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Tte structure of the Kaapvaal Craton of southern Africa
invesirgated by means of deep seismic sounding using mine tremors as
the energy source, and by deep seismic reflection profiling.

Seranoneru "9 ware deployed at 10 km intervals on two profiles

stretching between the major mine tremor source regions,

15 stout 250 km in length. Record sections have
ocnpiled for both P- and S-waves, and the travel-times and
anplitudes interpreted using ray-tracing techniques. Synthetic

seismograms have also been ocenputed using the reflectivity method. A

16 s two-way-time seismic reflection profile, 112 km in length and

traversing the northwestern portion of the Witwatersrand Basin, was

surveyed during 1988 under the auspices of the National Geophysics

Programme and the Geological Survey of South Africa. The reflection

profile, which intersects both the refraction profiles, has been
interpreted. The seianic models have been integrated with other

geophysical and geological data.

This study has shewn that the use of mine tremors for deep seismic

sounding has particular advantages. Tremors are rich in shear

enabling joint interpretation of P- and S-waves and the
Tremors also have a wide bandwidth,

energy,
estimation of Poisson's ratio.
with significant energy at frequencies as low as 3 Hz. Consedquently
reflections are produced from velocity gradient zones which are
invisible to conventional reflection profiling using vibrators as
the energy source. The seismic model for the Kaapvaal Craton has the
following features: supracrustal strata 0-10 km thick; upper
crystalline basement with P-velocities of 6.0-6.2 km/s; the boundary
between upper and lower crust at a depth of ca. H km is either a

discontinuity giving rise to reflections, or a gradient zone giving

rise to a caustic; the lower crust has a uniform seismic velocity in
the range 6.4-6.7 kw/s; the crust mantle transition takes place over
1-3 km; and Moho at a depth of ca. 35 km. The lower crust was also
found to be strongly attenuating, and to have a Poisson's ratio of
ca. 0.28. It is also known to be electrically conductive. These
observations are in accord with the presence of hydrated mantle rock

at the base of the crust.
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PREFACE

During the 1950's seismologists at the University of the
Witwafersrand pioneered the use of mine tremors as the energy source
for fkfp seismic sounding of the Kaapvaal Craton. In the intervening
three decades there liave been advances in recording instrumentation
*mr) interpretation methods, which have been used in this study to
nhhain a substantially more detailed model of the Craton. By htppy
coincidence, the National Geophysics Programme and Geological Survey
of South Africa financed the trans-Witwatersrand Basin deep seismic
Eeflection profile during 1988. This allowed a joint interpretation
of the reflection and refraction data sets, and provided valuable

constraints on the interpretation.

Green supervised this project. I deeply appreciate his
encouragement and advice, and his willingness to discuss problems

provide practical assistance.

The project involved more than thirty months of field recording,
requiring weekly visits to service the seismographs. I would like to
thank the following technicians who worked with me at various times
during this period, preparing and repairing seismographs, digging
holes, opening gates, charging batteries. They are Peter Chipkin,

Migael Goldberg, Alan Robertson and John Sorour.

Mpho Nkwana was responsible for much of the replaying and digitizing

the field tapes. I am grateful for his reliable work.

The trans-Witwatersrand Basin seismic reflection profile was
acquired and processed by Rockplan (Pty) Ltd. I was a member of a
group of four persons appointed by the Steering Committee of the
National Geophysics Progranne to supervise this. The other members
of the group were Messrs A du Plessis and J H T Beukes of the
Geological Survey of South Africa, and Dr J Potocki-Szwejkowski, at

that time a member at staff of Witwatersrand University.



Mark Muller was responsible for running the reflectivity method
syntactic seismogram ocnputer prograrmte. Gordon Cooper provided
ynATai oonputing support, both on the PC and on thg Microvax. Dr
Artur Cichowicz provided many insists into the philosophy of
seismology. Annette Maher assisted with the interpretation of the
reflection seismic section across the collar of the Vredefort Dane,
Studies of the gravity and magnetic fields of the Kaapvaal Craton,
in which I have collaborated, have contributed to this thesis. The

leader of this research is Prof Brankc Comer.

Financial support for this project was provided fcy the National

Geophysics Programme, and the Chamber of Mines.

Hie major findings of this study have not yet been submitted for
publication. However I have authored or co-authored several
publications related to this study which have appeared, or been
accepted for publication, in refereed international journals.
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lies, in press.
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1.1 Seismology and the earth's interior

It vies shortly after the start of this century that reasonably
accurate and complete sets of seismograms began to be recorded, and
by 1936 it was established that the earth consisted of several
approximately spherical shells (the inner and outer core, mantle and
crust) . Since then efforts have been devoted to the refinement of
fhie model. Recent advances in seismology include the detailed
pacing of the deep structure of continents using the reflection
seismic technique, the tomographic imaging of seismic velocity
variations within the mantle, and the mapping of the topography of
the core-mantle boundary. This study describes the seismic imaging
of the Kaapvaal Cretan of South Africa using both the refraction and

reflection techniques.

1.2 Aim and scope of this study

The Kaapvaal Craton has several characteristics which make it

particularly interesting for seismic investigation.

(@ it is a well preserved fragment of the Archaean crust.

(b) Gold was discovered in late Archaean rocks of the Witwatersrano
Basin, one of five Precambrian basins preserved on the Craton,
near Johannesburg in 1886. Since then the basin has produced
more than half the world's gold (Pretorius, 1976).

(c) The Craton has the world's greatest concentration of kiirberlite
intrusions (Dawson, 1980, p.10). Xenoliths contained within the
kiirberlite provide sanples of the lower crust and mantle.

(d) The Craton also hosts the Bushveld Carplex, an igneous intrusion
with vast reserves of chromium and platinum group elements.

() The geology of the Craton has been well mapped because of these
rich mineral deposits.

(f) o cryptoexplosion structure known as the Vredefort Dome is found
in the centre of the Witwatersrand Basin. The origin of this
structure is still debated, but it is thought to provide a
transect of the Archaean crust.

(@) Deep-level mining for gold and uranium induces frequent earth



tronors, thartiay providing a unique laboratory for the study of
earthquake mechanisms source of energy for deep

seismic sounding.

raring the 1950's several investigations utilized Witwstersrand mine
tremors in order to study the seismic velocity structure of the
Cretan, resultin', in simple one- or tw-layered models (Willmore et
1952; Gane et al., 1956; Hales and Sacks., 1959). Knowledge of
the Hnrp structure of the crust constituting the Kaapvaal Craton has
advanced little during the past three decades. Since the advent of
semi-aDnductor electronics and digital oonputers in the 1960's there
have been dramatic advances in seismograph design, signal processing
and seismic interpretation techniques. In this study we make use of
these fedhnicml advances to derive a substantially more detailed

crustal Fociti than hitherto available.

SeicaateteiB have been deployed on two profiles joining the major
min* tremor source areas (the East Rand, Far West Rand, Klerksdorp,
Orange Free State goldfields) recording seismograms on magnetic
tmpp for sjbeequent digital processing. Modem interpretation
mt-hfYig have been used to interpret the travel-times and anplitudes
of P mmwi S body waves. A deep seismic reflection profile, about 112
km in length and intersecting both the refraction profiles, was
surveyed by contractors for the National Geophysics Programme during
August 1988. The author was part of the group which proposed the
profile, and part of a four man team that supervised the acquisition

and processing of the data.

The main aims of this study are listed belew.

(@) Establish the seismic velocity structure of the central Kaapvaal
Craton.

(o) Ccnpare the P- and S-wave velocity structure and interpret any
variation in Polsson's ratio.

(c) Describe any seismic velocity discontinuities (such as the Moho
and Conrad) which may be detected.

(d Integrate the seismic model with geological and other
geophysical data.

(e) Ccnpare the seismic structure of the Craton with adjacent

terranes in southern Africa, and other Archaean shields.



(£) Interpret any evidence pertaining to the evolution of the

Cretan.

The data set acquired for this project is also suitable for several
other studies which are beyond the scope of this thefis, but will be
undertaken in the future. These include studies of attenuation, site
effects, anisotropy, and higher modo surface waves.

This project was funded by the Foundation for Research Development
for the period March 1986 to December 1988. It originally formed
part of the "Tectonic and Structural Framework of South Africa"
section of the National Geoscience Programme. In 1987 administration
of the project was transferred to the National Geophysics Programme.



2. KAAPVAAL CRATCN

In t-hia rpnifwjian! and geophysical information relevant to

the interpretation of the seismic data is reviewed.
2.1 Geology
2.1.1 Tectonic evolution

The Kaapvaal Craton is one of the ancient nuclei around which the
African continent is built (Figure 2.1). The crystalline rocks
constituting the bulk of the Craton are generally referred to as
"basement granites", althou”i the term encompasses a range of
compositions which may be of purely igneous origin, gneissic or
mignatites. The bulk composition of the Archaean crust is dioritic,
fhnrgh diorites end andesites themselves are rare. The Archaean
crystalline massifs have a characteristic bimodal composition, the
most important rock types being tonalite and oogenetic trondhjemites
(Tankard et al., 1982, p 21 6 34). The greatest ages obtained for
these rocks is ca. 3.55 Ga, with the intrusion of granitoids
continuing sporadically until about 2.6 Ga. (Tankard et al., 1982, p
6).

Within the crystalline rocks are relatively small fragments of
intensely metamorphosed and structurally deformed rocks of Swazian
age known as "greenstones", which are derived from sedimentary and
volcanic strata. The basal Onverwacht Group of the Swaziland Group
has yielded a Nd-Sm age of 3.51 Ga (Tankard et al., 1982, p 6). The
suite of Archaean rocks comprising the Craton is known informally as
the Basement Complex, of which the greenstone belts comprise less
than 10% of the exposure (Tankard et al., 1982, p 21). A profound
unconformity separates the Basement Complex from the relatively
undisturbed cover rocks. The Basement Complex crops out over large
areas to the east of the Transvaal escarpment, but over the
remainder of the Craton it is covered by younger rocks except for a
few isolated inliers such as the Johannesburg, Vredefort, and

Ventersdorp Domes (Figure 2.2).
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Figure 2.1. Generalized distribution of the major tectonic provinces
in southern Africa (after Hartnady et al., 1985 and Jones, 1988).
Kimberlite localities referred to in the text are Premier (P),
Kimberley (K), Lace (L), Voorspoed (V), Ngopetsceu (N), Lipelaneng
(Ii), Frank Siath (FS) and East Griqualand (EG).



The Archaean-Proterozoic boundary is conventionally drawn at the
time of cratonic stabilization. Since 3.0 Ga the Kaapvaal Craton has
been relatively stable, with tectonic movement providing the
depositional environment for a succession of five basins exhibiting
fluvial, deltaic and continental-shelf types of deposition: the
Pongola (3.0-2.75 Ga), which formed when the Kaapvaal Province was
only partly cratonized; Dominion and Witwatersrand (2.75-2.5 Ga);
Ventersdorp (2.5-2.25 Ga); Transvaal (2.25-2.0 Ga); and Waterberg
(2.0-1.75 Ga) . No other Precarrbrian sedimentation is known to be
preserved on the craton (Pretorius, 1976, p 3). The depositiocnal
axes of the basins migrated northward with time, and have been
related to a complementary migration of the loci of granitoid
emplacement. Consequently the Archaean-Proterozoic boundary is
diachronous from southeast to northwest (Tankard et al., 1982, p 8).
Phanerozoic sediments of the Karoo Sequence cover the southern half

of the Craton.

The last period of pervasive regional metamorphism and deformation
experienced by the Craton took place more than 2.6 Ga ago (Hartnady
et al., 1985, p 237) This has Men attributed to a collision
between the Kaapvaal and Zimbabwe Craton, with the Linpopo Province

representii.y uhe remains of the collision zone (Burke et al., 1986).

To the southwest, south and southeast the Craton is rimmed by the
mid-Proterozoic (2.0-0.9 Ga) Namaqua-Natal Province, which is
thought to represent multiple amalgamation-accretion events
(Hartnady et al., 1985, p 241). This, in turn, is surrounded by the
Pan-African (670-530 Ma) Damara Province. The last major tectonic
episodes affecting southern Africa were the Cape Orogeny (280-230
Ma) which gave rise to the Cape Fold belt, and the fragmentation of
Gondwana (135-115 Ma).

2.1.2 Vredefort structure

The Vredefort Done, located in the centre of the Witwatersrand

Basin, is one of the earth's largest cryptoexplosion structures

(Figure 2.2). The dome of basement granite is about 40 km in



diameter, and is surrounded by a collar of steeply dipping and
overturned Dominion, Witwatersrand, Ventersdorp and Transvaal rocks.
Strong geochemical gradients in the granitic basement rocks have
been interpreted as evidence that the Archaean crust may be "turned
on edge". A traverse from the collar to the centre of the structure
is thought to be equivalent to a 14 km section through the Archaean
crust (Hart et al., 1981).

The basement geology is divided into two roughly concentric zones.
The Vredefort upper crust consists '; massive granites or granitic-
gneisses, and is known as the Outer Granite-gneiss (OGG). In the
centre of the Vredefort Dome (10-15 km below the original cratonic
surface) rocks of granitic ocnposition, in granulate facies,
predominate. This zone is termed the Inlandsee leucogranulite (IDS).
Mafic granulites found in this zone are thought to be relics of
supracrustal strata, which existed prior to a profound
reconstitution of the middle crust (Hart et al., 1981). A
serpentinised ultramafic body has been drilled in the centre of the
Dome, and is interpreted to be a sample of mantle rock [R. J. Hart,
University of the Witwatersrand, pers. conm., 1989). The OGG and HG
are separated by a narrow (ca. 10 m) zoue of pseudotachylite and
brecciated dolerite termed the Vredefort discontinuity. Associated
with the discontinuity is a 2-3 km broad magnetite-rich chamockitic

zone (Hart and Andreoli, 1986).

The basement granite and collar rocks exhibit well-developed shock
deformation features such as the presence of coesite, emplacement of
pseudotachylite veins, lamellar deformations in quartz, and
widespread occurence of shatter cones (Nicolaysen and Reimold,
1985). Dietz (1961) interpreted the Vredefort Dane as a meteorite
inpact crater. Subsequent petrographic studies of the collar rocks
has revealed two distinct shock events, the most recent being
responsible for the shatter cones and pseudotachylite veins (Lilly,
1981) . This evidence, together with the presence of unusual alkalic
igneous bodies, has led other workers to favour an endogeneous
origin. Nicolaysen and Ferguson (1981) propose that shock
metamorphism resulted from carbonated fliids rising from lower

crustal levels.
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Figure 2.2. Geological nap of the Witwatersrand basin with the
Palaeozoic cover removed (after Borchers, 1964 and Jones, 1988).
Approximate localities of goldfields and gaps between them are: EV,
Evander; ER, East Rand; WR, West Rand; W, Far West Rand; P,
Potchefstrocm gap; HE, Klerksdorp east; KW, Klerksdorp west; KS,
Klerksdorp south; B, Bothaville; EN, Free State north; FC, Free
State central; and FS, Free State south. Granite dcmes are: H,

Hartebeesfontein; VE, Ventersdorp; and VR, Vredefort.



On the basis of palaeonagnetic Measurements an age of approximately

2.0 Ga has been ascribed to the structure (Hargraves, 1970).
2.1.3 Kimberlites and xenoliths

The Kaapvaal Craton is the region of most concentrated timberlite
intrusion in the world, and together with the Yakutia province of
Siberia, the most thoroughly investigated (Dawson, 1980, p 10).
Kimberlites were first discovered on the Kaapvaal Craton in the
1870's, and are named after the town of Kimberley which sprang up

the rich diamond diggings. These rare igneous rocks, which are
th* primary source of diamonds, contain xenoliths which have

originated in the lower crust and upper mantle.

The timberlites +*nd to occur in clusters, for example the
Kinberley-Barkly West and Virginia areas, and the diatremes are
lin™d up on deep-seated fractures (Dawson, 1980, p 10). Kimberlites
of at least two ages are known: the Premier mine timberlite cluster
near Pretoria is Precambrian (1250 Ma) in age; while most others
are Mesozoic (140-80 Ma) (Dawson, 1980, p 16). The origin of the
Mesozoic kimberlites has been attributed to large-scale shallow
subduction under Gondwenf —ior to continental fragmentation. The
volatiles derived frcm the subducted slab may have caused the
succession of Karoo flood basalt volcanism, upper mantle
metasomatism, and timberlite magratism (Helmstaedt and Gurney,

1984) .
a) Lower crustal xenoliths

A suite of mafic to felsic garnet granulitvs have been collected
from kimberlites in the Namaqua-Natal Province. These rocks record
temperatures and pressures in the range 550—1OOOOC and 4.5-20 GPa
respectively, and may have surface equivalents in the Natal Province
south of Durban. These xenoliths indicate that the lower crust is
composed mainly of granulite-facies rocks, underlying the
anphibolite and greenschist facies rocks and granites of the upper

crust. The origin of the granulites is still a subject of debate:



one theory considers them to represent high-pressure equivalents of
basaltic or gabbroic rocks; while another theory regards them as the
residuum of rocks of more intermediate composition which have been
subjected to an anatectic melting event during which the granitic

constituents migrated into the upper crust (Dawson, 1980, p 210).

Lower crustal xenoliths are exceedingly rare at localities on the
Kaapvaal Craton. TVD examples from the Kimberley area recorded
pressures less than 1 GPa, temperatures higher than in the Namaqua-
Natal Province and do not contain garnet (Van Calsteren et al.,
1986) . Xenoliths from the Lace timberlite near Froonstad are also of
granulite facies. Both sapphirine-bearing and sapphirine-free
granulites were found, with quartz and garnet as the other abundant
minerals. Hie Lace xenoliths are interpreted as indicating
metamorphism of a sedimentary protolith at temperatures in the range
900-1000 C and pressures >l GPa. It is not knr from where in the
crustal section the specimens are derived (Dawson and Smith, 1987).
Harris et al. (1987) also mention the recovery of two granulite
xenoliths from the Voorspoed pipe near Kroonstad. Xenoliths from the
Ngopetsoeu and Lipelaneng timberlites in Lesotho have been
interpreted as basaltic cumulates with a lower crustal origin. They
have been divided into two classes: Group 1 consisting of Cr-spinel
wherlites and Therzolites, and Group 2 consisting of Al-spinel

Therzolites (Carswell et al., 1984).

There are several possible explanations for the scarcity of lower
crustal xenoliths in timberlites on the Craton: the lower crust was
not sampled by the kimberlite; fragments of the lower crust were
altered or assimilated; or Icwer-crustal xenoliths are so
undistinguished in appearance that they have been overlooked by

petrologists (Nixon, 1987, p 421).

b) Mantle xenoliths

Over 90% of all the mantle xenoliths recovered in southern Africa
belong to the peridotite suite and are ccnposed of olivine with
lesser orthopyroxene and minor garnet and/or clincpyroxene. They are
thus garnet (spinel) TIherzolites and harzburgites (Nixon, 1987, p

218) . The peridotite suite is comprised of a high temperature



(>1100C) and low temperature (<1100"C) group. Other rock types
include eclogites, pyrcnoenites, dunites and metascmites (Nixon,
1987, p 404 & 408). Xenoliths from the Kaapvaal Craton and Namaqua-
Natal Province suggest that the mineralogy of the mantle is
essentially similar (C B Smith, Witwatersrand university, pars ocrm

1988) .

In South Africa diamond-bearing kintoerlites are restricted to the
Kaapvaal Craton. The relatively ocol equilibration temperatures
estimated for inciHRirma within the diamonds are interpreted to
indicate that the Craton had grown to its full areal extent and
ranine to approximately the present thermal gradient at the time of
diamond formation (Nixon, 1987, p 410).



Seiamological studies of mine tremors ocrmenced in 1939 at the
Bernard Price Institute of Geophysical Research, university of the
Witwatersrand (Gane, 1939). On the basis of early observations, Gane
et al. (1946) concluded that the Witwatersrand mine tremors were
large enough, and occurred frequently enough to permit observations
to be made at relatively large distances without it being necessary

to occupy a station for an excessively long time.

Deep seismic Minding of the Craton by studies of the travel-times
of elastic waves generated by Witwatersrand earth tremors began in
1948. In the first field progranme seismcmeters were deployed at 29
sites in the western Transvaal (Willucre et al., 1952); and later
also at 57 sites to the north, south and east of Johannesburg (Gane
et al., 1956). Finally, a profile consisting of 18 stations was
surveyed between Johannesburg and Sbsi Bay in order to investigate
the effect of the escarpment on travel times (Hales and Sacks,
1959) .

The model deduced frcm these studies consists of a crust (V= 6.0-
6.18 km/s, V = 3.6-3.68 km/s) with a thickness of 35.1-36.6"km
overlying a mantle with P * 7.96-8.27 km/s. Hie seismic velocities
were not found to differ significantly with azimuth (Hales and
Sacks, 1959). Evidence for the existence of a layer in the lewer
crust with intermediate seismic velocities is equivocal. Willmore et
al. (1952) were the first to identify intermediate velocity phases
(6.83 km/s) on seismograms frum the western Transvaal, but this
interpretation was deemed unsatisfactory by Gane al. (1956, p.
312) . Subsequently Hales and Sacks (1959) report ' vidence for an
intermediate layer (6.7-7.2 km/s) within the crus 1 section for the
eastern Transvaal. Hoever, Bott (1971, p.42) sugges. that this
phase was in fact a supercritical ttcho reflection and t a
refraction frcm the lower crust. The ve'ocity models are summarized

in Figure 2.3.



Figure 2.3. Seismic velocity models of the Kaapvaal Craton. (1)
Willrore et al. (1952), (2) Gane et el. (1956), (3) Hales and Sacks
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2.2.2 Refraction surveys using explosive sources

A 36 km seismic refraction profile, oriented north-south over the
core of the VTedefort done, was surveyed in 1978 as part of the
South African Geodynamics Project (Green and Chetty, 1987). The
outer granitoid-gneisses yielded velocities in the range 5.9-6.1
km/s. In the centre of the Dome velocities of 6.42-6.45 km/s were
reliably defined, indicating rocks of an intermediate ccnposition.
Drill holes 20-30 m deep intersected complex gneisses of dioritic
average composition. "Crust on edge" models of the Vredefort
basement feature very steep dips, which were not seismically
observed. This is possibly due to insufficient contrast in seismic

velocity.

2.2.3 long period surface wave studies

A surface wave observation programme commenced in 1965 when a five
station array of long period vertical seismometers was deployed near
Johannesburg (Bloch et al., 1969). Rayleigh wave phase velocities
were determined by analysing records from the array near
Johannesburg together with records from the nearest World Wide
Standard Seismic Network (WWSSN) stations at Pretoria, Bulawayo and
Windhoek. Multi-mode Rayleigh and love wave group velocities were
also computed from records of earthquakes originating near the
Kariba Dam, and in southern Malawi. The phase velocities cover the
period range 20-100 s; and the group velocities extend from 2-40 s

for the fundamental mode, and 2-12 s for the higher modes.

