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Abstract

Events induced by deep gold-mining activity on the edge of the Witwatersrand basin dominate the seismicity of South
Africa. The deployment of 54 broad-band seismic stations at 84 separate locations across southern Africa between April 1997
and April 1999 (Kaapvaal network) enabled the seismicity of South Africa to be better defined over a 2-vear period. Seismic
events located by the South African national network, and by localized seismic networks deploved in mines or across gold-
mining areas, were used to evaluate earthquake location procedures and to show that the Kaapvaal network locates mining-
induced tremors with an average error of 1.56 + 0.10 km compared with 9.50 £ 0.36 km for the South African network. Travel
times of seismic events from the mines recorded at the Kaapvaal network indicate regional variations in the thickness of the
crust but no clearly resolved variations in seismic wavespeeds in the uppermost mantle. Greater average crustal thicknesses
(48 -30 km compared with 41 -43 km) are observed in the northern parts of the Kaspvaal craton that were affected by the
Bushveld magmatism at 2,05 Ga. Estimates of average crustal thickness for the southem part of the Kaapvaal craton from
receiver functions (38 km) agres well with those from refracted arrivals from mining-induced earthquakes if the crustal
thicknesses below the sources are assumed to be 4043 km. In contrast, the average crustal thickness inferred from refracted
arrivals for the northern part of the Kaapvaal craton is larger by about 7 km (51 km) than that inferred from receiver functions
{44 km), suggesting a thick mafic lower crust of variable seismic properties due to variations in composition and metamorphic
prade. Pn wavespeads are high (8.3 - 8.4 kms), indicating the presence ofhighly depleted magnesium-nch pendotite throughout
the uppermost mantle of the craton. Seismic Pg and Sg phases indicate that the upper crust amound the Witwatersrand basin is
comparatively uniform in composition when averaged over several kilometres.
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Pretoria D001, South Africa, The Archacan Kaapvaal craton and adjacent Pro-

? present address: PREPOOMM CTBTO, Vienna International terozoie mobile belts cover much of southern Adfriea
Centre, PO Bax 1250, A-1400, Vienna, Austria. (Fig. 1). Natural seismicity of southermn Africa (Fig. 2)
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Fig. 1. Map of southern Africa showing distnbution of seismic stations and main tectonic elements. BC =Cuter boundary of surface onterops of
Bushveld complex; CFB=Cape Fold belt; LB=Limpopo belt; NNMB=MNamaqua—Matal mobile belt; WB=Witwatersrand  hasin;
20 =Zimbabwe craton. Open and closed ereles and squares denote stations of Kaspvaal broad-band network that operated from Apnl 1997
to April 1998, April 1997 to April 1999 and Apnl 1998 to April 1999, respectively, Trimgles denoke stations of South African network, and
asterisks indicate bmad-band stations of the Global Telemetered Seismic Nebwork, or long-penod stations.

15 fairly typical of stable continental regions, with
some areas of pronounced neotectonic activity
(Andreol et al, 1996), and with a largest instrumen-
tally determined earthquake magnitude within South
Africa of 6.3 (Green and Bloch, 1971). Almost a
century ago, however, Wood (1913) reponted that
there was considerable seismicity in the Johannesburg
area resulting from gold minmg on the margin of the
Witwatersrand basin. Such seismicity has persisted
until the present day and, as mining operations move
to greater depths, continues to pose a sigmiicant
safety hazard o workers; it is monitored by networks
of seismic mstruments deployed in individual mmes
or distnbuted across particalar goldhelds (Mendecka,
1997).

A feasibility study on the use of mine tremors in
South Afnca for determming crustal structure was
pioneered more than 50 years ago by Gane et al.
(1946). P and 8§ waves from these mming-induced
events were subsequently used to determine the wave-

speed structure of the crust and uppermost mantle
around the Witwatersrand basin { Willmore et al.,
1952; Gane et al., 1956, Hales and Sacks, 1959,
Durrheim and Green, 1992; Durrheim, 1998a). How-
ever, only recently have such events been used in
conjunction with local and regional tectonic events to
determine earth structure from the surface o depths of
320 km (Wright et al., 2002).

There have been few seismological studies of earth
structure within southern Afmca compared with many
other areas of the world such as Australia, North
America and western Europe, so that there s a need
to defme regional travel time curves and the structure
of the crust and upper mantle to better understand
cratonic evolution and to enable earthquakes to be
more accurately located.

Between April 1997 and Aprl 1999, a network of
54 broad-band sesmic nstruments was deployed at
B4 different locations across southern Africa (Carlson
et al, 1996) as part of the mtemnational Kaapwvaal
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Fig. 2. Sesmicity of southern African region, April 1997 to April 1999, showing tectonic events located by the Comneil for Geoscience. CFB,
LB, NNMB and #C are descnbed in the caption to Fig. 1. The most seismically active aress of gold mining are, from north to south: Far West

and West Rand, Klerksdorp and Welkom,

craton program (Fig. 1), The mam objective of this
selsmic expeniment was o derive tomographic images
of the crust and mantle to depths of about 700 km
using recordings of teleseismic carthquakes (Le.,
carthquakes at distances greater than 3300 km). How-
ever, the network also recorded local (distances less
than 300 km) and regional earthquakes (distances
between 300 and 3300 km), thus enablng more
detatled mformation on the seismicity of southemn
Afmea to be obtamed over a 25-month penod.

The purpose of the present work 1s to show how a
temporary network of three-component, broad-band
seismometers deployed across southern Africa sup-
plements the South African National seismic network
in defming seismicity and in mproving the accuracy
of the determmation of catalogued seismic events.
The temporary network is then used w defne aver-
age P oand S travel time curves and wavespeed
models for the southem African region to improve
earthquake locations. Locations of minimg-induced

carthquakes from mine seismic networks provide a
large mumber of seismic events distnibuted over five
distinet mining regions that are sufficiently accurate
o be regarded as equivalent o explosive sources
used in crustal refrction studies in other parts of the
world. Regional differences in the structure of the
crust and uppermost mantle of the Kaapvaal craton
are then defined through analysis of the seismograms
of these mming-mduced events. These differences are
mterpreted with information from recever hunetions
o provide constramts on deep-seated petrologieal
varmtions,

2. Sources of information on earthgquakes

Information on the locations and magnitudes of
carthquakes within South Africa. neighbouring
countries and adjacent oceanic regions, for the period
Apnl 1997 to Apnl 1999, comes from bulleting
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published by the Council for Geoscience, which s
denved from seismograms recorded by the short-
period seismometers of the South Afmnean network
(Graham, 1997, 1995, 1999}, Magnitudes are from 1.0
for some mining-induced events upwards. Locations
of most events of local magnitude greater than 4 are
also listed in preliminary earthquake bulletins issued
by the Umited States Geologieal Survey.

