fig. 3. Color-coded contour map of depth to Moho beneath the southern Africa array based on depth images in Fig. 2 (from Nguuri et al., 2001;

n 2001 American Geophysical Union). Crustal thickness color scale is shown on right. Thin crust tends to be associated with undisturbed areas

of craton, particularly in the southern and eastern parts of the Kaapvaal craton and in the Zimbabwe craton north of the Limpopo belt. Greater

crustal thickness is associated with the Bushveld region and its westward extension into the Okwa and Magondi belts, and with the central zone

of the Limpopo belt and the Proterozoic Namaqua–Natal mobile belt.
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sented by Nguuri et al. (2001) is evidence for

pervasive Proterozoic (ca. f 2 Ga) modification of

Archean crust across a broad east–west zone bounded

by the Bushveld on the east and by the Okwa/

Magondi terranes on the west (see also (Carney et

al., 1994; Shirey et al., 2001). Moho Ps conversions

for stations in this region of disturbed craton tend to be

low in amplitude and, in some cases, ambiguous,

suggesting that the Moho may a weak and/or broad

transitional (e.g. >3–5 km) boundary. Both crustal

thickness and the Moho signature observed in the

region of modified Archean crust are similar to those
observed at stations in the Proterozoic Namaqua–

Natal belt.

Depth images for the northern and southern mar-

ginal zones of the inter-cratonic Limpopo Belt exhibit

a characteristic cratonic signature in both Ps and in

crustal thickness (Nguuri et al., 2001). The seismic

results are consistent with geologic interpretations of

the marginal zones as overthrust belts atop cratonic

crust (Van Reenen et al., 1992). The Central Zone

displays thickened crust (up to 50 km or more) and

poorly developed Moho Ps conversions, consistent

with geologic models of pervasive shortening and
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crustal thickening during the collision of the Kaapvaal

and Zimbabwe cratons in the Archean (Treloar et al.,

1992).
2. Data and results from the Kimberley array

A high-density broadband array in the vicinity of

Kimberley, South Africa, was deployed for a period of

about 6 months as a high-resolution complement to the

large aperture regional array. The Kimberley array,

situated in a legendary diamondiferous region of

undisturbed Kaapvaal craton, consisted of 31 teleme-

tered broadband seismic stations deployed within an

area approximately 40� 60 km (Fig. 1). Details of the

deployment can be found in Niu and James (2002). In
Fig. 4. (a) Ray paths of the direct P-wave, P to S converted wave

and the reverberation phases for a single-layered crustal model. We

use the general notation, nPmS, where n and m connote the

respective number of P- and S-wave legs within the crust. For

example, the P to S converted wave at the Moho is termed 0P1S,

which means that it has no P-wave rays and 1 S-wave ray within the

crust. (b) The radial component of a synthetic seismogram

calculated by the Thomson–Haskell method for a one-layer crustal

model modified from the IASP91 global model (from Niu and

James, 2002).

Fig. 5. (a) Deconvolved radial components of seismograms

(receiver functions) recorded by the Kimberley array for the event

03/28/99 that occurred in the Tibet– India border region. (b) Fourth-

root-stacked observed waveform (solid trace) with overlaid fourth-

root stack of synthetic seismograms (dashed trace) calculated for a

one-layer crustal model with a P and S wave velocity and density of

6.46 km/s, 3.71 km/s and 2.86 gm/cc, respectively (from Niu and

James, 2002).
this section, we elaborate on previous high-resolution

receiver function analyses (Niu and James, 2002) and

present new results from the analysis of a remarkable

set of seismic records clean from a magnitude 5.7

earthquake triggered by mining activity at the Welkom

deep gold mine.



Fig. 7. (a) Observed 1P2S waveform (solid line) is shown with

stacked synthetics calculated for Moho models with a transition

thickness of 0.5 km (dotted line) and 1.0 km (dashed line). (b)

Random variation in crustal thickness of 1.0 km (dotted) and 2.0 km

(dashed). Synthetic seismograms are calculated by the Thomson–

Haskell method and stacked as for the observed data. See text for

discussion (from Niu and James, 2002).