Simultaneous inversion of the fundamental and first higher Rayleigh
and love group velocity modes for the Kariba-Pretoria path, and the
Rayleigh phase velocities for the Pretoria-Bulawayo path yield the
crustal shear velocity models shewn in Figure 2.4. The common
characteristic of all the inversion models is the presence of two

crustal lew-velocity channels beginning at depths of 12 and 24 k.
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Figure 2.4. wave velocity model for ttie Kariba-Pretoria path
derived by Bloch et al. (1169).

The velocities for the array area confirm the hi”i sub-crustal
velocities previously determined from mine tremor studies. % e phase
and group velocity curves obtained for the toriba-Pretoria path are

similar to those for other shield areas.
2.2.4 Reflection seisir.ics

Reflection seismology was introduced in 1982 for the exploration of
the Witwatersrand Basin, enabling the deeply buried parts of the
basin and the structurally ocrpiex basin margins to be mapped
(Cantbell and Peace, 1984). The seismic velocities of the major
lithological unite in the Witwatersrand Basin have been determined
by means of vertical seismic profiles and velocity logging of
boreholes (Table 2.1). Reflection coefficients of important
contacts have been studied through an analysis of
acoustic impedance profiles constructed fran borehole density and
velocity logs. The estimated reflection coefficients fall in the

range 3% to 11%.
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Table 2.1. Carpressional velocity and density of acme of the major
lithological units in the Witwatersrand Basin (Canpbell and Peace,
1984, p 7). ’
v (m/s) density (g/an )

KAROO SEQUENCE

sandstone, shale

TRANSVAAL SEQUENCE

dolomite 6600
VENTERSDCRP SUPERGROUP

lava
WNWATERSRAND SUPERGROUP

Central Rand Group quartzites 5700

In seismic sections the Basement Complex is characterised by
numerous short reflecting segments, and a zone of particularly
strong reflection has been identified seme 7.5 km within the
Archaean crust (Durrheim, 1986). Gravity and seismic refraction
data from the Vredefort Dome also indicate an increase in acoustic
impedance frcm upper to lower crust (assuming that the "crust on
edge" model for the core of the Vredefort Dome is correct), the
transition occuring seme 10 km from the collar. Durrheim (1986)
proposes that the zone of strong reflection corresponds to this
boundary. Hart and Andreoli (1986) consider that they have
successfully located this boundary in the field: they have
identified the "Vredefort discontinuity”, a 10 m wide zone of
pseudotachylite and brecciated dolerite which forms an abrupt
contact between the upper Outer Granite-gneiss (COG), and the
granulite facies rocks (ILG) in the core of the Dome. They further
propose that this discontinuity may be comparable to the seismic
discontinuity intersected in the Kola borehole on the Baltic shield
at a depth of ca. 9 tanbelow the surface, which coincides with a
zone that is anomalously brecciated, hydrous and highly mineralized

(Kozlovsky, 1984).



2.3 Other geophysical investigations
2.3.1 Gravity and magnetics

Compilations of gravity and aercmagnetic data covering the
Witwatersrand basin an™i environs have been published by Durrheim et

al. (1986) and Comer et al. (1986b).

The Bouguer gravity map (Figure 2.5) is compiled Aran sane 13500
observations. The arc of gravity lows, convex to the north, is due
to a ridge of basement granite which forms the perimeter of the main
Witwatersrand basin. An inner concentric arc of gravity highs is due
to the considerable thickness of dense West Rand shale, Ventersdorp
lavas, and Transvaal dolomites filling the main basin. The roughly

1 southeastern margin of the basin is marked by a steep gravity
gradient. A gravity high, convex to the south, is found in the
northeastern comer of the map. This coincides with the Bethal lobe
of the Bushveld complex. The prominent northeast trending Bethlehem
gravity high (B-B') lies to the southeast of the uasin.

The gravity field of the Vredefort structure was studied in detail
by Stepto (1979). The 30 nGal Bouguer anomaly found in the core of
the Dome is attributed to an increase in density towards the centre,
in accord with the “crust on edge" mod%l. The densities used to
model the anomaly range from 2.65 g/on for the Outer Gramte-
gneiss, to 2.84 g/on in the core, characteristic of rocks with a

dioritic bulk composition.

A model of the regional structure of the Kaapvaal Craton was derivea
by simultaneous interpretation of the gravity and aercmagnetic data
sets (Comer et al., 1986a). A feature of this model is the
correlation of a highly magnetic layer within the basement granite
of the vredefort Dome, and prominent magnetic anomalies at the
craton margin. It is proposed that this magnetic horizon is a
continuous mid-crustal marker. A second feature of the model is the
interpretation of the Bethlehem gravity high as the result of a
crustal arch bringing denser rocks of the lower crust, as observed

in the core of the Vredefort structure, towards the surface.
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Deep and ultra-deep Schluntoerger soundings and magnetometer array
studies show that the resistivity structure of southern Africa
correlates very well with the tectonic structure (Van Zijl, 1978).
Schluntoerger sounding results have identified tw> kinds of terrain
depending on the amount of fracturing present: massive terrains,
which consist of vast amounts of massive, strongly consolidated,
unfractured granitoid material in the form of granitic intrusions,
gneisses and mignatites; and fractured terrains, which are

associated with intensely deformed, fractured metamnrphic rocks

Two ultra-deep soundings have been conducted on the Ragpvac. Crauon
(Van Zijl, 1978). The Pietersburg and Dealesville soundings had
maximum current electrode separations of 1200 km and 600 km
respectively. The Pietersburg sounding shewed that the Kaapvaal
Craton is a massive terrain, and is characterized by a highly
resistive zone which has an average resistivity of about 100 000
Ohm.m and extends downwards from the surface to a maximum depth of
10 km. It is underlain by a moderately resistive (5 000 Chm.m) zone,
which is sane 25 km thick. Finally, near the base of the crust, a
oondhctive (50 Chm.m) zone has been detected (see Figure 14 frcm Van
Zijl, 1978). In the case of the Dealesville sounding, the depth of
penetration and resolution was drastically reduced by the presence
of conductive Karoo sediments. The sounding shewed a moderately
resistive crust (3000 - 17 000 Ohm.m), beneath which an extremely

conductive layer was found to exist (Van Zijl et al., 1970).

In contrast, the Limpopo and Damara Mobile Belts are fractured
terrains. This is manifested by the presence of a moderately
resistive zone with an average resistivity of 5000 Ohm.m extending
frcm the surface to a depth of 25 to 30 km, with the conductive zone
at the base of the crust. The Namaqua-Natal Mobile Belt exhibits the

characteristics of a fractured terrain only in its central core.

Van Zijl (1978) considers the moderately resistive zone to be

laterally continuous beneath massive and fractured terrains, and the
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moderate resistivity to be indicative of free water. He attributes
the conductive zone to hydration, suggesting that serpentinite

(hydrated mantle rock) could account for its electrical properties

2.3.3 Heat flew

Jones (1988) presents beat flow data from the central Kaapvaal ~
Craton. The mean heat flow for the Witwatersrand Basin is 51 nW/m ,
which is higher than the mean heat flew for Archaean cratons. The
extra heat (ca. 7.5 nW/m ) is largely produced in the supracrustal
rocks, resulting in a subsediment heat flew of ca. 43.5 itff/m .
Measurements from the granitic basement exposed within the Vredefort
Dame allow the contribution of the crust beneath the Basin to be
estimated at ca. 26.5 an_ . When combined with the contribution
from the supracrustal rocks, a total crustal contribution of 34 nW/m
is indicated. The heat flux through the Moho is estimated to be

17 rw/te .

Measurements within the basement granites on the northwestern rim of
+’s basin (Hartebeesfontein and Ventersdorp Domes) yield an
wMiiormally low mean heat flow of 33 nW/m , probably indicating a
smaller radiogenic contribution from the crust below the domes. If
erosion was responsible for the removal of a radiocactive layer, this
must have occurred before the extrusion of the Dominion lavas

(Jones, 1988, p 3255).

The lithospheric temperature profiles derived from the geothermal
data are in concord with P-T regimes inferred from kimberlite
inclusion studies. The correlation between crustal antiquity, low
heat flow and distribution of diamondiferous kimberlites is best
explained by differences in lithospheric structure: the lithosphere
beneath the Craton lies in the stability field of diamond, thus
kimberlites tapping it may be fertile; while the lithosphere in
mobile belts lies within the graphite field, hence kimberlites are

barren (Jones, 1988).



Explosives are used as the seismic energy source in most deep
seismic sounding experiments. In this study I have made use of mine-
tremors induced by deep-level mining. The use of tremors has several
advantages: it is relatively cheap as no shot holes have to be
drilled or explosives expended; a station may be occupied until an
adequate number of tremors are recorded; and the large amount of
shear energy produced in addition to ccnpressive energy allows
additional analyses to be performed, unfortunately sane difficulties
also arise from the use of tremors: the source location and origin
time are imperfectly known; the source is variable as tremors with a
range of magnitudes and source mechanisms are recorded; the source
region can be several hundred meters in extent; and the experiment
takes a longer period to conplete. In this chapter results of mine-
tremor studies pertinent to the deep seismic sounding experiment are

discussed.
3.1 Mining induced seismicity

A major hazard of deep-level gold mining in the Witwatersrand Basin
is the violent failure of stressed rock in the vicinity of mining
operations, leading to considerable loss of life and damage to mine
vrorkings (Medan, 1984). Mining induced seismic events range in
magnitude frcm -6 to 5 on the Richter Scale. The term "mine tremor
is used to describe the larger events, and "rockburst" the violent

disruption of rock due to a seismic event (Van den Heever, 1982, p

1).

The first seismnlogical investigation of Witwatersrand mine tremors
commenced in the 193O'§Ehsing a surface network of seismic recorders
(Gane, 1939). It was discovered that most tremors happened shortly
after the time of underground blasting (Gane et al., 1946), and that
the foci of most tremors were close to actively mined areas (Gane et
al., 1952).

The first underground seismic network, ccnprising a three-

dimensional array of seismometers, was installed in 1960 at tb® EREM



Tnno nowr Boksburg with the aim of learning more about the
relationships between rock mechanics and seismicity. It was shewn
that the majority of seismic events have their focus within tens of
mot—now of advancing loogwall mining faces (Cook, 1963). Since then
networks have been installed in deep-level mines in all the major
gold fields. The purpose of the seismic networks are: rapid and
reliable location of the source of seismic events allowing
inopoffimn and/or rescue; identification of areas of anomalous
seismicity as an aid to mine planning; and research so as to improve

event locations and mine planning (Spottiswoode, 1986).

3.2 Location, origin time and local magnitude

A 19vtH knowledge of the location and origin time of the seismic
event is important in the oonpilation of record sections. These were
obtained either from the South African Seismologies! Network (SASN),

or from mine networks.
(@) South African Seismological Network (SASN)

The SASN consists of 24 stations distributed throughout South
Africa, and at Windhoek. Data are published monthly in the
Seismological Bulletin produced by the S A Geological Survey
(Fernandez et al., 1986, 1987, 1988). Regional events which produce
Jjwj quality P-weve arrival times at a minimum of four stations are
located naing the "space-time" method of Icmmtz (1977), which
involves iterative least-squares processing. All other regional
events are evaluated for epicentral distance and local magnitude
only. In reducing ground-motion values to local magnitudes, distance
corrections are applied (Guzman, 1978). Raw data for distant events

is presented without further processing.

The arrival times of the P- and S-waves are read with an accuracy of
0.1 s at best. Mine tremors with magnitudes greater than 2.0 are
usually recorded at a sufficient number of stations for a location
and origin time to be calculated. The focal depth of events frcm
South African goldfields is fixed at 2 km in the calculation. The

location, origin time and magnitude are reported in the Bulletin,
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together with the standard deviations of each of these parameters.
Par a typical mine tremor, the standard deviations of the source

parameters are: location x5 km, origin time *0.5 s, magnitude (M )

+0.15.1 I

(b) Mine networks

The mine seismograph networks have the capability to locate
hypocentrss within an uncertainty of 35-50 m, reporting the location
relative to the mine coordinate system (Spottiswoode and McGarr,
1975, p 93). Generally the mine networks do not run on absolute
time. For this experiment accurate clocks were constructed and
linked to the mine networks at Klerksdorp, ERPM and the Far West
Rand.

3.3 Source parameters

Hie Fourier spectra of the displacement amplitudes of earthquakes,
as measured in the far-field, are found to attain a constant low
frequency value (S*) which is proportional to the seismic manent
(M) . can be calculated using either the P or S body wave using

the following equations:

MO S,.4(i)p(v 3)R IQ0-7 Nm
f(6,0)

M Syd@@) &V IE7 wn

g(6,0)

where p = density (g/on ),

v , v = compressive and shear velocity (km/s)
P gQ = lew frequency asymptote (on.sec)

R = distance (km)
Median values for the radiation factors for a double-couple source
were determined from 1000 values of f£(9,0) and g(9,0) randomly
distributed on the focal sphere. The median value of f (9,0) is 0.39,

and for g(9,0) is 0.57 (Spottiswoode and McGarr, 1975, p. 103).



The best empirical fit of data from EREM mine relating seismic

nonent M to M 1is given by the following relationship
0 L
log M - 10.7 + 1.2 M (3.3)
10 0 L
where M 1is in Mn (Spottiswcode and McGarr, 1975, p 106).
0

The relationship of Gutenburg and Richter (1956) relating magnitude
and energy

log E - 4.8 * 1.5 M Joule (3.4)
was found to fit the EREM data reasonably well (Spottiswoode and
MoGarr, 1975, p 101).

The ™ ra»T- frequency f is defined by the intersection of the h.gh-

low-frequency asymptotes of the displacement spectrum. At ~
frequencies above the comer frequency, the spectra diminish as f
Ground velocity rather than displacement is recorded by the
seisnrmebers used in this experiment. As velocity is simply the
derivative of the displacement, the theoretical spectrum is
transformed in a straightforward manner: instead cf a flat lew
frequency spectrum, there is a 6 db per octave increase in amplitude
up to the mrn*r frequency, after which the spectrum decays at a
rate of f"k 1 (Peberdy, 1986, p. 58). Par the EREM data the value of
k was found to be 2 and 3 for the ocnpressional and shear waves
respectively (Spottiswoode and Mcgarr, 1975, p 98). For EREM events
with M = 2-3 the comer frequency was found to be between 5 and 15
Hz (Spottiswoode and MoGarr, 1975, p 110). This is in good agreement
with the observation of Cook (1963) that the larger tremors radiated
energy at about 10 Hz.

Figure 3.1 shows normalized velocity density spectra of four
tremors, ranging in magnitude from 2.78 to 3.68, recorded at a
station situated some 65 km southeast if the Klerksdorp goldfield
source region. All events have a corner frequency of ca. 17 Hz,
although the larger events have relatively more power at the lower
frequencies. Although source parameters have not been extensively
studied in this project, initial results confirm the conclusion
reached by Peberdy (1966) that effects due to local geology dominate
the shape of the velocity density spectrum.
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Figure 3.1. Normalized vertical corponent velocity density spectra
of Klerksdorp goldfield tremors recorded at a station ii

Vredefort Dane (about 65 km southeast of the source region)



The oorner frequency may be related to the earthquake source
dimension in a number of ways. The most widely accepted model is
that of Brune (1970, 1971) in which the comer frequency is related

to the fault surface radius rQ by

r - 1.97.v /(2.pi.f ) meters
0 P 0

S
r W2.34.V /(2'Ei'f ) meters
0 s x 0"

P . .
where v and f£* are the oonpressional wave velocity and oorner
frequency, and v and f*"* are the shear wve velocity and comer

frequency respectively.

The relationship between Mo and f0 is a function of the stress drop
across the fa*ilt plane at the time of rupture. and rQ may be used

to calculate the stress drop ds
ds " (7/16) Mo/ro Pa (Brune, 1971). (3.7)

Spottiswoode and McGarr (1975) report a study of P- and S-wave
ground displacement spectra for 24 mine tremors at 2REM. The spectra
were analysed using the model of Brune (1971), and its extension by
T.ifunic (1972). For the events (M M 0-3) the source radius r
ranged from 50-500 m, and the stregs drops ds from 0.5-5 MPa. %he
moments MO ranged from 1011—1014 Nm. They concluded that mine
tremors appear to be highly similar to natural crustal earthquakes
with regard to stress drops, the relationship between moment and

magnitude, and the relationship between rock failure dimension and

mE N, ~w I

For a stress drop of 5 MPa the following relationship between comer

magnitude.

frequency and local magnitude is obtained
log £ - 2.3 - 0.5M
10 0 L
(Pebertiy, 1986) .

The pulse duration Td is approxirately equal to the duration of the



rupture process, which is again proportional to the source dimension

and corner frequency. This may be expressed by

T Mk/f s where k is approximately 1 (3.9)
d 0

(Spottiswoode, 1984, p 31).

A source nwr-Kwnirm, study of 11 mine tremors (M* = 1-2) at
Blyvooruitzicht Gold Mine in the Far W Rand was aonducted by
Spottiswoode (1984). The data were consistent with zero volume
change, and were interpreted as shear failures. Fault-plane

ai suggested slip on sheer zones striking parallel to the
advancing face, or on either either of two dykes cutting across the

face.

3.4 Source mechanism and radiation pattern

An explosive source will produce dominantly carpressive waves with a
radiation pattern concentric about the source (Evemden et al.,
1986, p 145). In contrast, the seismic energy radiation pattern
produced by an earthquake double-couple source mechanism (i.e. no
rotation of the fault plane) produces both ooipressional and shear
energy. One nodmi plane of the P-wave pattern coincides with the
fault plane; while the nodal planes of the S-wave pattern are at 45°
to the fault plane. This inplies that the maximum carpressive
displacement coincides with minimum shear displacement, and vica
versa (Kasahara, 1981, p 36). In a study of 24 mine-tremors from
ERPM the ratio of P- to S-wave energy was found have a median of
0.18 with a range 0.005 to 1.1 (Spottiswoode and Mcfiarr, 1975, Table
1).

The radiation pattern for a tremor is clearly far more coiplicated
than the concentric pattern produced by an explosive source. The
variation of amplitude with distance from the source is not just a
function of the raypath and site effect, but also of the orientation
of the fault plane and the direction of slip of the particular

tremor. However, in practice the radiation pattern is not generally
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uniform for the entire rupture process of a tremor, and so the
occurrence of nodal planes is unlikely (Spottisvroode and
MoGarr, 1975, p 103). Consequently an averaging of the anplitude of
specific phases rather than a measurement of peak amplitude, or an
averaging of many events, is considered likely to give more reliable

results.

If a wiamir event originates in a region with dimensions much less
than uhe distance to the observation points, it may be represented
as a point source. If it is considered to be due to slip on a fault,
only four independent parameters are needed to describe the source:
the strike and dip of the fault, the direction of clip within the
fault, and the seismic mcment M (Spottiswoode, 1984, p 31).

3.5 Magnitude distribution

During the course of the deep seismic sounding experiment it was
found that events with M > 3 were generally required to produce a
satisfactory signal to noise ratio at distances greater than 200 km.
In order to estimate the period each station would have to be
occupied, the relationship between the magruiude and frequency of

occurrence of tremors in the various mining regions was assessed.
The classic empirical relationship of Richter (1958)
log N =a - tM
g10

describes the frequency of earthquakes (N) with magnitude greater
than or equal to M, where a and b are constants. The cumulative
distribution of magnitudes for seismic events for various South
African gold mining districts for the period January 1985 to May
1988 is shown in Figure 3.2. It is apparent that the Far W Rand is
the most seionically active area. The Klerksdorp area releases
almost as much seismic energy, but tends to have more large events.
The Rand and O. F. S. gold fields have relatively lew levels of

seismic activity.

It has been established that the level of mine-tremor activity is



related tc the volume of rode removed and the depth of mining
(MoGarr, 1976). The change in gravitational energy due to mining
operations be estimated by the product of tonnes mined and the
mawn rock-breaking depth. Calculations show that less than 1% of the
total gravitational energy change due to mining is radiated in the
form of seismic energy (McDonald, 1982, p 67; McCarr, 1976, p 1490).
suggests that most of the energy changes associated with mining

are non-violent in nature.

nwinHrmahip between tonnes mined and seismic activity for the
different gold fields for the period 1971-1979 is shown in Table
3.1. While seismic activity and tonnes mined are broaily related, it
is also n)**r tout this cannot completely explain the variation
between the gold fields. For example, the 0 F S and Klerksdorp
goldfields had similar levels of seismicity in spite of the fact
that almost twice as much ore was mined in the 0 F S during the

period under consideration.

There is evidence to suggest that the geological structure of a
particular district ys a role. The Far West Rand has a very high
level or seismic activity. It is possible that the dewatering of
the overlying Transvaal dolomites during the early 1970's could
explain the higher level of seismicity during this time (McDonald,
1982, p 87). Mining operations in the Klerksdorp and 0. F. S. gold
fields are carried out at similar depths, and the geological
structure is also similar. The larger events tend to faa associated
with geological discontinuities such as faults and dykes

(Arrvot, 1931; Potgieter and Roering, 1984; Gay et al, 1984; Lawrence,
1981) . These large events release fay far the greatest proportion of
energy. At EREM, the only mine of significance on the East Rand
during this period, seismic events are recorded in back areas,
stabilising pillars and geological discontinuities, the latter

generally hosting most of the large events (McDonald, 1982, p 90).
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Figure 3.2. Magnitude-frequency distribution for mine tremors in
Witwatersrard Basin gold fields for the period January 1985 to
May 1988. N(m)-cumulative number of events of magnitude m per

year. (Fernandez et al, 1988).

Table 3.1. ibnnes mined and seismic activity fcr South African gold
fields for the nine yerr period 1971-1979. The tonnage and nurber of

events are shown as an annual average. Data compiled from McDonald

(1982) .
b of seismic events Gold Field Tonnes mined
M 2. 2.9 3.0-3.9 >
100 1. East Rand 7.20
541 11 Far W Rand 18.55

112 53 Klerksdorp 14.11
87 .57 OF S 24 .44



In order to establish the

beneath the Witwatersrand El
appraximately 10 km intervals

first profile, 260 km in length

field, across East Rand Proprietary (EREM) Boksburg
terminates near Witbank.

and March 1987. The second

EREM to the 0. F. S. gold

April 3*87 and July 1988.

Fach field station was occupied until several good quality events
had been recorded from each of the source areas, most importantly
the end-points of the profile. It was found that the maximum number
of stations that could be serviced in a day was six, especially when
the stations were distant from Johannesburg. The data recovered fron
six stations also took the best part of a week to replay and
digitize. The duration of the experiment was far longer than
initially anticipated due to chronic unreiiablity of the old
recording systems. The tape transport was particularly prone to
malfunction, resulting in entanglement of the tape. Stations had to

be occupied for up tc three months because of the poor data return.