The South Afncan seismic network locates events
using a limited number of stations (typically 4-8), so
that epicentres are not expected w0 be particularly
accurate. The large number of three-component seis-
mic stations deployed across southern Africa as part
of the international Kaapvaal experiment enables
relocation of the larger seismic events (magnitudes
=2.5) with more data, and with a new regional
reference model and travel times (Simon et al.,
2002; Wright et al, 2002). To compare earthquake
locations made by the South African and Kaapvaal
networks, accurate locations of events by some other
means 15 required. Seismic networks operated by the
mining industry across mining regions or within
mndividual mines locate far more events than are
published m the Council for Geoscience Bulletins
(Graham, 1997, 1998, 1999), and for which the
location errors in most cases are less than 400 m
(Webb et al, 2001). Catalogues of carthquakes pre-
pared by the mimng mdustry can therefore be used to
evaluate the relative location accuracies of minng-
mduced events by the South Affican and Kaapvaal
networks, for which the location errors are expected to

be greater than a kilometre. The resulting estimates of

location errors will then give nsight mto the errors in
locating tectonic earthquakes away from the mining
areas, which will be used m future for studying carth
structure,

3. Correlations and database

The production of a comprehensive catalogue of

seismic events for South Africa of magnitude greater
than 2 for the period Apnl 1997 to April 1999, and the
development of a database of waveforms of events
listed in the Couneil for Geoscience bulleting recorded
by the Kaapvaal network, was required as the first
stage i this work. The procedures used for correlating
events reported in the Couneil for Geoscience bulle-

tms with those appearmg m catalogues prepared by
the minmg industry, and for reducing all locations o a
common coordinate system of latitudes and longitudes
were deseribed by Webb et al. (2001) and Kgaswane
(2002). A summary of these procedures, and some
comments on the results are as follows.

The Council for Geoscience operated 29 seismic
staions throughout South Afmea (Fig. 1) that were
used to produce carthquake bulletins (Graham, 1997,
1998, 1999) dunng the 25 months of operation of the
Kaapvaal network. Catalogues of events from seven
mines in the Far West Rand, two i the West Rand,
one n the East Rand, and for the regional networks
operated in the Klerksdorp and Welkom areas formed
the input data (not complete) from the gold-mining
areas, which are shown i Fig. 3. The steps m the
analysis of the data, the search for common events in
the Council for Geoscience and mine catalogues and
the production of a database for future rescarch were
outlined by Kgaswane et al. (2002).

A total of 429 events common to both mine and
Council for Geoscience catalogues was relocated
using the program HYPOELLIPSE (Lahr, 1989), data
from the Kaapvaal network, a local reference travel
time curve for P othat was used to derive earth model
BPI1 of Wright et al. (2002} and a similar travel time
curve for 8 whose derivation is discussed in Section 4.
Assuming that errors m locations from mine cata-
logues could be neglected. the average errors in
locations from the South African network and from
the Kaapvaal network were 9.50 and 1.56 km, respec-
tvely (Kgaswane, 2002; Kgaswane et al., 2002).

Table 1 summanses the most important results
from the catalogue correlations and relocations. Data
from the mine catalogues were cut off below a
moment magnitude of 1.7, The magnitude range of
the 1578 correlated events 1s 1.7-4.5 from the mine
catalogues and 1.4-5.1 for the local magnitudes ofthe
Council bulleting (Graham, 1997, 1995, 1999) A
combined total of 4414 events in the gold-mining
regions was located with a mimimum magnitude of 1.1
in the Council bulletins, and 1.7 n the mine cata-
logues. The largest event m the mine catalogues had a
magnitude of 4.5, but the same event i the Council
bulletins was given a magnitude of 5.1. The magni-
tudes from the mme catalogues are systematically
lower at high magnitudes and similar or shghtly
higher at low magnitudes than those n the Council
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Fig. 3. Map of gold-mining areas on the margin of the Witwatersmand basin. {A) Far West Rand, West Rand and Central and East Rand from
west to east. (B) Klerksdorp, (C) Welkom, KIM: Kimberky, FWR: Far West Rand. JHB: Johammesburg, WER: West Rand. Mumbers and circles
denote stations of the Kaapvaal network. Three- or fowr-letier codes and triangles denote statiors of the South Afncan network, Permanent

bmad-band or long-period stations are shown as squares,

bulleting, and the reasons for these differences were
discussed by Kgaswane et al. (2002).

The catalogue of events summarised m Table 1
shows that over 4400 seismic events with mine
magnitudes greater than 1.7 occurred during the
period of the Kaapvaal expenment., of which over
4000 have been located with accuracies better than
400 m. Many of the smaller events of magnitudes less
than 2.5 are located with errors less than 100 m. These
events are all in the central region of the Kaapvaal
craton. The merged catalogue is clearly incomplete,
smee separate catalogues were not available for many
seismically active mines in the Far West Rand, West
Rand and Central and East Rand regions. Further-
more, 16.5% of the events in mining regions that
appeared i the Council catalogues were absent from
the mine catalogues, including the regional networks
for Klerksdorp and Welkom (8.9% and 33.5%, re-
spectivelyl. Thus, periods during which both the
regional seismic networks and the networks in indi-
vidual mines were not functioning also contribute o

the lack of completeness of the merged catalogue.
Only 42 tectonic events were located by the South
Afncan network during the penod April 1997 to April
1999 (Fig. 2), of which 18 were outside South Africa
(Webb et al, 2001), though many more tectone
events withn southern Adrica were recorded by the
Kaapvaal network. These events are undergoing fur-
ther analysis, so that they can be used for tomographic
maging of the crust and uppermost mantle of the
TEZIOn.

4. Reference travel time curves

Fig. 4(a) shows part of a reference P wave travel
tme curve plotted as reduced tme to distanees of
1200 km, derived from wavel times of carthquakes
within South Africa, adjacent countries and surround-
mg oceans. The time data from both the South Adrican
and Kaapvaal networks are supenmposed and, at short
distances, consist predominantly of times from events
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Table 1

Summary of the most important results from the catalogue correlations and relocations for the period April 1997 to April 1999, inclusive

Region Mo. of comelated
events and magnitude
mnge (mine)

No. of events in
mine catlogues,
but absent from
Commneil bulletins,

No. of events in Total
Comeil bulleting,  events
bt ahsent from

mine catakgues,

Percentage of events in
Couneil bulletins absent
from mine catalogues

and magnitude and magnitude
range {mine) range {Coumeil)
East and Central Rand® L] 27 63 96 913
1.7-310 1.7-3.0 1.8-3.8
Far West Rand T3 1 B4
20-41 18-34
West Rand 159 105
20-34 20-31
Far West Rand and West Rand” 932 14954 127 E k] 12.0
20-41 1E-34 1.3-32
Elerksdorp 03 433 449 QES 849
20-40 20-33 1.1-4.1
Welkom 137 114 69 320 335
20-45 20-29 2.0-38
All regions 1578 2528 308 414 163
1.4-5.1 {Council) 1.7-3.4 1.1-4.1

*Mine catalogue for East Rand Proprietary Mine was available only from 24 August to 1 December 1998,

® For companson with Council for Gesscience bulletins, the Far West Rand and West Rand regions were combined, because emars in
Council locations make it impossible to ssparate uncorrelated svents for these two closely spaced regions (Fig. 3).

