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ABSTRACT

The structural discontinuities (dykes, faults, shear zones and
joints) found in the E.R.P.M. are described in terms of their
distribution, petrography, geochemistry and rock mechanics behaviour.
Five groups of dykes have been recognised: of possible Bushveld age
are a melanorite dyke/sill (The Simmer Dyke) and a swarm of ilmenite
diabases, and of possible Ventersdoip age are 'wo sets of 030 striking
tholeiitic quartz dolerites and a series of east-west striking
ultranylonite zones that are geochemically shown to be ciykes. The
geochemistry shows all the dykes to be tholeiitic and generally alkali
poor.

Faulting in the mine is characterised by complex rotational
movements. Rotational faulting, fault terminations, fault fills and
shear zones are discussed. Three groups of faults are described:
one set which dips south and strikes parallel to the sediments, probably
formed during the formation of the basin but they have since been
reactivated to reverse faults. The otner two groups, one of which shows
a sinistral strike-slip displacement and the other a dextral strike-
slip displacement, “orm a conjugate pair.

Detailed descriptions of both original and mining induced jointing
are given, the influence of structural discontinuities on jointing
distribution is discussed and some mechanisms of formation are proposed.
Five sets of original jointing and two main types of mining induced
fracturing are recognised.

Regional lifleation patterns are analysed and it is found that,
the main regional trends are similar to the local E.R.P.M. trends.

A dynamic analysis of the structural discontinuities is describ'd and

a stress history, on both a regional and local scale, is proposed.



A detailed rock mechanic study of four large dykes in the mine
is discussed; specimens have been tested in both uniaxial and
triaxial compression and the uniaxial compressive strength, roung s
Modulus, Poisson's Ratio, uniaxial tensile st. ingth, intrinsic
shear strength and angle and coefficient of internal friction have
been determined for various specimens.

In the final chapter, the effects of structural discontinuities

on the distribution of rockbursts and seismic events is discussed.

The results indicate that the distribution of seismic events is not

controlled by the structural discontinuities but some dykes do control

the distribution of rockbursts.
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NOTATION

Uniaxial compressive strength
Diameter

Young's modulus

Acceleration of gravity

Height or length

Constant

Intrinsic shear strength

Uniaxial tensile strength

Angle between a failure plane and the maximum principa
Angle of internal friction

,t» Principal strains

Coefficient of internal friction
Polsson's ratio

Density

,00 Principal stresses; > 02>

Volumetric strain
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CHAPTER 1

INTRODUCTION

1.1 THE EAST RAND PROPRIETARY MINE (K.R.P.M.)

The E.R.P.M., a large ultra-deep gold mine, is situated on the
northern edge of the Witwatersrand Basin in the immediate vicinity of
Boksburg and East Gemiston, .ome 30 kilometres east of Johannesburg.
Auriferous conglomerates are mined at seven main localities in the
Witwatersrand Basin (Figure 1.1a) and the E.R.I’.M. is the eastern most
mine of the Central Rand district (Figure 1.1b).

Mining on the Witwatersrand commenced soon after the discovery of
a gold reef on the farm "Langlaagte" in 1886. TheE.R.P.M., which was
registered in 1893, is an amalgamation of many small, shallow-working
gold mines plus new leases added during recent i tars to cover the deepest
portions of the mine, so that today the mine area is approximately 53 square
kilometres.

The E.R.P.M. is one of the deepest mines in the world, working to
depths of 3,25 km below st rface, and is the only working ultra-deep
mine on the Central or East Rand, thus it provides a unique opportunity

to study rocks under high natural stresses.

1.2 REGIONAL GEOLOGY

The geological time scale for north-cast South Africa is compared
with the international time-scale in Figure 1.2.

In the Witwatersrand Basin area the basement granite is the Kaapvaal
Craton, a large stable nucleus surrounded by three large mobile belts.
Basement granite crops out at many localities in the eastern and northern
Transvaal, and nearer to the Witwatersrand Basin It crops out between
Johannesburg and Pretori a(Johannesburg-Pretoria Granite Dome) and near
Parys (Vredefort Ring) and is also present as granite domes under younger

cover at many localities surrounding the Basin (Figure 1.1a). The



overlying sediment, are derived essentially from this basement complex

and more specifically from the basement highs represented by these

outcrops. Allsopp (1961) has dated the Halfway House Granite, pert

of the Johannesburg-rretorla Granite Dome, at 3200 # 65 m.y., although

it is now thought to be 3100 m.y. (H.L. Allsopp, personal communication,

1974).

The Witwatersrand Triad (Hamilton and Cooke, 1960) overlies the

basement complex and comprises the Dominion Reef, Witwatersrand a,d

Ventersdorp Groups. Separating the Witwatersrand System from the basement

18 the Dominion Reef Group lying unconformably on the basement. The

Dominion Reef Group is not intersected in the E.R.P.M. but has been dated

elsewhere at 2900 # 150 m.y. by Nicolaysen et_al. (1962) and at 2800 -

60 m.y. by Van Niekerk and Burger (1969).

The Witwatersrand Group rests unconformably on the Dominion Reef

Group and it i’ Athin this group that all mining in the E.R.P.M. is

carried ouu. Unfortunately no direct aga of the Witwatersrand sediments

can be determined but sedimentation took place between 2800 m.y. and

2330 m.y. ago, the ages of the younger and older sediments. The character

of the Witwatersrand Group will be discussed in more detail I*3*

The th'rd and youngest member of the triad, the Venters P

overlies the Witwatersrand Group conformably on the Central Ran-1 bv is

normally unconformable. This group, which crops out on the southern parts

of E.R.P.M., consists essentially of basaltic to andesitic lavas, quait”

porphyries and felsite, with intercalated banded tuffs and sediments (Brock

and Pretorius, 1964a). Ventersdorp volcanism overlaps with Witwatersrand

sedimentation and took place about 2330 - 50 m.y. (Van Niekerk and Burger,

1964); in places the Ventersdorp lavas may exceed 3500 metres in thickness.

Overlying the triad are sediments of the Transvaal and Karroo Systems,

both of which crop out in the southern portions of the E.R.P.M. In

addition at least four different ages of intrusive rocks cut the Witwatersrand



TABU; I-1

STRATIGRAPIIY OF THE CENTRAL WITL'ATCRSRAND (after PKF.TOinUS, 196A)

SYSTEM SERIES
KARROO BCCA
60m 60m
PRETORIA
46()m
GROUP METRES
TRANSVAAL DOLOMITE ELSBURG REEF 520
110m 610m QUARTZITE 855
KIMBERLEY REEF 305
BLACK REEF KIMBERLEY SHALE 180
30m BIRD REEF 230
QUARTZITE 530
VENTERSDORP LAVAS MAIN REKI 45
1520m 1520m 150
SHALE 135
KIMBERLEY/ IXSBURG QUARTZITE 60
1860m SHALE 105
QUARTZITE 45
SHALE 60
I;WN'BIRD QUARTZITE 105
005m SHALE lis
QUARTZITE 135
WITWATERSRAND  JEPPESTOWN SHALE 105
7347m 1115m QUARTZITE 60
SHALE 170
GOVERNMENT RUT GOVERNMENT REEF SERIES
1920m

HOSPITAL HILL SERIES

HOSPITAL HILL

1495m
OLD GRANITE GRANITE AND
GNE IS
SWAZILAND ONERWACHT

215m 215m



Strata (Brock and Pretorlus, 1964a). The oldest and most abundant
Intrusives are associated with Ventersdorp volcanlsm; these rocks

now occur as highly altered, intermediate to basic diabases. Pyroxenites,
gabbros, dolerites and quartz-dolerites of possible Bushveld age

(1930 - 30 m.y. ; Nicolaysen, et al., 1958) are also common and the

third group consists of Pi'anesberg age (1290 - 180 m.y.; Schreiner and
Van Niekerk, 1958; 1310 - 80; Van Niekerk, 1962) syenites, quartz
keratophyres and diorites. Finally, the Karroo (154 - 190 m.y.; McDougall,
1963; 204 t 14 m.y.; Manton, 1968) dolerite sills and dykes are found.

Two further groups, not di. assed by Brock and Iretortus (1964a),
are the post-Waterberg dolerites, an example of which has been dated from
the Van Dyk Mine (adjacent to the F..R.P.M.) at 1120 m.y. (McDougall, 1963)
and the Ongeluk lavas of the Transvaal System which have been dated at
2224 - 21 by Crampton (1972).

An analysis of lineation trends from Earth Resources Technical
Satellite (E.R.T.S.) imagery revealed four strong regional trends
averaging 032°, 290°,328° and 356°. The first of these represents the
numerous Ventersdorp dykes; the second a set of shear zones; the third may
represent a swarm of Bushveld age dykes, and the fourth Is of unknown
afflliation.

1.3 j.'OLOGV OF THE CENIRAL UITWATKRSRAND 7M THE E.R.P.M.

The Witwatersrand sediments arc situated in a structurally controlled
basin of elliptical cross section with long and short axes of 300 km and
130 km. E.R.P.M. is situated on the northern edge of the basin in the
Central Rand, which is the type area defined by Mellor (1917) for the
stratigraphy of the Witwatersrand sediments (Table 1t1). In this type
area, the sediments comprise about 7 400 m of southerly dipping shales,
quartzites and conglomerates. The Hospital Hill Series (1495 m),
Government Reef Series (1920 m) and the Jcppestown Series (1115 m) make

up the lower Witwatersrand System. Included in the Upper Witwatcrsrand
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o. Strotigrophic dip section through control t.R.P. M, (ofter Cook otjoi,, 1966)
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are the Kimberly-Elsburg (1850 m) and the Main Bird (1005 m) Series, in
which most of the important gold bearing conglomeratic reefs are found.

Mining in the E.R.P.M. is confined mainly to a narrow conglomeratic
horizon in the lower Main Bird Series although some accesssible development
is present down into the Upper Jeppcstown footwall rocks and up as far
as the Livingstone Reef in the hanging-wall, a normal s'catigraphic
distance of about 250 metres. A geological section illustrating the
stratigraphy of the sediments in the Upper Witwatersrand and Jeppcstown
Series is reproduced in Figure 1-3a. The distribution of the re<fs in
the E. R.P.M. is illustrated ir. Figure 1.3b.

Although t1" terms ’quartette’ and 'shale' are vsed extensively on
the Witwatersrand e s dissertation, rock tyres corresponding to
the terms in their stx—1 petrologic sense aru rarely found. In fact,
within the broad group encompassed by 'quartzite' is a complete spectrum

ranging from quartzites sensu-strlctu to meta-arkoses, and 'rhales'

includes shales sensu-strictu, mudstones siltstones. In general,
shales are not associated with the gold ng reefs on the E.R.P
and quartzites form both the hanging and footwalls, he characteristics

of hangingwall and footwall quartzites are markedly different with

the footwall quartzites containing a higher proportion of argillaceous
material, resulting in a dull, dirty appearance, than the hanging-wall
quartzites which are much 'cleaner' and have a white or light-green glassy
appearance. According to Fuller (1958) Jeppcstown Series footwall
quartzites are composed of quartz (50-60%), feldspar(10%), biotite (5%),
calcite (5%), rock fragments plus sencite, chlorite, pyrite, leucoxene,
epidote, apatite, zircon and tourmaline. Five thin sections of footwall
quartzites from the E.R.P.M. were examined. One consisted of

equidime .sional interlocking grains of primary quartz with secondary quartz

and matrix minerals similar to the Jep, -Stown Series quart zites



filling the interstices, whilst ;he other four specimens were made up of
isolated quartz grains in the same matrix material. All five specimens
could be classified as melamorphic arenites. The hangingwal) quartzites
have an almost idential composition but quartz makes up more than 80%
of the rock, with the volume of the other constituents proportionally
reduced. Grains are invariably equldimensional and interlocked and the
groundmass is distributed in the interstices. Because of the different
compositions, the rocks have different compressive strengths, namely:
footwall quartzites, 200-225 MPa; hangingwall quartiztes, 350 MPa; this
will be discussed in detail in Chapter 5.

hatamorphism in the Witwatersrand sediments is restricted to a low
grade regional greenschjst facies except for slight contact metamorphic
effects associated with the intrusivcs. The regional mctamorphism
probably resulted from lithostatic pressures due to the great thickness
of sediments and the tectonic for.es accompanying the basin development
and subsequent def'rmations. The main effects have been the production
of secondary quartz, sericite, chlorite and chloritoid, and interlocking
of the grains, thus forming quartz!te,ano shales and slates from the
arenaceous and argilla sous sediments respectively.

The structure of the basin in the Central Rand is relatively simple
despite some complicated faulting, but in the nearby East Rand Basin
(Figure 1-1b) several large folds and faults and severe basining have
complicated the structure considerably. In the E.R.P.M. the sediments
dip at 45° to 50° south near surface and at 25° in the deepest areas of
active mining. Cross-bedding is well developed near the reef and sets
measured in the L shaft, 74 level, exploration crosscut (Map 1) had a
25° steeper dip than bedding.

The sediments thin eastwards, cut out at the Boksburg Gap, a basement
high devoid of the main auriferous conglomerates (Shipway, 1972), and then

reappear further east in the East Rand Basin,



A structural interpretation of the E.R.P.M. with respect to dykes
and fault appears on Map 2 and it is clear that there are several distinct
sets of dykes and faults. Faulting on the Central and East Rand is
abundant. Most faults strike approximately east-west but many of the
dykes, which are mostly dip features, also have fault displacements across
them. The strike faults normally show an oblique movement; that is,
both strike-slip and dip-slip components of movement, and both reverse
and normal faults are present. Often faults may have a pivotal type
displacement; that is, displacement has been rotational about a point on
the fault plane. This type of faulting wiU be discussed in detail in
Chapter 3. Several particularly large faults occur on the Witwatersrand.
Mellor (1921) showed that four of these, the Rietfontein, Roodepoort,
Doomkop and Witpoortje Faults, are subparallel to the strike of the bedding.
The Rietfontein fault, really a series of small faults, is the largest

on the Central Rand and passes just north of the E.R.P.M. According to
Mellor (1917) the fault zone dips northwards and the dip-slip displacement
is normal. Mellor (1910) states that the fault can be recognised by a
marked change in dip of the sediments across the fault. Hatch and
Corstorphine's (1906) maps show the fault to have a dextral strike-sl”p
displacement.

Folds are rare on the ,t.P.M., but on the larger scale the basin
shape appears to have been modified by tectonic movements. Brock and
Pretorius (1964b) have described the shape of the Central Rand sediments as
monoclinal, 'draped' on the Pretoria-Johannesburg Granite dome, which
has provided astabilizing effect to the deformations affecting adjacent

areas. Geological investigations in the Central and East Rand show that

smaller scale folding is present trending about north-north-west. Or the

E.R.P.M. these folds may only be represented by a change in strike of bedding

from 122° in the east to 070° in the west, but in the adjacent East

Rand Basin several open to tight folds have been mapped.



1.4 AIMS AND scnpi: OF THE STUDY

In 1964, the Rock Burat Committee defined a rockburet as a 'sudden
and violent rupture of rock in situ in which movements into the
excavation result -rom forces other than, or in addition to, the dead
weight of the rock that moves ard are not caused intentionally by tools,
explosives or other like agencies' . Recent research indicates that
'rockbursts' , that is, the actual sites of damage of excavations, are
a result of 'seismic events' , a sudden energy release or fai' ure that is
not necessarily coincident with the rockburst sitf.

The problem of rockbursts in the Wilwatersrand gold mines is very
real, and an understanding of their origin, conditions under which they
occur and techniques by which they may be controlled or eliminated is
of great importance when considered in the light of the number of accidents,
deaths and days of lost production for which they are responsible. This
is emphasised by the fact that the depth of mining will probably
increase well beyond its present 3,25 kilometres in the near future.

The Chamber of Mines of South Africa has been sponsoring research
into rockbursts and mining induced seismic activity for many years and a
wealth of data covering the seismic, rock mechanics, mining and statistical
aspects of rockbursts has been collected, but by comparison little pure
geolo&fral data is available. This gap in data collection is particularly
bad on the Central Rand where no systematic geological . pping has been
carried out on some mines, because of the simple geological configuration
and the ease of following the gold bearing reefs. However, a great deal
of research into seismicity and rockbursts has been carried out on the
E.R.P.M. and this dissertation for as a part of a project, concerned with
investigating geological parameters which appear to be associated with
rockbursts and seismic events« In particular, this work has concentrated
on the influence of structural discontinuities such as dykes and faults

on the occurrence of rockbursts.
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Investigations into the problem of rockbursts on the Witwatersrand
has been carried on since the turn of the century; in a historical
summary Cook et al. (1966) report investigations into seismic and
rockburst problems by the Ophirton Earth Tremors Committee in 1908 and

the Witwatersrand Earth Tremors Committee in 1915. A considerable amount

of investigation took place in the 1930's (for example: Grey, 1931;
Association of Miring Managers, Transvaal, 1933; Sinclair, 1936). More
recently it has been shown by Hill (1954) and confirmed by various other
authors (Rock Mechanics Research Team, 1959a and 1959b; Cook et _al., 1966;
Pretorius, 1966) that the incidence of rockbursts increases near dykes
and faults (Figure 1.4) and that some dykes are more prone to rockbursts
than others. Hence, the primary aim of the present study is to investigate
this behaviour by establishing the geology of many of the structural
discontinuities (dykes and faults) in the lower levels of the E.R.P.M.
Geological parameters considered include the general geometry, petrology,
geochemistry, contact effects, rock mechanics and jointing patterns of
dykes, faults and shear zones and their effects upon the adjacent
quartzites. In Chapter 6 an attempt is made to establish relationships
between the geological parameters and rockburst activity in H section of
the mine (Map 1). Although some conclusions are drawn, difficulties
prohibited the study being expanded to include more shafts. In addition,
also in Chapter 6, a study of the relationship between seismic events and
geological discontinuities is outlined. In Chapter 4 early stress systems
as Indicated by the present geology are determined and a possible
structural history is proposed.

Figure 1.5 is a much reduced photograph of Map 2 illustrating
the areas where work for this dissertation has been carried out. A
similar photograph appears at the beginning of each chapter showing

the relevant discontinuities mentioned ann areas considered, from the

map in Figure 1.5 one can see that the bulk of the work
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MINING CONFIGURATION

Plan view illustrating the meaning of the terms span and longwall.
Minod-out areas are stippled.

East-west, vertical section along AH showing closure of the slope
behind the mining face and the relative position of a footwell drive.

North-south, vertical section showing access from the incline shaft,
which is parallel to the reef, to the area of active mining (reef

stope).

Detailed pian-view showing the position of footwall and hangingwall
drives and crosscuts with respect to the reef gully.



has been concentrated in a small area of the mine, between C and L

shafts and between 68 and 78 levels. Consequently only about 60 of the

estimated 240 large structural discontinuities in the mine have been

visited. Accessibility into the upper levels is limited and only

a few trips were made. The emphasis on the work has been between

F and L shafts where the strike of the sediments is constant. The Cand

D sections arc mined at shallower depths and the sediments vary in strike,

a few dykes were also examined here.

1.5 MINING cnNFTDURATION AND TERMINOLOGY

Many Witwatersrand gold mines and especially the E.R.P.M. have very

sinrle mining configurations which can be attributed to the simple

sedimentary geology and the absence of major tectonic disturbances, except

for the few large fault displacements. The general mine development Is

Illustrated on Map 1 and the configuration is illustrated in Figure 1.6.

The reef dips uniformly southwards and is mined in an underhand

method of longwall stoping resulting in a thin tabular opening dipping

south. Access from surface is by vertical shafts, then by incline shafts

which run parallel to the reef in the footwall, and finally, access to

the reef is by eastward and westward trending footwall drives and southward
trending crosscuts or raises. (Figure 1.6). Most fleld-observations

were made in footwall drives and the mining geometry is almost identical

from one level to the next. Occasionally, where mining problems are

encountered the footwall drives are turned southwards through the reef to

become hangingwall drives. The drives are not usually on reef at deep

levels but in th old areas access was always via reef-drives. In addition

the mining technique in old areas was to mine only pay zones leaving small

scattered remnant pillars, whereas today.stabilization pillars are left

occasionally and all reef areas between are mined out resulting in the

hangingwall sagging to meet the rising footwall some distance behind the



working area (Figure i.fl)e

in the E.R.P.M. there are at least 48 vertical and Inclined shafts

although only 25 are In use today (Map 1). The mine Is divided Into

three broad sections: the West Section Includes the South-west vertical

end subvertical and C and p Incline shafts; the Central Section Includes

central vertical and subvertical, Hercules vertical and F, G, II and

HI Incline shafts;

and the East Section Includes Southeast vertical and

subvertical and K and L Incline shafts. In this dissertation a reference

to the . for example, 'Central Section' re :rs to areas described above

and a reference, for examule, 'H75E' impl: s H incline shaft, 75 level

and the east side. '11/SW' 1Is the same level but the west side. 'FWD

implies tootw.ll drive and ', ,')!» hanglngwall drive. The term 'cross-cut'

is abbreviated to *x-cut

The notation used to describe the orientation of structural features

is as ft .lows: for a planar feature the strike, dip and a rough dip

direction are given; for example, 049/60/SE implies a plane striking at

49° east of north, dipping at 60° degrees towards the south-east; and for

a lineation the plunge and trend are given, for example, 62/055 implies

a lineation plunging at 62" towards 055
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Plan of a section of the F.R.P.M. showing discontinuities
referred to in Chapter 2.