The station locations were plotted on 1:50 000 scale topographic
maps. The accuracy of the station coordinates and elevations are
estimated to be better than 100 and 10 meters respectively. The bed
rock geology was determined from 1:250 000 scale geology maps, and
by inspection in the field. The station coordinates are listed in

Appendix A.
4.2 Seismometers

At each station one vertical and two horizontal component

seismometers, orientated north-south and east-west, were buried in a
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Figure 4.1. Seismograph locations on the Klerksdorp - East Rand -
Witbank and East Rand - 0 F S profiles. Post Witwatersrand
rocks have been stripped (from Tweedie, 1986)



shallow hole. Wherever possible the station ¥  FPlaced on bedrock
Due care we to select sites distant from roeds, railway
lines, trees and other aouroces of seismic noise. Critically damped 1
HZ ELBCTBOIECH EV17 and EV17H seismometers were used. The ESM
seismcmstar an output of 347 ntv/nm/sec at 2 Hz (for a coil
resistance of 5 kOhm, and a damping resistance of 13 kCtxn). The
frequency i <spnnnn curve of the seismometer is shewn in Figure 4.2.
The seismometers were ocnnected to the seismogr”™h by twisted pair

r#bi*s about 20 meters in length.

4.3 Recording instrumentation

Portable multi-channel seismographs (Green, 1973) were used to
record the output of the seismometers. The field system consists of
two units (an electronics package and a tape deck) housed in
containers. The total power cnnsunption is less than
7.5 W. It is powered by two 140 Anp.bour 6 V lead-acid batteries,
which are able to keep the system running for about 10 days. The
batteries purchased for this project started to deteriorate after
about 16 months of continuous chargo discharge cycles, and solar

panels were then introduced to increase the life of the batteries.

The electronics has eight external input channels. The
*npHficmtinn of the input signal for each channel is selected by a
switch (Table 4.1). In order to increase the dynamic range each
geophone was routinely recorded on both a high- and lew-gain
channel. If the aabient noise conditions made it possible, switch

positions 3 and 7 were selected.

Table 4.1. Seismograph gain settings

Switch position  Theoretical amplifier gain

17.99
54.95
177.83
457.09



Hia i-iw* for the system is obtained from both a radio and an
internal clock. During daylight hours the 10 MHz WWV/ZUO radio
signal is recorded whereas the 5 MHz is utilized during the night.
The changeover is achieved automatically using the internal clock.
The infernal clock utilizes 3 1 MHz primary frequency which has a
stability of 2x10 s per day, and the clock output is a standard
VELA 100 time code. A portable master clock, which is synchronised
in the laboratory with the radio time, was also used to provide an
absolute time reference. The master clock signal was routinely input
on a seismograph channel whenever a station was serviced. The lead
or lag of the internal clock could then be determined by

Hjgifi**finn jind ocnparison of the master and internal clock signal-'

The rap* recorder employs a locked loop transport system and a dc
motor. With a tape speed of 2.5 nm/s and 35.3 an tape reels
mnfaining 2 800 meters of 12.5 ran tape, the unit runs for 12 days.
There are ten trades on the tape. The outer tracks were generally
not used as they are most prone to damage. The routine allocation of

the tracks is listed in Table 4.2.

Table 4.2. Routine allocation of tape tracks

Track Channel Gain
1 _ _
2 vertical low
3 vertical high
4 N -39S lew
5 clock
6 radio -
7 N -8 high
8 E-W lew
9 E-W low
10 -

Visits were rade, usually on a weekly basis, to each station. The
magnetic tape and batteries were replaced, f:ulty ccnponents
repaired or replaced, and a master clock signal recorded on a

ynphnn* track to enable later synchronisation of the internal
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clock. A log was kept of each visit, noting details of station
performance, seismometer channel gain settings and calibration

settings.

.4 Digitization

The field i-gpea were replayed and digitized in the laboratory. The
replay search mode speed is 38 an/sec, or about 150 tunes the record
speed. At this speed the frequencies of a seismic eve are raised
to sndin frequencies. Ube signal is monitored both audibly through a
loudspeaker, and on an oscilloscope. At the high replay speed a
tremor signal sounds like a sharp explosion. Switches are used to
select amplification (5, 10, 20, 50 or 100 times) and anti-alias
filter (1 or 2.5 kHz). Once an event has been located it is
digitized at a slower replay speed of 6.25 an/sec, or 25 times the
record speed. As the speed of the tape decks varied depending on the
precise setting of each deck and the battery voltage level, the
effective sampling frequency varied between 60 and 100 Hz, but was
usually about 80 Hz. For this experiment mine tremors were recorded
in the distance range of 20-360 km, and had magnitudes = 2-4. The
corner frequencies are 5-15 Hz and there is little significant
energy at frequencies above 20 Hz (Peberdy, 1986). Consequently,
this sampling rate was considered adequate to avoid aliasing of the
data.

During most of 1986 digitization was carried out using a system
which digitizes one channel at a time, and wrote the data on
standard 9 track tape in IBM360 format with 2 bytes Jf data per
sample and 1024 samples per block. The number of samples and
digitization rate were selected by means of switches. An ultra-
violet recorder was triggered at the instant replay commenced, with
digitization commencing a selected time (usually 0.6 sec) later. The
seismometer and clock channels, as well as a signal indicating the
start and end of digitization were recorded on the UV-paper. This
enabled the time at which digitization commenced, as well as the
sampling rate, to be established. A typical record consisted of

either 4800, 5600 or 6400 samples, with a record time sampling rate



cf 75-85 Hz. The start and end of digitization could be determined
to better t-han 40 ms.

A PC-based analogue to digital %ﬁnversion system was introduced
toward the end of 1986. A PC-26  A-D board was installed in an
CW16XTTM microcomputer. Three seismometer channels and the clock
could be digitized concurrently. Generally a real time sampling rate
of 2kHz per channel was selected. As the replay speed while
digitizing is about 25 times the record speed, this typically
yielded an effective sampling rate of /ibcit 80 Hz and record length
of 80 s. The digitized signal is written in binary format onto the
ham disk. Subsequently the data was transferred to 360 kbyte floppy
disks.

The master clock and ocalibr ition signal were recorded on tape each
time a station was serviced. These were digitized, together with all
tremors with a reasonable signal to noise ratio. The total amount of
clock, calibrate and seismic data recorded on floppy disk during
this experiment is in excess of 120 Mbytes. In order to process and
plot the digital records, the binary data is converted to ASCII

format.

The phase difference between the internal seismograph clock and the
master clock was determined by examining the ASCII file. The
initiation of a time pulse was easy to detect in the series of
digitized voltages. Usually the seismograph internal clock was
triggered with a delay of about 0.1 s, this being the operators
reaction time (Figure 4.3). The timr at which the digitization of a
particular record commenced, and tlu digitization rate were also
determined by inspection of the ASCII file using a text processing
programne such as PdWrite . The digitization rate was determined by

counting the number of sanplcs in the first 10 s of the record.

The accuracy of timing is estimated to be equal to about twice the
sampling interval i.e. about 2b ms for a record sampled at 80 Hz.

This is far smaller than the errors due to uncertainties in the
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4.5 Calibration and system response

In order to be able to calculate the seismometer output and hence
the ground velocity, it was important to establish the effect on the
input signal of the seismograph amplifiers, the magnetic tape
(several types were in use), the replay amplifiers and the
digitization process. The calibration procedure consists of feeding
a signal of known amplitude and frequency into the seismograph in
place of a seismometer. The seismograph generates its own high- and
low-level calibration signal. The internal calibrator generated a 10
Hz signal with peak-to-peak double amplitudes of 5tV and 500 wfv.
These were recorded on each seismometer channel at both a high and
low gain setting. As the level of the internal calibration signal
could be affected by the battery voltage, an external calibration

signal was also sometimes recorded.

Calibration of the identical system h s been carried out by
Spottiswoode and MoGarr (1975, Fig 2) and Peberdy (1986). The
recording system has a fairly flat response in the frequency range

of interest (1-20 Hz). The system response is shown in Figure 4.4.

4.6 Noise removal

Standard Fourier frequency domain band-pass filters were used to
remove noise from the data. All the signal processing was carried
out on a CW16AT microcomputer. A time series analysis programme was
written in Fortran using the Fast Fourier Transform subroutine NLOGN

from Robinson (1967, p 63).

The seismograms displayed in the record sections have all been
filtered using a passband that rises from zero at 0.5 Hz to unity at
2 Hz, remains at unity to 8 Hz and decays to zero again at 12 Hz.
The flanks of the frequency domain filter have the shape of a cosine
function (between 0 and pi). A data window of 4096 samples was
filtered. The effect, of the bandpass filter on a noisy seismogram is

shown in Figure 4.5.
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4.7 Compilation and display of record sections

For a particular profile each source region was considered in turn.
The reduced travel-time for each event for which a origin time and
epicentre location was available was calculated using a reduction
velocity of 6 km/s. A graph of the travel-time residual of the first
arrival versus rfiafano* was plotted. There was considerable scatter
in the data, due primarily to errors in the origin time and
epicentre location, but sometimes also to malfunction of the

seismograph clock.

Records which showed a large discrepancy with the bulk of the data
were discarded. Particular attention was paid to stations which had
recorded a significant number of events (say 6 or more) from the
source region under consideration, in order to determine a
meaningful average travel-time to this station. Also of particular
value were events that had been recorded at two or more stations,
allowing phase velocities between the stations to be determined.
Once the travel times had been reliably established over the entire
record section, email residual static shifts were made to align
phases which could be correlated on several adjacent traces, thereby

enhancing the appearance of the record section.

Records with good signal to noise ratios and showing good definition
of the various phases were selected for display. Where possible, the
vertical ocnponent was used. In order to avoid cluttering the record
section, seismograms were chosen for plotting at regular distance
increments. The seismograms were bandpass filtered, and each trace

normalized.

Computer progranmes were written to display the record sections. The
seismograms were plotted using either a Hewlett-Packard 7475A pen
plotter, driven by a programme written in GW-Basic and HPGL (Hewlett
Packard Graphics Language); or on a Versatec electrostatic plotter

driven by a Fortran programme using the Utiiras graplucs package.

Fach record section was produced at three time scales: a 50 s window

shewing the entire seismogram using a reduction velocity of 6 km/s;
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system (frtxn Peberdy, 1986).

RAW DATA

BANDPASS FILTER
>.5-2-8-12 Hz

Figure 4.5. Filtration of a noisy seismogram. In this case
bandpass filter has removed high and low frequency noise, but not
a noise ocnponent in the passband. The filtered trace is plotted

with an expanded amplitude scale.



muss;

a 12 s window slowing the P arrivals using a reduction velocity of 6
kn«/s, with arrivals having velocities less than 4 'm/e muted, as the
S and surface phases tended to dominate the trace; and a 24 s window
showing the S arrivals using a reduction velocigy of 3.464 km/s.

-.1 W- # .at # .
The S wave record section was plotted with a reductioi velocity of
6/3 (*3.464 km/s) and a time axis ccupreesed by a factor of 3
relative to the P wave sections. This format allows easy comparison
of the S wave and P wave record sections: for a Poisaon's ratio of
0.25 throughout the crust and upper mantle, travel-time curves
calculated from the P wave will perfectly overlay the corresponding
S wave arrivals. Deviations from these predicted travel time curves
thus indicate deviations of Poisson's ratio from 0.25 in the crust
(Holbrook et al., 1988, p 12 088).

The entire route followed from transducer to record section is

summarized in Figure 4.6.
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Figure 4.6. Flow diagram showing the process of producing a record

section.
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5. TNTERPREHMTCN GP DEEP SEISMIC SOUNDING PROFILES

5.1 Analysis techniques

Once the reused sections had been ocupiled, the analysis of the data
generally followed the scheme outlined below, which is similar to

the sequence suggested by Mooney and Walter (1987),

ftarh seismogram shows more or less prominent onsets of a number of
specific pulses, including those due to the direct P and S waves,
and those due to reflection at interfaces within the earth and
refraction due to changes in velocity. The following criteria were
used to identify "wave groups" associated with a specific type of
ray (Giese, 1976a):

(1) the travel-time curve is continuous for some distance;
(ii) the travel-time increases with distance;
(iii) and the quantity dx/dt is a continuous function with apparent

velocity showing values within a possible and reasonable range

b) I

The phases are identified as refracted, reflected or multiple
arrivals on the basis of apparent parallelism with an earlier

traveltime branch, or a similar observation.

() Interpretation of first

Slope-intercept methods were used to interpret the first arrivals.
The methods assume- dipping layers of constant velocity or constant
velocity gradient, and velocity increasing with depth (e.g.

Slotnidc, 1958)



(d) One-dimensional model

aie-dimensional (1-D) interpretation of first and secondary arrivals
using the Herglotz-Wiechert approach and methods described by
Slichter (1932) and Giese (1976b). These methods are used to
interpret reflected as wall as refracted arrivals, and can
incorporate velocity gradients and inversions. The album of
synthetic seismograms calculated for a range of velocity transitions
by Braile and smith (1975) also proved very useful in interpreting

the nature of seismic transition zones.

1-D ray tracing was used to produce synthetic record.sections for
previously proposed models of the seismic velocity structure of the
Craton. In this study a 2-D Raytracinc,/Synthetic seismogram computer
progranme was used td carry out forward modelling. The programme
RAYM4P-PC was written by D. Crossley of the Geophysics Laboratory,
McGill university and implemented on a CW16AT microcomputer. It is
based on the programme RAYAM!? written at the university of British
Columbia (Spence et al., 1984). The velocity structure is
represented by large polygonal blocks, within which the velocity
gradient is uniform and of arbitrary orientation. Amplitudes of
reflected and refracted waves are determined using zero-order
asymptotic ray theory; and head wave amplitudes by means of first-

order asymptotic ray theory.

A reduction velocity of 6 km/s has been used to produce the
synthetic record sections. Each trace has been normalized to the

largest amplitude event on it. The following notation is used to

refer to prominent branches of the traveltime curves: < \M
P1 - direct wave travelling in upper layer

P - head wave arising at the top ofthe second layer

P P -reflection from top of secondlayer

P - head wave arising at the Moho

P P -reflection from Moho

a

(1) Single-layer crust

Sane et al. (1956) recorded tremors on profiles radiating to the



north, south, east and west of the Central Rand goldfield, and did
not find any evidence for a systematic variation of velocity with
azimuth. Their best mean value for v in the crust is 6.18 km/s,
with Maho at a depth of 35.1 km and a sub-Moho velocity of 8.27
km/s. They regard the occasional appearance of second phases as
being due to energy following paths of lew attenuation or having

farhuxtous focusing properties (Gane et al., 1956, p. 312).

A linear increase in velocity according to

v = 6.18 + 0.003z
with z in km takes into account the experimentally predicted
increase in velocity with depth for granitic rocks (Birch, 1958) and
was incorporated into the model. This predicts a velocity of 6.29
km/s at at a depth of 35 km. The synthetic record section for this
model is shewn in Figure 5.1A. The critical distance is ca. 90 km,
and the cross-over distance is ca. 185 km. The large velocity
discontinuity at the Moho gives rise to strong sub- and super-
critical P P reflections,

m

(1i) Two-layer crust

The identification of a mid- or Icwer-crustal layer with an
intermediate seismic velocity presents difficulties, as the
intermediate layer rarely produces a first arrival for a plausible

range of models (Hales and Sacks, 1959, p. 32).

Willmore et al. (1952, p. 68) observed tremors in the western
Transvaal, and regarded the second P phases at offsets of 200-290 km
to be too early to be due to the direct arrival. They suggested the
existence of a lower-crustal layer with an intermediate seismic
velocity (see Table 5.1). Their model corresponds closely to a crust
consisting of layers of granite and gabbro (Birch, 1958, p. 168). A
profile stretching east of Johannesburg to the Indian Ocean also
provided evidence for an intermediate layer (Hales and Sacks, 1959).
The second arrivals recorded at offsets of 180-300 km were regarded
as arriving too early to be ascribed to the direct arrival, and were
interpreted as coming from a layer with a velocity of about 7km/s.
TWo possible models proposed by Hales and Sacks (1959, p. 28) are
tabulated below (Table 5.1).
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Figure 5.1 Synthetic record sections for simple 1-D models of the
seismic velocity structure of the Kaapvaal Craton. (&) single-
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arrival. At offsets of 200-240 km the and PP phases are
virtually coincident, with the latter having a significantly greater
amplitude. It is probably for this reason f 'at Bott (1971, p 42)
suggested that the phase identified by Hales and Sacks (1959) as a
refraction was in fact a supercritical reflection. Hie critical
Hiefanr* for both P P and P P is about 100 km, and the cross-over
distance for Pn is %70 km. "

A synthetic record section for a two-layer model with the top of the
intermediate layer (v * 6.7 km/s) at a depth of 14 km is shewn in
Figure 5.1C. The existence of the intermediate layer is revealed by
reasonably large amplitude super-critical reflections which occur
about 0.5 s after the direct arrival between 110-170 km; and a weak
head wave which starts to emerge ahead of the direct wave beyond 110
km. The P phase is a first arrival between 110 and 180 km, beyond
which the P phase arrives first. The P P phase is prominent due to

n m
the velocity dif ontinuity at the Moho.

(1ii) Velocity gradient within crust

Willmore et al. (1952, p. 68) consider the large amplitudes of the



second P phase, and its sharp decrease in amplitude between 280 and
300 km, to be best accounted for by a single-layer crust with
velocity increasing with depth. Their velocity model has a near
surface velocity of 6.09 km/s and a velocity gradient of 0.026
km/s/km. This is consistent with a simple increase in the basic
component of the rode from something close to average granite near
the surface to gabbro or nearly gabbro at the base (Birch, 1958, p
168) .

Hales and Sacks (1959) comment on the large amplitudes associated
with the second P phase observed in the eastern Transvaal at Offsets
of 170-250 km, and suggest that this mi- H indicate an increase in
velocity with depth within the intermediate layer. However, they
refrain front any firm interpretation because of possible

complications due to the escarpment.

The synthetic record section due to a model with a near surface
velocity of 6 km/s, a velocity gradient of 0.025 km/s/km, and Moho
at a depth of 38 km is shown in Figure 5.ID. The direct and super-
critical P P arrivals are similar in amplitude, while the sub-
critical P P phase is significantly smaller in amplitude than the
direct P wave. The apparent velocity of the refracted direct
arrivals increases to virtually 7 km/s until they are terminated at
an offset of 270 km. At 250 km this phase has a reduced travel time
of -2 s.

(e) T"p-dimeneional model

Two—dimensional (2-D) models were created by joining adjacent 1-D
models and constrained by geological information. The synthetic
record section produced by the 2-D model was compared with the
observed record sections and refined on a trial-and-error basis. The
P-wave velocities of the rocks constituting the Kaapvaal Craton and
the supracrustal formations are listed in Table 5.2. Where actual
seismic velocity measurements are unavailable, the density-velocity
function

d 0.252 + 0.3778V (Birch, 1964, p. 4380)
(where d = density in g/ans, VP =Fgompressions! velocity in km/s)

and the non-linear density-velocity function graphed in Dooley and



Moss (1988, p. 242) were used to estimate the P-weve velocity.

Table 5.2. Representative seismic velocity, density and maximum
thickness of formations constituting the Kaapvaal Craton. It is
rtant to note that the values may vary considerably between
regions, and within formations. Source of data: 1-Roux (1970), 2-
Canpbell and Peace (1984), 3-Green and Chetty (1987), 4-Stepto
(1979), 5-calcula'ued using formula from Birch (1964). The tabulated
maximum thicknesses are rough estimates gleaned from a variety of

sources.

maximum
thickness density v
(km) (g/an ) (knyfe)
KAROO SEQUENCE
sandstone, shale
TRANSVAAL SEQUENCE
Pretoria Group
shale, ferruginous
lava
Chuniespoort Group
dolomite
VENTERSDORP SUPERGROUP
lava
WHWATERSRAND SUPERGROUP
Central Rand Group
quartzite
West Rand Group X
ferruginous shales 7 2.80
DOMINION GROUP
lava
BASEMENT CCMPLEX
Outer Granite-gneiss

Inlandtee leuoogranofels

(f) Shear wave model

Initial S wave models were constructed by assuming a constant



Poisson's ratio of 0.25 (which inplies a constant v /v * 36). The
S-wave velocities were first varied in order to iirp"cAre the match
between the synthetic record sections produced by ray-tracing and
the observed arrivals. The position of the interfaces between the

layers was only changed as a L. it resort.

The relationship between Poisson's ratio and the P- and S-wave
velocities is given by
2 2 -1

Poisson's ratio= 0.5 [1 - (v /v -1 ]
P S

(Holbrook et al., 1988, p 12 088)
on of ocnplete synthetic seiaiogram

The 2-D raytrace method (Spence et al., 1984) does not produce a
ocnplete synthetic seismogram. It only considers the vrevegroups
specified by the interpreter; is limited to body waves; cannot
consider P- and S-waves simultaneously; and does not incorporate
mode conversion or attenuation. Nevertheless, it is extremely useful
for forward modelling, as the ocnputations are very rapid, even on a

personal ocnputer.

The reflectivity method (Fuchs and Mtiller, 1971; Kind, 1985; Miller,
1985) is able to compute the ocnplete theoretical seismogram for a
layered earth, incorporating effects such as multiples, mode-
conversions, attenuation, surface waves., and even different models
of the seismic energy source. It is based on the Haskell matrix

f amlism for the propagation of plane waves through plane-layered
media. The transformation from monochromatic plane waves into
impulsive spherical waves due to a point source is carried out by
double numerical integration over frequency tv wavenuntxer. The
reflectivity method is limited by the very long computation times
required (over 30 hours CPU on a VRX780 computer for a simple
crustal model), and the restriction to laterally homogeneous models.
In particular, the reflectivity method was used to evaluate the
effect of attenuation aid velocity gradients in the mid-crust,
crust-mantle transition and beneath the Moho on the amplitude and

dominant frequency of the arrivals



Once the trans-Witwatersrand Basin deep seismic reflection

became available the initial 2-D velocity model was adjusted
consistency with the seismic reflection section. The seismic
refraction 2-D velocity model was evaluated by ocnparing the
vertical-incidence synthetic seismograms produced by this model with

the observed reflection recozd section
(1) Error estimates

Error estimates in refraction modeling are extremely difficult to
make, because quantifiable uncertainties (e.g. from scatter in
travel time data and misfits between calculated and observed travel
times) are usually much smaller than the uncertainties introduced by
the interpretive step of phase correlation (Holbrook et al., 1988, p
12 090). This uncertainty is well illustrated by the range of
interpretations produced by workers analysing the same data set (the
1978 Saudi Arabian refraction profile), but using different
interpretation methods (Mooney and Prodehl, 1984). Major features -
such as the depth to Moho, velocities in the lower crust and upper
mantle - are consistently determined. More subtle intracrustal
features, such as low-velocity layers and velocity gradients, give

rise to a greater variation in interpretation.