¢ Ome event in Council for Geoscience bulletins comresponds to two events at the Elandsrand mine closely sepamted in space and time, so
that there were anly 1577 comelated events in the Council for Geoscience catalogues.

in gold-mining areas recorded at stations in and
around the Witwatersrand basm. These data were
derived before aceurate locations of mining-induced
events were available, so that the epieentres of all
events within South Africa and surrounding countries
and oceans were obtained from the Council for
Geoscience earthquake bulleting (Graham, 1997,
1998, 1999), while epicentres of more distant events
were taken from the United States Geological Survey
Preliminary Determinations of Epicenters. The numer-
ical and statistical methods used to denve the refer-
ence travel time curve were described by Wright et al.
(2002). The most important features of the data are the
‘hump’ i the reduced travel time curve with a peak at
adistance of 230 km, and the relatively large scatter of
the data beyond distances of 200 km, where the
expected first ammvals have paths through rocks with
upper mantle wavespeeds.

Fig. 5 shows two average P wavespeed models to
depths of 180 km that fit the data according to
different criteria (Wright et al., 2002). The first model
BPI1 was chosen as the simplest, using the crterion

that the wavespeed gradients must be positive
throughout the mantle. The peak in the reduced travel
time curve at a distance of 230 km (Fig. 4(a)) was
assumed to result from failure to identify the Pn
arrivals at distances between about 170 and 240 km.
Beyond 240 km distance, the Pn signals were be-
lieved to become larger, so that the Pn arnval was
picked more frequently, thus pulling the smooth curve
down towards the time at which it should be ob-
served, merging with the expected times at distances
near 400 km. The difficulty with model BP11 is that it
gives an average crustal thickness of 34 km, which is
systematically lower by about & km than the average
over the same region estimated from the receiver
functions of Nguun et al. (2001, but 15 m satis factory
agreement with crustal thicknesses estimated by ear-
lier workers usmg minmg-induced events (Willmore
et al., 1952; Gane et al., 1956; Hales and Sacks, 1959;
Durrheim and Green, 1992). Model BPI2 (Fig. 5) was
constructed inan attempt o reconcile the differences
in the average thickness of the crust estimated from
refracted arrivals and from receiver functions, and to
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Fig. 4. {a) Reference P wave travel ime curve for the southem Afnican region plotted as reduced times to a distance of 1200 km, together with
the data from which it was derived. (b) Corresponding S wave travel time curve for the southern African region ploted as reduced time, together

with the data from which it was derived.

explain some of the anomalous features of the travel
times (Wright et al., 2002), It has a region of seismic
wavespeeds of about 8.0 km/s between depths of 36
and 47 km, whose petrological nature (crust or
mantle?) remams uncertain, with a relatively high
wavespeed of .23 km's at depths between 47 and
65 km. A low wavespeed zone between depths of
about 65 and 125 km with an average wavespeed of

8.1 km/s is then required to prevent the travel times
computed from the model from becoming too carly at
distances greater than 1000 kme Since the most of the
seismic sources are concentrated in the gold-mming
areas of the central part of the Kaapvaal craton, it is
not clear if the requirement for a low wavespeed zone
in the one-dimensional model BPI2 (Fig. 5) anses
from lateral variations in structure as the margins of
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Fig. 5. P wavespeed models BPIL and BPI2 to a depth of 180 km.

the cratonic nucleus are sampled by the stations that
are more distant from the sources.

Fig. 4(b) shows the reduced travel times to dis-
tances of 1200 km and calculated smooth curve to
distances of 1040 km for the carliest § wave arrivals,
which also show the promment peak near 230 km
distance that was clearly resolved for P waves. The
mput data consist of 506 times from 105 mining-
mduced events histed m the Couneil for Geoscience
earthquake bulletins (Graham, 1997, 1998, 1999) for
earthquakes in the gold-mining regions. Bulletin data
for both Pand § were included to better constram the
seismie wavespeeds mthe crust, since the data at short
distances from the Kaapvaal network are relatively
sparse. The remaining 5 wave data consist of times
from eight accurately located mining-induced events
(see Section 5). The times were corrected for ongin
time errors in a similar manner o the P owave data
(Wright et al., 2002).

A smooth curve was then fitted through the com-
bined first arrival times (Sg and Sn) times to distances
of 1000 km (Fig. 4(b)) by the method of summary
values (Jeffreys, 1937; Bolt, 1978). A cubic smooth-
mg sphine was then fitted through the summary points
using the algonthm of Remsch (1967) to give both a
reference S wave ravel tme curve and a slowness
curve that was used to derive a wavespeed model to

depths of 40 km by Herglotz—Wicchert inversion
(Shearer, 1999, pp. 66—-67). When this method of
analysis was used on the P wave data, the result was
virtually indistinguishable from the 14th degree poly-
nomial shown in Fig. 4(a) (Simon et al., 2002),
showmg that the result 15 not dependent on the method
of curve fitting.

Table 2
Average P and 5 wavespeed models of the crust for the Kampvaal
region and uppermost mantle (BPI1) for southern Africa®

Diepth S wavespead P wavespeed Poisson s ratio
(k) (kamis) (km's) (mnge)
L] 3462 55945927 01900241
50 1553 5903-6.133 2160247
100 31659 6.133-6286 02240244
150 31752 H RS- 6h 454 023603245
e K1 E¥.11 6591 0.250
00 3926 6800 0250
70 34954 6950 0.261
340 3982 T 0.271
30 4630 wis 0.250
400 4647 B4y 0.250
S0 4653 B059 0.250
[l 4658 L AL 0.250

AThe P wavespeeds listed are a small modification of model
BPI1 called BPI1A, due to the addition of two events and
construction of a new model (Simon et al., 2002).
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The smooth model was then modified by compar-
ison with the equivalently derived smooth P wave-
speed model, to give the shear-wave equivalent 1o
model BPI1 of Wright et al. (2002} with discontinu-
ities at depths of 20 and 34 km (Table 2). This model
has an merease n Poisson’s ratio from 0.19 at the
surface o 027 at the crust—mantle boundary. The
fitting of an average S model for the upper mantle is
subject to the same problems encountered for P odue
an increase in slowness with increasing distance (Fig.
4). The average model for 5 (BP11) 15 not shown here,
but it is incorporated into the work of Simon et al.
(2003). The average models for P and § at mantle
depths are for the southern African region, and
therefore represent a weighted average for the Kaap-
vaal cratom and surroundimg mobile belts. The next
step 15 to focus on resolving regional differences in
seismic structure with emphasis on the Kaapvaal
craton.

