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3

FOREWORD

IMPROVEMENT OF MINING SAFETY VIA SCIENTIF IC RESEARCH

N o r m a l l y  t h e  E d i t o r - i n - C h i e f  does  n o t  w r i t e  i n t r o d u c t i o n  

o r  p r e f a c e  t o  numbers o r  v o l u m e s  o f  A c t a .  When he has done  i t  

i s  f o r  two  r e a s o n s .  These  a r e :

1.  The E d i t o r - i n - C h i e f ,  b e i n g  a r e s e a r c h e r  h i m s e l f ,  i s  t h e  p r o ­

j e c t  l e a d e r  and c o o r d i n a t o r  o f  t h e  s c i e n t i f i c  a c t i v i t y  r e ­

v i e w e d  i n  t h i s  v o l u m e .

2 .  The p r e s e n t  i s s u e  c o n t a i n s  r e s u l t s  o f  f u n d a m e n t a l  r e s e a r c h  

u n d e r  t h e  f i n a n c i a l  s u p p o r t  o f  t h e  s o - c a l l e d  H u n g a r i a n  S c i ­

e n t i f i c  R e se a rc h  Fund (OTKA) w h i c h  w i l l  be p r e s e n t e d  a t  t h e  

f i r s t  t i m e .

I t  s h o u l d  be added t h a t  t h e s e  p a p e r s  o n l y  d e a l  w i t h  t h e  

f i r s t  p a r t i a l  r e s u l t s  o f  a l a r g e - s c a l e  c o m p l e x  r e s e a r c h  p l a n n e d  

f o r  s e v e r a l  y e a r s  a n d ,  due t o  t h e  l i m i t e d  s i z e  o f  t h i s  v o l u m e ,  

s e l e c t e d  p a s sa ges  a r e  o n l y  o f f e r e d  f r o m  t h e  s c i e n t i f i c  p r o d u c ­

t i o n  o f  t h e  f i r s t  t w o - t h r e e  y e a r s .

WHAT IS  THE MATTER AT ALL?

On t h e  i n i t i a t i v e  o f  t h e  H u n g a r i a n  Academy o f  S c i e n c e s  a 

s p e c i a l  f i n a n c i a l  f u n d  was e s t a b l i s h e d  by t h e  H u n g a r i a n  G o v e r n ­

ment  i n  1986 w h i c h  p r o v i d e s  t h e  p o s s i b i l i t y  o f  s u p p o r t  f o r  a l l  

b r a n c h e s  o f  s c i e n c e  i n  t h e  f i e l d  o f  f u n d a m e n t a l  r e s e a r c h  o f  

g r e a t e s t  i m p o r t a n c e .  T h i s  f i n a n c i a l  f u n d  i s  t h e  H u n g a r i a n  S c i ­

e n t i f i c  R e s e a rc h  Fund (O TKA ) .  F i n a n c i a l  s u p p o r t  may be o b t a i n e d  

t h r o u g h  a c o m p e t i t i o n  s y s t e m .  W i t h i n  t h e  scope  o f  m i n i n g  s c i ­

ence  t h e  e x p l o i t a t i o n  s a f e t y  o f  m i n e r a l  raw m a t e r i a l s  r e p r e ­

s e n t s  a f i e l d  w h i c h  c o n s i s t s  o f  p r o b l e m s  r e g u i r i n g  a l o t  o f  

f u n d a m e n t a l  r e s e a r c h  t o  be s o l v e d .  The u n d e r s t a n d i n g  o f  t h e  

c h a r a c t e r  o f  t h e  f i e l d  and t a s k s  may be e a s i e r  by d r a f t i n g  t h e  

a c c e p t e d  s u b j e c t  o f  m i n i n g  s c i e n c e  i n  a s c h e m a t i c  way .  T h i s  

m i g h t  be needed even  f o r  t h e  r e a s o n  t h a t  i n  a l l  t h o s e  c a s e s  

when any b r a n c h  o f  m a t e r i a l  p r o d u c t i o n  i s  i n  q u e s t i o n  ( e . g .  

m i n i n g ,  m e t a l l u r g y ,  a r c h i t e c t u r e ,  e t c . ) ,  n o r m a l l y  t h e  t e c h n i c a l
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and  econom ic  p r o c e s s e s  o f  t h e  t e c h n o l o g i c a l  d e v e l o p m e n t  o f  p r o ­

d u c t i o n  can h a r d l y  be s e p a r a t e d  f r o m  t h e  s p e c i f i c  human a c t i v i ­

t y  w h i c h  i s  q u a l i f i e d  as s c i e n t i f i c  r e s e a r c h .  I t  i s  e a s i e r  t o  

d i s t i n g u i s h  them i n  t h e  f i e l d  o f  t h e  n a t u r a l  and s o c i a l  s c i ­

e n c e s .  I n  t h e s e  c a s e s  t h e  r e s e a r c h  and e s p e c i a l l y  i t s  phase 

c a l l e d  f u n d a m e n t a l  r e s e a r c h  can be s e p a r a t e d  i n  a much c l e a r e r  

and  e a s i e r  way ( i f  s u c h  a " d i s t i n c t i o n "  i s  n e c e s s a r y  a t  a l l )  

f r o m  t h e  d e v e l o p m e n t  and  a p p l i c a t i o n  p r o c e s s  o f  t h e  r e s u l t s ,  

t h e  l a t t e r  b e i n g  t h e  u l t i m a t e  o b j e c t  o f  e v e r y  s c i e n t i f i c  

r e s e a r c h .

WHAT IS  TO BE UNDERSTOOD UNDER MINING SCIENCE?

I n  ou r  o p i n i o n  m i n i n g  s c i e n c e  d e a l s  w i t h  l a w s  o f  phenomena 

w h i c h  a r e  t h e  r e s u l t s  o f  t h e  f a c t  t h a t  t h e  e x p l o r a t i o n  and 

e s p e c i a l l y  t h e  e x p l o i t a t i o n  o f  m i n e r a l  raw m a t e r i a l s  and some­

t i m e s  t h e i r  p r o c e s s i n g  as w e l l  r e p r e s e n t  r a t h e r  " d r a s t i c "  i n ­

t e r v e n t i o n s  i n t o  t h e  n a t u r a l  e n v i r o n m e n t  i n c l u d i n g  . . o t  o n l y  t h e  

s o l i d  c r u s t  o f  t h e  e a r t h  ( a s  th e  n a t u r a l  h o s t  medium o f  t h e s e  

m a t e r i a l s )  b u t  a l s o  s i g n i f i c a n t  zones  o f  t h e  h y d r o -  and a tm o ­

s p h e r e .

Namely ,  m i n i n g  s c i e n c e  i s  a c o h e r e n t  s y s t e m  o f  k n o w le d g e  

a b o u t  t h e  la w s  o f  m a t e r i a l -  and e n e r g y - f l o w s  w h i c h  p r o c e e d  i n  

s p a c e  and t i m e  as a c o n s e q u e n c e  o f  t h e  e s t a b l i s h m e n t  and a b a n ­

d o n m e n t  o f  c a v e r n s  c a u s e d  by t h e  e x p l o i t a t i o n  o f  m i n a b l e  m i n e r a l  

r a w  m a t e r i a l s  f r o m  t h e  t h r e e - p h a s e  c r u s t  o f  t h e  e a r t h .  W i t h  

t h e i r  know le dge  -  i n  c o n n e c t i o n  and i n  i n t e r a c t i o n  w i t h  a 

n u m b e r  o f  o t h e r  b r a n c h e s  o f  s c i e n c e  -  t h e s e  l a w s  can be d i s ­

c l o s e d ,  r e c o g n i z e d  and i n t e r p r e t e d .  Based  on t h e s e  l a w s  o p e r a ­

t i o n s  can be s e l e c t e d  w h i c h  h e l p  t o  p r e v e n t  and a v e r t  t h e  c o n ­

s e q u e n c e s  o f  t h e s e  m o v e m e n t s ,  o r  t o  c o n t r o l ,  i n f l u e n c e  and 

e l i m i n a t e  t h e i r  e f f e c t s .  I t  i s  o b v i o u s  t h a t  i n  o u r  i n t e r p r e t a ­

t i o n  an open p i t  and a deep  b o r e h o l e  a r e  t h e  same " c a v e r n s "  

d e v e l o p e d  i n  t h e  e a r t h ' s  c r u s t  l i k e  t h e  r o a d w a y  s y s t e m  o f  an 

u n d e r g r o u n d  mine  and l a r g e - s i z e  w o r k i n g s .  The i n t r u s i o n  i n t o  

t h e  e a r t h ' s  c r u s t  r e s u l t s ,  f i r s t  o f  a l l ,  i n  a d i s t u r b a n c e  o f  

t h e  o r i g i n a l  s t r e s s  c o n d i t i o n s .  The c o n s e q u e n c e  o f  t h i s
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d i s t u r b a n c e  i s  a " r e a c t i o n " ,  some k i n d  o f  " a n s w e r "  o f  b o t h  

m a t e r i a l s  i n  s o l i d  and f l u i d  phase  and i n  fo r m  o f  r a t h e r  com­

p l i c a t e d  i n t e r a c t i o n s .  The r e a c t i o n  o f  t h e  o r i g i n a l  m a t e r i a l  i n  

a r e l a t i v e  e q u i l i b r i u m  m a n i f e s t s  i t s e l f  i n  r e s p o n s e  t o  c a v e r n -  

- b u i l d i n g  and abandonment  i n  p r o c e s s e s  o f  m o t i o n ,  i n  c h a n g e s  o f  

q u a l i t y  and c o n d i t i o n ,  i n  t r a n s p o r t  p r o c e s s e s  o f  m a t e r i a l s  and 

e n e r g y .  The t h r e e - p h a s e  medium i n  w h i c h  t h e s e  p r o c e s s e s  t a k e  

p l a c e  i s  n e i t h e r  homog eneous ,  n o r  i s o t r o p i c  a t  a l l  and n a t u r a l ­

l y  i t  i s  n o t  a c o n t i n u u m .

T h a t  means t h a t  t h e  a n a l y s i s  o f  m a t e r i a l  b e h a v i o u r ,  t h e  

r e c o g n i t i o n  o f  i t s  l a w s  o f  o p e r a t i o n ,  and t h e  d e v e l o p m e n t  o f  

p o s s i b l e  p r o c e s s  c o n t r o l  m e t h o d s  a r e  by no means s i m p l e  t a s k s .  

E s s e n t i a l l y ,  h o w e v e r ,  t h i s  i s  t h e  s u b j e c t  o f  m i n i n g  s c i e n c e .

Due t o  t h e  p r o c e s s e s  i n  m o t i o n  m e n t i o n e d  above  t h e  f o l ­

l o w i n g  n a t u r a l  h a z a r d s  e n d a n g e r i n g  m i n i n g  a c t i v i t y  a p p e a r :

-  d e t e r i o r a t i o n  o f  r o c k  e n v i r o n m e n t  ( f a u l t s ,  c o l l a p s e s ) ,

-  gas  phenomena ( g a s  o u t b u r s t s ,  damp e x p l o s i o n s ) ,

-  w a t e r  h a z a r d  ( w a t e r  i n r u s h ) ,

-  m i n e  f i r e s  due t o  s e l f - i n g i t i o n , 

and o t h e r  s o u r c e s  o f  h a z a r d s .

These  may cause  n o t  o n l y  damages and so m e t im e s  d e s t r u c t i o n  

o f  m a t e r i a l  v a l u e s ,  b u t  e n d a n g e r  t h e  h e a l t h  and l i f e  o f  p e o p l e  

w o r k i n g  i n  t h e  m in e .

I n  t h e  H u n g a r i a n  m i n i n g  t h e  i n f l u e n c e  o f  n a t u r a l  h a z a r d s ,  

t h e  f r e q u e n c y  o f  t h e i r  o c c u r r e n c e  a r e  p o t e n t i a l l y  i n c r e a s i n g  

w i t h  t h e  o p e r a t i o n s  m o v in g  t o w a r d s  g r e a t e r  d e p t h s  and g e o l o g i ­

c a l l y  and t e c t o n i c a l l y  more d i s t u r b e d  a r e a s ,  and w i t h  t h e  o p e ­

r a t i o n s  c a r r i e d  o u t  b e l o w  t h e  s t a t i c  l e v e l  o f  w a t e r  s t o r e d  i n  

k a r s t i c  r o c k s .  W i t h  them t h e  r i s k  o f  p r o d u c t i o n  i s  s t r o n g l y  i n ­

c r e a s i n g .  The i n f l u e n c e  o f  e n v i r o n m e n t a l  e f f e c t s  and t h e  p r o ­

c e s s e s  e n d a n g e r i n g  t h e  n a t u r a l  e n v i r o n m e n t  a re  a l s o  added  t o  

th e m .  E s s e n t i a l l y  t h e s e  a r e  t h e  c i r c u m s t a n c e s  w h i c h  l e d  t o  t h e  

s u p p o r t  o f  o u r  f u n d a m e n t a l  r e s e a r c h  i n  t h i s  f i e l d  f r o m  s t a t e  

f i n a n c i a l  s o u r c e s  and by t h e  Fund m e n t i o n e d .

The e x a c t  and o f f i c i a l  t i t l e  o f  t h e  p r o j e c t  i s :  "C o m p le x  

r e s e a r c h  w o r k s  e s t a b l i s h i n g  and s u p p o r t i n g  t h e  i n c r e a s e  o f  m i n ­

i n g  s a f e t y  t o  d i s c l o s e  c o n t r o l  p o s s i b i l i t i e s  based  on t h e
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i n t e r a c t i o n s  o f  t h e  n a t u r a l  s y s t e m " .  I t  i s  p l a n n e d  f o r  f i v e  

y e a r s  and i s  based  i n  p r i n c i p l e  on e x p e r i e n c e s  and s c i e n t i f i c  

r e s u l t s  o b t a i n e d  i n  s e v e r a l  dec a d e s .

The r e s e a r c h  i s  c a r r i e d  o u t  i n  s e v e r a l  f i e l d s  by t h e  s t a f f  

o f  a number o f  i n s t i t u t i o n s  ( r e s e a r c h  i n s t i t u t e s ,  u n i v e r s i t y  

d e p a r t m e n t s ) .  To g i v e  a b e t t e r  i d e a  on t h e  s u b j e c t  a b r i e f  e x ­

p l a n a t i o n  w i l l  be g i v e n  i n  t h e  f o l l o w i n g s  a b o u t  t h e  main r e l a ­

t i o n s  and c o n n e c t i o n s  among t h e  e l e m e n t s  o f  t h e  s y s t e m .  The i n ­

c r e a s e  o f  m i n i n g  s a f e t y  r e q u i r e s  t h e  a v a i l a b i l i t y  o r  e s t a b l i s h ­

ment  o f  t h e  c o r r e s p o n d i n g  c o n d i t i o n s .  A common f e a t u r e  o f  t h e s e  

c o n d i t i o n s  i s  t h a t  a d e f i n i t e  k i n d  o f  b a l a n c e  o f  f a c t o r s  i n t e r ­

a c t i n g  w i t h  each  o t h e r  s h o u l d  be o b t a i n e d ,  v e r y  o f t e n ,  even 

n e a r l y  i n  a l l  c a s e s ,  by compr omise  s o l u t i o n s .  I n  a c t u a l  c a s e s ,  

h o w e v e r ,  t h e r e  i s  a p o s s i b i l i t y  o f  m a k i n g  c h o i c e  among d i f f e r ­

e n t  a l t e r n a t i v e s ,  a w e l l  s e l e c t e d  c o m p r o m i s e  w i l l  r e p r e s e n t  t h e  

o p t i m u m  s o l u t i o n .

I n  ou r  case  t h e  f a c t o r s  t o  be t a k e n  i n t o  a c c o u n t  f o r m  a 

c o h e r e n t  sy s te m  d i v i d e d  i n t o  two g r o u p s :

1 . System o f  n a t u r a l  f a c t o r s

-  i n  t h e i r  o r i g i n a l ,  u n d i s t u r b e d  c o n d i t i o n ,  and

-  i n  t h e  changed  and c o n t i n u o u s l y  c h a n g i n g  c o n d i t i o n  due t o  

m i n i n g  i n t e r v e n t i o n s .

2 .  System o f  t h e  t e c h n i c a l - t e c h n o l o g i c a l  f a c t o r s  o f  p r o ­

d u c t i o n

-  a c h a i n  o f  c a v e r n s  o f  v a r y i n g  l i f e t i m e  d e v e l o p e d  i n  t h e  

e a r t h ' s  c r u s t  i n  s p a c e  and t i m e  w i t h  d i f f e r e n t  s i z e s  and l o ­

c a t i o n s ,  and

-  s t r u c t u r e s  e n s u r i n g  t h e  s t a b i l i t y  o f  c a v e r n s ,  t h e  r e l a t i v e  

b a l a n c e  o f  t h e  h o s t  r o c k ,  s o l u t i o n s ,  m e t h o d s  and means t o  

i n f l u e n c e  t h e  s t a t e  o f  r o c k s ,  f u r t h e r  t h e i r  m a t e r i a l  ( w a t e r ,  

g a s )  and h e a t  c o n d u c t i v i t y  c o n d i t i o n s  as w e l l .

These s y s t e m  g r o u p s  o f  f a c t o r s  a r e  n o t  t r e a t e d  h e r e  i n  

d e t a i l .  We r e f e r  t o  th e m  by means o f  some o b v i o u s  e x a m p l e s .