In the models produced %n this study I consider the determination of
the velocities and the depths of the interfaces to be better than

0.2 km/s and 2 km respectively. Greater changes in the model noticeably
degrade the fit of the synthetic record section to the observed

data.

US 1IBBS:



In order to carry out forward npHalling the main wave groups
occurring on the record section are identified. The travel-time
curves are superimposed on the record sections, and the apparent
velocity (in km/e) and interpreted identity of each curve indicated.
The objective of raytrace modelling is to reproduce these features
of the record section. In the discussion it is often necessary to
refer to particular wave groups on the record sections. The trace

number and reduced travel-time are used to specify the feature.

5.2 Klerksdorp - East Rand - Witbank profile

B et ST o T e B e S GIRNPABI Lol 8 SR
This 260 km profile eminences at Klerksdorp, runs roughly parallel
to the axis of the Botchefstream syndine (which contains virtually
the full succession of Dominion, Witwatersrand, Ventersdorp and
Transvaal rocks), crosses the Rand anticline in the East Rand, and
proceeds as far east as Witbank. Record sections are compiled for
the Klerksdorp, East Rand and Far West Rand mine-tremor source

regionss
1. Klerksdorp source region

A record section produced using a reduction velocity of 6 km/s, and
with the seismograms 48 s in length is shewn in Figure 5.2A. The
8.2, 4.7 and 3.6 km/s travel-time curve are superimposed to enable
easf recognition of. the P , S and S-wave arrivals respectively. The
P- and S-wave arrivals arg digcussed.with reference to more detailed
record sections (Figures 5.2B and 5.2C). The most important features
of the record sections are noted below.

a) Surface waves are not readily identified in Figure 5.2A,
despite the broad bandwidth recordings. An indication of a Icw-
frequency dispersed wave group is found at +7 s on trace #2
indicating a group velocity of ca. 3.2 km/s.

b) Virtually no P S or S P arrivals are evident on the record
section. A possiblenéxcgétion is the arrival at +8 sec on trace #15

on Figure 5.2A, which has a dominant frequency of 2.5 Hz.



c) At distances less than 60 km, the first arrival is a strong
impulsive phase with a reduced travel-time between between -0.2 and
-0.1 s (see Figure 5.2B).

d) Between 60 and 120 km the first arrival is an emergent phase
with a velocity approaching 6.3 km/e. At ca. 120 km this phase is
cxtinguished.

e) A distinct second arrival observed between 60 and 120 km has a
reduced travel time of ca. +0.5 s, and is more impulsive than the
first arrival. This is attributed to the sP phase.

f) A step back in reduced travel-time is observed at a distance of
about 130 km (traces #9 and #10).

g) Between 150 and 180 km the first arrival is a strong, impulsive
Lew-frequency wave group with a velocity of ca. 6.2 km/s and a
reduced travel-time of -0.5 s. This phase is denoted P2

h) Beyond 200 km a clear first arrival with a phase velocity of
8.1 km/s and dominant frequency of 15 Hz is developed, and is
identified as the P phase. Hie large amplitude arrivals between +1
and +2 a on traces #6-10 are considered to be due to refractions and
reflections close to the critical point, and are also used to
constrain the travel-time curve. The P phase cannot be definitely
identified on seiamograms between 170 and 200 km, even where the
travel-time curve indicates that it should be a first arrival.

i) The P phase is succeeded by a wave group which has the
following'é%aracteristics:

(1) relatively large amplitude horizontal components - seiamograms
#17-21 are all horizontal component, the ratio of the vertical to
radial component has been calculated for these records and found to
be about 0.4, which is similar to that theoretically predicted for
reflections at this wide angle;

(1i) low frequencies - dominant frequency between 3 and 8 Hz;

(iii) a long duration which increases with offset - at 250 km
the duration of the wavegroup is about 3 s, with the onset at a

reduced travel-time of -1.8 s and a phase velocity of ca. 6.6 km/s.

The wavegroup can be traced back to an offset of 120 km (seismogram
#9) . This wave group is interpreted to be due to energy penetrating
the lower crust, and turned by a velocity gradient at the crust-
marrtle transition (diving waves) or reflected at the Moho. This

phase is termed P P. Analysis of these arrivals using the T -X
m



method (Giese, 1976b, p. 151) yielus a mean crustal velocity of 6.44
km/s and depth to the reflector of 33.2 km.

j) The direct S-vave has a velocity 3.7 km/s, and can be traced to
an offset of 100 km (Figure 5.2C).

k) Fton 200-250 km, a distinct wve group with a velocity of 4.7
km/s is cbserved, and identified as the S phase. It is clearest on
traces #19 and #20. The larg; amplitude esents at 44 s on trace #6
and at +2.2 s on trace #9 are considered to represent a re 'lection
or refraction close to the critical point, and are also net*’ to
constrain the travel-time curve.

1) A wavegroup characterised by a high amplitude and relatively
low frequency is observed at offsets greater than 120 km. Prominent
arrivals are at -2 s on trace #18 and -3 8 on trace #21. It can be
traced back along a curved line to the large amplitude arrival at +4
s at 100 km (trace #6). This branch is interpreted to be the S*S
reflection. Analysis by the T -X method indicates a mean velocity
above the reflector of 3.76 km/s and a depth to the reflector of
35.2 km. The low dominant frequency (ca. 3 Hz) of the S S phase is
probably due to attenuation in the lower crust. Inspectijéln of traces
#19-20 show a marked increase in high frequency energy (>10 Hz)
about 2 s after the onset of the low-frequency phase.

m) An event midway between the S S and S phases is observed on
several traces, notably on #17-18. The apparent velocity of the wave
group is 4.3 km/s. It is interpreted to be a phase refracted by an

interface marking a velocity increase in the lower crust.
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Hie key features of the record sections obtained for the East Rand
source region are noted below. The 3.6 km/s travel-time curves have
been drawn on Figure 5.3A to assist identification of the S-wve
arrivals.

a) Surface verves are not obvious on Figure 5.3A7A, with the
exception of the arrived evident at +15 s on trace #4 which has a
propagation velocity of 3.0 km/s and has a dominant frequency of 1.4
Hz. Inspection of Figure 5.3C reveals that considerable seismic
energy with a propagation velocity of 3.0-3.2 km/s is present on the
traces, but die characteristic low-frequency dispersed waveform of
the R phase is obscured by considerable high frequency energy. An
exanpfe is the arrival at +2.5 s on trace #8.

b) No S P or P S arrivals are identified.

c) To t%e nort?east of EREM the first arrival is a strong
impulsive phase as far as ca. 35 km, after which there is a drastic
reduction in anplitude (Figure 5.3B).

d) Beyond 35 km a distinct second arrival is observed with reduced
travel-times between +0.8 and +0.5 s. This is attributed to a
reflection from a mid-crustal interface. The phase is denoted PIP.

e) TO the southeast of ERPM the waveform of the first arrival is
emergent, probably due to reverberations within the thick sequence
of high velocity supracrustal strata contained within the
Potchefstroom syncline.

f) A distinct difference in frequency content exists between
traces #1-3 (dominant frequency 6-8 Hz) and traces #5-8 (dominant
frequency 12 Hz). The tremors which produced these sets ox
seismogrsms were of similar magnitude (M = 2.62 and 2.42
respectively) . Inspection of many other seismograms recorded at
these stations rules out the possibility of that site effects have
caused the difference in frequency. The reduction in high-frequency
energy in tha traces observed beyond 100 km is attributed to
attenuation experienced within the upper crystalline crust.

g) The S-wave arrivals recorded to the northeast of EREM are
strong and repulsive at distances less than 35 km (Figure 5.3C).

Beyond this offset the phase disappears. There is evidence for a



phase ait 0 s on traces #16-18.

h) To the southwest of ERPM the S-wve arrivals haw
a velocity of 3.7 km/s as far as 50 km. Between 50-100 km a phase
with a velocity of 3.9 km/s beoomes prominent. These phases are
interpreted as energy propagated in the supracrustal strata
contained within the Botchefstrocm syncline. Beyond 100 km the first
S-wave arrival is difficult to identify.

i) The large amplitude arrivals cm traces #1-2 between +1 and +3 s
have a high apparent velocity and are interpreted as S S
reflections. I B I *
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Figure 5.3A. Reoord section for Klerksdorp - East Rand - Witbank
Trerors from the East Rand goldfield.



IN  <WB>

(spuooes) 0'9/®oud4Siq

Figure 5.3B. P-veve record section for Klerksdorp - East Rand - Witbank

profile. Tremors from the East Rand cpldfield.



WW OM V wiw #
\ 1
31 I w
~ N O I « I T

(spuoDes) tsrf£/**u’wWQ -

Figure 5.3C. S-v«ve record section for Kierksdorp - East Rand - Witbank

profile. Tremors from the East Rand goldfield.



The 3.6 tan/s travel-time curve is superinposed cm Figure 5.4A to
enable the S-w&ves to be easily identified.

a) Surface waves are apparent on several of the traces to the
northeast of the source, e.g. at +33 s on traces #23-24 (Figure
5.4A7). The travel-time of these arrivals indicates a group velocity
of ca. 2.7 tan/s.

b) No S P or P S arrivals are identified.

c) To the northeast of the source region a dramatic reduction in
the amplitude of the direct P-wave occurs just beyond 100 tan (Figure
5.4B) . A second arrival with a travel-time curve decayed by ca. 1 s
with respect to the first arrival becomes prominent beyond 100 tan
(see traces #18-24 on Figure 5.4B). This phase is interpreted to be
a reflection from a midcrustal discontinuity, and denoted P"P.

d) The strong arrivals cm traces #17-22 at +3.5 to +1.5 s have
travel-times appropriate to the P P phase just beyond the critical
distance. nKzx "

e) To the southwest of the source, the first arrivals indicate
propagation velocities of up to 7.1 tan/s. This is attributed to
energy travelling in the high velocity rocks of the Transvaal
Sequence and Ventersiorp Supergroup contained within the
Potchefstrocm syncline. A second arrival has a larger amplitude than
the first, and has a velocity of ca. 6.4 tan/s. On traces #4-7 it
lags the first arrival by ca. 0.6 s.

f) To the northeast of the source the S-waves are rather
erratically developed (Figure 5.4C). The direct S-wave appears to
diminish drastically in amplitude beyond 100 tan. A wave group with a
velocity of 3.8 tan/s becomes prominent beyond 80 tan. Distinct
arrivals are at -2 s on trace #15, and -4.5 s on trace #24.

g) The travel-time curve defined by the wave group at +0.8 s2on2
trace #20 through to -0.8 s on trace #23 was analvsed by the T -X
method. A depth to the reflector of 30 tan and a mean velocity of 3.8
tan/s was obtained.

h) The wave groups at ca. +4 s on trace #19 through to +0.8 s on
trace #24 have arrival times appropriate to the S S phase.

i) To the southwest of the source the direct Sjaave is well

developed with a velocity of ca. 4 ku/s.
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This profile is approximately parallel to the long axis of the main
Witwatersrand Basin, and crosses the VTedefort structure. Record

sections are ccnpiled for the East Rand and O F S source regions.

1. East Rand source

East Rand mine tremors are are located consistently too far to the
north by the SASSN. Locations nht-"inAd from the mine seismic network
were used to pinpoint the area of greatest tremor activity, and the
source-receiver distance adjusted accordingly. Consequently, the
absolute travel-time is not well known. The maximum error is
believed to be less than 0.5 s, as seme 50 seismograms from 20
events were considered in making the adjustments. However, the phase
velocities for events recorded at several seismographs are reliably

knewn.

The main features of the record sections are noted below. The 8.2,
4.7 and 3.6 km/s travel-time curves have been superimposed on Figure
5.5A to enable easy recognition of the P , S and S-wave arrivals
respectively. v

a) Surface waves are not prominent on the seismograms.

b) No P S or S P reflections are identified.

c) A strong, impulsive P-wave with an apparent velocity of ca. 6.4
km/s is the first arrival as far as 50 km (see traces #23-26 on
Figure 5.5B).

d) Beyond 60 km there is an abrupt reduction in the amplitude of
the first arrival.

e) Between 60 and 120 km a second arrival phase with an apparent
velocity approaching 6.6 km/s is evident. It is best developed at
+0.4 s on trace #12 and +0.9 s on trace #14.

f) Frcm 145-155 km (traces #9 and #10) the first arrival is a
high amplitude impulsive wave group with a reduced travel-time of
-0.2 s. The wave group appears to continue as far as 205 km (trace
#4) as a second arrival.

g) At offsets greater than 130 km virtually all the traces have a

relatively low dominant frequency (K 5 Hz).



h) The P phase appears as a first arrival beyond 160 km. It has
a velocity of ca. 8.2 km/s. A fair degree of scatter occurs in the
P arrival times. Trace #1 is also noisy, making it difficult to
pack the arrival time precisely. The high amplitude arrivals at +2 s
on traces #11-13, as well as the reciprocal time cm the reversed
profile were used to constrain the travel-time curve.

i) The direct S-wave gives rise to a prominent arrival
as far as 50 km (Figure 5.5C). This wave group has a velocity of 3.7
km/s.

j) Between 55 and 70 km (traces #15 and #16) a second S-wave
group is identified, with a reduced travel-time of ca. +1 s.

k) The travel-time curve of the S phase is based on the
arrivals at -7 a on trace #1, -3.5 s on trace #5, and the events at
+2 s on traces #11 and #12. A velocity of 4.7 km/s is obtained.

m m 1) The large anplitude arrivals succeeding the S phase are
identified as Moho reflections (S S). An example is the arrival at -
3.5 s on trace #1. The start of 'lz.nhe wavegroup is often difficult to
recognise, making it difficult to trace the travel-time curve

accurately.
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The O F S - East Rand profile was extended to 320 km by including
events recorded by stations on the East Rand - Witbank segment. The
entire record section is shown in Figure 5.6A. The 8.2, 4.7 and 3.6
km/s travel-time curves are superinposed to enable recognition of
the P , S and S-wave arrivals respectively. The main features of
the record sections are noted belcw.

a) A well-developed surface wave with a group velocity of ca. 3.0
km/s 1is recorded between 40 and 60 km (e.g. event at +8 s on trace
#23) . The Airy phase has a frequency of ca. 2 Hz, and the wave shews
clear dispersion. This is interpreted as the Rayleigh (R ) wave. At
235 km another strong surface wave is evident (+34 s on trace #5).
The travel-time indicates an average propagation velocity of 3.2
km/s.

b) No S P or P S arrivals are identified, with the possible
exceptionngf then;ave group at +7 s on trace #2. This wave group has
a dominant frequency of ca. 2 Hz.

d) Close to the source the first arrival has a velocity of 5.8
km/s (Figure 5.6B). This is probably due to the effect of the
relatively lew velocity Karoo sediments. Between 50 and 150 km a
large anplitude phase with an apparent velocity of ca. 6.1 km/s is
prominent.

e) Between 95 and 130 km a weak phase with an apparent velocity of
ca. 6.2 km/s appears as the first arrival. This is interpreted to be
a head wave arising at the interface between the Central and West
Rand Groups, or due to reverberations within the high velocity
Ventersdorp Supergroup lavas overlying the Central Rand Group.

f) From 90-130 km the first arrival is followed by a stronger
second arrival, which lags by ca. 0.6 s.

g) The P phase is prominent beyond 235 km. The travel-time curve
yields a Véiocity of 8.2 km/s. The large amplitudes suggest a
significant sub-Moho velocity gradient.

i) A high-anplitude wave group with a long duration and
low dominant frequency succeeds the P phase. It is best developed
at -1.0 to +1.3 s on trace #5, but is also evident on the traces
between 250 and 320 km although the onset is difficult to pick and

hence the velocity is uncertain. This wave group is interpreted to



be due to waves turned by a velocity gradient in the lewar crust, or
reflected at the Maho. The phase is denoted P P. The reduction in
amplitude of this phase beyond 270 km was coggirmed.by careful
examination of the three component aeisnograms. The large amplitude
wave groups at +1.5 s and +2.2 s on traces #18 and #29 respectively
are interpreted to be reflections or refractions near the critical
distance.

k) The direct S-wave at distances less than 50 km has a velocity
of 3.2 km/s, and is interpreted to be due to energy propagated
within the Karoo Sequence (Figure 5.6C)

1) Beyond 50 km a phase with a velocity of 3.7 s is erratically
developed. It is attributed to energy transmitted in the
supracrustal rocks. The wave group appearing at -4 s on traces #8
and #9 is attributed to energy fortuitously focused in these strata.
Tb be due to reflections or refractions within the crystalline
basement would require unrealistically high velocities.

m) Beyond 250 km the S phase appears as a large amplitude
arrival. The travel-time curve was constructed to be tangential to a
curve marking the onsets of several large amplitude wave groups on
traces #10-16 with reduced travel-times between -1 and +2 s. It is
estimated that the S phase has a velocity of 4.7 km/s.

n) The S S phase gives rise to high amplitude wave-groups as far
as 250 km. Beyond this distance the amplitude is drastically

diminished.
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5.3 Qualitative interpretation of record sections

<Ie feat ast Rand - O F S
profile rp - Witbank profile.
The East ithat it is properly
reversed d for the 0 F S
source. nd amplitudes are
better c

Surface waves

record sections,
(1988) tremors show well-
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2. Cnibt-mantle transition

If the Maho w-re a first-order discontinuity, the S P and P S phases
would constructively interfere, and.together‘producg amplitﬁdes as
large as the supercritical P P phase. Hcwever, for a transition zone
with a linear velocity gradient and thickness equal to the dominant
wavelength of the P wa e, the amplitude of the converted phase
reflection is reduced to 1/10 of that produced by a first-order
discontinuity (Fuchs, 1975, p 454). fhe lack of S P, P S and
subcritical P P reflections in the Kaapvaal Crato% re&gals something

m
of the nature of the crust-mantle transition. Hie few events



Gupta (1966a) reflection coefficients for a model that
simulated a gradient zone above the Moho. Inspection of the
theoretical curves (Gupta, 1966a, p 523) shews that the gradient
wune jnrtoad acts as a icv-pass filter: as either frequmcy or layer
thickness increase, the reflection coefficient tends to decrease.
Reflection coefficients were read fron the graph for a range of
frequencies (1-32 Hz) and gradient zone thicknesses (0.1-6.4 km) for
fh* incident angle required to produce the rays detected at offsets
> 200 km. A seismic velocity increase across the gradient zone of
6.6 to 8.2 km/s was considered. The reflection coefficient is about
0.26 when the layer thickness is much smaller than the seismic
wavelength. As the wavelength decreases or the layer thickness
increases, the reflection coefficient is reduced to an asymptotic
.alue of about 0.10, a reduction of seme 60%. For a frequency of 8
Hz this reduction of the reflection coefficient is reached for a
gradient zone 400 m in thickness, while at 2 Hz it is only reached
for a gradient zone 1.6 km thick. Hence the absence of the converted
phase reflections with frequencies » 3 Hz indicates that the crust-

mantle transition zone is probably 1 to 2 km thick.

3. Change in character and eon —notion of the first arrival.

It is observed that the first arrival phase is impulsive as far as
30-50 km. Thereafter it has an emergent character. At a distance of
50-140 km, depending on the profile, the phase disappears. TV
factors may be responsible for this observation.

(1) It may be due to a velocity inversion in the upper crust. The.
granitic upper crust has a lower seismic velocity (6.0-6.2 km/s)
than the overlying shales of the West Rand Grt*p (calculated to be
ca. 6.7 km/s from the average density of 2.80 g/cm , although the
results from a few reported sonic log measurements indicate a
velocity of 6.2 km/s).

(1ii) The Central Rand Group, in which the focus of most tremors is
situated, has a considerably lower velocity than the overlying
Ventersdorp lavas (5.7-6.0 and 6.4 km/s respectively). Direct rays
striking this interface with an angle of incidence greater than 70°

will be totally reflected. The foci of most tremors are within 2 km
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of this interface. This implies that only rays striking the
interface within a radius of about 6 km from the source will be
transmitted directly to the layer above. As the overlying layer has
a greater velocity, the transmitted rays will be refracted away from
the normal, and a direct wave may be detected up to distances of 60
km from the source. Energy will be transmitted to larger distances

by reverberations within the supercrustal strata.

In this study I have not attempted to determine the relative

importance of these factors.

4., Second P-wave arrival

On all the record sections a second P-wave arrival is observed
between 30-120 km. It lags the first arrival by 0.6-1.0 s, and has a
velocity of ca. 6 kwm/s, except to the southwest of the Far West Rand
where the velocity is ca. 6.4 km/s (see Figure 5.2B, 5.3B, 5.4B).

Tremors typically radiate ca. 80% of their energy as shear wves
(Spottiswoode and MoGarr, 1975, Table 1). The SV wave will be
totally converted to a P-wave when reflected at the free surface at
angles of incidence greater than 35° (Ewing et al., 1957, p. 31).
Tremors typically occur near the level of mining, which is generally
between 2 and 4 kmdepth. Consequently a sP phase with a large
amplitude and lagging the direct P phase by ca. 0.8 s is likelyto

be generated. S toP mode conversions are also likely at other
interfaces such asthe Central Rand - West Rand and Central Rand -

Ventersdorp contacts.

travel-

Witbank



zone, giving rise to a low-pass filter effect (Meissner, 1986, p 60;
Gupta, 1966a, 1966b; Hron and Chapman, 1974). A second possible
explanation for the low dominant frequency is attenuation. A study
of attenuation of seismic waves produced by trenots in the Far West
Rand using the single-scattering ooda-Q model was conducted by
Peberdy (1986). Observations were made along two profiles, one of
which stretched southwards across the Potchefstrocm syncline. Ooda-Q
was calculated far both the P- and & waves for stations at distances
up to 50 km. The results indicate a o da-Q value less than 250. This
observation of a relatively low value for Q in crystalline basement
is supported by Shapira (1988), who obtained a value for Q of 195
fret measurements of the attenuation of the R phase in the central
Kaapvaal Craton. These results suggest that attenuation within the
upper crust of the Kaapvaal Craton could also contribute to the low

dominant frequency of the phase.

On the record sections to the northeast arid southwest of the East
Rand source region (Figures 5.3B and 5.5B respectively), as well as
to the northeast of the Far West Rand source region (Figure 5.4B),
there is a clear second arrival phase, substantially retarded
relative to the first arrival, which appears beyond 50 Im. This
phase is most simply interpreted in terms of a mid-crustal velocity
discontinuity. T -X analysis indicated that the reflector is in the
depth range of 14-18 km. The phase is denoted P P on the record
sections. Modelling indicates that a substantial velocity contrast
(e.g an increase from 6.2 to 6.6 kw/i,, is required to achieve a
critical distance of on. 60 km. If this phase were due to S to P
mode conversions, no corresponding phase would occur on the S-wave
record sections. However, the existence of the mid-crustal reflector
is substantiated by corresponding S-wave phases (see Figures 5.30,
5.40 and 5.50).