5. Regional P and S wave times across southern
Africa

Earliest P amval times from 20 accurately located
minng-induced events for each of regions A, B and C
of Fig. 3 were picked from seismograms bandpass-
hltered between 04 and 4.0 Hz, and the data for
region A are shown m Fig. 6. The data for each source
region were divided into two groups according to
source—receiver paths: those corresponding to paths
predommantly through the undisturbed southern part
of the Kaapvaal craton and the Namagua— Natal and
Cape Fold belts (Fig. 7). and those with paths through
the northern regions in which the original Archacan
lower crust and possibly the uppermost mantle may
have been altered by the Bushveld event at 2.05 Ga
(Nguun et al, 2001). Times are significantly longer
for the northern staions o distnees of about 650 km
but become closer to those for southern stations at
larger distances. The data to the south show an offset
or upward curvature at distances greater than 650 km.
Wright et al. (2002) suggested that this effect could be
produced by a low wavespeed layer i the upper
mantle at depths between 65 and 125 km. An alter-
native explanation 1s a significant decrease m seismic
wavespeeds in the upper mantle across the southern
margin of the Kaapvaal craton.
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Fig. 6. Reduced travel times for P wave fist amvals for 20
accurakely located mining-induced carthquakes in the Far West and
West Rand regions {Fig. 3). Regression lines through the Pn armvals
at statioms in the northem and southern areas of the craton (Fig. 7)
are the upper and lower lines, respectively.

Regression lines have been fitted through the Pn
times from the northemn and southern regmons for
distances beyond 200 km for stations that lie within
the Kaapvaal craton, and the results are shown in
Table 3. From the slopes of these lines, the estimated
average seismic wavespeeds in the uppermost mantle
for the three separate source regions are in the range
H.33-8.43 and 8.30-8.32 km/s for the northern and
southern regions, respectively, suggesting only mmor
differences in mantle wavespeeds between the south-
ern region and the northern region that meludes the
Bushveld complex.

Average P wavespeed models for the northern and
southern parts of the craton were dernived from the
data of Fig. 6 by ray tracing for a spherieal earth. No
atternpt was made to revise the P wavespeeds in the
crust, the values from BPI1A (Table 3; Simon et al.,
2002y being wsed. There s at present no clear evi-
dence for differences in wavespeeds i the upper crust
for different parts of the craton, and wavespeeds in the
lower crust are not well resolved. The thickness of the
crust was varied between 34 and 52 km., keeping the
wavespeeds at 20 km depth and at the crust—mantle
boundary constant at 6.80 and 7.10 km/s with a
constant wavespeed gradient between these depths.
Upper mantle wavespeeds with low wavespeed gra-
dients below the crust—mantle transition, but with
average values close to 8.33 and 831 km/s were used
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Fig. 7. Map showing division of source—station paths into northem and southem megions, Circles, squares, asterisks and tao- to four-letter
abbreviations have the same meaning a5 in Fig. 1.

for the northern and southern regions, respectively. were chosen to be those that produced a good it w the

The best model fits o the data are shown in Fig. 8 for regression lines of Table 3. Reduced travel time

events for the Far West and West Rand regions and curves are shown for the best fitting models and for

Tahle 2

Begressiom lines of form T'=a+ bx for Pn and Sn for southern and northern regions of the Kaapvaal craton

Diescription a (s} b kmis) Distance 5. on Mo. of ¥ {km/s, cormected for
range (km) residuals (5) ohservations curvature of Earth)

P Morth FWR 920314+ 0.15 B.386 +0.032 205474 48 205 £333 4+ 0032

P Morth KLE QIEZ 4012 468 0027 FIE-553 047 M E415 40022

P MNorth WEL DA9E+ 1S 485 +0022 ESTIESEE 047 208 BA432 40022

P South FWR El43 4012 A0 £ 0020 IR -H52 .46 244 308 4 0,020

P South KLE T659 4+ 016 8,357 £002%9 200 -555 65 2@ 8305 4+ 0,029

P South WEL 79974+ 016 8.365 +0.032 201 488 65 262 8313 +0.032

5 Morth {all) I 148 4 D4R 4 526 £ 0030 211648 1.12 i ] 4796 4 0,030

5 South (all) 14342 4 057 4557 £0035 200 -6 1.41 58 4 827 40,035

FWR, KLW and WEL denote the Far West and West Rand, Klerksdorp and Welkom mining regions, respectively.



€ Wright er al / Lithas 71 {2003) 760302 £l
14 L L L L L L
Crust 54 km }
124 Line through Prn Mhice B
arrivals
10+ _/ o B
- —
o =7 :
55 / /
o 64 Crust 46 kmthick  Crust B0 km thick -
e
1
4 L
F_
e
P Arrivals in North
0 T T T T T T
] 100 200 300 400 500 600 700
Distance (km)
14 L i i L i i
124 Crust 45 kb |
thiick
10 Line through Pn B
. Ilf amivals /
n, —rr 7
. L . i 5
3 ‘} i
W G4 _ Crust 44 km thick |
52 Crust 40 km thick I
i 4 Ll -
E_
3] R
P Arrivals in South
L] T T T T L T b T T T ' L 5
a 100 200 300 400 500 600 Foo
Distance {km}

Fig. 8. Average P wivespeed models for the northemn (top ) and southern (bottom ) regions of the Kaapvaal eraton, derived from 20 mine tremorns

in the Far West and West Rand megions.

models with crustal thicknesses 4 km thicker and
thimer. The average crustal thicknesses in the north-
ern and southern regions are 50 and 44 km, respee-
tively, with an estimated precision of about 1 km m
each case.

Table 4 shows the separate results for the three
mam source regions, mdicating a mean thickness for
paths from the Witwatersrand basin o the northem
and southern parts of the craton (Fig. 7) of about 50
and 42-43 km, respectively. These thicknesses are
strongly weighted by the thicknesses in the source
regions, and they tend to be larger than those estimat-

ed from receiver functions, especially for the northern
part of the craton (Kwadiba et al., 2003). Using
estimates of crustal thicknesses at each station, as-
suming the same thickness at each source region,
there is a systematic difference of 2.5 + 030 km (34
stations ) and 2.2 + 0.35 km (3] stations), respectively,
between results from the West Rand and Klerksdorp
and from the West Rand and Welkom source regions.
This establishes that the crustal thicknesses are 2.5
and 2.2 km less below the Klerksdorp and Welkom
regions, respectively, than beneath the Far West and
West Rand (Kwadiba et al., 2003).
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Table 4
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Average crustal thicknesses in the northern and southemn regions of the Kaapvaal craton estimated from refracted P and 5 armivals

Source region and wave type  Thickness Minimmm thickness  Thickness Minimum thickness Mo, of Pg—Pn cross-over
(km, North)  (km, Narth) (km, South)  (km, South) events used  distance (km

Far West and West Rand, Pn 50 48 4 42 el TN, 181 8

Klerksdomp, Pn 449 47 41 k. 20 198 N, 169 5

Welkom, Pn 51 449 42 40 20 5N, 176 5

All regions, Sn 52 - + - B 216 M, 188 §

*The cross-over distnces were estimated from the Pg, Sg, Pn and Sn times used in this paper. However, the cross-over distances in Figs. §
and 10} are at larger distances. The reason is that the travel time curves in these figures comespond to the models of Tabke 2, which were denved
from events for which accurate locations were not available, and for which it was not possible to reliably separate Pg and Pn or Sg and Sn
amvals at distances betazen about 170 and 220 km, The estimates of cnstal thickness are not seriously biased by this effect, since it is the
average wavespeed within the crust that controls the crustal thicknesses. Nevertheless, the need to refine the models of Table 2 using only data

from acourately located mining tremors is recogmized.

