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Plate 6 .1

A l t e r a t i o n  of h o s t  a p l i t e  a d ja c e n t  to  m in e r a l i s e d  e x te n s io n  j o i n t s  

and b r e c c i a s ,  tow ards  th e  bo ttom  of  th e  j o i n t  th e  l e f t  hand s id e w a l l  

has  c o l l a p s e d  in t o  th e  j o i n t  f i l l i n g  i n  a manner very  much l i k e  the 

h y d r a u l i c  b r e c c i a t i o n  d e s c r ib e d  by P h i l l i p s  (1972) .
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Figure 6.1

Contoured  s t e r e o g r a p h ic  p l o t  o f  th e  measured e x te n s io n  j o i n t s  

i n  th e  a p l i t e  from v a r io u s  p a r t s  o f  th e  Lower H ercu les  s e c t i o n .  

*FW i s  th e  o r i e n t a t i o n  o f  th e  f o o tw a l l  d r iv e  r e f e r e n c e  l i n e .

A A l l  measured j o i n t  r e a d in g s

No. o f  r e a d in g s  

Maximum c o n c e n t r a t i o n  

Contours

B J o i n t s  m easured i n  No. 1 s i l l ,

No. o f  r e a d in g s  

Maximum c o n c e n t r a t i o n  

Contours

C J o i n t s  m easured i n  No. 1 s i l l y

No. o f  r e a d in g s  

Maximum c o n c e n t r a t i o n  

Contours

D J o i n t s  measured i n  No. 3 s i l l .

No. o f  r e a d in g s  

Maximum c o n c e n t r a t i o n  

Contours

E J o i n t s  measured i n  No. 3 s i l l ,
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F J o i n t s  measured i n  No. 3 s i l l ,
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p la n e  o f  p r o j e c t i o n  i s  h o r i z o n t a l



s te p s  a r e  g e n e r a l ly  l e s s  th an  two m i l l i m e t r e s  h igh  and th e  minor 

e x te n s io n  j o i n t s  a r e  im p e r s i s t e n t  once they  no lo n g e r  form p a r t  o f  th e  

dominant j o i n t .

The s t r i a t i o n s  on th e  s l i c k e n s id e d  s u r f a c e s  v a ry  i n  o r i e n t a t i o n ,  

i n d i c a t i n g  s e v e r a l  phases  o f  movement o f  th e  j o i n t  w a l l s  w i th  r e s p e c t  

to  each o th e r .

L a te  s ta g e  g e o lo g ic a l  movement has been n o te d  f o r  one v e r t i c a l  

e x te n s io n  j o i n t ,  which has  d i s p la c e d  a p o s t  j o i n t i n g  q u a r tz  v e in  by 

4 c e n t im e t r e s .  N ormally d isp la c e m e n ts  a c ro s s  j o i n t s  r e s u l t  from 

d i l a t i o n  due to  m ining a c t i v i t y .

J o i n t  o r i e n t a t i o n s  were measured w ith  r e s p e c t  to  th e  fo o tw a l l  d r iv e s  

i n  s e v e r a l  re g io n s  o f  h ig h  j o i n t  d e n s i t y  i n  th e  H ercu le s  s e c t i o n .  The 

r e s u l t s  a r e  shown i n  F ig u re  6 .1 ,  th e s e  s t e r e o g r a p h ic  p r o j e c t i o n s  show 

t h a t  th e  j o i n t s  a r e  a lm os t a l l  v e r t i c a l  and s t r i k e  ap p ro x im a te ly  n o r th  -  

sou th  (0 0 5 ° ) ,  p e r p e n d ic u la r  to  th e  d r iv e s  and a p p ro x im a te ly  p e r p e n d ic u la r  

to  th e  p la n e  o f  th e  s i l l s .

6 .1 .2  Chem istry

P l a t e  6 .1  i l l u s t r a t e s  a d i l a t i o n a l  j o i n t  w i th  a marked zone o f  

a l t e r a t i o n  i n  th e  a d j a c e n t  a p l i t e .  A chem ica l t r a v e r s e  was c a r r i e d  o u t  

a c ro s s  one of th e s e  zones ,  th e  r e s u l t s  o f  w hich a re  l i s t e d  i n  Appendix 

B. B r i e f l y ,  they  show a d e p l e t i o n  i n  i r o n  tow ards th e  j o i n t ,  which 

c o r r e l a t e s  w i th  th e  absence o f  fem ic m in e ra ls  and a s l i g h t  i n c r e a s e  i n  

sodium, which presum ably r e f l e c t s  an  in c r e a s e  i n  a l b i c e .

6 .1 .3  O r ig in  o f  j o i n t i n g

The c lo s e  c o r r e l a t i o n  between th e  j o i n t s  and th e  s i l l s  and p a r t i c u l a r l y  

th e  f a c t  t h a t  th e  j o i n t s  a re  c o n f in e d  to  th e  c e n t r a l  zone of th e  s i l l s ;  

as w e ll  as the  s t r o n g  p r e f e r r e d  o r i e n t a t i o n ,  s u g g e s ts  t h a t  th e  j o i n t s  

might have formed by therm al c o n t r a c t i o n  i n  an  e x t e r n a l  s t r e s s  f i e l d .  I f  

t h i s  i s  c o r r e c t  th e n  th e  c o e f f i c i e n t  o f  th e rm al ex p an s io n  fo r  th e  c e n t r a l
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zone must be  l a r g e r  th a n  t h a t  f o r  th e  c o n ta c t  zone s in c e  th e  j o i n t s  a re

r e s t r i c t e d  to  the  c e n t r a l  zone. To check t h i s ,  approx im ate  the rm al

c o e f f i c i e n t s  o f  volume expans ion  were c a l c u l a t e d ,  u s in g  th e  d e te rm ined

m inera logy  and th e  c o e f f i c i e n t s  quo ted  i n  Sk inner (1966) .  The

m in era lo g y  was based  on th e  norms and th e  m in e ra ls  known to  be p r e s e n t ;

f u r th e rm o re ,  the  c o e f f i c i e n t  f o r  mica was approxim ated  by t h a t  o f  
,and assuming random f a b r i c  e lem ents  

h o rn b le n d e ,  u s in g  t h i s  d a t a a  c a l c u l a t i o n  was made f o r  a te m p e ra tu re

change from 800° -  2 0 0 °  C which showed t h a t  th e  c o n ta c t  zone had a

l a r g e r  c o e f f i c i e n t  th a n  the  c e n t r a l  zone (2 ,34  -  2,16%). This  makes a

the rm al c o n t r a c t i o n  h y p o th e s i s  u n l i k e l y  f o r  th e  o r i g i n  o f  th e  j o i n t s ,

a c o n c lu s io n  s u p p o r te d  by J a e g e r ’ s (1961) o b s e r v a t io n  t h a t  j o i n t i n g  due

to th e rm a l  c o n t r a c t i o n  i n i t i a t e s  a t  th e  c o n ta c t s  and p ro p a g a te s  tow ards

a m olten  c o re ,  which i s  n o t  known in  th e  s i l l s ,

A nother h y p o th e s i s  f o r  the  o r i g i n  o f  th e  j o i n t i n g  i s  one based  on

the  d i f f e r e n t  t h e o l o g i c a l  p r o p e r t i e s  o f  th e  c o n ta c t  and c e n t r a l  z o n e s .

The e s s e n c e  o f  t h i s  h y p o th e s i s  i s  t h a t  th e  c e n t r a l  zone shou ld  be e a s i e r

to  f r a c t u r e  th an  the  c o n ta c t  zone . T h is  s i t u a t i o n  i s  n o t  su p p o r ted  by

th e  p r e s e n t  b eh a v io u r  o f  the  a p l i t e ,  b u t  G riggs e t  a l .  (1960) have shown

t h a t  g r a n i t e  a t  h ig h  te m p e ra tu re s  and 500 MPa c o n f in in g  p r e s s u r e ,  has  a

d r a s t i c a l l y  reduced  s t r e n g t h  w h ich ,  to g e th e r  w i th  the  l a r g e  te m p era tu re

d i f f e r e n c e  a c ro s s  th e  s i l l s ,  m igh t r e s u l t  i n  th e  c o n t a c t  zone b e in g

s t r o n g e r  d u r in g  j o i n t i n g  and th e r e f o r e  th e  c e n t r a l  zone shou ld  be  e a s i e r

to  f r a c t u r e ,  The work o f  J a e g e r  (1959, 1961, 1968) on th e  c o o l in g  o f

magmas in d i c a t e s  t h a t  th e se  a p l i t e  s i l l s  would co o l to  600° C in  th e

c e n t r e  w i th in  s i x t y  d a y s , i f  th e  magma in t ru d e d  a t  1000° C in to  c o u n t ry

ro c k  a t  200° C, T his  imposes a r e s t r a i n t  on th e  tim e a v a i l a b l e  f o r  the

* I t  i s  f e l t  t h a t  th e  geo therm al g r a d i e n t  a t  the  time o f  i n t r u s i o n  was 
h ig h e r  than  th e  p r e s e n t  g r a d i e n t  on th e  W itw ate rs rand  (0 ,0119° C/m)
(Lee and C la rk ,  1966), The v a lu e  f o r  M essina i n  the  T ran sv aa l  (0 ,0269° C/ 
m, Lee and C la rk ,  1966) i s  re g a rd e d  as a b e t t e r  e s t i m a t e . The 
te m p era tu re  a t  9 k i lo m e t r e s  would be 240° C.



POSSIBLE STAGES IN THE Figure 6 .2  

EVOLUTION OF THE SHEAR BRECCIA
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TYPICAL FEATURES OF THE
EXTENSION BRECCIA

Figure 6 .3
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j o i n t i n g  to  occur a t  some s ta g e  when th e  c o n ta c t  zone i s  a p p re c ia b ly  

lower i n  te m p era tu re  th a n  th e  c e n t r a l  zone, and so i s  s t r o n g e r .

This s u g g e s ts  t h a t  th e  j o i n t i n g  cou ld  have ta k e n  p la c e  i n  th e  v e ry  

e a r ly  s t a g e s  of c o o l in g  te m p e ra tu re s  above 600° C, and p ro b a b ly  in v o lv ed  

sweat f l u i d s  d e r iv e d  from the  c o o l in g  magma. These f l u i d s  would be 

p r e s s u r i s e d  and so would reduce  th e  e f f e c t i v e  magnitude o f  th e  c o n f in in g  

s t r e s s , r e s u l t i n g  in  th e  developm ent o f  th e  j o i n t  by h y d r a u l i c  

f r a c t u r i n g ,  as d e s c r ib e d  by Secor (1965), as  Well as p r e c i p i t a t i n g  the  

m in e ra ls  i n  the  j o i n t s . At th e  te m p e ra tu re s  con tem pla ted  i n  t h i s  

h y p o th e s i s ,  th e  a d j a c e n t  q u a r t z i t e s  would have been  a p p re c ia b ly  s t r o n g e r  

than  th e  a p l i t e ,  t h e i r  te m p e ra tu re  hav ing  b een  o n ly  s l i g h t l y  in c re a s e d  

by the  i n t r u s i o n ,  and so j o i n t s  o f  th e  same o r i e n t a t i o n  would b e  u n l i k e ly  

to  fo rm .

6 .2  B r e c c ia t io n

Two types  o f  b r e c c i a t i o n  a r e  seen  i n  the  s i l l s ;  the  more s p e c t a c u la r  

i s  always co n f in ed  w i th i n  the  e x te n s io n  j o i n t s ,  and th e  o th e r  w i th in  

sh ea r  j o i n t s .

6 .2 .1  Shear b r e c c i a s

These b r e c c i a s  a r e  formed when s h e a r  j o i n t s  i n t e r s e c t  e x te n s io n  

j o i n t s  w i th  concommitant d i s r u p t i o n  and r o t a t i o n  o f  j o i n t  bounded b l o c k s , 

A p o s s i b l e  mechanism i s  o u t l i n e d  i n  F ig u re  6 .2 .  M a te r i a l  w i th i n  th e  

b r e c c i a  co re  i s  cemented to g e th e r  by c h l o r i t e  and shows v e ry  l i t t l e  

comminution. This  s u g g e s ts  t h a t  l i t t l e  movement a long  the  s h e a r  j o i n t s  

occu rred  a f t e r  b r e c c i a t i o n ,  and t h a t  b r e c c i a t i o n  must have in v o lv ed  

c o n s id e ra b le  d i l a t i o n .