T hese  a r e :

-  t h e  g e o m e t r y ,  t h e  p h y s i c a l  s t a t e ,  m a t e r i a l  p r o p e r t i e s  o f  t h e  

m i n e r a l  o c c u r r e n c e ,

-  ch anges  due t o  m i n i n g  i n t e r v e n t i o n s ,  i n t r u s i o n s ,  as
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a)  l o o s e n i n g ,  d i s p l a c e m e n t  o f  r o c k s ,

b )  f l o w  o f  f l u i d s ,  gases  and h e a t ,

c )  t h e  change  o f  f l o w  i n  space  and t i m e ,

d )  e f f e c t s  a p p e a r i n g  a t  t h e  s u r f a c e ,  f u r t h e r

-  means t o  keep  t h e  u n d e r g r o u n d  a r e a s  open

a )  s u p p o r t i n g  s t r u c t u r e s ,

-  c o n s o l i d a t i n g  and s c a l i n g  p r o c e d u r e s  t o  m o d i f y  t h e  c h a r a c t e r ­

i s t i c s  o f  p e r m e a b i l i t y  and r o c k  c o n d i t i o n s  r e s p e c t i v e l y ,

-  r e d u c t i o n  o f  h e a t  by means o f  v e n t i l a t i o n ,  and s i m u l t a n e o u s l y  

t h e  d e c r e a s e  and p r o v e n t i o n  o f  t h e  p o s s i b i l i t i e s  o f  s e l f -  

- i g n i t i o n ,  e t c .

A t  t h i s  p o i n t  i t  s h o u l d  be e m p h a s i z e d  t h a t  t h e r e  a r e  m a n i ­

f o l d  i n t e r a c t i o n s  b e tw e e n  t h e  n a t u r a l  and t e c h n i c a l  s y s t e m s ,  

and wh at  i s  m o r e ,  such  i n t e r a c t i o n s  a r e  c o n t i n u o u s l y  a r i s i n g  

f r o m  t h e  o p e r a t i o n  o f  t h e  p r o d u c t i o n  p r o c e s s ,  because  t h e  t e c h ­

n i c a l  sy s te m  o f  m i n i n g  ( p r o d u c t i o n )  p r o v i d e s  t h e  c o n s t a n t  c o n ­

d i t i o n s  o f  ch anges  o f  t h e  n a t u r a l  s y s t e m  as w e l l  as t h e  b o u n d ­

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

The t a s k  i s  j u s t  t h e  d e t e c t i o n  o f  t h e s e  i n t e r a c t i o n s  t o  

i n f l u e n c e  d e l i b e r a t e l y  and l a s t  b u t  n o t  l e a s t  t o  c o n t r o l  e x ­

p e d i e n t l y  t h e  a c t i v i t y  o f  t h e  e l e m e n t s  o f  t h e  n a t u r a l  s y s t e m ,  

by a p p l y i n g  t h e  a p p r o p r i a t e  t e c h n i c a l  means .  I f  we know b e t t e r  

t h e  c h a r a c t e r  o f  t h e  n a t u r a l  s y s t e m  e l e m e n t s  and t h e  c h a n g e s  o f  

t h e i r  a c t i v e  m e c han is m ,  t h e n  i t  w i l l  be p o s s i b l e  t o  i n f l u e n c e ,  

w i t h  hope o f  s u c c e s s ,  t h e  d i f f e r e n t  f o r m s  o f  n a t u r a l  h a z a r d s  

n o t  o n l y  s e p a r a t e l y  i n  each c a s e ,  b u t  t o g e t h e r ,  t o o .  T h i s  i s  

t h e  more i m p o r t a n t ,  as t h e y  have  a common r e a s o n  o f  d e v e l o p m e n t .  

Na me ly :  t h e  u n d e r g r o u n d  c a v e r n - s y s t e m  i s  t h e  g e n e r a l  and n e c e s ­

s a r i l y  i n s e p a r a b l e  c o n s e q u e n c e  o f  m i n e r a l  e x p l o r a t i o n  and e x ­

p l o i t a t i o n  .

The method  o f  r e s e a r c h  s h o u l d  u n d o u b t e d l y  be an a p p r o x i ­

mate  f o r m u l a t i o n  o f  t h e  p h y s i c s  o f  p r o c e s s e s  on one hand  and  a 

s t a t i s t i c a l  e l a b o r a t i o n  o f  d a t a  o b t a i n e d  p a r t l y  f r o m  l a b o r a t o r y  

t e s t s  ( e . g .  f r o m  m a t e r i a l  m o d e l s ) ,  b u t  m o s t l y  f r o m  o b s e r v a t i o n s  

o f  t h e  n a t u r e  on t h e  o t h e r  ha n d .  I n  t h e  n e x t  s t e p  s i m u l a t i o n  

m o d e l s  o f  t h e  i n d i v i d u a l  s u b s y s t e m s  s h o u l d  be e s t a b l i s h e d  and 

f i n a l l y  t h e s e  m o d e ls  c o n n e c t e d .  T h i s  way a r e a l  p r o c e s s  c o n t r o l
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w o u l d  be r e a c h e d .

From t h e  p a p e r s  i n  t h i s  vo lu m e  i t  i s  easy t o  r e c o g n i s e  

t h a t  t h e y  d e a l  w i t h  some c o n s i d e r a b l e  f a c t o r s  o f  t h e  n a t u r a l  

and  t e c h n i c a l  s y s t e m s ,  t h e y  i n c l u d e  t h e  i n v e s t i g a t i o n  o f  some 

e s s e n t i a l  e l e m e n t s  o f  th e s e  s y s te m s  as w e l l  as t h e  r e s u l t s .

A f t e r  h a v i n g  f i n i s h e d  th e  p r e s e n t  s t a g e ,  i n  one o r  maybe 

t w o  f u r t h e r  i s s u e s  o f  t h e  A c t a ,  i t  s h o u l d  be p o s s i b l e  t o  r e p o r t  

on t h e  f i n a l  r e s u l t s  i n  a more c o m p l e t e  and more c o m p r e h e n s i v e  

way and i n  a more  d e t a i l e d  f o r m .

Thanks a r e  t o  be e x p re s s e d  t o  t h e  H u n g a r i a n  Academy o f  

S c i e n c e s  and t o  t h e  H u n g a r i a n  G o v e r n m e n t  f o r  t h e  f i n a n c i a l  s u p ­

p o r t .
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f a u l t s  as a p r o b a b i l i t y  v a r i a b le  has lognormal  s t a t i s t i c a l  d i s t r i b u t i o n .
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p r e d i c te d  and actua l  t e c t o n ic  parameters as a func t ion  o f  th row.  Using re ­
g re ss ion  func t ions  the probable te c t o n i c  parameters ( f requency o f  f a u l t s ,  
s p e c i f i c  s t r i k e - l e n g t h  and f a u l t  plane area) can be est imated on the  basis 
o f  geo l og i ca l  p re d i c t i o n .
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The t e c t o n i c  s t r u c t u r e  o f  c o a l - o c c u r r e n c e s  i s  o f  o u t s t a n d ­

i n g  i m p o r t a n c e  among t h e  f a c t o r s  d e t e r m i n i n g  t h e  c o m p l e x i t y  o f  

e x p l o i t a t i o n .  The e x p o s u r e  o f  t h e  s e t  o f  w o r k i n g s  and o f  t h e  

i n d i v i d u a l  w o r k i n g  f a c e s ,  t h e  l e n g t h  o f  d r i f t  d r i v i n g  i n  t h e  

c o u n t r y  r o c k  and t h e  c o n d i t i o n s  o f  d r i f t  d r i v i n g  a r e  l a r g e l y  

d e t e r m i n e d  by t h e  t e c t o n i c  s i t u a t i o n  ( t h e  s i t e  and s i z e  o f  

f a u l t s  and o t h e r  g e o l o g i c a l  d i s c o n t i n u i t i e s ) .

I t  i s  t h e  t a s k  o f  g e o l o g i c a l  p r o s p e c t i n g  -  and p a r t l y  t h a t  

o f  m i n i n g  e x p l o r a t i o n  -  t o  c a r r y  o u t  a p r e l i m i n a r y  e x p l o r a t i o n  

o f  t h e  s p a t i a l  s i t u a t i o n  o f  t h e  l a y e r .  B u t ,  n a t u r a l l y ,  t h i s  

p r e l i m i n a r y  e x p l o r a t i o n  i s  l i m i t e d .  On t h e  one h a n d ,  t h e  number 

o f  p r o s p e c t i n g  d r i l l - h o l e s  c a n n o t  be i n c r e a s e d  be y o n d  a c e r t a i n  

l i m i t ,  and ,  on t h e  o t h e r  h a n d ,  o n l y  q u a n t i t a t i v e  c h a r a c t e r i s ­

t i c s  can  be o b t a i n e d  by g e o p h y s i c a l  metho ds  i n  some i n s t a n c e s .

On t h e  b a s i s  o f  e x p e r i e n c e s  o f  m i n i n g  e x p l o r a t i o n ,  t h e

Acta Geod. Geoph. Mont. Hung. 25, 1990 
Akadémiai K iadó,  Budapest
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a c t u a l  t e c t o n i c  s i t u a t i o n  i s  v e r y  o f t e n  c o n s i d e r a b l y  d i f f e r e n t  

f r o m  t h e  one p r e d i c t e d  by g e o l o g i c a l  p r o s p e c t i n g  d a t a .  The p r e ­

d i c t e d  t e c t o n i c  s i t u a t i o n  u s u a l l y  c o n t a i n s  some u n c e r t a i n t y ,  

t h e  r e l i a b i l i t y  o f  t e c t o n i c  p a r a m e t e r s  i s  o f  a r e l a t i v e l y  lo w  

l e v e l .

A c c o r d i n g  t o  d a t a  r e l a t i n g  t o  t h e  K a r a g a n d a  b a s i n ,  5 t o  

1 7 .1  p e r c e n t  o f  t e c t o n i c  d i s t u r b a n c e s  i s  d e t e c t e d  by g e o l o g i c a l  

p r o s p e c t i n g .  I n  t h e  p e r i o d  o f  p l a n n i n g  and  mi ne  c o n s t r u c t i o n  

t h e  r a t e  o f  d e t e c t i o n  r i s e s  by 3 .5  t o  1 0 . 6  p e r c e n t .  The m a j o r i ­

t y  o f  t h e  f a u l t s  ( 7 2 . 3  t o  9 1 .6  p e r c e n t )  becomes o n l y  known 

d u r i n g  e x p l o i t a t i o n .  The  r a t e  o f  p r e l i m i n a r y  d e t e c t i o n  -  r e l a t ­

i n g  t o  t h e  t o t a l  n u m b e r  o f  f a u l t s  -  i s  10 t o  15 p e r c e n t  ( K o v á c s  

1 9 8 8 )  .

The p r e s e n t  e x a m i n a t i o n  c o ve re d  i n  H u n g a r y  t h e  t e r r i t o r y  

o f  s i x  m i n i n g  w o r k s  ( L y u k ó b á n y a ,  O r o s z l á n y  s h a f t  21 ,  B a l i n k a ,  

M á r k u s h e g y ,  N a g y e g y h á z a ,  Mány) .  An e v a l u a t i o n  o f  t h e  d a t a  o f  

t h e  " r e l i a b i l i t y "  o f  g e o l o g i c a l  p r o s p e c t i n g  i n  p r e d i c t i n g  t h e  

t e c t o n i c  s i t u a t i o n  l e d  t o  t h e  f a c t  t h a t  t h e  g e o l o g i c a l  p r o s ­

p e c t i n g  u s i n g  d e e p - d r i l l e d  h o l e s  was a b l e  t o  d e t e c t  7 .3  t o  

4 7 . 8  p e r c e n t  o f  t h e  a c t u a l  f a u l t s  w i t h  more  o r  l e s s  a c c u r a c y  

as r e g a r d s  l o c a t i o n .  The  mean v a l u e  o f  t h e  r e l i a b i l i t y  o f  t h e  

p r e d i c t i o n  o f  f a u l t s  was 1 5 .2  p e r c e n t  i n  t h e  t e r r i t o r i e s  

e x a m i n e d .

The r a t e  o f  t h e  p r e l i m i n a r y  d e t e c t i o n  r i s e s  w i t h  t h e  i n ­

c r e a s e  i n  t h e  t h r o w  o f  f a u l t s .  A c c o r d i n g  t o  t h e  d a ta  on t h e  

K a r a g a n d a  b a s i n  t h e  m a j o r i t y  ( 8 8 . 9  t o  9 3 . 1  p e r c e n t )  o f  t h e  

f a u l t s  w i t h  a t h r o w  o f  l e s s  than  f i v e  m e t e r s  were  o n l y  d i s c o v ­

e r e d  i n  th e  p e r i o d  o f  m i n i n g  e x p l o r a t i o n  and e x p l o i t a t i o n .  The 

f a u l t s  w i t h  a t h r o w  o f  more than 10 m a r e  d e t e c t e d  i n  a c o n ­

s i d e r a b l e  e x t e n t  ( 1 7 . 6  p e r c e n t )  a l r e a d y  i n  t h e  p e r i o d  o f  g e o ­

l o g i c a l  p r o s p e c t i n g .  The  r a t e  o f  t h e  p r e l i m i n a r y  d e t e c t i o n  i s  

o n l y  a c c e p t a b l e  f o r  t h r o w s  o f  more t h a n  15 m, where  g e o l o g i c a l  

p r o s p e c t i n g  d e t e c t s  t e c t o n i c  d i s t u r b a n c e s  w i t h  a r e l i a b i l i t y  o f  

60 p e r c e n t .

On th e  b a s i s  o f  t h e  e x h a u s t i v e  e x a m i n a t i o n  o f  t h e  s i x  

H u n g a r i a n  t e r r i t o r i e s  i t  was found  t h a t  p r o s p e c t i n g  p r e d i c t e d
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f a u l t s  w i t h  a t h r o w  o f  l e s s  t h a n  5 m w i t h  a r e l i a b i l i t y  o f  5 t o  

8 p e r c e n t ,  f a u l t s  w i t h  a t h r o w  o f  6 t o  10 m w i t h  a r e l i a b i l i t y  

o f  25 t o  29 p e r c e n t ,  f a u l t s  w i t h  a t h r o w  o f  11 t o  20 m w i t h  a 

r e l i a b i l i t y  o f  33 t o  38 p e r c e n t  and f a u l t s  w i t h  a t h r o w  o f  o v e r  

20 m w i t h  a r e l i a b i l i t y  o f  83 t o  90 p e r c e n t .

The r e l a t i v e l y  l o w  r e l i a b i l i t y  l e v e l  o f  g e o l o g i c a l  p r o s ­

p e c t i n g  m a n i f e s t s  i t s e l f  n o t  o n l y  r e g a r d i n g  t h e  s i t e s  and 

number  o f  f a u l t s ,  b u t  a l s o  r e g a r d i n g  t h e  t h r o w s .  The t h r o w  o f  

t h e  f a u l t s  fo u n d  a t  t h e  s i t e  p r e d i c t e d  by p r o s p e c t i n g  i s  on an 

a v e r a g e  o n l y  84 p e r c e n t  o f  t h e  p r e d i c t e d  v a l u e .  A c o m p a r i s o n  o f  

t h e  mean t h r o w s  o f  a l l  p r e d i c t e d  f a u l t s  t o  t h o s e  o f  t h e  a c t u a l  

f a u l t s  shows t h a t  t h e  t h r o w  o f  t h e  a c t u a l  f a u l t s  i s  o n l y  30 t o  

70 p e r c e n t  (47  p e r c e n t  on an a v e r a g e )  o f  t h e  p r e d i c t e d  mean 

v a l u e .

On t h e  b a s i s  o f  t h e  d a t a  p r e s e n t e d ,  t h e  t e c t o n i c  c h a r a c ­

t e r i s t i c s  g i v e n  by t h e  p r e l i m i n a r y  g e o l o g i c a l  p r o s p e c t i n g  do 

n o t  g i v e  a r e a l i s t i c  p i c t u r e  ( i n  an a b s o l u t e  s e n s e )  o f  t h e  

d i s t u r b a n c e  o f  t h e  o c c u r r e n c e s  o r  o f  t h e  m i n i n g  c o n d i t i o n s  t o  

be e x p e c t e d .  On l y  10 t o  20 p e r c e n t  o f  t h e  a c t u a l  f a u l t s  a r e  

p r e d i c t e d ,  o n l y  b i g  t e c t o n i c  d i s t u r b a n c e s  ( w i t h  a t h r o w  o f  more 

t h a n  20 m) a r e  i n d i c a t e d  e x a c t l y  as r e g a r d s  l o c a l i t y .  A t  t h e  

same t i m e  t h e  p r e d i c t i o n  g i v e s  a h i g h e r  v a l u e  o f  t h r o w  t h a n  t h e  

one t h a t  can a c t u a l l y  be e x p e c t e d .

To c h a r a c t e r i z e  t h e  t e c t o n i c  i n t e n s i t y  o f  d e p o s i t s  i n  t h e  

h o r i z o n t a l  d i r e c t i o n  t h e  number  o f  f a u l t s  ( n u m b e r )  o r  t h e
2

s p e c i f i c  number o f  f a u l t s ,  d e n s i t y  ( n u m b e r / k m  ) can be u s e d .  

T h i s  p a r a m e t e r ,  h o w e v e r ,  does n o t  g i v e  a c o m p l e t e  p i c t u r e  o f  

t h e  t e c t o n i c  s i t u a t i o n  i n  i t s e l f ,  as i t  does  n o t  c o n t a i n  t h e  

s i z e  o f  t h e  f a u l t s ,  t h e  l e n g t h  o f  t h e  s t r i k e  o r  o f  t h e  t h r o w .