Fig. 9 shows the same data for 5 waves as Fig.
4(b), with the bulletin data removed, and with differ-
ent symbaols for the northern and southern regions. All
seismograms were rotated to give radial and trans-
verse components, and S times were picked from both
sets of rotated seismograms to give travel imes of 8V
(vertically polansed shear wawves) and SH (horizon-
tally polarised shear waves), respectively. Seismo-
grams were bandpass-filtered between 0.2 and 2.0
Hz prior to picking times, noting that a lower fre-
gquency band than for P was required to maximize the
clarity of the 5 arrivals. Since there 1 no clear
evidence for any systematic differences between times
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Fig. 9. Reduced travel times for § wave first armivals for acourately
located minmg-induced earthquakes divided into tao regions:
statiors m the southern part of the Kaapvaal craton, and in the
northern part of the Kampvaal craton overlymg deep crust and
uppermost mantle inflaenced by the Bushveld magmatism (Fig. 7).
The upper and lower regression lines are fitted through the northem
and southemn Sn armvals, respectively.

for SV and SH waves that might mdicate shear-wave
splittmg, the times shown are the avemge of the SV
and SH time picks.

As for P, times are significantly longer for the
northern stations to distances of about 650 km, but
they become closer to those for southern stations at
longer distances. The properties of the S data for the
northern and southern regions are generally similar to
those of P, though the scatter is greater Separate
regression lines were fitted through the tmes mea-
sured at stations in the northern and southern pans of
the Kaapvaal craton (Fig. 7) for distances greater than
200 km, and the results are hsted in Table 3. From the
slopes of these lines, approximate seismic wavespeeds
i the uppermost mantle for the northern and southern
regions are not sigmihicantly different, and are
4.796 & 0,030 and 4.827 + 0.035 km's, respectively.

Average 5 wavespeed models for the northern and
southern parts of the craton (Fig. 10) were denived
from the data of Fig. 9 in exactly the same way as the
P wave models of Fig. 6. Reduced travel time curves
are shown for the best fitting models and for models
with crustal thicknesses 4 km thicker and thinner. The
estimated average crustal thicknesses in the northern
and southern regions are 52 and 44 km, respectively,
with an estimated precision of about 2 km in each case
and are shghtly higher than the values denved from P
waves (Table 4).

6. Accuracy of origin times

Since the average crustal thicknesses mply values
at individual stations greater than those from recever
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Fig. 10. Average 5 wavespeed models for the northern (top ) and southern (bottom ) regions of the Kaapvaal emton, derived from mine tremors in

the Far West and West Rand (3), Klerksdorp (2) and Welkom (2) regions.

functions (see Section 8), we must determine if’ there
15 any bias i origin times that might affect the
estimates of crustal thicknesses from refracted armv-
als. The ongin times provided i earthguake bulleting
were corrected by reference to a travel time curve
derived from times of P arrivals (Pg phase) at stations
of both the South African and Kaapvaal networks
(Simon et al., 2002; Wright et al., 2002). The model
derved from the travel time curve (Table 2) does have
relatively low near-surface wavespeeds, which could
result from maccurate and biased epicentre locations

at short distances. The average wavespeeds of near-
surface rocks i the Witwatersrand basin area could be
as high as 6.0 km's 1f crack porosity 5 low (e.g.
Green and Chetty, 1990). The estimates of crustal
thicknesses have been computed agan using the
higher P wavespeeds of Table 3, which provide a
‘maximum wavespeed’ model (Fig. 11); it yields a P
ravel time curve that produces an average forward
shift m origin tmes of 0.46 5. The result 1s faster times
for Pg and Pn than before, but the effect on Pg is
greater than for Pn. The consequence s that all
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estimates of crustal thickness are reduced by 2 km
(Figz. 11 and Table 4), which can be regarded as
‘mmimum thicknesses”.

A check on the suitability of the P reference travel
time curve was obtained usmg the S wavel tmmes,
since they were all corrected using data from P
arnvals. The § times of Figs. 4b and 9 provide travel
time curves that yield acceptable wavespeeds at shal-
low depths (Table 5). Furthermore, reducing the travel
times at short distances by 0.46 s, results in a slight
increase in slope with increasmg distance to get zero

time at zero offset, suggesting that a revised correction
of 0.46 5 to origin times 15 o large. The S tmes thus
confirm that use of tmes computed from the higher
wavespeed model of Table 2 will yield mmimum
estimates of crustal thicknesses.

7. Regional seismic phases

At distances greater than about 200 km, the most
commonly observed later phases (ie., signals that
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Table 5

Begression lines of form F=a <bx for Pg and Sg for the Kaapvaal craton (distance mnges 0—200 and 200-670 km for P, and 0—200 and 200 -

1170 km for §)

Diescription a (s} b ! ks, average V) 5D on Nao. of
residuals {s) observations

Pg (0200 km) 0683+ 020 6214 4+ 0054 046 52

Pg {200-670 km) 0290+ 053 6178 + 0,050 115 Sb

Sg (0-200 km) — 0037045 254 4 0039 103 S0

Sg (200-1170 km) 0192 4+ 030 3634 4 00071 167 236

armive later than the carliest arrivals that traverse the
mantle, Pn and Sn) are denoted Pg and Sg, which are
waves that travel entirely within the upper and middle
crust. They are observed in the southem African
region to distances of about 700 and 1200 km,
respectively (Fig. 12). Figs. 13 and 14 show specimen
seismograms for P and 8 armivals, respectively, for a
mine tremor in the Klerksdorp area on 13 September
1997, Fig. 13 shows a clear Pn arnval followed by a
large, clear Pg phase about 7 s later at a distance of
364.6 km recorded by a station south of the Limpopo
belt n eastern Botswana. Later Pg phases of this
clarity are relatively uncommon. Fig. 14 shows a
weak Snoarmval at a distance ol 661.3 km, identifiable
only on the transverse component, followed by a
strong Sg oarrival some 26 s afterwards. The station
15 on the Zimbabwe craton, near the southwestern
margin. It s easier to dentify the Sg armvals at
distances greater than 200 km, which tend to have
clearer onsets than the Pg phase, resulting m the larger
number of Sg observations in Fig. 12.

The slopes of the Pg and Sg curves can be used to
constrain P and 8§ wavespeed models for the upper and
middle crust, provided there are sufficient data. Table
5 shows the results of fitting two regression lines
through the Pg and Sg umes for the eight events used
to determine the Sn wavespeeds: (1) at distances less
than 200 km, where they are the ecarliest P oor 8
arnvals, and (1) at greater distances where they are
later phases and the onsets less clearly defined. The
scatter of the data at distances beyond 200 km s
greater, as mdicated by the standard deviations on the
residuals to the linear fits. The results show that there
is no clearly resolvable increase m wavespeed with
increasing distance for Pg or Sg either as first arrivals

or as later amvals, though for Sg the average value of

3634 £ 00071 km's for the later armvals between
distances of 200 and 1170 km 15 significantly greater

than the wvalue of 3.544 4 0.039 km's for short dis-
tances. The data of Table 5 yield values of Poisson’s
ratios of .262 and 0.235 for short distances (< 200
km) and long-distance observations of Pg and Sg,
respectively, Unfortunately, the difference between
these two estimates of Posson’s mtio for the upper
crust is too large to enable much to be mferred about
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Klerksdorp, September 13, 1997: O.T,22:43:36.1: M_4.0
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Fig. 13, Seismograms from a mine tremor at Klerksdorp on 13 September 1997 to illustmte observed P phases. 7, B and T denote vertical, radial
and tnsverse components of motion, respectively. Zem of time scale is from the start of the file, and not from the origin time of the event.

the average composition. However, further work on a
larger suite of Pg and Sg observations may assist in
better defning the average structure and composition
of the upper crust.