6 .2 .2  E x ten s io n  b r e c c i a s

These b r e c c ia s  a re  found on ly  i n  a re a s  o f  h igh  d e n s i t y  e x te n s io n  

j o i n t i n g ,  where they  o ccu r  as pods w i th in  th e  j o i n t  zo n e . F ig u re  6 .3





Plate 6.2
The s t r u c t u r a l  f a b r i c  t h a t  i s  on ly  known i n  S i l l  No* 3 and a s s o c ia t e d  

w i th  b r e c c i a t i o n .  The a c u te  a n g le  between th e  s e t s  o f  c o n ju g a te  p la n e s  

a re  b i s e c t e d  by th e  j o i n t i n g .  The w id th  o f  th e  pho tog raph  i s  e q u iv a le n t  

to  30 c e n t im e t r e s .
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S T E R E O G R A P H I C  PROJECTION Figure 6 .4

S H O W IN G  THE RELATIONSHIP BETWEEN THE 
STRUCTURAL FABRIC AND THE EXTENSION 
JO IN TIN G    ,

I

A

® P o le s  to  fabric  — — — P la n e  o f  fabric

A P o les  to  jo in ts  —» P la n e  o f jo in ts

The g r e a t  circles w e r e  measured on cm o r ien ta ted  
spec im en

Lower h e m isp h e re ,e q u a l  a r e a  p r o j e c t i o n , ,  
p la n e  o f  p r o j e c t i o n  i s  h o r i z o n t a l



i l l u s t r a t e s  t y p i c a l  f e a t u r e s  o f  th e se  b r e c c i a  z o n e s . The b r e c c i a  

com prises  a n g u la r  fragm en ts  o f  a p l l t e  which show no s i g n  o f  s h e a r in g  

o r  comminution. The spaces  betw een th e s e  fragm en ts  a r e  p a r t i a l l y  

f i l l e d  by e u h e d ra l  c r y s t a l s  o f  q u a r tz  and c h l o r i t e  and , i n  l e s s e r  

am ounts, th e  o th e r  m in e ra ls  l i s t e d  in  T ab le  3 . 1 .  Because th e  v o id s  

a r e  n o t  com ple te ly  f i l l e d ,  th e  ro ck  i s  v e ry  f r i a b l e .  C o n s id e ra b le  

d i l a t i o n  accompanied b r e c c i a t i o n  and in  a t  l e a s t  one example (F ig u re  

6 .3 )  th e  a d j a c e n t  j o i n t e d  a p l i t e  has been  d i s r u p te d  w i th  p o s s i b l e  

s h o r te n in g  i n  the  p la n e  o f  th e  j o i n t i n g .

P l a t e  6 .1  shows th e  s i d e  w a l l  o f  a j o i n t  t h a t  has p a r t i a l l y  c o l la p s e d  

i n t o  th e  j o i n t ,  which s u g g e s ts  t h a t  i t  m igh t b e  formed by h y d r a u l i c  

b r e c c i a t i o n  as d e s c r ib e d  by P h i l l i p s  (1972) ,  where th e  f l u i d s  a s s o c i a t e d  

w i th  th e  m i n e r a l i s a t i o n  perm ea te  th e  a d j a c e n t  a p l i t e  and explode i f  the  

p r e s s u r e  i n  the  j o i n t  d ro p s .

6 .3  S t r u c t u r a l  f a b r i c *

6 .3 .1  D e s c r ip t io n  -

A s t r o n g  s t r u c t u r a l  f a b r i c  f r e q u e n t ly  o cc u rs  i n  th e  b r e c c i a t e d  zones 

o f  No. 3 s i l l ,  w here i t  ap p ea rs  as two s e t s  o f  c l o s e l y  spaced  i n t e r s e c t i n g  

p la n e s  which g ive  th e  rock  a c r o s s - h a tc h e d  ap p ea ran ce  ( P l a t e  6 . 2 ) ;  one 

s e t  i s  o c c a s i o n a l l y  b e t t e r  developed  a t  th e  expense o f  th e  o t h e r .

Sometimes th e  f a b r i c  i s  bounded by th e  j o i n t i n g  b u t  i n  g e n e ra l  i t  i s  

i r r e g u l a r l y  d ev e lo p ed .  The ave rage  an g le  be tw een  th e s e  p la n a r  s e t s  i s  

67° ( range  61° -  72°) and t h i s  a c u te  a n g le  i s  b i s e c t e d  by the  e x te n s io n  

j o i n t s ,  F ig u re  6 .4 .  The i n t e r s e c t i o n  l i n e  o f  th e  p la n e s  p lunges  a t  

030 /77°  azim uth  and p lunge .

Under th e  m icroscope  the  p la n e s  a r e  seen  to  be formed by a l t e r n a t i n g  

zones r i c h e r  i n  m uscov ite  and b i o t i t e .  The mica f l a k e s  i n  th e s e  zones do

n o t  show a p r e f e r r e d  o r i e n t a t i o n .

* I t  has been p o in te d  ou t  to  me t h a t  the  
t e r m " s t r u c t u r a l  f a b r i c "  i s  be ing  
used i n c o r r e c t l y  i n  t h i s  s e c t i o n .  The 
c o r r e c t  term  f o r  th e  s t r u c t u r e  
d e s c r ib e d  h e re  i s  " p la n a r  f e a t u r e s " .



The t e x t u r e  i s  b e s t  developed  i n  th e  c e n t r a l  p a r t s  o f  th e  s i l l  and 

i s  a b s e n t  in  th e  c o n ta c t  zone where an u n d is tu rb e d  p r im ary  f low  s t r u c t u r e  

i s  found , A s i m i l a r  b u t  l e s s  w e l l  d e f in e d  s t r u c t u r e  has been  seen  i n  a 

sample from C ity  Deep Gold Mine, In  t h i s  specimen th e  f a b r i c  i s  formed 

by m in e r a l i s e d  zones ,  w i th  c h l o r i t e  a long  th e  p la n a r  s e t s .  The av e ra g e  

a c u te  a n g le  be tw een  th e  p la n e s  i s  6 8 , 5 ° ,  ran g e  60° -  78°.

6 .3 .2  O r ig in

The c lo s e  r e l a t i o n s h i p  betw een the  j o i n t s  and th e  p la n a r  s e t s  su g g e s ts  

t h a t  th e y  formed i n  th e  same s t r e s s  f i e l d .  I f  th e  e x te n s io n  j o i n t s  form 

p a r a l l e l  to  th e  p la n e ,  th e n  th e  p la n a r  s e t s  p ro b ab ly  co rresp o n d

to  c l o s e l y  spaced s h e a r  j o i n t s ,  v e ry  s i m i l a r  to th e  Ld'derA* bands 

d e s c r ib e d  by Friedm an and Logan (1973). The s p o ra d ic  o c c u rre n c e  o f  

the  s t r u c t u r e  p ro b a b ly  r e f l e c t s  in h o m o g en e it ie s  i n  th e  r e g io n a l  s t r e s s  

c o n d i t i o n s ,  w i th  th e  f a b r i c  on ly  form ing when th e  s t r e s s  d i f f e r e n c e  and 

c o n f in in g  p r e s s u r e  were s u i t a b l e .  I n  Friedm an and L ogan 's  (1973) 

e x p e r im e n ta l  work on san d s to n e  and So lenhofen  l im es to n e  th ey  found t h a t  

th e  maximum p r i n c i p a l  s t r e s s  b i s e c t e d  an a n g le  betw een th e  p la n e s  t h a t  

v a r i e d  from + 70° a t  zero  c o n f in in g  p r e s s u r e  to  + 120° a t  300 MPa.

T h e ir  d a t a  h a ^ b e e n  supplem ented by work on the  a p l i t e  d e s c r ib e d  i n  th e  

n e x t  c h a p te r .  U sing th e  curve p r e s e n te d  i n  F ig u re  8 .2  the  e f f e c t i v e  

c o n f in in g  p r e s s u r e  o p e r a t in g  d u r in g  the  fo rm a t io n  o f  the  Ltlders 1 , band 

Would be  30 -  40 MPa. As th e r e  i s  no d i s t o r t i o n  o f  the  f a b r i c  n e a r  th e  

j o i n t i n g  i t  i s  presumed t h a t  th e  f a b r i c  was formed b e f o r e  th e  j o i n t i n g ,  

very  e a r l y  i n  th e  l i f e  o f  th e  s i l l s  when th e  c e n t r a l  zone was more 

d u c t i l e .

6 .4  Q u a r t z - c h l o r i t e ,  q u a r t z ' - c a l c i t e  v e in s

6 .4 .1  D e s c r ip t io n

There  a re  two w e ll  exposed examples o f  q u a r t z - c h l o r i t e  v e i n s ,  which 

from t h e i r  morphology appear  to  be r e l a t e d  t e c t o n i c a l l y  to  th e  s i l l s .
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I t  i s  th o u g h t t h a t  they  o ccu r  l a t e  i n  th e  h i s t o r y  o f  th e  s i l l s  as  they  

c u t  th e  e x te n s io n  j o i n t s .  The two examples were from 1’63 -  64 so u th ,  

r e e f  s to p e s  and H76W f o o tw a l l  d r iv e ;  i n  th e  fo rm er ,  th e  a s s o c i a t e d  

s i l l s  a r e  Nos. 9 and 10, w h i le  th e  l a t t e r  i s  a s s o c i a t e d  w i th  S i l l  No. 4 .

F ig u r e  6 .5  i s  a  d iagram m atic  s k e tc h  o f  th e  l a r g e  s c a l e  r e l a t i o n s h i p s  

o f  th e  q u a r t z  v e in s  i n  th e  F63 -  64 s to p e .  H e re , th e  q u a r t z  and q u a r t z -  

c a l c i t e  v e in s  a re  t h i n  (< 10 c e n t im e t r e s )  s h e e t - l i k e  b o d ie s .  The 

q u a r tz  i s  m assive  and shows no f ib r o u s  r e l a t i o n s  to  the  w a l l s .  By 

c o n t r a s t ,  the  q u a r t z - c a l c i t e  v e in s  a r e  com posite  v e in s  ( c . f .  Durney and 

Ramsay, 1973) in  which the  m in e ra ls  show s p e c i f i c  growth r e l a t i o n s h i p s  

to  th e  w a l l s , as  i l l u s t r a t e d  i n  F ig u re  6 . 6 . S m alle r  v e in s  of q u a r tz  

and c h l o r i t e  occur i n  a s s o c i a t i o n  w i th  S i l l  No. 9 . These were observed  

i n  th e  s to p e  a t  v a r io u s  s t a g e s  of f a c e  advance, as  i l l u s t r a t e d ,  i n  F ig u re  

6 .7 .  The f i r s t  exposure  (F ig u re  6.7A) was o f  a  p a i r  o f  c o n j u g a t e - l i k e  

c h l o r i t e  v e in s .  These were o n ly  fo u r  o r  f i v e  m i l l im e t r e s  t h i c k ,  e n t i r e l y  

c o n f in e d  to  th e  s i l l s ,  and th e  an g le  betw een them was b i s e c t e d  by the  

p rom inen t median l i n e  o f  th e  s i l l .  L a t e r  b l a s t i n g  r e v e a le d  th e  network 

shown i n  F ig u re  6 . 7B, i n  which th e  c o n ju g a te  v e in s  a r e  betw een 1 - 1 , 5  

c e n t im e t r e s  th i c k ,  e s s e n t i a l l y  composed o f  q u a r t z  w ith  a t h i n  l a y e r  o f  

c h l o r i t e  on th e  w a l l s  o f  th e  v e i n s .  The t i p s  o f  th e  v e in s  cu rv e  towards 

median l i n e  o f  th e  s i l l ,  and one t r a n s g r e s s e s  th e  c o n t a c t .  This  v e in  i s  

d i s p la c e d  a long  th e  c o n t a c t  b u t  n o t  d i s r u p t e d .  F i n a l l y  a f t e r  a  lo n g e r  

tim e i n t e r v a l ,  a much more complex s t r u c t u r e  was seen  (F ig u re  6 .7 0 ) .

T h is  l a s t  exposure  i s  s i m i l a r  to  t h a t  seen on a,much l a r g e r  s c a l e  in  

H76W f o o tw a l l  d r iv e  which i s  i l l u s t r a t e d  i n  F ig u re  6 . 8  a t  v a r io u s  s ta g e s  

o f  tu n n e l  advance«

The b a s i c  3-D form of th e s e  v e in s  i s  a c e n t r a l  q u a r tz  f i l l e d  

e x te n s io n  j o i n t ,  and two sy m m e tr ic a l ly  a r ra n g e d  c o n ju g a te  q u a r t z  f i l l e d  

v e i n s .  The th r e e  v e in s  tend  to i n t e r s e c t  a lo n g  a common l i n e  w hich i s  

h o r i z o n t a l  e a s t - w e s t .  The c o n ju g a te  q u a r tz  v e in s  a re  on ly  p la n a r  near



D E V E L O P M E N T  OF Q UA RTZ f igure  6.9 
■ VEINS IN SHEAR Z O N E S  
(AFTER V A R IO U S  W O R K E R S )

A f t e r  D urney  a n d  R dm  say
(1 9 7 3 )

N.

y
....

f i
r i '
t \

1 m e tr e

S

\
\s

\

er  R oerlng (1 9 6 8 )



th e  i n t e r s e c t i o n  w ith  th e  e x te n s io n  j o i n t ,  b u t  away from th e  i n t e r s e c t i o n  

th ey  te n d  to  p a r a l l e l i s m  w ith  the  e x te n s io n  j o i n t .  This b a s i c  form  i s  

r e p e a t e d  a number o f  t im e s ,  i n  whole o r  p a r t ,  to  accoun t f o r  most o f  th e  

f e a t u r e s  seen  i n  F ig u re s  6 . 8  and 6 ,7 0 .