..uical shaft
Incline shaft
Mine boundary
Dyke

Fault showing downthrown side
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CI1APTER 2

INTRUS1VK RrocCKsS

2.1 DISTRIBUTION

Of the 232 major structural discontinuities in the E.R.P.M.
considered in this dissertation, some 57% are intrusives and a further
10%are dykes with faulted contacts. The intrusi'.s include both dykes
and sills ranging in composition from acid to basic and in width from
one or two centimetres to more than 100 metres. Basic intrusives are
far more common than acid intrusives; the latter are only represented bya
series of ’en echelon’ aplite sills, which have been studied in detail
by Fumerton (1975) and therefore, will not be considered here. The
intrusives referred to in this chapter are plotted on the mine plan in
Figure 2.1. Map 2 shows the locations of all the dykes in the mine.
In this map several se»s of dykes can be recognised and their strike
directions have been analysed using a technique of Donath’s (1962). Using
this method, a square grid of 500 metres side was drawn over the
structural map of the E.R.P.M. (Map 2), and the strike of every dyke
passing into or through each square was measured and plotted on a dyke-
strike frequency diagram (Figure 2.2). Then, areas of higher frequency
were visually selected and the mean strike, standard deviation from the
mean, and mean frequency for each data group were calculated. Thesedata

are summarised in Table 2,1.

TABLE 2.1

Summary of strike analysis data for dykes

NO. GROUP MEAN STANDARD DEVIATION AVERAGE FREQUENCY
BOUNDARIES STRIKE OF THE MEAN STRIKE WITH EACH GROUP(No
of points and frequency)

1 015° - 0AS° 030° 10,0* 30,A (7,2%)
2 270° - 310° 291° 12,9" 10,A (1,9%)
3 320° - 330° 325° A,l° 10,0 (1,8%)
A 3A0° - 355° 3A9° 5,8° 13,0 (2,A%
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This type of analysis, which Is repeated for faults in Chapter 3
ax-d regional lineations in Chapter 4, tends to bias the results because
each individual dyke may be counted several times, thus giving more
weight to a large dyke than a small dyke. An alternative method of
analysis not used here is to count the strike of each dyke, irrespective
of its size or length, only once; this prevents two or three large
dykes from swamping a swarm of smaller features. Because of the well
defined trends in the E.R.P.M. this is unlikely to happen and so only
the first method was used for analysis.

in addition to the four groups of dykes classified in fable 2.1
there are two sill like intrusives in the mine. The Simmer Dyke (No.26,
Map 2) is an undulating intrusive which can be up to 200 metres thick;
its unusual structure will be discussed in Section 2.4. Ihe other sill,
number 192, has been detected beneath K and L shafts between 77 and 73
levels in a pilot winze and a deep bore hole. These intersections
show that the intrusive cuts across the sediments at a low angle and is
at least 15 metres thick. Little else is known about its geometry.

Apart from the Simmer Dyke, the intrusives are regular in their shape
and dimensions except where bifurcation, 'horns' or rafted-off blocks
of quartzite are present. These features are discussed in Section 2.4

on the geometry of the intrusives.

2.2  PETROGRAPHY

2.2.1 Previous work

Only a few descriptions of the intrusive rocks in the Witwatersrand
mines have been published by previous workers and in these very little
reference is made to the Central Witwatersrand. However, in 1898 Henderson
described oeveral suites of South African intrusive rocks including data

from two dykes from near the old Angelo Incline Shaft (see Map 1). He
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described one of these dykes as a dark-green diorite containing
lath-shaped hornblende crystals, plagioclase and several accessories

and the other as a highly decomposed, fine grained, greenish,schistose
norite. In a detailed discussion of intrusive rocks of the Witwatersrand,
McDonald (1911) reported the presence of an intermediate, pyroxene-
andesite intrusive from near the Blue Sky Incline Shaft (Map 1). This
rock was fire-grained and consisted of lath-shaped plagioclase (An 40-60),
small black orthopyroxcnes as bastite pseudomorphs and augite in a
devitrifying glassy groundmass. In additic - McDonald classified the
basic intrusives on the Witwatersrand into two classes: olivine-dolerites
and dolerites without olivine.

The bulk of the more recent work on intrusives has been concerned
with the East Rand Basin but many of the conclusions derived from these
studicB are applicable to the Central Witwatersrand. There appear to be
two bioad divisions in the type of intrusives; the complex or multiple
intrusive dykes (Ralston, 1953) and the simple or single intrusion
dykes (Ellis, 1946). In particular, Ellis (1946) has described tw , types
of .imple dykes, namely, fresh dolerites of Karroo age, and older,
altered ilmcnite diabases. Whiteside (1950) and Ralston (1953) ha/e both
recognised six categories of intrusives, not all similar to each other,
covering several age periods. A combination of their work provides a
division of the intrusives into seven categories:

1. Karroo dolerites: These arc dykes and sills of dolcrite and olivine-
dolerite respectively, which are mostly unaltered and consist of clear
plagioclase and augite with an ophitic texture. They strike NW-SE, are
up to 100 metres thick and do not displace thr reef.

2. Complex intrusives: These arc multiple injections with an amphibolite

composition.



3. Pllanesherg suite: These are NV-SW striking (342 ) intrusions

associated with the Pllanesherg alkaline complex in the north-western

Transvaal. Gelletich (1937) used a magnetometer to trace the dykes, which

have a magnetic field opposite to the present one, from the Pllanesherg

onto the Witwatersrand. Tie dyke swarm consists of simple tholeiitic

basalts, andesites and complex salic dykes with more femic margins
(Ferguron, 1973).

4. Bushvel ’ suite: These are NE-SW striking ilmenite diabase dykes
(Ellis, 1946) and sills containing characteristic 'hoxworks' of ilmenite.
5. Major Ventersdorp Dykes: These are fine-grained, altered quartz
dolerites and include large stepped intrusives described by Ellis(1940). A
large displacement across them is common.

6. Minor Ventersdorp Dykes: These are numerous narrow dykes and e 'Is

that are highly altered and sheared, Generally their original constituents

are unrecognisable.
7. Other problematic dykes: These include quartz-sericite dykes which
may be mylonites and quartz-prophyries.

2.2.2. The E.R.P.M. intruwives

In this section the petrology, age and contact metamorphic effects
of the various intrusive rocks are discussed. Using the orientation
data outlined in Table 2.1 and the petrological characteristics, the

intrusives can be divided into six groups. Tnis sub-division is

supported by the detailed geochemical data discussed in Section 2.3.

The petrological descriptions are often very short beca-.se the rocks

are sometimes very fine grained and may be extremely altered and sheared.

The degree of alteration is used as an indication of the age of an intrusive

and using this criteria the groups are discussed in chronological order.

All tlm dykes listed below have been examined in-situ and sampled for
thin section work; in addition those marked with an asterisk have also

been geochcmically analysed.
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PLAIF 2.1

Dykes 26, 149 ant! 144(%roups 1, 2 and 3)

Photomicrograph of dyke 26 (group 1; melanorite) showing
excellent qu:rtz-alkali feldspar intirgrowths.

Photomicrograph of dyke 26 (group 1; melanorite) showing
subhedral pyroxenes in a large feldspar crystal.

Photomicrograph of dyke 149 (group 2; ilmenite dolerite)
showing characteristic skeletal ilmenites.

A polished hand specimen of dyke 4A (group 3; quartz
dolerite) showing characteristic feldspar phenocrysts in
a very fine graired groundmass.



PLAIT 2.1

Dykes 2G, an,! U4 (groups 1. 2 and 3)

Photomicrograph of dyke 26 (group 1; melanorito) showing
excellent quartz-alkali feldspar intergrowths.

Photomicrograph of dyke 26 (group 1; melanorite) showing
subhedral pyroxenes in a large feldspar crysLa” .

Photomicrograph of dyke 149 (group 2; ilr.enite dolerite)
showing characteristic skeletal ilmenites.

A polished hand specimen of dyke 144 (group 3; quartz
dolerite) showing characteristic feldspar phenocrysts in
a very fine grained groundim.ss.
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Group 1 : dyke 26*. the Simmer Dyke
melanorite (Plates 2.1 a &b)

This dyke Is quite unique in the K.R.P.M. in both its geometry and
composition. In hand specimen it is melanocratic having a coarse
crystalline texture and breaking with a fresh conchoidal fracture.

In thin section the rock consists of almost entirely of feldspar
and pyroxene with a granulitic texture (Marker, 1964, p 120). Plagioclase
(An 40-60) comprises about 30% of the rock; the crystals are large, heavily
twinned and mostly unaltered. Pyroxenes are present as smaller euhedral
to subhedral crystals within the plagioclases (Plate 2.1b). Orthopyroxenes,
which are more common than cltnopyroxene are magnesium rich, probably
bronzites; both cleavages are well disp ayed in most sections but the
crystals are traversed by irregular cr. ks along which a chloritic or
serpentine-like alteration is pi> r-nt. The cltnopyroxene is normally
augite with a pale brown colour and shows excellent herringbone structures.
Small patches of quartz-crthoclase microintergrowths are also common
(Plate 2.1a);these appear to be similar to granophyric intergrowths described
and illustrated by Barker (1970) , although he restricts their
occurrence to rocks of a ’granite* composition. In addition small
quantities of brown biotite, chlorite, apatite, iron ore and secondary
quartz are present.

This rock is similar to that described by Henderson (1898)(see
2,2.1 above), except that the present specimen is fresh whereas his was
severely altered and weathered.

The Simmer L/ke is the freshest dyke observed in the E.R.P.M. and
this may indicate that it is one of the youngest intrusives, possibly
of Bushveld age,because similar intrusives of pyroxenitic and gabbrcic
composition elsewhere on the Witwatersrar 1 are thought by Brock and

Pretorius(1964a)to be related to the Bushveld complex.
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Dyke 32 (proup 3) .ind proup 5 shear zones

Photomicrograph of dyke 32(group 3; quartz doleri te)

showing general texture, alteration and feldspar phenocrysts
in a fine grounamass. Specimens from group 4 dykes are
similar but finer grained and heavily altered.

Photomicrographs from group 5 shear zones(mylonites)
chloritoid crystals in a completely altered and fine grained
groundmass.

Large epidote needles in a fine groundmass.

Microfolding of a black chloritic layer bv variable displacement
along a strong foliation within a mylonite.






PLATE 2.3

Dyke/quartzitf contacts

In each of the’e plates the dyke is dark and the quartzi tes light.

Dyke 149. The contact .s extremely sharp and planar suggesting
intrusion along a prexisting fracture plane such as a joint.

Dyke 117. The contact is extremely sharp but irregular in this
particular diamond core. However, often the contacts for this
dyke are similar to (a).

Dyke 100. The dyke is sharp and planar at this locality but
often some shearing is present.

Dyke 82. At this locality the contact is sheared and irregular.
A small horn is shown in the photograph.
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Group 2: dykes 82%.149 .157.164.165.167
Ilmenlte dolerites (Plat: 2.1c¢)

These dykes only occur as a swam of at least 20 dykes between K
and L shafts. They all dip vertically, strike about 140° and are between
five and eight metres thick. Contacts with the quartzites are sharp
without shearing (Plate 2.3a) or reef displacement; chilled margins
are common and the dykes are fine grained in the centre. Horns are often
present and in one place, L70E, a wedge of quartzite 1,5 metres long,
which varies in thickness from two to 20 centimetres, has been rafted
into dyke 149.

In handspecimen, the chilled margins are black and too fine
grainedto see individual crystals but the centre of the dyke comprises
a dark grey, crystalline, mafic rock.

In thinsection, therocks are holocrystalline with only minor
alteration; plagiocalse is subophitic with anhedrai pyroxenes. Andesine f
which is the most common mineral, is present as small, poorly developed
but heavily twinned laths. Sericitization and some kaolinisation has
clouded the crystals but in general they are quite fresh. Clinopyroxenes
are quite abundant but orthopyroxene is not as common. Some pyroxenes
have signs of serpentine alteration and partial bastitc pseudomorphs are
occasionally present. A distinguishing feature of the dyke is the
presence of skeletal Ilmenlte (Plate 2.1c¢) which forms about five per
cent of the rock and which may be altered to leucoxene. Brown biotite,
chlorite as patches and halos around plagioclsse, apatite and
microintergrowths of quartz and orthoclase are minor accessories.

Pilanesberg age intrusives (see Section 2.2.1 above) strike parallel
to this swarm but are otherwise completely dissimilar. Whiteside (1950)
and Ralston (1953) both considered ilmenlte diahn.es, which strike at 045 ,
to be of Bushv"Id aje and although those on K.R.P.M. have a different

strike, the similarity in petrology suggests a possible Bushveld age.
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Croun 3: dykes 32*. 33*.5b*. JO()*, JAA* 182 »
Quartz dolerites “Plates 2.Id and 2.2a)

The most common strike of intruslveo in the E.R.P.M. is 030°(see
Table 2.1) and group 3 dykes form part of this trend. Their thickness
varies from about 16 to 41 metres and they all have near vertical dips.
They can be distinguished from other dykes of the same orientation by
grain size and degree of alterat ion.

In hand specimen the dykes are medium grained and dark-green grey in
colour; in addition dykes 33, 144 and 182 have large feldspar phenocrysts
as prominent features (Plate 2.Id). All have fine-grained chilled contact
zones with the sediments; the contacts may be sharp with no shearing
evident (Plate 2.3c¢) or else varying amounts of shear movements may have
taken place (Plate 2.3d).

Feldspar and pyroxene are the two most common constituents. The
feldspar, normally oligoclase, occurs as large phenocrysts and laths in
the groundmass (Plate 2.2a); it is always twinned and often is clouded
by chlorites and kaolin. The pyroxene is normally augite; it occurs as
green and brown crystals which are partly altered to chlorite and serpentine.
Brown hornblende is present in all specimens in small quantitiles.
Accessories include sphene, which has been corroded to a rough skeletal
shape, apatite, a little primary quartz intergruvn with feldspar, some
secondary quartz, chlorites and ilmenite or magnetite.

The age of this group is not known but by comparing the degree of
alteration to that of groups 1 and 2, these dykes appear to be older. It
is ' 1 likely that they belong to one of the Ventcrsdorp intrusive

phast *

G.-our 4: dykes 16%,24 ,27*.38%.70*%. 77*,Th*, 117%, 121*
Quartz dolerites
This group is similar in both orientation and composition to group 3

b'lt differs in that the rocks are much finer grained and heavily altered.



In hand specimen it is difficult to see individual grains and
no phenocrysts were observed. The contacts are regularly sheared
for distances up to several centimetres and quartz veining is common.

In thin section the most significant differences from group 3
are the secondary minerals. Group 4 dykes regularly contain calcite,
epidote and abundant chlorite; the original minerals arc extremely
difficult to observe hut when they can be seen, they are similar to
those of group 3,

Dyke 117 requires special mention because of an unusual
glomeroporphyritic texture in which patches of calcite and chlorite are
surrounded by clinopyroxene and orthopyroxene. In addition it also
differs from the rest in that it has a very sharp but irregular contact
with the quartzites (Plate 2.3b).

The dykes of group 4 may correspond to the 'major Ventersdorp dykes'
discussed in section 2.2.1 above; however, their advanced degree of

alteration suggests that they are older than group 3.

Group 3; dykes 162. 114A*.109%*,110*% .UOA, 159*
Shear zones - mylonites (Plates 2,2b,c and d and 3.1 a, b and c¢)

The specimen!: from this group represent the numerous E-W striking
shear zones in the mine in which the degree of shearing and alteration
is such that the original minerals are normally unrecognisable.

In hand specitm n, the rocks are dark grey and brittle with a very
strong foliation (see Plate 3.1 a and b) and quartz pods ranging in size
from microscopic to 20 centimetres or more are frequently visible (Plates
3.1b and c¢).

Thin section examination reveals little about the original composition.
The grain size is variable but all specimens are very fine-grained and in
some specimens gra. .s have a maximum diameter of 0,05 mm  The
mineralogy includes abundant c¢' lorites, chloritold laths, calcite, minor

primary quartz, pyrite, epidote and secondary quartz (Plate.. 2,2 b and c).
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Physical deformation of the crystals including stretching,
realignment and internal deformation indicated by undulose extinction

is common (Plate 2.2d).

Group 6: dyke 11* r d sill 192

Neither of those intrusives can be categorized in any of the
above groups although they do have close similarities with some
of them.

Dyke 11 is similar petrologically to dykes, of group 3 but strike*
about 125° and dips 60° south, whereas those of group 3 strike abo u
030° and dip close to \ertical. It is noteworthy that dyke 11 is
almost orthogonal to those of group 3.

Sill 192 differs in orientation (see 2.2,1 above) and composition
from all the otner groups. It is a medium grained mafic rock, consisting
of abundant, large (1,5 mm long )green amphibole laths in a groundmass of
chlorites, alkali feldspar, calcite, apatite, opaques and secondary
quartz. Alteration is moderate. Its very mafic nature and sill-like
nature suggests a possible relationship to the melanorite of group 1.

2.2.3. Ages cf intrusives

All the intrusives in the E.R.P.M. are displaced by faulting, ence,
no comparative age relations can be determined in this way. Also, no
absol te age determinations have been made on the basic rocks of the
E.R.P.M. However, turnerton (1975) has determined the age, by Rb/Sr
techniques, of the aplite sills in the E.R.P.M. to be late-Transvaal
(2137 = 13 m.y.) and a comparative age relation to some of the basic
dykes has been made. Dykes 34, 35, 58, 70, 117 and 121 are intersected
by the aplite sills and the intrusive relationships show that they are

all older than the aplite. These dykes belong to groups 3 and 4 above

and therefore, those groups,plus possibly group S,are older than 2100 m.y.,
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Physical deformation of the crystals including stretching,

realignment and internal deformation indicated by undulosc extin<tion

is common (Plate 2,2d).

Group b: dyke 11% and sill 192

Neither of these intrusives can be categorized in any of the
above groups although they do have close similarities with some
of them.

Dyke 11 is similar petrologiially to dykes of group 3 but strikes
about 125° and dips 60° south, whereas those of group 3 strike about
030° and dip close to vertical. It is noteworthy that dyke 11 is
almost orthogonal to those of group 3.

Sill 192 differs in orientation (see 2.2.1 above) and composition
from all the other groups, It is a medium grained mafic rock, consisting
of abundant, large (1,5 mm long )green amphibole laths in a groundmass of
chlorites, alkali feldspar, calcite, apatite, opaques and secondary
quartz. Alteration is moderate. It! very mafic nature and sill-like
nature suggests a possible relationship to the melanorite or group

2.2.3. Ages of in'rusives

All the intrusives in the E.R.P.M. are displaced by faulting, hence,
no comparative age relations can be determined in this way. Also, no
absolute age determinations have been made on the basic rocks of the
E.R.P.M. However, Fumerton (1975) has determined the age, by Rb/Sr
techniques, of the apli a bills in the E.R.P.M. to be late-Transvaal
(2137 £ 13 m.y.) and a comparative age relation to some of the basic
dykes has been made. Dykes 34, 35, 58, 70, 117 and 121 are intersected
by the aplite sills and the intrusive relationships show that they are

all older than the aplite. These dykes belong to groups 3 and 4 above

and therefore, these groups, plus possibly group 5,are older than 2100 m.y.,
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but by association to previous work and because of the small volume
of basic lavas in the Transvaal System the dykes of these groups are
here considered to be of Ventersdorp age.

The degree of alteration is here considered to be an indicator
of the age of intrusives provided similar types of intrusives are
compared. In this work, all intrusives arc basic and contain abundant
plagioclase feldspars and pyroxenes, hence, the comparison is probably
justified. Within the Ventersdorp age intrusives (groups 3, 4 and 5)
group 5 is by far the most altered, although this may be a direct
result of the amount of shearing, and thus is possibly the oldest. Using
the same arguments group 4 is the next oldest followed by group 3.
Groups 1 and 2 are 'fresh' in comparison to groups 3, 4 and 5 and are
possibly younger. The suggested Bushveld age is only by comparison to
previous work. At no accessible locality could dykes of group 1 and 2
be found intersecting the aplite sills.

The age relations and rock types are summarized in section 2.5.

2.2.4. Contact mutamorphic effects on the sediments

Die sediments adjacent to the intrusives often show evidence of
contact metamorphism although the effects are not marked because of the
background regional metamorphism which was described in Chapter 1.3.
In hand specimen, the main contact metamorphic effect is a slight
darkening of the quartzites for distances up to two or three metres from
the dykes, although often no effects are visible. In thin section some
degree of rccrystallisatton of the quartz to produce interlocking
grains and/nr patches of secondary quartz has taken place. The original
rrgillaceous material is present as concentrations of chlorites and micas
but much of this is often.due to regional rather than contact metamorphism.

The lack c¢f severe contact metamorphism, even near very large dykes



suggests that some of the dykes may have intruded as a partially
crystalline cool mush. The dykes of group 1 contain large feldspar
phenocrysts which are concentrated towards the centre oi the dyke;
phenocrysts were never observed near dyke margins. This may be an
example cf flowage differentiation (Hhattacharji and Smith, 1964;
Bhattacharji, 1967; Komar, 1972), in which solid particles, suspended
in a flowing fluid, concentrate in the area of greatest velocity; this
is towards the centre of an intruding dyke. Ihe presence of flow
differentiated phenocrysts in dykes implies that the magma is partially
solidified (and cooled) at the time of intrusion, and is, therefore, less
likely to cause as severe contact metamorphism as a completely liquid
magma. Flowage differentiation, as well as rapid cooling, may also

account for the presence of extremely fine grained margins on many dykes.