A n o t h e r  c h a r a c t e r i s t i c  o f  t h e  t e c t o n i c  i n t e n s i t y  i n  t h e  

h o r i z o n t a l  d i r e c t i o n  i s  t h e  s p e c i f i c  v a l u e  o f  t h e  s t r i k e - l e n g t h  

o f  t h e  f a u l t s  (km/km ) w h i c h  g i v e s  t h e  t o t a l  amount  o f  s t r i k e -  

- l e n g t h s  i n  a u n i t  a r e a .  T h i s  p a r a m e t e r  r e f l e c t s  t h e  g e n e r a l  

c h a r a c t e r  o f  t h e  t e c t o n i c  s i t u a t i o n ,  i n f o r m s  a b o u t  t h e  p r o b a ­

b l e  t e c h n i c a l  and e c o n o m i c  c o n d i t i o n s  o f  e x p l o i t a t i o n .

The t h i r d  u s e f u l  p a r a m e t e r  i s  t h e  s p e c i f i c  a re a  o f  f a u l t  

p l a n e s  (km /km ) w h i c h  shows t h e  a r e a  i n  km o f  f a u l t  p l a n e s
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p e r  u n i t  a re a  o f  t h e  d e p o s i t .  T h i s  l a s t  p a r a m e t e r  i s  n a t u r a l l y
2

d e t e r m i n e d  by t h e  s p e c i f i c  s t r i k e - l e n g t h  (km/km ) and t h e  t h r o w  

o f  t h e  f a u l t s .

DETERMINATION OF THE PROBABLE THROW OF FAULTS

I n  a f i r s t  s t e p  t h e  p r o b a b l e  t h r o w  o f  f a u l t s  i s  d e t e r m i n e d  

as s t a t i s t i c a l  a n a l y s e s  show t h a t  t h e  t h r o w  i s  d e c i s i v e  i n  d e ­

t e r m i n i n g  t h e  r e l i a b i l i t y  o f  g e o l o g i c a l  p r e d i c t i o n .  The r e l i ­

a b i l i t y  o f  t h e  p r e d i c t i o n  ( p r e d i c t i o n  o f  t h e  number and l o c a ­

t i o n  o f  f a u l t s )  r i s e s  w i t h  an i n c r e a s e  i n  t h e  t h r o w  o f  f a u l t s ,  

and v i c e  v e r s a .

The f i r s t  t h r e e  co lu m n s  o f  f i g u r e s  i n  T a b l e  I  show -  by 

g i v i n g  f u l l  d e t a i l s  o f  t h e  a c t u a l  d a t a  -  t h e  p r e d i c t i o n  and t h e  

a c t u a l  t h r o w  f o r  t h e  f a u l t s  p r e d i c t e d  d u r i n g  p r o s p e c t i n g  and 

f o r  t h e  a c t u a l  f a u l t s  w h i c h  a p p e a r e d  a t  t h e  p r e d i c t e d  s i t e s .

The second  t h r e e  c o l u m n s  o f  f i g u r e s  i n  t h e  t a b l e  g i v e  t h e  

a v e r a g e  t h r o w  o f  a l l  t h e  p r e d i c t e d  and a l l  t h e  a c t u a l  f a u l t s .

Thus t h e  p r e d i c t i o n  by g e o l o g i c a l  p r o s p e c t i n g  does  n o t  

g i v e  an e x a c t  a p p r o x i m a t i o n  o f  t h e  a c t u a l  s i t u a t i o n .  A method  

i s  t o  be f o u n d  t o  d e t e r m i n e  p a r a m e t e r s  c h a r a c t e r i s i n g  t h e  p r o b ­

a b l e  a c t u a l  t e c t o n i c  s i t u a t i o n  f r o m  t h e  d a t a  o f  t h e  p r e d i c t i o n .

T h i s  a n a l y s i s  can  be p e r f o r m e d  by u s i n g  a s t a t i s t i c a l  

m e t h o d  on t h e  b a s i s  o f  t h e  p r o b a b i l i t y  t h e o r y .  I n  i n v e s t i g a ­

t i o n s  o f  t h i s  k i n d  t h e  f i r s t  t h i n g  t o  do i s  -  on t h e  b a s i s  o f  

e x a m i n a t i o n  o f  t h e  f i t t i n g  and t h e o r e t i c a l  c o n s i d e r a t i o n s  -  t o  

d e t e r m i n e  t h e  s t a t i s t i c a l  d i s t r i b u t i o n  o f  t h e  s e t  o f  d a t a  ( i n  

t h i s  c a s e :  t h e  t h r o w  o f  f a u l t s ) .  N a m e l y ,  t h e  c o m p u t a t i o n a l  r e ­

l a t i o n s  a re  d e t e r m i n e d  by t h e  c h a r a c t e r  o f  t h e  s t a t i s t i c a l  

d i s t r i b u t i o n .

The e x a m i n a t i o n  o f  t h e  h y p o t h e s i s  was c a r r i e d  o u t  on t h e  

b a s i s  o f  t h e  p r e d i c t e d  and a c t u a l  d a t a  o f  f i v e  t e r r i t o r i e s  

( O r o s z l á n y  s h a f t  No .  21 ,  B a l i n k a ,  M á r k u s h e g y ,  N a g ye gy h á za ,

M á n y ) .

On t h e  b a s i s  o f  t h e  m a t h e m a t i c a l  s t a t i s t i c a l  e x a m i n a t i o n  

o f  t h e  t h r o w s  o f  t h e  f a u l t s  p r e d i c t e d  by p r e l i m i n a r y  g e o l o g i c a l  

p r o s p e c t i n g  and o f  t h o s e  o f  t h e  a c t u a l  f a u l t s ,  t h e  t h r o w  o f  t h e



T a b l e  I .  T h e  p r e d i c t e d  a n d  a c t u a l  m e a n  v a l u e s  o f  t h r o w  o f  f a u l t s

The mean throw o f  f a u l t s  (m) whose Throw o f  t o t a l  f a u l t s
accurate s i t e  was ind ica ted  dur ing , ^

geolog ica l  prospect ing
Number T e r r i t o r y

Predicted 
mean value

Average of  
ac tua l  values

Re a l i t y
Pred ic t ion

Predicted 
mean value

Average of  
ac tua l  values

R e a l i t y
Pred ic t io n

1 . Lyukóbánya 10 6 60 10 3 30

2. Oroszlány, s h a f t  No. 21 43 35 01 30 23 77

3. Bal inka 34 24 71 34 13 38

4. Márkushegy 85 62 73 54 21 39

5. Nagyegyháza 54 57 105 32 13 41

6. Mány 40 39 98 31 19 61

7. Total 44 37 84 32 15 47

DETERM
INATIO
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f a u l t s  as a p r o b a b i l i t y  v a r i a b l e  has a l o g n o r m a l  s t a t i s t i c a l  

d i s t r i b u t i o n .  The h y p o t h e s i s  was v e r i f i e d  by t h e  K o l m o g o r o v -  

- S m i r n o v  t e s t  ( R é n y i  1 9 5 4 ) .

The e m p i r i c a l  d i s t r i b u t i o n  f u n c t i o n s  were f i r s t  d e t e r m i n e d  

f o r  t h e  t h r o w  v a l u e s  t h e n  t h e  p a r a m e t e r s  o f  t h e  l o g n o r m a l  

d i s t r i b u t i o n  were  c a l c u l a t e d  by r e g r e s s i o n  c a l c u l a t i o n .

A c c o r d i n g  t o  K o l m o g o r o v ' s  l a w ,  i f  a 99 p e r c e n t  p r o b a b i l i t y  

l e v e l  i s  d e s i r e d ,

sup  [ Fn ( X ) -  F ( X)J = DFmax

m u s t  be l e s s  t h a n

1 .63
V/N-

w i t h  a p r o b a b i l i t y  o f  99 p e r c e n t .  I f  t h i s  r e q u i r e m e n t  i s  

s a t i s f i e d ,  t h e  h y p o t h e s i s  i s  a c c e p t e d .

On th e  b a s i s  o f  t h e  d a t a  o f  T a b l e  I I ,  t h e  c o n d i t i o n

DF max < 1 .63
Vn”

T a b l e  I I .  C a l c u l a t e d  d a t a  o f  f i t t i n g

Mining works
Predic ted value Actual value

DFmax N' 1.63

' / n7
DFmax N 1 .63

V̂ N~

Oroszlány 0.161 21 0.356 0.214 20 0.364

Bal inka 0.113 22 0.348 0.120 65 0.202

Márkushegy 0.211 24 0.333 0.208 79 0.183

Nagyegyháza 0.205 21 0.356 0.074 124 0.146
Mány 0.124 18 0.384 0.190 52 0.226

i s  s a t i s f i e d  i n  n i n e  c a s e s ;  t h e  h y p o t h e s i s  o f  l o g n o r m a l  d i s ­

t r i b u t i o n  i s  n o t  v a l i d  f o r  t h e  a c t u a l  d a t a  o f  M á r k u s h e g y  (w he re
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t h e  two  c a l c u l a t e d  v a l u e s  a r e  n e a r l y  e q u a l ) .  The r e a s o n  f o r  

t h i s  i s  t h a t  a l l  t h e  f a u l t s  w i t h  lo w  t h r o w s  (M < 1 t o  1 .5  m ) , 

d i s c o v e r e d  i n  a l a r g e  number  i n  i n d i v i d u a l  a r e a s  d u r i n g  e x p l o i ­

t a t i o n ,  were  i n c l u d e d  i n  t h e  d a t a .

I t  was v e r i f i e d  on a h i g h  p r o b a b i l i t y  l e v e l  i n  n i n e  c a s e s  

(9 0  p e r c e n t  o f  a l l  c a s e s )  t h a t  t h e  t h r o w  d i s t r i b u t i o n  o f  t h e  

f a u l t s  has a l o g n o r m a l  d i s t r i b u t i o n .  F rom t h e  c h a r a c t e r  o f  t h e  

d i s t r i b u t i o n  i t  f o l l o w s  t h a t

-  t h e  p r o b a b l e  v a l u e  M can be a p p r o x i m a t e d  by t h e  a r i t h m e t i c a l  

mean

-  t h e  p r o b a b l e  v a l u e  can be c a l c u l a t e d  f r o m  t h e  p a r a m e t e r s  m 

and 6 o f  t h e  d i s t r i b u t i o n  f u n c t i o n  by  t h e  r e l a t i o n

T h re e  o f  t h e  r e s u l t s  o f  t h e  d e t a i l e d  c a l c u l a t i o n s  w i l l  be 

p r e s e n t e d  h e r e .  F i g u r e  1 shows t h e  d i s t r i b u t i o n  f u n c t i o n  c a l ­

c u l a t e d  f r o m  t h e  d a t a  p r e d i c t e d  f o r  s h a f t  No. 21 .  The number  o f  

d a t a  ( f a u l t s )  N ' ,  t h e  p r o b a b l e  v a l u e  m' and  t h e  s t a n d a r d  d e v i a ­

t i o n  6 '  o f  t h e  d i s t r i b u t i o n  f u n c t i o n  a r e  g i v e n  i n  t h e  f i g u r e .  

I h e  v a l u e  g i v e s  t h e  d e g re e  o f  t h e  d i s p l a c e m e n t  o f  t h e  f u n c ­

t i o n  i n  t h e  d i r e c t i o n  o f  t h e  x - a x i s  w h a t  means t h a t  t h e  f u n c ­

t i o n  does n o t  s t a r t  f r o m  x = 0 ,  b u t  f r o m  x = . F i g u r e  2

p r e s e n t s  t h e  d i s t r i b u t i o n  f u n c t i o n  d e t e r m i n e d  by t h e  a c t u a l  

f a u l t s .

The " d i s p l a c e m e n t "  o f  t h e  f u n c t i o n  j .n  t h e  d i r e c t i o n  o f  t h e  

r a n g e  o f  s m a l l e r  t h r o w s  i s  c o n s p i c u o u s .  The p r o b a b l e  (mean) 

v a l u e  o f  t h e  t h r o w  o f  p r e d i c t e d  f a u l t s  i s  29 .4 1  m, t h a t  based  

on t h e  d a t a  o f  t h e  a c t u a l  f a u l t s  i s  2 1 . 5 8  m. T h i s  s i g n i f i c a n t  

d i s c r e p a n c y  i s  t h e  r e s u l t  o f  a d u a l  e f f e c t .  On t h e  one hand ,  

t h e  t h r o w  o f  f a u l t s  whose s i t e s  were  a c c u r a t e l y  i n d i c a t e d  

d u r i n g  p r o s p e c t i n g  i s ,  g e n e r a l l y ,  10 t o  30 p e r c e n t  l e s s  t h a n  

t h e  v a l u e  e s t i m a t e d  d u r i n g  p r o s p e c t i n g .  On t h e  o t h e r  h a n d ,  

p r o s p e c t i n g  p r e d i c t s  f a u l t s  w i t h  a b i g g e r  t h r o w  w i t h  a p r o b a ­

b i l i t y  o f  60 t o  100 p e r c e n t ,  w h i l e  f a u l t s  w i t h  a s m a l l e r  t h r o w  

(0  t o  10 m) a r e  p r e d i c t e d  o n l y  on a l e s s  p a r t  (0  t o  20 p e r c e n t ) .  

A t  t h e  same t i m e  f a u l t s  w i t h  a s m a l l  t h r o w  a p p e a r  i n  a l a r g e
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F i g .  1. The d i s t r i b u t i o n  fu n c t io n  of  throw data of p red ic ted  f a u l t s  
(Oroszlány, s h a f t  No. 21)

F ig .  2. The d i s t r i b u t i o n  fu n c t io n  o f  throw data o f  ac tua l  f a u l t s  
(Oroszlány,  s h a f t  No. 21)
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number d u r i n g  e x p l o i t a t i o n  and d e c r e a s e  t h e  mean t h r o w  o f  t h e  

a c t u a l  f a u l t s .
F i g u r e  3 p r e s e n t s  r e s u l t s  f r o m  d a t a  o f  B a l i n k a .  The 

a v e r a g e  t h r o w  o f  p r e d i c t e d  f a u l t s  i s  3 8 . 5 8  m, t h e  v a l u e  e x ­

p e c t e d  on t h e  b a s i s  o f  d a t a  o f  a c t u a l  f a u l t s  b e i n g  1 1 . 2 6  m.

F ig .  3. The d i s t r i b u t i o n  fu nc t io n  of  throw data o f  p red ic ted  and ac tua l  
f a u l t s  (Ba l inka)

F i g u r e  4 shows t h e  d a t a  o f  m i n i n g  w o r k s  o f  N a g y e g y h á z a .

The p r e d i c t e d  mean t h r o w  i s  2 6 . 7 2  m, t h e  p r o b a b l e  v a l u e  c a l ­

c u l a t e d  on t h e  b a s i s  o f  t h e  d a t a  o f  a c t u a l  f a u l t s  6 .71  m. The 

mean t h r o w  o f  f a u l t s ,  t h e  c a l c u l a t e d  p a r a m e t e r s  o f  t h e  d i s t r i b ­

u t i o n  f u n c t i o n s  a r e  i n c l u d e d  i n  T a b l e  I I I .

The t a s k  i s  t o  g i v e  a method  on t h e  b a s i s  o f  t h e  r e s u l t s  

o f  t h e  p r e s e n t  i n v e s t i g a t i o n  f o r  t h e  d e t e r m i n a t i o n  o f  t h e  p r o b ­

a b l e  p a r a m e t e r s  o f  t h e  a c t u a l  t e c t o n i c  s i t u a t i o n  s t a r t i n g  f r o m  

t h e  p r e d i c t i o n  made on t h e  b a s i s  o f  t h e  d a t a  o f  g e o l o g i c a l  

p r o s p e c t i n g .  The p a r a m e t e r s  o f  t h e  p r e d i c t e d  and t h e  a c t u a l  

s i t u a t i o n  a re  su p p o s e d  t o  d e v e l o p  i n  a new f i e l d  o f  p r o s p e c t i n g  

i n  t h e  same way as i n  a r e a s  p r o s p e c t e d  e a r l i e r  and a l r e a d y
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F ig .  4. The d i s t r i b u t i o n  fun c t io n  of  throw data o f  p red ic ted  and actua l  
f a u l t s  (Nagyegyháza)

T a b l e  I I I .  The p a r a m e t e r s  o f  t h r o w  d a t a  and d i s t r i b u t i o n  f u n c ­

t i o n s  i n  t h e  i n d i v i d u a l  t e r r i t o r i e s

Mean throw of  
f a u l t s

The ca lc u la ted  parameters 
o f  d i s t r i b u t i o n  fu nc t i ons

T e r r i t o r y Predic­
t i o n R e a l i t y Pre d ic t i on R e a l i t y

M' M m' 6 ' m 6

Oroszlány,  sha f t  No. 21 29.4 21 .6 3.18 0.63 2.76 0.79

Bal inka 38.6 11.3 3.50 0.56 2.18 0.70

Márkushegy 51 .0 11.0 3.67 0.76 1 .44 1 .40

Nagyegyháza 26.7 6.1 2.89 0.89 0.40 1 .71

Mány 33.0 12.9 2.84 0.88 1.14 1 .92

e x p l o i t e d ,  i f  t h e  m e t h o d s  o f  p r o s p e c t i n g  and t h e i r  a c c u r a c y ,  

r e s p e c t i v e l y ,  do n o t  ch a n g e  f u n d a m e n t a l l y .
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The r e g r e s s i o n  f u n c t i o n s  g i v i n g  t h e  r e l a t i o n  b e t w e e n  t h e  

p r e d i c t e d  and a c t u a l  d a t a  w ere  c a l c u l a t e d  on t h e  b a s i s  o f  d a t a  

o f  f i v e  m i n i n g  w o r k s .  F i g u r e  5 shows t h e  f u n c t i o n  d e s c r i b i n g  

t h e  r e l a t i o n  be tw een  t h e  p r o b a b l e  v a l u e s  m' and m and F i g .  6 

p r e s e n t s  t h e  f u n c t i o n  d e s c r i b i n g  t h e  r e l a t i o n  be tw een  t h e  

s t a n d a r d  d e v i a t i o n s  6  ' and &  .