6 . 4 .2 O rig in

The s i g n i f i c a n c e  o f  q u a r tz  v e in s  w i th  r e s p e c t  to  the  s t r e s s  f i e l d  

o p e r a t in g  a t  th e  tim e of t h e i r  f o rm a t io n ,  has b e e n  d is c u s s e d  by s e v e r a l  

w orkers  i n  term s o f  b o th  dynamic and s t a t i c  c o n d i t i o n s .  Durney and 

Ramsay (1973) d i s c u s s  th e  fo rm a t io n  o f  a complex a r r a y  o f  e x te n s io n

j o i n t s  w i th in  a s h e a r  zone. In  t h i s  mechanism, th e  c e n t r a l  p a r t  o f  the

j o i n t  r o t a t e s ,  b u t  th e  t i p s  c o n t in u e  to  p ro p a g a te  i n  th e  same o r i e n t a t i o n  

u n t i l  d i l a t i o n  o f  th e  j o i n t  c e a s e s ,  a f t e r  which new j o i n t s  form , as

i l l u s t r a t e d  i n  F ig u re  6 ,9 .  R oering  '' ' 'Q6 8 ) a l s o  d i s c u s s e s  th e  fo rm a t io n

o f  e x te n s io n  j o i n t s  a s s o c i a t e d  w i th  shr-' r  z o n e s ; he  s u g g e s ts  t h a t  th e  

complex j o i n t  p a t t e r n  fo rm s, n o t  as a  d i r e c t  r e s u l t  o f  r o t a t i o n ,  b u t  as  a  

r e s u l t  o f  v a r io u s  second o r s t r e s s e s  a s s o c i a t e d  w ith  th e  sh e a r  zones ,  

as i l l u s t r a t e d  i n  F ig u re  6 .9 .  The p r o p a g a t io n  o f  v e in s  o u t  o f  th e  s h e a r  

zone adds to  th e  com plex ity  o f  th e  system .

S h a in in  (1950) d e s c r ib e d  v e in s  a l s o  deve loped  !n s h e a r  zones which 

have an o v e r a l l  s i m i l a r i t y  to  th o se  d e s c r ib e d  b y  R oering  (1968) , b u t  

have some a s p e c t s  s i m i l a r  to  th o s e  d e s c r ib e d  by Durney and Ramsay (1973).

The e x p la n a t io n  of the  above w orkers  h in g e s  on th e  i n i t i a l  developm ent 

o f  a s h e a r  zone; th e r e  i s  no s u g g e s t io n  o f  any such s h e a r  zone a s s o c i a t e d  

w i th  th e  q u a r tz  v e in s  i n  th e  a p l i t e  s i l l s ,  a l th o u g h  in  th e  two w e l l  

exposed c a s e s ,  th e  v e in s  a r e  developed  i n  and around th e  i n t e r s e c t i o n  o f  

th e  s i l l  w i th  v e r t i c a l  m afic  dykes .  M oreover, n e i t h e r  th e  p o s t u l a t e  of 

R oering  (1968) o r  Durney and Ramsay (1973) e x p la in s  th e  b i l a t e r a l  

cymmetry o f  th e  v e in s .
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More p rom is ing  i s  th e  work o f  Brace and Bombolakis (1963) who 

s t u d i e d ,  e x p e r im e n ta l ly ,  th e  p ro p a g a t io n  o f  a f r a c t u r e  i n i t i a l l y  

i n c l i n e d  a t  an a n g le  to  a u n i a x i a l  com press ive  s t r e s s .  In  t h e i r  

system , f r a c t u r e  p r o p a g a t io n  does n o t  s t a r t  a t  th e  t i p  o f  a p r e ­

e x i s t i n g  f r a c t u r e  b u t  a t  a p o in t  n e a r  i t  where th e  induced  t e n s i l e  

s t r e s s  i s  maximum. The o r i e n t a t i o n  o f  th e  new c ra c k  r o t a t e s  as i t  grows 

from a  p o s i t i o n  normal to  th e  ta n g e n t  to  th e  c rack  a t  th e  p o i n t  o f  

i n i t i a t i o n ,  tow ards th e  maximum p r i n c i p a l  s t r e s s  where t h e  c ra c k  becomes 

ss t a b l e 1 (F ig u re  6 .1 0 ) .

I n s te a d  of a  d ry  c ra c k  s u b je c te d  to  in c r e a s in g  s t r e s s e s  as  s tu d ie d  

by Brace and Bombolakis (1965.) and found as  q u a r tz  v e in s  i n  th e  f i e l d ' b y  

R o aring  (1968), c o n s id e r  a  c ra c k  f i l l e d  w i th  f l u i d  under  p r e s s u r e  i n  a 

b lo c k  o f  m a te r i a l  s u b je c te d  to  e x t e r n a l  s t a t i c  s t r e s s e s .  I f  th e  p r e s s u r e  

i n  th e  f l u i d  w ere s u f f i c i e n t  to  cause  th e  c ra c k  to  d i l a t e ,  p ro p a g a t io n  

would o ccu r  from th e  t i p  as i n  a normal G r i f f i t h  c ra c k  i n  t e n s i o n .  Such 

a mechanism i s  advanced f o r  th e  emplacement o f  i n t r u s i v e  dykes and s i l l s  

( J a e g e r  and Cook, 1969, p . 419; P o l l a r d ,  1973).  A lso ,  dyke swarms a t  

S pan ish  Peak , C o lo rado ,  (mapped b y  Knopf, 1936) have a s i m i l a r i t y  i n  

morphology to  th e  q u a r tz  v e in s  i n  E .R .P .M .,  i n  t h a t  dykes which a re  

r a d i a l  a t  th e  main v o lc a n ic  v e n t ,  become p a r a l l e l  to  th e  r e g i o n a l  dyke 

t r e n d  a t  a d i s t a n c e .  The c l a s s i c a l  a n a l y s i s  done by Ode (1957) on the  

dykes a t  Spanish  Peak showed t h a t  th ey  a r e  p a r a l l e l  to  th e  p r i n c i p a l  

s t r e s s  t r a j e c t o r i e s  o f  a s t r e s s  sy s tem  c o n ta in in g  th e  r e g io n a l  s t r e s s  

superim posed on th e  s t r e s s e s  around two v o lc a n ic  p ip e s  i n  which th e  

p r e s s u r e  i s  g r e a t e r  than  th e  maximum r e g io n a l  s t r e s s .  However, the  

ana logy  between th e s e  dykes and th e  q u a r tz  v e in s  i s  n o t  e x a c t  because  

t h e r e  i s  a g r e a t e r  d e n s i ty  o f  dykes r a d i a t i n g  from th e  s to c k  a t  Spanish  

Peak , s u b - p a r a l l e l  to  th e  maximum r e g io n a l  s t r e s s  d i r e c t i o n ;  t h i s  i s  n o t  

found i n  the q u a r t z  v e i n s .  Also th e  q u a r tz  v e in s  do n o t  show a focus
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o f  o r i g i n .  These d i f f e r e n c e s  can be e x p la in e d  by the  i n i t i a l  f r a c t u r e s  

b e in g  p a r t  o f  an. e a r l y  s e t  o f  s h e a r  and e x te n s io n  j o i n t s ,  formed i n  th e  

r e g i o n a l  s t r e s s  f i e l d ,  i n t o  which th e  s i l i c a  r i c h  f l u i d s  in t r u d e d  and 

caused  th e  p ro p a g a t io n  o f  th e  v e i n s ,  (F ig u re  6 .1 1 ) ,  u n t i l  th ey  became 

p a r a l l e l  to  th e  f a r  f i e l d  o^, and so formed th e  o b se rv e d ,  s p e c t a c u l a r  

v e i n - f r a c t u r e  p a t t e r n s ,

6 .5  F o ld in g

G e n t le  f o ld i n g  o f  th e  s t r a t a  appea rs  to  hav e  ta k e n  p l a c e  a f t e r  th e
. , o

emplacement o f  th e  s i l l s .  This  i s  i n d i c a te d  by th e  s t e e ^ r  d ip s  (50 )

o f  th e  s i l l s  i n  th e  s h a l lo w e r  l e v e l s ,  as  seen  i n  th e  s h a f t  s e c t io n s  

(F ig u re  2 . 2 ) ,  where th e  f o ld i n g  i s  abou t an E-W a x i s .

6 . 6  E v o lu t io n  o f  th e  s t r e s s  f i e l d

The t e c t o n i c  f e a t u r e s  d e s c r ib e d  i n  th e  p r e c e d in g  s e c t i o n s ,  p lu s  th e  

morphology o f  th e  s i l l s  and t h e i r  age can be used  to  d e te rm in e  th e  

o r i e n t a t i o n  o f  th e  s t r e s s  f i e l d  and, p o s s i b l e  m agn itudes  o f  th e  p r i n c i p a l  

s t r e s s e s .

The f e a t u r e s  t h a t  can  be used a r e  th e  j o i n t i n g ,  th e  s t r u c t u r a l  f a b r i c  

th e  q u a r tz  v e in s  and, o f  c o u r s e ,  th e  a t t i t u d e  o f  th e  s i l l s  th e m se lv es .

I t  i s  g e n e r a l l y  a c c e p te d  t h a t  i n t r u s i o n s  o ccu r  i n  a s u r f a c e  whose normal 

i s  th e  minimum p r i n c i p a l  s t r e s s  (A nderson, 1938; Ode, 1957); which means 

th e  maximum and i n t e r m e d i a t e  s t r e s s e s  a r e  i n  th e  p la n e  o f  t h e  s i l l .  The 

e a r l i e s t  f e a t u r e  re c o g n is e d  i n  th e  s i l l s  i s  th e  s t r u c t u r a l  f a b r i c  which 

g iv es  a good s t r e s s  d e te r m in a t io n .  A ccording  to  the  work o f  Friedm an and 

Logan (1973) th e  i n t e r s e c t i o n  o f  th e  two p la n a r  s e t s  c o rre sp o n d s  to  Og, 

w h i le  o r  can  b i s e c t  th e  a c u te  a n g le ,  depending  on th e  e f f e c t i v e  

c o n f in in g  p r e s s u r e .  I f  th e  d i r e c t i o n  o f  o r  o^ i s  known th e  e f f e c t i v e  

c o n f in in g  p r e s s u r e  can be d e te rm in e d ,  and i f  th e  e f f e c t i v e  c o n f in in g  

p r e s s u r e  i s  known, th e  o r i e n t a t i o n  o f  and o^ can be fo u n d . J o i n t i n g
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i s  th e  n e x t  s t r u c t u r a l  f e a t u r e  developed  i n  th e  s i l l s , b u t  becau se  th e  

t h r e e  d im en s io n a l  shape o f  th e  sh ea r  j o i n t s  a r e  n o t  f u l l y  known, th e  

’ t e c t o n i c  c r o s s ’ d e s c r ib e d  by P r ic e  (1966, p .  110) c a n n o t  be usied to  

d e te rm in e  th e  com plete  s t r e s s  o r i e n t a t i o n ,  on ly  th e  o r i e n t a t i o n  o f  0 g 

normal to  th e  e x te n s io n  j o i n t s  i s  g iv e n .  The l a s t  s t r u c t u r a l  f e a t u r e s  

known to  be a s s o c i a t e d  w i th  th e  s i l l s  a r e  th e  q u a r tz  v e i n s ,  whose 

i n f e r r e d  developm ent has  a l r e a d y  been  d i s c u s s e d .  The o r i e n t a t i o n s  

deduced f o r  th e  s t r e s s  f i e l d  from th e s e  f e a t u r e s ,  a r e  shown i n  F ig u re  

6 .12,
The a t t i t u d e  o f  th e  s i l l s  shows t h a t  the  e a r l y  Og was ap p ro x im a te ly  

normal to  the  bedding  and and w ere a p p ro x im a te ly  i n  the  p la n e  o f  

t h e  b ed d in g .  Because th e  j o i n t i n g  b i s e c t s  th e  a c u te  a n g le  o f  th e  

s t r u c t u r a l  f a b r i c ,  has  been  p l o t t e d  b i s e c t i n g  th e  a c u te  a n g le .  As 

such , i t  i s  n e a r  h o r i z o n t a l  i n  a n o r th - s o u th  d i r e c t i o n .  Og i s  ap p ro x im a te ly  

normal to  the  bedd ing  and i s  h o r i z o n t a l  e a s t - w e s t .  The o r i e n t a t i o n  of 

Og from  th e  j o i n t i n g  i s  i n  good agreem ent w ith  t h a t  d e te rm ined  from the  

s t r u c t u r a l  f a b r i c ,  and th e  i n t e r s e c t i o n  o f  th e  g r e a t  c i r c l e  f o r  th e  

j o i n t i n g ,  w ith  th e  g r e a t  c i r c l e  f o r  th e  s i l l  i s  n e a r  to  th e  p o s i t i o n  o f  

0 ^ de te rm ined  from  th e  s t r u c t u r a l  f a b r i c ,  The q u a r t z  v e in s  show a „ 

g r e a t e r  s c a t t e r  b u t  cr  ̂ i s  a p p ro x im a te ly  th e  same d i r e c t i o n  as th e  o th e r  

f e a t u r e s  w i th  h o r i z o n t a l  e a s t - w e s t  and o normal to  th e  bed d in g .