2.3 GEOCHEMISTRY OF DYKES, SILLS AND FAULT ZONES

Detailed geochemical analyses of 22 dykes, sills and shear zones
have been carried out and the C.I.P.W, norms for the rocks determined.

This work was done to supplement the petrological descriptions in section
2.2 above; to elucidate whether the shear zones contain intrusive material
or if they are sheared quartz!tea and for comparison with the rock

mechanic propert es, discussed in Chapter 5, With respect to this last

aim, a further five samples were analysed from dyke 182 so that a
geochemical trend across a dyke, notorious for rockbursts, could be compared
with the rock mechanic trends.

In Appendix 1 sampling procedures, sample locations and methods of
analysis are discussed, and the analysts, the 27 geochemical analyses
determined for this dissertation and some previously determined
geochemical analyses of sediments and intrusives arc listed. In the following
text, analyses are referred to by their respective dyke numbers as used

above in section 2.1 and 2.2 and the number in brackets refers to the
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analysis number in Tables IB, 1C or ID in Appendix 1. These anal-sis

numbers (i.e. Nos 1 to 27) are also used on the figures.
2.3.1. Silicate analyses
A general examination of the silicate analyses listed in Appendix 1
shows several clear features to be present, the most obvious of which
is the low alkali content. Only specimen 144(9) has greater than four
per cent total alkalies whilst most contain between two and three per
cent. Five specimens (numbers 114A, 109, 79, 110 and 117; analyses 23-27)
have less than 0,5 % total alkalies. A breakdown of the alkalies shows
potassium to be the most depleted ranging from only 0,01 %to 0,95%.

Thin section examinations generally revealed only small quantities of

alkali-feldspar confirming the paucity of potassium. 10% is unusually

high for three specimens; numbers 149 ''14), 52(19) and 117(2 7), and in

dykes 149 and 82 this is reflected petrologically by abundant characteristic

skeletal ilmenites (see Group 2, section 2.2.2. above). Al203 is

generally similar between specimens except in dyke 70(22) where there is

20,06% compared to between 7% and 15% for the rest. Unfortunately,
because of the. fine grained and altered nature of the rock no particularly

abundant aluminium-rich mineral was observed in thin section. Dyke 2/(20)

has an unusually high (17,88%) MgO content which is reflected in thin
section by a high percentage of pyroxene but all other specimens have

average, similar amounts of MgO (gemnerally 5% to 8%). Finally, CaO is
unusually low in three specimens, numbers 70(22), 114A(23) and 109(24).

In specimens 114A and 109 this has caused complications in the norm

calculations, which arc discussed in Appendix 1.
It is not intended to discuss the norms in detail as they closely
reflect the abnormalities in the chemistry as discussed above but

rather the silicate analyses are used in conjunction with the noims fur

classification of the analyses into groups and rock types.
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€ e, Geoclit'inl cnl rl.-isslfic- at Ion of the E.R.I.M. intrusives

The method of interpretation has closely followed Irvine and Baragar's

(1971) chemical classification of common volcanic rocks, but before

the results are compared and classified it is important to consider
the degree of alteration of the rocks. The presence of various degrees
of alteration in the samples was clearly established by thin section
examination; dykes 114A (23), 109(24) and 110(26) can be considered as
being affected by severe alteration and dykes 7(10), 121(12), 6(13),
27(15), 38(18), 159(21), 70(22), 79(*5) and 117(27) as being moderately
affected. In addition the geochemistry can be used as an indicator

of alteration. Irvine and Baragar (1971) suggest that samples vith a
percentage Ft ,0” greater than TiO" plus 1,5% are altered; this applies
to dykes 100(8), 149(14), 114A(23) ant 110(26), Chayes (1966) suggests
that, specimens with Fe”O”/FeO ratios greater than 0,6 are altered; this

only applies to dyke 149 (14). These analyses, which have been altered,

may have unusual chemistry due to alteration and must be treated with some

caution.
Peralkaline yeruS alkaline and subalkallne _siu tos

No analyses contain normative acmite, which, according to Irvine
and Baragar(1971) is a good indicator of a peralkaline rock. Hence,
only alkaline and subalkaline rocks are included in the present suite.
Alkaline versus r.ubalkallnr suites

Descriminations between these two rock types can be done by using

the boundary lines on an alkali- ilica diagram (Figure 2.3),which is

the simplest method, or on an olivine'- nephelii.v*¥-quartz’ternary diagram

(Figure 2.4; see this figure for an explanation of the dashes) which is

considered to be the most reliable. On both these diagrams it is clear

that all members of the E.R,P.M. suite are sub-alkaline which supports the

general observations in 2.3.1. above.
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IVo plots are best used for discrimination between these two
rock types; an iron-alkali-magneeia ternary diagram(Figure 2.5) is best
for rocks of an andcsitic composif:on and an alumina-normative
piagioclase composition diagram is best for rocks of n basaltic
composition(Figure 2.6) accordit to Irvine and Baragar (1971). Rocks
with basaltic and andesitic composition can be distinguished on a
normative colour index-normative plagioclase composition diagram (figure
2.7). This plot shows that only four dykes, numbers 159(21), 70(22),
114A(23) and 109(24) to be andesitic and the rest banaltic. Similarly,
Figures 2.5 and 2.6 show that all the E.R.P.M. specimens are tholeiitic.
Ca-.K-. or Na- rich or poor

To determine if the analyses are calcium-.sodium- or potassium-
rich or poor an anorthite-albite-orthoclase ternary diagram (Figure 2.8)
is used in conjunction with the analyses listed in Appendix 1. As
was noted in section 2.3.1. all specimens arc alkali poor whilst some
are particularly pcor in calcium. However, Figure 2.8. shows all
specimens to be potassium-poor whilst numbers 79(25), 110(26) and 117(27)
are distinctly sodium-poor and numbers 159(21), 70(22), 114A(23) and
109(24) are distinctly calcium poor. This figure also shows that
there is very little alkali-feldspar in the E.R.P.M. suite and that
the plagioclase compositions range from almost pure albite to pure
anorthoclase with most compositions in the vicinity of Ar”.

An important point made by Irvine and Baragar (1971) is that after
the analyses have been classified according to the above method they
should be compared with typical average analyses to rock types (see,
for example, appendix II in Irvine and Baragar, 1971; Nockolds, 1954;
Wedepohl, 1969) to avoid erronious classification due to alteration or

an exceptional composition. Typical analyses for tholeiites, tholeiitic
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bajalts, andesltes and tholvlitic andesttes are listed in Appendix
Table IK, analyses 31-34 respectively;

comparison between the

prese t analyses and this data is discussed below aflar a summary

of the geochemical classification described above.

SUMMARY

1. No peralkaline rocks were analysed.

2. AH rocks analysed are subalkallne. Figures 2.3 and 2.-4

3. AIll rocks analysed are tholeiitic (Figures 2.5 and 2.6). No

calc- alkaline rocks are present.

4. Four dykes have an andesitic composition (Figure 2.7). These are

dykes 159(21), 70(22), 114A(23) and 109(24). All other dykes are

basaltic.

5. a. All rocks analysed are potassium poor. (Figure ..8)

b. Dykes 79(25), 110(26) and 117(27) are distinctly alkali poor.

(Figure 2.8).

c. Dykes 159(21), 70(22), 114A(23) and 109(24) are distinctly
calcium poor (Figure 2,8).

2.3.3. Geochemical features of the dyke groups

In addition to the above general observations and ci1ass:iication

it is found that the groups of dykes which were classified by petrology

and orientation also have some distinctive geochemical characteristics.

Group 1: dyke 26 (Analysis 20) Appendix Table ID

The chemistry of the dyke is exceptional in that it does not fit

into the classification system outlined above. It is characterised by

a high magnesium (17,88%) and a low aluminium content (7,77/ > compared

to the rest of the E.R.P.M. suite. This is reflected in the petrology

by abundant pyroxenes and in the norms, by over 50% orthopyroxene

(En76) and a high colour index(67). The chemistry is very similar to

that of a me.lanorite described by Van Zyl (1970) from the Bushveld

Igneous Complex (Appendix Table IF., Analysis 35). this similarity in



composition is further support that dyke 26 is of Bushveld age.
Group 2: dykes 149(14) ,uid 82(19)

Both of these dykes can be classified as K-poor, tholeiitic
basalts and a comparison with an average tholeiitic basalt composition
(Appendix Table IE, No 32) supports this. The chemistry is
characterised by a high TLO" content (2,59% and 2,69%) as discussed in
2.2.2. and 2.3,1, above. Compared to the rest of the E.R.P.M. suite

they have a low sil a content (48,97% and 49,10%).

Group 3: dykes 182(4), 58(7).100(8).144(9). 32(161 and 33(17)

All these dykes can be classified at K-poor, tholeiites and analyses
compare well with an average tholeiite composition (Appendix Table IE,
Analysis 31). Their chemistry is generally similar to that of group 4
except that all the specimens ha’w aigher alkali concentrations than the

other groups.

Group 4: dykes 77(10). 121(12).16(13).27(15),38(18).70(22).79(25) and 117(27)

Petrologically, all the dykes of this group are similar but
distinct geochemical differences are present possibly due to varying
degrees of alteration. From Irvine and Baragar's classification, dykes
77(10), 121(121,16(13), 27(15) and 38(18) are K-poor tholeiites.

However, dyke 77 differs from the rest in its relatively high normative
plagioclase composition (An 64); dyke 121 in its relatively low silica
content (48,26%); dyke 16 in its lower than average total alkalies
(2,03%) and relatively higher normative plagioclase composition (An 66);
and dyke 159 is low in total alkalies (1,99%) and has a very low
normative plagioclase composition (An 7)

Dyke 70 can be classified as a calc-alkali-poor tholeiitic
andesite with a very similar chemistry to a high - Al basalt. The

dyke has a high aluminium content ( 20,06%), a low normative plagioclase
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composltlon (An 7) and a low silica content (46,4%).

Dyke 79 and 117 arc classified as alkali-poor tholoiitic andesitea
but have a siir lar chemistry to alkali-poor tholeiites. Both
analyses are characterised by very low total alkalies (0,42% and 0,23%)
and unusually high normative plagioclase compositions (An 89 and
An 91) but dyke 117 has a low silica content (47,04%).

Iu Appendix Table. IE, Analysis 30, the geochemistry of a

Ventersdorp lava from Klipriviersberg is listed; unfortunately the

analysis is not complete and the specimen was quite altered or

weathered as indicated by the high percentage of Fe”*. However, It

does show similaritl s to some analyses of group 4, and more
specifically, to dyke 16(13); for example, the similar Si02 percentages

the high Alp " percentages and the low total alkalies. This association

may support a Ventersdorp age for the dykes of group 4.

Group 5: dykes 114A(23) . 109(24), 110(26) and I

These analyses are of material collected from the EV. trending
shear zones. They were carried out in order to compare their
geochemistry with those of typical quartzites (Appendix lable IK, numbers
28 and 29) and the dykes.

The maximum SiO., that any of these shear zones has is 53,95%

which is distinctly lower than SiO* ncentrations for the quartzites

(85% and 95% and is very similar to the average Si02 concentrations

in the dykes, (52%). This suggests that these shear zones are probably
severely sheared and altered dykes,

It is probably not meaningful to classify these sheared dykes
according to their geochemistry because of the high degree of
alteration but they do have a distinct: geochemistry. Firstly, apart

from dyke 159 (21), their total alkalies are extremely low (0,1 - 0,32%);

dyke 159 has 1,99%, and secondly, dykes M4A and 109 have almost no
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calcium (0,11% and 0,07%). This deficiency In alkalies and calcium
is possibly due to a loss of the elements during alteration. 'ue
problems in determining normative minerals with such a low cao is
discussed in Appendix 1, but it is noteworthy that the normative
plagioclase composition is An®> and there are no normative pyroxenes.

By contrast dyke 110 has a very high normative plagioclase composition

(An93) because of the very low sodium content.

Group 6: dyke 11(11)
The geochemistry of this dyke is almost identical to that for
gx-oup 3. Also it was noted that petrological similarities are also
present suggesting that this dyke may well be included in group 3. The
significance of the similar compositions and the orthogonal attitudes
between dyke 11 and group 3 dykes will be discussed in section 2.
below in terms of intrusion mechanisms.
2.3.4. (.eochemical and ,.ctrological variations across dyke 1b2
Six specimens, selected at regular intervals through he dyke
(see Appendix 1- A for locations) were examined in hand specimen and thin
section and were geochemically analysed(Analysis numbers 1-6) tc
determine trends that could be compared to rock mechanic trends.
Thin section petrology reveals little difference across dyke 182
except for a distinct grain size variation. The margins are chilled
and fine grained and grade towards a coarser centre which has numerous
feldspar phcnocrysts.
There is a distinct geochemical trend in Figure 2,3 which shows
that towards the centre of the dyke, alkalies increase as silica decreases,
illustrating a small but significant geochemical variation about the cent te

of the dyke.









Secondly, the orthogonal attitudes may be a result of similar
intermediate and minimum stress magnitudes. If in this situation
a uuite of intrusives intrudes into the plane defined by o”and o*
a significant volume increase by lengthening the crust will take
place in the direction of ly. In the E.R.P.M. this increase in
length is estimated to be up to 100 m'km or 10% for the 030 st*iking
dykes. As the total thickness of the intrusives grows, the magnitude
of 3 (in compression) increases, possibly until it is lar ,er than
02. When this happens further intrusives or branches from the
intrusives should form normal to the original intrusives. One would
expect intrusives in the intcmediatr orientations also bu the bulk
of the intrusives would probably lie in the two dominantdirections.

2.4.2. Fn echelon dvkes, horns.steps and rafting

All these features are found at various localitieswithin the

mine and are defined by sketches in Figun 2.10.

Figure 2.10. 1Idealised en echelon dyke (a), horn (b), atep (c¢)
and raft (d) (after Roberts and Sanderson, 1971).
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FIGURE 2.12

Suggested method for the formation of steps, horns and rafting
during dyke intrusion

a. The present stress field is inclined to an existing set of joints.

h. The intrusion path of the dyke follows a joint, which is the
path requiring the least energy. However, the joint terminates
and the intruding dyke must make a new crack which will lie m
the direction X-Y (see c).

c. An open crack in compression showing the directions (! ) in which
a crack will propagate (initially) under the stress field shown
(after Jaeger and Cook, 1969, p. 326, figure 12,b).

d. Intrusion proceeds along the direction defined in (c) until
new joint is encountered and the dyke again follows the path
requiring the least energy (e) .

a

e. The final state showing a horn, where the dyke overshoots
the interrupting plantl X-Y for a short distance; rat ting,
where a block of joint bounded quartzite has been surrounded by
intruding magma and a step.
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En echelon dykes and step features were observed in dyke 117, a
member of group 4 dykes, which appears to have intruded into previously
jointed rock. Figure 2.11a 1b a plan view of H75 station crosscut
illustrating a contact between the dyke and quartzites which closely
follows c¢ joint plane in one particular area and then cuts across
at an angle of about 60° to the joints for a short distance before
following another joint plane. Similarly, in H7/7W reei gully
(Figure 2.11b), a stepped contact can be observed (Figure 2.11c) and
on a larger scale, the dyke at this locality bifurcates and shows an
en echelon style of intrusion (Figure 2.11b). In addition, it is
noteworthy that the orientations of the joint planes in the country rock
are not parallel to overall direction of t dyke.

Horns and rafting of quartzite were observed in dyke 149, a member
of group 2 dykes, on L70E level (Figure 2.lid). The contacts of this
dyke are extremely sharp, as if following a pre-existing frc ture, and
the shape of the rafted block of quartzite is elongate and angular
suggesting fracture along joint planes.

These features and their relationship to fracturing suggest that
the dykes intruded into previously jointed country roc* (Roberts
and Sanderson, 1971; Currie and Ferguson, 1970) and that the overall
direction of the intrusion was not parallel to the joint planes; in
other words, the stress systems associated with the formation of the
pre-existing Joints and the intruding dykes did not coincide, Ii
Figure 2.12 a mechanism of intrusion which could account for these
features is presented. At the time of intrusion a pre-existing Joint se
is inclined to the present direction of the principal stresses(Figure
2.12a). An intrusion would preferentially lie normal to the minimum

principal stress but propagation along the pre-existing fractures
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requires less energy than opening a new crack and so the intrusion
follows a joint as in Figure 2.12b. If at some stage during the
intrusion the joint terminates or the stress system alters so that

the prerent intrusion direction is no longer possible, and if the
magma pressure is sufficient to form a new crack Mien the direction

of propagation of a new crack will tend to lie towards the direction
of maximum principal stress (X-Y in Figure 2.12b). 'his is
explained in some detail by Jaeger and Cook (1969, p. 326, Figure 12.5).
Intrusion proceeds along this new crack until a new joint plane is
encountered where the dyke again propagates in the dominant direction
(Figure 2.12e). The overall direction of the intrusion lies normal to
the minimum principal stress.

A horn may be formed, ., « in Figure 2.12 f where the dyke overshoots
the interrupting pLv , X-Y for a short distance. Rafting is illustrated
in (f); a block of >in bounded quartzite is surrounded by intruding
magma. En echelon dykes would be formed if the connecting zone XY
between two parallel but offset dykes were closed after the intrusion
without enclosing any magma; that is, the zone X-Y is only used as a
feeder.

2.4.3. Bifurcation of the dykes

A common feature of the dykes on the E.R.P.M. is their splitting
or bifurcation and rejoining at a later stage. The cause of such
bifurcation is probably pre-existing fractures or intrusion through
layers of varying mechanical properties. For example, Pollard (19711
has described experiments which show that the direction ol propagation
of a dyke will vary as the dyke passes through layers with different
Young's Moduli. However, it is usual for the dykes to bifurcate upwards

initially but in the E.R.P.M. it is common for two members of swarm to
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coalesce, giving the impression of a downwards bifurcation, lor
example dyke 117 changes from three dykes below 77 level to one dyke
above; dykes 32 and 33 cross and then rejoin in F section and dykes
56 and 58 join in G section. The fact that many of the dykes are
seen to combine at the reef plane may be connected with the transition
from footwall to hangingwall quarlzites which have significantly
different strengths and Youngs Moduli. In addition Pollard (1973)
notes chat contemporaneous sheet intrusions that are close to one
another relative to their length will interfere and change propagation
direction and that two parallel intrusions that are offset from one
another have a tendency to curve towards one another. Ihese observations

could also apply to the intrusives described here.

2.5 SUMMARY OF THE GEOLOGICAL FEATURES OF THE INTRUSIVES

Group 1 : The Simmer Dyke - possibly Bushveld age.
Meianorite, characterised by abundant pyroxenes and a high magnesium
and low aluminium content. In hand specimen it is mafic, fresh and
breaks with a conchoidal fracture. The dyke is up to 200 metres thick
and has a very irregular geometry.

Group 2 : Ilmenite dolerites - possibly Bushveld age.
These dykes make up a swarm striking about 140 and dipping vertically.
They are generally five to eight metres thick and have sharp contacts
and chilled margins with the quartzltes. 1In thin section they are
characterised by skeletal Ilmen'te which is reflected in the chemistry
by a high TiO" content. Chemistry also indicates that they are
tholeiitic it. composition.

Group 3 : Quartz dolerites - possibly late Venlersdorp age.
These dykes are large, varying in thickness from 16 to 41 metres; they
strike at 030° and dip vertically. They have a medium grain size,
are relatively fresh and are often characterised by large feldspar

phenocrysts. Their chemistry shows the group to hr tholeiitic.



Group 4 : Quartz dolerites - possibly Ventersdorp age.
Similar in orientation and composition to group 3 but are fir.er
grained, do not have large phenocrysts, are more severely altered and
are generally thinner, with widths of about one to 20 metres.
Their chemistry shows the group to be tholeiitic.

Group 5 : Vitramylonites - possibly early Ventersdorp age.
This group includes all the east-west striking shear zones. They vary
in dip, strike and thickness but the geochemical analyses shows that
they are all severely altered sheared dykes of possibly tholeiitic

composition. Characteristic features include black ultramyloni te fill

with a well developed foliation.
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FAULTING ANi) .JOINTING

A. FAULTING

3*]1 1 NTRODUCTION AND DISTRIBUTION ofr FAULTS

The faults In the L.R.P.M. are numerous and vary In nature from

normal to reverse, strlkc-slip to dip-sllp and translational to rotational

with movement ranging from less than one centimetre to 400 metres or more

(Map 2). Many are associated with dyke intrusions and most contain

gouge material of varying thickness. Of the 234 macroscopic structural

discontinuities considered in this dissertation, some 33% are faults and

at least 10% are dykes along which some displacement has occurred.

In general, the geometry of the faults 1is poorly known because

etrikes and dips are not normally recorded during mining; nevertheless,
many dip directions and angles of dip have been calculated from

.haft-.action plans and senses of movement ascertained from dislocated

Planar features and irregularities in mining configuration on mine plans.