Fig. 6. (a) Contour diagram of S-wave velocity jump across the

Moho, shown as a function of amplitude ratios of 0P1S/1P0S and

1P2S/1P0S. The triangle and bars represent the observed amplitude

ratios and their 1r error. (b) Relative amplitude of 1P2S to 0P1S is

shown as a function of density contrast across the Moho (thin solid

line). The observed amplitude ratio of 1P2S/0P1S (thick solid

horizontal line) is shown with the its calculated 1r error (gray

shadowed region) (from Niu and James, 2002).
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2.1. Teleseismic receiver functions

In typical receiver function analysis, the P- to S-

wave conversion from the Moho is the dominant and

commonly the only reliably identifiable signal on the
record. While this phase alone is sufficient to obtain

reasonably accurate estimates of crustal thickness, the

later arriving crustal reverberation phases (see Fig. 4

for raypath descriptions and notation) provide much

additional information that is rarely available simply

because of poor signal-to-noise ratio. When present,

however, these reverberations provide detailed infor-

mation about the velocity and density structure of the

lowermost crust and the fine structure of the Moho

beneath the array.

Niu and James (2002) analyzed the seismograms

from the Kimberley array for a large event that
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occurred in the Tibet–India border region on March

28, 1999. Individual receiver functions (Fig. 5) were

summed using a fourth-root stacking procedure

(Kanasewich, 1973; Muirhead, 1968) to produce the

receiver function shown as the bottom trace in Fig. 5.

Here, both the P to S converted phase (0P1S) and the

reverberation phases (2P1S, 1P2S) are clearly ob-

served. The average VP/VS ratio for the crust beneath

the array derives directly from the lapse time between

0P1S and 2P1S to yield a Poisson’s ratio of 0.254.

The lapse time between direct P and 0P1S gives an

estimated crustal thickness is 35.4F 0.2 km, based on

an assumed an average VP in the crust of 6.46 km/s,

estimated from waveform analysis and travel time

studies of the Welkom event records across the

Kimberley array (discussed below).

The P to S conversion coefficient for a near-

vertically incident P wave is most sensitive to the
Fig. 8. Location map showing the Welkom mine event used in this study i

topography. Numbered stations are those of the large aperture regional ar

longitude = 26.7128jE; depth = 2.1 km.
S-wave velocity contrast across the Moho, whereas

the reflection coefficient of the near-vertically incident

S wave at the Moho depends equally on the S-wave

velocity and density variation (Kato and Kawakatsu,

2001). While the minimum S-wave contrast across the

Moho can be shown to be approximately 17% (Fig.

6a), the more definitive measure is that of density. The

density contrast across the Moho is derived from the

relative amplitude of 1P2S to 0P1S and is calculated

to be 15.4F 2.3% (Fig. 6b). Thus, for an assumed

density of 3.30 gm/cc in the uppermost mantle be-

neath Kimberley (Boyd and McCallister, 1976), the

calculated density of the lowermost crustal layer is

2.86F 0.06 gm/cc. This density is consistent with a

lowermost crust of intermediate, not mafic, composi-

tion: gabbros and mafic granulites of the lower crust

typically have densities in excess of 3.0 gm/cc (Chris-

tensen, 1982). These seismic results are consistent
n relationship to the stations of the Kimberley array and the regional

ray. The epicenter of the Welkom mine event: latitude = 27.9338jS,
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with xenolith evidence suggesting a notable paucity of

mafic material in the lowermost cratonic crust (Niu

and James, 2002; Schmitz and Bowring, 2003; Van

Calsteren et al., 1986).