From t h i s ,  th e  e v o lu t io n  o f  the  s t r e s s  o r i e n t a t i o n  can be deduced , fo r  

a s h o r t  tim e i n t e r v a l  a f t e r  i n t r u s i o n .  In  a l l  c a s e s ,  ou i s  n e a r  h o r i z o n t a l  

a l ig n e d  n o r th - s o u th  i n  the  p la n e  o f  th e  b e d d in g ,  w i th  o n ly  Og anc* c r 3  

changing . At th e  tim e o f  i n t r u s i o n ,  Og was ap p ro x im a te ly  v e r t i c a l  and o_ 

h o r i z o n t a l  e a s t - w e s t ,  b u t  th e  s t r u c t u r a l  f a b r i c ,  which i s  though t to  have 

formed s h o r t l y  a f t e r  th e  magma had c r y s t a l l i s e d ,  shows o .  ap p ro x im a te ly  

v e r t i c a l  and Og h o r i z o n t a l ;  i . e .  Og and Og changed p o s i t i o n s  d u r in g  t h i s  

s h o r t  time i n t e r v a l .  S im i l a r l y ,  the  j o i n t i n g  shows th e  same s t r e s s



• — 68 -

. o r i e n t a t i o n  as th e  Luders bands . . . b u t  th e  q u a r tz  v e in s  in d i c a te ,  a •

s t a t e  o f  s t r e s s  l i k e  t h a t  which o cc u rre d  a t  the  tim e o f  i n t r u s i o n  o f
. .

th e  s i l l s .  T h e re fo re ,  f o r  a s h o r t  tim e sp an ,  some a d d i t i o n a l  f a c t o r  

a f f e c t e d  th e  s t r e s s  f i e l d  to  cause  th e  in v e r s i o n  o f  Og and . This 

cou ld  possibly" be  a t e n s i l e  component caused  by th e  th e rm a l c o n t r a c t i o n  

o f  th e  r o c k . Such a component has a un ifo rm  a f f e c t  i n  a l l  d i r e c t i o n s ,  

b u t  the  shape o f  th e  s i l l s  w i l l  tend  to  c o n f in e  i t s  main i n f l u e n c e  to  

w i t h i n  th e  p la n e  o f  th e  s i l l s  ( J a e g a r , 1961).

As r e g a r d s  th e  m agnitudes o f  th e  p r i n c i p a l  s t r e s s e s ,  d u r in g  i n t ­

r u s io n  o f  th e  s i l l s  Oj can be e s t im a te d  from th e  w e ig h t  o f  th e  o v e r ­

b u rden  a t  th e  t im e .  In  C hap ter  4 i t  was concluded  t h a t  th e  age of th e  

s i l l s  m ight co rre sp o n d  to  th e  end o f  d e p o s i t i o n  i n  th e  T ra n s v a a l  t i m e s .

So a t  th e  time o f  emplacement a th ic k n e s s  o f  ab o u t 9 k i lo m e t r e s  o f  

sed im en ts  and v o lc a n ic s  o f  th e  Upper W itw a te r s ra n d , V en te rsd o rp  and 

T ra n s v a a l  system s would have  o v e r l a i n  th e  main r e e f  h o r iz o n s  (based on

d a ta  from du T o i t ,  1954). The s t r e s s  due to  the  w e ig h t  o f  th e s e  s t r a t a

3 3

would be a p p ro x im a te ly  235 MPa assuming a d e n s i t y  o f  2,67 x 10 Kg/m .

The d i f f e r e n c e  betw een and i n  m agnitude would have been  l e s s  th a n  

th e  the rm al c o n t r a c t i o n  t e n s i l e  s t r e s s , o th e rw is e  th e s e  two s t r e s s  d i r e c t i o n s  

would n o t  in t e r c h a n g e ;  and th e  d i f f e r e n c e  betw een and cy must be g r e a t e r  

so t h a t  does n o t  change. A v e ry  rough e s t im a te  o f  th e  m agnitude o f  t h i s  

the rm al c o n t r a c t i o n  s t r e s s  can b e  o b ta in e d  by m u l t ip ly in g  th e  Young's 

modulus by th e  l i n e a r  th e rm a l c o n t r a c t i o n .  Using a v a lu e  o f  0 ,8  x 10 MPa 

f o r  th e  Y oung's modulus and a volume c o n t r a c t i o n  o f  0,6% betw een 1000° and 

800° C (which i s  p o s s ib ly  r e p r e s e n t a t i v e  o f  th e  te m p e ra tu re  drop p r i o r  to 

j o i n t i n g ;  a t h i r d  o f  t h i s  volume c o n t r a c t i o n ,  c a l c u l a t e d  from a v a lu e  o f  

th e  c o e f f i c i e n t  o f  volume expans ion  in  S k inne r ,  1965) app rox im ates  th e  

l i n e a r  c o n t r a c t i o n , ] a  t e n s i l e  s t r e s s  o f  th e  o rd e r  o f  160 MPa i s  

g e n e ra te d .  T h e re fo re ,  th e  m agnitude o f  0 % a t  th e  t im e  o f  emplacement i s



Table 6.1

Magnitude and o r i e n t a t i o n  o f  th e  p r i n c i p a l  s t r e s s e s

M agnitude O r i e n t a t i o n  (az im uth  and p lunge)

1. I n t r u s i o n

Ambient cl 
1

Ambient cl

Ambient o„

Magma p r e s s u r e

395MPa 

235 - 395MPa 
235MPa
265MPa

182°/27°
273*/10°
028O/7 0 °

2. LU ders 1 Bands and 
j o i n t i n g

Ambient CL

Ambient on

Ambient o

P o re  p r e s s u r e  ,

395MPa

235MPa

200MPa

180°/20°

030°/77°

278*/8°

3. Q uartz  v e in s

Ambient o.

Ambient c? 

Ambient cr

395MPa 

235 - 395MPa
235MPa

006°/30°

280°/0*
008O/7 0 °
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a p p ro x im a te ly  betw een 235 MPa and 395 MPa, and i s  g r e a t e r  th an  

395 MPa. S ince th e  e f f e c t i v e  c o n f in in g  p r e s s u r e  a f t e r  s o l i d i f i c a t i o n  

i s  betw een 30 -  40 MPa u s in g  Friedm an and L ogan 's  (1973) r e s u l t s  on 

th e  e f f e c t  © ^ c o n f i n i n g  p r e s s u r e  o f  the  developm ent o f  L lider ' s b a n d s , 

th e  h y d r a u l i c  p r e s s u r e  was a p p ro x im a te ly  ~ 35 MPa, i . e .  200 MPa.

The magma p r e s s u r e  must be g r e a t e r  th a n  p lu s  th e  t e n s i l e  s t r e n g t h

o f  th e  q u a r t z i t e s  and s h a le s  ( J a e g e r  and Cook, 1969, p . 4 1 9 ) ,  (30 MPa 

Hoek, 1964).  T h e re fo re  the  magma p r e s s u r e  i s  i n  ex cess  o f  265 MPa. 

These r e s u l t s  a re  summarised i n  T ab le  6 .1 .
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7. ROCK MECHANICS

T h is  s tudy  was c a r r i e d  o u t  to  t r y  and c o r r e l a t e  th e  m echan ica l 

p r o p e r t i e s  o f  the  a p l i t e  w i th  geology and i t s  m echan ica l b eh a v io u r  

as  ob se rv ed  underground .

7 .1  B ehaviour o f  th e  a p l i t e  i n  underground w orkings

I n  a d d i t i o n  to  th e  g e o lo g ic a l  j o i n t s  d e s c r ib e d  in  s e c t i o n  6 . 1 ,  the 

f r a c t u r e  p a t t e r n  o f  th e  a p l i t e  i n  the  deep l e v e l  w orkings on th e  mine 

i s  s t r o n g ly  c o n t r o l l e d  by th e  m agnitude o f  the  m ining induced  s t r e s s e s .

In  th e  fo o tw a l l  and h an g in g w a l l  d r iv e s  th e  a p l i t e  i s  r e l a t i v e l y  

u n f r a c t u r e d  compared to  th e  a d jo in in g  sedim ents , b e in g  c u t  on ly  by a

few m ining induced ' type  l f (d e f in e d  i n  C hapter 6 ) f r a c t u r e s .  I n  th e

s to p e s  the  s i l l s  a r e  e i t h e r  ex tre m e ly  f r a c t u r e d  o r  e s s e n t i a l l y

u n f r a c tu r e d  compared to  th e  a d ja c e n t  c o u n t ry  ro c k ;  e s p e c i a l l y  im p o r ta n t

i s  th e  f a c t  t h a t  when b ad ly  f r a c t u r e d ,  th e  a p l i t e  i s  v e ry  d i f f i c u l t  to 

s u p p o r t  i f  i t  i s  i n  th e  h an g in g w a l l  o f  th e  s t o p e s . Sometimes c l o s e l y  

spaced  s h e a r  p l a n e s , p a r a l l e l  to  c o n ta c t  o f  th e  s i l l s ,  o ccu r  i n  th e  

im m ediate  c o u n try  ro c k  w i th i n  th e  s t o p e s , w ith  a  l o t  o f  comminuted 

m a t e r i a l  w i th i n  the  - s h e a r  p la n e s  ,

Whether th e  a p l i t e  i s  f r a c t u r e d  o r  u n f r a c tu r e d  depends on w here the  

low er c o n ta c t  o f  th e  s i l l  i s ,  i n  r e s p e c t  to  th e  ro o f  o f  th e  s to p e .  I f  

th e  c o n ta c t  c o in c id e s  w i th  th e  r o o f ,  th e  a p l i t e  i s  g e n e r a l ly  on ly  c u t  by 

a few type  1 f r a c t u r e s , spaced  te n s  o f  c e n t im e t r e s  a p a r t  ( S i l l  No. 8 ,

F69W s to p e ,  December 1973, S i l l  No, 6 , top  of G76W s to p e ,  September 1973). 

I f  t h e  ro o f  f a l l s  w i th i n  th e  c o n ta c t  zone , th e  i n t e n s i t y  o f  f r a c t u r i n g  

i s  s i m i l a r  to  t h a t  i n  the  q u a r t z i t e  ( S i l l  No. 8 , F70W s t o p e , December 

1973) and can e a s i l y  b e  s u p p o r te d .  However, th e  f r a c t u r i n g  of th e  

h ang ing  i s  most s e v e re  as i n  l a r g e  s i l l s , Nos, 1 and 6 , when th e  ro o f  

o f  th e  s to p e  c o in c id e s  w ith  th e  c e n t r a l  zone. C lo s e ly  spaced f r a c t u r e s  

w i th  a type  1  o r i e n t a t i o n  form and th e n  a l low  th e  a p l i t e  to  c o n t in u a l l y
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c o l l a p s e  as f a l l s  o f  hang ing  o r  i n  rock  b u r s t s  o f  v a r io u s  m agnitudes 

(H75E s to p e ,-M a rch  1973, m agnitude 2 { , McGarr e t  a l . ,  1975 ) .  This 

u n s ta b l e  s i t u a t i o n  'con tinues  u n t i l  the  com plete  th i c k n e s s  o f  th e  

s i l l  has  f a l l e n  o u t  and more s t a b l e  q u a r t z i t e  forms th e  h an g in g .  When 

th e s e  ty p e  1  f r a c t u r e s  i n  the  c e n t r a l  zone approach  g e o lo g ic a l  j o i n t s ,  

o r  e n c o u n te r  an inhom ogeneity ,  they  a r e  r e f r a c t e d  towards th e  normal 

o f  th e  p la n e  o f  th e  inhom ogene ity .  M oreover, i f  th e  s i l l  i s  t h i n  

( e .g .  No. 8 ) ,  j o i n t i n g  tends  to  be l e s s  s e v e r e ,  which a l s o  improves 

th e  s t a b i l i t y  o f  th e  h a n g in g , p o s s i b ly  beca u se  th e  t y p i c a l  c e n t r a l  

zone m a t e r i a l  i s  n o t  r e a l l y  deve loped .

7 .2  E x p e r im en ta l  rock  mechanics

The m echan ica l p r o p e r t i e s  o f  th e  s i l l s  have been  i n v e s t i g a t e d  i n  

d e t a i l  by a number o f  p re v io u s  w orkers  in c lu d in g  th e  N a t io n a l  M echanical 

E n g in e e r in g  R esearch  I n s t i t u t e  ( N .M .E .R . I . ) „ (1959); Hoek, (1964, 1965)1 

Brace e t  a l .  (1966) and J a e g e r  and Cook (1969, p ,1 4 6 )  a l l  o f  whom 

r e p o r te d  b r i t t l e  b e h a v io u r  of th e  a p l i t e .  The work o f  N .M .E .R .I .  (1959) 

was c a r r i e d  o u t  on fo u r  samples from S i l l  N os, 3 and 8  b u t  th e  l o c a l i t i e s  

o f  th e  m a te r i a l  used by Hoek (1964, 1965) and Brace e t  a l .  (1966) i s  

unknown. The r e s u l t s  o f  th e s e  w orkers  a r e  l i s t e d  i n  T ab le  7 .1  (com pressive  

s t r e s s e s  a r e  p o s i t i v e ) .  They a r e  used h e r e  to  complement th e  p r e s e n t  work.

A l l  samples were ta k e n  from b o re h o le s  d r i l l e d  i n t o  th e  f o o tw a l l  from 

o v e rs to p e d  ground, e x ce p t  th o se  cored  i n  th e  l a b o r a to r y  from specimens 

F76C and G76C. The c o re  from th e  th r e e  b o re h o le s  was o f  good q u a l i t y  i n  

the  q u a r t z i t e  b u t  d e t e r i o r a t e d  i n  th e  a p l i t e ,  w here i t  was o f t e n  b roken  

in to  5 -  10 c e n t im e tre s  long  p ie c e s  o r  c u t  i n t o  d i s c s  1 - 2  c e n t im e t r e s

th i c k .  The lo n g e r  p ie c e s  o f  co re  were used to  p r e p a re  t e s t  c y l in d e r s

w ith  le n g th  to d ia m e te r  r a t i o  3 : 1 .  Wherever p o s s i b l e ,  samples were 

ta k en  to cover th e  th ic k n e s s  o f  th e  s i l l s .  The b lo c k s  F67C and G76C were

ta k e n  from th e  low er c o n ta c t  o f  th e  s i l l s .  The a x i a l  and c i r c u m f e r e n t i a l

s t r a i n s  were norm ally  reco rd ed  in d e p e n d e n t ly  u s in g  p a i r s  o f  s t r a i n  gauges
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mounted p a r a l l e l  and p e r p e n d ic u la r  to  th e  a x is  o f  th e  c y l in d e r  and 

w ired  i n  s e r i e s „ However, i n  one t e s t ,  one a x i a l  and two l a t e r a l  

gauges w ere connec ted  in  s e r i e s  to  r e c o rd  volume s t r a i n  d i r e c t l y .