Faulting trends were determined by the method described in Chapter 2;

these are illustrated in a strike-frequency diagram (Figure 3-1) and the

areas of high frequency, means and standard deviation arc listed in

Table 3.1.
TABLE 3.1
SUW1ARY OF STRIKF ANALYSIS DATA FOR FAULTS
of points and
percentage)
1 055°- 090° ° °
075 b
= 8 16.4(4.7%)
2 27 o_ o o
07 290 280 7.1° .
18.4(5.3%)

3 295°- 330° 313° 6.4° 11.1(3.2%)
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FIGURE 3.2

Plan of a section of the E.R.P.M. showing discontinuities
referred to in Chapter 3 and areas where joints were measured

(stippled) .

0 Vertical shaft
=== == 1Incline shaft
—- Mine boundary
- - 7= Dyke

-" R Fault showing downthrown side



Apart from the three groups listed in the table a strong 030
trend is present (see Figure 3.1) hut has not been included because (1)
it represents only a small proportion of the points plotted and (2) it
is coincident with the strongest trend for dykes (c£. TabLe 2,1) and
hence is probably due to movement on the dykes. Group number , with a
mean strike of about 280% ,is subparallel to flie sediment strike in the

mine and Groups 1 and 3 form n possible conjugate pair about Group 2.

3.2 FAULTING STYLES

Figure 3.2 is an annotated reduction of Map 2 and shows all the
faults referred to in this chapter as well as the three groups listed in
Table 3.1. ''""'-rally t a dip of the faults is close to 90 with
displace; -3 than 10 metres, but in some cases dips are as low as
40° and some faults show displacements greater than 200 metres. It is
difficult to classify the faults into the categories normal and reverse
because of the paucity of dip—direction date but a strong correlation
between sense of movement, ar-i e could be made. Group 1 faults,
with a mean strike of about 07 :nvariibly have a down ow to the
south and a dextral strike-slip displacement. Group 3 faults, with a
mean strike of about 133°, Invariably have a downthrow to the north and
a sinistral strike-slip displacement. Finally, Group 2 faults, striking
at about 100° are not as regular but the downthrow is generally to the
north near the surface and south at depth, with both sinistral and dextral
displacements.

3.2.1. Rotational Faulting

Many faults have a rotational component associated with their
movement but rarely is the geometry sufficiently well understood for it
to be described in detail. Rotational faults, in contrast to

translational faults, involve a rotational movement about an axis normal
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to the fault plane; the two possible types, pivotal and h ige, axe

illustrated in Figure 3.3a. In pivotal faults the vertical displacement

decreases at a regular rate to zero at the pivotal point and then
increases in the opposite sense. Thus, an inclined fault will have at
one end a normal and at the other end a reverse dip-slip displacement.
In a hinge fault the vertical movement increases regularly away from
the hinge zone on one side only. The fault may be normal or reverse
but movement is in the same sense throughout its length. In additionf
hinge faulting involves the flexuring of one half of the fault into

an angular monocline,whereas pure pivotal faulting requires no interna?
deformation of the two fault blocks. Generally, the apparent
strike-slip displacements due to rotational faulting are irregular
because the sense of displacement depends on (1) the apparent dip of
the planar body cut by the fault plane, (2) the rmount of rotation
and (3) the position in space of the refr nee plane, (e.g. plane of

the reef) compared to the pivotal point.

The interpretation of rotational faulting is also further complicated
by any later translational or rotational movement, which tends to move
the pivotal point to a different place.

An example of the difficultr* in interpreting rotational faulting
is provided by Ellis (1943) describes a major strike-slip fault
in the East Rand basin. Fills noted that the fault had previously been
called a scissor (or pivotal) fault because, it had been throwndown on
both sides alternatively, but closer examination revealed that the

vertical displacements were apparently due to a non-planar reference plane,

in this case a folded conglomeratic reef, and the only displacement was

strike-slip. In Figure 3.3b this is represented diagrammatically by
two identical, but slightly out of phase,wave trains which represent the
hangingwall and footwall intersections of the reef(reference) plane

with the fault plane. It is clear that in places the hangingwall trace



TABLE 1-2

SUMMARY OF HI SPLACFMi” IS ALUNO FAULT 50

SECTION DI STANCE * TYPE** VERTICAL
(metres) DISPLACEMENT

(metres)

DRIEFONTEIN No 2 0 R , S 294
DRIEFONTEIN No 1 A50 R , S 381
ANGELO MAIN 1300 R , D 334
COMET 2000 R , D 280
- 2624 R , D 192
MUNRO 2695 R , D 196
- 2760 A , D 89

- 2826 N , D 33

- 2973 N , 7 19
CASON 3170 N , 2 8

* Distance measured along strike east
** R « Reverse dip-slip displacement

N « Normal dip-slip displacement

D1P (C

79 S

81 S

76 S

80 S

68 S

69 S

70 S

72 S

65 S

64 S

from Driefontein No 2 shaft

S » Simstral strike-slip displacement

D % Dextral strike-slip displacement



(solid line) is 'upthrown' comparcd to the footwall (broken line) but
elsewhere the opposite applies.

Unfortunately such a simple explanation is not applicable to
the E.R.P.M. rotational faults becaur'l their strike is often
approximately parallel to bedding.

The best known example of a rotational fault on the K.R.P.M. is
fault 50 which is exposed close to surface over a distance of four
kilometres. This typical E.R.P.M. fault does not appear to have
been given a particular name previously and is here called the comet
Fault because of its proximity to Comet Inclined. Shaft (Map 1). It is
a large, complex, rotational fault which strikes parallel to bedding and
dips between 64° and 81° south. However, the sense of movement along it
changes over its strike length. At its western end the dip-slip
movement is reverse, the strike -slip movement is sinistral and a large
dyke has intruded into the fault plane, but at the eastern end the fault
is normal, dextral and has only a small companion dyke.

A detailed description of the Comet Fault has been obtained from
ten vertical dip sections, spread over a strike distance of 3170 metros.
The information, which is summarized in Table 1.2, suggests that the
fault is rotational, because of variations in the vertical displacement
along the fault, and more specifically, pivotal because of the presence of
both normal and reverse dip-slip displacements. In Figure 3.3c. the
change in vertical displacement along the fault, from it Ton' n
No 2 shaft eastwards, is plotted, Illustrating the complexity of the fault.
The pivotal point of the fault must lie along D-E because of the
change from normal to reverse faulting but there must also be a dislocation
in the pivotal zone because of the sudden decrease in vertical displacement
between C and E. In addition, between points E and F, the displacement
increases towards the pivotal zone and not away as would be expected

in ideal pivotal faulting; this is probably due to the dislocation.
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Finally , in Figure 3.3c, the displacement decreases towards both the
east and from point B, thus there are two hinge faults about point B
with opposite senses of displacement.

Figure 3.4b outlines a possible mechanism for the formation of
faults with variable displacement, such as the Comet Fault, in relation
to the forces operating at the time of faulting. In Figure 3.4a the
stress environments outlined by Anderson (1951) for the formation of normal,
reverse and strikc-slip faults are illustrated. Clearly none of these
will permit variable, or rotational displacement along the fault plane.
However, a possible modification which would allow rotational faulting
is an inhomogeneous stress system, similar to that proposed by Ramsay
(1967, Figure 7-105, p. 436) for producing folds . Such a system is
illustrated in Figure 3.4b where the vertical maximum principal stress
(Oj) has a constant magnitude over the length of the block but the
horizontal minimum ( o") stress varies in magnitude. In parts of the
block the stress difference (oj - o0”) is large enough to cause failure
and initiate faulting in a normal sense. If cohesion is to be maintained
between the faulted and unfaulted segments of the block, the resultant
fault must be rotational. Stress concentrations at the point E, due to
the lengthening of the faulted block compared to the unfaulted block,
(Figure 3,4c) are likely to cause propagation of the fault to the point H
If this occurs the hinge point is translated to H rather than the fault
pivoting about the point E,

Another perhaps more feasible method for development of pivotal
faulting involves differential movement on a pre-existing fault (Figure 3. *').
For example, a normal fault with a large consistent vertical displacement
(Figure 3.5a) is later subjected to a different stress system in which
the magnitudes of the principal stresses vary along the block, which causes

the downthrown hangingwall block to ride back up the footwall block. If



the block only travels part of the way back to Its original position
and if the amount of movement has been variable along the fault
plane a hinge fault is defined (figure 3.5b); if, in places, it rides
back past its original position a pivotal fault is formeci (T jure s ..c,.

Complications must arise at the end of a pivotal fault because
the vertical displacement cannot increase indefinitely. The most logical
way of termination is for either the pivotal fault to become a hinge
fault or for a cross fault to be present. Fault terminations arc discussed
in more detail in Section 3,2.2,

The second mechanism seems to be the most applicable to the Comet
Fault and a possible scenario for its formation follows. The fault
dips southwards and strikes parallel to the basin edge, suggesting that
it formed as a normal type fault during the formation of the basin. Then,
it was intruded by a dyke from the west (the dyke is considerably
thicker at its western end) during Ventersdorp times. Later, when the
maximum principal stress was plunging southwards at less thand45 to the
fault plane and the stress difference varied in magnitude along the fault
plane, failure occurred along the zone D-E (Figure 3.3c), resulting in
the west side being moved back past its original undeformed position to form
a reverse fault.

3.2.2. Fault Terminations

Faults can terminate by branching or splay faulting,transform
faulting, a gradual reduction in displacement towards the fault margins
(rotational faulting as described in 3.2,1 above), folding and faulting,
but well-documented examples of terminations are rare.

The Phoenix Fault (No. 97) is a large oblique-slip reverse fault which
strikes at an average angle of 1431 (Group 3 in Table 3.1), dips at
approximately 56° south (in K section) and lias a dextral strike slip

displacement. Control on the fault geometry is poor as only two sections
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through the fault could be obtained (Figure 3.6 a and b) but the
fault-recf intersection trace clearly shows the fault to have a minor
displacement near surface (Map 2), a 300 metre overlap or gain of ground
at a depth of 1300 metres (point A. Figure 3.6c) and then finally

to disappear some 6.5 km on the reef trace from surface, after

branching to form splay-faults (point B). The important feature

of the Phoenix Fault is its method of termination - in this case

the splay-faulting interpretation was suggested by Mr C Duke of the
E.R.P.M. Geology Department. Hinge faulting has also been important.
Between K and L shafts, the main fault is rotational with the vertical
displacement decreasing towards the south-east. Then, in the vicinity
of L s, ction the fault splays into four smaller faults, the displacement
across which disappears near the Far East section.

3.2.3. Gouge filled faults and shear zones

The cataclastic material present in the faults and shear zones
in the E.R.P.M. varies from a solid, hard, coherent mass to soft gritty
infillings to dry white powder. These three end members can be classified
as follows wusing- Higgins(1971) classification of cataclastic rocks,

(i) Those where primary cohesion and fluxion structures (a
foliation or fabric due to cataclastic processes) are present, where
cataclasls is dominant over new mineral formation and recrystallisation ,
and the size of the porphyroblasts is less than about 0,2 mm are
classified as ultramylonf tes. Members of this group in the E.R.P.M. are
hard and brittle and can usually be identified by chemical analysis as
highly deformed, but unrecognisable dykes. The Internal fabric of these
fault fills is usually a compositional layering consisting of quartz-
feldspathic layers and platy-mlneral layers.

The Van Dyk Fault strike? at an average of 067° (Group 1 in Table 3.1),

dips near to vertical, has a downthrow to the south and a dcxtral strike-






PLATE 3.1

Underground photo”.r-iphs of shoai zones

Photographs of shear zone 114A(group 5) on H77W level.

The strong foliation which .s curved and inclined at
an angle to the shear zone.

A close i "f the sheared area showing a s'rong foliation
and a la elongate quartz pod in the foliation plane.

Similar to (b) but at another locality.

Photog aph of a large bedding plane shear on H22 level. Note
the bedding plane joints above the sheared area.



slip displacement. It is not unusual in its geometry but is a typical
example of faults and shear zones with gouge zones of cataclastically
deformed and mylonitic material. The width of the gouge zone may
exceed several metres (Van dcr Berg, 197.3) but it is normally a little over
u metre thick. Such large variations in distance between the fault
walls suggest an irregular initial fracture plane along which pod like
gaps were filled with cataclastic rock during movement. The formation
of these pods may be analogous to step structures which are commonly
found on a smaller scale on both naturally and experimentally produced
fault planes. Morris and Barron (1968) consider steps to be formed
by either accretion of gouge material or secondary fracture.
Accretionary stepping is common on the Van Dyk Fault,being usually
formed in areas ot 1 irregularities in the fault walls by the
gouge plastered on o the rock surface in the lee of irregularities.

An excellent example of an ultramylonite type shear zone in which
the catacla,®. material is of a constant thickness was observed
section. The shear zone (Plates 3.1a, b and c¢) strikes approximately
parallel to the reef and dips between 40° and 85° north; displacement
across the shear is oblique in a reverse sense at the east end of the
exposure (H76E) but appears to oe purely strikc-slip at the west end
(H7/W). Within the 1.5 meire wide shear is a highly foliated
ultr .mylonite with a dyke like composition (c”*f. Appendix Table Id,
Analysis 23) in which are Ir:ge pods of quartz. The sheared area is
very well defined and does not extend into the adjacent quartzitcs; the
foliation within the shear is also very well defined (Plate 3.1a) curving
as it is traced from the margin to the centre. It is never parallel to the

contacts of the shear zone and the angle of the foliation to the contact






PLAIT 3.2

Mining-inclucpci fractures

Type 1 fractures in a stope. The unusually high density
has been caused by an irregular mining configuration.

The fractures dip towards the wining face; that is, the
face advance is to the right. (Photo by W.D. Ortlepp).

Type 2 fracture in a footwall drive. Note the high degree
of comminution in the fracture plane and the feathering
of the fracture zone downwards (Photo by W.D. Ortlepp).

Embryonic zone of high comminution (white line) from which
wall spoiling initiates. Photo taken in the L7A exploration
crosscut.

Severe wall spalling and 'self-mining' in the L74 exploration
crosscut.
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is about 20°. Ramsay and Graham (19/0) have discussed the production
of tie;e foliations in some detail. They, conclude that shear zones,
similar to the one described above are a product of hetrogeneous
simple shear; the schistosity is dependent on the finite strain state
of the rock and forms parallel to the XY plane of the finite strain
ellipsoid.

Similar shearing has also been observed parallel to the bedding
planes on H23E (Plate 3.Id) in zones up to 20 cm wide.

(11) Higgins (1971) defined fault breccia and fault gouge as a rock
formed by crushing and grinding in which any coherence is secondary.
Fault breccia particles are visible to the unaided eye and fault gouge
particles are not. The soft, gritty infillings often found in the
E.R.P.M. can be classified as fault gouge, although many particles are
of fault breccia size. Water is regularly associated with these zones.

(ill) The dry white powdery substance is strictlv afaul t breccia but
requires special attention because it is the end product of mining-
induced fracturing. Two types of mining-induced fractures are commonly
found in the Witwatersrand deep-level gold mines and have been called
Type 1 and Type 2 fractures by McGarr (1971) (Plate 3.2). Type 1
fractures exhibit characteristics fundamental to the definition of a joint
and will be discussed in detail in Section B of this chapter. However,
observations of Type 2 fractures suggest violent failure and an association
with rockbursts. Their distribution is irregular and underground
observations reveal that they are up to 20 cr. wide and that displacements
across them arc in the order of two to three centimetres.

Within these Type 2 sh »ar zones the cataclastic material is mostly a
very fine, white powder (less than 0.1 mm in diameter) in wh<ch particles

several centimetres long are embedded. Thin sections of sheared quartzites



show that severe fracturing and comminution of the Individual quartz
grains has taken place. Kcrsten (1964) noted the characteristic
surface features of Type 2 fractures to be slickensiding, mylonitic
powdered material, a smooth fracture plane and an absence ol visible
grain boundaries. These fractures rarely terminate on bedding planes.

3.2.4. Ages of faulting

The latest movement on the faults displaces most intrusives but
some faulting took place even before the intrusion of the Ventersdorp
dykes; that is, during deposition of the Wjtvjcersrand sediments.
Grouv 2 faults (Table 3.1), in particular, are sub-parallel to the
sedimentary basin edge and may have formed as normal faults during
basin subsidence These faults now have a strike-slip displacement
indicating later movement along them. Groups 1 and 3 faults appear to
b. more recent than Group 2 and are probably associated with some later
stress fit Id w'th the maximum principal stress oriented approximately
east-west. This may be a conjugate pair as indicated by their opposing
strike-slip displacements and the fact that they displace each other in
an irregular fashion implies a similar age. The stress systems indicated

by faulting will be discussed in Chapter 4.

B. JOINTING
3.3 INTRODUCTION

A detailed analysis of jointing patterns is essential for an
understanding of the effects of larger discontinuities (i.e. dykes and
faults) on the adjacent rocks and mining excavations, as well as to
establish the early stress fields. The aim of this section is to
establish the patterns of bnth the original geological joints and the
mining induced fractures; the different response of quartz!tes and dykes

during brittle failure to mining induced stresses, and the differences



F Adjacent quartzitc G Adjacent quartzite H Adjacent quartzite

F Distant quartzitc G Distant quartzitc H Distant quartzite

F All points G All points H All points

FIGURE 3-7 EQUAL-AREA PROJECTIONS OF POLES TO
JOINT PLANES ;sce text unrl Table 3-3 ’or details.



K In dyke. L Distant quartzitc. FWD. Total-in dykes.

K Adjacent to large dyke. L Distant quartiite, X-cut. Total -rdjaccnt quartiite.

K Adjacent to small dyke. L All points. Total - distant quartiite.

K Adjacent to fault. K Distant quartiite K All points

CONTOURS EQUAL 1 3Z, 6 ?one! 10/ pnr IX area
NUMBERS Rrrtll TO THE NUMBER Of POINTS



NUMBER OF
POINTS s 1098

CONTOURS :
1,3 ond 6?.

FIGURE 3-8
EQUAL AREA PROJECTION

OF POLES TO ALL JOINTS
MEASURED IN THE E.R.P.M

FIGURE 3-9
EQUAL AREA PROJECTION OF POLES TO SOME
BEDDING PLANE JOINTS IN F.G.Hond K SHAFTS
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ipailing

drive

a. In the p’nne of the reef
unmined areas

b. Dip section through I-H

c. Strike section througli DI I?

d. Section through a footv/all drive

A.D.C.D refer to joint groups

discussed in text (3-5)

FIGURE 3-10 RELATIONSHIPS

BETWEEN JOINTING AND
MINING CONFIGURATION
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in fracture patterns in quartzites adjacent to small dykes, large

dykes and faults. Of the five dykes in and near which measurements

were made, four are 1llarge'(Dykes 58, 79,100,182) ranging in

thickness from 15,5 metres to 21 metres'and one is'small' 'Dyke 181)

being only 1,7 metres th k. The far’- considered is the Van Dyk

Fau” (No 111). These dy..es and the fault have been marked on Figure 3.2.
Joints are extremely well developed in all parts of the E.R.P.M.

particularly those that are mining induced.- However, there are at

le- t three important geological sets present with a possible two further

poorly developed sets. A total of 1098 joint plane orientations have

been measured in F,G,H, K and L shaft areac. between 68 and 78 levels,

concentrating on three locations within each shaft, namely: In the

dykes, in the quartzites adjacent to dykes and faults to an arbitrary

distance of ten metres, and in quartzius distant from any disc', inuities.

In Figure 3.2 the areas where joints were measured are marked and in

Table 3.3 the locations and number of readings at each location arc listed.
No detailed joint analyses have previously been attempted on the

E.R.P.M. but in 1964 Kersten analysed the orientations of mining

induced joints in the immediate hangingwall rocks on three Witwatersrand

gold mines. He described three classes of fractures basing his division

on surface features and dip direction. (He observed that the strike

varied little and concentrated on dip measurement). Since then, McGarr

(1971) lias reclassified Kersten*s three classes of fractures into

Type 1 and Type 2 fractures. Type 1 fractures (Groups A and B, solid

lines, in Figure 3.10c) dip towards the direction of stope face

advance in the hangingwall and away from this direction in the footwall;

Type 2 fractures dip in the opposite s"nse. The characteristics of Type

2 fractures, which as previously noted, cannot be considered as joints,

have been discussed in 3.2.3. above and the characteristics of Type 1



joints will be discussed below (see Plates 3.2a and b).
3,4 MKIHOI1 or ANALYSIS

The method used to determine the orientation of the joints was as
follows: because of the abundance of ferromagnetic mining materials
a clinorule was used for orientation measurements instead ol a
magnetic compass. Strike was measured with respect to the tunnel
orientation and then recalculatei to true north from mine-»urvey plans;
dip could usually be measured in the normal way on individual joint
planes.

The measured orientations were statistically analysed by constructing

contoured, lower-hemisphere, equal-area, stenographic projections of poles

to joint planes. A computer programme (Starkey, 1970), adapted for the
University of the Witwatersrand computer by Mr S L Fumerton has been
used for this purpose. Stereographic projections have been constructed
for each group of data, namely: in dykes; in adjacent quartzites and in
distant quartzites, as well as for all data in each shaft and all data
measured in the E.R.P.M. These projections are reproduced in Figure 3.7
and Figure 3.8. -

joint orientations were mostly measured in footwall drives, but
some were measured in hangingwall drives and the L74 exploration cross-cut
(Map 1, Table 3.3). Development areas rather than stopes were used
because of difficulties in determining strikes in a slope.