Analysis of waveform broadening of reverberation

phase 1P2S places two additional and critically im-

portant constraints on the structure and morphology of

the Moho beneath the Kimberley array as shown in

Fig. 7. Niu and James showed that if the observed

broadening is caused entirely by a velocity gradient

across the Moho (Fig. 7a), then the width of the

waveform of 1P2S constrains the allowable extent

of the transition zone to < 0.5 km. If the broadening is

produced entirely by lateral variation in depth of the

Moho and/or by velocity heterogeneity within the

crust, the maximum allowable depth variation must

be < 1 km (Fig. 7b). While these results are strictly

applicable only to the crust beneath Kimberley, both

the extraordinary sharpness of the Moho and flatness

of its topography over an area of f 2400 km2 are
Fig. 9. Welkom mine event record sections for P and S waves. Left panel: v

by solid lines for reference. The two phases shown by arrows with a questio

the text. Right panel: transverse component travel time plot with Sn and S

velocity–depth model for a 35-km crust given in Table 1.
first-order constraints on models for crustal evolution

of the Kaapvaal craton.

2.2. Welkom mine event

A large earthquake (Mb 5.7) occurred on April 22,

1999 in the Welkom gold mine approximately 190–

230 km from the Kimberley array (Fig. 8). The earth-

quake source was simple and short duration and un-

usually clean signals were recorded on-scale (24 bit) at

all stations of the array. The location (see Fig. 8 caption)

of the event is very well constrained by a local mine

network. The data contain a wealth of rarely observed

crustal reverberation phases that place tight constraints

on the nature of the crust and the Moho in the region

between earthquake source and seismic stations.

2.2.1. Travel time analysis

Record sections for the vertical and transverse

components are shown in Fig. 9, on which are super-
ertical component travel time plot with Pn and PmP phases indicated

n mark are PmPPmP and 3P1S crustal reverberations as discussed in

mS indicated for reference. Predicted travel times are based on the
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imposed predicted travel time curves for the major

arriving phases based on the velocity–depth model

given in Table 1. The most prominent phases on the

record are the mantle refractions Pn and Sn and the

wide-angle Moho reflections PmP and SmS. The

crustal velocity–depth model in Table 1 is constructed

to match the arrival times and apparent velocities of

these major phases. Together, these primary phases are

used to construct a crustal velocity–depth model.

While details of the crustal model are not well con-

strained by our data, the average crustal velocity,

crustal thickness, uppermost mantle velocity and av-

erage Poisson’s ratio in both crust and mantle are well

determined. The velocity model also produces accu-

rate travel times for the crustal reverberations dis-

cussed below. Of particular interest is the uniformly

low Poisson’s ratio both in the crust (about 0.25) and in

the mantle (about 0.24). The low Poisson’s ratio in the

uppermost mantle may well be a reflection of both the
Table 1

Velocity–depth model for travel time calculations and computation

of synthetic seismograms

Layer

thickness

(km)

VP

(km/s)

VS

(km/s)

Density

(gm/cc)

QP QS

1.0 5.0 2.91 2.65 100.0 40.0

2.0 6.03 3.51 2.70 200.0 80.0

2.0 6.09 3.54 2.71 400.0 175.0

2.0 6.15 3.57 2.72 600.0 270.0

2.0 6.21 3.60 2.73 1000.0 450.0

2.0 6.26 3.64 2.74 1000.0 450.0

2.0 6.31 3.68 2.75 1000.0 450.0

2.0 6.37 3.72 2.76 1000.0 450.0

2.0 6.43 3.75 2.77 1000.0 450.0

2.0 6.48 3.77 2.78 1000.0 450.0

2.0 6.51 3.78 2.79 1000.0 450.0

2.0 6.54 3.79 2.80 1000.0 450.0

2.0 6.58 3.81 2.81 1000.0 450.0

2.0 6.62 3.82 2.82 1000.0 450.0

2.0 6.64 3.83 2.83 1000.0 450.0

2.0 6.67 3.85 2.83 1000.0 450.0

2.0 6.70 3.87 2.84 1000.0 450.0

2.0 6.73 3.89 2.86 1000.0 450.0

5.00 8.20 4.79 3.31 1000.0 450.0

5.00 8.24 4.82 3.33 800.0 350.0

5.00 8.28 4.84 3.34 800.0 350.0

5.00 8.32 4.86 3.35 800.0 350.0

40.00 8.45 4.91 3.41 800.0 350.0

00.00 8.60 5.03 3.50 700.0 300.0

All parameters are constant within layers.
low cratonic geotherm and a relatively high-proportion

orthopyroxene in the mantle rocks (James et al.,

2001a).