The gauges were g e n e r a l ly  10 m i l l i m e t r e s  lo n g ,  b u t  f o r  th e  specim ens 

ta k e n  from sam ple F69C th e  c i r c u m f e r e n t i a l  s t r a i n  gauges were 1 

m i l l i m e t r e  i n  l e n g t h . A l l  t e s t s  were c a r r i e d  o u t  i n  a s o f t  

com press ive  t e s t i n g  m achine; s t r a i n s  w ere re c o rd e d  m anually  eve ry  

20 kN o f  a p p l ie d  lo a d  on a Huggenburger t e p i c  i n d i c a t o r ,  o r  e l s e  th e  

load  s t r a i n  cu rve  was p l o t t e d  d i r e c t l y  on an X-Y r e c o r d e r .

7 ,3  R e s u l t s  o f  l a b o r a t o r y  experim en ts

F ig u re  7.1A shows t h a t - t h e  s t r e s s - s t r a i n  cu rves  f o r  th e  c o n t a c t  and 

c e n t r a l  stones have e s s e n t i a l l y  th e  same s lo p e .  T h is  s lo p e ,  w hich g ives  

the. Young’s modulus f o r  the. ro c k ,  i s  a t  th e  upper end o f  th e  ra n g e  o f  

s t a t i c  v a lu e s  f o r  g r a n i t i c  rocks  r e p o r te d  by B irch  (1966) and h as  a 

l a r g e  s c a t t e r .  However, th e  c o n t a c t  zone samples do n o t  show any 

i n d i c a t i o n  o f  ' s e t t l i n g  in  ’ which c o rre sp o n d s  to  th e  c lo s in g  o f  m ic ro -  

f r a c t u r e s  ( J a e g e r  and Cook, 1969, p . 3 1 9 ) ,  th u s  i n d i c a t i n g  t h a t  th e  c o n ta c t  

zone h as  few er m i c r o - f r a c t u r e s  compared to  th e  c e n t r a l  zone.

The o th e r  cu rv es  i n  F ig u re  7 .1 show t h a t  t h e  c o n t a c t  zone has  a 

p r o p o r t i o n a l l y  l a r g e r  l a t e r a l  s t r a i n  th an  th e  c e n t r a l  zone, and a f t e r  

a c e r t a i n  p o i n t  th e  a x i a l  s t r a i n  i s  l e s s  t h a n .tw ice  t h e  l a t e r a l  s t r a i n :  

t h e r e f o r e  th e  volume s t r a i n  tends  tow ards a p o s i t i v e  v a l u e .  T h is  means 

t h a t  th e  c o n ta c t  zone shows a c e r t a i n  d eg ree  o f  dvlcxtenai w hich  i s  n o t  

p r e s e n t  i n  th e  c e n t r a l  zone, b u t  th e  v a lu e s  o f  P o i s s o n ’s r a t i o  f o r  the  

samples from th e  c o n ta c t  zone , p r i o r  to  t h i s  change , a r e  s i m i l a r  to  th o se  

f o r  th e  c e n t r a l  zone samples and to  v a lu e s  f o r  o th e r  rocks  l i s t e d  by 

B irch  (1966).

The type o f  f a i l u r e  f o r  a l l  th e  specim ens i r r e s p e c t i v e  o f  t h e i r  

s t r u c t u r a l  s e t t i n g  was v i o l e n t ,  b u t  m ic ro -se is m ic  a c t i v i t y  ( d e te c te d
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Figure 7.2

The v a r i a t i o n  of the  ro c k  m echan ica l p r o p e r t i e s  a c ro s s  th e  s i l l s .

A. The u n i a x i a l  com press ive  s t r e n g t h .  The s o l i d  l i n e  i s  th e

ave rage  c e n t r a l  zone s t r e n g t h  de te rm in ed  i n  t h i s  work.

B. Young's Modulus

C. P o l s s o n 's  R a t io



a u d ib ly )  always o c c u r re d  i n  the  c e n t r a l  zone samples p r i o r  to  f a i l u r e  

b u t  n e v e r  i n  the  c o n ta c t  zone specimens which s u g g e s ts  a marked 

d i f f e r e n c e  i n  th e  r e s p e c t i v e  b eh av io u r  o f  th e  specimens^ In  p a r t i c u l a r  

th e  u n i a x i a l  com pressive  s t r e n g t h s  o f  the  c o n ta c t  zone samples i s  v e ry  

much l e s s  th an  th e  s t r e n g t h s  o f  th e  c e n t r a l  zone samples ( c . f .  Table

7 .2  and F ig u re  7 . 2 ) .  The s t r e n g t h  o f  th e  a d j a c e n t  f o o tw a l l  q u a r t z i t e s  

i s  r e l a t i v e l y  low, ra n g in g  from 62 to  260 MPa. S i m i l a r l y ,  the  c h e r t  

i n  th e  low er c o n ta c t  zone i s  n o t  p a r t i c u l a r l y  s t r o n g ,  h av in g  ah 

ave rage  S t r e n g th  o f  about 280 MPa. However, away from th e  c o n ta c t  

zone, th e  s t r e n g t h  in c r e a s e s  rem arkab ly  and i n  th e  c e n t r a l  zone th e  

average  v a lu e  i s  456 MPa w ith  a ra n g e  front 375 to 541 MPa. The l a r g e  

s c a t t e r  i n  the  r e s u l t s  from th e  c e n t r a l  zone may be due to  s e v e r a l  

f a c t o r s ,  i n c l u d i n g : ^

( i )  Sampling d i f f i c u l t i e s  : samples w ere ta k en  from 

d i f f e r e n t  l o c a l i t i e s  and l e v e l s  i n  th e  s i l l s  

( i i )  F r a c tu r e s  in d u c e d  in  th e  co re  by v i b r a t i o n  of th e  

com pressed a i r  diamond d r i l l  used f o r  c o r in g  

( i i i )  The p re s e n c e  o f  n a t u r a l  and m ining  induced  j o i n t s  

i n  th e  co re

However, th e  ave rage  s t r e n g t h  o f  th e  c e n t r a l  zone a g re e s  f a i r l y  w e l l  w i th  

th e  v a lu e s  d e te rm ined  by M .M .E.R.I. (1959) ,  b u t  a r e  s i g n i f i c a n t l y  low er 

th an  th o s e  o b ta in e d  by Hoek (1965) and Brace e t  a l .  (1966) .  The Young's 

modulus and the  P o i s s o n 's  r a t i o  a r e  a l s o  i n  agreem ent w i th  th e  r e s u l t s  

of M.M.E.&.I. (1959),

7 .4  D isc u s s io n

The underground o b s e rv a t io n s  show t h a t  i t  i s  th e  very  s t ro n g  c e n t r a l  

zone a p l i t e  and n o t  th e  w eaker c o n ta c t  zone a p l i t e  o r  q u a r t z i t e ,  w hich 

f r a c t u r e s  bad ly  and i s  d i f f i c u l t  to  s u p p o r t .  Why i t  behaves i n  t h i s  way
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CH A N G ES IN THE STRESS AT Figure 7.3
I N I T I A T I O N  OF FRACTURING,AND 
FAILURE W I T H  C H A N G I N G  C O N F I N I N G  
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i s  n o t  known: i t  i s  i n  c o n t r a s t  to  what one would e x p e c t  from e x p e r im e n ta l  

o b s e r v a t i o n s , b u t  i t  does c o r r e l a t e  w ith  th e  f a c t  t h a t  th e  g e o lo g ic a l  

j o i n t s  a r e  a l s o  b e s t  developed  in  th e  c e n t r a l  zone.

The i n i t i a t i o n  o f  f r a c t u r i n g  i n  th e  a p l i t e  has b e e n  shown by Brace 

e t  a l ,  (1966) to  b e g in  v e ry  e a r l y  i n  a t e s t ,  w i th  v e ry  l i t t l e  

accompanying d i l a t i o n  compared to  o th e r  ro ck  ty p e s .  F ig u r e  7 .3  shows 

th e  i n c r e a s e  i n  th e  s t r e s s  r e q u i r e d  f o r  f r a c t u r e  i n t i t i a t i o n  w ith  

c o n f in in g  p r e s s u r e . The r e p o r te d  v a lu e  o f  th e  u n i a x i a l  s t r e s s  a t  which 

f r a c t u r i n g  began a g ree s  w e l l  w i th  th e  ave rage  s t r e s s  (267 KPa) a t  which 

m ic ro se ism ic  a c t i v i t y  s t a r t e d  i n  th e  p r e s e n t  t e s t s  on t h e  c e n t r a l  zone 

sp ec im en s . The volume s t r a i n - a x i a l  s t r e s s  cu rves  ( e . g .  F ig u re  7.1C) 

show t h a t  f r a c t u r i n g  s t a r t s  a t  a s t r e s s  l e v e l  o f  100 -  200 MPa i n  th e  

c o n ta c t  zone Specim ens. S im i l a r l y ,  McGarr (p e rs o n a l  com m unication, 1974) 

r e p o r te d  t h a t  m ic ro se ism ic  a c t i v i t y  d u r in g  t e s t i n g  o f  h ang ingw all  . 

q u a r t z i t e s  s t a r t e d  a t  abou t t h r e e - q u a r t e r s  o f  th e  f a i l u r e  lo a d  which 

c o rre sp o n d s  to  an av e rag e  u n i a x i a l  com press ive  s t r e s s  o f  260 MPa.

P a l l i s t e r  e t  a l .  (1971) have shown t h a t  the  v i r g i n  h o r i z o n t a l /  

v e r t i c a l  s t r e s s  r a t i o  on E.R.P.M. was 0 ,7 2 ,  b u t  th e  v e r t i c a l  s t r e s s  was 

l e s s  th a n  ex pec ted  from th e  w eigh t o f  th e  overb u rd en .  At 3 ,2  k i lo m e t r e s  

the  s t r e s s  due to  th e  overburden  i s  85 MPa and so th e  maximum v a lu e  of 

th e  v i r g o n  h o r i z o n t a l  s t r e s s  i s  a p p ro x im a te ly  60 MPa. T h e re fo re ,  from ' 

F ig u re  7 .3  a s t r e s s  o f  m a rg in a l ly  l e s s  th a n  400 MPa would be  r e q u i r e d  

to  f r a c t u r e  th e  c e n t r a l  zone rock  i n  th e  v i r g i n  s t r e s s  f i e l d .  Towards 

th e  mined o u t  a r e a ,  where th e  minimum p r i n c i p a l  s t r e s s  tends tow ards 

zero  and the  maximum p r i n c i p a l  s t r e s s  i n c r e a s e s  (McGarr, 1 9 7 1 a ) , a 

s t r e s s  o f  more th an  250 MPa i s  r e q u i r e d  to  f r a c t u r e  th e  rock i n  th e  

c e n t r a l  zone. A ccording  to  McGarr (1971a) s t r e s s e s  o f  th e se  m agnitudes 

a re  e a s i l y  r e a l i s e d  i n  th e  v i c i n i t y  o f  th e  s to p e ,  w i th  f r a c t u r i n g  o f  the  

rock  p o s s i b ly  e x te n d in g  more than  1 0  m e tres  i n  advance of th e  s to p e  

f a c e .  With r e s p e c t  to  th e  a p l i t e  th e  c o n ta c t  zone sh o u ld  f r a c t u r e  b e f o r e



th e  en ve lop ing  q u a r t z i t e s  and c e n t r a l  zone a p l i t e  . In  f a c t ,  i f  one 

c o n s id e r s  th e  e x te n t  o f  th e  induced ' t r e s s  f i e l d  i n  f r o n t  o f  th e  s to p e  

(McGarr e t  a l « ,  1975) and th e  f a i l u r e  c r i t e r i o n  p o s tu l a t e d  by Cook 

(1962) ,  ( f a i l u r e  s t r e s s  = where i s  th e  maximum p r i n c i p a l

induced  s t r e s s  and i s  th e  minimum p r i n c i p a l  induced  s t r e s s )  th e  

ro ck  o f  th e  c o n ta c t  zone shou ld  be f r a c t u r e d  up to  30 m e tres  i n  

advance o f  th e  stope* and th e  c e n t r a l  zone a p l i t e  and th e  q u a r t z i t e  

shou ld  s t a r t  to  f r a c t u r e  a t  about 1 0  m e tres  from t h e  s to p e  f a c e .  