Most probable value calculated on (he basis of predicted data m'

F ig .  5. The func t ion  descr ib ing  the r e l a t i o n  between most probable values

I n  t h e  ca se  o f  a new a r e a  o f  p r o s p e c t i n g  where t h e  p r e ­

d i c t i o n  o f  g e o l o g i c a l  p r o s p e c t i n g  i s  known t h e  p a r a m e t e r s  (m, 

60 c h a r a c t e r i s i n g  t h e  p r o b a b l e  a c t u a l  s i t u a t i o n  can be c a l ­

c u l a t e d  on t h e  b a s i s  o f  t h e  p r e d i c t e d  d a t a  ( m 1 and 6  ' ) ,  u s i n g  

t h e  e q u a t i o n  o f  t h e  r e g r e s s i o n  f u n c t i o n s .  From t h e  d i s t r i b u ­

t i o n  p a r a m e t e r s  m and 6  -  k n o w i n g  t h e  c h a r a c t e r  o f  d i s t r i b u ­

t i o n  -  t h e  mean ( p r o b a b l e )  t h r o w  o f  f a u l t s  (M) as w e l l  as t h e  

d i s t r i b u t i o n  ( d i s t r i b u t i o n  f u n c t i o n )  can  be c a l c u l a t e d  a c c o r d ­

i n g  t o  t h e  t h r o w  o f  t h e  p r o b a b l e  number o f  f a u l t s  ( t o  be d e ­

t e r m i n e d  s e p a r a t e l y ) .
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The standard deviation calculated on the basis of predicted data G'

F ig .  6. The fu nc t io n  desc r i b in g  the r e l a t i o n  between standard dev ia t ions  

DETERMINATION OF THE PROBABLE NUMBER AND STRIKE-LENGTH OF FAULTS

T a b le  IV g i v e s  t h e  r a t i o  o f  t h e  a c t u a l  and p r e d i c t e d  

v a l u e s  o f  t h e  n u m b e r ,  t h e  s t r i k e - l e n g t h  and f a u l t  p l a n e  a re a  

f o r  t h e  i n d i v i d u a l  m i n i n g  w o rk s .

The da ta  o f  t h e  i n d i v i d u a l  t e r r i t o r i e s  show t h a t  t h e  

r e l i a b i l i t y  o f  p r e d i c t i n g  f a u l t s  w i t h  a s m a l l  t h r o w  i s  l o w e r  

and  t h e  p r o b a b i l i t y  o f  t h e i r  p r e l i m i n a r y  d e t e c t i o n  i s  o f  a 

l o w e r  l e v e l .  I t  f o l l o w s  f r o m  t h i s  t h a t  on t e r r i t o r i e s  w i t h  a 

l a r g e  number o f  s m a l l  f a u l t s  t h e  r a t e  o f  a c t u a l  and p r e d i c t e d  

f a u l t s  i s  h i g h e r .  I n  o t h e r  wo rd s ,  t h e r e  i s  some k i n d  o f  r e l a ­

t i o n  be tween t h e  t h r o w  o f  f a u l t s  ( t h e  mean t h r o w )  and t h e  p r e ­

l i m i n a r y  d e t e c t i o n  r a t e .  C o n s i d e r i n g  t h i s ,  t h e  changes i n  t h e  

r a t i o s  N / N ’ , L / L ' ,  T/ T ' v s .  can be d e t e r m i n e d .

F i g u r e  7 p r e s e n t s  t h e  p r e d i c t i o n  r a t i o  o f  t h e  number o f  

f a u l t s  ( r a t e  o f  d i s c o v e r i n g )  as a f u n c t i o n  o f  t h e  mean t h r o w  o f  

f a u l t s .  The r a t e  o f  p r e l i m i n a r y  d e t e c t i o n  i m p r o v e s  r e g u l a r l y  

w i t h  t h e  i n c r e a s e  i n  t h r o w ,  th e  r a t i o  N / N '  d e c r e a s e s  c o n s i d e r ­

a b l y .
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T a b l e  I V .  The p r e d i c t e d  and a c t u a l  t e c t o n i c  c h a r a c t e r i s t i c s  

i n  t h e  i n d i v i d u a l  t e r r i t o r i e s

The r a t e  o f  actual  and p re d ic te d  
parameters

T e r r i t o r y Number of  
f a u l t s  
N/N'

S t r i k e - l e n g th  
o f  fa u l t s  

L/L*

F au l t  plane 
area 
T/T '

Lyukóbánya 16.00 3.61 1 .28

Oroszlány,  sha f t  No. 21 0.85 0.80 0.63

Bal inka 2.95 2.17 0.82

Márkushegy 3.29 1 .69 0.67

Nagyegyháza 5.90 2.79 1.12

Mány 2.89 1 .49 0.92

Average 3.97 1 .98 0.80

F ig .  7. Rat io of  the number o f  ac tua l  and p red ic t ed  fa u l t s  vs. mean throw

By u s i n g  t h e  f u n c t i o n  d e t e r m i n e d  a b o v e ,  e . g .  i f  M 6 . 5  m,
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t h e  r a t i o  N / N ' i s  8 . 3 .  I f  t h e  p r e d i c t i o n  i n d i c a t e d ,  s a y ,  30 

f a u l t s  i n  an a r e a  o f  20 km o f  t h e  g i v e n  d e p o s i t ,  th e  p r o b a b l e  

a c t u a l  number o f  f a u l t s  i s  250 ,  and t h e  p r o b a b l e  d e n s i t y  o f  

f a u l t s  i s  1 2 . 5 / k m 2 .

A s i m i l a r  m e t h o d  can  be used i n  e s t i m a t i n g  t h e  p r o b a b l e

s t r i k e - l e n g t h  o f  f a u l t s .  I h e  r e g r e s s i o n  f u n c t i o n  o f  F i g .  8

g i v e s  t h e  r a t i o  L / L ’ v s .  mean t h r o w .  The c o r r e l a t i o n  i n d i c a t e s

a c l o s e  c o n n e c t i o n ,  t h e  r e l i a b i l i t y  o f  t h e  p r e d i c t i o n  i m p r o v e s

w i t h  an i n c r e a s e  i n  t h r o w .  I f  M = 6 . 5  m, t h e  r a t i o  L / L ' i s

2 . 8 1 3 .  I f  i n  t h e  g i v e n  case  t h e  p r e d i c t i o n  g i v e s  80 km as t o t a l
2

s t r i k e - l e n g t h  i n  a p r o d u c t i v e  t e r r i t o r y  o f  20 km , th e  p r o b a b l e  

v a l u e  i s  225 km, t h e  s p e c i f i c  s t r i k e - l e n g t h  o f  f a u l t s  b e i n g  

1 1 . 2 5  km/km2 .

F ig .  8. Rat io o f  a c t u a l  and predicted s t r i k e - l e n g t h s  vs. mean throw

The r e l a t i o n  b e t w e e n  t h e  p r e d i c t i o n  r a t e  and mean t h r o w  i n  

c a s e  o f  f a u l t  p l a n e  a r e a  i s  p r e s e n t e d  i n  F i g .  9 .  The r e g r e s s i o n  

r e l a t i o n  i s  c l o s e ,  t h e  r e l i a b i l i t y  o f  t h e  p r e d i c t i o n  i m p r o v e s  

w i t h  an i n c r e a s e  i n  t h r o w .  An exa m p le  t o  i l l u s t r a t e  t h i s :  i f

M = 6 . 5  m, t h e  r a t i o  T / T  ’ i s  1 .06 2  . I f  T '  = 1 .8  km2 , T =
2 2 = 1 .9 1  km , f o r  a p r o d u c t i v e  a rea o f  20 km t h e  s p e c i f i c  f a u l t
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F ig .  9. Rat io o f  ac tua l  and predic ted  f a u l t  plane area vs. mean throw

2 2p l a n e  a r e a  i s  0 . 0 9 6  km /km .

T h i s  method  makes i t  p o s s i b l e  t o  c a l c u l a t e  t h e  p r o b a b l e  

t e c t o n i c  p a r a m e t e r s  o f  a g i v e n  d e p o s i t  on t h e  b a s i s  o f  t h e  

p r e d i c t i o n  d a t a  o f  g e o l o g i c a l  p r o s p e c t i n g .  I f  t h e  t e c t o n i c  

p a r a m e t e r s  a r e  known,  t h e  t e c h n i c a l  i m p l e m e n t a t i o n  o f  p r o s p e c t ­

i n g  and e x p l o i t a t i o n  can be p l a n n e d ,  t h e  o u t p u t  and e c o n o m i c  

c h a r a c t e r i s t i c s  can be e s t i m a t e d .
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SPATIAL DEVELOPMENT OF OPTIMUM MINING SEQUENCE IN SOFT 
UPPER-SEAM AND BRITTLE LOWER-SEAM ROCK-ENVIRONMENT

M P e t r á s s y

Centra l  I n s t i t u t e  f o r  the Development o f  Mining,  H-1037 Budapest, 
Mikoviny u. 2 -4 ,  Hungary

The study i s  dea l ing  w i th  te s t s  and t e s t  r e s u l t s  ca rr ied out  and ob­
ta ined  r e s p e c t i v e l y  in  the mine o f  Nagyegyháza to  understand movement 
phenomena around faces surrounded by s o f t  and b r i t t l e  rocks o f  the Eocene 
per iod  and to  develop optimum mining sequence.

Keywords: b r i t t l e  rocks;  mining sequence; Nagyegyháza mine; s o f t  
rocks;  support  system; upper seam face opera t ion

INTRODUCTION

The s t r a t i f i c a l  c h a r a c t e r i s t i c s  o f  t h e  new c o a l  b a s i n s  o f  

t h e  Eocene  p e r i o d  a d j a c e n t  t o  t h e  T a t a b á n y a  Coa l  B a s i n  and  

among them t h e  Nagyegyháza  Coa l  B a s i n  a r e  v e r y  u n a d v a n t a g e o u s . 

C oa l  seams o f  t h i s  a re a  a r e  t e c t o n i c a l l y  h i g h l y  d i s s e c t i o n e d , 

m o d e r a t e l y  f o l d e d  and b e s i d e s  r o c k  p r e s s u r e  i n c r e a s i n g  w i t h  

d e p t h ,  s t r e n g t h  c h a r a c t e r i s t i c s  o f  t h e  r o c k s  a re  a l s o  d e c l i n i n g  

i n  f u n c t i o n  o f  d e p t h .  The u p p e r  c o a l  seam and s u r r o u n d i n g  r o c k s  

( F i g .  1) a r e  v e r y  s o f t ,  b u t  t h e  s u r r o u n d i n g  r o c k s  o f  t h e  l o w e r  

seam a r e  b r i t t l e .  R e s u l t i n g  f r o m  t h i s  c h a r a c t e r i s t i c  f e a t u r e  o f  

p e t r o g r a p h i c a l  and s t r a t i g r a p h i c a l  c o n d i t i o n s ,  t h e  m i n i n g  o f  

c o a l  o c c u r r e n c e s  i n  q u e s t i o n  has f o l l o w i n g  e s s e n t i a l  p r o b l e m s :

-  h i g h  d e g r e e  and i n t e n s i v e  p l a s t i c  s t r a t a  f l o w  d u r i n g  u p p e r -  

- seam o p e r a t i o n s ,  f u r t h e r  c o n s e r v a t i o n  o f  d r i f t  t u n n e l s  as 

w e l l  as ma in  and t a i l  g a t e s  o r i g i n a t i n g  f r o m  th e  p r o b l e m  

above ( P e t r á s s y  1 9 8 7 ) ;

-  d y n a m i c  p r e s s u r e  phenomena a p p e a r i n g  when u n d e r c u t t i n g  b r i t t l e  

f r e s h  w a t e r  l i m e s t o n e  w i t h  l o w e r - s e a m  f a c e s  and d e v e l o p m e n t

o f  s u p p o r t  s t r u c t u r e s  f o r  t h e s e  d y n a m i c  l o a d s  ( P e t r á s s y  1 9 8 7 ) ;

Acta Geod. Geoph. Mont. Hung. 25, 1950 
Akadémiai Kiadó, Budapest
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F i g .  1. Average water  con ten t  and u n i a x ia l  compression s t reng th  o f  l a y e r s  o f  
the Eocene per iod  i n  the coal bas in o f  Nagyegyháza. 1 -  l imes tone;
2 -  mar l ;  3,  4 -  c l a y ,  clayey mar l ;  5 -  upper seam; 6 -  f r esh  water  
c lay ;  7 -  f r esh  water  l imestone; 8 -  l ower seam; 9 -  re d i s p o s i t i o n e d  
dolomi te;  10 -  stand-up dolomite

-  a s s u r a n c e  o f  t h e  s p a t i a l  sys tem o f  o p t i m u m  m i n i n g  s e q u e n c e  

b e t w e e n  t h e s e  two  seams.

T h i s  s t u d y  i s  d i s c l o s i n g  how t o  d e t e r m i n e  th e  op t i mu m 

m i n i n g  sequence  w h i c h  i s  s u c c e s s f u l ,  i f  as a r e s u l t  o f  t h i s  

m i n i n g  sequence  p r o b l e m s  o f  s u p p o r t i n g  f a c e s  b o th  i n  t h e  u p p e r  

and  i n  t h e  l o w e r  seams w i l l  be m i n i m i z e d .

PETROGRAPHICAL AND STRATIGRAPHICAL CONDITIONS OF PRODDCTIVE 

STRATA

The s u b s t r a t u m  o f  t h e  c o a l  b a s i n  o f  Nagyegyháza  i s  t h e  

m a i n  d o l o m i t e  o f  t h e  T r i a s s i c  p e r i o d .  T h i s  i s  th e  r e l a t i v e l y  

r i g i d  f r am e  o f  t h e  b a s i n .  W i t h i n  t h i s  f r a m e  t h e  b a s i n  s e d i m e n t s  

a r e  l o c a t e d ,  w i t h  t h e  l o w e s t  member r e d i s p o s i t i o n e d  d o l o m i t e .  

The p r o d u c t i v e  s t r a t a  e v o l v e d  on t h e  r e p o s i t i o n e d  d o l o m i t e  

( F i g .  1) w i t h  i t s  l o w e r  p a r t  up t o  t h e  a d j a c e n t  r o o f  o f  t h e  

u p p e r  seam, b e i n g  m a r s h - s e d i m e n t s .  T h i s  i s  f o l l o w e d  by c o n t i n u ­

o u s  s e d i m e n t a t i o n  by some s h a l l o w - s e a  b r a c k w a t e r  f o r m a t i o n s .  

The  s u c c e s s i v e  l a y e r s  o f  t h e  Eocene p e r i o d  a re  c l o s e d  by s a l t ­

w a t e r  s e d i m e n t s .  The a d j a c e n t  f l o o r  o f  t h e  l o w e r  seam i s  a t h i n
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m ars hy  o r  c o n t i n e n t a l  c l a y  o f  v a r i a b l e  c o l o u r  and r e d i s p o s i -  

t i o n e d  d o l o m i t e .

The s t r a t a  o f  t h e  l o w e r  seam a r e  composed  o f  one o r  two  

b e n c h e s ,  w i t h  an a v e r a g e  u n i a x i a l  c o m p r e s s i v e  s t r e n g t h  o f  10 MPa, 
t h e  t h i c k n e s s  i s  5 t o  15 m, t h e  c o n s i s t e n c e  o f  c o a l  i s  g o o d .
The a d j a c e n t  r o o f  i s  f r e s h  w a t e r  l i m e s t o n e  o f  15 t o  20 m t h i c k ­
n e s s ,  w i t h  an u n i a x i a l  c o m p r e s s i v e  s t r e n g t h  o f  60 t o  100 MPa. 
Above  t h e  l i m e s t o n e  a 5 t o  10 m t h i c k  f r e s h  w a t e r  c l a y e y  m a r l  
l a y e r  f o l l o w s  o f  an u n i a x i a l  c o m p r e s s i v e  s t r e n g t h  o f  1 t o  2 MPa 
and o f  bad c o n s i s t e n c e .  T h i s  i s  t h e  a d j a c e n t  r o o f  o f  t h e  u p p e r  
seam. T h i s  r o c k  i s  g e n e r a l l y  c h a r a c t e r i z e d  by t h i n - b e n c h e d ,  l a -  
m e l l e d  j o i n t s ,  r o u g h  lu m py  f r a c t u r i n g  and o f t e n  by g r e a s y  j o i n t  
p l a n e s .  The u p p e r - s e a m  s t r a t a  o f  6 t o  8 m t h i c k n e s s  a r e  d e v i d e d  
i n t o  many b e n c h e s ,  t h e y  c o n t a i n  55 p e r c e n t  c o a l ,  42 t o  45 p e r ­
c e n t  f r e s h  w a t e r  c l a y  o f  v e r y  bad c o n s i s t e n c e  and some p e r c e n t  

f r e s h  w a t e r  l i m e s t o n e .
The a d j a c e n t  r o o f  o f  t h e  u p p e r - s e a m  i s  o f  a v a r i e t y  o f  

r o c k s ,  m o s t l y  g l o b u l a r i a n  b r a c k w a t e r  c l a y  o f  v e r y  bad c o n s i s ­

t e n c e  h a v i n g  an a v e r a g e  c o m p r e s s i o n  s t r e n g t h  o f  1 .5  MPa and an 

a v e r a g e  t h i c k n e s s  o f  16 m. T h i s  i s  f o l l o w e d  w i t h  c o n t i n u o u s  

s e d i m e n t a t i o n  by c o n s e c u t i v e  l a y e r s  ( f o r m i n g  t h e  h i g h  r o o f  o f  

t h e  u p p e r  seam) :  g l o b u l a r i a n  c l a y ,  c l a y e y  m a r l  h a v i n g  an a v e r ­

age t h i c k n e s s  o f  15 m and a u n i a x i a l  c o m p r e s s i o n  s t r e n g t h  o f  

15 MPa, n u m m u l i n a r  c l a y e y  m a r l  o f  9 t o  10 m t h i c k n e s s  and o f  

30 t o  40 MPa u n i a x i a l  c o m p r e s s i o n  s t r e n g t h  and a n u m m u l i n a r ,  

a l v e o l i n a r  l i m e s t o n e  o f  15 t o  20 m t h i c k n e s s  and v e r y  good  

c o n s i s t e n c e  d e p o s i t e d  o v e r  t h e  f o r e g o i n g  l a y e r .  The a v e r a g e  

w a t e r  c o n t e n t  o f  t h e  r o c k s  i n  t h e  s u c c e s s i v e  l a y e r s  i s  l o w .  The 

u n i a x i a l  c o m p r e s s i o n  s t r e n g t h  o f  t h e  r o c k s  downwards f r o m  t h e  

a l v e o l i n a r ,  n u m m u l i n a r  l i m e s t o n e  i s  e x p o n e n c i a l l y  d e c a y i n g  

( F i g .  1 ) and i t s  m in imum v a l u e  i s  i n  t h e  u p p e r  seam and i n  i t s  

d i r e c t  e n v i r o n m e n t .  A c c o r d i n g  t o  p e t r o g r a p h i r c a l  p o t e n t i a l i t i e s  

f r o m  t h e  p o i n t  o f  v i e w  o f  c o n s e r v a t i o n  o f  u p p e r - s e a m  r o a d w a y s  

and o f  p l a s t i c  b e h a v i o u r  o f  r o c k s ,  t h e  c r i t i c a l  s t r a t a  a r e  t h e  

s o f t  c l a y ,  c l a y e y  m a r l  and c o a l y  s t r a t a  o f  25 t o  30 m t h i c k ­

n e ss  d e p o s i t e d  above  t h e  f r e s h  w a t e r  l i m e s t o n e .