Measurement of joint oriental tone in a restricted environment such
as footwall drives does bias the results, i.palling on the side walls
of the drives masks any steeply dipping-Joints striking parallel, to
the tunnel (i.e. parallel to bedding strike) (see Figure 3.10d). Further,
both footwall and hangingwall drives are associated with mining disturbances
which mask original joints. Type 1 joints, for example, often obscure
a vertically dipping set striking down the dip of the sediments; this can

be seen in Figure 3.10a and c, where two members of groups A and B have
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simllar strikes and dips. For these reasons joints were also measured
in the L74 exploration crosscut which runs orthogonally to the
footwail drives, is in the hangingwall and has no mining above or below
it*

Moreover”~bias in the measured Type 1 joint distribution is present;
most major dykes in the E.R.P.M. are or were associated with westward-
advancing stope-faces, hence, in these footwail drives Type I joints
dip steeply eastwards. However, in the H shaft area, joints were
measured on both sides of the shaft and the stereographic projection for
joints in distant quartzites (Figure 3.7) shows a symmetrical distribution
pattern - that is. Type 1 joints dipping both east and west.

Also, the strike of the bedding and hence the trend of the footwa 1
and hangingwall drives varies from 099° in F shaft to 121 in L shaft
resulting in i spread of the orientations of bedding joints and induced
spalling joints on the stereographic projections. A composite irojectinn
of bedding joints in each shaft clearly shows the strike variation
(Figure 3.9) from F shaft in the west to ' shaft in the east. Further
the orientation of stope-mining induced joints is solely dependent on
the orientation of the mining face which varies considerably and hence, one
cannot expect a very regular pattern for these joints.

Although there are limitations to the analysis as outlined above,

the descriptions of the results below clearly establishes two prominent

sets of mining induced joints, three sets of well developed geologically

derived joints and two other poorly developed joint sets.

3.5 RESULTS

The various stereographic projections for each group of data are
illustrated in Figure 3.7 except for the projection for all joints
measured in the E.R.P.M which is shown in Figure 3.8. Each projection

has, at a maximum, four contours representing concentration levels of 1%,
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3%,6% mid 10% per 1% area.

All projections bave several areas of high concentration, but
there are four of these areas that are common to the majority of the
projections. These four groups can initially be described as:

(a) Group A : Strike 030°, dip = 601 - 90° east

Joints present : Type land a geologic set.

(b) Group B : Strike = 030°, dip » 60° - 90 west

Joints present : Type land a geologic set.

(¢) Group C : Strike 120°,dip » 20° - 50°south

Joints present : bedding and cross- edding parting planes plus parallel
Joints in the dykes.

(d) Group D : Strike - 120°, dip = 90°

joints present : Spelling on tunnel walls and a geologic set.

These groups are indicated on the stereographic projects in Figures 3.7
and 3.8 by their respective letters.

3.5.1. Groups A and B joints

These joints are well developed in all areas of the mine, especially
where stoping has occurred. They are best developed in the distant
and adjacent quartzites where they dip at 60° - 901 . Within the
dykes, however, they are poorly developed and are essentially parallel
to the near vertical dyke walls. This suggests that a dyke is a
sufficiently large enough structural discontinuity to affect the
orientation of mining induced jointing near it and partly resist mining
induced jointing within it.

This conclusion can be added to by introducing a dyke thickness
factor. Dykes 58, 79, 100 and 182 are 'large dykes' and affect the
orientation and density of joints in the adjacent quartzites but the
distribution of the joints adjacent to the 'small* dyke .81 is more

similar to that for distant quartzites implying that only large dykes can



3%,6% and 10% per 1% area.

All projections have several areas of high concentration, but
there are four of these areas that ar_ common to the majority of the
projections. These four groups can initially be described as:

(a) Group A : Strike =030°, dip - 601- 90 east

Joints present : Type land a geologic set.

(b) Group B : Strike - 030°, dip = 60° - 90° west

Joints present : Type 1and a geologic set.

(¢) Group C : Strike 1201,dip = 20° -50° south

Joints present : bedding and cross-bedding parting planes plus parallel
joints in the dykes,

(d) Group D : Strike - 120°, dip - 90°

Joints present : Spalling on tunnel walls and a geologic set.

These groups are indicated on the stereographic projects in Figures 3.7
and 3.8 by their respective letters.

3.5,1. Groups A and B joints

These joints are well developed in all areas of the mine, especially
where stoping has occurred, They are best developed in the distant
and adjacent quartzites where they dip at 60° - 90t. Within the
dykes, however, they are poorly developed and are essentially parallel
to the near vertical dyke walls, This suggests that a dyke is a
sufficiently large enough structural discontinuity to affect the
orientation of mining induced jointing near it and partly resist mining
induced jointing within it.

This conclusion can be added to by introducing a dyke thickness
factor. Dykes 58, 79, 100 and 182 are 'large dykes' and affect the
orientation and density of joints in the adjacent quartzites but the
uistribution of the joints adjacent to the 'small' dyke 181 is more

similar to that for distant quartzites implying that only large dykes can
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alter the stress field significantly enough to reorient mining induced
fractures.

Two types of joints, Type I's and a geological set, were defined
above as making up Groups A and B, both of which can be recognised on some
stereographic projections. The projection for distant quartzi tes in H
shaft shows Groups A and E to cover three concentrations, one lying on
the primitive great circle and the other two dipping steeply east and
west. The first of these concentrations represents a geological set and
the latter two, Type 1 joints. This subdivision is also present,
although not as clearly defined, in F and G shafts, but in h shaft
the geological set is completely absent.

Near the Van Dyk Fault, groups A and B are hard to identify and are
disrupted to such an extent that Group A Joints coalesce with Groups b
and C. This indicates that large faults, like laige dykes, can affect
the orientation of mining induced joints.

3.5.2. Group C Joint:;

These joints are always represented by good point maxima on the
stereographic projections for distant quartzites but often these maxima
are elongated in the dip direction because of the difference in the angle
of dip for bedding and cross-bedding. 1In the projections for adjacent
quartzites, the maxima may Join to that for Group I) tc form a weak great
circle diutribut' n. Tills suggests that the regularly oriented bedding
is slightly disrupted near to dykes, and presumably also near faults.

One of t’e moat unusual features of the jointing in the mine, is
the presence of 'bedding Joints' in dykes 58, 79 and 182, Group v jointing
in dykesis not as well defined as in adjacent quartzites but nevertheless
itis prominent enough in places for the dykes to be mistaken for bedded

sedim . ts underg ound. However, this set is absent in Dyke 100,

~T
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3.5.3.  Group 0 Joints

These joints appear to be all but absent in the distant quartzites
but they may be masked by spalling on tha tunnel walls. However, in
the adjacent quartzites and within the dykes the group is clearly
visible (except in the quartzites adjacent to Dyke 53). This may be due
to a better development of the geological joints near the dykes or to
less spalling. The latter seems the most likely because some of the
best examples of geologic Group D joints were observed in distant quartzites.

3.5.4. Joints aw.iv from active mining areas

All the above descriptions and associated stereographic projections
referred to joints in areas near stope mining. To check the validity
of this data and to identify the groups more precisely 73 joints were
measured in a section along the south-trending L74 exploration crosscut,
well away from active miring. Group C joints are, as expected, well
developed although abundant cross-beds have caused an elongated point
maxima. All other joints dip vertically fo.ming a weak primitive great
circle with four areas of concentration. Two of these correspond to
Groups A and B and Group D but the other two cannot be correlated with any
previously described groups. In the crosscut, spalling joints strike
at 030° and do not form part of Group D; this confirms the presence of a
geological set of joints in Group D.

The two new maxima which appear in the prelections (Figure 3.7)
correlate with two further sets of vertically dipping joints, one strong
set striking at about 075° (Group L) and one weak set striking at about
165° (Group F), As will be shown in Chapter 4 these correspond to weak
regional lineation trends and further, a reinvestigation ofthe stereographic
projections for other areas reveal a few Joints striking atthese
orientations. Thus, these maxima probably represent weak geological joint

sets which are present throughout the mine.






PLATi; 3-J.

A secrion of diamond drill core shovint; open bedding plane joints
(ends of the core) and inherent bedding plane weaknesses (lighter
lines within the core).

Bedding plane joints(horizontal fractures) and well developed
type 1 fractures (dipping to the left) in a foot', all drive
(Photo by W.D. Ortlepp).

Well developed bedding plane jointing forming Ilineations on an
extremely planar vertical joint striking east-west. (Photo by
W.D. Ortlcppl.

Diamond drill core showing re ,aiar bedding plane fractures.






PLATE 1.4

Original nnd mining inilnroJ jointii;2

A planar bedding plane joint (roof) on which traces of
type 1 fractures can be seen which extend down the back

wall. (Photograph by W.D. Ortlepp).

Diamond drill cote showing regular cross fractures (X)
which are evidence for groups A and R original jointing.

Dyke/q >artzi te contact in a north-south striking station
crosscut showing original group A and R jointing (Y)
and curved spelling fracturing (Z).
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Tiiese Joints, like the geological Joints In Groups A and B and

Group D, are oriented at 90° to each other.

3.6 hESCRiniON OF joINTs

3.6.1. Mining Induced joints (Plate 3.2 and Plate 3.4a and c¢)

The general orientation ol Type 1 Joints and their relationship to
mining configuration have already been discussed. Kirsten (1964) noted
the surface features of Type 1 fractures to include plumose structure,
clearly visible grain boundaries, an absence of slickensiding and an
irregular surface. They usually terminate on bedding planes (cf. Type 2
fractures in 3.2.3.).

/ further feature demonstrated by Kersten is that the angle of dip
increases with the span of the stope. Dip increases from about 40° to 75°
as the half-span width increases from 10 to 50 metres but beyond 50 metres
the increase is minimal; this change in dip is restricted to a small
portion of a section because half-span distances range up to 1000 metres.
The frequency of these Joints should vary with lithology but this is
rarely observed becuase mining is confined to one sedimentary horizon.
However, for no apparent rnson, the frequency varies within the
quartzites and also, as demonstrated above, there is a degrease in
frequency within dykes compared to quartzites.

Kersten concluded that Type 1 joints are probably tension features.
His description of the surface characteristics outlined above tends to
support this, apart from one feature; the presence of plume structures.
Price (1966 pp, 122-155) suggests that plume structures are probably a
tesult of shear failure but notes that because plume structures are
developed during Brazilian tents there is doubt as to whether they are
a conclusive indicator of shear failure. However, McGarr (1971) using

dislocation theory and Gay (1973) using a combined theoretical and



experimental approach, have both considered Type 1 joints to be

shear structures which form between five and ten metres ahead of

the working face. It may prove that Type 1 joints form by both
extension and shear mechanisms depending on their proximity to the
stope. In the stope face these features are clearly vertical and
immediately in front of this the stress system is oriented with the
maximum principal stress vertical; that is,it lies in the plane of the
fracture. This suggests that an extesnion mechanism at this point is
more likely than a shear one. However, this situation may vary

away from the stope. The principal stresses are reoriented about a
stope as mining proceeds such that the maximum principal stress is
oriented parallel to the excavation (see for example, Gay, 1973, Fig. 3a).
The observed Type 1 fracture patterns do not show any signs of

becoming parallel to the excavation and hence they are probably formed by
a shear mechanism away from the stope face.

Spalling or slabbing on the tunnel walls is a common
feature at depth due to the large stresses induced around the openings.
It was best observed in the L74 exploration crosscut (Map 1); a tunnel
whi*h was initially about 2,5 metres wide and 3,0 metres high and which
has not been stress relieved by overstoping. In this crosscut, slabs
appear to initiate from a highly-stressed zone of comminution formed
at the intersection of two planar features: a geological feature such
as a fault or a prominent bedding plane and the tunnel walls or the
tunnel roof and a wall. Thi* ‘'embryonic zonel (Plate 3.2c) is concave
in section and is usually near the top of the tunnel wills but often
migrates down to waist height as spalling proceeds. Slabs with thicknesses
ranging from a centimetre to 15 centimetres or more form parallel to
the tunnel walls thus widening the tunnel by 'self-mining'. (Plate 3.2d).
Individual slabs collected are mostly curviplanar but towards them

embryonic zones thev are tapered and even hooked.



In footwall and hangingwall drives, which have been destressed by
a stope above or below, the spaliing is mild by comparison to that ir
the cross-cut,obvious self-mining is rar ind spaliing joints are
vertical and do not tilt over.

Comminution of material is confined mainly to embryonic zones and
the smooth and curviplanar joint surfaces are similar in most respects
to Type 1 fractures. Many of the slabs contain plume structures
possibly suggesting a shear mechanism and Gay (1970) concluded that
spelling surrounding slits in sandstone cylinders under hydrostatic
compression took place by shear.

3.6.2. Geological joints (Plates 3.3 and 3.4)

(a) Possible extension joints

Twr of the original joint sets, part i ’»s A and B and part of
group J have been recorded in drill cores (Plates 3.4b) and occasionally
in underground excavations Plates 3.3c and 3.4c) where they are not
often identified because of the masking effects of mining induced
jointing. Vhere observed, they are quite planar and show no
displacement across the joint plane. The surface of the joints is
usually coated with chloritic material unless small quartz veins are
present, in at least one location the 030° trending joints have controlled
the infusion of a small dyk» of Ventersdorp age (Plate 3.4c¢) indicating
that they formed early in post-Witwatersrand times.

The frtv ncy of Groups A,Rand I) geologic joints is not well known
although in ,1 .-.haft, the observed joints were soaced about 0,25 me res
apart.

Tha joint sets are orthogonal to each other and arc oriented at
high angles to the sediments which suggests that they may be related
to the hasininr, processes. North-south and east-west vertical sections

through the basin at the P.P.P.M. show the sediments to be concave
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upwards ar. the joints may be tensioual '<.itures associated with
this flcxrring. Alternatively they mr> be extension joints formed during
uplift as suggested by Price (1959).

Groups E and F joints were too poorly developed to be studied but
are presumed to be of a geological origin.

(b) Bedding plane joints

The most consist ntly developed joints in the mine are bedding
joints (Plate 3.3 and 3.4a), the dip of which varies rom about 45°
at surface to 25° at the deepest mining levels, be; as demonstrated
above local variations are common especially near faults and dykes. 1In
addition, bedding is occasionally disrupted by ancient gullies and
wash-aways and by cross-bedding which dips at. angles whicl areup to 25°
greater than the dip of the main beddin planes. Bedding plane joints
seem to have developed where there is an inherent weakness such as a
fine layer of shale in the quartzites and hence, they are usually more
frequen® in 'dirtier] quartzites where the shale content is abundant.
The distance between them ranges from about five centimetres to more than
a metre.

The joints are either planar (main-bedding) or curviplanar(cross-
bedding) and they are usually coveredby a fine coating of chlori tic
or clay material; comminution is rare but the surface is often striated.
Movement across them has caused the displacement of small veins and joints
for distances of up to one centimetre; shear zones parallel to bedding as
discussed in Part A of this chapter also imply movement along bedding.

From a comparison of the bedding plane fractures in the L74
exploration crosscut and footwall drives it is clear that the frequency
of the joints is higher in the footwall driveswhere they are also
more open. This betterdevelopment of the joints in mining areas is
probably related to the closure of the sLopes,which occurs some tens of

metres behind the position of the active mining face.
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(¢) Mechanism of formation of bedding plane joint

On the Witwatersrand the measured vertical stresse are in go d
agreement with the calculated stress from the weight < the overburden
(Gay, 1972, 1975), hence, at the deepest mining lev,is the vertical
stress, which should approximate to the maximum principal stress, is
about 90 M’a if one assumes the density of the overburden to be 2700 Kg/m’3
(Grobbelaar, 1957), depth to be 3,3 kilometres and acceleration due to
gravity to be 980 cm/sec2. In addition, Gay (1975) has shown that at
depth in Southern Africa the vertical stresses are almost twice as large
as the horizontal so in the E.R.P.M. it is reasonable to assume a
horizontal stress of 50 MPa, which will approximate to the minimum and
intermediate principal stresses.

The mechanism of formation of the bedding joints is undoubtedly
geological but the opening up of the joints, the higher frequency near
active mining areas, and possibly the formation of those in the dykes, is
obviously related to the mining activity. When the reef is removed
by mining, the underlying footwall rocks are subjected to an almost
instantaneous removal of three kilometres of overburden with a concomitant
reduction in the vertical stress and a reorientation of the prinitipal
stresses, so that the maximum principal stress becomes horizontal and
the minimum .rtical. Under these conditions parting across the bedding
planes could easily occur in a manner similar to valley bulging or the
formation of sheet joints during erosion. Sheet jointing has been discussed
in detail by Johnson (1970) in terms of removal of material by erosion
and Ferguson (1967) has discussed valley bulging in ferns of stress
relie., during erosion. In the examples cited by Ferguson the centre of the
valley arches up a few degrees and vertical tension fractures and bedding

plane partings are formed. In a series of experiments simulating mining
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conditions under stress (N.C. Gay, personal communication, 1975) has
produced vertical tension fractures in the centre of a tabular
'min*d -out’ area as well as near horizontal fractures alone bedding
planes.
Following Johnson’s (1970) suggestion that sheeting joints may be
due to buckling, a similar model has been developed for the opening-up
of bedding joints in the sediments, where, because of the sudden
removal of the verticil stress, the horizontal stress is large enough
to deform the beds.
The problem is to determine if the horizontal stress is large
enough to buckle a series of quartzite sheets which are separated by
pre-existing but closed bedding joints, with no vertical stress acting
on the surface of the upper layer; that is, to see whether the
horizontal stress will be large enough to open up the bedding plane joints.
Cobbold ej* al . (1971) have shown that the resistance of a layered
body to a deforming force acting parallel to the layers is dependent
on the resistance to deformation of the individual layers. Therefore,
in the simple analysis given here, the behaviour of a single layer will
only be discussed. Also important, is the resistance to layer
parallel shear between the sheet being buckled and the surrounding sheets,
which depends on the ease of slip between the layers. In the E.R.P.M.
the strength across the bedding planes is probably minimal because of
the presence of an initial weakness, coatings of chloritic or clay material
which provide lubrication and an absence of a large vertical confining
stress once the rock have been overs toped.
The critical value of the compressive stress required to buckle a
free rectangular plate can be determined from the Euler Equation:

Ocrf£t m (tt"Eet”)/(12.1 2.(1-v*)) (Johnson, 1970, page 385)
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where E is Young's modulus, v is Poisson's Ratio, t is thickness and

L it the length of the plate. In the E.R.P.M. reasonable values for E

and v for footwall quartzites are 0.75 x 10) MPa and 0.2 respectively
(McGarr el al, 1975). Also, underground observations reveal the bedding
frequency to vary from less than one to 20 joints per metre. Assume that the
layers are one metre thick and that the length of the sheet, which is

defined by the mining span is,500 metres.

Under these conditions the critical stress for buckling is only 2,5
MPa which is very much smaller than the predicted horizontal stress of
50 MPa. Of course, the critical stress will be higher in the mine because
of the resistance to buckling imparted by the stope supports but still
will be very small.

This brief analysis suggests that there is sufficient horizontal
stress at depth to buckle some or all of the beds between the stope and
the footwall drive resulting in an opening of the bedding joints and at
least partial closure of the stope.

The 'bedding-jointsl in the dykes arc most probably geological
because they are parallel with bedding and their surfaces are coated
with chloritic material. Their origin is obscure but it seems as tnough
they form by the propagation of parting planes from the sediments into
the dykes. Hence,one would expect a much higher frequency of joints
nearer the contact than in the centre but this is not obvious underground.
The jointing in the centre of the dyke may form by propagation of these
joints, particularly after removal of the overburden by mining.

Alternatively, the 'bedding joints' in the dykes may be extension
joints (N.C. Gay, personal communication, 1975): as the dykes are
overstoped they are subjected to a high horizontal confining pressure, with

little or no vertical load, which would cause them to fail in extension
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CHAVTER 4

REGIONAL STRUCTURAI PATTI'UN’S AND i:AR?Y S'.'KKSS SYSTEMS

4.1 REGIONAL STRUCTURA.. PATTERNS

In this section the regional lineation patterns, as determined
from Earth Resources Technical Satellite (E.R.T.S.) imagery are
compared with regional geology and the local lineation patterns in
the E.R.P.M., which were described in Chapters 2 and 3 above, so as
to establish how representative the lincations in the mine area are of
the region zs a whole and to determine the regional and local early
stress systems.

Regional lineation patterns were determined from 1 : 500 000 scale
E.R.T.S. imageries (supplied by Spectral Africa, Pty Ltd) for about
14 000 square kilometres of the Central Transvaal (Figure 4.1). Only
lineations were recorded on the imagery; obvious cultural artefacts
(e.g. roads) and stratigraphy, which is very clear on E.R.T.S. imagery,
were ignored. The resultant lineation map is shown in Figure 4.1
together with some regional geological features as determined from the
1 : 1 000 000 geological map of South Africa. The lineation trends are
analysed in a strike frequency diagram (Figure 4.2) which was produced
from Figure 4.1 using the method described in Chapter 2. The limits
of the chosen sets, their mean values, stands? deviations and mean
frequencies are listed in Table 4.1.