It is concluded that the nature of the transition from upper (6.0-
6.3 km/s) to lower (6.5r6.7 km/s) crust is abrupt in the vicinity of
the Rand anticline (where it could be termed the Conrad
discontinuity), but beneath the Potchefstrocm syncline it appears to
be gradational. The head wave generated by the discontinuity is not
identified. Raytracing indicates that it would arrive simultaneously

with reverberations in the high wvelocity supercrustal strata.



attenuation

frictional
fluid

filled pores, and relaxation due to shear motions at pcie-fluid
boundaries;

(1i) scattering of seismic energy by heterogeneities within the
rode;

(ni) and reflection in a velocity gradient zone or by multiple
reflection between thin beds
(Tokstiz and Johnstone, 1961, p 136; Meissner, 1966, p 60;
Schoenberger and Levine, 1974).

The attenuation effects due to absorption and scattering are
approximately additive. Several diagnostics have been proposed which
would enable the dominant mechanism to be determined, the most
applicable in this case being that the coda of a wave which has been
scattered will contain relatively higher frequencies than the
initial pulse (Richards and Menke, 1983). Inspection of the
frequency spectra of traces £17-21 does not reveal any systematic
increase of frequency with time in the P P wave group (Figure 5.2B).
In contrast, the S S wave group does ShSQ a marked increase in high
frequency energy 5210 Hz) about 2 s after the onset of the Icw-
frequency phase (see especially traces #19-20 on Figure 5.2C). Hus
could indicate scattering by heterogeneities in the lower crust. In
order to roughly estimate the scale length of these heterogeneities

we may use the result of Raynaud (1988, p. 227) that scattering is



peaked at the frequency for which the seismic wavelength is
approximately six times greater than the scale-length of the elastic
variations. Thus for the S-wave with a velocity of 3.8 km/s and
frequency of scattering of 10 Hz, the seismic wavelength is 380 m
and the correlation length of the seismic variations is about 60 m.
The backscattering model of Mi and Aki (1985, p. 10270) yields a
similar result. The absence of P-wave scattering may be due to its

inherently longer wavelength.

Most field measurement of attenuation in the continental crust have

used surface waves to obtain estimates of S-wave attenuation (Q ).
[S]

Relatively few measurements of P-wave attenuation (Q ) have been

made. Attenuation coefficients obtained for stable regions of North

PAmerica and Eurasia are near! itical within * "nits of
observation: the uppermost 15-*v k.i of the cr "slues of Q
in the range 250-1000, while greater depths 1 md show
little regional variation (Mitchell et al.,l te

exceptionally high values of Q obtained in the xuwer crus— nas been
attributed to the absence of water. laboratory nraasurnne-ti show an
increase in .the Q of low-poroeity olivine basalt from 200 to 2000
when outgassed (Tittman, 1977, p 197). Consequently, should the
lower crust contain a significant amount of fluid in penres, this
could cause a decrease in Q. The unusually low electrical
resistivity observed at the base of the crust of the Ké&apvaal Craton
(Van Zijl, 1978) has been attributed to the presence of hydrated
minerals or saline pore water at high fluid pressures (Van Zijl,
1978; Percival and Berry, 1987, p 40), and could also explainthe
existence of a layer with a lew Q end Q

P a
It is concluded that anelastic absorption in the lower crust
(possibly due to the presence of water-filled pores), together with
the low-pass filter effect of a velocity gradient, are probably the
dominant mechanisms giving rise to the attenuation of the P P phase.
Scattering due to heterogeneities with a relativly small spatial
dimension has also contributed to the attenuation of the S S phase.

m

7. Sub-Moho velocity

The absence of the P phase as a first arrival between 170 and 200



km may be explained by a velocity gradient below the Jttdo. This
produces head waves with an amplitude minimum at acme distance after
the critical point, followed by a maximum, and then decreasing again
(Cerveny et al., 1977, p 148). The precise position of the minimum
and maximum depends on the model. Strong P and S head waves are
observed beyond 200 km. This suggests the existenge of an

appreciable sub-Mobo velocity gradient.



5.4 Raytrace modelling

Two—dimenf ional raytracing was carried out using the ocrputer
progranne RAYAMP-PC. The objective of the modelling is to reproduce
the major features of the observed record sections. The geometric
symbols on the synthetic record sections represent observed travel-
t—Jmta used to constrain the modelling. The wavelets on the synthetic
record section are normalised to the maximum amplitude on each
trace. The same scaling method is applied to the observed record
sections. On each model the velocity (km/s) and velocity gradient

(km/e/km), except when it is less than 0.01 km/s/km, is indicated.

The scaling of the reduced travel-time axes of the record sections
has been designer to facilitate comparison of the P- and S-wave
record sections. If Poisson's ration is 0.25 for all the layers in

the model, the travel-time curves will be exactly superinposed.
5.4.1 Klerksdorp - East Rand - Witbank profile
1. Klerksdorp source region

A 2-0 model of the P-wave velocity structure between Klerksdorp and
Witbank is shown in Figure 5.7A. The seismic energy source is
located at a depLh of 2.5 km, within a layer assigned a seismic
velocity of 6 km/s. This layer represents the quartzites of Lhe
Central Rand Group. The overlying lavas of the Ventersdorp
Supergroup and dolanitic rocks of the Transvaal Sequence have been
assigned a uniform P-wave velocity of 6.3 km/s; and the underlying
dense shales of the West Rand Group a velocity of 6.4 km/s.
Horizontal layers have been used to represent these strata, although
it is kncwn that there is considerable faulting and folding within
the Potchefstrocm syncline. The wide (10 km) spacing of the
seismographs, as well as the considerable size of the source region
(about 25 km along the azimuth of the profile), make it impractical
to resolve the structure of the aupracrustal strata with the data

acquired in this experiment.

mm



Direct waves from the source are detected to an offset of ca. 50 km.
At greater offsets direct waves are not detected, as the incident
angle to the Central Rand/Ventersdorp contact exceeds the critical
angle (about 70°), and the energy becomes trapped within the low
velocity layer. Energy propagates within the Ventersdorp and
Transvaal strata by multiple reflection, giving rise to a weak,

emergent first arrivals at distances of 50-150 km.

The upper crystalline crust has a lower P-wave velocity than the
West Rand Group rocks, giving rise to a shadow zone. In order to
produce a wave group with a large amplitude and a short travel-time
curve between 150 and 180 km, a velocity gradient of ca. 0.045
km/s/km is required in the upper crystalline basement. The velocity
gradient zone commences at a depth of ca. 8 km, and is about 10 km

thick. The lower crust (18-33 km) has a uniform velocity of ca. 6.6

Moho is modelled at a depth of ca. 35 km. The crust-mantle
transition is modelled by a gradient zone 2 km thick in which the
velocity increases linearly from 6.8 km/s with a gradient of 0.5
km/s/km. This zone produces P P reflections, with the critical
distance at ca. 100 km. The low dominant frequency and long duration
observed for this wave group cannot be reproduced by the raytracing
programme. The P phase is observed to have jarge amplitudes at
offsets greater ghan 200 km. In order to produce this feature, a
zone 10 km thick and with a gradient of 0.01 km/s/km was introduced
belcw the Moho.

The S-wave model is shown in Figure 5.7B. Calculation of the S-wave
velocities from the P-wave model, assuming a Poisson's ratio of

0.25, does not completely satisfy the observed data.

The most prominent wave group on the observed record section (Figure
5.2C) 1is the S S phase. Keeping the reflector at a depth of 35 km,
an average crug%al velocity of 3.8 km/s is required tc match the
observed travel-time curve. In order to maintain consistency with
the better constrained P-wave model, the upoer crystalline crust was
assigned a velocity of 3.66 km/s at a depth of 6 km, increasing
gradually (0.015 km/s/km) with depth. There is no evidence for a S-



Direct waves from the source are detected to an offset of ca. 50 km.
At greater offsets direct waves are not detected, as the incident
angle to the Central Rand/Ventersdorp contact exceeds the critical
angle (about 70°), and the energy becomes trapped within the lew
velocity layer. Energy propagates within the Ventersdorp and
Transvaal strata by multiple reflection, giving rise to a weak,

emergent first arrivals at distances of 50-150 km.

The upper crystalline crust has a lower P-wave velocity than the
West Rand Group rocks, giving rise to a shadow zone. In order to
produce a wave group with a large amplitude and a short travel-time
curve between 150 and 180 km, a velocity gradient of ca. 0.045
km/s/km is required in the upper crystalline basement. The velocity
gradient zone commences at a depth of ca. 8 km, and is about 10 km
thick. The lower crust (18-33 km) has a uniform velocity of ca. 6.6
km/s.

Moho is modelled ft a depth of ca. 35 km. The crust-mantle
transition is modelled by a gradient zone 2 km thick in which the
velocity increases linearly from 6.8 km/s with a gradient of 0.5
km/s/km. This zone produces P P reflections, with the critical
distance at ca. 100 km. The low dominant frequency and long duration
observed for this wave group cannot be reproduced by the raytracing
programme. The P phase is observed to have large amplitudes at
offsets greater %han 200 km. In order to produce this feature, a
zone 10 km thick and with a gradient of 0.01 km/s/km was introduced
below the Moho.

The S-wave model is shown in Figure 5.7B. Calculation of the S-wave
velocities from the P-wave model, assuming a Poisson's ratio of

0.25, dues not ocnpletely satisfy the observed data.

The most prominent wave group on the observed record section (Figure
5.2C) 1is the S S phase. Keeping the reflector at a depth of 35 km,
an average crdgtal velocity of 3.8 km/s is required to match the
observed travel-time curve. In order to maintain consistency with
the better constrained P-wave model, the upper crystalline crust was
assigned a velocity of 3.66 km/s at a depth of 6 km, increasing
gradually (0.015 km/s/km) with depth. There is no evidence for a S-



wave caustic due to a steep velocity gradient. A wvelocity of 3.86
km/a was assigned to the lower crust (18-35 km). If the Maho is
fixed at a depth of 35 km, the S phase is best modelled using a
velocity of ca. 4.5 km/s. However, the observed S velocities are
somewhat higher (4.7 km/s). In order to match theaobserved S
travel-time curve it is necessary to increase the Maho depthnto 39
km. A discontinuity at a depth of 33 km, marking an increase in S-
weve velocity to 4.3 We , produces bab' the S S phase and the
arrivals mid-way between the S and S S phases™ Consequently the S-
wave crust-mantle transition a;pears to take place over ca. 4 km.
The rather weak anplitudes of the Sn phase are modelled by a low

st Jabo velocity gradient.
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Figure 5.7A. P-wave velocity model, raytrace diagram and
record section for the Klerksdorp - East Rand - witbai k profile.

Tremors firm the KJ.erkadorp goldfield.
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Figure 5.7B. S-wave velocity model, raytrace diagram and synthetic
record section for the Klerksdorp - East Rand - Witbank profile
Tremors from the Klerksdorp goldfield.



The observed record section was modelled using a virtually identica
model to that used for the Klerksdorp source - the only difference
is a slightly greater velocity gradient in the upper crust.
unfortunately, no good quality seismograms ware recorded beyond the
cr- distance, with the result that a reversed P velocity
oou”™i not be determineda

The P-wave velocity model is shown in Figure 5.8. The first arrivals
extending as far as 100 km to thm west of the source are modelled by
reverberations within the supracrustal strata. The arrivals at
offsets of 110-130 km with reduced travel-times of -0.1 to -0.3 s
are reproduced by rays refracted by a velocity gradient in the upper
crust. Strong second arrivals cm these traces are produced ky the

P P phase
m

Do the east of the source the clear second arrivals observed on
traces beyond 50 km are produced by a reflector at a depth of 14 km.
A velocity increase from 6.0 to 6 6 km/s at the discontinuity gives
rise to a critical distance of about 70 km. Sub-critical reflections

are also shown on the synthetic record section.

The main features of the S-wave record section can be reproduced
using a model with the same geometry as the P-wave model. However,
correlation and identification of the secondary phases is rather
uncertain (Figure 5.2C), so it was not attempted to model the

details of the record section.
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The P-wave velocity model for the Far West Rand source region
(Figure 5.927) is very similar to that for the East Rand source
8 region. To the southwest of the source the very fast (6.8 km/s)
first arrivals are modelled by energy travelling within the high
velocity dolcmitic rocks of the Transvaal Sequence. The first
/ J arrival phase to the northeast has a considerably lewer velocity

(6.2 km/s) . The seoco.sd arrival which appears beyond 100 km can be

produced by a mid-crustal velocity discontinuity at a depth of 18
km. A velocity increase from 6.2 to 6.6 km/s produces aP”"Pphase
with a critical distance of 110 km, which is similar tothe onsetof

the observed wavegroup (Figure 5.4B).

The S-wave record section to the northeast of the source differs

from the P-wave record section in several important respects (Figure
5.9B). Firstly, the first arrival phase beyond 60 kmhas a high
velocity (3.8 km/s) and is detected right to the end ofthe profile.

D£9¢AN H

It must be noted that the seismograms within 50 km of the source

actually form a fan to the southeast of the source, and the geology

[oXe)

and structure encountered is probably quite different from that
traversed by the rays recorded at distances greater tiian 60 km. This
is because the profile passes about 20 km to the south of the Far
West Rand goldfield. It was attempted to produce the high velocity
S-wave travel-time curve by refracted arrivals in the crystalline
basement, but it was not possible to derive a plausible model with
realistic velocities. The raytrace diagram shows that the phase is
produced by energy reverberating within the supracrustal strata.
Secondly, the S S travel-time curve does not parallel the P"P curve,
but dips far more steeply. In order to fit this segment, it is
I L I necessary to place the reflector at a substantially greater depth of
19 'F 2 0 2- £- vwo- 0: 02 OE ot' os ca. 25 km. The average S-wave velocity above the reflector is 3.8
S 3WI1 Dbfi }11C13C2 km/s. The S S travel-time curve is observed to have a short length
(fran*120 to 150 km) and also to be characterised by high amplitude
arrivals. Consequently this wavegroup was modelled as originating
from a velocity gradient zone. In order to maintain consistency with
the P-wave model, a gradient of 3.05 km/s/km is introduced at a
depth of 18 km, and continues to a depth of 25 km. The lower crust

Figure 5.8. P-wave velocity model, raytrace diagram and synthetic
section for the Klerksdorp - East Rand — Witbank profile.
Tremors from the East Rand goldfield.



The P-wave velocity model for the Far West Rand source region
(Figure 5.9k) is very similar to that for the East Rand source
region, 1b the southwest of the source the very fasU (6.8 km/s)
first arrivals are modelled by energy travelling within the high
velocity dolomitic rodui of the Transvaal Sequence. The first
arrival phase to the northeast has a considerably lower velocity
(6.2 km/s). The seco.id arrival which appears beyond 100 km can be
produced by a mid-crustal velocity discontinuity at a depth of 18
km. A velocity increase from 6.2 to 6.6 km/s produces a P"P phase
with a critical distance of 110 km, which is similar to the onset of

the observed wavegroup (Figure 5.4B).

The S-wave record section to the northeast of the source differs
from the P-wave record section in several important respects (Figure
5.9B). Firstly, the first arrival phase beyond 60 km has a high
velocity (3.8 km/s) and is detected right to the end of the profile.
It must be noted that the seismograms within 50 km of the source
actually form a fan to the southeast of the source, and the geology
and structure encountered is probably quite different from that
traversed by the rays recorded at distances greater than 60 km. This
is because the profile passes about 20 km to the south of the Far
West Rand goldfield. It was attempted to produce the high velocity
S-wave travel-time curve by refracted arrivals in the crystalline
basement, but it was not possible to derive a plausible model with
realistic velocities. The raytrace diagram shows that the phase is
produced by energy reverberating within the supracrustal strata.
Secondly, the S S travel-time curve does not parallel the P"P curve,
but dips far more steeply. In order to fit this segment, it is
necessary to place the reflector at a substantially greater depth of
ca. 25 km. The average S-wave velocity above the reflector is 3.8
kn/s. The S S travel-time curve is observed to have a short length
(fran*120 to 150 km) and also to be characterised by high amplitude
arrivals. Consequently this wavegroup was modelled as originating
from a velocity gradient zone. In order to maintain consistency with
the P-wave model, a gradient of 3.05 km/s/km is introduced at a
depth of 18 km, and continues to a depth of 25 km. The lower crust
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Figure 5.9A. P-wave velocity model, raytrace diagram and synthetic
record section for the Klerksdorp - East Rand - Witbank profile.

Tremors fran the Far West Rand goldfield.
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Figure 5.9B. S-wave velocity model, raytrace diagram and synthetic
record section for the Klerksdorp - Bast Rand - Witkank profile
Tremors from the Far West Rand goldfield.



A single model we used to reproduce the main features of both the
East Sand and 0 F S source region record sections. The geometry of
the supracrustal strata and the Vredefort Dome is based on published
geological models. The model is similar to that used for the
Klerkadorp - East Rand - Witbank profile, with the exception of the

vredefort Dome in the centre.

1. East Rand source

The source is located at a depth of 2 km within a layer assigned a
velocity of 6 km/s, representing the Central Rand Group. The
overlying strata are assigned a velocity of 6.4 km/s (Figure 5.108).

The 6.4 km/s direct arrival is produced by energy travelling within
the strata overlying the Central Rand Group. The P P second arrivals
observed beyond 90 tan are produced by reflections from a velocity
discontinuity at a depth of 18 km. An increase in velocity of 6.1 to
6.5 km/s produces supercritical reflections beyond 100 km. A 4 km
thick velocity gradient zone (0.07 km/s/km, beginning at 18 km and a
velocity of 6.3 km/s) ws also considered (Figure 5.10B). This zone
was able to refract rays back to the surface at an offset of 150 km,
thereby reproducing the high amplitude arrivals received at this
point. However, the 6.3 km/s interface did not produce supercritical
reflections. Identification of the onset of P P wvegroups proved
difficult (Figure 5.5B), and hence not possible to model precisely.
The P phase with a velocity of 8.2 km/s is produced by Moho at a
depth of 36 km.

The S-wave travel-time curves shown on Figure 5.5C prove difficult
to model. Superposition of the P- and S-wave record sections, which
are scaled assuming a Poisson's ratio of 0.25, show that the S
phase is significantly earlier than the P phase (by about 1.2 s on
the S-wave record section). In addition, the S phase is earlier
than the reciprocal time on the reversed (0 F S source) record
section by a 0.7 s. Re-examination of Figure 5.5C shows that the

correlation of S phases is not very clear, but no other more
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Figure 5.10A. P-wave velocity model, raytrace diagram and synthetic
record section for the 0. F. S. - East Rand profile. Tremors from

the East Rand goldfield.
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Figure 5.10B. F-weve velocity model, raytrace diagram and synthetic
record section for the 0. F. S. - East Rand profile. Tremors from
the East Rand goldfield. The velocity model is identical to
Figure 5.10QA, except that the mid-crustal velocity discontinuity

is replaced by a velocity gradient.



Hie main features of the P-wave record section for the 0 F S source
are reproduced by the model discussed above. The P-wave model and

synthetic record section is shewn in Figure 5.11.

Superposition of the S- and P-wave record sections (Figures 5.6B and
5.6C) shows then to be very similar/ with only one feature shewing a
significant difference - the S S curve is considerably earlier than
the %nP curve. However, the i?entifi?%gigp and correlation of
arrivals for the Moho reflect4— if scmswhat uncertain in both
cases. The S S curve matches *$ arrivals at -1.6 s on trace #7 and
-2 s on trace #6 on the P-weve record section (conpare Figures 5.6B
and 5.6C). The S S curve is essentially based on the arrivals on
traces #5 and #6. Other identifications for these wevegroups are
also possible - for exanple, a refraction or reflection from a layer
in the lower crust, as suggested for the Klerksdorp source and the

Far Meat Rand source.

The P and S curves, calculated assuming a Poisson's ratio of 0.25.
matdvvery cfr This suggests that the P- and S-wave Mohos are

coincident.
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Figure 5.11. P-wave velocity model, raytrace diagram and aynt jetic

record section for the 0. F. S. - East Rand profile. Tremors from



Ibe reflectivity method was used to calculated synthetic seismograms
for several models of the crust and upper mantle. The method
requires lengthy am putation. A single model takes about 30 hours
CPU time on a Vax 780 omputer, and consequently permission to
ccnpute models was restricted to weekends. Furthermore, the omputer
on which the programme is installed is located at Anglo-American
Corporation offices. The calculated data is transferred by means of
a telephone modem, and the lengthy data files are i .-guently
corrupted by noise on the line. Because of these constraints, it was
not possible to carry out extensive modelling using the reflectivity

method.

An example of a synthetic record section is shewn in Figure 5.12.
The seismic source was modelled using a dislocation point source
with a rise time of 0.05 s. Each trace is 60 s in length, consists
of 2048 points, and has a Nyquist frequency of 8.5 Hz (the omputer
programme does not use the entire Fourier spectrum in its
calculations) . Both vertical and radial components were calculated
for 13 stations at 25 km intervals. The programme input consists of
P-wave velocities and values of Q for each layer. Velocity gradients
are simulated by defining a series of thin layers. It is possible to
specify S-wave velocities for each layer as well. However, for this
model the S-wave velocities were calculated assuming a Poisson's
ratio of 0.25. The density of each layer was ccnputed using the
empirical density-velocity function of Birch (1964, p 4380, see
section 5.1). The output wavelet simulates a short period WWSSN
record. The amplitudes are scaled acooring to the maximum amplitude

on the first trace. Amplitudes are clipped at a user selected level.

Synthetic seisrograms were calculated fc  several models to
investigate the effects of the mid-crustal velocity gradient, the
value of Q in the lower crust, and the effect of a sub-Moho velocity
gradient. It was found that the amplitude of the head wave increases

as the sub-Moho velocity gradient is increased.

Figure 5.12A shews the velocity Tndel and full record section. The
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Figure 5.12A. Synthetic record section for a 1-D model of the

Kaapvaal Craton ccrputed using the reflectivity method
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3.6 km/s travel-time curve is superimposed for reference. The P-wave
arrivals are shown in more detail in Figure 5.12B. A reduction
velocity of 6 tan/s is used. The seismic source was placed in the lew
velocity layer in the upper crust, simulating the Central Retd Group
strata. In this model the crust-mantle transition zone was assigned

a relatively low value of Q.