The u p p e r - s e a m  s o f t  s t r a t a  a r e  a b r u p t l y  f o l l o w e d  by t h e  

t h i c k - b e n c h e d  f r e s h  w a t e r  l i m e s t o n e  o f  h i g h  s t reng th  which i s  the 

i n i t i a l  s o u r c e  o f  d y n a m i c  p r e s s u r e  phenomena o f  l o w e r - s e a m  faces.
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SUPPORT SYSTEM OF MAIN AND TAIL GATES IN THE UPPER-SEAM

The e s s e n t i a l  p r o b l e m  o f  u p p e r - s e a m  o p e r a t i o n s  i s  t h e  c o n ­

s e r v a t i o n  o f  d r i f t  t u n n e l s  and main  and t a i l  g a t e s  d r i v e n  i n  

p l a s t i c  r o c k - e n v i r o n m e n t .  E x p e r i e n c e s  made i t  u n a m b i g u o u s  t h a t  

t h e  s u p p o r t  o f  u p p e r - s e a m  ro adwa ys  i s  o n l y  a d e q u a te  i f  s u p p o r t  

s t r u c t u r e s  a r e  a p p l i e d  i n  c l o s e d  f o r m  s i m u l t a n e o u s l y  w i t h  t h e  

d r i v i n g ,  th e  s u p p o r t  r e s i s t a n c e  i s  s u f f i c i e n t ,  and t h e  s u p p o r t  

s t r u c t u r e  has an a d e q u a t e  y i e l d .  I n  d r i f t  t u n n e l s  t h e s e  r e ­

q u i r e m e n t s  a r e  n e t  by (TH )  a r c h e s  o f  a s p e c i f i c  mass o f  3 3 kg/m. 

Ba se d  on t h e s e  r e q u i r e m e n t s  a s i d e  dam s u p p o r t  s y s te m  o f  main 

and  t a i l  g a t e s  ( S t u b e r  and P e t r a s s y  1 9 8 6 )  has been d e v e l o p p e d ;  

t h e  b a s i c  i d e a  has been  t a k e n  f r o m  a d v a n t a g e o u s  e x p e r i e n c e s  o f  

a d v a n c i n g  f a c e s  o f  t h e  B r i t i s h  and German m i n i n g  (H unke  1 9 7 6 ) .  

U s i n g  t h e s e  i d e a s  t h e  c o n c e p t i o n  o f  t h e  s u p p o r t  s y s te m  has  been 

d e v e l o p p e d  and i t  was i n v e s t i g a t e d  i f  a s i d e  dam ( F i g .  2 ) 

b u i l t  a l o n g  a l o n g w a l l  g a t e  s u p p o r t e d  w i t h  c i r c u l a r  a r c h e s  

p r o v i d e s  a p r o t e c t i o n  f o r  t h e  g a t e  w h i c h  i s  s u i t a b l e  w i t h i n  a 

t i m e  i n t e r v a l  t o  s e r v e  a l s o  t h e  n e x t  f a c e .  I n  t h e s e  e x p e r i m e n t s ,  

p r e s s u r e  gauge b o x e s  d e v e l o p e d  by t h e  I n s t i t u t e  o f  W a te r  

E n g i n e e r i n g  a t  t h e  T e c h n i c a l  U n i v e r s i t y  B u d a p e s t  have  been  

b u i l t  i n t o  s i d e  dams ( H a l á s z  1984)  and p a r a l l e l  w i t h  p r e s s u r e  

d e t e c t i o n  t h e  c o n v e r g e n c e  o f  th e  r o a d w a y s  has a l s o  been 

m e a s u r e d .

F i g .  2. Development o f  s i d e  dams. 1 -  b u t t re s s ;  2 -  s ide dam; 3 -  roadway 
wi th c i r c u l a r  a rch support  system strengthened by h yd ra u l i c  props
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PRESSURE AND MOVEMENT PHENOMENA UNDER THE INFLUENCE OF UPPER-

-SEAM FACE OPERATION

A c c o r d i n g  t o  t h e  t e s t  r e s u l t s :

-  t h e  l o a d  a c t i n g  on t h e  s i d e  dam i n c r e a s e s  due t o  i n f l u e n c e  o f  

t h e  f i r s t  f a c e ,  w i t h  t h e  m o v i n g - o f f  o f  t h e  f a c e  up t o  40 t o  

60 m, th e n  r e a c h e s  t h e  maximum v a l u e ,  and i t  s t a r t s  t o  

d e c r e a s e  ;

-  t h e  se co nd  f a c e  c a u s e s  o n l y  i n  t h e  c a s e  a f u r t h e r  i n c r e a s e  

o f  t h e  l o a d ,  i f  t h e  common l o a d  b e a r i n g  f u n c t i o n  o f  t h e  g a t e  

and t h e  s i d e  dam i s  n o t  e n s u r e d ;

-  t h e  c o n v e r g e n c e  o f  l o n g w a l l  g a t e s  i s  m o n o t o n o u s l y  i n c r e a s i n g  

due t o  t h e  i n f l u e n c e  o f  t h e  f i r s t  f a c e .  T h i s  p r o c e s s  i s  n o t  

a l t e r e d  w i t h  d e c r e a s i n g  l o a d  a c t i n g  on t h e  s i d e  dam;

-  t h e  speed  o f  g a t e - c o n v e r g e n c e  i n c r e a s e s  (due  t o  t h e  i n f l u e n c e  

o f  t h e  second  f a c e )  b u t  i t s  r a t e  i s  n o t  d e p e n d in g  on t h e  

e x t e n t  o f  t h e  l o a d ;

-  t h e  maximum v a l u e  o f  t h e  p r e s s u r e s  m ea su r e d  i n  t h e  s i d e  dams 

i s  20 t o  30 p e r c e n t  o f  t h e  p r i m a r y  r o c k  p r e s s u r e .

An i n t e r p r e t a t i o n  o f  t h e  measured  d a t a  r e s u l t e d  i n  t h e

f o l l o w i n g  :

-  c o n t i n u o u s  and i n t e n s i v e  p l a s t i c  r o c k  y i e l d  i s  t a k i n g  p l a c e  

a r o u n d  t h e  f a c e ,  due t o  a b u t m e n t  t r a n s f e r r e d  r o c k  p r e s s u r e  

and c a v i n g ,  t h e  f i e l d  o f  movement  i s  d e v i d e d  i n  two p a r t s  

( F i g .  3)  i n  a c c o r d a n c e  w i t h  t h e  c u r r e n t  p o s i t i o n  o f  t h e  f a c e ,  

i . e .  i n  p a r t s  b e f o r e  and b e h i n d  t h e  f a c e .

-  B e f o r e  t h e  f a c e  and i n  t h e  u n d i s t u r b e d  r o c k  b o r d e r i n g  t h e  

g a t e s ,  p l a s t i c  r o c k  y i e l d  i s  t a k i n g  p l a c e  f o l l o w i n g  f a i l i n g  

c o n d i t i o n s :  i t s  maximum i n t e n s i t y  i s  i n  a zone o f  10 t o  15 m 

w i d t h  b e f o r e  t h e  f a c e .

-  Based  on l o a d  and c o n v e r g e n c e ,  t h r e e  z o n e s  l o c a t e d  b e s i d e s  

each  o t h e r  can be d i s t i n g u i s h e d  i n  t h e  space  b e h i n d  t h e  f a c e :

a ) a l o o s e n i n g  z o n e ,

b )  a s o l i d i f y i n g  zone  and

c )  a zone  o f  r o c k s  o f  e n t i r e l y  p l a s t i c  b e h a v j o u r .

The l o o s e n i n g  zone  i s  an u n l o a d e d  s t r i p  o f  If) t o  15 m

w i d t h  b e h i n d  th e  f a c e .  Rocks  o f  t h i s  a r e a  a r e  c a v i n g  and
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F ig .  3. Pressure p, s e c t i o n -c on t r ac t i on  ДТ and rate of  convergence in 
fu n c t io n  o f  the  distance L f rom the  face

l o o s e n i n g ,  t h e r e f o r e  t h e  zone i s  u n l o a d e d .  S i n c e  t h e  l o o s e n e d  

r o c k s  o f  t h i s  zo n e  a r e  u n l o a d e d ,  t h e  v i r g i n  r o c k  a d j a c e n t  t o  

t h i s  zone g e t s  t h e  maximum t r a n s f e r r e d  l o a d  what  e x p l a i n s  t h e  

maximum c o n v e r g e n c e - s p e e d  d e v e l o p e d  i n  a 10 t o  13 m t h i c k  s t r i p  

a r o u n d  t h e  f a c e .

The t h i c k e n i n g  r o c k  zone ( b e h i n d  t h e  f i r s t  z o n e )  e x t e n d s  

t o  50 t o  60 m d i s t a n c e  f rom t h e  f a c e .  Due t o  t h e  i n f l u e n c e  o f  

t h i c k e n i n g ,  t h e  l o a d  i s  d y n a m i c a l l y  i n c r e a s i n g  i n  t i m e  and i n  

p r o p o r t i o n  t o  t i m e  i n  f u n c t i o n  o f  t h e  d i s t a n c e .  W i t h  t h e  i n ­

c r e a s e  o f  l o a d , t h e  t r a n s f e r r e d  l o a d  i s  re d u c e d  and t h e  r a t e  o f  

c o n v e r g e n c e  i s  m or e  i n t e n s i v e l y  r e d u c e d .

M ea su r e m e n ts  h ave  shown t h a t  i n  t h i s  zone t h e  l o a d  i s  i n
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p r o p o r t i o n  t o  c o n v e r g e n c e  and b o t h  the l o a d  and t h e  c o n v e r g e n c e  

o f  r o adw ays  f o l l o w  t h e  l o g a r i t h m i c  t i m e  v a r i a t i o n  o f  t h e  p l a s ­

t i c  r o c k  y i e l d  ( F i g .  4 ) .  T h i s  r e l a t i o n  i s  p r o b a b l y  e l i m i n a t e d  

when p u r e  p l a s t i c  r o c k  y i e l d  d e v e l o p s .  The r h e o l o g i c a l  f u n c t i o n  

o f  l o a d  ( F i g .  4a )  b r e a k s  up when a maximum v a l u e  i s  a t t a i n e d .  

B e g i n n i n g  a t  t h i s  p o i n t  t h e  l o a d  r e d u c e s ,  w h i l s t  t h e  c o n v e r ­

gence  o f  g a t e s  c o n t i n u e s  w i t h  unch anged  t r e n d  and w i t h  p l a s t i c  

r o c k  y i e l d  c h a r a c t e r i s t i c s  ( F i g .  4 b ) .

F ig .  4. Change o f  load on side dam (a)  and o f  cross sec t i o n -c o n t ra c t i o n  o f  
the roadway (b )  i n  fu nc t i on  o f  the d i s tance  L from the face

I n  co n s e q u e n c e  o f  t h e  f a c t  t h a t  t h e  s t e e p n e s s  o f  t h e  

r h e o l o g i c a l  f u n c t i o n  o f  t h e  measured  c o n v e r g e n c e  i s  i n  t i m e  

c o n s t a n t ,  t h e  d y n a m i c  c h a r a c t e r  o f  t h e  p l a s t i c  r o c k  y i e l d  i s  

t h e  same i n  t h e  se c o n d  and t h i r d  z o n e s .  S i n c e  i n  t h e  f i r s t  and 

s e c o n d  zones  an i n t e n s i v e  p l a s t i c  r o c k  y i e l d  t a k e s  p l a c e  as 

b e l o n g i n g  t o  an u n s t a b l e  c o n d i t i o n  and i n  t h e  t h i r d  zone  t h e  

c h a r a c t e r  o f  movement  i s  t h e  same as t h a t  i n  se c o n d  z o n e ,  t h e  

c o n v e r g e n c e  phenomena d e v e l o p i n g  a r o u n d  t h e  f a c e  a r e  i n  t h e
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u p p e r  seam and i n  i t s  s o f t  r o c k  e n v i r o n m e n t  o f  t h e  same n a t u r e .  

The r o c k  y i e l d  -  a t  l e a s t  w i t h i n  t h e  i n v e s t i g a t e d  t i m e  i n t e r v a l  

-  c a n n o t  be d i v i d e d  t o  d y n a m i c  and s t a t i c  s e c t i o n s  r e s p . ,  i t  i s  

an u n i n t e r r u p t e d  p r o c e s s  i n  t i m e .

The p r e s s u r e  d e c r e a s e  i n  t h e  t h i r d  zone i n d i c a t e s  p l a s t i c  

r o c k  y i e l d  a c c o m p a n i e d  by s t r e s s - r e a r r a n g e m e n t ,  i . e .  t h e  d e ­

v e l o p m e n t  o f  a zone  a r o u n d  t h e  f a c e  p o o r  i n  s t r e s s  w h a t  l a s t s  

as l o n g  as t h e  m e a s u r a b l e  movements  o f  t h e  s u r f a c e  s u b s i d e n c e ,  

i . e .  t h e  c o n s o l i d a t i o n  comes t o  e nd .  E x p e r i e n c e s  show t h a t  c o n ­

s o l i d a t i o n  i s  a p r o c e s s  o f  more y e a r s  ( M a r t o s  1 9 6 9 ) ,  w h a t  i n d i ­

c a t e s  t h a t  a r o c k  zone  b e i n g  p o o r  i n  s t r e s s  can d e v e l o p  even 

f o r  s e v e r a l  y e a r s  b o t h  f o r  o v e r c u t  l o w e r - s e a m  and u n d e r c u t  u p ­

p e r - s e a m  o p e r a t i o n s .

MOVEMENT PHENOMENA DURING EXTRACTION OF THE UPPER SLICE OF THE 

LOWER SEAM

I n v e s t i g a t i o n s  r e g a r d i n g  t h e  movement  phenomena o f  t h e  

l o w e r  seam were e n s u r e d  by t h e  ro adw ay  r e t a i n e d  i n  t h e  u p p e r  

seam w h i c h  r e m a in e d  i n  good c o n d i t i o n  a f t e r  e x t r a c t i o n  o f  t h e  

u p p e r  3 m s l i c e  o f  t h e  l o w e r  seam ( F i g .  5 ) .

Ép 2 Ék3 Ék*. Ék 5 Épi

F ig .  5. V e r t i c a l  sec t io n  o f  the re t u rn  gate of  the upper seam. 1 -  re tu rn  
gate; 2 -  development tunne l  o f  lower seam face;  3 -  c layey mar l ;  
4 -  f resh water l imes tone;  5 -  ax is  o f  borehole

Movements ca u s e d  by t h e  l o w e r - s e a m  f a c e  have  been  measu re d  

by l e v e l l i n g  t h e  r o o f - p o i n t  o f  t h e  r o a d w a y .  Maximum v a l u e s  o f
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t h e  movements were f o u n d  t o  be 1 . 7  t o  2 . 0  m. These v a l u e s  

o r i g i n a t e  f r o m  t h e  sum o f  s i n k i n g  o f  r o o f - p o i n t s  and d e f o r m a ­

t i o n  o f  t h e  r o a d w a y .  I n  t h e  s i n k i n g  c u r v e  no s h a r p  b r e a k s  were  

e x p e r i e n c e d  w ha t  c o u l d  r e f e r  t o  r i g i d  b r e a k  o f  l a r g e  p a n e l s .

To r e c o n c i l e  c o m p r e s s i o n  waves w i t h  r o c k - s i n k ,  i t  has  been 

d e c i d e d  t o  d r i l l  e x p l o r a t o r y  b o r e h o l e s  f r o m  t h e  r o a d w a y .  The 

l o w e r - s e a m  g o a f  was a t t a i n e d  by f o u r  e x p l o r a t o r y  b o r e h o l e s .