TABLE 4.1

SUMMARY OF STRIKE FREQUENCY DATA FOR REGIONA! LINEAT IONS

LIMITS MEAN STANDARD DEVIATION AVERAGE FREQUENCY
STRIKE OF THE MEAN STRIKE’ WITHIN EACH crour (No
of points and
percentage)
0° - 060° 32° 27,6(6,7%)
270° - 290° 290° 13,5(3,3%)
300° - 340° 328° 36,T(8,4%)

340° - 020° 356° 20,4(4,9%)
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With E.R.T.S. imagery it is difficult to know exactly what each
linealion represents. Stratigraphy is the most easily recognisable
feature due to vegetation variations, topography and curvilinear 1la‘es,
but most lineations cut across stratigraphy and it is not clear
whether they represent dykes, faults for man-made artef .s. In fact,
many of the geological faults and dykes plotted in Figure 4.1 do not
correlate with the E.R.T.S. lineations but a few do and others run
parallel to them.

A much better idea <f what lineations represent is obtained by
comparing the loca' E.R.P.M. and regional lineation patterns. In
Table 4.2 and Figure 4.3 the sfike-frequency data for dykes, faults and
joints on the E.R.P.M. are compared with the regional data and it
is clear that three out of four regional trends are present in the local
E.R.P.M. data. However, the very strong regional lineation at 328 is
weak in the E.R.P.M. where it is represented by the Group 2 and Pilanesberg
dykes:the 030°regional trend iu present in the E.R.P.M and is comprised
of dykes, faults and joints; the faults, joints and dykes oriented about
110° are not strongly represented on the regional scaje and finally, the
faults and joints oriented along 075 do not show up on the E.R.T.S.
lineation analysis. However, it appears that in general the E.R.P.M.
structures form a part of the regional lineation pattern and probably
reflect the regional stress fields operating at the times the structures

were formed.
TABLE 4.2

SUMMARY OF STRIKE FREQUENCY DATA FOR DYKES, FAULTS,JOINTS AND REGIONAL
LINEATIONS

MAIN TRENDS
Dykes** - 030° - 290° 325° - 349°
Faults** - (030°) 075° 280° - 313°
Jointst - 030° (075°) 295° - - (345°)*
Regional** ,~° (32° - (290°) 328° -
lineations
* In 1.74 exploration crosscut only ** Mean values

() Implies a weak concentration t Strongest trends
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4.2 KARLY STRLSS SYSTEMS

4.2.1. Introduction

A great deal of experimental and theoretical work has been done
on the failure of rock under various stress regimes which shows that
the failure patterns of rock can be predicted for a particular stress
system. Conversely it is possible to estimate what the stress systems
r.ore from the resultant fracture patterns.

Faulting in brittle rocks takes place one one or both of a
pair of conjugate failure planes which are inclined at an angleO) of
less than 45° to the principal stress direction. This theory is
based on the Coulomb and Mohr theories of shear failure and from it
the stress systems surrounding reverse, normal and strike-slip faults
can be predicted (Jaeger and Co0k,.1969, p. 401) as in Figure 3.4.
Commonly only one member of the conjugate pair develops preferentially.

The angle (tj) between the fault plane and the direction of maximum
principal stress is given by,

¥ ey /4 - */[2 (1)
where * is the angle of internal friction for ro”ks. (Jaeger .nd Cook,
1969, p. 90); if 0°then if * 45°. Jaeger and Cook (1969, p. 402)
quote results from several sources which suggest thatif is between 25
and 30° for normal faults, 20° and 25° for reverse faults and about 30°
for strike-slip faults and hence, the angle of internal friction ($ )
varies between 30° and 40°.

The above discussion assunr that failure is accompanied by a
significant displacement of one block past another, that is, faulting.
The alternative situation is where no displacement occurs across
the fracture zone; that is, jointing and some dyke intrusions. These

structures are thought to form parallel to the plane normal -o the minimum



TAHLE 4-3

ATTITUDES OF EARLY PRINCIPAL STRESSES DEDUCED FROM DYKES,FAULTS AND

JOINTS IN THE E.R.P.M.

STRUCTURE 01 0 0

) 3 AGE
DYKES:
%
GROUP 2 vertical 0/145% 0/055 BUSHVELD
3 vertical 0/030 0/120 VENTERSDORP
4 vertical 0/030 0/120 VENTFRSDORP
5 vertical 0/110 0/020 VENTERSDORP
vertical 0/165 0/075 PILANESBERG
JOINTS
GROUPS A
vertical 0/030 0/120 VENTERSDORP
B
C ? ? ? ?
D vertical 0/120 0/030 VENTERSDORP
E vertical 0/075 0/165 VENTERSDORP
F vertical 0/165 0/075 PILANESBERG
FAULTS
GROUP
2 normal vertical 0/100 0/010 LATE WITWATI
2 reverse 0/010 0/100 vertical ?
1 1
0/104 80/194 12/014 ?
3

* 0/145 implies a linention plunging towards 145°
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principal stress direction, that is, in the plane containing the
maximum and intermediate principal stress directions (Anderson, 1951,
p. 42; Friedman, 1964). This is the only indication of the principal
stress directions that a dyke or a joint gives unless there is also

a displacement present. It is common in the F..K.P.M. for vertical
displacements to occur across vertical dykes; in these cases it can be
assumed that the maximum principal stress is approximately vertical.

Using these principles the orientations of pre-existing stress
systems that have operated in the E.R.P.M. and the surrounding districts
can be estimated from the orientations and geometry of dykes, faults,
joints and the regional lineation patterns. This is done in the
following sections for each group of structural discontinuities, from
which a stress history for the mine is deduced.

4.2.2. Dykes

The orientations of the dyke groups found in the mine arc plotted on
a rose diagram in Figure 4.2a, excluding Group 1 (a single dyke/sill)
and Group O(dykes and sills that do not fit into any other group).

In Table 4.3 the attitudes of the early principal stresses as deduced
from these sets of dykes are listed assuming that the minimum principal
stress lies normal to the plane of the intrusion and the maximum
principal stress is vertical ; this latter assumption is reasonably valid
considering the vertical displacement across many of the vertical dykes
and that a stress system due to gravity will have the maximum principal
stress vertical. The intermediate and minimum principal stresses are
horizontal but as discussed in Chapter 2, the orthogonal geometry of the
intrusives indicates that the orientations of these principal stresses may
be transposed during a particular period.

4.2.3. -Toinls

In Chapter 3B six groups of joints, termed A to F were recognised.

Thesi six sets have been marked on a rose diagram (Figure 4.2c) and are
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listed in Table 4.3 with their possible times of formation and the
orientations of the minimum principal stress direction. The maximum
principal stress has been assumed to be approximately vertical in
Table a.3 because of the probable correlation to dykes of a similar
age. However, no conclusive evidence is available for defining the
intermediate and maximum principal stress directions.

Group A and B joints are comprised of Type 1 mining induced joints
aryl a vertically dipping geological set. The latter group is possibly
pre-Ventersdorp or penecontcmparaneous with Ventcrsdorp intrusives
because theintrusion of a dyke in Hshaft is distinctly controlled by
joints of these sets (see Chapters 2or 3B). No age control is available
on Group C joints, which are parallel to bedding. Group D joints are
"iubparallel to Group 5 dykes and Group 2 faults and by association with
the dykes are Ventersdorp or older. Group E joints are sub,arallel to
Group 1 faults and are possibly of a similar age and finally Group F joints
are subparallel to the Pilanesberg age dykes and hence may be of a similar
age or older. The joints of groups A or B and D may have formed
contemporaneously because of their association with Ventersdorp intrusives
but groups E and F are likely to be of different ages.

4.2.4. Faulting

Three main faulting trends and a minor one were established in
Chapter 3A;these are illustrated in Figure 4.2b and the associated stress
systems arelisted in Table 4.3. Nodynamic analysis was carried out
for the weakest group of faults which strikes at 030°. Movements on these
faults probably accompanied the intrusion of the Ventersdorp dykes in
the same orientation.

Group 2 faults, which strike subparallel to bedding, have been discussed

in some detail in Chapter 2A in terms of fault 50. They appear to have
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formed as normal faults as a response to the lengthening of the
basin floor during sedimentation but those near surface were later
modified into reverse faults; the deeper faults were not modified
because of a much larger vertical stress, due to overburden, than

at surface. Near surface these faults have a downthrow to the north
and at depth to the south; all faults dip south or are vertical.
The determined stress field at the time of their formation as normal
faults has the maximum principal stress vertical, the intermediate
horizontal, trending at 100° , and the minimum principal stress
horizontal trending at 010°. To reactivate the fault into a reverse
fault the maximum principal stress must be inclined to the existing
fault plane at less than 45°, so that on the »datively steeply

dipping faults seen in the mine it should p'tinge steeply southwards.

However, at deeper levels in the be* n, thesi faults can have shallower

dips and the maximum principal stress .an be near horizontal . This

orientation is assumed in fixing the positions of the principal stresses

as given in Table 4.3.

The other two groups of faults, numbers 1 and 3 represent a pair

of conjugate fractures with group 1 faults better developed than those

of group 3.

Both groups have significant strike slip movements, the sense of
displacement being dextral for group 1 and sinistral for group 3,
while group 1 has a downthrow to the south and group 3, a downthrow
to the north. The two sets of faults displace each other at several
localities but the derived age relationships arc not constant, which
suggests a contemporaneous age. In Figure 4.4 the stress system

associated with the formation of the conjugate faults is illustrated.

deriving these principal stress directions the maximum principal stress

In
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has been set so that it bisects the acute angle between the faulting
planes:this maximum principal stress is horizontal trending at 104°;
the intermediate principal stress plunges at 80( towards 194 and the
minimum principal stress plunges at 12 towards 014 . The angle,

2~, between the fault planes equals 58° and from equation (1) the
associated angle of friction (H is 32 which agrees well with the
reported values given above.

Possible ages of the faults are also listed in Table 4.3. The
initial development of Group 2 faults probably took place in late-
Witwatersrand or early Vcentersdorp times with reactivation to form
reverse faults at a later stage. The age of group 1 and 3 faults

is not clear.

4.3 BRIEF GEOLOGICAL AMD STRESS HISTORY OF THE E.K.P.M.

Based on the discussions in Chapters 1, 2,3 and the first parts
of this chapter a geological and stress historv cf the mine area can
be built up. In addition an indication of some of the ancient
regional stresses is given by extrapolation of local stress fields to
a regional scale where similar lincation patterns are present. These
histories are summarized in chronological order, starting with the

sedimentation of the Vitwatersrand Basin, in Table 4.4.



TABU' 5-1

MKCHANICAL. IMOM in n.S OF SOM ROCKS FROM TtIF
AND THi: WI'imTKRSRAND

ROCK TYPE LOCATION Co E r No. of Rcferen-*
(M’a) (MPa x 10 ) Speci-
mens
Non-de composed C shaft, 432 1,01 0,25 ns 1
diabase Dyke 79
decomposed diabase G shaft, 230 0,73 0,24 ns 1
Dyke 79

diabase dyke

- chill phase G64W Dyke 79 446 1,05 0,27 ns 2
- composing G64W Dyke 79 215 0,77 0,25 ns 2
- slightly G64W Dyke 79 237 0,69 0,23 ns 2
decomposed
- slightly G64W Dyke79 4)9 0,96 0,24 ns
decomposed
Karroo dolerite 7 331 0,84 ns ns 3
Apiite sill H73 & 77E 457 0,78 0,28 12 4
("chert cyke")
Quartzite
-hangingwall H75E 352 0,86 0,14 10 5%
- footwall H75E 212 0,75 0,20 10 5%
-hangingwall F,G,Hj67 288 0,83 0,14 152 6
-footwal 1 and 68 levc 1s[237 0,83 0,20 37 6+

1 The Rock Mechanics Research Team (1959b)
2 The Rock Mechanics Research Team (1959a)
3  Wicbols (1968)
Fumerton (1975)
McGarr et al (1973;
Grobbelaar (1957)
* Specimens with a 3:1, length: diameter ratio; strain-gauges used.
** Specimens with a 1:1, length; diameter ratio; oxtt-nsomcl used.

NOTE: Specimens with a 3:1, length: diameter ratio and strain gauges were,
used in this dissertation

ns means not stated In the original reference.
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CHM'IKK 5

ROCK MECHANICS

5.1 INTRODUCTION AND METHODS

The notation used in this chapter is listed at the beginning ot
the dissertation.

An understanding into the problem of rockbursts when mining near
or within dykes and the association b=tween seismic events and dykes
requires an understanding of the physical properties of the dykes and
their host rocks. Previous determinations of the mechanical properties
of rocks from the Witwatersrand, and, in particular from the E.R.P.M.,
have been concentrated on the host rocks; that is, the quartz:tes,
shales and conglomeratic reefs (see for example: Grobbelaar, 1957;

Rock Mechanics Research Team, 1957, 1959a; McGarr et al..1975). Two
important conclusions from this work are: (1) the hnnging-wall rocks

have a higher Young's Modulus than the footwall quartzites (see Table 5.1),
implying that because of their ability to store a greater amount of elastic
energy, they are more prone to seismic events (McGarr et al..1975) and

(2) the hanging-wall quartzites arc considerably stronger than footwall
quartzites.

Far If data on the mechanical properties of the intrusive rocks
are available; the results of a few tests by previous workers are listed
in Table S5.1. These results show (1) a marked variation in the mechanical
properties as a result of various degrees of decomposition and (2) that a
chill phase on the dyke contact with the quartzites is stronger than a
normal non-decomposed diabase.

The aim of the present study is to determine if the mechanical
properties vary in a systematic manner across a dyke, if they can be

correlated with the geological features established in Chapter 2 and if
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there is any correlation between them and rockburst incidence.

Four dykes, the locations of which are marked on Figure 5.1, have

been studied, and the uniaxial compressive strength, static

Young's modulus and Poisson's Ratio have been determined for a

total of 76 specimens. In addition,a suite of 10 specimens from

dyke 144 have been tested to failure under various triaxial stress
conditions and six Brazilian tests have been done to obtain an estimate
of the uniaxial tensile strength.

Densities have not been determined but previous determinations
by the Rock Mechanics Research Team (1959a, 1959b", indicate a density
range of 2770-2950 kg/m3 for the basic dykes compared to 2670-2720 kg/m3
ftr the quartzites.

All specimens were prepared from borehole cores of either AXT
(32,5 mm diameter)or EX(21,6 mm) size which were drilled through each
dyke. Groups of two or three specimens were selected at regular
intervals along each hole. Geological inhomogenecities were avoided
as much as possil e but specimens often contained closed joints and
cleavage zouis that only became apparent during testing and also
the numerous quirtz-chloritic veins present in the dykes were often
unavoidable. The effects of such inhomogeneities will be discussed
in section 3.1 of this chapter.

Each specimen was turned on a lathe into a right-circular cylinder
with a dianeter of about 24 nmm and a length to diameter ratio of
approximately three for the uniaxial compressive strength tests; a
diameter of about 30 mm and a length of 60 mm for the triaxial tests and
a diameter of about 32 mm and a length to diameter ratio of approximately

one third for the Brazilian tests.
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The length to diameter ratio of three was chosen for the
uniaxial tests because it allows a large area of uniform stress
distribution in the centre of the specimens, even allowing for contact
effects with the end platens (llallbauer et al.,1973). Two vertical
and two horizontal 10 irm long strain gauges were attached with
Hottinger X-60 cement onto each specimen except for those from dyke
182 where only two vertical strain gauges were attached.

For the triaxial strength tesis the specimen size was governed
by the size of the Hock triaxial cell used and for the Brazilian
tests the specimen size was not crucial provided all specimens ace of
a similar size because specimen dimensions are included in the formula
for tensile strength. Strain gauges were not used in these tests.

For the uniaxial compression tests, specimens were loaded at an
average rate of approximately one megapascal per second with
interruptions at intervals of apprv. .mately 30 MPa to read the horizontal
and vertical strain increments on the Huggenberger strain meters.
Because the testing machine used is not stiff very few readings
were obtained after specimen failure had commenced. For the triaxial
tests an axial load of about 75 MPa was applied before th" confining
pressure and the specimen ’ v loaded without interruption until failure.
Similarly, Brazilian ' specimens were loaded at a slow uniform
rate until failure. For the triaxial and Brazilian tests only the load

at failure and specimen dimensions were recorded.

5.2 RKSULTS

5.2.1. Uniaxuil Tosts

After testing, the raw data for each specimen consisted of the distance
of the specimen from the contact, the diameter, length, load at
failure and the axial and lateral strain increment readings. A

computer programme, written in conjunction with Mr S L Fumerton, was
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used to determine the uniaxial compressive strength, the incremental
Poisson’s ratio for each load increment and to produce graphs of"
stress against strain, axial strain against lateral strain and stress
against volume strain for each specimen. It was considered necessary
to compute the incremental Poisson's ratio because it varies markedly
during testing and is linked to both the volume changes and failure
of the specimen. For comparison purposes, the value of Poisson's
ratio for each dyke was determined in a consistent manner: on the curve
of axial strain plotted against lateral strain, a tangent was drawn
to the point where the rate of change of curvature is least (in all
tests this was near to the corresponding load of 100 MPa). Thu slope
of this tangent is the Poisson's ratio. Uniaxial compressive strength,
Poisson's ratio, Young's modulus and volume changes were calculated
using the following formulae. The uniaxial compressive strength(C”")
is given by:

) = (4.L/iTd2).103
where L is the load in kilonewtons and d is the diameter of the
specimen in millimetres. In uniaxial stress (that is, og" 03=0)
the fractional change in volume (A) is given by:

A=E +2r2

(after, Jaeger and Cook, 1969; p. 106). The Poisson's ratlo(v)

Is defined as the ratio of lateral strain to axial aL n (-r*/e”) and
Young's Modulus (F.) as the ratio of stress to strain(¢c” c?), (Jaeger and
Cook, 1969; p. 103). Note that the value of ~ , being expansion, is

reckoned negative.
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4 TYPICAL STRESS-STRAIN CURVES

SAMPLE NUMERS

a. Dyke 144-

b. Dyke 100-

¢c. Dyke 100-

d. Dyke 79-

e.Dyke 144-

f Dyke 79-

A,B,C cmd D

78,0 m

28,0 m

191 m Letters refer to curves
on Figures 5-4 uiid 5-5.

48,2 m

49.1 m

28.31m

ore explained in the text
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TABLE 5-2

AVERAGE ELASTIC PROPERTIES FOR DYKES 79,100,14A
AND 182 IN UNIAXIAL COMPRESS ION*

DYKE co ( MPa) E (MPa x 10%) \Y4
NUMBER m 8 n m 8 n m 5 n
79 2717 62,9 15 0,90 o.10 15 0,29 0,03 15
100 281 66,2 17 0,37 o.12 17 0,28 0,03 17
182 331 52,2 20 0,83 0,07 19 n.d. - -
144 361 82,4 15 0,91 0.0 15 0,26 0,02 15
ALL SPECIMENS 313 74,1 67 0,87 .10 66 0,28 0,03 47

* Specimens considered to be seriously affected by geological inhomopeneities
or uneven loading have been excluded.

: uniaxial compressive strength m : average value
E : Young’s Modulus s : standard deviation
v : Polssons ratio n : number of samples

n.d.: not determined
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The results are presented in tabular and diagrammatic form and are
discussed in Sectxon 5.3. The finures, tables and their whereabouts are:

A: Figures: 5.1 Location of drill holes and dykes used for specimen
collection

5.2 Best-fit curves of plotted against distance

5.3 Best-fit curves E and v plotted against distance

5.4 Graphs of stress plotted against strain

5.5 Graphs of axial strain plotted against lateral strain,
stress against volume strain and stress against Poisson's
ratio.

B: Tables: 5.2 Average elastic properties for all dykes.

C: Appendix
igures: 2A, Plots of actual determined values ofv, Eand against

distance for dyke 79.
2B, Plots of actual determined values ofv, Eand against
distance for dyke 100,
2C, Plots of actual determined values ofv, Eand against
distance for dyke 182,
2D, Plots of actual determined values ofv, Eand against
distance for dyke 144.
D: Appendix 2A, Mechanical Properties of dyke 79
Tests:
2B, Mechanical Properties of dyke 100

2C, Mechanical Properties of dyke 182

2D, Mechanical Properties of dyke 144

5.2.2. Triaxial toyta

Nine specimens chosen from near the centre of dyke 144, have been
tested to failure in triaxial compression such that, V0 and °2 " °J 2
Tests were done for various confining pressures in the range 10 MPa to 70 MPa.
The specimen dimensions, testing conditions and results are listed in

Table 5.3.
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MODIFIED GRIFFITHS
THEORY
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FAILURI.

UNIAXIAL COMPRESSIVE
STRENGTH

0,6 .
0,4
ORIGINAL GRIFFITH S
THEORY
0,2 .

COMPARISON BETWEEN MEASURED STRENGTHS
AND FAILURE CRITERIA
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There are several ways of representing triaxial data graphically.
The simplest method is to plot axial stress - failure against confining
pressure. This has bet 'ne in Figure 5.6 for the data in Table 5,3,,
together with an average value for the uniaxial compression strength,
385 MPa, determined from specimens taken in the same part of the dyke.

Another convenient method of representing triaxial testing results
is to reduce the maximum principal stress (0o”l and the confining stress(o3)
to a dimensionless form by dividing them by the uniaxial compressive
strength (C ) and then plotting together as in Figure 5,7. (Hock, 1965),
On this figure are also plotted the curves for the original and the
modified Griffith fracture criteria for coefficients of friction (p)
of 1,0 and 1,5. 1In addition the value of u has been determined for each
of the test specimens using the following formulae. The modified Griffith
criterion is given as,

0j/CO = (U+P2 )™ “+ p)/ (1+p ) ~ - p))- + 1

Hoek, 1965, p. 52)

which can be rearranged to

p- (A« B- 1)/2(AB - B\;7"2),
where A * ¢*/C* and B - 07/Cq.