T h e re fo re ,  c o n s id e r in g  th e  g r e a t e r  tim e a v a i l a b l e  f o r  d e fo rm a tio n  

underg round , compared to  t h e  e x p e r im e n ta l  work, th e  c o n ta c t  zone does 

n o t  deform  e l a s t i c a l l y  b u t  i n  a  d u c t i l e  manner ( see  F ig u re  7 .1 c )  and 

so h as  r e l a t i v e l y  few m ining  induced  f r a c t u r e s . T h e re fo re  i t  forms a 

r e l a t i v e l y  s t a b l e  s h e a th  e n c lo s in g  th e  s t r o n g e r  c e n t r a l  zone, w hich . 

d e s p i t e  g e o lo g ic a l  j o i n t i n g  may have c o n s id e r a b le  s t r a i n  energy  s to r e d  

i n  i t  which i s  r e l e a s e d  by m ining s t r e s s e s ,  r e s u l t i n g  in  in t e n s e  

f r a c t u r i n g .  This  c o r r e l a t e s  w i th  th e  poor co re  re c o v e ry  o f  a p l i t e  i n  

t h i s  r e g i o n .





Plate 8.1

L U der 's  bands formed d u r in g  u n i a x i a l  com press ion  t e s t s ;  th e  

bands a r e  g e n e r a l ly  r e s t r i c t e d  to  th e  c e n t r a l  part, o f  th e  s p ec im en s . 

(Photograph  by M. Hudson)

P l a t e  8 .2  .

The l i t h o l o g i c  c o n t r o l  on th e  fo rm a t io n  o f  L U der 's  b a n d s : the

bands o n ly  occur i n  th e  mica r i c h  zones o r i g i n a l l y  p a r a l l e l  to  the  

C o n ta c t ,  b u t  now a t  an a n g le  to  th e  co re  . (Pho tograph  by M. Hudson)





Plate 8.3 A, B, C

A more p e n e t r a t i v e  developm ent of L iider’ s bands formed d u r in g  

U n ia x ia l  com pression  w i th  a sm a ll  c o n f in in g  p r e s s u r e .



Plate 8.3 A, B, C

A more p e n e t r a t i v e  developm ent of L tlder ' s bands formed d u r in g  

u n i a x i a l  com pression  w i th  a sm all  c o n f in in g  p r e s s u r e .
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"
8 . LtJDERS ; BANDS

In  a d d i t i o n  to  th e  main rock  m echan ica l work, a l i m i t e d  amount of 

e x p e r im e n ta l  work was done on th e  fo rm a t io n  o f  Lilfder's bands i n  samples 

from th e  c o n ta c t  zone .

6 .1 P re v io u s  work

Lllders' , bands are c l o s e l y  spaced  sh ea r  p la n e s  t h a t  occu r  i n  one o r  

two s e t s  a t  an angle, e i t h e r  s i d e  o f  th e  a p p l ie d  maximum s t r e s s e s ,  d u r in g  

th e  d e fo rm a tio n  o f  m e ta ls  i n  t e n s i l e ,  com p fess io n a l  and b en d in g  t e s t s .

Some th e o ry  has been  developed  and so f a r  on ly  a p p l i e d  to  t e n s i l e  t e s t s  

( e .g .  Nadai, I960, p .319-339} Irwin, 1953; Reid, 1973, p .44-47) which 

su g g es ts  t h a t  th e  bands form p a r a l l e l  to  th e  s u r f a c e s  o f  no f i n i t e  s t r a i n .  

T h is  th e o ry  does n o t  d i s c r i m in a t e  betw een t e n s i l e  o r  co m p ress io n a l  t e s t s .

The o c c u r re n c e  of Ltiders 1 bands i n  e x p e r im e n ta l ly  deformed rocks  has 

on ly  b een  r e p o r te d  by P r a n d t l  and Rinne (1907),  Beard (1960) and Friedm an 

and Logan (1973); i n  a d d i t i o n ,  J a e g e r  and Cook (1969, p . 87) d e s c r ib e  a 

ty p e  o f  f a i l u r e  as 'm u l t i p l e  s h e a r  p l a n e s '  which i s  presum ably  th e  same 

phenomenon. N a tu r a l ly  o c c u r r in g  sam ples have  been  d e s c r ib e d  by Friedm an 

and Logan (1973) and a re  r e p o r te d  h e r e .

8 .2 P r a c t i c a l  r e s u l t s

In ' th e  p r e s e n t  experim en ts  Lddersf hands were found to  form  i n  s e v e r a l  

specim ens from, th e  c o n ta c t  zone, e s p e c i a l l y  i f  th e  specimen was loaded  

c a r e f u l l y  a t  th e  r e l a t i v e l y  slow r a t e  of 10 kN/5 m i n u te s . By 

p o l i s h i n g  the  s u r f a c e  o f  t h e  specimens th e  p ro g re s s  of band i n i t i a t i o n  

cou ld  be  s t u d i e d .

The d e t a i l e d  r e s u l t s  o f  th e  t e s t s  a re  o u t l i n e d  i n  Table 8 .1  and F ig u re s

7 .1  and 8 .1  show th e  volume s t r a i n - a x i a l  s t r e s s  cu rv e s  of th e  samples 

t h a t  formed Ltidens1 b an d s ;  th e se  cu rv es  show t h a t  th e r e  was c o n s id e r a b le  

r e l e a s e  of Volume s t r a i n  energy d u r in g  Ltider band deve lopm en t.



The i n i t i a l  o bserved  development o f  th e  bands c o in c id e s  w ith  an 

a b ru p t  change i n  th e  s lo p e  o f  th e  a x i a l  s t r e s s -v o lu m e  s t r a i n  curve

(F ig u re  7 .1 c ,  8 . 1 ) .  These cu rves  a l s o  show t h a t  band fo rm a t io n  i s

accompanied by c o n s id e r a b le  perm anent in c r e a s e  i n  volume.

Three  s t y l e s  o f  fo rm a t io n  have been  observed  i n  th e s e  specim ens. 

F i r s t l y ,  th e  LUdere# ; bands s t a r t  to  form a t  betw een one and tw o - th i rd s  

o f  th e  f a i l u r e  lo a d ,  b e in g  made v i s i b l e  by th e  change i n  appea rance  o f  

sm a ll  f e l s p a r  p h e n o c ry s ts  i n  th e  a p l i t e .  In  th e  undeformed rock  th e se  

p h e n o c ry s ts  appea r  as 1  m i l l i m e t r e  d ia m e te r ,  l i g h t  g re e n  s p eck s ,  s e t  

i n  a d a rk  g reen  m a t r i x . D uring  lo a d in g  the  specks sudden ly  become 

w h i te i s h  i n  c o lo u r ,  n i c e r  which th e  LU der 's  bands b e g in  to  p ro p a g a te  

away from th e  f e l s p a r  p h e n o c ry s ts  and form around th e  q u a r tz  p h e n o c ry s t s .  

Two s e t s  o f  bands form, r e s u l t i n g  i n  a rhom bohedral p a t t e r n , a t  which 

s t a g e ,  th e  o r i g i n a l  t e x tu r e  o f  the  specimen i s  l o s t .  F u r th e r  in c r e a s e s  

i n  th e  lo a d  cause  more and more bands to  form and the  s u r f a c e  a rea  

covered  by th e  bands to  i n c r e a s e .

The vecond s t y l e  o f  fo rm a t io n  o ccu rs  i n  specim ens poor i n  p h e n o c ry s ts

and loaded  a t  v e ry  slow r a t e s .  The f i r s t  s ig n  o f  fo rm a t io n  o f  th e  bands 

i s  a g e n e ra l  l i g h t e n i n g  o f  th e  c o lo u r  o f  th e  c e n t r a l  a r e a  o f  th e  specim en. 

On c l o s e r  i n s p e c t i o n  a  s e r i e s  of v e ry  f i n e l y  spaced  (0 ,1  m i l l im e t r e )  bands 

can  be s e e n .  The i n t e n s i t y  o f  the  bands in c r e a s e  as th e  load  i s  in c r e a s e d ,  

w i th  the  bands p ro p a g a t in g  away from th e  c e n t r a l  a r e a .  The d i r e c t i o n  of 

p ro p a g a t io n  i s  i n  th e  p la n e  o f  the  bands and n o t  norm al to  th e  p la n e  o f  

th e  bands as i n  m e ta ls  under t e n s i o n  (R eid , 1971 ) .  The t h i r d  s t y l e  has 

n o t  been  observed  d u r in g  fo rm a t io n  b u t  two d i s t i n c t  s e t s  o f  bands form; 

one p a r a l l e l  to an a d ja c e n t  s h e a r  f a i l u r e  p la n e  and th e  o th e r  s e t  

i n c l i n e d  to  and some d i s t a n c e  from th e  sh e a r  p l a n e .

For a l l  t h r e e  s t y l e s ,  the  L t ide rrh 'bands  formed in  th e  specimens t e s t e d  

by u n i a x i a l  com pression , a r e  m ain ly  co n f in ed  to  th e  s u r f a c e  of th e  specim en 

b u t  i n  th e  specimen t e s t e d  t r i a x i a l l y  they a re  more p e n e t r a t i v e  ( P l a t e  8 . 3 ) .
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Figure 8.2

A s y n th e s i s  o f  th e  a v a i l a b l e  d a ta  on th e  change i n  th e  c o n ju g a te  

an g le  o f  th e  L ilder’ s hands w i th  c o n f in in g  p r e s s u r e .

The a p l i t e  r e s u l t s  were o b ta in e d  i n  t h i s  work

The Coconino s a n d s to n e  r e s u l t s  a r e  from Friedm an and Logan (1973) 

, The So lenhofen  l im e s to n e  r e s u l t s  a r e  from Friedm an and Logan 

(1973) and Heard ( I9 6 0 ) .  The l a t t e r  r e s u l t s  do n o t  have e r r o r  

b a r s .



There i s  a s t r o n g  1-. o lo g ic  c o n t r o l  on t h e i r  fo rm a t io n  and they  occur 

p r e f e r e n t i a l l y  i n  the  a re a s  o f  h ig h  mica c o n c e n t r a t i o n  ( P la t e  8 . 2 ) .

This c o r r e l a t e s  w i th  th e  f a c t  t h a t  no bands were formed e x p e r im e n ta l ly  

i n  sam ples from th e  c e n t r a l  zone .

8 .3  D is c u s s io n

I n  t e n s i l e  t e s t s  on s t e e l ,  th e  specim ens deform e l a s t i c a l l y  u n t i l  

an upper  y i e l d  p o in t  i s  r e a c h e d , when th e r e  i s  a sudden s t r e s s  drop to  

a low er y i e l d  p o i n t .  A t t h i s  p o in t  L l ld e r 's  bands b e g in  to  form a t  a 

c o n s ta n t  s t r e s s ,  and when they  have formed throughouc th e  t e s t  p i e c e ,  

p l a s t i c  d e fo rm a tio n  b eg in s  (N adai,  1948; R e id ,  1973). S im i la r ,  though 

l e s s  w e l l  d e f in e d  s t r e s s - s t r a i n  cu rves  have been  o b ta in e d  i n  com pression  

t e s t s  on So lenhofen  l im e s to n e  by Heard (1960) and C a r r a r a  m arb le  by Von 

Karman (1917). However, L l id e r 's  bands were n o t  always produced  i n  th e s e  

t e s t s ,  and th o se  t h a t  formed d id  so when th e  rock  was deform ing i n  th e  

t r a n s i t i o n a l  zone betw een b r i t t l e  and d u c t i l e  b e h a v io u r ,  a r e s u l t  a l s o  

o b ta in e d  by Friedm an and Logan (1973). T h is  i s  i n  c o n t r a s t  to  th e  

r e s u l t s  r e p o r t e d  h e re  f o r  the  a p l i t e ,  i n  w hich the  L tid e r1s bands formed 

d u r in g  b r i t t l e  d e fo rm a tio n  o f  th e  ro c k ,  as d e f in e d  by J a e g e r  and Cook 

(1969, p.77)
Friedm an and Logan (1973) s tu d ie d  L U der 's  bands formed i n  S o lenho fen  

l im e s to n e  and Coconino s a n d s to n e  t e s t e d  under v a r io u s  C onfin ing  p r e s s u r e s . 

They found a d e f i n i t e  c o r r e l a t i o n  between th e  c o n f in in g  p r e s s u r e  and th e  

ang le  b i s e c t e d  by th e  maximum p r i n c i p a l  s t r e s s .  T h e i r  r e s u l t s  a r e  p l o t t e d  

i n  F ig u r e  8 .2  w i th  th o se  r e p o r te d  by Heard (I960) f o r  So lenhofen  l im e ­

s to n e  and th o se  o b ta in e d  i n  t h i s  work f o r  a p l i t e .  A l l  t h r e e  ro c k  ty p es  

f o r  w hich d a ta  a r e  now a v a i l a b l e  p l o t  on a curve  which shows an in c r e a s e  

i n  th e  an g le  from 55° to  105° as c o n f in in g  p r e s s u r e  in c r e a s e s  to  300 MPa. 

The e r r o r s  a re  r e l a t i v e l y  l a rg e  p a r t i c u l a r l y  a t  low c o n f in in g  p r e s s u r e s , 

b u t  th e y  a re  reduced  a t  s low er  s t r a i n  r a t e s . However, H e a rd 's  (1960)



r e s u l t s  do n o t  l i e  on t h i s  cu rv e  w hich su g g e s ts  t h a t  p a ra m e te rs  o th e r  

th an  c o n f in in g  p r e s s u r e  and s t r a i n  r a t e  in f lu e n c e  th e  fo rm a t io n  of 

L l ld e r 's  bands and may a f f e c t  th e  a n g u la r  r e l a t i o n s h i p  betw een p a i r s  

o f  Lh'der' s bands .