The mantle phases PmP and SmS (reflections from
the crust—mantle boundary ) generated by earthquakes
are often large m amplitude but have emergent arnv-
als. Although, in principle, they can be used to
estimate crustal thicknesses in continental regions,
relble estimates of such thicknesses are rare. An
exception is the study of PmP and crustal thicknesses
by Richards-Dinger and Shearer (1997). Several clear
PmP phases were identified at distances beyond 110
km from minmg-mduced events by Kgaswane (2002),
but due to emergent onsets, more work will be
required to get reliable estimates of crustal thicknesses
from them. A clear suite of PmP arnvals at one station
from an array of sources i the Klerksdorp region
yielded a crustal thickness of 40-42 km (Kgaswane,
2002), in good agreement with the results from
receiver functions in the vicity of the Witwatersrand
basm.

8. Regional variations in the deep crust and
uppermost mantle

Varations in the thickness of the crust for the
Kaapvaal craton and surrounding regions estimated
from recetver functions were descnbed by Nguun et
al. (2001), who found much greater thicknesses for
the northern region (Fig. 7) compared with those of
the southern region of the Kaapvaal craton and the
Zimbabwe craton. Useful inferences on the nature of
the crust can be made by comparing estimates of
crustal thicknesses using Pnoor Sn times at individoal
stations with the results from receiver functions
(Kwadiba et al., 2003).

The general features of the Archaean crust and
uppermost mantle inferred in the present work are
shghtly different from those of Durrhemm and Green
(1992) (35-40 km deep Moho overlain by a crust—
mantle transition zone of thickness 1-3 km) below
the Witwatersrand basin and those of earlier workers
(Willmore et al., 1952; Gane et al., 1956; Hales and
Sacks, 1959}, There are several reasons for this. The
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Fig. 14, Seismograms from a mine tremaor at Kletksdorp on 13 September 1997 to ilhstrate observed § phases. £, R and T denote vertical, radial
and framverse components of motion, respectively. Zero of time scale is from the start of the file, and not from the onigin time of the event.

average cross-over distances at which the Pn phase
takes over from Pg as the first arrval are now placed
at 198-207 and 169-181 km, respectively, for the
northern and southern regions, with the lowest and
highest values for the Klerksdorp and West Rand
regions where the crust below the sources is thinnest
and thickest, respectively, (Table 4). Equivalent val-
ues, averaged for all three source regions, for the
distances at which Sn takes over from Sg are 216 and
188 km, respectively. Previous work by Durtheim and
Green (1992) placed the cross-over between Pgoand
Pn at about 160170 km for the Witwatersrand basin
ared (southern part of craton) and suggested an upper
mantle wavespeed of 8.1 km/s. The explanation
offered for this discrepancy 15 that the older work
did not use armvals beyond distances of about 300 km,
makmg 1t difficult to accurately resolve the Pn wave-
speeds. An underestimate of the upper mantle wave-
speed will also result in crustal thickness estimates
that are too low (about | km for an error of 0.1 kmy's).
The present work supports a crustal thickness of 40—
43 km and an upper mantle P wavespeed of 83-8.4

km/s m the Witwatersrand basin area ( Kwadiba et al.,
2003).

In the Witwatersrand basin region, seismic reflec-
ton profiling shows that the deep crust 15 no more
reflective than the upper crust and there 15 no identi-
fiable reflection Moho (Durrheim, 1998b), while
receiver functions mdicate a strong impedance con-
trast at an average depth of about 38 km. The wave-
lengths of reflected seismic signals from seismic
reflection surveys are around 200 -250 m, indicating
that large juxtaposed bodies of different compositions
due to extensive crustal mixing give rise to relatively
weak reflections mthe undisturbed regions of the
Kaapvaal craton. On the other hand, the wavelengths
of the signals that show strong P-to-5 conversions
(receiver functions) are around 12-15 km. This
would require a major change in mpedance (bulk
composition and/or metamorphic grade) with depth
over a depth mange of less than about 3 km. Ths
suggests a change from rocks of intermediate compo-
siion in the lower crust to highly depleted pendotite
over this depth range, with little or no mafic material
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sandwiched in between, as proposed by Durrheim and
Moomey (1994).

The use of the Pn tmes to estimalte thicknesses of
the crust at mdividual stations 15 desenbed by Kwa-
diba et al. (2003 ), using the assumption of a small bias
mn origin times o yield minimum crustal thicknesses.
If the thickness of the crust n the Witwatersrand basin
region 15 greater than 40 km oon the average, the Pn
and Sn arrivals mply average crustal thicknesses for

19 stations in the southern region of the craton of

IR07 4+ 085 km. in agreement with the results from

receiver functions, which yield an average of

3758 4+ 0.70 km for the same 19 stations. This 1s
a region where the P-to-5V conversions m the receiv-
er functions are clear (Fig. 15). These results support

the mterpretation of the Moho in the southern part of
the craton as a relatively sharp transition from rocks of

mtermediate composition in the lower crust to highly
depleted pendotite. However, the average crustal

Receiver Functions

thicknesses inferred from Pn paths to 19 selected
northern stations 15 50.52 + 0.88 km, compared with
4358 + 0.57 km: some 7 km greater than the average
mferred from receiver hunctions, The greater average
crustal thickness determined from refracted armvals is
attributed to the presence of maltic material introduced
by underplatng. In this northern region, however,
receiver functions vary in clanty with estimated
thicknesses varying from 38 tw 50 km (Fig. 15).
How can such differences between two methods of
estimating crustal thicknesses be explained by a
petrological model of the lower crust?

Hunch et al. (2001) concluded that seismic wave-
speed and density m the upper crust, neglecting the
effects of open fractures, are dommated by composi-
tion. In the middle and lower crust, however, compo-
sition and metamorphic grade are equally important.
We make use of their conceptual model of continental
crust to explain the differences between crustal prop-

P Ps SA30
. Craton
P Ps 5A32 | south
: Crust
. P Ps SA47 Pl Ps
=
= , Bushveld
a T e
SA51
5 Ps complex Mantle
P 2 SABS
M Limpopo
P 2 SAT3 | pep
o] 5 10 20
Time (s)

Fig. 15. Examples of receiver functions: stations SA30 and SA32, in the southem part of the Kaapvaal craton, have clear converted § amvaks
(Ps); SA47 and SAS1, in the Bushveld complex, have complicated receiver functions in which the Ps arrival from the crust —mantle boundary is
less clearly defmed; SAGE md SAT3 lie in the Limpopo belt, where the meoeiver finctions give no clear mdication of crustal thickness,
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erties for the northern parts of the Kaapwvaal craton
inferred by receiver functions and refracted arnvals.