A t  one b o r e h o l e  t h e  w a t e r b e a r i n g  m a r l  c o u l d  n o t  be 

d r i l l e d .  B e f o r e  c a s i n g  t h e  b o r e h o l e  w a l l  c o n s e c u t i v e l y  c o l ­

l a p s e d .  Bu t  w i t h  t h e  f o u r  p r o d u c t i v e  d r i l l i n g s  t h e  f r e s h  w a t e r  

l i m e s t o n e  l a y e r  has been  t r a n s v e r s e d  a f t e r  t h e  m a r l  l a y e r ,  i n  

15 m l e n g t h  w i t h  a d r i l l i n g  speed  r e f e r r i n g  t o  i n - s i t u  c o n d i ­

t i o n s ,  w i t h o u t  o b s e r v i n g  any f i s s u r i n g  o r  d e t e r i o r a t i o n .  T h i s  

was f o l l o w e d  by a l o o s e n e d  zone  o f  2 . 0  t o  2 .5  m w i t h  p a r t i a l  

l o s s  o f  f l u s h i n g  f l u i d ,  t h e n  t h e  b o r e h o l e  r e ach ed  t h e  g o a f  w i t h  

f u l l  l o s s  o f  f l u s h i n g  f l u i d .

M e asu r em en ts  and b o r e h o l e s  have  p r o v e n  t h a t  c o l l a p s e  o f
?

t h e  f r e s h  w a t e r  l i m e s t i n e  area i n  f u l l  e x t e n t  o f  1 5 0 x 3 0 0  m d i d  

n o t  t a k e  p l a c e  above t h e  f a c e  p a n e l .  The d e f l e c t i o n  o f  t h e  

f r e s h  w a t e r  l i m e s t o n e  i n  a d i s t a n c e  o f  140 m was 1 .5  t o  2 . 0  m, 

t h e  t i m e  p r o c e s s  c o u l d  be deduced  f r o m  measur eme nts  o f  p r o p -  

- p r e s s u r e s  and s u b s i d e n c e .  S u r f a c e  s u b s i d e n c e  movements have  

been  measur ed  above a r e t u r n  v e n t i l a t i o n  d r i f t  and p e r p e n d i c u ­

l a r l y  t o  i t s  d i r e c t i o n  p a r a l l e l  t o  u n d e r g r o u n d  s i n k i n g  mea­

s u r e m e n t s .  The maximum measu re d  s u b s i d e n c e  was 1 m on t h e  s u r ­

f a c e .  I t s  movement e l e m e n t s  d i d  n o t  show any an o m a l y .

The s i n k i n g  t r o u g h  measu re d  i n  t h e  upp e r - s ea m  r e t u r n  g a t e  

has  a p r o f i l e  d i f f e r r i n g  f r o m  t h a t  o f  t h e  s u r f a c e  s u b s i d e n c e .  

The d e f l e c t i o n  i s  i n  t h e  s e c t i o n s  c o n s t a n t  ( F i g .  6 )  and t h e  

i n v e r s e  o f  t h e  r a d i u s  o f  c u r v a t u r e  i s  e v e r y w h e r e  e q u a l  z e r o .

The maximum s i n k i n g  amounted  t o  2 m. The movement e l e m e n t s  o f  

t h e  s i n k i n g  t r o u g h  p r o v e  n e i t h e r  d e f l e c t i o n  no r  any l o a d  o r i g i ­

n a t i n g  f r o m  t h i s  i n  t h e  s o f t  u p p e r - s e a m  s t r a t a  f o r m i n g  a d j a c e n t  

r o o f  o f  t h e  f r e s h  w a t e r  l i m e s t o n e .

The movement o f  t h e  u p p e r - s e a m  s o f t  s t r a t a  i s  g o v e r n e d  by 

t h e  p l a s t i c  r o c k  y i e l d  as p r o v e n  by t h e  change  o f  s i n k i n g  i n  

f u n c t i o n  o f  d i s t a n c e  ( F i g .  6 )  and t i m e  ( F i g .  7) meas ur ed  i n  t h e
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Q,

F ig .  6. Subsidence due t o  the in f luence  o f  the face No. 1 of the lower seam 
developed a long the  lo n g i t ud i n a l  ax is  o f  the re tu rn  gate on the 
surface (a )  and i n  the re tu rn  gate o f  the  upper seam (b)

r e t u r n  g a t e .

The change o f  maximum s u b s i d e n c e  i n  f u n c t i o n  o f  d e p t h  i s  

c h a r a c t e r i z e d  by a c o n t i n u o u s  c u r v e  b e t w e e n  t h e  r o o f  o f  t h e  

f a c e  and th e  s u r f a c e .  The r e g r e s s i o n  e q u a t i o n  o f  t h e  c u r v e  i s :

s „  = M -  l g  ,

w h e r e  M i s  t h e  e x t r a c t e d  s l i c e  t h i c k n e s s  and h i s  t h e  h e i g h t  

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

t h e  r o o f  o f  t h e  f a c e  s unk  i n  a r a t e  c o m p l y i n g  w i t h  t h e  s l i c e  

t h i c k n e s s  what  c o n t r a d i c t s  r e s u l t s  o f  d i r e c t  o b s e r v a t i o n s  and
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F ig .  7. Development o f  d e f l e c t i o n  in  t ime o f  f r esh  water l imestone and o f  
the sec t ion c o n t r ac t io n  of  upper-seam gates.  1 -  f resh water  c l ay  
above the face ;  2 -  upper-seam gate

m e a s u r e m e n ts  r e l a t i n g  t o  c a v i n g  o f  t h e  f r e s h  w a t e r  l i m e s t o n e .

The ch anges  o f  s u b s i d e n c e  i n  f u n c t i o n  o f  d i s t a n c e  ( F i g .  6b) 

and t i m e  ( F i g .  7 ) measur ed  i n  t h e  r e t u r n  g a t e  a re  i n  a c c o r ­

dance  w i t h  t h e  r e g u l a r i t i e s  o f  t h e  p l a s t i c  r o c k  y i e l d ,  t h e  i n ­

t e n s i t y  i s  e q u a l  t o  t h a t  measured i n  d r i f t  t u n n e l s  and l o n g w a l l  

g a t e s  ( F i g .  4 ) .

S i n c e  t h e  n a t u r e  and n u m e r i c a l  v a l u e  o f  c h a r a c t e r i s t i c s  o f  

b o t h  c u r v e s  c o r r e s p o n d  each  o t h e r  i n  t h e  i n i t i a l  s e c t i o n  o f  t h e  

m o v e m e n t - p h a s e ,  i t  i s  q u i t e  s u r e  t h a t  p l a s t i c  y i e l d  o f  t h e  

f r e s h  w a t e r  c l a y e y  m a r l  has t a k e n  p l a c e  w i t h i n  th e  i n v e s t i g a t e d  

t i m e - i n t e r v a l  w i t h o u t  any d i f f i c u l t y ;  i t  was n o t  h i n d e r e d  i n  

i t s  movement  by t h e  l i m e s t o n e  b e n e a t h  a l s o  m o v i n g .  I n  t h i s  

phase  movements o f  t h e  two s t r a t a  a r e  s e p a r a t e d ;  and u n t i l  t h e  

c h a r a c t e r i s t i c  f e a t u r e s  measured i n  t h e  r e t u r n  g a t e  o f  t h e  u p ­

p e r  seam r e f l e c t  t h e  p l a s t i c  movement o f  t h e  f r e s h  w a t e r  c l a y e y  

m a r l ,  t h e  movement  measu re d  i n  t h e  f a c e  i s  c h a r a c t e r i s t i c  f o r  

i n - t i m e  p r o c e s s e s  o f  t h e  f r e s h  w a t e r  l i m e s t o n e .

The f o r c e d  c o n n e c t i o n  be tween f r e s h  w a t e r  l i m e s t o n e  and
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f r e s h  w a t e r  c l a y  l o c a t e d  above t h e  f o r m e r  i s  t e m p o r a r i l y  i n t e r ­

r u p t e d  due t o  c a v i n g ,  l o o s e n i n g  and d e f l e c t i o n  o c c u r r i n g  w i t h  

t h e  adva nce  o f  t h e  f a c e .  The f r e s h  w a t e r  l i m e s t o n e  i s  t e m p o ­

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

d e v e l o p s  a g a i n  d u r i n g  t h e  phase o f  c o n s o l i d a t i o n .  T h i s  t r a n s i ­

t i o n  c o n d i t i o n  i s  shown i n  F i g .  8.

N A G Y E G Y H Á Z A

CSORDÁKÉIT

F i g .  8. Thickness o f  the broken and f i s s u re d  rock zone in  f resh water  l im e ­
stone. A -  seam; В -  broken rock zone; C -  f i ssured  rock zone

The p o s i t i o n  o f  t h e  d e f l e c t i n g ,  f i s s u r e d ,  and b r o k e n  r o c k  

z o n e  was d e f i n e d  by b o r e h o l e s  d r i l l e d  f r o m  t h e  r e t u r n  g a t e  o f  

t h e  u p p e r  seam. S i n c e  t h e  b o r e h o l e s  Ep2 and Ek3 have n o t  a t ­

t a i n e d  th e  b o r d e r  o f  t h e  b r o k e n  r o c k  z o n e ,  i t s  p o s i t i o n  i s  

show n  i n  F i g .  8 ( b a s e d  on known d a t a  o f  a d j a c e n t  b o r e h o l e s )  

w i t h  d o t t e d  l i n e .

The h e i g h t  o f  t h e  b r o k e n  r o c k  zo n e  i s  above t h e  e x t r a c t e d  

s l i c e  o f  th e  seam:

X
M - _s 
к -  1

w h e r e  M i s  th e  e x t r a c t e d  s l i c e  t h i c k n e s s ,  s i s  t h e  d e f l e c t i o n
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o f  t h e  f r e s h  w a t e r  l i m e s t o n e ,  and к  i s  t h e  l o o s e n i n g  f a c t o r  o f  

t h e  l i m e s t o n e .

The s u b s i d e n c e  o f  l i m e s t o n e  i s  e q u a l  t o  th e  s u b s i d e n c e  

m easu re d  i n  t h e  r e t u r n  g a t e  o f  t h e  u p p e r  seam. I t s  mea su re d  

v a l u e  i s  i n d i c a t e d  by d o u b l e  s h a d i n g ,  i t s  f i n a l  s t a t e  by d o t t e d  

l i n e .

D e p e n d i n g  on t h e  p o s i t i o n  o f  t h e  f a c e ,  the  t h i c k n e s s  o f  

t h e  b r o k e n  r o c k  zone  as measured a b o v e  t h e  f a c e  i s  3 t o  7 m.

I t s  l o o s e n i n g  f a c t o r  v a r i e s  be tw een 1 . 2 5  and 1 . 3 3 .  D a ta  o f  t h e  

b o r e h o l e  Cs-140  d r i l l e d  i n  C s o r d a k u t  ( S o k i  1983) ( s e e  F i g .  8 ) 

show s i m i l a r  v a l u e s ,  p r o v i n g  t h e  m u t u a l  v a l i d i t y  o f  e x p e r i e n c e s .  

I n  t h e  u n d e r m i n e d  a r e a  t h r e e  zones  d e v e l o p  a l o n g  t h e  l o n g w a l l  

f a c e  o f  t h e  l o w e r  seam, d u r i n g  c a v i n g  o f  t h e  upper  3 m s l i c e  o f  

t h e  seam,  d e p e n d i n g  on t h e  f a c e  l e n g t h ;  t h e  two o u t s i d e  ones  

have  a l e n g t h  o f  90 t o  110 m, t h e  m i d d l e  one has an a p p r o x i ­

m a t e l y  c o n s t a n t  c a v i n g  h e i g h t .

W i t h  t h e  d e v e l o p m e n t  o f  t h e  w h o l e  s u r f a c e  t h e  d e f l e c t i n g  

f r e s h  w a t e r  l i m e s t o n e  p r o b a b l y  s u b s i d e s  on t h e  g o a f .  By t h i s  

means t h e  s t r e s s  o f  t h e  f r e s h  w a t e r  l i m e s t o n e  beam, t h e  l o a d  on 

s h i e l d  s u p p o r t s  d e c r e a s e s ,  b u t  t h e  c o n d i t i o n s  f o r  d y n a m i c  com­

p r e s s i o n  phenomena d u r i n g  e x t r a c t i o n  o f  t h e  uppe r  s l i c e  o f  t h e  

l o w e r  seam, m e n t i o n e d  i n  t h e  i n t r o d u c t i o n  re m a in  unchanged  

a l o n g  t h e  f u l l  w i d t h  o f  t h e  f a c e .

OPTIMUM EXTRACTION SEQUENCE

A c c o r d i n g  t o  i n v e s t i g a t i o n s  c a r r i e d  o u t  an i n t e n s i v e  p l a s ­

t i c  r o c k  y i e l d  t a k e s  p l a c e  i n  t h e  s o f t  s t r a t a  o f  t h e  u p p e r  seam 

due t o  t h e  i n f l u e n c e  o f  b o t h  t h e  u p p e r  and th e  l o w e r  f a c e s ,  

t h e r e f o r e  p a r t s  o v e r c u t  i n  t h e  l o w e r  seam o r  u n d e r c u t  i n  t h e  

u p p e r  one g e t  i n  a r o c k  s t r i p  b e i n g  p o o r  i n  s t r e s s .

S i n c e  r e t a i n m e n t  o f  ro adwa ys  i n  t h e  s t r e s s - p o o r  r o c k  s t r i p  

i s  e s s e n t i a l l y  much e a s i e r  and more e c o n o m i c  i n  t h e  u p p e r  seam, 

t h e r e f o r e  t h e  o p t i m u m  sequence  i s  r e p r e s e n t e d  by u n d e r c u t t i n g  

o f  t h e  u p p e r  seam.

The r e a s o n a b l e  m i n i n g  sequence  has  been d e v e l o p e d  b a s e d  on 

t h e  e x p e r i e n c e s  d i s c u s s e d ,  i . e .  t h e  u p p e r  s l i c e  o f  t h e  l o w e r
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seam i s  f i r s t  m i n e d ,  t h e n  t h a t  o f  t h e  u p p e r  seam f o l l o w s .  The 

u n d e r c u t t i n g  o f  t h e  u p p e r  seam i s  a p p l i c a b l e  -  what i s  p r o v e n  

a l s o  by m i n i n g  e x p e r i e n c e s  i n  s e v e r a l  y e a r s  -  as c o r r o b o r a t e d  

by t h e  e x p e r t i s e  o f  t h e  U n i v e r s i t y  f o r  Heavy I n d u s t r y  ( 1 9 8 5 )  

w h i c h  shows t h a t  u n d e r c u t t i n g  does n o t  damage t h e  u p p e r  seam.

Movements and p l a s t i c  r o c k  y i e l d  d e v e l o p e d  w i t h  u n d e r c u t ­

t i n g  o f  th e  u ppe r  seam i n  t h e  s o f t  r o c k s  o f  t h e  upper  seam.  The 

s t r e s s - p o o r  zone p r o v i d e s  on one hand  an e s s e n t i a l  h e l p  t o  

m a i n t a i n  g a l l e r i e s  o f  t h e  u p p e r  seam as a n a t u r a l  s h i e l d  on t h e  

o t h e r  hand i t  makes l o n g w a l l  f a c e  o p e r a t i o n s  e a s i e r .  T h i s  f a c t  

a l s o  p r o v e s  t h a t  w i t h  t h e  r e c o g n i t i o n  o f  n a t u r a l  p r o c e s s e s ,  

t h e s e  p r o c e s s e s  may u t i l i z e d  and even  t h e  v e r y  u n a d v a n t a g e o u s  

p l a s t i c  r o c k  y i e l d  can  be t o  th e  s e r v i c e  o f  t h e  m i n e r .
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IMPACT OF MARGINAL DRAINING CONDITIONS ON THE QUANTITATIVE 
VARIATIONS IN KARSTIC WATER INFLOW RATES

A S c h m i e d e r

Centra l  I n s t i t u t e  f o r  the Development o f  Mining,  H-1037 Budapest, 
Mikoviny u. 2-4,  Hungary

Based on rh e o l o g ic a l  laws, governing the  m ig ra t ion  of  waters w i t h i n  
the system o f  main k a r s t i c  water re s e r v o i r s  i n  the Transdanubian Midmoun­
t a i n s ,  as we l l  as on mechanic ones p e r t a in i n g  to  the func t ion o f  o v e r l y i n g  
p r o t e c t i v e  la ye rs ,  the author discusses the  problem how the ra t e  o f  k a r s t i c  
water in f l o w  i s  q u a n t i t a t i v e l y  vary ing i n  f u n c t i o n  o f  the marginal  co n d i ­
t i o n s  o f  drainage. A system o f  general  h y d r a u l i c  re la t i onsh ip s  i s  de r i ved  
enabl ing the a n a l y t i c a l  d esc r i p t i on  o f  e q u i l i b r i u m  cond i t i ons ,  c rea ted  i n  
spontaneous way o r es tab l i shed  a r t i f i c i a l l y  w i t h i n  the system o f  wa te r 
s t o r in g  and p r o t e c t i v e  l aye rs .  In  a d d i t i o n ,  they are adapted to c a l c u l a t e  
r e l i a b l y  expected r a t e  o f  t o t a l  water i n f l o w  and waste water to  be d ra ined  
re s p e c t i v e l y .