-  80 -

9. .MECHANISMS OF INTRUSION

From th e  i s o t o p i c  work and th e  c h e m is t ry , i t  i s  obvious t h a t  th e  

p o s t u l a t e d  o r i g i n s  o f  th e  ' c h e r t  d y k e ' p u t  fo rw ard  by P r e t o r i u s  (1964) 

i . e .  m y l o n i t i s a t i o n  o f  th e  s e d im e n ts , and Shipway (1972) i . e .  low 

te m p e ra tu re  l a t e r a l  s i l i c e o u s  s e c r e t i o n ,  a r e  i n c o r r e c t .  I n  t h i s  c h a p te r  

th e  emplacement o f  th e  s i l l s  as a h y p ab y ssa l  igneous i n t r u s i o n  i s  

d i s c u s s e d .

Some of th e  f e a t u r e s  t h a t  have  to  be e x p la in e d  in c lu d e  (1) th e  non- 

la m in a r  flow  t e x tu r e s  and ( 2 ) th e  l i m i t e d  d i s t r i b u t i o n  of th e  s i l l s  

w i th i n  a  p a r t i c u l a r  h o r iz o n .

9 .1  Speed o f  emplacement

A. minimum average  speed can be c a l c u l a t e d  from  th e  tim e r e q u i r e d  to 

c r y s t a l l i s e  th e  com plete  th ic k n e s s  o f  th e  s i l l , d u r in g  which th e  s i l l  

must hav e  covered  th e  maximum known d i s t a n c e  f o r  th e  s i l l s ,  which i s  

g r e a t e r  than s i x  k i l o m e t r e s . From J a e g e r ' s  (1959, 1961) c u r v e s , th e  

tim e r e q u i r e d  f o r  a f o u r  m e tre  t h i c k  s i l l  to  c r y s t a l l i s e ,  u s in g  th e  

assum ption  t h a t  the  m e l t in g  p o i n t  i s  900° C (C hapter  4 ) ,  i s  20 days .

T his  means t h a t  th e  l a r g e r  s i l l s  must have had a minimum av erag e  speed 

o f  0 ,3 5  cm /sec; the  a c t u a l  v a lu e  would have been  s l i g h t l y  g r e a t e r  because  

l i t t l e  o r  ho movement would have o c c u r re d  d u r in g  th e  f i n a l  phases  of 

c r y s t a l l i s a t i o n .

9 .2  V is c o s i ty  of the  magma

B o tt in g a  and W eill  (1972) and Shaw (1972) have r e c e n t l y  shown t h a t  

th e  approx im ate  v i s c o s i t y  o f  a  magma can be d e r iv e d  from th e  major e lem ent 

c h em is try  o f  th e  igneous r o c k .  The numbers o b ta in e d  u s in g  Shaw's (1972) 

te c h n iq u e  a re  i n  good agreem ent w ith  v i s c o s i t i e s  de te rm in ed  e x p e r im e n ta l ly  

f o r  magmas o f  s im i l a r  co m p o s i t io n .  Shaw's (1972) method g iv e s  a v i s c o s i t y  

f o r  th e  a p l i t e s  of 8 ,2  x 10^ p o is e  a t  1000° C, a v a lu e  which ag rees  w ith  

th o se  f o r  o b s id ia n  l i s t e d  by C la rk  (1966) . This  c a l c u l a t e d  v i s c o s i t y
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would b e  reduced  by the  p re se n c e  o f  v o l a t i l e s  (Shaw, 1972; Kogarko,

1974).
The im portance  o f  th e  v i s c o s i t y  i s  t h a t  most models f o r  i n t r u s i o n  

assume lam in ar  f lo w , and can th e r e f o r e  be used to  es tim ate ,  th e  p r e s s u r e  

g r a d ie n t  r e q u i r e d  to move the  magma. In  th e  a p l i t e  s i l l s  n o n - la m in a r  

t e x tu r e s  were seen  which may i n d i c a t e  l o c a l i s e d  d i s r u p t i o n s  o f  th e  

lam inar  flow  f i e l d  by tu r b u l e n t  f low . P r a n d t l  and T i e t j e n s  (1957) g iv e  

a v a lu e  f o r  th e  c r i t i c a l  Reynold’ s number o f  a thousand f o r  u n s ta b l e  

t u r b u l e n t  f low . The R ey n o ld 's  number o f  th e  a p l i t e  magma, u s in g

e s t im a te d  and d e te rm ined  p a ra m e te rs  most f a v o u ra b le  to  g e n e ra te  a h ig h

R ey n o ld 's  number can b e  c a l c u l a t e d  as  f o l l o w s : -

3

R = p . u . d / n  p d e n s i t y  o f  the  magma (g/cm )
u speed o f  i n t r u s i o n  o f  th e  magma 

= 2 ,4  x 0 ,5  x 600 (cm /sec)
8 , 2  x  105 d th ic k n e s s  o f  th e  s i l l  (cm)

. n  v i s c o s i t y  o f  th e  magma (p o is e )
= 8 ,7 x 1 0 ~ 4

This number i s  c o n s id e r a b ly  s m a l le r  th a n  r e q u i r e d  f o r  t u r b u l e n t  f lo w , 

and o n ly  by r e d u c in g  th e  v i s c o s i t y  to  th e  u n r e a l i s t i c a l l y  low v a lu e  o f  

+ 1 ,0  p o i s e  w i l l  th e  R e y n o ld 's  number eq u a l  the  c r i t i c a l  v a l u e .

The im p l i c a t i o n  o f  t h i s  i s  t h a t  t h e  n o n - lam in a r  t e x t u r e  canno t be  

e x p la in e d  by c l a s s i c a l  f l u i d  dynamics w i th  the  p r e s e n t l y  known o r 

e s t im a te d  p a ra m e te rs ,  though th e  t e x t u r e  looks  v e ry  l i k e  some t u r b u l e n t  

flow s t r u c t u r e s < In  f a c t  i t  s u g g e s ts  t h a t  d u r in g  i n t r u s i o n  p a tc h e s  o f  

tu r b u l e n t  flow occu r  i n  th e  c e n t r e  o f  th e  s i l l s ,  p a r t i c u l a r l y  n ea r  

p ro t ru b e re n c e s  o f  the  w a l l ,  w ith  a boundary l a y e r  o f  la m in a r  flow  a t  th e  

c o n t a c t s . 0

A r e s u l t  o f  t h i s  low R e y n o ld 's  number and the  slow s p e e d , i s  t h a t  the  

p r e s s u r e  g r a d ie n t  a long  th e  s i l l s  w i l l  be due to f r a c t i o n a l  d rag  and 

e l e v a t i o n  changes and n o t  due to tu r b u l e n t  d rag  as  w e l l .
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9 .3  S t r a t i g r a p h i c  l e v e l

At th e  time of emplacement of th e  s i l l s ,  g iv e n  by th e  geochrono logy , 

i t  was e s t im a te d  t h a t  th e re  was n in e  k i lo m e t r e s  o f  overburden  (C hapter 

6 ) .  T h is  i s  i n  d isag ree m en t  w i th  th e  r e s u l  , o f  Hudge (1968),  who found 

t h a t  th e  maximum dep th  f o r  th e  emplacement o f  s i l l s  was abou t two 

k i l o m e t r e s . T h e re fo re  the  d ep th  of emplacement and th e  t r a n s g r e s s i v e  

n a tu r e  o f  th e  a p l i t e  s i l l s  must be e x p l a in e d ,

A l a r g e  number o f  w orkers  in c lu d in g  Anderson (1938) , G re tn e r  

(1969),  R o b er ts  (1970) ,  P o l l a r d  (1973) and P h i l l i p s  (1974) have t r i e d  

to  e x p l a in  why s i l l s  occu r  a t  a p a r t i c u l a r  l e v e l .  G re tn e r  (1969) and 

R oberts  (1970) have p o s t u l a t e s  t h a t  depend on th e  w e ig h t o f  th e  o v e r ­

b u rden  and th e  T h e o lo g ic a l  p r o p e r t i e s  o f  a p a r t i c u l a r  h o r iz o n .

P h i l l i p s  (1974) has a p o s t u l a t e  t h a t  a dyke w i l l  change in to  a s i l l  when 

th e  d e n s i t y  o f  th e  magma e q u a ls  t h a t  o f  th e  h o s t  ro c k .  P o l l a r d  (1973) 

e x p la in s  th e  o c c u r re n c e  by th e  p h y s ic a l  n a t u r e  o f  a p r e - e x i s t i n g  

d i s c o n t i n u i t y  such as  b ed d in g .  R oberts  (1970) a l s o  has  an  e x p la n a t io n  

w hich i s  s o l e l y  dependen t on th e  pore  p r e s s u r e  o f  the  h o s t  rock  b e in g  

n e a r ly  eq u a l  to  th e  l i t h o s t a t i c  p r e s s u r e ,  so t h a t  th e  p a r t i c u l a r  l e v e l  

a t  w hich th e  s i l l s  i n t r u d e  i s  e s s e n t i a l l y  e q u iv a le n t  to th e  to p o g ra p h ic a l  

s u r f a c e .

I n  C hap te rs  1 and 2 i t  was no ted  t h a t  th e  p r o j e c t e d  o u tc ro p s  o f  th e  

a p l i t e  s i l l s  have a l i n e a r  e x p re s s io n  which c u t s  a c ro s s  th e  f o ld s  and 

f a u l t s  o f  th e  W itw a te rs ran d  s e d im e n ts , e s p e c i a l l y  i n  th e  West Rand.

This su g g e s ts  t h a t  th e  above e x p la n a t io n s  a re  n o t  a p p l i c a b l e  to  the  

emplacement of th e  a p l i t e  s i l l s  on a  g ro ss  s c a l e  as th e y  c u t  a c ro s s  rocks  

w i th  r a d i c a l l y  d i f f e r e n t  t h e o l o g i c a l  p r o p e r t i e s  ( s h a le ,  q u a r t z ! t e )  and 

a c ro s s  m ajor f a u l t s .  Also th e  i n f e r r e d  l e v e l  o f  emplacement (9 k i lo m e t r e s )  

i s  f a r  i n  excess  o f  th e  u s u a l  l e v e l  o f  s i l l  emplacement o f  l e s s  th an  two 

k i lo m e t r e s  (Mudge, 1968) and a t  an u n fa v o u ra b le  l e y e l  f o r  the  above 

p o s t u l a t e s .
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The dep th  and th e  t r a n a g r e s s i v e  n a tu re  su g g e s t  t h a t  th e  g ro ss  

d i s t r i b u t i o n  o f  th e  s i l l s  may be c o n t r o l l e d  by th e  p r i n c i p a l  s t r e s s  

o r i e n t a t i o n .  The g e o m e tr ic a l  form o f  th e  f e e d e r s  to  th e  s i l l s  i s  

unknown, b u t  s in c e  the  known geometry o f  th e  s i l l s  su g g e s t  th ey  l i e  

i n  th e  p la n e  c o n ta in in g  th e  maximum and in t e r m e d ia te  p r i n c i p a l  s t r e s s e s ,  

the  f e e d e r s  may fo l lo w  c o n t in u a t i o n s  o f  th e s e  p la n e s  to  d e p th .  The 

form o f  t h e - p r i n c i p a l  s t r e s s  t r a j e c t o r i e s  s u r ro u n d in g  p o s s i b l e  magma 

so u rces  has  been  c o n s id e re d  by S anford  (1959), R o b e r ts  (1970) and 

P h i l l i p s  (1974); th e  l a s t  two ex tended  th e  o r i g i n a l  th e o ry  o f  Anderson 

(1938) by c o n s id e r in g  a p r e s s u r i s e d  c y l in d e r  o r  s p h e re  r e p r e s e n t i n g  the  

magma chamber i n  a s o l i d  n e a r  a f r e e  s u r f a c e .  The a n a l y s i s  p r e d i c t s  

t h a t  th e  s i l l s  would emanate from th e  s id e s  o f  th e  magma chamber (see  

F ig u re  9 .1 a )  and th en  ascend  th rough  the  c r u s t  tow ards th e  f r e e  s u r f a c e  

a s y m p to t i c a l ly .  The form o f  the  s t r e s s  t r a j e c t o r i e s  w i l l  be m o d if ied  by 

any a d d i t i o n a l  s t r e s s  components a c t in g  a t  th e  same i n s t a n t .  I n  th e  case  

o f  th e  a p l i t e  s i l l s  th e r e  a re  two a d d i t i o n a l  s t r e s s  com ponents; a 

g r a v i t a t i o n a l  s t r e s s  system  w ith  th e  maximum p r i n c i p a l  s t r e s s  o r i e n t e d  

v e r t i c a l l y ,  and a t e c t o n i c  s t r e s s  system  w i th  th e  maximum p r i n c i p a l  

s t r e s s  o r i e n t e d  h o r i z o n t a l l y  n o r th - s o u th .  There i s  a p o s s i b i l i t y  t h a t  

t h i s  t e c t o n i c  s t r e s s  m ight be a r e s u l t  o f  th e  p r e s s u r e  i n  th e  magma

chamber. In  such a m odel, the  shape o f  the  magma chamber w i l l  have  th e  •

l a r g e s t  s i n g l e  e f f e c t  on th e  d i s t r i b u t i o n  o f  th e  s t r e s s  t r a j e c t o r i e s .

In  P h i l l i p s ' (1974) p o s t u l a t e ,  th e  absence  o f  dykes a t  the  s u r f a c e  i s  

e x p la in e d  by the  magma chamber r u p tu r i n g  on th e  s id e s  due to  a  sudden

expans ion  in  th e  volume o f  the  magma. As a r e s u l t ,  magma would e x t ru d e

l a t e r a l l y  and n o t  re a c h  th e  s u r f a c e .