The angle of internal friction () can be determined wusing
the formula,

p - tan $§ (Jaeger and Cook, 1969, p. 90),
assuming a Mohr-Coulomb criteria.

In addition,the intrinsic shear strength (S*) can be determined for
each specimen; it is defined in Figure 5.d in terms of a Mohr circle.
It is common for the value of S() to be measured from a Mohr circle
diagram, however, it can be calculated using the following equations which

are derived, using b..sic trigonometry, from Figure 5,8. (inset)
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SAMPLE
NUMBER

& N A W N =

MEAN TENSILE

HEIGHT

STRENGTH -

WU71UM TEST HiaULTS

DIAMETER
(mm)
32,35
32,35
32,35
32,35
32,35

32,35

31 MPa

RATIO

2,74
2,81
2,89,
3,05
2,89

3,00

LOAD

19,2

17,6
20,0
14,2
17,2

17,8

TENSILE
STRENGTH

MPa

30

35

26

30

32



SQ m ((R/Sin *) - €) Tan $

where R- (Oj - 03)/2 - radius of the Mohr circle,

and C- (ol + 03)/2 - centre of the Mohr circle.

Values of w ,~ and SQfor each test specimen are listedin Table 5.3;

normally the resultsare averaged out graphically; thatis, one value

of each parameter for a series of tests are given but the present

tests rhow a regular variation in the parameters, hence, a value for

*acn specimen Is given. The mathematical calculation of assumes a

failure envelope conforming ko thj Mohr-Coulomb criterion.

5.2.3. Brazilian Tests

Six discs were compressed, using the Brazilian technique (Jaegar

and Cook, 1969, p. 160) to obtain an estimate of the uniaxial tensile

strength <I0). The tensile strength is determined using the relationship,

T0 » (2.L/w.d.F).10*(0bert and Duval, 1967),

where L is the load in kilonevtons, d is the diameter and H is the

length. The specimen dimensions and values of T for each specimen

listed in Table 5.4.

The average tensile strength has been plotted with the triaxial test

results discussed in 5.2.3. above as a series of Mohr circles from which

the Mohr envelope for the rock was obtained (Figure 5.9).

5.3 DISCUSSION OF RKSULTS

5.3.1. General

One of the most notoable features of the results is the great

difference in behaviour of the individual dykes, as well as in the.

absolute values of the mechanical properties within each uyke. It is
clear from the curves of best fit in Figures 5.2, 3 and 4( sic also

Appendix Figures 2A, 2B, 2C and 2D) that there is a variation in

mechanical properties across each dyke which may. perhaps be explained

in terms of geological parameters such as alteration, coarseness,
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composition, etc. However, the differences in properties between
adjacent specimens requires discussion. These can partly be explained
by the presence of inherent weaknesses that only become apparent

during loading (i.e. that arc reactivated by loading), by obvious and
unavoidable, geological discontinuities such as veining and, occasionally
by uneven loading. As regards to the first point, in some tests,
closed joints and minor shear zones were opened during testing thus
inducing premature failure. Secondly, the diamond drill cores were
often locally permeated with veins of calcite, quartz or quartz-
chlorite composition. This was especially so for dyke 100 and

although calcitic veining was always avoided, quartz and chloritic
veins, which ranged in thickness up to two or three millimetres, were
regularly present in test specimens. Surprisingly, the failure planes
were never coincident with these veins. Although the presence of
geological discontinuities means that the physical properties of pure
dyke plus veining are being measured, it also means that a more realistic
picture of the properties of the dyke are being obtained. With respect
to the third point, b far the most detrimental effect on the specimens
was uneven loading caused by the sticking of a spherical seat. This
causes spelling of the over-loaded side and crushing of the top of the
specimen thus reducing the urea onto which the load is transmitted
resulting in premature failure. Those specimens considered to have

been seriously affected by shearing, jointing or uneven loading have

not been included in the best-fit curves and in Appendix 3, Tables 1 to 4,

they are marked with an asterisk.

In this section the quoted uniaxial compressive strengths and means
do not include those specimens marked with an asterisk in Appendix

Tables 2A, B, C and I).



The uniaxial compressive strengths vary between 159 MPa and 480
MPa, with an average strength of 311 MPa. This value is Similar
to those reported by previous workers (Table 5.1). The dykes are

invariably stronger than footwall quartzites and appear to be stronger

than the hangingwall quartzites tested by Grobbelaar (1957) but arc
weaker than those tested by McGarr et_al. (1975). The discrepancies
between the resu’ts of McGarr et al. and Grobbelaar are at least partly

due to the different stratigraphic horizons of the samples, namely:

immediately adjacent to the reef( Grobbelaar) and at distances up to
50 or 60 metres from the reef into the hanging and footwalls (McGarr et

al.). Comparing the average strengths given in Table 5.1 and the

different sample localities, it appears that hangingwall quartzites get

stronger and footwall quartzites weaker away from the reef, although
this is contrary to a statement by the Rock Mechanics Research Team
(1959a, p.6). The differences may also be due to the different
specimen geometry (see footnotes for Iable >.1).

It is clear from the curves of best fit for each dyne (figure
that the dykes fall into two distinct groups. Dykes 100 and 182 are
strongest towards their centre and weakest towards their contact regions

and have a parabolic curve of best fit symmetrical about the centre of

the dyke. Or. the other hand, dykes 79 and 144 are weak on one contact,

stronger towards the centre, a littU weaker towards the other contact

and strongest at this other contact, and thus have asymmetrical cubic

curves of best fit. Within each of these two groups the members can

be distinguished by strength differences. Dykes 79 and 100 are the

weakest on average and dykes 144 and 182 the strongest (see Appendix 3,

Tables and Figures 2A, 2B, 2C and 21).
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5.3.3. Yount’ k Modulus (Flp.ure 5.3)
Young's Modulus varies considerably within each dyke and the average

values range from 0,83 to 0,91 x 105 MPa, with an overall average of

0,87 x MPaCsee Table 5.2 for standard deviations)
The results compare well with previous work listed in Table >.1

but a comparison with the quartz!te results reveal that the mean modulus

for all dykes is higher than that for both hangingwall and footwall
quartzitcs.

In Appendix Figures 2A, 2B, 2C and 2D Young's Modulus is compared

to the uniaxial compressive strength across each dyke. The two
parameters vary sympathetically in dyke 79 but they are distinctly

non-sympathetic in dyke 100. 1In dykes 144 and 182 the relations are

not regular.
5.3.4. Real Poicson's Ratio (Figure 5.3)

Poisson's ratios reported here are a little higher than those

found by previous workers (Table 5.1) and are significantly higher than

the value for the quartzitcs, being almost double that for hangingwall

uartzitee. In general, Poisson’s ratio does not vary significantl
q g Yy g y

across the dykes; the mean values for the dykes lie between 0,26 and

0,29 and the mean for all specimens tested is 0,28.

5.3.5. Stress-strain curves, volume changes and mechanisms of

brittle fracture (Figures 5.5 )

In this section the results of the tests are related to the

mechanisms of brittle fracture of rock, as described by Meniawski
(1967). He described five stages in the behaviour of rock during

compression, namely,
A. Closing of cracks
B. Linecar elastic deformation

C. Stable fracture propagation



D. Unstable fractnre propagation

E. Forking or coalescence of cracks.

It is rare in uniaxial comp”' ~ston for stage D to be present and

stage E is always absent. According to Bieniawski (1967) stage C
starts at about 35% of the maximum stress and D at about 80%. In
the figures referred to below, these stages are ndlcated by their
respective letters.

Four typical stress-strain curves are plotted in Figure 5.4.
Apart from curve ’b', the curves are almost linear indicating only
elastic deformation (stages A, B and G). Failure in all specimens was
sudden and violent with little or no tendency to behave inelastically
(stage D). Curve 'b' in Figure 5.4 is an example of one of the few
specimens that showed signs of unstable fracture propagation(stage D).

Three graphs, all related to volume changes, can be constructed.
These are a graph of axial against lateral strain from which the
incremental and tangential Poisson's ratio can be calculated (Figure 5.5a);
a graph of stress against volume strain(Figure 5.5b) and a graph of
stress against incremental Poisson's ratio (Figure 5.5¢) as determined
from Figure 5.5a). In Figure 5.5a Poisson's ratio is given by the slope
of the tangent to :he curve, this slope should be. constant for elastic
material, but because of fracturing within the specimen during testing,
the material becomes inelastic and the curve becomes non-linear.
Ideally, Poisson's ratio is less than 0,5 (which corresponds to a
negative volume change) but when greater than 0,5 the material becomes
discontinuou as the volume increases. In most of the test specimens
failure occurred as soon as the volume started to increase (curves 'f'
and 'd* in Figure 5.5b) but occasionally quite large volume increases

were measured (curve 'c'). The point where the incremental Poisson's






Dyke 79. Classical conjugate failure planes. Most of the
fragments are large and fine comminution is rare.

Dyke 79. Failure by two or three clean fractures.
Comminution is absent.

Dyke 100. An unusual failure by the bottom of the spec"men
'kicking-outl.

Dyke 100. Failure by several parallel shear planes. Comminution
is rare.

Typical failure of specimens from dykes 144 and 182. A large
volume of finely comminuted material is present.
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ratio passes through a value of 0,5; that Is, when volume change

becomes positive, Is equivalent to the transition from stable to

unstable fracture propagation (stage C to D). In Figures 5.5b and c,
regions A to C represent decreasing volume change and region II Is

one of increasing volume change.
Although inelastic behaviour was present in many specimens only

brittle failure was observed. All specimens failed violently but the

behaviour during testing and the appearanct of the failed specimens

differed from dyke to dyke (Plate 5.1). Specimens from dyke 144 and

182 'talked' (i.e. displayed tnicroseirmic activity) from about

75% 0f their failure strength but these from dykes 79 and 100 either

etalked' just at failure or not at all. Dyke 79 specimens did not fail

as violently as the others tested but went with a large 'bang' across

thin shear planes with only a minor volume of comminuted material.

Specimens from dyke 100 usually failed with a dull, sudden thud and the

failure zone consisted of many fractures with little comminuted material.
For several specimens of dyke 100 the bottom 'kicked out' (Plate 5.1),

which was a feature not noticed on other specimens. Dykes 144 and 182

failed comparatively slowly, gradually crumbling away until a final,

violent failure. The failure plane consisted of a thick zone of

highly comminuted material.
5.3.6. Triaxial tests on dyke 144
In Figure 5.6 the load at failure has been plotted against

confining pressure. The most oteable features of this plot are (1)

the large jump in compressive strength between confining pressures

of 0 and 10 MPa, and (2) the linear relationship between strength and

confining pressure at confining pressures greater than 10 MPa. With

respect to the first point, the initial increase may be due to closing of

inherent cracks in the rock by the confining pressure with i resultant



increase in strength. The relationship between and at
failure is represented by the empirical equation,

O = A + Ko3 (Price, 1966, p. 24)
In Figure 5.6, the equation of the straight line of best fitis,

O] = 457 + ,
but the value of (0 an indicatedby this equation issignificantly
greater than the average value for C () of 385 MPa which was determined
above. Possible reasons for this discrepancy have been discussed
above. Values for the constant K are commonly between 2,0 and 15,0
for rocks and more specifically, between 2,0 and 5,0 for competent
argillac< jus rocks, between 5,0 and 10,3 for comnctent arenaceous
rock and greater than 10,0 for igneous rocks (Price, 1966, p.24-25).
A value of 6,0 for the present work is a little lower than is common
for igneous rocks. Cook(1963) has determined the valueof K for L ft,P.M.
quartzites to be about six also, therefore, the strengths of quartzites
and dykes in the E.R.P.M. respond to increasing confining pressure in
a rimilar fashion. In Figure 5,/ a plot of normalized axial stress
against normalized confining prv sure, the present data is com, .ed
with the modified and original Griffith criterion using values for the
coefficient of intermal friction vu) ofl,0and 1,5. For the
experimental results, wis not constant but tends fc decrease with
increasing confining pressure as does the related angle of friction
($). The significance of this unusual feature is not clear. Average
values of 1,4 for p and 54° for are probably representative for
f-he rock.

In Figure 5.8, Mohr circles for the triaxial, uniaxial and
tensile results are plotted together with tin derived Mohr envelope.
The envelope is concave inwards and doe: not conform to the envelopes

for either of the Griffith or modified Griffith criteria. However,



SUMMARY OF THE MECHANICAL AND MAIN GEOLOGICAL PROPERTIES
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it docs predict a cohesive shear strength of about /5 MPa which agrees
roughly with the average value of the calculated shear strengths

(S ) listed in Table 5.3. This value of is slightly larger than
twice the uniaxial tensile strength which is predicted by the modified
Griffith criterion.

5.4 COMPARISON OF THE ROCK MECHANIC PROPERTIES WITH GEOLOGICAL
OBSERVATIONS AND GENERAL CONCLUSIONS

Several distinct differences between the rock mechanic
properties of the four dykes arc present. These are summarized in
Table 5.5 together with some geological features of the dykes.

Dykes 144 and 162 are by far the strongest two dykes and these two
are the coarsest grained, both containing large feldspar phenocrysis.
Of the other two dykes, number 79 is the weakest, has the finest grain
size and i* the most altered. Dyke 100 is finer grained t. m dykes
144 and 182 even though it has been categorized as similar to them in
Chapter 2. No association can be made between Young's modulus or
Poisson's ratio and geological parameters.

Possibly the most important cotrelation is between strength
variations across the dykes and contact relationships. The two different
patterns, nai. ly parabolic for dykes 100 and 182 and cubic for 79 an”
144, can be correlated with the amount of shearing on the contacts.
Alteration in the rocks adjacent tc sheared zones occurs easily and
hence the dykes are weakened. In other words, one would expect
dykes with sheared contacts to be stronger in their central regions
than they are near the contacts. Conversely, chilled contacts between
dykes and quartzites are impervious to alteration and the strength of
dyke rocks at these contacts would be expected to be higher. A study
of the contact relationships supports these ideas. Dyke 100 has
well developed sheared myionitic contacts and corresponding low strengths
in these regions. Dyke 182 also has mylonite on both contacts but

that on the east contact is poorly developed compared to the thick



mylonite zone on the west contact. Tnc strength of the east contact
averages 272 MPa whilst on the west contact three specimens averaged
only 59 MPa. Similar relationships can be constructed for the other
two dykes but in both cases, and especially for dyke 144, a chilled
and welded contact appears to have caused considerable increases

in strength near one contact. These are the east contact of dyke
79 and the west contact of dyke 144 (from borehole observations
only).

The strength of tne dykes may also be related to their tendency

to fail violently as rockbursts. For example it 1is knownthat the
seismicity in the hangingwall is much greater than in thefootwall
quartettes of the E.R.P.M. (McGarr et al., 1975 ) and thatthe

hangingwall rocks are stronger and have a higher Young's modulus

than the footwall rocks, MecGarr et al. concluded that this implied that
the hangingwall rocks could store much more elastic strain energy and
were therefore more prone to seismicity. A similar conclusion can be
drawn for dykes 79 and 144, both of which have a higher Young's
Modulus than the hangingwall quartzites and are stronger than them,
particularly at the welded contacts, The validity of this conclusion is
supported by the burst history of dyke 144 which has proved impossible
to mine through or to keep open a tunnel in, for tie 16 levels below
58 level.

In Chapter 2, section 2.3.4., the geochemical and petrological
variations across dyke 182 were discussed in order to compare them
with the rock mechanic trends. The main petrological variations have
been discussed above in terms of strengths and a correlation was made.
Although the geochemistry varies in a similar manner about the centre
of the dyke, albeit in a mild fashion, it seems more likely that the
strength changes are due to grain size variations and contact

relationships rather than slight chemical variations in the minerals.



CHAPTER 6

STUDIES OF THE FI'ITi.'TS OF STRUCTURAL bpisco TINUITIES ON THE
In"fRfHUTI'tF; OF KOC bi TS A. D + LSMfC FVi :j_S

6.1 s EH': THE

DISTjm/ :TI\ Oj" IOLKbUKS'th -

A rockburst cfln be simply defined as a sudden and violent
rupture of rock into a mining excavation that causes damage to that
excavation. A more rigid definition of a rockburst can be found in
Chapter 1.

The aims of this study arc to establish: (1) if the structural
discontinuities (that is, dykes and faults) significantly control
the distribution of rockbursts; (2) which discontinuities during a
period of time have controlled the distribution of rockbursts and
(3) which geological aspects of the discunuities can be considered
as important in controlling the distribution of rockbursts. In
section 6.2 a similar study, relating to seismic foci and structural
discontinuities is discussed.

In the introductory chapter of this dissertation (section 1.4)
some previous work was described which illustrated that the incidence
of rockbursts increases when an active mining face is near a dyxe or
a fault. In addition, much statistical work, relating the distribution
of seismic events j;\d rockbursts with such parameters as dykes,
faults, raises, angles of working face, abutment types, rate of face
advance, sloping width excavation size etc. has been carried out
tsee reference list in Pretorius, 1966), but there has been no previous
attcmot to categorize individual structural discontinuities and the
geological features of these discontinuities by their association with
rockbursts.

6.1,1. Data used

Rockburst location data was obtained from an r.R.P.M, map drawn
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during a studv of the effects of stabllsation pillars on the incidence

of rockbursts in Hercules section, levels 69 to 77, from 30.6.62 to

31.12.69. During this 7,5 year period 124 bursts were recorded and

approximately 516 500 n/ of mef were mined, an average burst incidence

of 0,24 per 103 m2 mined. A n/ implies a vAlume one metre by one

metre by the height of the stope. The rockburst sites and the
geological discontinuities considered are illustrated in Kigure 6.1.

A control set of data was also derived so that a comparison

could be obtained oetween what could be expected without constraints

on rockburst locations and what actually happened. A square grid was

placed over the area mined and each grid intersection was used as

a control point. The locations of the control points are indicated
in Figure 6.2.
6.1.2. Method of analysis
The analysis of control and rockburst points was identical. Each

point was allocated a unique number and the location, depth,

percentage excavation within a radius of 50 metres at the time of the

burst, and the number of dykes and faults within a radius of 100 metres

were recorded. In addition the strikes and distances of the two

closest dykes and two closest faults to the particular burst were

recorded.

This data has been analysed using a simple computer program which

lists for each discontinuity a summary of distance to rockburst sites,

percentage of excavated area, and the n imber of dykes and faults

within 100 metres of each rockburst site.

In the analysis each rockburst or control point can be counted as

many times as there are discontinuities within loo m Hence,

although there are only 124 burst and 151 control points, they have

been counted 169 and 206 times respectively. Two further points should
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be noted with respect to the discussions below. Firstly, the
number of rockbursts and area mined near dyke 121 are considered
to be too small for firm conclusions to be made for this dyke and
secondly, unusual mining configuration has not been considered in
the analysis although areas where a significant control cu the
rockburst distribution by mining geometry seems apparent are
discussed.

6.1,3. Results J¥

Two parameters appear to be good indicators of the influence
of a discontinuity on the number of rockbursts in a specific area;
these are the number of rockbursts per area mined and the frequency
of rockbursts for various distance intervals from the discontinuity.
However, before examining these, other parameters that may effect
the rockburst distribution must be considered, including depth,
relative size of excavation, and the number of other discontinuities
that were within 100 metres of the rockburst.

(a) Depth

Table 3A, Appendix 3, lists the results of the analysis showing
the variation in control points and rockbursts with depth and these
data are plotted in Figure 6.3. This figure shows that the number
of rockbursts varies considerably on each level and it appears that
over the small depth increment considered (347 mcures) depth is not
an important parameter in controlling rockburst distribution. However,
the large differences between the number of rockbursts and control
points on several levels and the very high rockburst frequency on
72 level suggests that some other factor, which varies from level to
level, is affecting rockburst distribution. This factor may be the
mining configuration; an examination of the shaft plans (Figure* 6.1

and 6.2) shows a large stab Ilnation pillar at the top of the 72 level
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stope. In Figure 6.1 only the centres of each rockburst zone are
indicated but the original plans showed the extent of the
damage arca and invariably the r bursts on 72 level extend from
the pillar down the stope. This suggests that the presence of the
pillar uiay cause the anomalous rockburst incidence on 72 level.

(b) Percentage excavation

Percentage excavation is a measure of the size of the
excavation At the time of the rockburst. U 1is determined by drawing
a circle of radius 50 metres, centred on the rockburst and calculating
the percentage area mined at the time of the rockburst. Pretorius
(1966) considered it to be an important factor in his analysis
because as the area mined increases the rockburst incidence
increases. However, the data for n' control and rockburst points
which is listed in Table 6.1 and illustrated in Figure 6.4 shows no
significant difference in the percentage area.

(¢) Number of dis ontimiitlcs within T'O metres of the rockhurs.

This information is required to see whether another dyke or
fault could have been responsible for initiating the rockburst
rather than the one considered, or if more than one discontinuity
was responsible. The detailed results are listed in Table 3B in
the Appendix. These data show that it was rare for rockbursts to have
occurred within 100 metres of only one discontinuity. In fact,
most bursts occurred within 100 metres of one other discontinuity
ai lough for dyke 100 the frequency of rockbursts is almost
independent of the number of othci dykes in the vicinity,

Table 6., compares the results for control points and actual
rockburst sites. The number of faults is too small tj be significant.
However, the number of other dykes near to dykes I('(i, 114A and 11/

is similar for control and rockburst points. For dykes 110 and 105
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thtre are fewer additional dykes near the burst sites than control
points; this suggests that these dykes may be responsible for the
bursts. By contrast, dyke 110A has more additional dykes near to
burst sites than control points, which implies that the additional
dykes may be associated with the bursts.