Keywords: p r o t e c t i v e  layers ;  s p l i t t i n g ;  t h r o t t l i n g ;  water i n f l o w  r a t e ;  
water inrush

INTRODUCTION

P r o c e s s e s  i n  t h e  n a t u r e  t a k e  p l a c e  i n  w e l l  d e f i n e d  c o n d i ­

t i o n s  and w i t h i n  a g i v e n  sys te m  any s t a t e  o f  e q u i l i b r i u m  i s  t o  

be e s t a b l i s h e d  b u t  i n  s p e c i f i e d  c o n j u n c t u r e s .  Such c o n d i t i o n s  

a r e  i n  r e l a t i o n s h i p  w i t h  t h e  p r e s e n c e  o r  s h o r t a g e  o f  s e a l i n g  

s t r a t a  and i n  m i n e s  u n d e r  w a t e r  h a z a r d  w i t h  th e  e f f i c i e n c y  o f  

n a t u r a l  o r  a r t i f i c i a l l y  c o n s t r u c t e d  l a y e r s  by w h ic h  u n d e r g r o u n d  

a r e a s  a r e  s e p a r a t e d  f r o m  w a t e r  r e s e r v o i r s .

The t o t a l  amou nt  o f  k a r s t i c  w a t e r  Q ( t )  -  t o  be d r a i n e d  f o r  

p r o t e c t i n g  t h e  w o r k i n g s  s e p a r a t e d  by p r o t e c t i v e  l a y e r s  f r o m  

a q u i f e r o u s  s t r a t a ,  o r  i n f l o w i n g  i n t o  t h e  a re a  -  i s  v a r y i n g  i n  

b r o a d  l i m i t s ,  d e p e n d i n g  on t h e  g e o m e t r i c  c h a r a c t e r  o f  d r a i n a g e  

and t h e  e f f i c i e n c y  a t  w h ic h  t h e  p r o t e c t i v e  l a y e r  can r e d u c e  t h e  

r a t e  o f  w a t e r  i n f l o w .  I n  an e x t r e m e  c a s e  i t  may v a r y  w i t h i n  t h e

Acta Geod. Geoph. Mont. Hung. 25, 1990 
Akadémiai Kiadó, Budapest
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r a n g e  o f  0 < Q ( t )  < Qm a x , w h ic h  e m p h a s i z e s  t h e  i m p o r t a n c e  o f  

r e a s o n a b l e  s e l e c t i o n  o f  m a r g i n a l  c o n d i t i o n s  o f  d r a i n a g e  and 

t h e i r  f u l l  e x p l o i t a t i o n ,  as w e l l  as t h e i r  i n f l u e n c e  u n d e r  a s ­

p e c t s  o f  b o t h  m i n i n g  and e n v i r o n m e n t a l  p r o t e c t i o n .  I n  t h e  p r e s ­

e n t  p a p e r  q u e s t i o n s  a r e  d i s c u s s e d  w h i c h  a r e  r e l a t e d  t o  t h e  e f ­

f e c t  o f  m a r g i n a l  d r a i n i n g  c o n d i t i o n s  -  p e n d i n g  on t h e  m e t h o d  o f  

h y d r a u l i c  p r o t e c t i o n  and t h e  c h a r a c t e r  o f  p r o t e c t i n g  l a y e r s  -  

on t h e  v a r i a t i o n s  i n  t h e  t o t a l  amount  o f  k a r s t i c  w a t e r  t o  be 

t a p p e d  f o r  p r o t e c t i n g  t h e  w o r k i n g s  and  on t h e  r a t e  o f  k a r s t i c  

w a t e r  f l o w i n g  i n t o  m i n e  spaces  f r o m  t h e  f l o o r  s i d e .  The t i m e ­

l i n e s s  o f  t h i s  s u b j e c t  i s  l i n k e d  t o  t h e  i n c r e a s e d  r e q u i r e m e n t  

t o  u s e  e f f i c i e n t  w a t e r  r e s e r v e  p r e s e r v i n g  and p r o p e r  k a r s t i c  

w a t e r  p r o t e c t i n g  m e t h o d s .  I n  H u n g a r y ,  t h e  i m p o r t a n c e  o f  t h i s  

s u b j e c t ,  b o t h  f r o m  s o c i a l  and e c o n o m i c a l  p o i n t s  o f  v i e w ,  i s  

s t r e s s e d  by t h e  f a c t  t h a t  i n  t h e  a r e a  o f  t h e  T r a n s d a n u b i a n  M i d ­

m o u n t a i n s  s t e p s  have  been  c o n t i n u o u s l y  t a k e n  t o  p r o t e c t  m i n e s  

e x p o s e d  t o  t h e  h a z a r d  o f  k a r s t i c  w a t e r  i n r u s h e s  and p r e s e r v i n g  

a v a i l a b l e  k a r s t i c  w a t e r  r e s e r v e s ,  s i m u l t a n e o u s l y .  Based on e x ­

p e r i e n c e s ,  a c q u i r e d  w i t h  w o r k i n g  m i n e s  u n d e r  k a r s t i c  w a t e r  

h a z a r d  i n  t h e  a r e a  o f  t h e  T r a n s d a n u b i a n  M i d m o u n t a i n s ,  as w e l l  

as w i t h  t h e  f u n c t i o n  o f  t h e  sy s te m  o f  m a in  k a r s t i c  w a t e r  r e s e r ­

v o i r s ,  t h e  a u t h o r  i n d i c a t e s  t h e  e f f e c t  o f  t h e  m a r g i n a l  c o n d i ­

t i o n s  o f  d r a i n a g e  on t h e  q u a n t i t a t i v e  v a r i a t i o n s  i n  t h e  r a t e  o f  

k a r s t i c  w a t e r  i n f l o w ,  on t h e  one h a n d ,  and on t h e  o t h e r  hand  as 

a s y n t h e s i s  o f  t h e  r e l e v a n t  i n v e s t i g a t i o n s ,  a sys tem o f  r e l a ­

t i o n s h i p s  was e s t a b l i s h e d  w h ic h  e n a b l e d  t h e  a n t i c i p a t e d  r a t e  o f  

w a t e r  i n f l o w  and i t s  i n t e r v a l  o f  c o n f i d e n c e  t o  be a n a l y t i c a l l y  

e s t i m a t e d  more g e n e r a l l y  and r e l i a b l y  as i t  was done e a r l i e r .  

D e p e n d i n g  on m a r g i n a l  c o n d i t i o n s  t h e s e  v a l u e s  a r e  v a r y i n g  i n  

v e r y  b r o a d  l i m i t s .

HYDRO-GEOLOGICAL CHARACTERISTICS OF KARSTIC WATER RESERVOIRS

I n  t h e  T r a n s d a n u b i a n  M i d m o u n t a i n s  t h e  sys tem  o f  ma in 

k a r s t i c  w a t e r  r e s e r v o i r s  i s  c o n s t i t u t e d  o f  t e c t o n i c a l l y  v e r y  

d i s t u r b e d  l i m e s t o n e  and  d o l o m i t e  f o r m a t i o n s  k a r s t i f i e d  i n  a 

v a r y i n g  e x t e n t ,  t h e i r  t h i c k n e s s  i s  s e v e r a l  hu nd re d  t o  s e v e r a l
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t h o u s a n d  m e t e r s  ( S c h n i e d e r  and S z i l á g y i  1 9 8 8 ) .  I t s  t e r r i t o r i a l
2

e x t e n s i o n  i s  n e a r  t o  10 000 km i n  t h e  a re a  b e i n g  o f  i m p o r t a n c e  

f r o m  t h e  p o i n t  o f  v i e w  o f  m i nes  s u p p l y i n g  s o l i d  m i n e r a l s ,  i . e .  

i n  t h a t  l y i n g  be tw e e n  B u d a p e s t  and K e s z t h e l y  M t s .  D e p e n d i n g  on 

t h e  c o n d i t i o n s  o f  i n f i l t r a t i o n  t h e  a v e r a g e  r a t e  o f  w a t e r  i n f l o w  

i s  600 t o  900 m V m i n  ( S c h m i e d e r  and S z i l á g y i  1 9 8 8 ) .  I t s  w a t e r  

r e s e r v e s  amount  t o  40 t o  50 k i V  f r o m  w h i c h  t h e  m ines  have  

d r a i n e d  i n  y e a r l y  a v e r a g e  more t h a n  600 m 'Vmin  d u r i n g  p a s t  

y e a r s .  The a v e r a g e  v o i d  vo l um e f o r  t h e  h y d r o - d y n a m i c a l l y  c o h e r ­

e n t  k a r s t i c  w a t e r  r e s e r v o i r  ( T a b l e  I )  v a r i e s  f r o m  1 t o  4 %, 

d e p e n d i n g  on l i t h o l o g i c a l  c h a r a c t e r i s t i c s ,  de g re e  o f  t e c t o n i c a l  

l o a d  and k a r s t i f i c a t i o n  o f  t h e  s t r a t a .  The f i s s u r e d  c h a r a c t e r  

t e n d s  t o  d i m i n i s h  e x p o n e n t i a l l y  v s .  t h e  d e p t h  ( S c h m i e d e r  e t  a l .  

1 9 7 5 ) .  A s i m i l a r  t r e n d  i s  v a l i d  f o r  t h e  a v e r a g e  s i c k e r i n g  

f a c t o r  k ( z )  v s .  d e p t h  ( S c h m i e d e r  1 9 7 6 ) ,  t h e  i n t e g r a t e d  v a l u e  o f  

w h i c h ,  r e l a t e d  t o  t h e  t o t a l  t h i c k n e s s  o f  r e s e r v o i r ,  i n  o t h e r  

w o r d s  t h e  l a t e r a l  w a t e r  s u p p l y i n g  f a c t o r  kM o f  t h e  r e s e r v o i r

T a b le  I

D o l o m i t e L i m e s t o n e

F i e l d kM n kM n

m V s % m V s %

Naqveqvháza 1 .ü • 10~2 2 . 5 _ _

Mány О -P> О
1 ГО 1 . 5 - -

T a t a b á n y a  X I V / a 1 .2  1 0 " 2 2 . 5 - -

K in c s e s b á n y a 0 . 6  1 0 " 2 1 . 3 - -

N y i r á d 7 . 0  1 0 " 2 4 . 0 - -

T a t a b á n y a  X V / c - - 4 . 0 -  1 О ' 2 1 . 5

Dorog - - 5 . 0  1 0 " 2 1 . 5

( T a b l e  I ) ,  v a r i e s  c o n s i d e r a b l y  i n  e ach  b a s i n .  The e x t e n t  t o  

w h i c h  r e s e r v o i r  r o c k s  a r e  f r a c t u r e d  i s  a l s o  h i g h l y  d i v e r g e n t  i n  

each  b a s i n  and m o r e o v e r  i n  p a r t s  o f  t h e  same b a s i n  ( S c h m i e d e r  

e t  a l .  1 9 7 5 ) .  A t  n o n - c o v e r e d  p a r t s  o f  r e s e r v o i r ,  a t  s u r f a c e  

o u t c r o p s  o r  i n  l a c k  o f  p r o t e c t i v e  l a y e r  t h e  e x t e n t  o f  t e c t o n i c  

f r a c t u r a t i o n  mapped u n d e r g r o u n d ,  i . e .  t h e  s p e c i f i c  v a l u e  o f
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s t r i k e  l e n g t h  p e r  u n i t  s u r f a c e ,  i s  v a r y i n g  f r o m  5 t o  25 km/km 

( S c h m i e d e r  e t  a l .  1 9 7 5 ) .  W i t h i n  t h e  r e s e r v o i r  t h e  p r o c e s s  o f  

w a t e r  m i g r a t i o n  i s  d e c i s i v e l y  bound t o  t h e s e  l i n e s  and t a k e s  

p l a c e  i n  t e c t o n i c a l l y  f r a c t u r e d ,  more  o r  l e s s  k a r s t i f i e d  f a u l t  

z o n e s .  The l o c a l  w a t e r  s u p p l y i n g  f a c t o r  o f  f a u l t  zones v a r i e s  

by  5 t o  6 o r d e r s  o f  m a g n i t u d e  ( F i g .  l a )  and t h e  e m p i r i c a l  d i s ­

t r i b u t i o n  o f  i t s  v a l u e s  i s  l o g a r i t h m i c  ( S c h m i e d e r  1971 ,  1 9 8 2 b ) .

A s i m i l a r  d i s t r i b u t i o n  i s  shown by w a t e r  i n r u s h e s  i n  zones  

w i t h o u t  p r o t e c t i v e  l a y e r s  ( F i g .  l b ) ,  i l l u s t r a t i n g  t h e  c l o s e  

r e l a t i o n  be tween t h e  r a t e  o f  w a t e r  i n r u s h e s  w i t h o u t  any r e s i s ­

t i v e  e f f e c t  and t h e  l o c a l  w a te r  s u p p l y i n g  c a p a c i t y  o f  f a u l t  

z o n e s .

2

kM lk m U Чо max (и  <Г)

m ^ s mVs m m ^ m in -

E о . г  Ю 'г 1 -7.10'2 240 30 2.2  G

D 1 0  ,1 0 ‘г 1.3 л о 1 190 40 2 . 1 6

F i g .  1. Empir ical  d i s t r i b u t i o n  funct ions f o r  measured lo c a l  water supp ly ing  
fac to rs  o f  f a u l t  zones (a) and some va lues  f o r  water inrushes i n -  
flowed from f a u l t  zones cons is t ing  o f  d o l o m i t i c  rocks (b)
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DYNAMIC CHARACTER OF KARSTIC WATER MIGRATION

I t  c o u l d  be c o n c l u d e d  f r o m  i n v e s t i g a t i o n s ,  based on e x ­

t e n s i v e  m easu r e m e n ts  and o b s e r v a t i o n s  (S c h m i e d e r  1 9 7 1 ,  1 9 8 2 b )  

t h a t  w i t h i n  k a r s t i c  r e s e r v o i r s ,  w a t e r  m i g r a t i o n  t a k e s  p l a c e  e s ­

s e n t i a l l y  i n  v o i d s  and f o l l o w s  D a r c y ' s  la w  o f  l i n e a r  s i c k e r i n g  

i n  t h e  o u t e r  b e l t  o f  movement f i e l d  a r o u n d  p o i n t  l i k e  t a p p i n g s  

( w e l l s ,  w a t e r  i n r u s h e s ) ,  i . e .  i n  t h e  zone o u t s i d e  o f  a c i r c l e  

w i t h  a r a d i u s  r  Z  x q and i n  t h e  c a s e  i f  s u f f i c i e n t l y  g r e a t  

amount  o f  r o c k s  a r e  p r e s e n t .  I n  t h i s  zone o f  movement t h e  

D u p u i t - T h i e m  r e l a t i o n s h i p

__
Ж к М I n R ( t ) ( 1 )

v a l i d  f o r  t h e  c y l i n d e r  s y m m e t r i c a l  movement  o f  s t r e s s e d  l e v e l  

w a t e r  can  be a p p l i e d  w i t h  good a p p r o x i m a t i o n  f o r  t h e  v a r i a t i o n s  

i n  s p a c e  o f  t h e  d e p r e s s i o n  ( S c h m i e d e r  1 9 7 1 ) .

I n  t h e  i n t e r n a l  b e l t  o f  movement  t h e  m i g r a t i o n  o f  w a t e r  i s  

no more o f  a p o t e n t i a l  c h a r a c t e r .  A p p r o a c h i n g  t h e  p o i n t  o f  t a p ­

p i n g  t h e  m i g r a t i o n  o f  w a t e r  i s  more  and more l o c a l i z e d  t o  a 

u n i q u e  f a u l t  z o n e .  The speed o f  w a t e r  f l o w i n g  i n c r e a s e s  and t h e  

d y n a m i c  c h a r a c t e r  o f  i t s  m i g r a t i o n  i s  e f f e c t i v e l y  s i m i l a r  t o  

t h e  t r a n s i t i o n a l  w a t e r  m i g r a t i o n  p r o c e s s  d e s c r i b e d  by 

F o r c h h e i m e r  ( S c h m i e d e r  1 9 7 1 ) .  I n  t h i s  zone -  e . g .  a r o u n d  a w e l l  

o f  v e r t i c a l  a x i s  w i t h  a r a d i u s  г  , a p e n e t r a t i o n  d e p t h  1 and a 

y i e l d  q ,  d r i l l e d  i n t o  t h e  w a t e r  r e s e r v o i r  -  th e  s p a t i a l  v a r i a ­

t i o n s  o f  t h e  d e p r e s s i o n  a r e  d e s c r i b e d  by a M i n s k i - t y p e  r e l a t i o n  

( S c h m i e d e r  e t  a l .  1975 ,  S c h m i e d e r  1 9 7 6 )

q , x o 
7 X Y T  l n  r

О ( k l ) V T
( 2 )

The m a j o r  p a r t  o f  f o r m a t i o n  e n e r g i e s  i s  consumed i n  t h e  i n t e r ­

n a l  b e l t  o f  movement  f i e l d .  T h i s  p a r t  can re ach  95 t o  99 p e r ­

c e n t  i n  some c a s e s  w h a t  i n d i c a t e s  t h e  i m p o r t a n c e  o f  t h i s  r a n g e  

u n d e r  k a r s t i c  h y d r a u l i c  a s p e c t .  Summing up t h e  l o s s e s  p r o d u c e d  

i n  t h e  o u t e r  and i n t e r n a l  b e l t s  o f  t h e  movement,  t h e  e q u a t i o n  

o f  e n e r g y  b a l a n c e  d e s c r i b i n g  f u l l y  t h e  d e p r e s s i o n  c r e a t e d
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a r o u n d  a w e l l  o f  v e r t i c a l  a x i s  d r i l l e d  i n t o  th e  w a t e r  r e s e r ­

v o i r  (S c h m i e d e r  1 9 7 6 )  i s :

s o ~  2 ÏCkM 1 П
R ( t )

2 X k I  l n  F ( k l ) 3 /2  г
( 3 )

The  t o t a l  d e p r e s s i o n  f o r m e d  i n  t h e  w a t e r  r e s e r v o i r  a ro und  a 

k a r s t i c  w a te r  i n r u s h  o f  a y i e l d  q,  i s  s i m i l a r l y  w i t h o u t  any e f ­

f e c t  o f  a p r o t e c t i v e  l a y e r  (S c h m i e d e r  1 9 7 6 ) :

s o ~ 2 I t k M l n R ( t  ) d 1 _ c 
Ttïïrn 1п Д, ( k m )3 ' 2 Ao

( 4 )

I n  t h e s e  r e l a t i o n s h i p s  t h e  f u l l  v a r i a t i o n  i s  s Q, i n  t h e  w a t e r  

l e v e l  r e l a t e d  t o  t h e  p o i n t s  o f  t a p p i n g  w h i l e  kM i s  th e  a v e r a g e  

l a t e r a l  w a te r  s u p p l y i n g  f a c t o r  o f  t h e  r e s e r v o i r ,  k l  i s  t h a t  o f  

t h e  r o c k s  s u r r o u n d i n g  i m m e d i a t e l y  t h e  w e l l  p e n e t r a t i n g  i n  a 

l e n g h t  1 i n t o  t h e  w a t e r  r e s e r v o i r ,  km t h e  l o c a l  f a c t o r  f o r  t h e  

z o n e  o f  f a u l t ,  R ( t )  i s  t h e  remote e f f e c t  o f  d e p r e s s i o n ,  r Q t h e  

r a d i u s  o f  w e l l ,  Д t h a t  o f  th e  w a t e r  i n r u s h  and x t h a t  o f  t h e  

t r a n s i t i o n a l  r a n g e  o f  movement .  The l a t e r a l  w a t e r  s u p p l y i n g  

f a c t o r  o f  th e  r e s e r v o i r  i s  d e t e r m i n e d  u s i n g  t h e  f i r s t  t e r m  on 

t h e  r i g h t  s i d e  o f  t h e  e q u a t i o n s .  By means  o f  t h e i r  second  and 

t h i r d  te rms  on t h e  r i g h t  s i d e  th e  c h a r a c t e r i s t i c s

s o = aoq + b o q2 ( 5 )

i s  e v a l u a t e d  f o r  t h e  r e l e v a n t  w e l l s  and y a t e r  i n r u s h e s  ( F i g .  2 ) .  