Seismic wavespeeds for P and 8 in the uppermost
mantle appear to be similar on the average below the
northern and southern parts of the eraton, There 15 also
the suggestion that the P owavespeeds are shghtly
higher in the northern region by about 0.08 km's
(Table 3). The average values for P are in the range
83-8.4 km'/s, and there 15 no clear evidence for
significant differences in more localised regions
(Kwadiba et al., 2003). Such high wavespeeds for
Pn indicate that the uppermost mantle consists of a
highly depleted, magnesium-rich peridotite across
maost of the Kaapvaal craton, imcluding the areas
affected by the Bushveld magmatism. These values
are similar to those obtained for other cratons, partic-
ularly the recent values of Langston et al. (2002) for
the Tanzanian craton. Most importantly, the processes
that resulted in the thick crust beneath the Bushveld
complex and much of the remaming northern regions
of the Kaapvaal craton clearly had little effect on the
perdottes of the uppermost mantle.

Both Hynes and Snyder (1995) and Hurich et al.
(2001) have indicated that it is possible for significant
portions of the lower continental crust to have wave-
speeds indistinguishable from mantle peridotites, pro-
vided that the lower crust 15 almost entirely of mafic
composition. This is less likely to oceur in Archaean
cratons where the wavespeeds of mantle peridotites
are very high. Nevertheless, the impedance contrasts
between mafic lower crust and peridotitic upper
mantle may be so low that appreciable P-to-8V

conversion camnot occur. A larger impedance contrast
will then oceur across the boundary between the mafic
lower crust and mtermediate muddle crust (Table 6;
Fig. 16). We suggest that this occurs in parts of the
northern and western parts of the Kaapvaal craton,
where recerver functions show complexity or varabil-
ity between nearby stations.

Table 6 shows P wavespeeds, densities and impe-
dances for rock types likely to be found in the middle
and lower crust, based on data from Rudmck and
Fountain (1995) and Hunch et al. (2001). Because
shear-wave data to mateh those of Hurich et al. are not
available, shear wavespeeds were caleulated from the
P wavespeeds assuming Poisson’s ratios of 0.26 and
025 for felsic-intermediate and ultramafic rocks,
respectively, 028 for mafic rocks in the lower crust
and 0.27 for eclogites. The values of Poisson’s ratio
are based on the data compiled by Rudnick and
Fountain (1995). All laboratory measurements corre-
spond to room temperature and confinmg pressures of
400 MPa (Hurich et al., 2001 ) and 600 MPa (Rudnick
and Fountain, 1995). The calculations of mpedances
are approximate, and no corrections for temperature or
pressure have been applied. Wavespeeds of mantle
peridotites are those estimated from Pn and Sn data
(Table 3).

The amplitudes of Pto-8V conversions will de-
pend most strongly on changes in 8§ wave impedance
or 8 wavespeed, and the effects of changes in P
wavespeed are negligible (Appendix A). Fig. 16
shows a simplified, conceptual model for the lower
crust of the Kaapvaal craton. The top hall of the figure

Tahle &
P and § wavespeeds, densities and impedances of rocks that might be found in the deeper parts of the Kaapvaal craton
Rock type Sowurce of information Poand § Diensity P wave 5 wave
wavespeeds (kg'm®) mpedance impedance
(lamis) {kgim* s} (kg/tm® 5))
Granulite facies, intermediate composition Rudnick and Fountam, 6.70, 3,82 24900 194 10° 111 = 10f
1995; Hurich et al, 2001
Mafic mocks, upper amphibolite facies Hurich et al, 2001 7.00, 3ET 3070 8% 108 11.9 = 10
Mafic granulites, plagioclise-rich Hurich et al., 2001 7.27, 4.02 3190 212 % 10F 12.8 = 10°
Mafic granulites, plagiochse-poor Hurich et al,, 2001 7.60, 4.20 3280 244 108 13.8 % 108
Mafic rocks in eclogite facies Rudnick and Fountam, .00, 4.63 3390 T F 15T =108
1995; Hurich et al,, 2001
Kaapvaal peridotites Durrheim and Moaney, S20-840% 484 3200-3300  270=10f 157 =10F

1994; Tablke 3

* P wavespeed estimates are based on data from Table 3, noting that 2 higher wavespeed is more likely to be associated with iron depletion

and themefore a lower density.



£ . Wright et al. / Lithos 71 {2HI3) 360392

Kaapvaal craton

South MNaorth
Intermediate middle/lower crust
o~ 6.7 =659 km/s
e S P
Crust-mantle boundary Lower Crusl underplated during
36-40 km depth crust Praterozoic: petrologically
!k complex - average compasition
mafic: granulite facies, o ~7.2-7,7 kmis

Depleted peridotite (o ~ 8,3-8.4 km/'s) ,g:h'l
Il
l

Saouth

10,46
e

Underplatad
regian Mafic

0.2, 1.7

Thin matc layer

LA

48-52 km depth j"||||

Ny Region affected by o
Bushveld event

MNerth
AR, '_'&zﬁ
04, 2.7 08,486
e
Mafic
granulite Eclogite
plagioclase-poor
06,19 0.2 00

that dogs nat granulite
affect recaiver plaginclaserich
luncbans?
048, 29
Peridotite

Crust=mantle boundary

Fig. 16. Schematic model of the lower cust and upper mantle of the Kaapvaal craton {not to scale). A f and Azg represent changes in shear
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section is an expanded representation of the northem region in which the effect of changes in composition and metamorphic grade at the top and
botiom of the mafic lower crust ame shown, P and S wavespeed are represented by o and §, respectiveby.

shows the crust—mantle boundary (thick line) in the
southern part of the cmaton between intermediate
granulite and depleted pendotite at depths between
36 and 40 km (40-44 km below the Witwatersrand
basm). To the north of the boundary marked in Fig. 7,
mafic rocks were mtroduced below the old Archaean
Moho, mainly during the Bushveld event, accompa-
nied by intrusion of mafic material (Bushveld com-
plex) into the lower crust i some localities. This
malic material results m a crust—mantle boundary at
4852 km depth over much of the northern part of the
Kaapvaal craton. Becavse of varations in composition
and metamorphic grade across the region, the seismic
properties of the lower crust are highly vanable, so

that recetver functions give no clear indication ol
crustal thicknesses, This wdea s illustrated m the lower
half of Fig. 16. In the southern part of the craton, the
impedance contrast for 515 4.6 = 10° Iz-:g:l;.;'m1 s, and the
change n 5 wavespeed s more than 1.0 km/s, giving
rse to strong P-to-SV conversions. For the north,
three possible situations are shown. If the lower crust
is predominantly plagioclase-rich mafic grmnulite, the
impedance and wavespeed contrasts are higher at the
crust—mantle boundary than at the top of the lower
crust, giving rise to a stronger P-to-8V conversion at
the Moho, 1f however, the lower crust consists of
plagioclase-poor mabie granulites, the stronger con-
version will be at the top of the lower crust. In the
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extreme case of an eclogitic lower crust, there will be
very little P-to-SV conversion at the petrological
Moho, and a relatively strong conversion at the
boundary between mafic lower crust and intermediate