2.2.2. Crustal reverberations

A series of remarkably clear crustal reverberation

phases, indicated by arrows with a question mark on

Fig. 9a, are observed in the time interval following the

direct-arriving Pn phase. Identifiable Moho interacting

P-wave phases along with their particle motions and

ray paths are shown in Fig. 10. While the identification

of PmP and PmPPmp phases was unambiguous, the

identification of the phase labeled 3P1S was consid-

erably more problematic despite the fact that the same

phase was clearly observed on synthetic seismograms

as discussed below. Several characteristics of the phase

provided the essential clues as to its identity. First, as

shown in Fig. 9, the phase exhibits a systematic

increase in amplitude with distance from the event.

The particle motion diagram shown in Fig. 10 con-

firms that all of the marked phases arrive as incident P

waves. Predicted arrival times shown in Fig. 11 for the

3P1S phase indicate that the times are correct for a

reverberation phase in which three legs are P waves

and one leg is an S wave. Further analysis based on

modeling with reflectivity synthetic seismograms

proved conclusive. Fig. 12 shows a series of computed

broadband reflectivity seismograms with frequency

passband 0.01–2.0 Hz to mimic the observed signals

from the Welkom mine event. In Fig. 12, the top two

traces are vertical component records and the lower

two traces are radial component records. For the

purposes of this particular reflectivity diagnostic, the

source was constrained to be a point explosion (iso-

tropic source) with moment tensors Mrr =Mtt =Mff =

1.0 and Mrt =Mrf =Mtf = 0.0. For a point explosion,

only P-wave energy will be produced. The crustal

model used in the computation is as in Table 1, with

the Moho assumed to be a first-order discontinuity.

The first and third traces shown in Fig. 12 are vertical

and radial component synthetic seismograms comput-

ed to include only refractions and reflections. The

second and fourth traces (again, vertical and radial)

were computed to include all possible phases, includ-

ing P/S conversions (P-to-S or S-to-P). The presence

of the 3P1S phase only on those seismograms for

which converted phases were included in the compu-

tation demonstrates conclusively that the phase must



Fig. 10. (a) Vertical and radial component waveforms with phases Pn, PmP, PmPPmP and 3P1S indicated by lined intervals. (b) Plots showing

particle motion for phases indicated in (a). (c) Ray paths for the four phases analyzed. Note that 3P1S is a multiplet, with three kinematically

equivalent ray paths including SPPP, PSPP and PPSP.
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involve at least one converted reflection. In fact, since

the source in this case contains no S-wave energy and

the wave arrives at the station as a P wave, then two

converted reflections must be involved. Thus, there

must be a P-to-S conversion either at the Moho or the

free surface followed by an S-to-P conversion either at

the free surface or the Moho (see ray diagram in Fig.

10). For the Welkom event, where S-wave energy is

also generated, the first conversion may be an S-to-P

at the Moho. A final test of the phase identification

and waveform matching is shown in Fig. 13, where

pairs of observed and synthetic seismograms are

shown at selected distances over the range of obser-

vations. A diagnostic characteristic of 3P1S in both

observed and synthetic records is increasing amplitude

with distance.

The fact that 3P1S is a multiplet and yet produces a

clean and well-correlated signal over a considerable

range of distances and azimuths on observed seismo-

grams implies a simple Moho structure and consistent
crustal thickness between the earthquake source and

the seismic stations. Waveform and amplitude corre-

lation between observed and synthetic seismograms

provide a basis to estimate the maximum allowable

thickness of the Moho transition zone as shown in

Fig. 14. The top trace in Fig. 14 is the vertical

component seismogram for station BB05. The lower

traces (b–e) are synthetic seismograms computed for

successively broader Moho transition zones, in 1-km

increments, from zero thickness in frame (b) to 3 km

in frame (e). While this test is not highly quantitative,

it reveals that the observed 3P1S signal is similar in

amplitude to that computed for a zero thickness Moho

transition. Models with a Moho transition thickness in

excess of about 2 km produce synthetic signals that

are clearly too small in amplitude to match the

observed signal. We note that a velocity gradient

across the Moho is but one factor that will act to

degrade the 3P1S reverberation signal. In particular,

the effects of even modest variations in Moho topog-



Fig. 11. Vertical component record section for the Welkom event

with predicted times of arrival for Pn and reverberation phases

indicated by the dashed lines. Seismograms have been aligned on

the Pn phase.
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raphy or average velocity in the crust will produce

phase shifts between the kinematically equivalent

arrivals that go to make up the 3P1S reverberation.