The strong direct wave occurs as the first arrival as far as 100 km
Beyond this a email amplitude wavegroup with a higher apparent
velocity emerges as the first arrival. A wavegroup, identified as
the S P phase, appears at a reduced travel time of +10 s at an
offset of 175 km, and persists for over 100 km. It has a far smaller
amplitude than the P P phase. Both the P P and S S phases give rise
to large anplitude events close to the cr1t1ca1 distance. The
anplitude and dominant frequency of the P P and S S phases
decreases with offset due to the attenuatn':tng lowerlt:l' crust. However
the bandwidth of the output traces is too narrow to show the
frequency effect to best advantage. The sub-Maho velocity gradient
ensures a strong Pn and Sn phase.

While it has not been attempted to model the details of the
record sections, the main features have been successfully
reproduced.
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6. TRANS-WIIWMERSRAND BASIN DEEP SEISMIC RETLBCTIGN P8CFILE

6.1 Cbjectives

Deep seismic profiling aims at obtaining reflections at near—-normal
incidence from crystalline rocks in the crust and upper mantle,
using the techniques d&/eloped by the oil industry for mapping
structures in sedimentary rocks. The possibility of ¢ taining deep
reflections was demonstrated in the 1950's and 1960's the USA
(JUnger 1951; Widess and Taylor, 1959), Germany (Dohr and Fuchs,
1967) and Canada (Kanesevich, 1965). Deep seisms profiling provides
information that is both geophysical and geological in character:
not only are mnd*!* of seismic velocity and attenuation derived; bit
it is also pmnih’w to determine the extent and configuration of
reflecting horizons and, sometimes, to trace them to the surface or

to a borehole and so identify them.

During the past decade deep reflection profiling has produced new
insights into rontimmntal structure and evolution due to the
establishment of national programmes in north America (COfCRP,
CALCRUST and LrmOERGBE) , Europe (BIRPS, BOORS and DEFDRP) and
Australia (AOCRP). The first deep profile in southern Africa was
acquired in 1985 on the Agulhas Bank by Soekor (EHrrheim, 1987), and
in 1987 a profile across the Limpopo Province was acquired under the

auspices of the National Geophysics Programme.

A 112 km, 16 s two-way-time (TWT), seismic reflection profile,
stretching from the Ventersdorp Dome, across the Potchefstrocm
syncline and terminating in the centre of the Vredefort Dome, was
acquired during August 1988 for the National Geophysics Programme
and the Geological Survey of South Africa. The team which proposed
the profile consisted of staff members of the Departments of Geology
and Geophysics and the Bernard Price Institute for Geophysical
Research (all of the university of the Witwatersrand) under the
leadership of Prof L 0 Nicolaysen. The author was a member of a four
person group responsible for supervising the acquisition and data

processing by Rockplan (Pty) Ltd.



The objectives of the trans-Witwatersrand Basin deep seismic
reflection profile are the following:

a) The profile will illustrate the regional framework in
which the basin is set. The crystalline crust and mantle underneath
the basin will be compared with the corresponding features outside
the hmain in order to establish whether a sub-basin geological
feature exists which has led to the lengthy period of episodic
sedimentation and their preservation in this particular locale.

b) The style of mechanical adjustment which must have taken place
on a regiochal scale during basin subsidence is to be investigated.
Hie profile will reveal whether basining was controlled by a deep-
seated array of faults, or whether a quasi-plastic necking in the
deep crust took place. The fundamental question to be answered is
whether the faulting affecting the supracrustal strata penetrates
through the crust, or if a decoupling horizon has devej, ed
(Wernicke, 1986).

c) The profile will provide information concerning the
structure and tectonic evolution of the supracrustal strata
(Dominion, Witwatersrand, Ventersdorp and Transvaal) preserved in
the Botchefstrocm syncline. The dramatic deformation accompanying
the Vtedefort event is of particular interest, especially the

geometry of the overfolded Vtedefort collar rocks.

While the reflection profiling method is able to provide high-
resolution images of the geometry of deep crustal reflectors which
are critical to inferences concerning the evolution of the
continental crust, the method is unable to define what physical
properties produce these reflections or to yield accurate depths to
interfaces within the crust. Wide-angle refraction profiling is able
to provide this complementary information. Coincident seismic
refle%tion/refraction experiments have the unique ability to image
lithospheric structure and to provide information necessary to infer
the composition and physical state of the continental crust (Mooney
and Brocher, 1987). The trans-Witwatersrand Basin reflection profile
intersects both the Klerksdorp - Witbank and 0 F S - East Rand
refraction profiles, enabling joint interpretation to be carried
out. The synthesis of the reflection and refraction data sets is

described in chapter 7.1.
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6.2 Acquisition parameters

Field
district
Genoor Table

Witwetersraad

from 2 - 24 s TWI. Between 2 - 6 s there are prominent reflectors,
probably due to supracrustal strata. Fran 6-10 s there are many
short reflecting segments. At 11.8-12.3 s there is another band of
reflecting segments, which was interpreted to be the reflection
Mobo. From 12.3 s to 24 s there are scarcely any reflectors,

the exception of a few scattered segments near 19 s.

Table 6.1. Acquisition parameters for the deep seismic reflection

field trials conducted in the Kroonstad district.

SOURCE

Type 5 in-line Failing Y2700
Sweep length 30 s

Sweep range 8 - 60 Hz

Repeat sweeps 8

Spacing 100 m

SPREAD

Geophone groups

Spacing

Geometry end on

Spread length

CEP coverage 0-30-0 fold
RECORDING

Sampling

Listening time

Record length

V.

It was found that the very low frequency end of the vibrator sweep
caused considerable damage to the waterlogged gravel roads on which
the vibrators operated. Band-pass filtered sections showed that the

data was not degraded in any way by eliminating the frequencies



field

could

Y2700



Figure 6.1. Location of the deep reflection seismic profile. The
reflection profile is shown by a chained line, and the refraction
profiles by solid lines. Geology: X - Basement Complex, W - Domini
and West Sand Groups, C - Central Rand Group, V - Ventersdorp
Supergroup, M - Black Reef Formation and Malmani Subgroup, P -

Pretoria Group, K - Karoo Sequence, R - Roodekraal Complex.



Data acquisition proceeded without incident. It took 18 field days
to complete the 112 km profile (Figure 6.1). Acquisition commenced
at the northwestern end of the line, near the town of Ventersdorp.
Seme degradation of data quality was experienced when passing over
i4P» outcropping dolcmitic rocks of the Transvaal Sequence, which are
known to have an extremely irregular bedrock surface, and are
sometimes cavernous. This results in strong scattering of the energy
in the near surface, which may completely swamp the deeper
reflections (March, 1988). undershooting was used to pass through
the town of Potchefstream and Vredefort, resulting in a reduction of
CEP coverage. When passing through the mountainous collar of the
VTedefort structure, crooked roads also resulted in a reduction of

coverage.

It had been originally planned to sum the repeat sweeps in the field
and correlate in the processing centre. However, a hardware
mmifunrt-inn made field summation impossible, and both steps had to
to be carried out at the processing centre. Consequently, the entire

set of over 200 field tapes is available for reprocessing

A brute stack of the first 30 km of the profile was examined while
the survey was in progress. The data appeared to be of good quality,
and many strong, continuous reflectors were apparent. However, it
was decided not to gam' and reduce the fold of the stack in an
attempt to increase the line length, but to adhere to the original
acquisition parameters. This decision was subsequently vindicated
as the final section shows that the northwestern segment (which was
acquired first) contains the greatest number of deep crustal
reflectors. A relaxation in the acquisition parameters would have
made it far more difficult to assess the degree to which changes in
the basement geology are responsible for the change in the seismic

character observed on the record section.

6.3 Data processing parameters

Reflection seismic data have been routinely gathered in the
Witwatersrand basin by mining companies for gold and uranium
exploration since 1982. The geological environment is very different

to that encountered in hydrocarbon prospects, and several factors



have been identified which require a modification of the processing
sequence (March, 1988).

a) The indurated Proterozoic strata have very high seismic
velocities (generally greater than 6 km/s) and densities, and very
low reflection coefficients (of the order of 5%) are encountered.
However, attenuation is also very lew, and so reflections are
reliably obtained.

b) Due to the very high formation velocities, the step-out on the
CDP gather is very 1 when ocenpared to that encountered in oil-
field prospecting, restricting the sensitivity of conventional
velocity analysis. The determination of the interval velocity is
consequently very error prone, and probably only reliable in the
first 1 second. For the trans-Witwetersrand Basin profile we were
iimited by the available cable length to a spread of 6 km. A split
straddle configuration was selected as we anticipated that steep and
variable dips would be encountered as the i ifile traversed the
Fotchefstrocm synclinorium.

c) Very little multiple activity appears to be present in the data
in spite of clear primary reflections. This is probably due to the
low reflection coefficients, and the fact that there is generally no
significant change in reflection coefficient or general increase in
seismic velocity with depth. This is in contrast to the usual oil-
field geology where the shallow reflection coefficients are
generally much greater than those of deep horizons and velocity
increases with depth, with the result that multiple energy arriving
simultaneously with the deeper reflections has travelled a smaller
distance and although reflected twice, has encountered far larger
reflection coefficients than the deep primary reflection.

d) Th3 migration of data with high seiaric velocity and no regular
increase in velocity with depth is one of the most difficult parts
Bbf the processing. In practice it is usual to regard the velocity of
the whole section as virtually hemogeneous. The structure of the
Witwatersrand Basin is known to be cenplex, and out-of-plane energy
may be recorded on the section. Although gross structural
information can be obtained frcm a migrated section, it is necessary
to treat the data with caution until the interpretation can be
confirmed by loop closure or a full three-dimensional survey.

e) Reflected refractions arise when the head wave generated at an

interface by energy arriving at the critical angle encounters a



discontinuity such as a dyke or fault. The head wave is reflected
back along the interface and continues to radiate energy back to the
surface. This gives rise to an arrival on the CUP gather which is
difficult to distinguish from a primary reflection. Near-vertical
structures such as faults and dykes are known to be ocranon in the
Hﬂrﬁlﬁjareas, and reflected refraction arrivals are thus likely to
be present in xhe data. At present no automated process exists to

remove these arrivals from a record section.

The data processing sequence was planned taking the above
considerations into account, and is described in Table 6.3. The
unmigrated stacked section was released on Open File at the S A
Geological Survey in January 1989. Finite-difference migration was
carried out at the University of the Witwatersrand. Only the upper 8
d of the section was migrated, as the difficulty of using wave
equation methods to migrate deep continental data is well known
(Warner, 1987). It was found that a migration velocity of 6000 m/s
was the most satisfactory, and caused many curved events to collapse

to point reflectors.
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Table 6.3. Data processing sequence applied to the trans-—

Wifcwatersrand Basin deep seismic reflection profile.

1.

2. Edit

3. Statics - field statical applied to floating datum

4. F-K filter - full on at 3000 m/z

5. Scale - whole trace equalisation followed by spherical
correction

6. Sort

7. Deconvolution — mininun phase predictive deconvolution

8. Scale - automatic gain control using 100 ms windows

9. NMD - revised velocities derived

10. Statics - data corrected from floating datum to regional datum
of 1300 m

11. Autostatics - surface consistent residual statics

12. ttO - revised velocities applied

13. Mute

14. Statics - data corrected to regional datum

15. Autostatics

06 . Autostatics

17. Stack

18. Scale - whole trace equalisation

19. Filter - time variant bandpass filter
6-12-62-74 Hz 0 - 8000 ms
6-12-46-58 Hz 5000 - 16000 ms

20. Coherency

6.4 Interpretation of the record section

The detailed interpretation of the structure anc

of the supracrustal formations is beyond the scope

and consequently the upper part of the section is
described. My prime interest is in the reflection

of the crystalline basement. The geologically mapped
between formations were projected down dip to identify

reflections marking these interfaces, and to determine



fabric" of each unit. Where possible, the interpretation has been
constrained by borehole information. An interpretation of the record

pection is shewn in Figure 6.2.

6.4.1 Supracrustal Strata

The straie napped at the surface can be projected down dip with
little disturbance to at least 2 s TWT (see Figures 6.3A, 6.3B and
6.3C). Hie Dominion and West Rand Group strata are characterised by
numerous strong, continuous reflections, while the Centred Rand
Group is eeismically transparent. The contact tween the Central
Rand Group and Ventersdorp Supergroup is marked by a distinct
reflection. The discordance in dip between the strata of the
Witwatensrand triad (Dominion, Witwetersrand and Ventersdorp rocks)
and the Transvaal Sequence is clear, the unconformity being marked
by another reflection. The Transvaal strata also produce continuous

reflectors.

The northwestern segment of the profile shows Dominion and West Rand
Group strata preserved in several half-grabens formed within the
granitic: basement. The strata dip to the southeast at ca. 30*. The
faults forming the southeastern margins are interpreted to be
reverse faults reactivated during the Ventersdorp rift episode. The
fault traces appear to flatten with depth, and do not penetrate
deeply into the basement. Transvaal strata are preserved in a minor
synciine northwest of Potchefstroan. The onset of the major
Witwatersrand Basin synclinorium is clearly evident below these
Transvaal strata. Moving inward from the environs of the northwest
dipping l.ow-angle fault at Potchefstroan, structural complexity
increases. The Roodekraal intrusion is marked by a seismically

transparent zone which does not seem to have a large depth extent.

Although a far more complete geologic succession crops out along the
collar of the Vredefort dome, this succession is only sparsely
represented by reflectors. In one possible interpretation,
overturned Dominion end basal Wesi. Rand Group strata are imaged by a
set of reflectors which dip to the southeast within the upper 1 s

TWT, and then to the northwest between 1-2 s TWT (Figure 6.4)
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Figure 6.2. Interpretation of the trans-Witwatersrand Basin deep seismic reflection profile.
Geology: X - Basement Gcnplex, W - Dominion and West Rand Groups, C - Central Rana Group,
V - Ventersdorp Supergroup, M - Black Reef Formation and Malmani Subgroup,
P - Pretoria Group, R - Roodekraal Complex.



Figure 6.3A. Unmigrated panel (COP 900-1540) from the trann-
Witwatersrand Basin deep seismic reflection profile. An
interpretation of the upper 2 s IWT is shown above. X -
reflectors in the Basement Ocnplex, W - base of Dominion and West,
Rand Groups, V - base of Ventersdorp Supergroup, M - base of
Black Reef Formation and Malmani Subgroup, P - base of Pretoria
Group. The box on the section shews the position of tiie panel

shown in greater detail in Figure 6.3B.



Eig "’

Figure 6.3B. Migrated panel (CDP 1180-1300) from the trans-
Witwatersrand Basin deep seismic reflection profile. X -
reflectors in the Basement Complex, W - bese of Dominion and West
Rand Groups, V - base of Ventersdorp Supergroup, M - base of
Black Reef Formation and Malmani Subgroup, P - base of Pretoria

Group.
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Figure 6.3C. Unmigrated panel (CDP 2540-2700) from the trans-Witwatersrand

Basin deep seismic reflection profile and interpretation.

Hi
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6.4.2 Baponent Ccnplex

Description

The lower part of the trans-Witwatersrand Basin record section can
be divided into three zones on the basis of the seismic fabric

(Figure 6.1).

extending

Virtually

above 1.5 s TWT taxi to collapse to a focus after migration (Figure
6.5B) . Bands of strong reflection which are continuous for more than
20 km occur from 2.4-2.8 a TWT and 3.4-4.4 s TWI. These reflective
bands appear to parallel the base of the supracrustal strata within
the Wituxatersrand Basin (Figure 6.3A). Between 6 and 12 s there are
numerbus sub-horizontal reflections, whose horizontal length
generally does not exceed a Fresnel zone (for a frequency of 20 Hz
and a velocity of 6 km/s, the first Fresnel zone radius at a depth
of 20 km is 3 km). Consequently, these reflections do not arise from
a planar interface, but probably from undulating interfaces or an
ensemble of lenses. The gradual decrease in reflectivity at 12 s is
thought to mark the crust-mantle transition. The absence of a
"reflection Moho" suggests a smooth transition from crustal to

mantle velocities (Braile and Chiang, 1986).

(2) The second zone extends from Potchefstrocri to the collar of the

Vredefort structure. It is characterised by the complete absence of
reflected energy between 6 s TWT and the base of the section at 16 s
TWT. The boundary between this zone and the zone of numerous

subhorizontal reflectors is vertical and abrupt. The possibility



1531 S««

i

Figure 6.fA. Migrated panel (CEP 160-290) fran the trans-Witwatersrand
Basin deep seismic reflection profile. This panel shows the reflective

character of the Ventersdorp Dome.






that the absence of deep reflected rtnergy is due to either near-
surface scattering or entrapment of energy within the supracrustal
strata was carefully considered. The absence of outcropping
dolcmitic rocks and the sharp definition and continuity of the
reflectors in the upper 2 s of the section discount the possibility
that significant energy has been lost by scattering or coherence
destroyed by poor surface statics. Although a large nunber of
reflectors occur in the upper 3 s of the section, none are
abnormally strong. When the generally low values obtained for the
reflection coefficients in the Witwatersrand Basin are considered,
the total entrapment of energy withi.i the supracrustal strata is
considered very unlikely. Consequently I am convinced that the lower
crust is genuinely seismically transparent, due either to the
absence of layers with a contrast in acoustic impedance, or an
extremely ocnplex structure. No vestige of a reflection Moho is

detected.

(3) The third zone lies within the Vredefort structure. It is
characterised by occasional inclined (curving) reflectors. The
reflecting segments are not more than 2 Km in length. There is no
distinct depth at which the reflection character changes, and so no

crust-mant) .e transition is identified.

Origin of reflections within the continental crust

Numerous conditions capable of producing seismic reflections can
exist within the continental crust. It must also be remembered that
significant geological boundaries may not have an acoustic contrast
and consequently may fail to produce a reflection. Another problem
with the reflection seismic technique is that it is most efficient
in detecting horizontal or near-horizontal layering. Exposures of
the Basement Complex of the Kaapvaal Craton reveal considerable
petrological and structural complexity, and underline the need for
cauticn when interpreting the deep seismic reflection profile. In
interpreting data from an Archaean Craton it must also be remembered
that the features causing reflections represent the current state of
the lower crust. The effects of the most recent tectonic event will

usually be dominant, although former structures ray be reworked



A Btypical" deep seismic reflection record section has been derived
from numerous profiles of the continental crust acquired over a wide
range of tectonic and age provinces in Europe and north america. It
consists of an upper crust largely devoid of reflection, except
those from either sedimentary basins or occasional medium to Icw-
angle structures generally thought to be faults; and a highly
reflective lower crust with the Moho at the base of the reflectivity
(MoGeary, 1987, p 235; Klemperer et al., 3.987, p 219). Examination
of outcropping of drilled samples has suggested different
explanations for reflectivity in the upper crystalline crust
(Klemperer et al., 1987, p 218). Effects implicated to seme degree
indudei I pM o)
a) primary lithological variation within fault zones;
b) lithological variation due to metascmatic activity along a
fault zone;
c) anisotropic fabrics;
d) and trapped fluids.
The physics of the origin of reflections from the lower crust is
still not understood (Matthews et al., 1987, p 211). Hypotheses on
the origin of the reflective lower crust may be crudbly divided into
three classes:
a) primary lithological layering, typically igneous layering or
mafic sills;
b) reflective ductile strain banding formed from the original
lithological contrasts;
c) contrasts in the physical properties of the rock, including the
fluid content (Klemperer, 1987, p 219).
Reflective lower crust is not universally found. 0Old, cold and rigid
shields do not show pronounced layering in the lower crust except
for acme exceptions where intrusion or recent tectonic activity are

suspected (Meissner et al., 1987, p 322).

Several particular deep crustal reflector patterns have been noted
to recur in reflection profiles, and many suggestions have been
offered to explain their origin (Hatcher, 1986; Matthews and
Cheadle, 1986; Blundell and Raynaud, 1986).

a) Layered.fiij]TKjHTﬂZil reflectors may be due to layered rocks,



granulite banding, cumulate layering, unoooformities, thrusts and
thrust stacks, nylonite or cataclastic zones, intrusive sills, zones
of ductile flew, lens's of horizontally foliated rocks containing
fluids in intergrain cracks and in fractures, lenses of partial
melt, constructive interference due to laminations with alternating
higher and lower seismic velocities (maximum amplitudes arise from
layers a quarter wavelength thick).

b) Inclined reflectors may be due to angular unconformities,
dipping layered rocks, imbricate thrusts, root zone and suture
structures, duplex and footwall ranps.

c) Curving reflectors due to plutons, open folds and refolded
folds.

d) Transparent zones due to acoustically homogeneous rocks,
extremely complex structures, or acoustically layered rocks where

the layering is thin relative to the seismic wavelength.

i .

Hie observation of strong, continuous reflectors in the upper
crystalline crust of the Ventersdorp Dome is extremely unusual,
especially when the lengthy tectonic history of the area is
considered, as well as its juxtaposition to a block of transparent
basement. Although well logs from the crystalline portion of the
upper crust display velocity perturbations of the proper wavelength
and magnitude to produce large amplitude reflections, it is commonly
transparent (Mooney and Brocher, 1987, p 731). Mooney and Brocher
(1987) attempt to explain this paradox by suggesting that the
velocity perturbations in the upper crust are probably neither well
laminated nor of long scale length because this portion of the crust
behaves nonductilely; extension and compression are achieved
brittlely by cataclasis and folding, producing chart features with
steep dips not well imaged using conventional seismic profiling

methods.

Strongly laminated reflect; >n fabrics in £ »upper crystalline
basement have been recorded in two localities in north America: from
2-4 s over Precanbrian granites and gneisses near the Picacho
Mountain core complex in south-central Arizona (the reflections were

originally interpreted as overthrust sediments, and were drilled to



a depth of 5492 m); and from 4-10 e in the Snake Range metanorphic
core frwpIMf in eastern Nevada. Both areas lie in the Basin and
Range Province, and experienced large amount*? vf extension in the
Tertiary. The laminated reflection fabric is attributed to ductile
stretching and contemporaneous magnetic intrusion during this
episode (McCarthy, 1986, p 290). In this context, it is interesting
to note that both Tankard et al. (1982) and Burke et al. (1985) have
alluded to comparisons of the Ventersdorp Supergroup with the modem

Basin and Range Province.

The Ventersdorp Dome represents a ﬁajor zone of basement uplift, but
is very poorly exposed. Sporadic fresh outcrops in the centre of the
done reveal an homogeneous, massive, medium- to coarse-grained
granodiorlte. Very coarse grained pegmatites occur throughout the
granite (Robb and Meyer, 1985, p. 6). A normal simple shear model
has used by Clendenin et al. (1988) to explain the structural
evolution of the Ventersdorp Supergroup. In terms of this model, the
Ventersdorp Done is interpeted to lie within the zone of maximum

crustal extension (Clendenin et al., 1988, p. 9).