(d) Distance of the_rnckbur' t sites from discontinuities

In Figure 6.5 the frequency of rockbursts is plotted against
distance for W all discontinuities (b) dykes and (c¢) faults.
The plot for all discontinuities differs between the control and
rockburst data to a distance of 50 metres but the curves are similar
beyond that distance. In addition the frequency of rockburst points is
only larger than the frequency of control points from 0 to about 20
metres. This may indicate that discontinuities may o ly influence
rockburst distribution for a distance 50 metres from the contact
but within this 50 metres, the area beyond about 20 metres is a
shadow zone less susceptible to rockbursts than areas further from
the dyke. The area between 0 and 20 metres of the contact has the
highest susceptibility. To determine whether dykes or faults are
responsible for these patterns the data has been separated and plotted
in Figures 6.5b and c. The diagram for faults shows very little
difference between the frequency of control and burst points suggesting
minimal control by faults on rockburst distribution. By contrast,
the dyke-frequency plot shows strong control on bursts within 20 m of
the dyke. Hie effect of individual dykes is shown in similar
frequency-distance plots in Figure 6,6. From the curves, it appears that
dyke 117 has little effect on the rockburst distribution, dyke 105 has

some effect and dyke 100 has a significant effect.

In Table 6.2 the size of the mined out area and the number of

burst and control points within 100 metres of a discontinuity and the



. 86-

percentage » A¢ and control points per area mined are listed for
each discontinuity. This data shows that apart from dyke 121

the control point frequency is quite similar for each discontinuity.
However, the burst frequency is significantly lower than the control
for discontinuities 1UA, 105 and 117; is a little lower for number
110; is a little higher for number 110A and is significantly higher
for dyke 100. This suggests that dykes 100 and 110A are more liable
to be associated with rockbursts than other dykes.

(f) Summary

Depth: No significant changes in the frequency of
rockbursts with increasing depth could be found. However, a
stabilisation pillar near the top of 72 level has possibly caused a
large increase in rockburst frequency at this depth.

Size of excavation: No significant difference in the size of
the excavated area around each rockburst or control point could be
found for the discontinuities; hence its influence on the rockburst-dyke
relationship can be ignored.

Other discontinuities: Most discontinuities which can be
correlated with rockbursts have another discontinuity nearbywhich makes
allocation of a particularburst to the discontinuity difficult. In
particular dyke 110A cannot be correlated with most nearby bursts
because of the other discontinu'ties near it. However, dykes 110 and
105 are thought to be responsible for most of the bursts near it.

Distance: Most bursts which can be correlated with dykes occur
within 20 metres of the dyke. A shadow zone of lower than average
burst frequency i.1 present between 20 iad 50 metres and beyond S50
metres the influence of the dykes is insignificant:. In general, faults

do not appear to have controlled rockburt distribution. Of the dykes
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analysed, dyke 100 has sign! icuntly controlled the distribution
of bursts, dyke 105 has to a lesser extent Influenced them but dyke
117 has had no effect at all.

Rockburst frequency: The discontinuities analysed show a
variation in tendency to cause rockbursts. This tendency decreases
in the following order: discontinuity 100, 110A, 110 and 105, 114A
and 117. Dyke 100 has a significantly largei influence than the
others.

6.14e "’

Geological features which may be important in controlling the
tendency for discontinuities to be prone to bursting include the
position of the discontinuity in space, its thickness, contact relations
with quartzites, petrology, geochemistry and age. These data
are summarized for the discontinuities considered in this chapter
in Table 6.3.

Discontinuities 110,110A and 114A are similar in all respects
except for thickness. However, the other three discontinuities are
different in most aspects. Of the two dip dykes (numbers 100 and 117)
only number 100 has significantly controlled the rockburst distribution.
It differs from dyke 117 significantly in size and alteration and also
differs in contact relationships, which suggests that a large fresh
dyke is more rockburst prone than a small, altered one. The strike-shear
zones, numbers 110A, 110 and 114A have had no apparent control on the
rockburst distribution, which suggests that a sheared area may be
associated with less rockburst activity. This conclusion may also be
applicable to dykes with sheared contacts,

6,1,5. Conclusions

1. The most important conclusion from this study is that not all



— 83—

discontinuities increase the frequency of rockbursts. In fact, only
two of the six discontinuities considered here have affected the
rockburst distribution; dyke 100 significantly and dyke 110A slightly.

2. The results show that a discontinuity most likely to be
associated with bursts will be a large, fresh dip dyke with sharp
and unsheared contacts with the quartzites,

3. Thin analysis has been conducted using the reef-dlscontinuity
intersection traces as reference lines. However, at no place in the
area considered is the stops more than 100 metres from an aplitc sill
(Fumerton, 1975) and this may cast some doubt on the reliability of the
results.

4. Underground observations in other s.ctions of the mine and
discussions with mining personnel seem to indicate that rockburst
activity is associated with the major basic dip dykes and areas of aplitc
sill-reef intersection. It is noteworthy that dyke 144, a large
porphyritic dip dyke has not been mined through for many years because
of rockbursts and the aplite sill has caused whole slopes to be closed
down. The relative absence of activity near the aplite sill in this
study is anomalous.

6.2 STUDIES OF THE EFFECTS OF STRUCTURAL DISCONTINUITIES ON THE

DISTRIBUTION 01 *Ti's'Tic' EVENTS

Two separate studies arc described here; the aims of which are
identical to those of the preceding section, except that here they are
applied to seismic events. The term 'seismic event' and its relation
to a 'rockburst' were defined in Section 1,4, Tabular mining at great
depth, as in the F.R.P.M., subjects the rock around on excavation to
large stress differences, causing It to fail and release energy in the

form of seismic waves which can be picked up by geophones and recorded






STHAADNOLLOAS SATOWHH ISVA ¥MOT NI SINAAH DEIASHS 91 O R NWOH MOAVISA GV  S\NOILVOOT L9 HRMOH

-
[

0K



VI

**.-«

oY

*

/A

ui

4*%#

V)

=N
)



-89-

on magnetic tapes. The times of arrival of the seismic waves from
several geophones arc used to calculate the focus of the. seismic
even' Three points related to the present an;.lysis should be made:
firstly, the accuracy to which the focus of an event is positioned
varies up to 30 metres (A. McOarr, personal communication, 1974);
secondly, the source area for a large event can have a diameter up to
100 metres (S.M. Spottiswoode, personal communication, 1974) and
finally, it is difficult tc distinguish between those seismic events
caused solely by mining ind ced sti sses from those which have keen
partly due to mining activity and partly dee to some other parameter
such as a geological discoatinuity,

The prccedure followed for these studies has been to project the
foci and geology onfo various planes in space and then to examine
these projections for concentr tions of foci about the geological
discontinuities.

6,2,1. Stud in lower east 1 rrules section

The locations of 162 seismic events recorded in east H section,
between 74 and 77 levels for the period 16,10.72 to 5,2.73 have been
obtained from A. McGarr (personal communication,1974). In Figure 6,7
the events have been projected onto the plane of the reef where the
geological features considered and areas mined during the period are
also plotted. In addition, the seismic loci and some of the geology has
been projected onto a verti <al dip plane ( Figure 6.8),

In the area concerned (Figure 6,7) there are five geological
discontinuities; of these only two are closely associated with the main
concentrations of seismicity. These are (1) an aplite sill which dips
south at about 35° passing through the reef plane near the nort of
the area and is always within 30 metres of the reef and a reverse

fault which dips at 401 northwards (see Figures 6.7 and 6.8).
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It is clear from the two projections of the data(Figures 6.7 and
6.8) that there are no obvious concentrations of seismic events near
the geological discontinuities but in Figure 6,7 there is an
association between the area mined and seismic activity and In
Figure 6.8 a weak concentration between the reef plane and seismic
activity is present. This correlation between events and mining
activity is to be expected because of the large mining induced stresses.
By contrast, a negative correlation with geological features may be
due to the absence of any major geological features in the area
except for the aplite sill, which is very close to the plane of the
reef and so events due to it cannot be distinguished from those due to
mining.

6.2.2, Study in lower-west Hercules section

One of the main reasons why the previous study, in the east side
of Hercules section proved negative may have been the absence of a
large basic dyke. These dykes are known to be rockburst prone (see
Figures 1.4 and Section 6.1) and they may also induce sufficiently large
stress differences to initiate seismic evc..ts. The."efore, a study was
done in lower-west Hercules section, in the region where dyke 100 was
mined through during the period 30.9.71 to 30.6,73. The locations of
293 seismic events in west H section and far-east G section between 72
and about 79 levels during this time were obtained from G.A. Weibols
(personal communication, 1974). These events have been projected onto the
reef plane in Figure 6.9.

Three noteworthy features appear in this plot. It can be calculated
from Figure 6.9 that, firstly, just over half of the events (53%)
occurred above or below ground which was mined out before June, 1973,
with the rest being in cither the remnant pillar (A) or ahead of the

mining faces; secondly, only eight per cent of the events occurred in
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the dyke and thirdly, the density of events is much greater for the
upper mining faces than for the lower mining faces whicn may be
related to the presence of the thin remnant pillar (A) in the upper
areas (see Figure 6.9 and Appendix Table 3C).

In Figure 6.10 the frequency of seismic events is plotted against
distance from dyke 100, using data listed in Appendix Table 3C. This
figure clearly shows a marked increase in the frequency near to the
dyke, a low frequency within the dyke and a much higher frequency of
events on the west side of the dyke than the east. Ihe very low
frequency within the dyke can be explained by the fact that the distance
interval chosen is 25 metres whilst the dyke is only about 15 metres
thick. In Figure 6.10, the dotted line above the dyke interval
represents the frequency of events proportionally increased for a dyke
<5 metres thick. The greater frequency of events on the west side
of the dyke than the east side of the dyke is probably due to the large
area mined on the west side and the fact that the west side was mining
ip to a thin remnant pillar. It is also important to note that the
highest frequency of events occurred within the remnant pillar.

From this study, one can conclude that firstly, an irregular
mining configuration such as a thin remnant pillar has an overwhelming
influence on the distribution of seismicity (upper face in Figure 6.9),
and secondly, where there is a regular mining configuration such as
the lower mining face in Figure 6.9, the seismicity does not appear to
concentrate around the dyke even when mined through. However, the overall
maxima on each side of the dyke may be significant because they

correlate with rockburst distribution about a dyke (Figures 1.4, 6.5 and
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SUMVARY AND CONCLUSIONS

7.1  INTRODUCTION

The aim of this dissertation was to determine those geological
parameters of the structural discontinuities which may be associated
with rockhursts and seismic events. The following is a summary
of the geology of the structural discontinuities and of those
parameters that may be important, in controlling the distribution
of seismic events and rockbursts. In addition recommendations

for further study are given.

7.2 PYKDS

Five groups of dykes have been recognised, based on orientation,
petrography and geocheml ry:

Group 1 is made up of one dyke/sill, the Simmer Dyke, which is
a large undulating intrusive. It can be classified as a melanorite.

By association to previous work it appears to be of Bushveld age.

Group 2 dykes form a swarm of ilmenite dolerites, striking at
about 140%. They are between five and eight metres thick and are
characterised in thin section by skeletal ilmenites. Geochemically they
are shown to be tholeii tic, characterised by a high TiOj, content.

By association to previous work they are probably of Bur.hveld age.

Groups 3 and 4 dykes both strike at 030 and both have a similar
geochemistry which indicates that they are Iholeiitic quartz-dolerites.
Group 3 dykes are characterised by large feldspar phenocrysts And are freshei
and coarser than Group 4 dykes, which are fine grained and heavily altered.
By association with previous work they are of Ventersdorp age.

Group 5 dykes ire a series of east-west striking shear zones, which

are altered and sheared such that the original minerals are unrecognisable.
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They can be classified as mylonites or ultramylonites.

7.3 FAULTS

Three groups of faults have been recognised. Groups 1 and 3
faults form a conjugate pair; group 1 faults strike at 075° have a
downthrow to the south and n dcxtral strlle-slip displacement,and
group 3 faults strike at 313°, have n downthrow to the north and a
sinistral strike slip displacement. Group 2 faults strike at 100°
and generally the downthrow is to the north for those near surface and
south for those at depth.

The faults are characterised by (1) rotational movements which are
possibly a result of an inhomogencous stress field reactivating existing
normal faults; (2) gouge material which ranges from ultramylonite to
fault breccia and fault gouge, and (3) terminations by splay and

rotational faulting,

7.4 ,'PINTS

Six groups of joints have been recognised. Mining included Type 1
joints and wall spalling make up parts of groups A, B and D. In
addition, vertically dipping geological joints which strike at 030°,
075°, 120° and 165 (parts of groups A, B,D,E and F) have been recognised.

Of these, two groups (075° and 165 ; groups E and F) could only be

recognised in the L74 exploration crosscut, which is well away from active

stope mining. Group C joints, which are parallel to the bedding planes,
are most probably of geological origin but have been opened up during
mining by buckling of the quartzite layers into the stope.

Large dykes and faults effect the orientation and density of mining
induced Jointing; 'bedding plane* joints could be found within the dykes

and spelling and slabbing in drives initiates from an *embryonic zone*
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of high comminution at the intersection of two planar features.

7.5 1’ARLY STK:SS SYSir2is

Regional lineation patterns, as determined from E.R.T.S. imagery
reveal four strong trends, most of which can be correlated with the
local E.R.P.M. patterns.

A dynamic analysis of the structural discontinutics and the regional
lineations shows that the maximum principal stress has been oriented
near vertical through time since the formation of the Witwatersrand Basin,
becoming horizontal to produce the. conjugate air of faults (groups 1

and 3) and the reverse movements on group 2 faults.

7.6 ROCK MECHANICS

Detailed uniaxial compressive test )f three dykes and both uniaxial
and triaxial compressive tests of another dyke show distinct
characteristics and trends across the dykes. Two of the dykes are
stronger than hangingwall quartzites whilst two are a little weaker on
average; all dykes are stronger than footwall quartzites. Dykes 100 and
182 are strongest towards their centre and weakest towards their contact
regions whilst dykes 79 and 144 are weakest on one contact, stronger
towards the. centre and strongest on the other contact. Strength could
be correlated with coarseness and chilled margins and weakness could be
correlated with contact shearing.

Young’s Modulus is generally higher than that for quartzites,
averaging 0,87 x 1 0 MPa, and Poisson’s Ratio is significantly higher
averaging 0,28.

The triaxial testing on dyke 144 showed a linear increase ir
strength with increasing confining pressure beyond a confining pressure
of 10 MPa, an average coefficient of internal friction of 1,4 and a
cohesive shear strength of about 75 MPa. The average tensile strength

determined by the Brazilian tests is 31 MPa,
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One unusual feature of the dyke Is the decrease in the coefficient
of internal friction with increasing confining pressure.
7.7 THE EFFECTS OF STRUCTURAL UISCONTINUITTES ON THE DISTRIBUTtON

OF ROCLBURSTS A'!.)'~SLISMI(r ~.V. NTS

The rockburst study revealed several important conclusions, ihere
does appear to be some control by structural discontinuities but
not all discontinuities effect the distribution. Notenbly, faults
and small dykes have no effect but large dykes, such as dyke 100,
do have a significant effect. It was concluded that a large, fresh,
coarse, dip dyke with sharp, welded contacts with the quaitzites is
the most rockburst prone. No correlation between dykes or faults
and seismic events could be made but a strong correlation to mining
activity is present ..nd it appears as if seismic events have concentrated

in a thin remnant pillar.

7.s  RECOMMENDATIONS FOR FURTHER STUDY

There is little doubt that the incidence of rockbursts increases
near some structural discontinuities, whether they be natural(dykes)
or manmade (raises). This dissertation has, unfortunately, only
just touched on the association between geological parameters and
rockburst distribution because it has been necessary to ueacribe
the geology of the structural discontinuities in some detail. This has
not previously been done for the E.R.P.M. In addition the past iccoids
of the locations, extent of damage, time and mining configuration
at the time of the rockbursts are extremely poor; it is instil ficicnt
to only record that a rockburst has occurred in a particular slope.
Accurate details of the location arc essential because the effect of a
discontinuity on rockburst distribution probably extends less than hall

a stopc length from the discontinuity.



A fruitful study could well be implemented to determine the
geological parameters causing rockbursts, bu! it will necessitate
accurate and detailed recording of rockburst data over several
years; these records should include a geological description of each
site together with details of the. mining configuration.

Interpretation of the data collected must be done in a rigid statistical

manner.
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AIIMKDIX |

I.LA.  SAMPLr (X)LLIXT I('N

Each specimen was collected as close as possible to the centre
of the dyke so as to avoid host rock contamination, chilled margins
and alteration which Is common near the contacts. All specimens were
collected below two kilometres below surface and can be considered
as free from weathering; specimens were usually larger than five
kilograms to avoid inhomogenieties due to large phenocrysts.

For dyke number 182, six specimens, numbered 182 - 1, 182 - 3,
182 - 5, 182 - 7, 182 e« 9 and 182 - 11 were collected at: 0,0m , 2,5m,
I1,2m, 17,3m, 21,9m and 24,Im respectively from L.e east contact. The
respective analyses are numbers 1 to s in Table IB, of this Appendix.

Specimen 182 - 5 (Analysis 4) has been chosen as the representative

analysis for dyke 182.

1.B. MED100 (TF ANALYSIS

A detailed account of the procedure of X-ray spectrographic analysis
of geological samples on the University of the Witwatersrand X-ray
spectrometer it. in the process of being compiled (McCarthy,1975) and
therefore only a brief description of the technique is given here. The
Norrish Fusion technique has been closely followed (Norrish and Hutton,
1969).
S8 AMPLE PREPARATION

- Each specimen was scrubbed and broken into fist-sized pieces,

- Any piece containing veins or showing surface alteration was
either discarded or broken further so that arcas of contamination
could be removed.

-All specimens were crushed into chip size particles in a
carbon-steel jaw crusher.

- After halving the pariielcs, specimens were crushed to a fine

powder in either an agate, nickel-chrome or tungsten-carbide
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concentric-rinp, mill. Specimens 182 - 1, 5, 7, 9 and 11
(Analyses 1 to 6) were crushed with the agate mill; numbers
27 (Analysis 15), 32(1b), 33(17), 3L(18), 58(7), 79(25),
100(8), 110(26), 117(27) and 144(9) with a nickel-chrome mill
and the rest with a tungsten-carbide mill.

- A sample of - 5 grams of powder from each specimen was weighed
into a crucible and heated at 120 C for 24 hours to remove
free water, Aftei reweighing, all samples were heated to 1000 C
for 24 hours to remove volatiles and weighed again.

- The preparation of glass fusion disct (two for each sample) has
closely followed the description by Norrish and Hutton (1969),
and the preparation of one pressed powder pellet for each
sample has closely followed the description of Norrish and Chappel
(1967).

F-XPI'RI M XI A! CONDITIONS

Analyses for specimens 182 - 1, 3, 5, 7, 9 and 11 (Analyses
1 to 6)were performed by General Superintendence Co. Ltd, Johannesburg
i’ ; the National Institute for Metallurgy on samples submitted and
prep ired to powder size by the author. All other specimens were
analysed by the author in the Geology Department of the University
of the Witwatersrand.

For this work a Phillips PW 1410 X-ray spectrometer lias been
used and Table 1A shows the operating conditions for the various elements.
Details of the procedure have been discussed by Norrish and Hutton (1969).
Note that in Table 1A the counting times are half Limes and each
sample was counted twice and summed to avoid anomalous counts. The
percentage F e ~ , MnO, Tif>2, K*), P*O#, SiO*, Al,,0”, MO and Na-O
have been determined in this manner in conjunction witn an unpublished
computer programme written by J.P, Willis, as modified by T.S. McCarthy

(personal communication, 1974), All samples were done in duplicate.
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FeOf CO" and (M.T.W. Norms

Determination of FeO has exactly followed the descriptions
by Schafer (1966).

All CO* determinations were by General Superintendence Co.Ltd
from samples submitted to the National Institute foi Metallurgy.

C.1.P.W. weight norms have been calculated for each analysis
using a computer programme written by 1.S. McCarthy (personal
communication, 1974). A problem occurred with two analyses whilst
determining C.I.P.W, norms that required some adjustment of
the programme. The initial two steps of a C.I.LP.W. norm calc lation
arel
1. All CO, is used with some CaO to form ralcite, and
2. All r.,0n is used with some CaO to form apatite.

The chen-stry of dykes 114A and 109 is unusual in that there is
insufficient CaO to combine with CO, to form calcite which results
in a negative normative nnorthi te determination. The problem was
overcome by allowing apatite to form first using all the CaO necessary,
then increasing the remaining CaO percentage, at the expense of MgO,
until there was sufficient to combine with CO" and finally determining
normative dolomite instead of calcite.

1-C RESULTS

The determined silicate analyses and their respective C.1.P.W,
weight norms are listed in Tables IB, 1C and ID. In fable IF. are
listed some previous analyses and typical compositions of rocks

referred to in the main text.
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