The p la n e s  c o n ta in in g  th e  maximum and in t e r m e d ia te  p r i n c i p a l  s t r e s s  

can a l s o  change i n  o r i e n t a t i o n  from the  h o r i z o n t a l  to  the  v e r t i c a l  a t  a 

c r u s t a l  m onoc lina l f l e x u r e ,  (S an fo rd ,  1959 and R o b e r t s , 1970).  In  such 

a system  (F igu re  9 . 1 b ) s i l l s  w i l l  o ccu r  i n  th e  c r u s t a l  b lo c k  t h a t  i s
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d ep re s se d  and dykes i n  th e  c r u s t a l  b lo c k  t h a t  i s  d i s p la c e d  upw ards .
3 3The d e n s i t y  o f  a g r a n i t i c  magma i s  a p p ro x im a te ly  2 ,4  x 10 Kg/m

a t  800° C (H a r r is  e t  a l . ,  1970) and w i l l  be l e s s  a t  h ig h e r  te m p e ra tu re s

so a marked d e n s i ty  c o n t r a s t  w i th  a l l  rocks  (ex ce p t  w a te r  s a t u r a t e d ,  

u n c o n s o l id a te d  sed im en ts )  should  have e x i s t e d  d u r in g  th e  i n t r u s i o n  

o f  th e  a p l i t e .  This  d e n s i t y  c o n t r a s t  would in t r o d u c e  a g r a v i t y  p o t e n t i a l  

w hich , w i th  th e  magma p r e s s u r e  and bouyancy a f f e c t  would p ro v id e  most 

or even a l l  o f  th e  f o r c e  r e q u i r e d  f o r  the  emplacement o f  th e  s i l l s .

The s i l l s  were emplaced a t  n in e  k i lo m e t r e s  below s u r f a c e  as a r e s u l t

o f  the magma fo l lo w in g  a s t r e s s  t r a j e c t o r y  t h a t  was n e a r  h o r i z o n t a l  a t  

n in e  k i l o m e t r e s  below s u r f a c e ,  i n  th e  C e n t ra l  Rand B as in .

9 .4  C onc lus ions

From th e  c h e m is try  and i s o t o p i c  work i t  was i n f e r r e d  t h a t  th e  magma 

o r i g i n a t e d  a t  35 k i lo m e t r e s  below s u r f a c e ,  and was emplaced a t  9 k i l o ­

m etres  below s u r f a c e  d u r in g  th e  p r e l im in a r y  a c t i v i t y  a s s o c i a t e d  w ith  th e  

Bushvald Igneous Complex. From th e  p re c e d in g  s e c t i o n s  i n  t h i s  -chap te r  

i t  was i n f e r r e d  t h a t  s i l l s  in t r u d e d  a long  f l a t  ly in g  p la n e s  c o n ta in in g  

th e  maximum and in t e r m e d ia te  p r i n c i p a l  s t r e s s e s  a t  ap p ro x im a te ly  0 ,4  cm/ 

s e c .  F i n a l l y ,  from th e  geometry g iv e n  i n  C hap te r  2 th e  s i l l s  appea r  to 

have been  emplaced from the  s o u th  e a s t .

The c r u s t a l  f l e x u r e  model would appear to  be a fa v o u ra b le  one ,  f o r  

th e r e  would be c r u s t a l  u p l i f t  r e s u l t i n g  from th e  m e l t in g  o f  th e  m a n t le , 

to  form th e  Bushvald magma, This would r e s u l t  in  t r a n s g r e s s i v e  s i l l s  

b e in g  i n j e c t e d  in t o  s t a b l e  b lo c k ,  and g e n t ly  f o ld i n g  i t  which c o r r e l a t e s  

w i th  th e  f o ld i n g  o f  th e  s i l l s .  On B.R.P.M. th e  d i r e c t i o n  of emplacement 

would be n o r th  to s o u th .  However, t h e r e  i s  ev id en ce  from th e  morphology 

o f  th e  s i l l s  t h a t  the  d i r e c t i o n  o f  emplacement was so u th  to  n o r t h .

There a r e  two many unknowns to  a s s e s s  w hether  th e  o th e r  model i s  a 

more f a v o u ra b le  one.
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10. CONCLUSION

The. a p l i t e  s i l l s  on E.R.P.M. a r e  p a r t  o f  a much l a r g e r  s e t  o f  

a s s o c i a t e d  s i l l s  o c c u r r in g  w i th i n  the  W itw a te rs ran d  s e d im e n ts . The 

exposed a e r i a l  e x t e n t  has ex trem e v a r i a t i o n s , b u t  th e  th ic k n e s s  o f  

th e  s i l l  i s  r e l a t i v e l y  c o n s ta n t  and th e  maximum th ic k n e s s  i s  n o t i c e ­

a b ly  s m a l le r  th an  o th e r  o c c u r re n c e s  to  th e  e a s t  and w est o f  E.R.P.M.

P e t r o g r a p h i c a l l y  th e  s i l l s  appear to  be s i m i l a r  to  a l a rg e  number 

o f  o th e r  f e l s i c  s i l l s  w ith  a two s ta g e  c o o l in g  h i s t o r y , However, 

c h e m ic a l ly  th e  a p l i t e  i s  r a t h e r  un ique  as  a r e s u l t  o f  th e  p e r a l k a l i n e  

co m p o s i t io n  o f  the  so u rc e  ro c k  w hich was a n a t e c t i c a l l y  m e lted  a t  30 -  

35 k i lo m e t r e s  below th e  s u r f a c e .  From th e  geochronologv  t h i s  so u rc e  

ro ck  appears  to  be a s s o c i a t e d  w i th  th e  l e u c o t o n a l i t i c  g n e i s s e s  o f  the  

A n c ie n t  G neiss Complex.

The emplacement o f  the  s i l l s  ap p ea rs  to  be c o n t r o l l e d  by th e  t e c t o n i c  

p r i n c i p a l  s t r e s s e s  o p e r a t in g  a t  t h a t  tim e w i th  on ly  a  minor i n f l u e n c e  

from d i f f e r e n t  rock  types  and s t r u c t u r e s . The m agnitude and o r i e n t a t i o n  

o f  th e s e  s t r e s s e s  as deduced from  t e c t o n i c  f e a t u r e s  a r e : 400 MPa,

l82°/27°; Og 230 - 400 MPa, 2740/10°; and 230 MPa, 028°/70°, 
a s s o c i a t e d  w i th  th e  a p l i t e  s i l l s .

I n  as f a r  as  the  m ining a c t i v i t y  i s  c o n c e rn e d , th e  a p l i t e  s i l l s  

ap p ea r  to  p r e s e n t  a s t r u c t u r a l  p rob lem  o n ly  when th e  s i l l s  a re  g r e a t e r  

th a n  th r e e  m e tres  t h i c k .  Such problem s a r e  o n ly  ex p ec ted  to be 

en co u n te red  i n  the  Angelo and D r i e f o n te in  s e c t io n s  i n  th e  long  term  

f u t u r e ;  i n  a l l  o th e r  s e c t i o n s  m ining i s  ta k in g  p la c e  above the  a p l i t e  

s i l l s  and so i s  n o t  in f lu e n c e d  by i t s  p r e s e n c e .

jjb..



APPENDIX A

L i s t  of samples an a ly se d  w ith  c ru sh in g  p ro c e d u re  and b r i e f  

d e s c r i p t i o n .  U n less  s t a t e d  a l l  sam ples a r e  i n  ex c e ss  o f  2 k ilog ram s 

and a l l  samples ex cep t the  v e ry  sm all  ones were s p l i t  i n t o  a l i q u o t s  

a f t e r  th e  i n i t i a l  c ru s h in g  i n  the  jaw c r u s h e r .

A b b r e v ia t io n s : JC = jaw c r u s h e r ,  S = s ie v e d ,  A = a g a te  c o n c e n t r i c

r i n g  m i l l ,  WC = tu n g s te n  c a rb id e  c o n c e n t r ic  r i n g  m i l l ,  NiCr = n ic k e l -  

chrome c o n c e n t r ic  r i n g  m i l l .

Sample names: F64A = c o l l e c t e d  i n  F s h a f t  on 64 l e v e l ,  BC2/1,2 -

sample from No, 2 b o re h o le  1 ,2  m e tres  from top c o n ta c t  o f  the  s i l l .

Sample S i l l  No. C rushing  

F64F 10 JC, A

F64G

F67B

F69C

F70E

G41

G74A

G74B

G75B

JC , WC 

JC, WC

JC, WC 

JO, A

JC , WC

JO, WC 

JC, A

JC, WC

D e s c r ip t i o n

High m afic  c o n te n t  i n  e l l i p s o i d a l  
c o n c e n t r a t io n s

Small e u h e d ra l  p y r i t e  c r y s t a l s  i n  a 
sample o th e rw is e  s i m i l a r  to  F64F

One m e tre  from bo ttom  c o n t a c t  w ith  no 
n o t i c e a b l e  d i f f e r e n c e s  from o th e r  
c e n t r a l  zone ro c k

F e l s i c  i n t r u s i o n  i n  S i l l  No. 8 , medium 
g ra in e d  g r a n u la r  rock

Laminar and n o n - la m in a r  t e x t u r e  30 -  40 
c e n t im e tr e s  from bottom  c o n ta c t

S trong  lam in ar  t e x t u r e  from c e n t r e  of 
s i l l  composed o f  p a r a l l e l  e l l i p s o i d s  of 
m afic  m in e ra ls

Large p y r i t e  p h e n o c ry s ts  (0 ,5  c e n t im e tre )  
0 ,5  m etre  from bo ttom  c o n ta c t  i n  an o f f -  
w h i te ,  f i n e  g r a in e d  m a t r ix ,  i n  c o n t r a s t  to  
a p h a n i t i c  m a t r i x ,

Large p y r i t e  p h e n o c ry s ts  0 ,3  m e tre s  from 
bottom, c o n t a c t . In a p a l e  g re e n  aphani t i c  
m atrix ';

P ink  Coloured sample w i th  la m in a r  t e x t u r e . 
abou t 15 c e n t im e tr e s  from the  top c o n ta c t
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Sample

G76B

G76D 0 ,1  

G76D 0,2 

G76D 0,75

G76D 1 ,2

G77A

H70A

H73A '

H75F 2 ,6

H75Z

H75II

H75IID
H76T

S i l l  No. C rush ing  D e s c r ip t i o n

6  JC, WC Normal c e n t r a l  zone g rey  specim en from
the  c e n t r a l  p a r t  o f  th e  s i l l

6  JC, A Normal c o n ta c t  zone specim en forming
p a r t  of a t r a v e r s e  0 , 1  m e tre  from upper 
c o n ta c t  i n  th e  s to p e

6  JC, WC Normal c e n t r a l  zone specim en form ing
p a r t  o f  a t r a v e r s e  0 , 2  m e tre  from upper 
c o n ta c t  i n  the  s to p e

6  JC, WC Normal c e n t r a l  zone specim en form ing
p a r t  o f  a t r a v e r s e  0 ,75  m e tre  from upper 
c o n ta c t  i n  the  s to p e

6  JC, WC Normal c e n t r a l  zone specim en form ing
p a r t  of a t r a v e r s e  1 , 2  m e tres  from upper 
c o n ta c t  i n  the  s to p e

JC, WC Q u a r t z - c h l o r i t e - c a l c i t e  s i l l  i n t r u d in g  
S i l l  No. 6

1 JC, WC Normal g rey  c e n t r a l  zone specim en from
th e  c e n t r a l  p a r t  of th e  s i l l ,  and th e  
f u r t h e s t  removed a c c e s s i b l e  sample from 
o th e r s  f o r  S i l l  No. 1

3 JC, WC Specimen has a L tlder ' s band t e x t u r e ,
d e f in e d  by  l i n e a r  c o n c e n t r a t i o n  o f  m ica ,
1 .5  m e tres  from bottom  c o n ta c t

3 JC, WC Specimen has  a L tfder’ s band t e x t u r e ,
d e f in e d  by l in e a r ,  c o n c e n t r a t i o n  o f  m ica ,
1 .5  m e tres  from bottom  c o n ta c t

3 JC, A From th e  c e n t r a l  p a r t  o f  th e  s i l l  w i th  a
l a r g e  s c a l e  c o lo u r  band ing  o f  l i g h t - d a r k ,  
g re e n ,  g rey  c o lo u r in g

3 JC, S, A A b r i g h t  b u t  o f f - w h i t e  sample w ith
m a g n e t i te  p h e n o c ry s ts  c o l l e c t e d  i n  th e  
s to p e  i n  th e  c e n t r a l  p a r t  o f  th e  s i l l

3 JC, NiCr D u p l ic a te  sample of H75II

4 JC, WC Near a p o s t  s i l l ,  q u a r tz  v e i n ,  i n  th e
c e n t r a l  p a r t  o f  th e  s i l l  t h a t  has no 
n o t i c e a b l e  d i f f e r e n c e s  from o th e r  c e n t r a l  
zone m a te r i a l

H77D 4 JC, WC From th e  c e n t r a l  p a r t  o f  . the  s i l l ,  b u t
1 0  c e n t im e tre s  from a m in e r a l i s e d  j o i n t ,  
c o n ta in in g  m ica, c a l c i t e  and p y r i t e
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