The character of the curved events in the upper crust on the western
section of the trans-Witwatersrand Basin profile is very similar to
events on the Hardeman County COCORP profile identified as
diffractions after considering the geometry of the events on the
main profile and cross-lines (Schilt et al., 1981). Curved events on
the trans-Witwatersrand Basin profile which do not collapse to a
focus after migration could well represent reflections from features
out of the plane of the profile. In the absence of cross-lines, it

is impossible to resolve this question.

The strongly reflective bands at 2.4-2.8 s and 3.4-4.4 s are a
prominent feature of the northwestern part of the profile. Modelling
shows that similar seismic fabrics are produced by an undulating
reflective surface (Blundell and Raynaud, 1986, p 292) and by zones
consisting of many reflective lenses packed together (Reston, 1987).
There are a wide range of geologic structures which could produce
these reflector geometries. These include: igneous intrusions or
diapiric upwelling; strongly folded or corrugated surfaces of

significant impedance contrast with the radius of curvature < 10 km;
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and extensive faulting juxtaposing rocks of differing impedance.

The Ventersdorp Dome lies some 100 km west-southwest of the
Johannesburg Dors. Both domes form part of the crescent-shaped
basement arch farming the boundary of the main Witwatersrand Basin
known as the Rand anticline. The Johannesburg Dome, which has been
mapped in detail, is composed of two main varieties of gneiss: (1)
mesocratic bictite tonalitic gneisses and (2) leucocratic biocite
tonalite and trodhjemite gneisses. In places the gneisses show
layering which defines tight fold closures with axial plane
foliation. Layered gneisses or mignatites underlie nearly the entire
northern half of the Johannesburg Dome, and the gneisses displaying
polyphase folding (Tankard et al, 1982, p.34). Anhaeusser (1973)
attributes the formation of the layered gneisses to a complex
interplay of processes involving stoping and assimilation of
supracrustal greenstones by granitic fluids followed by potash
metasomatism. The deformation in the gneisses is attributed to
partial mobilization which resulted in "flcwage folding". Greenstone
remnants are preserved within the gneiss. This structurally and
petrologically complex crust might be expected to give rise to a
transparent seismic signature, and may well represent the rocks

forming the basement to the Botchefstrocm syncline.

The core of the Vtedefort structure has been interpreted as
representing a section of the crust turned "on edge Within the
Vtedefort middle crust, pods of mafic granulites are found within
the leucogranulite (Hart et al., 1981). The reflection seismic
signature is in accord with that likely to be produced by steeply

dipping rocks containing occasional pods of reflective material.



7.1 Synthesis of the seismic refraction, reflection and surface wave

models

The deep seismic soundings carried out for this study have confirmed
the results of the experiments conducted in the 1950's (Willmore et
al., 1952; Gane et al., 1956; Kales and Sacks, 1956) as far as the
first order features of the seismic structure are concerned (i.e.
crust and upper mantle velocities, crusted thickness). The
HiffimiHuB in determining the precise source location and origin
time, and the range of source locations and source mechanisms used
to compile each record section, have not aliased any significant
improvement in the determination of these parameters. However, as
more source regions have been considered, end.the profiles reversed,
the results have been extended over a larger area of the Craton. The
particular merit of this study lies in che digital recording of the
seismograms which has allowed record sections to be ocrpiled, and
the character of the various wevegroupe to be studied; and the use
of far more sophisticated interpretation methods. This has enabled
the second order features (e.g. upper-loer crust transition, crust-
mantle transition, attenuation) to be investigated. The result is a
more detailed and better constrained model of the seismic structure

of the Craton.

The crustal shear velocity model for the Kariba-Pretoria path
derived by Bloch et al. (1969) from the inversion of surface waves
includes two low velocity layers (fron 12-16 km and 24-28 km). The
S-wave record sections obtained in this study do shew considerable
ocnplexity, but it lias not proved possible to deduce the intra-

crustal structure with confidence

Coincident seismic reflection and refraction experiments have a
unique ability to image lithospheric structure and to provide the
information necessary to infer the ccrpcsition and physical state of
the continental crust (Mooney and Brocher, 1907). The refraction
method provides a broadband signal, good seismic velocity and

physical property information, and is sensitive to velocity



gradients; while the reflection method provides hi# resolution and
enables a complete 2-D structural interpretation to be made (Braile

and Chiang, 1986, p 259).

The trans-Witwatersrand Basin deep reflection profile intersects
both the refraction profiles described in this study. In the case of
the Klerksdorp - Bast Rand - Witbank profile, the intersection is
about 5 km southeast of Potchefstroon. This point is 40-50 km from
the Klerksdorp golctfiold and about 120 km from ERPM (see Figure
6.1) . Consequently the energy arising from Klerksdorp tremors
reflected at this point will be received at offsets of 80-100 km
which is just beyond the critical distance, and head waves recorded
beyond the cross-over distance would have sampled the crust-mantle
boundary below the intersection point. No seismograph was located at
a sufficient offset to detect wide-angle reflections or refractions
from the ERPM source. The deep seismic reflection profile intersects
the East Rand - CES refraction profile near the farm Inlandsee in
the centre of the Vredefort Dane. This is app~nocimately 120 km frcm
both source regions. Wide-angle reflections should be detected at
offsets of 240 km, and head waves would have sampled this section of
the crust. Consequently the refraction model and the reflection

seismic section are directly comparable.

The synthesis of the refraction and reflection models of the

Kaapvaal Craton leads to the following conclusions:

a) The uppermost layer of the crust consists of Phanerozoic and
Precarrbrian supracrustal sediments and volcanics ranging in
thickness from 0-10 km with seismic velocities in the range 3.5-6.8
km/s. and includes several major velocity discontinuities. The
reflection seismic data provides a high resolution imuge of the
disposition of these formations. In the refraction seismic record
sections the hi# velocity dolomites, lavas and indurated shales are
manifested by emergent first arrivals with a hi# velocity. The
station spacing is far too great to enable any useful image of the

supracrustal strata to be derived frcm the refraction data.

b) The refraction record sections indicate that a velocity

inversion exists within the upper crust. This is attributed to the



lower seismic velocity of the upper crystalline crust ocnpared to
the overlying Dominion and West Rand Group rocks.

c) The refraction record section also reveals the existence of a
mid-crustal P-wave velocity gradient, particularly beneath the
Botchefstrocm syncline. The velocity increases from 6.2 km/s at a
depth of 8 km to 6.5 km/s at depth of about 12 km. The velocity
gradient gives rise to a high-anplitude, low-frequency caustic at
offsets of 160-180 km. On other record sections the transition is
marked by a sufficiently abrupt velocity discontinuity to give rise
to reflections, where it may be termed the Conrad discontinuity.
Prominent bands of strong reflectivity are found at a ocnparable
depth (3.4-4.4 s TWT) on the northwestern segment of the reflection

profile, with a reflective lower crust extending to 12 s TWT.

d) The refraction data shows that the lower crust has a uniform
velocity in the range 6.5-6.8 km/s. The reflection seismic fabric
of the lower crust changes from strongly reflective in the northwest
to transparent elsewhere. There does not appear to be a precise
coincidence “stween the start of the reflective lower crust, and the
intracrustal velocity increase. A similar conclusion has been
reached by Waver (1989), after considering some 50 coincident

reflection and refraction profiles.

e) The refraction data is interpreted to indicate a wvelocity
gradient zone 1-3 tan tuxck at the base of the crust. This zone gives
rise to high-anplitude, low-frequency (K 5 HZ), dispersed P P and
S S arrivals at offsets greater than 150 km. Occasional S Pm
£2flections with a dominant frequency of 2-3 Hz are also g%served.
No "reflection Ifcho" is observed. A decrease in reflectivity at %&.
12 s TWT is thought to mark the base of the crust. The Vibroseis
sweep ocrrvenced at 12 Hz, and the wavelengths are too short to be
reflected by the gradient.

iJo-
Models of the Moho boundary consisting of a thick zone of rather
smooth transition from crustal to mantle velocities, or more
generally without a stack of thin layers with strong velocity
contrasts between than giving rise to interference effects, are

unlikely to turn back large amounts of energy at normal incidence
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and high frequencies. However, at wide-angle and lew frequency the
reflection coefficient is similar to that for models with first-
order HinmnmMnuiMaa or velocity laminations at the base of the

crust (Braile and Chiang, 1986).

similar results were obtained on the BOORS "North of France" section
over the Pracantarian Brabant massif. Reflection profiling shewed
only a transparent lower crust, and virtually no indication of a
crust-mantle boundary; while a refraction/wide-angle reflection
survey using an explosive sourc%_produced.clear low-frequency
arrivals (<10 Hz) from the Moho reflector (Him et al., 1987, p
292) . This was interpreted as indicating a smooth crust-mantle

velocity transition.

f) The refraction data indicates that the upper mantle has a
seismic velocity of ca. 8.2 km/s. A head wave (P ) As observed which
reaches an amplitude minium at an offset of ca.n180—200 km, and
then increases in amplitude again. This suggests a sub-Moho vclc

gradient of at least 0.01 km/s/km

g) The reflection seismic fabric beneath the Potchefstrocm
synclinorium and within the Vtedefort Dome are essentially similar,
with a transparent character from 6-16 sec TWI. The Inlandsee
profile shows occasional short reflecting segnsnts. This signature
indicates either a lower crust that is acoustically homogeneous or
of oonsiderable ccnpleodty. The refraction data strongly supports
the second possibility. The difference in frequency between the
and P P phases is interpreted as indicaring attenuation in the lower
crugg? to which both scattering by velocity inhemogeneities and

absorption may have contributed.

@88
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7.2 Geological and geophysical synthesis

In this chapter the seismic model of the Kaapvaal Cretan is
integrated with the results of other geophysical and geological

investigations.

Outcrops of the Basement Complex in the vicinity of the
Witwatersrand Basin have generally not been mapped in detail, but
provisional work indicates a diversity of granite types and textures

(Robb and Mayer, 1986, p 188; Drennan et al., 1987). For example,

It

the gneisses of the Johannesburg Dome have undergone intensive

deformation and extensive metasomatism. In contrast, outcrops of the

poorly exposed Ver  -sdorp Dome reveal a homogeneous, massive
granodiorite.

Geophysical methods, which have .V map the depth
dimension more effectively, also Istence of different

"crustal blocks". Heat flow measurements indicate a significant
difference between the basement underlying whe Witwatersrand Basin
and the basement forming the Hartebeesfontain and Ventersdorp Domes
(Jones, 1988). The magnetic field over the Kaapvaal Cretan has also
been interpreted to indicate large crustal domains. The east-west
trending Machavie lineament, which passes just north of
Fotchfefstrocm, is believed to mark the boundary between two domains
(B. Comer, Witwatersrand University, pers. ocnin., 1989). The
trans-Witwatersrand Basin deep seismic reflection profile also
indicates a dramatic change in reflection seismic signature between
the Ventersdorp Dome and the basement underlying the Potchefstrocm

syncline.

The gravity field along the trans-Witwatersrand Basin deep seismic
reflection profile has been modelled using a 2-D Taiwan! type
forward modelling approach (Cooper, 1986). While 2-D modelling is
certainly an over-sinplification, the exercise shews that a
plausible model which satisfies both the reflection seismic section
and the gravity field can easily be derived (Figure 7.1). The entire
gravity anomaly can be attributed to the dense supracrustal rocks

filling the Potchefstrocm syncline. The dolomitic rocks of the



HHBB

mGal

» ad

OBSERVED"
ACALCULATED

S 10 15 20 25 km

vertical = horizontal

Figure 7.1. 2-D nottel of the Bouguer gravity anomaly along the trans-Witwoterarand Basin
deep seismic reflection profile. The density of the formations with respect to a
background of 2.67 g/oif is indicated. Geology: X — Basement Complex (0.0), W — Dominion
and West Rand Groups (0.2), C - Central Rand Group (0.0), V - Ventersdorp Supergroup

(0.2), T - Transvaal Sequence (0.22).



Transvaal Sequence, lavas of the Ventersdorp Supergroup, and
ferruginous shales of the West Rand Group are all considerably
denser (about 0.2 g/on ) than -he quartzites of the Central Rand
Group and granitic basement. There is considerable antiquity
concerning the relative proport ions of these strata. As the Bouguer
anomaly can be fully explained by a distribution of the dense
supracrustal strata, the gravity data cannot be used to make
inferences about the density distribution within the crystalline

basement.

The geo-electric character of the Kaapvaal Craton is particularly
unusual. The seismic and electrical parameters o': the Icwer crust
under Precambrian regions have been combined in a classification
scheme by Jones (1981): the Kaapvaal Craton, with P-wave velocity of
6.8 km/s, S-veve velocity of 3.8 km/s, Poisson's ratio of 0.28
(assuming perfect elasticity), bulk density of 2.95 g/on and
resistivity of 10-150 Ohm.m is classified as "Type III". The
Zimbabwe Craton and Southeastern Grenville Province were placed in
the same class, while the other Archaean Cratons considered
(Ukranian Shield, Baltic Shield and Superior Province) displayed
significantly different resistivity structures. The physical
properties of the conductive zone at the base of #¢he Kaapvaal Craton
are interpreted as indicating a layer composed of serpentinite
(hydrated peridotite) . Alternative explanation for the conductive
zone at the base of the crust are pores containing saline water; or
the existence of interconnected graphite (Hyndman and Klemperer,
1989, p 256).

Lower crustal xenoliths from the timberlites on the Craton are too
rare to reach a definite conclusion regarding the petrology.
However, the few xenoliths that have been described are all
granulite facies rocks. Granulites (of granitic composition) are
also exposed in the centre of the Vredefort Done, and are
interpreted to represent rocks originally 10-15 km below the
cratonic surface. It is also probable that the Crator.dc lower crust
differs from the garnet granulite which constitutes the lower crust

of the Namacqua-Natal Province. The seismic velocity of the lower



crust beneath the Qcntcc and Namaqualand Metarorphic Ocnplex are
6.4-6.7 and 6.6-6.9 km/a respectively. The seismic velocities of
granulites at the base of the crust increases as the amount of
garnet increases. For example, the velocity of diorite (adjusted to
1 GPa and 25°C) 1is 6.6 km/s with little; or no garnet, and increases
to 7.2 km/s when the amount of garnet is the maximum expected
(Drummond, 1988, p 111). It is concluded that the lower crust of the
Kaapvaal Craton is more felsic than the lower crust of the lower
crust of the Namaqua-Natal Province, with an average dioritic
composition. It is unlikely that the lower crust is entirely uniform
in composition; rather, that it is comprised of a mixture of rode
types. It is probable that lower crust reflectivity is due to mafic

intrusions embedded in a more felsic lower crust.

Petrological interpretations of ocrpressional wave models of the
crust are tenuous, since a wide range of rocks can usually satisfy a
given P wave velocity. More reliable constraints on lithospheric
composition are possible with a knowledge of both ocrpressional and
shear wave velocity, which enables Poisson's ratio to be calculated.
Poisson's ratio is sensitive to variables such as quartz and
feldspar content and the presence of fluids (Holbrook et al., 1988,
p 12 08l). As quartz has an extremely low Poisson's ratio, rocks
with a high quartz ratio will also display a lew Poisson's ratio and
vice versa. Increasing feldspar content gives high Poisson's ratios
as a consequence of relatively high ocrpressional wave velocities
ccnpared to the respective shear wave velocities. In general, high
contents of olivine, garnet, pyroxene and anphibole produce high
ocrpressional and shear wave velocities and relatively high

Poisson's ratios (Kern, 1982, p 24).

The P- and S-wave velocities at the base of the Kaapvaal Craton are
6.8 and 3.8 km/s respectively, indicating a Poisson's ratio of ca.
2.8. This indicates a lew quartz content of the rock. A crust-mantle
transition zone including serpentinised peridotite is capable of
explaining the seismic velocities and Poisson's ratio (Kern, 1982),

as well as the existence of an electrically conductive zone.

A borehole situated near the centre of the Vredefort Dene has
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intersected serpentinised hornblende-bearing harzburgite. Tbs rocks
in the central region of the Vtedefort structure are interpreted to
be lower crustal rocks which experienced uplift of more than 36 km

during the Vtedefort cryptoexploeion event 2.0 Ga ago. The
serpentinised ultramaflc rocks deecribed above have major and trace
element chemistry similar to that of fertile oceanic lithosphere,
and are interpreted to represent upper mantle beneath this region of
the Kaaovaal Cretan (Hart et al., in press).

The seismic velocity obtained for the mantle (8.1 to 8.2 km/8) is in
accord with predominantly peridotite oonposition, as indicated by
xenoliths.



7.3 Comparison with other Archaean Cratons

The are several fundamental questions regarding the evolution of the
earth which seismic studies of the Archaean crust may eventually
help to answer. These include the following:

a) Did tectonic styles evolve with time, leaving systematic
differences in the structures and lithologies of Archaean,
Proterozoic and Phanerozoic crust ?

b) Are particular kinds of upper crust associated with specific
kinds of lower crust, or are upper and lower crust generally
unrelated ?

c) Are there Precantorian Mohos where lower crust and adjacent
uppermost mantle have been attached and intact since the
Precanbrian?

d) Why does Proterozoic crust seem to have a greater tendency tc
be covered by Phanerozoic sedimentary rocks than Archaean crust ?
(Gibbs, 1986, p. 95)

In an attempt to answer the questions noted above, and in order t e
establish whether or not a "typical" Archaean crustal signature
exists, seismic studies from other Archaean cratons are reviewed nd
compared with the results from the Kaapva&l Craton. Observed
velocity-depth models for the Archaean shield areas are shewn in

Figure 7.2.

Description

1. Superior Province, Canadian Shield

The Superior Province is dated at 2.4-3.0 Ga, the oldest rocks bei g
of sedimentary and volcanic origin, and has many granitic

intrusions. It is flanked in the south by the Proterozoic Grenville
Province, which is characterised by moderate to high grade
metamorphism and a complex structural style, thought to indicate
significant uplift and erosion (Berry znd Fuchs, 1973, p 1394). A
seismic refraction study of the Superior Province found the upper
crust (from 1 or 2 km to the Conrad discontinuity) to be essentiall

homogeneous with a velocity of 6.2 km/s, except for a Icw—velocity
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Figure 7.2. Velocity-depth models far Archaean Cratons (from this

study and Dnsnnood and Collins, 1986, p 370).



channel less than 5 km thick, and base between 6 and 15 km. The
Conrad discontinuity lies at 14 km. The lower crust has a velocity
between 6.5 and 6.8 km/s with a small velocity gradient of 0.02
km/s. A strong velocity gradient was found to exist at the base of
the crust, with a negligible velocity discontinuity at the Mobo. The
crustal thickness is on average less in the Superior Province (34
km) than in the Grenx Me Province (39 km). The velocity-depth
function is shown in Berry and Fuchs (1973, fig 37, p. 1424).

As part of the Superior Province Geotraverse Project a series of 4
seismic refraction profiles were surveyed in western Ontario using
open pit mine blasts as the energy source (Young et al., 1986). This
area is seme 500 km southwest of the profile surveyed by Berry and
Fuchs (1973). Young et al. (1986) found that the upper crust had a
uniform seismic velocity (<6.3 km/s) with a widespread lew-velocity
layer. The Conrad discontinuity is distinct, but with quite a
variable depth (13-21 km). The seismic velocity increased in the
lower crust to at least 7 km/s near Moho. The depth of Moho was
found to be between 37 and 44 km, with sub-Hohc, velocities of ca.
8.1 km/s. The Moho was interpreted to have a lamellar structure on
two of the profiles. The velocity-depth functions are shewn in Young
et al. (1986, fig 9, p.153).

A deep reflection profile was shot by COCORP in Minnesota (Gibbs,
1986, p. 97). The seismic signature of the crust beneath the
granite-greenstone terrane is characterised by numerous oonplex,
-variably-dipping reflections and diffractions. Occasional

u .lections with migrated two-way times of 13-15 s are thought to

originate fran the base of the crust.

2. Wyoming Province

The COCORP Wind River deep reflection profile crosses the best
exposure of Archaean rocks in the US A (Smithson et al., 1980). The
upper crust is marked by relatively few reflections, with the
exception of an 8 km long dipping reflector between 2-3 s TWI. It is
interpreted to be due to an iron formation, mafic dyke, or other

layered metamorphic sequence. The data between 7 and 10 s shows a



pattern that migration moves into a synform. The seismic signature
is interpreted to be due to folded, multi-layered rocks, such as
pyroxene granulite and granitic gneiss. This suggests that the lower
crust ha* a cccplexity similar to that found where deeply eroded
granulite facias rocks are exposed at the surface. It is concluded
that it is unlikely that the crust has been thickened by
underplating since the Archaean (Smithson et al., 1980, p 304).

The OOOORP Montana Plains survey images the crystalline continental
basement on a regional scale. The Archaean basement is complexly
reflective from the base of the Paleozoic and Mesozoic sedimentary
cover to the Mobo. The upper crust is not, in general, acoustically
transparent. The base of the crust is characterized by a relatively
abrupt decrease in reflectivity. Lcwer crustal laminated zones and
prominent Moho reflections are generally absent, with the exception
of the lowermost crust beneath the Williston Basin, which is

strongly reflective (Latham, et al., 1988).

3. Baltic Shield

The nortliem part of the FENNQLCRA refraction profile traverses
Precambrian basement complexes ranging in age from 1.8-2.8 Ga (which
are adjacent to the tola nucleus, site of the world's deepest
borehole) . Interpretation of the data shews alternating velocity
maxima and reversals in the upper and middle crust, which are
attributed to anisotropic seismic laminations; steepening velocity
gradients in the lower crust and seismic velocities in excess of 7
km/s between 34 km and Moho; Moho depths between 44 and 49 km; and
sub-Moho velocities significantly greater than 8.0 km/s (8.2 - 8.4
km/s) (Olsen and Lund, 1986). The velocity-depth function is
sumrarized in Olsen and Lund (1986, fig 5, p. 125). It is speculated
that the higher velocities and gradients and anisotropic laminations
may be a consequence of thickening of an initially thin (10-20 km)
primitive crust by early Precambrian lithospheric evolutionary
processes e.g. underplating, ensialic orogeny, intracontinental

subduction etc (Olsen and Lund, 1986, p. 125).

TWo short reflection profiles were recorded as part of the European

Geotraverse POLAR-profile. Clear reflectors are recorded in the



upper crust down to ca. 5.5s 'WI. Energy is also received in between

11-14 s TWT (Lund and Heikkinmi, 1987).