All such phase shifts will result in interference that

acts to degrade the 3P1S signal. We conclude, there-

fore, that the presence of an uncomplicated signal is

further evidence for the uniformity of crust and Moho

and the flatness of the Moho not only beneath the

Kimberley array but in the extensive region between

the Welkom mine and the seismic array.
3. Discussion and conclusion

The analysis of both teleseismic and local events

recorded on the Kimberley broadband array reveals a

remarkably uniform crustal structure both beneath the
array (Fig. 15) and in the region between array and the

Welkom mine. The results presented in this paper

represent the most precise quantitative seismic meas-

urements of crustal and Moho properties to date for

southern Africa.

Three first-order conclusions about the nature of

crust and Moho in the Kimberley region emerge from

the analysis of the broadband array data. (1) The crust

is thin, about 35 km thick; it is of average felsic to

intermediate composition even in its lowermost sec-

tion, and it is uniform over thousands of square kilo-

meters. (2) The Moho is a sharp discontinuity, with the

crust–mantle transition less than 0.5 km beneath the

array and less than 2 km along the Welkom transect

outside the array. (3) The Moho is almost perfectly flat,

with less than 1 km of relief beneath the array. Beneath

the sampled region of the Welkom transect, there is

virtually no discernable difference in crustal thickness

with that beneath the array.

3.1. Implications of crustal composition

The low Poisson’s ratio of 0.25 for the crust as a

whole and a calculated density of 2.86 gm/cc for

lowermost crustal rocks provide compelling evidence

that the lower crust beneath the Kaapvaal craton is

dominated by rocks of intermediate to felsic rather

than mafic composition (Christensen and Fountain,

1975). The absence of a mafic signature in the seismic

results is consistent with the fact that mafic granulite

xenoliths from the lower Kaapvaal crust are rare

(Schmitz and Bowring, 2003; Van Calsteren et al.,

1986). These observations highlight one of the great

dilemmas of Archean crustal composition: if the con-

tinental crust was derived from a hotter mantle in the

Archean, why is the crust not basaltic or even picritic

in composition (Rudnick, 1995)? Instead, not even the

lowermost crust beneath the Kimberley area is signif-

icantly mafic in composition. In this respect, the crust

beneath the Kaapvaal appears to be less mafic than that

beneath adjacent Proterozoic mobile belts, where maf-

ic granulite xenoliths from the lower crust are common

(Schmitz and Bowring, 2003).

We propose that the present composition of the

Kaapvaal crust is most plausibly explained as the result

of extensive remelting of the lower crust. This conclu-

sion is buttressed by a recent study showing that the

lower Kaapvaal crust was subjected to ultrahigh-tem-



Fig. 13. Vertical component observed and synthetic seismogram pairs for the Welkom mine event over a series of distance ranges from a nearby

station (top) to a distant station (bottom). Synthetic seismogram is the bottom trace in each pair of panels. The figure confirms the increasing

amplitude of 3P1S with distance on both the synthetic seismograms and the observed records.