upper crust. The real situation is most likely one of

extreme complexity, in which the lower crust is

petrologically complex, and contains mafic rocks of

variable composition and metamorphic grade. This
would give nise to situations when the receiver func-
tions are sometmes dominated by P-to-5V conver-
sions at the Moho, and at other locations by
conversions at the top of the mafic lower crust. This
phenomenon 15 proposed as an explanation for the
greater crustal thicknesses inferred from Pnoand Sn
arfvals due to the variable seismic properties of the
Muoho. The crust—mantle model of Fig. 16, particu-
larly the thicknesses of the underplated and undis-
turbed regions of the Kaapvaal craton, is also
geometrically similar to that of the Archacan Kapu-
kasing structure (Boland and Ellis, 1989) The esti-

mates of crustal thicknesses for the northern part of

the craton will be underestimated, because of the

fittmg of'data to crustal models with a wavespeed of

7.1 kmv's at the base of the crust (Table 2); actual
values for a mafic lower crust will be significantly
higher.

Information from mafic granulite xenoliths that

might assist m better understanding the properties of

the lower crust is restricted largely to the southern part
of the craton (Huang et al, 1995; Dawson et al.,
1997}, Matic granulites are rare in kimberlite pipes m
the southern part of the craton, but more common in
kimberlite pipes of the adjacent mobile belts (Gnffin
et al, 1979), supportmg the model of the Archacan
crust/mantle transiion of Durtheim and Mooney
(1994) in which there 15 hittle mafic matenal in the
lower crust.

9. Conclusions

Accurate locations of more than 4400 carthquakes
associated with gold mining on the margin of the
Witwatersrand basin have been obtamed over a 25-
month period from speciahsed seismic networks
deployed by the gold-mining industry to monitor
seismic activity around deep-mining operations. Most
of these events are located with errors of less than 400

m, making them comparable with large explosive
sources for the determination of the structure of the
crust and uppermost mantle. Erors m locations of
events in the mining areas made by the South African
network and the Kaapvaal network average about 9.5
and 1.6 km, respectively. Many larger events that
were not present in the mine catalogues can therefore
be relocated using the Kaapvaal network and used in
futwre studies of earth structure.

The average thickness of the crust below the
Kaapvaal craton determined from P oand S refracted
arrvals from accurately located minmg-induced carth-
quakes 15 about 47-49 km for paths to the northemn
and 40-42 km o southern regions of the Kaapvaal
craton from sources on the edge of the Witwatersrand
basm. If the thickness of the crust 15 assumed to e in
the range 40-43 km below and around the Witwa-
terstand basin, as suggested by the results from
receiver functions, the average crustal thicknesses
determmed by the two methods are in good agreement
(38 km) for the southern regions of the craton. In
these southern regions, where receiver functions im-
ply a sharp crust—mantle boundary, the erust—mantle
transition is adequately explained as a boundary
between gramulites of intermediate composition and
a highly depleted peroditite with little or no mafic
material in the lowermost crust. The estimated crustal
thicknesses around the Witwatersrand basin are also
greater by 4—8 km than in previous studies m South
Africa that have made use of recordings of mining-
mduced earthquakes.

The refracted arrivals give an average crustal
thickness for the northern parts of the Kaapvaal craton
of 51 km, compared with 44 km from receiver
functions. The estimated difference in crustal thick-
ness between the two methods for the region that was
disturbed by post-Archacan tectonism is attributed to
the complexity of the lowermost crust resulting from
underplating, particularly during the Proterozoic
Bushveld event at 2.05 Ga. Mafic rocks within the
lowermost crust can have a wide range ol seismic
properties that depend on both composition and meta-
morphic grade. Thus, whenever the lower crust is
predommantly mafic, 8 wavespeed contrasts at the
crust—mantle boundary and at the upper boundary of
the mafic region, can vary widely from one region to
another, causing wide variability m the appearance of
receiver functions. In contrast, the Pn or Sn energy
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ravels within the high wavespeed uppermost mantle,
even when the seismic properties of the lower crust
approach those of the upper mantle, thereby providing
more teliable defmition of the petrological crust—
mantle boundary.

The uppermost mantle beneath the Kaapvaal craton
is remarkably uniform in properties, having relatively
high sesmic wavespeeds that mply a lighly depleted
magnesium-rich perodotite. However, the southern
boundary of the craton s cearly defined sersmically
by an increase m crustal thickness and a decrease in
upper mantle wavespeed. Changes m seismie chare-
ter at the northern margin of the craton are less clearly
defmed.
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Appendix A
At seismic wavespeeds and densities likely o be

found m the lowermost crust and uppermost mantle
(Table @), the following results have been derived to

illustrate the dependence of P-to-8V conversion
amplitudes on changes m impedance, P and § wave-
speed, and density. If the average impedances for P
and 5 (products of wavespeed and density ), the P and
S wavespeeds and densities at the crust—mantle
boundary are denoted Z,, Zg. o, ff and p, respectively,
and the comesponding changes in these parameters
across the crust—mantle boundary AZ,, AZg, Aa, Af
and Ap,

AZfZ, = Ap/p+ Axfa (A1)
and

AZp/Zyp = Ap/p+ AB/P (A2)
where

a=(m+m)/2, f=(f+F)/2 =md

p=1(p +pi)/2 (A3)
Ag = oy —aa, .ﬁ.ﬁ=ﬁ]—ﬁ2 and
Ap=py—p (Ad)

The subscrnipts 1 and 2 denote parameter values in the
uppermost mantle and lowermaost crust, respectively,
and Egs. (Al and ( A2) hold provided the changes in
parameters are small.

Suppose 2 and § are kept constant and the P-1o-8V
transmission coefficient O is plotted as a function of
Ap'p, for a boundary between ultramafic and mafic
rocks, and for a P wave amval of apparent wavespeed
of 16,0 km/s, correspondmg to a shallow carthquake
at a distance of about 59°. The slope of the graph is
almost constant at 010 over a range of Ap/p values of
about 0.1, Similarly, if 2 and p are kept constant, the
slope of the plot of C against Af/f is almost constant
at 0.51. Fmally, when § and p are kept constant, the
slope of the plot of C agamst Ax/z is 0.039.

Thus, C depends most strongly on the change m 8
wavespeed, with the change in density providing a
smaller but significant dependance. The change m P
wavespeed has only a slight effect on O, O therefore
depends on AZ, through the density change only,
whereas the dependence on AZg involves both
changes m 5 wavespeed and density, but with a
fractional change in § having about five times the
effect of a similar change 1 g (Egs. (Al) and (AZ)).
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All calculations have been undertaken using the
Zoeppritz equations listed on page 150 of Aki and
Richards (1980). It is also noteworthy that over the
teleseismic distance range (30-95°), C decreases by a
factor of about 2 due to the decrease in angle of
incidence of the P wave at the crust—mantle boundary.
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