The Ukranian Shield farms the core of the ancient east European
Platform. Seismic measurements were made by Soliogub et al. (1973),
and the travel-times and amplitudes subsequently reinterpreted by
Jentsch (1979). The derived models start with a seismic velocity of
5 5 km/s at the surface, increasing to 6.1 km/s at 5 km, and
reaching 6.4 km/s at 13 km depth. In order to account for the P /P P
amplitude ratio, the wvelocity between 13 and 30 km was kept congt;ﬁt
at 6.4 km/s or even slightly reduced, and a thin high velocity layer
introduced immediately below the Moho. The Moho itself was modelled
as a 7 km broad transition zone at which the velocity increase from

6.4 to 8.2 km/s.
5. Indian Shield

The western part of the Indian wide-angle DSS traverse crosses an
Archaean granite-greenstone terrene. The record section reveals an
east-dippping imbricate reflection pattern persisting to at least
mid-crustal depths. Sane of these east-dipping reflection zones
correspond with late Archaean thrust faults, and many persist
through the crust and may even offset Moho (Gibbs, 1986, p 99, figs
3c and 3d).

6. Pilbara Craton and Yilgam Block, W Australia

The Archaean Pilbara craton of northwestern Australia is a granite-
greenstone terrane with ages generally greater than 2.4 Ga. The
Hamersley basin developed across the craton in the late Archaean.
Since the Proterozoic this region has only been subjected to mild
epeirogenic uplift. The typical refraction seismic model of the
Pilbara craton has the following features: a high-velocity near-
surface layer in seme areas due to dense, metamorphosed banded
ironstones and basic volcanics in the Hamersley basin; the velocity
increases from 6 km/s near the surface to 6.7 km/s at 28 km, with a

low-velocity layer sometimes developed in the upper crust; a steep
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increase in seismic velocity to in the lowermost cruet to reach 8.2
km/s at a depth of 34 km (Drummond and Collins, 1986, fig 2a). A
preliminary refraction seismic depth-velocity function for the
Yilgara block is very similar to that described for the Pilbara

craton (Drunnond and Collins, 1986, fig 7, p. 370).

Several short deep seismic reflection profiles were surveyed in the
Yilgam block as part of the western Australia Geotraverse. Probable
reflections were of very Icw—anpJditude, and of little continuity.
Hie lack of any distinctive reflection character and definitive
vertical velocity information made it impossible to correlate
reflection events from one area to another along the Geotraverse

(Mathur et al., 1977; Moss and Dooley, 1988, p 233).

7. Zimbabwe Craton

A crude model of the Zimbabwe Craton shows it to have a crustal
velocity of 6.5 km/s, Moho at a depth of 40 km, and a sub-Moho
velocity of 8.4 km/s (Stuart and Zengeni, 1987).

Discussion

In broad terms the velocity-depth model for the Kaapvaal Craton is
similar to that observed on other Archaean cratons. Several
generalizations can be made regarding the seismic structure of
Archaean cratons.

a; The upper crystalline crust has seismic velocities in the range
6.2-6.4 km/s. Low velocity zones are not ccnmonly developed.

b) The transition from upper to lower crust occurs at a depth which
ranges from 12-18 km. It is generally marked by a gradient rather
than a first order discontinuity.

c) The lower crust has seismic velocities in the range 6.5-6.8
km/s. Velocities > 7 km/s are not frequently observed.

d) The crust-mantle transition is generally a gradient zone 2-5 km
thick over which velocities increase from ca. 6.8 km/s to ca. 8.1
km/s.

e) The depth of the Moho is between 35 and 40 km, with a slight

positive velocity gradient beneath.
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f) Hie reflection seismic fabric of the Archaean crust is generally
transparent, with occasional diffractions and short (less than the
Freanel zone) dipping reflectors.

g) Seismic Q is generally high.

The most significant deviations of the Kaapvaal Craton from this
generalised model are considered to Ls the following:

a) The strongly reflective rdwmrt—j*r of the crystalline basement
between the Venteredorp Dane and Potchefstroan.

b) The relatively low values of seismic Q found to exist within

the crystalline basement, particularly at the base of the crust.



7.4 Ccrpari&on with adjacent geological provinces

The seismic velocity structure of the Kaapvaal Craton is compared
with that of adjacent younger geological provinces. The velocity-

dapth models are shon in Figure 7.4.

The Kaapvaal Craton is ritmtad to the south and southwest by the
Proterozoic Managua-Natal Province. A refraction seismic
investigation of the Managualand Metamorphic Complex shows that ths
lower crust is comprised of a substantial proportion of intermediate
velocity (6.6-6.9 km/s) rocks. Moho was found to be at a depth of 12
km (Green and Durrheim, in press). The Namaqua-NStal Province is in
turn rimmed by the Pan-African (670-530 Ma) Damara Province. A
refraction survey was conducted in the Damara Orogen of Namibia in
1975. Three profiles were observed in order to study the crustal
structure and the nature of the crust-mantle boundary. In the
central zone of the Damara Orogen two velocity inversions were found
in the upper crust; and the crust-mantle boundary was found to be a
transition zone of variable width rising slightly from a depth of 47
km towards the Atlantic coast. The profile in the southern zone of
the Orogen showed relatively high velocities (up to 6.6 km/s) in the
upper and middle crust and also in the lower crust (7.2 lon/s).
Finally, the profile on the Kalahari Craton (to the south of the
Orogen, and consisting of the fused Kaapvaal Craton and Namadqua-
Natal Province) showed no velocity inversions in the upper crust;
and the Moho appears as a more distinct discontinuity split into an
upper level at 47 km and a lower level at 60 km approximately (Baler
et al., 1983).

The basement rocks of the southern Cape also are included in the
Damara Province. The reoion is also the locus of the most recent
tectonic events affecting southern Africa: the Cepe Orogeny (280-230
Ma), and the fragmentation of Gondwana (135-115 Ma). Several
refraction surveys were conducted on the Agulhas Bank in the 1960's
as part of tiie International Indian Ocean Expedition. Using gravity
and seismic refraction data, Graham and Hales (1965) interpreted a
section through the Agulhas Bank along a line bearing south-

southeast, and crossing the coastline 20 km east of Cape Seal. Their
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Figure 7.3. Velocity-depth models for southern Africa (from this
study; Green and Durrhelm (in press); Baler et al.. 1983; BRales
and Nation, 1972).



model indicates a layer of sediments (v < 5 km/s) with an average
thickness of 5.3 km; and a crust (v *6.$ km/s) extending to a depth
of 30-33 km. A refraction profile approximately coincident with
longitude 21°E was shot in 1968. Spence (1970) interpreted the
sedimentary structure, and Hales and Nation (1972) analysed the
basement and and mantle arrivals. Their model of the Agulhas Bank
consists of essentially four layers: sediments, including the Cape
Supergroup, extending to a depth of approximately 8 km (v *5.8
km/s); and upper crust from 8 to 21 Im (v =6.21 km/s); a fewer crust
from 21 to 33 km (v *7.24 km/s); and a mantle with an unusually high
velocity of 8.95 km/s. This profile was unreversed, so the

possiblity of a dipping Moho cannot be excluded.

South Africa's first deep reflection profile was surveyed on the
Agulhas Bank in 1985 (Durrheim, 1986). The 12 s two-way time profile
is 46 km in length and straddles the Cape Seal Arch. The contact
between the marine sediments and the pre-Mesozoic basement produces
a strong reflection at i s. The folded Cape and Kaaimans sediments
give rise to occasional strong reflections from 2-6 s. The section
from 6-9 s does not give rise to significant coherent reflections.
Strongly reflecting segments occur between 9 and 10 s, and with a
time-to-depth conversion maria using refraction velocities, this zone

of occasional strong reflections is Identified as the Moho.

The velocity-depth function of the Kaapvaal Craton differs from
those obtained in Namaqua-Natal and Damara Provinces in two
respects:

a) The depth to Moho in the Craton is somewhat shallower, being ca.
35 km ccnpared to ca. 42 km in the Namaqualand Metamorphic Complex
and ca. 47 km in the Damara Orogen.

b) The seismic velocities in the lower crust of the Craton are
smaller (6.4-6.7 km/s) than observed in Namaqualand (6.6-6.9 km/s),
the Damara Orogen (6.6-7.0 km/s), and the Agulhas Bank (ca. 7.2
km/s) . This inplies that the lower crust of the Craton is more

felsic than that of the younger Provinces.



Many processes act on the continental crust following its primary
derivation. The most significant processes are probably:

(@) stretching and shortening, accompanied by thinning and
thickening respectively;

(b) redistribution of crustal rocks laterally by erosion,
transport and sedimentation, or by thrusting or thin-skinned
sliding;

(c) differentiation, in which a pctassic upper crust and a more
refractory lower crust are formed from a more uniform crust;

(d) accretion at the edges, either at magnetic arcs or by the
addition of erotic terrenes (decretion is the reverse process);

(e) overplating by cphiolite emplacement or extrusion of magros
across the surface or intrusion into the near-surface rocks;

(f) nnfterplAting by uRier mantle partial melts at the base of the
crust (sub-crustal erosion is the reverse process).

Processes (a) to (¢) involve the rearrangement of material within
the crust, while (d) to (£) involve the addition to or removal of

material from the crust (Drummond and Collins, 1986, p 367).

The view that underplating (basaltic melt beneath granitic crust)
may have been an important process in the growth of continental
cruet during the Archaean is expressed by several workers (e.q.

Fyfe, 1974; Krisner, 1984). Underplated crust will be revealed by the
elevation of seismic velocities. Depending on the composition of the
underplated material and the local thermal structure, seismic
velocities in the added layer will be in a range of values
intermediate between velocities appropriate for crust and mantle
materials (7.0 — 7.8 km/s), or values interpreted to be more typical
of mantle materials (7.8 - 8.1 km/s) (Furlong and Fountain, 1986).
All Archaean cratons for which detailed velocity-depth models are
available (Raltic, Ukranian and Indian Shields, the Superior
Province of Canada, Yilgara and Pilbara blocks of Australia) lade

the high lower-crustal velocities expected in underplated areas.

It is thought that the continental crust preserved in the Kaapvaal

Craton had formed prior to 2.5 Ga (Harris et al., 1987, p. 87). The



model Nd ages were obtained fran a surface location and xenoliths
fran two kimberlite pipes. Harris et al. (1987, p 92) oonclude that
the trace element data from granitoids and the high erosion rates
inplied by isotopic studies of sediments suggest that the growth of
the Kaapvaal Craton during the Archaean was by underplating rather
than lateral accretion. The absence of high seismic velocities
within the lower crust of the Kaapvaal craton is believed to
demonstrate the lack of significant underplating. The Kaapvaal
Craton seems unaffected by the post-Archaean tectonism which
occurred to the southxasu of the Craton in the Proterozoic Namequa-
Natal Province, where intermediate velocities in the lewer crust
suggest underplating (Green and Durrheim, in press). Other evidence
supporting this contention is provided by kimberlite studies. The
equilibration temperatures for inclusions within diamonds from the
Premier Mine kimberlite cluster near Pretoria are interpreted to
mean that the Craton had already grown to its full areal extent and
cooled to approximately the present thermal gradient at the 'ime of
diamond formation (Nixon, 1987, p 410). These kimberlites are dated
at 1.25 Ga (Dawson, 198C, p 16). An argument used to support
underplating as a major mechanism of Archaean crustal growth is the
reported absence of sigt ficant areas of ophiolitic rr ks, analogues
of the modem ocean crust, on Archaean cratons (Fyfe, 1974). The
recent reinterpretation of the Barberton Sequence of the eastern
Kaapvaal Craton as an ophiolite succession is of significance in

this context (De Wit et al., 1988).

The seismic structure of southern Africa is very similar to
Australia, where seismic refraction studies (neglecting Archaean
provinces) show that the average seismic velocity of the crust
increases with its thickness, the increase being achieved wholly in
the lower crust. This is attributed to a greater degree of
underplating in the older provinces. Hoever, the Archaean Pilbara
Craton does not fit this trend, and does not appear to have any
significant amount of underplated material at the base of the crust
(Drurtmond and Collins, 198'",.

The gaophysical and geological evidence for a layer of hydrated
mantle rock at the base of the crust, with chemistry similar to that

of oceanic lithosphere, is consistent with the model of mid-Archaean



tectonism proposed by Tredoux et al. (1989, p 811). In their model
the simetic lithosphere of southern Africa formed intraoceanic
thrust stacks which continuously underplated granite greenotnrw
terrains to faun an mafic-ultramafic "keel" to the continental
(sialic) lithosphere. The "keel" grew by tectonic inslicing, to
attain a depth of at least 150 km by 3.0 Ga ago, and has remained

intact since that time.

Oonparison of four seismic refraction data sets from southern Africa
indicates that the oonpcnent of intermediate velocity rocks (6.6-7.3
km/s) within the lower crust increases as the age of the most recent
crust building event affecting the region decreas- These
differences might be attributed to variations in the principal

mechanisms of crustal growth between Archaean and Proterozoic times.



The achievements of this study are summarized in the statements

below.

1. A major new seismic data set covering the central portion of the
Archaean Kaapvaal Craton has been acquired. Mine tremors have been
recorded on three-ocnponent seismographs at 50 stations on the
Craton. Mast of the observations were made on two profiles which
stretched from Klerksdorp to Witbank and from Boksburg to Welkcm.
The source—receiver distances ranged from 10 to 300 km. Observations
toe* 30 months to complete, and in this time about 650 tremors were

recorded, many of the events at several stations.

2. Tremors, instead of explosives, were used as the energy so<roe
for the defip seismic sounding investigation. This was made possible
by the frequent and localized occurrence of mining-induced tremors
in the deep-level gold mines of the Witwatersrand Basin. Tremors
have the following advantages:

a) They are rich in shear energy, enabling joint interpretation of
the P- and S-body waves.

b) Tremors have a wide bandwidth. The larger events (ML>3) have
significant energy at frequencies as lew as 3 Hz, enabling
reflections from gradient zones to be detected.

c) They are cheap sources of energy, as no holes have to be drilled

or explosives expended.

The major disadvantages of using tremors are the following:

a) The source location and origin time are not precisely znewn.

b) The tremors used to compile a recoro section have a variety of
magnitudes, focal mechanisms, and source locations. Consequently
there is considerable variation in the character of the

seismograms, which makes phases correlation more difficult.

3. Several methods not previously used for seismic refraction
studies at Witwatersrand University were implemented. The most
significant are:

a) The use of a microccnputer (XT and AT' compatibles) for analog to



digital conversion, signal processing, and raytrace modelling.
b) The use of an advanced graphics package designed for the display
of reflection seiendc record sections to display the data.

c) The reflectivity method has been used to ccnpute complete

4. This study has yielded a significantly more detailed and better
constrained seismic model of the Kaapvaal Craton than hitherto
available. The previous investigations were conducted three decades
ago. These workers were unable to unequivocally distinguish between
a single-layer crust, a model incorporating an intermediate velocity
lower crust, or a model with a velocity gradient throughout the
crust. The seismic model of the crust derived fron the wide-angle
observations of tremors has the following features:

a) Supracrustal strata 0-10 km thick, with velocities of 3.5-6.8
km/s.

b) The upper part of the crystalline basement has a uniform
velocity of 6.0-6.2 km/s. This forms a lew velocity layer ca. 10
km thick, as the overlying Dominion and West Rand Groups have
significantly higher seismic velocities.

c) The boundary between upper and lower crust is sometimes marked by
a velocity gradient, which gives rise to a high amplitude
caustic at offsets of 150 - 180 km. In other areas the
transition is sufficiently abrupt for reflections to be
generated.

d) The lower crust has a rather uniform seismic velocity in the
range 6.4-6.7 km/s.

e) The crust-mantle transition takes place over a distance of 1-3
k.

f) The Moho is at a depth of ca. 35 km. A slight velocity gradient

(at least 0.01 km/s/km) exists beneath the Moho.

g) The lower crust has a lew value of Q revealed by the
low dominant frequency of the P P phase. The attenuation is due
to both anelastic absorption and scattering. The correlation
length of the scatterers of seismic energy is estimated to be

ca. 60 m.

5. The inprovement in the model is attributed to the following

factors:



a)

Use of digital data allowing manipulation of the seismograms and
the construction of record sections. This facilitated phase
correlation and identification, especially of the later
arrivals.

During the studies carried out in the 1950's, only the Central
Rand was a significant source of tremors. Many new gold mines
have been established in the intervening years. Curing this
study tremors from the Far West Rand, Klerksdorp and the O F S
gold field* were recorded. This enabled the profiles to be
reversed, and a greater area of the Craton to be investigated.
Modem seismic ray-tracing and synthetic seismogram methods

were used to interpet the data.

6. The 16 s TWT trans-Witwatersrand Basin seismic reflection profile

was acquired for the National Geophysics Programme during 1988. The

reflection profile intersects both refraction profiles, allowing a

joint interpretation to be made. The refraction and reflection data

sets are oonplentary: the refraction method provides a broadband

signal and good velocity and physical property information; while

the reflection method provides high resolution and enables complete

2-D structural interpretation.

7. The deep reflection seismic section has the following features;

a)

The disposition of the supracrustal strata has been reliably
established. The faults displacing the supracrustal strata
cannot be traced deep into the basement.

There appears to be a significant difference .between the
basement underlying the Potchefstrocm synclinorium and that
beneath the Ventersdorp Dome. The crystalline basement is
divided into three domains on the basis of the seismic fabric:
from the Ventersdorp Dome to Potchefstrocm the crust is strongly
reflective; beneath the Potchefstrocm synclinorium it is
essentially transparent; and the interior of the Vredefort
structure has occasional short reflecting segments.

The strong reflectivity could be due to a wide variety of
features including primary lithological layering, reflective
ductile banding, igneous intrusions and sills. Strong
reflectivity in the upper crystalline crust is an unusual

feature. One of the best analogies is a metamorphic core oonpiex



8.

in the and Range Province of north America. Hie
reflectivity is probably an overprint of the most recent
tectonic episode (possibly the intrusion of sills and ductile
strain banding formed as a result of extension in Ventersdorp
times), and does not provide and insight into the mechanism of
basining.

Hie seismioally transparent zone beneath the Botchefstream
synclinorium could be due either to a homogeneous or extremely
heterogeneous crust. Hie wide-angle tremor data favours the
latter option, because of the strong absorption and scattering
experienced by the P P phase.

No “reflection Moho" is detected. Hie reflectivity of the crust
diminishes at ca. 12 s TWI. Hie failure to detect the Moho is
attributed to the relatively gradual crust-mantle transition,
which did not reflect the frequencies (> 10 Hz) used in the
reflection seismic survey. Hie P P and S P reflections observed

m m
in the wide-angle experiment had frequencies < 3 Hz.

Hie petrology of the Id”cr crust of the Craton and the underlying

mantle is deduced from a consideration of seismic velocities,

Poisson's ratio, seismic attenuation, xenolith compositions,

electrical conductivity and petrophysical data.

a)

b)

C)

7.

Hie upper crystalline crust is composed of rocks of granitic to
grancdioritic average composition.

Hie upper to lower crust transition takes place over several
kilometers, with the average composition becoming more mafic.
Hie lower crust is composed of feleic granulite (no garnets)
with a dioritic average composition. Reflective layering is
probably due to intrusive mafic sills.

Hie crust-mantle transition is marked by a zone several
kilometers thick containing increasing amounts of serpentised
peridot!te. This accounts for the relatively high Poisson*s
ratio, high seismic attenuation and high electrical conductivity
observed at the base of the crust.

The mantle consists predcminantly of peridot!te.

The velocity/depth model for the Kaapvaal Craton is essentially

similar to models derived for other Archaean cratons: upper crust

velocities 6.0-6.4 km/s; lorer crust velocities 6.6-G.9 km/s, Moho
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at 35-40 km marked by a velocity gradient from 1-5 km thick. Unusual
features of the Kaapvaal Cratcn are the seismically attenuative and
electrically conductive lower crust. Ctoly the Zimbabwe Craton has a
similar electrical structure.

8. When ocnpared with seismic models of the younger Pmterozoic
terrenes adjacent to the Kaapvaal Craton, the Craton is found to
have a significantly thinner crust, and smaller wvelocities in the

lowur crust indicating a more felsic ccnpoeition.

9. It is inferred that the litbospheric '"keel" of the proto-Kaapvaal
Craton grew to a depth of 150 km during the Archaean by tectonic
inslicing and underplating of simatic lithosphere. The Kaapvaal
Craton has not grown by underplating since its consolidation at ca.
2.6 Ga. The Craton is probably composed of several '"crustal blocks",
although data are too sparse to delineate them at this stage.

10. An increase in the component of intermediate rocks (6.6-7.3
km/s) and crustal thickness with time is indicated by seismic
refraction studies of the Archaean Kaapvaal Craton, Proterozoic
Namaqua-Natal Province, and the Pan-African (670-530 Me) Damara
Province. This suggests a change in the dominant mode of crustal
growth during earth history, with underplating becoming more
inportant since the Archaean.
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APPENDIX A :SEISMOGRAPH LOCATIONS

KB-10

Elandsufiuvel 26.733 27.151
KB 60 Rietfontein 434 IQ 26.682 27.234
KB 70 Witpoort 419 IQ 26.657 27.344
KB 80 Goedgedacbt 408 IQ 26.613 27.426
KB 90 Rhenoeterfontein 560 IQ 26.560 27.511
KB100OA Raatskraal 524 IQ 26.548 27.591
KB100B Doomfontein 522 IQ 26.533 27.609
KB110 Kalbesfontein 365 IQ 26.485 27.690
KB120 Rietfontein 336 IQ 26.451 27.790
KB130 Ftonteine 312 IQ 26.405 27.882
KB140 Muldersrua 330 IQ 26.368 27.966
KB150 Patlynn Agric. Holdings 26.325 28.040
KB160 Newmarket 26.288 28.123
KB170 E.R.P.M. 26.259 28.221
KB180 Airfield 26.174 28.313
KB190 Madder East 26.183 28.433
KB200 Modderfontein 236 IR 26.124 28.505
KB210 Olifantsfontein 196 IR 26.089 28.583
KB220 Witklipbank 202 IR 26.046 28.687
KB230 Brakfontein 559 JR 25.999 28.771
KB240 Witpoort 563 JR 25.942 28.857

KB250 Hartbeesfontein 537 JR 25.906 28.948
KB260 Doombult 25.885 29.019
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Station Farm

EW 20
BW 30
EM 40
EM 50
EM 60
EM 70
EM 80
EM 90
EMIOO
BM110
EM120
EMI 30
EM140
BW150
EM160
BM170
BM180
BM190
EM200
EM210
BW220
BW230

WBtarval 150 IR
NooitgBdacht 177 IR
De Deur 539 IQ
Houtkop

Vandarhi jlpark
Driefontein 581 IQ
Mailbach 115
Vergenoeg 162
Ontevreden 278
OudBMsrf 275

Mara 1084
Randeheuwel 266

De Wets Rust 230
Doarnpan 1220
Denbigh 1229
Driekop 630
Enkeldoom 67
Trutersrust 1758
Bramkhorstlaagte 1828
Sootland Noord 178
Lusthof 158
Bedela 54
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26.
26.
26.
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27.
27.
27.
27.
27.
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466
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683
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953
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796
821
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