Fig. 12. Frames (a) and (b) are vertical component reflectivity synthetic seismograms for an explosive source (moment tensor

Mrr =Mtt =Mff = 1.0 and Mrt =Mrf =Mtf = 0.0) at the Welkom event location. Only P-wave energy is produced by the source. Frames (c)

and (d) are radial component synthetic seismograms for the same moment tensor source. Traces (a) and (c) show synthetic seismograms for

which refracted and reflected phases have been computed but for which no conversions have been allowed. Traces (b) and (d) are synthetic

seismograms for which all phases (including conversions) have been calculated. PmP and PmPPmP are seen on traces (a) and (c) as predicted,

but the later phase labeled 3P1S is found only on synthetic seismograms where conversions are included in the computation. This result, along

with the travel time correlation shown in Fig. 10, confirms that 3P1S is correctly identified. See text for further discussion.
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Fig. 15. Interpretive cross-section of crust and Moho structure of the Kaapvaal craton beneath the Kimberley array. r= Poisson’s ratio averaged

for the entire crust. q= crustal density at the crust–mantle boundary. Compositional terms ‘‘felsic’’ and ‘‘intermediate’’ are meant as averages.

Stations are shown schematically as solid inverted triangles (from Niu and James, 2002).

Fig. 14. Series of seismic traces showing the impact of an increasingly gradational Moho on the 3P1S signal strength for the Welkom mine

event. The top panel (a) shows the observed seismogram for station bb05. Subsequent panels are reflectivity synthetic seismograms for (b) zero

thickness transition zone from crust to mantle at the Moho; (c) 1-km Moho transition; (d) 2-km Moho transition; and (e) 3-km Moho transition.

The amplitude of PmP/3P1S of the observed vs. synthetic signals suggests that the Moho transition can be no more than about 2 km in width and

may be much sharper.
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perature metamorphism during the Ventersdorp tecto-

nomagmatic event around 2.7 Ga (Schmitz and Bowr-

ing, 2003). The Ventersdorp event, which produced

temperatures in excess of 1000 jC in the lower crust of

the craton, affected the whole of the western Kaapvaal

(including the Kimberley area). While the effects of

very high temperatures on the lower crust beneath

Kimberley associated with the Ventersdorp event are

difficult to quantify, a case study of a similar tectono-

magmatic event exposed in the Vredefort meteorite

impact structure provides considerable insight into the

effect of high temperatures on the lower crust. A major

thermal event similar to that of the Ventersdorp, but

predating the docking of the Kimberlite block to the

nuclear Kaapvaal craton, was analyzed as part of a

geochronological study of crustal rocks exposed in the

Vredefort dome located some 300 km NW of Kimber-

ley (Moser et al., 2001). The Vredefort complex is an

extraordinary structure comprising an almost complete

section of cratonic crust that has been turned on-edge

by isostatic rebound following a massive meteorite

impact around 2.0 Ga (Tredoux et al., 1999). Moser et

al. (2001) carried out a detailed study of middle and

lower crustal rocks (which are dominantly felsic to

intermediate in composition with subordinate mafic

interlayering) exposed in the eroded remains of the

crater. They presented evidence that the rocks exposed

in the Vredefort dome record a complex history of

crustal formation around 3.5 Ga followed by large-

scale remelting during a craton-wide thermal event at

3.11 Ga. Based on the distribution and ages of rocks in

the Vredefort crustal section, they concluded that as

much as 40% of the crust, chiefly the lower crust, was

remelted during a craton-wide thermal event at 3.11

Ga. They suggested, moreover, that lithospheric strain

associated with the tectonomagmatic event was not

propagated into the upper crust, but was instead

accommodated by ‘‘deep crustal ductile flow in a

hotter Archean crust’’ (Moser et al., 2001, p. 467).

We hypothesize that temperatures in excess of 1000 jC
in the lowermost crust, coupled with ample evidence

for widespread anatectic melting during the Venters-

dorp event, could well imply similar or even greater

degrees of partial melting and ductile flow in the crust

beneath Kimberley. Certainly, the very high degree of

partial melting proposed by Moser et al. for the middle

and lower crust is sufficient to produce widespread

flow and magmatic differentiation in the lowermost
crust. Layering associated with the crystallization of

melt in the lower crust is one possible means for

producing both a flat and sharp Moho as well as the

evolved rock compositions that we infer from the

seismic data.

3.2. Implications of Moho structure

Both within the area of the array and in the region

between the Welkom mine and the array, the Moho

appears to be remarkably sharp and flat. While it may

be possible under special conditions to form a primary

crustal section such as that observed beneath the

Kimberley array by accretionary processes, the Moho

structures observed are more plausibly produced by

reworking during subsequent tectonomagmatic events.

Models of the assembly history of the Kaapvaal craton

typically involve extensive collisional accretion of

island arcs and microcontinental blocks to form nuclear

continental masses (De Wit et al., 1992). Such accre-

tionary processes may be expected to produce a com-

plicated mosaic of varyingMoho structures and diverse

crustal lithology. We observe just such structures in the

Limpopo Belt, a late Archean collisional zone sand-

wiched between the Zimbabwe and Kaapvaal cratons

that exhibits many traits of tectonic deformation seen in

modern continent–continent collision, including ex-

tensive crustal thickening and a highly complex Moho

(Nguuri et al., 2001). Such structures are notably absent

beneath undisturbed Kaapvaal craton.

Lack ofMoho relief in regions where topography on

the Moho might be expected is surprisingly common.

That fact is widely attributed to post-formation modi-

fication of the lower crust through magmatic reworking

and ductile flow (e.g. Mooney and Meissner, 1992),

and the role of thermal and deformational processes in

modifying the lower crust has been discussed at length

in the literature (e.g. Murrell, 1986). The relatively flat

Moho in extensional provinces such as the Basin and

Range in the western US, for example, is commonly

interpreted to be due to reforming of the Moho by

igneous and ductile deformation in the deep crust (e.g.

Klemperer et al., 1986). As noted by Mooney and

Meissner (1992), such igneous reworking implies that

the lowermost crust and the crust–mantle transition is

effectively the ‘‘youngest’’ layer within the continental

crust. Thus, the interpretation of the seismic evidence

from southern Africa must be considered in the context
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of the tectonothermal history of the Kaapvaal craton. It

therefore follows that extensive remelting and ductile

flow in the lower Kaapvaal crust are probable conse-

quences of the profound thermal perturbation resulting

from the Ventersdorp intracratonic event, which in-

volved flood basalt magmatism, crustal extension and

widespread anatexis (Schmitz and Bowring, 2003).

Indeed, Schmitz and Bowring (2003) speculate that

‘‘during the Ventersdorp event, middle to lower crustal

flow spatially coherent with simultaneous brittle ex-

tension and crustal magmatism operated across much

of the northern and western [Kaapvaal] craton, erasing

primary variations in Moho topography’’.

In terms of geologically plausible scenarios, we

view thermal reactivation and large volume melting

of the cratonic crust in late Archean time as the most

viable hypothesis for flattening and sharpening of the

Moho and for the absence of mafic layering in the

lowermost crust. Alternative explanations for the ob-

served Moho structures do remain, however, and one is

particularly relevant to the discussion here. Moho and

lower crustal structure imaged as part of Lithoprobe

seismic reflection profiling across the Phanerozoic

accreted terranes of southwestern Canada suggest that

a relatively flat Moho is not necessarily inconsistent

with accretionary tectonics or with large-scale crustal

structures that are geometrically discordant with a flat

Moho (Cook, 1995). As evidenced from the seismic

reflection data, upper crustal structures appear to flatten

into the deep crust and Moho, tending to converge into

what Cook interprets to be zones of regional detach-

ment. This mechanism for producing a flat and rela-

tively sharp Moho may also, of course, imply some

degree of ductile flow, given the clear geometrical

relationship betweenMoho and deep crustal reflections

with higher angle fault structures in the shallower crust

(Cook, 1995). While the Canadian model is not neces-

sarily applicable to the Kaapvaal craton, regional

detachment at the Moho may be a viable means by

which to produce primary Moho structures that are

relatively flat during the processes of crustal aggrega-

tion. In that hypothetical circumstance, the Ventersdorp

thermal remobilization of the lower crust and the

ductile stretching resulting from crustal rifting would

act to enhance flattening of the Moho and to sharpen

the crust–mantle transition zone even further. Such a

combination of primary and late stage tectonothermal

processes may suffice to explain both lowermost crust-
al compositions and the remarkable Moho structures

observed beneath the Kaapvaal craton.
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