I f  t h e  dep th  o f  p e n e t r a t i o n  1 i s  r e a s o n a b l y  s e l e c t e d ,  t h e  l o c a l  

w a t e r  s u p p l y i n g  f a c t o r  km f o r  th e  zone o f  f a u l t s  can be d i ­

r e c t l y  c a l c u l a t e d .  I t s  e m p i r i c a l  d i s t r i b u t i o n  f u n c t i o n  can be 

o b t a i n e d  u s i n g  40 t o  60  w e l l s  d r i l l e d  i n  a n e a r l y  u n i f o r m  t e r ­

r i t o r i a l  d e n s i t y  and w i t h  n e a r l y  i d e n t i c a l  d e p t h  o f  p e n e t r a ­

t i o n  (S ch m ie d e r  1 9 8 2 b ) .  The su b s e q u e n t  a n a l y s e s  i n  t h i s  p a p e r  

a r e  based  on t h e  p r e s u m p t i o n  t h a t  t h e  g e o m e t r y  o f  t h e  w a t e r  

r e s e r v o i r ,  i t s  p o s i t i o n  i n  space ,  e x t e n s i o n ,  degre e  o f  t e c t o n i c  

f r a c t u r a t i o n  and p r e s s u r e  s t a t u s  a r e  k n o w n ,  t o g e t h e r  w i t h  i t s  

p e r m e a b i l i t y  and w a t e r  s t o r i n g  c h a r a c t e r i s t i c s ,  as w e l l  as t h e  

e m p i r i c a l  d i s t r i b u t i o n  i n  space and t h e  e q u a t i o n s  o f  movement
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O) b)

Fig.  2. Measured c h a r a c t e r i s t i c s  f o r  we l l s  (a )  and water inrushes (b)

d e s c r i b i n g  t h e s e  p r o c e s s e s  a r e  g i v e n .  I n  o t h e r  w o r d s ,  a l l  t h e  

d a t a ,  n e c e s s a r y  t o  d e s c r i b e  d i r e c t l y  t h e  e q u i l i b r i u m  vs. t h e  

m a r g i n a l  c o n d i t i o n s  o f  d r a i n a g e ,  a re  known a b o u t  t h e  r e s e r v o i r .  

The s i m p l e s t  m a r g i n a l  c o n d i t i o n s  o f  d r a i n a g e  a re  c h a r a c t e r i s t i c  

f o r  t h e  a r e a s  w i t h o u t  p r o t e c t i v e  l a y e r .

LACK OF PROTECTIVE LAYERS

I n  l a c k  o f  p r o t e c t i v e  l a y e r s  t h e  q u a n t i t a t i v e  v a r i a t i o n s  

i n  k a r s t i c  w a t e r  y i e l d  a r e  e x c l u s i v e l y  i n f l u e n c e d  by t h e  g e o ­

m e t r y  o f  d r a i n a g e .  Two t y p e s  o f  c h a r a c t e r i s t i c s  a r e  shown i n  

F i g . 3.
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Ь) Eo-0

R [ t ]  J _  RIM

a • 4„< hu m ].

F i g .  3. Kinematic ske tch  o f  a k a r s t i c  water r e s e r v o i r  drained on f l o o r  side 
through w e l l s  (a )  and le ve l  mine openings (b)

The sys tem f o r  l a t e r a l  d r a i n a g e ,  o u t l i n e d  i n  F i g .  3 a ,  c o r ­

r e s p o n d s  t o  a one s t e p  method o f  k a r s t i c  w a t e r  t a b l e  s i n k i n g  by 

w e l l s ,  i . e .  t h e  c o n v e n t i o n a l  p a s s i v e  m in e  w a t e r  p r o t e c t i o n  by 

t a p p i n g  on s u r f a c e .  F o r  b o t h  metho ds  a l l  t h e  r e s e r v o i r  p a ra m ­

e t e r s ,  as w e l l  as t h e  d e p t h  u nde r  w a t e r  l e v e l  o f  t h e  o p e r a t i o n s  

an d  t h e  a rea o f  s i m u l t a n e o u s l y  p r o t e c t e d  and open s u r f a c e s  T, 

r e s p e c t i v e l y ,  a r e  i d e n t i c a l .

Fo r  t h e  w e l l s  t h e  d e p t h  o f  p e n e t r a t i o n  and t h e  e x t e n t  t o  

w h i c h  t h e  w a t e r  t a b l e  i s  t o  be s u n k ,  can  be be tw een c e r t a i n  

l i m i t s  f r e e l y  s e l e c t e d .  When d r a i n i n g  i s  made f r o m  s u r f a c e  th e  

s u c t i o n  i s  a t  any p o i n t  bound t o  t h e  v a l u e  s o .

By c o n s i d e r i n g  a l l  t h e s e  f a c t o r s ,  t h e  q u e s t i o n  s h o u l d  be 

r e p l i e d :  t o  w h i c h  e x t e n t  t h e  d i f f e r e n c e s  i n  t h e  g e o m e t r i c  

m a r g i n a l  c o n d i t i o n s  o f  d r a i n i n g  do i n f l u e n c e  t h e  q u a n t i t a t i v e
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v a r i a t i o n s  i n  t h e  vo lu m e  o f  k a r s t i c  w a t e r s  t o  be t a p p e d  f o r  

p r o t e c t i n g  m ine  w o r k i n g s  and i n  t h e  t o t a l  y i e l d  o f  k a r s t i c  

w a t e r ,  r e s p e c t i v e l y ?

a)  The o p e r a t io n  o f  s i n k i n g  t h e  k a r s t i c  w a t e r  t a b l e  i s  c o n ­

s i d e r e d  as c o n v e n i e n t  p r o v i d e d  t h a t  t h e  k a r s t i c  w a t e r  l e v e l  i s  

sunk  by t h e  d r a i n i n g  s y s t e m  be low  t h a t  o f  w o r k i n g s  a t  e v e r y  

p o i n t  o f  t h e  p r o t e c t e d  a r e a .  For  a g i v e n  w e l l  d i s t r i b u t i o n  t h i s  

r e q u i r e m e n t  i s  f u l f i l l e d  i f  t h e  k a r s t i c  w a t e r  t a b l e  has been 

sunk  i n  t h e  c e n t r e  o f  p r o t e c t e d  a re a  t o  s Q, i . e . :

=o ■ П Г Ш  ^  = * 0 «  . ( 6 >

i n  w h i c h :  Q i s  t h e  e x p e c t e d  v a l u e  o f  w a t e r  y i e l d  t o  be d r a i n e d ,  

n e c e s s a r y  t o  e s t a b l i s h  d y n a m i c  e q u i l i b r i u m  and g Q i s  t h e  

e q u i v a l e n t  r a d i u s  o f  a g r e a t  w e l l .  The w a t e r  y i e l d  Q o b t a i n e d  

i s  p r o p o r t i o n a l  t o  t h e  d e p r e s s i o n  ( F i g .  3 a ) .  The maximum w a t e r  

d e s o r p t i o n  c a p a c i t y  o f  t h e  r e s e r v o i r  i s  i n d i c a t e d  by t h e  

s t r a i g h t  l i n e .  I n  o t h e r  w o r d s ,  t h e  maximum v a l u e  o f  t h e  t o t a l  

k a r s t i c  w a t e r  y i e l d  t o  be d r a i n e d  f o r  p r o t e c t i n g  u n d e r g r o u n d  

o p e r a t i o n s  i s  t h e  same as t h e  amount  o f  w a t e r  d r a i n e d  l a t e r a l l y  

f r o m  t h e  r e s e r v o i r .  F o r  d i s t i n c t i o n  t h i s  w a t e r  y i e l d  i s  d e ­

s i g n e d  by Q ( k M ) Q, i t s  e x p e c t e d  v a l u e  i s :

Q(kM) = ^  . ( 7 )
о

T h i s  e x p e c t e d  w a t e r  y i e l d  has a r e l a t i v e  d i s p e r s i o n  _+ 20 

t o  25 p e r c e n t  i f  t h e  e f f e c t i v e  w a t e r  s u p p l y i n g  f a c t o r  kM i s  

d e r i v e d  e i t h e r  f r o m  d a t a  o b t a i n e d  by m e a s u r i n g  a g r o u p  o f  w e l l s  

o r  f r o m  a s e r i e s  o f  p r o d u c t i o n  d a t a  ( S c h m i e d e r  1 9 8 2 b ) .

b )  I n  t h e  ca se  i f  s u r f a c e  d r a i n i n g  i s  p e r f o r m e d ,  t h e  

d y n a m i c  e q u i l i b r i u m  i s  e s t a b l i s h e d  s p o n t a n e o u s l y  due t o  w a t e r  

i n f l o w s  o c c u r r i n g  o v e r  t h e  a re a  T o f  t h e  open  s u r f a c e .  The 

v a l u e s  o f  w a t e r  i n f l o w  a r e  d i v e r g e n t  o v e r  t h e  open s u r f a c e  

d e p e n d i n g  upon t h e  d e g r e e  o f  t e c t o n i c  f r a c t u r a t i o n  and on t h e  

l o c a l  w a t e r  s u p p l y i n g  f a c t o r  o f  t h e  f a u l t  z o n e s .

A c c o r d i n g  t o  t h e  e x p e r i e n c e  t h e  number  o f  k a r s t i c  w a t e r  

i n f l o w s  o v e r  t h e  a r e a  i n  a d i s p e r s e d  way i s  l i m i t e d  and i t s
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a v e r a g e  v a l u e  i s  ( S c h m i e d e r  e t  a l .  1975 ,  S c h m i e d e r  198 2 b )

nо
kL

km km
( 8 )

w h e r e  к i s  t h e  a v e r a g e  s i c k e r i n g  f a c t o r  f o r  t h e  u p p e r m o s t  b e l t  

( 3 0  t o  40 m) o f  t h e  k a r s t i c  w a t e r  r e s e r v o i r ,  L o i s  t h e  d e g r e e  

o f  s p e c i f i c  t e c t o n i c  f r a c t u r a t i o n  o f  t h e  r e s e r v o i r  and km i s  

t h e  a v e r a g e  w a t e r  s u p p l y i n g  f a c t o r  f o r  t h e  f a u l t  z o n e s .

Be t h e  a v e r a g e  v a l u e  o f  w a t e r  y i e l d s  f o r  v a r i o u s  w a t e r  

i n r u s c h e s  d e s i g n a t e d  by qQ, t h e n  t h e  f o l l o w i n g  e q u a t i o n  o f  

e q u i l i b r i u m  i s  v a l i d  f o r  t h e  r e l a t i o n s h i p  be tw een t h e  t o t a l  

y i e l d  o f  i n f l o w s  a t  t h e  open  s u r f a c e  and t h e  maximum d e p r e s s i o n  

a t  t h e  p o i n t s  o f  d r a i n a g e

i n R( t )
s „

n qo4o

Jin km о

X, 0i n  —

2 -2  
П Q О

Sz ( fo03«
( 9 )

By s u b s t i t u t i n g  n Q and n ^q ^ Qq ( S c h m i e d e r  1982b)

Q D, + , Q X Cr„  о , R ( t )  o , o  wo
so ~  2 Т Ш l n  - 0 7 + l n  2^ +

V о о

A r e d u c t i o n  o f  t h e  c o n s t a n t s  y i e l d s :

s = AQ о 4 o Bq 2

( 1 0 )

(11 )

and  s o l v i n g  t h e  q u a d r a t i c  e q u a t i o n ,  t h e  e x p e c t e d  t o t a l  v o lu m e  

o f  t h e  i n f l o w e d  s u r f a c e  w a t e r  i s :

[ s ~

\I~B л о
0 2 )

w h e r e  \  i s  t h e  f a c t o r  o f  h y d r a u l i c  i n t e r a c t i o n  ( S c h m i e d e r  

1 9 7 2 ) .  The main r e l a t i v e  d i s p e r s i o n  f o r  t h e  e x p e c t e d  v a l u e s  o f  

s u r f a c e  w a t e r  y i e l d  do e s  n o t  e x c e e d  g e n e r a l l y  + 30 t o  40 p e r ­

c e n t  as e s t i m a t e d  f r o m  m easur ed  c h a r a c t e r i s t i c s .  L i m i t s  o f  c o n ­

f i d e n c e  ( r e l i a b i l i t y  1 - p  f r o m  t h e  p r o b a b i l i t y  f u n c t i o n  ( F i g .  4a)
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“ I

F ig .  4. Emp ir ica l  d i s t r i b u t i o n  fun c t io n  f o r  a p a r t i a l  set  o f  water in rushes  
in  the Dorog c o a l f i l e d ,  as r e la te d  t o  mine panels wi thou t  p ro t e c ­
t i v e  l a y e r  (a)  and covered by a p r o t e c t i v e  layer  (b)

e x p r e s s i n g  t h e  a n t i c i p a t e d  v a l u e s  f o r  d i f f e r e n t  w a t e r  i n r u s h e s )  

a r e  e s t i m a t e d  f r o m  t h e  f o l l o w i n g  r e l a t i o n s h i p :

l g  à Ls l = ( 1 3 )

%  V"~o

Q ( P ) 0 = Q0 h  *  2 . 3  " Д а  , ( 1 4 )

where 6q i s  t h e  d i s p e r s i o n o f  w a t e r  i n r u s h e s  ( 6  = 0 . 8  - 1 . 1 )

( i t  i s  e s t i m a t e d  by an e m p i r i c a l  d i s t r i b u t i o n  f u n c t i o n  r e p r e ­

s e n t e d  i n  t h e  B r i g g s i a n  l o g a r i t h m i c  c o o r d i n a t e  sys tem and t h e  

a v e r a g e  number  o f  w a t e r  i n r u s h e s  i n  Fi ) .

The e x t r e m e  v a l u e  o f  t h e  i n t e r v a l  o f  c o n f i d e n c e  i s  d e t e r ­

m ined  by t h e  v a l u e  o f  Q ( kM )o .
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I n  g e n e r a l ,  t h e  s u r f a c e  w a t e r  y i e l d  i s  s u b s t a n t i a l l y  l o w e r  

t h a n  t h e  maximum t r a n s m i s s i o n  c a p a c i t y  o f  t h e  w a t e r  r e s e r v o i r .  

I n c r e a s e s  t h e  a r e a  T o f  s u r f a c e

s о A Q o o

Q2, о
j 2 j m

( 1 5 )

due  t o  v a r i a t i o n  a c c o r d i n g  t o  1 ,  t h e  c h a r a c t e r i s t i c  ( 1 1 ) ,  shown 

i n  F i g .  3b i s  more and more s h i f t e d  t o w a r d s  t h e  t a n g e n t  and i n  

a l i m i t  c a s e ,  t h e  e x p e c t e d  v a l u e  o f  Qq i s  Q(kM) .

I n  t h e  case  o f  measured  d a t a  i l l u s t r a t i n g  t h e  v a l u e s  o f  

s i m u l t a n e o u s l y  i n f l o w i n g  t o t a l  s u r f a c e  w a t e r  vo lumes  Q ( t ) 0 v s .  

t h e  e s t a b l i s h e d  l a m i n a r  d e p r e s s i o n  s ^ , t h e  s t r a i g h t  l i n e  Aq Q 

c h a r a c t e r i z e s  t h e  maximum w a t e r  d e s o r p t i o n  c a p a c i t y  o f  t h e  

r e s e r v o i r .  A t  s = 0 i t  i s  t h e  t a n g e n t  o f  t h e  c h a r a c t e r i s t i c  

c u r v e  o f  s u r f a c e  w a t e r  y i e l d s .

I n  k n o w le d g e  o f  measured  and c a l c u l a t e d  d a t a ,  r e s p e c t i v e l y  

t h e  r e d u c t i o n  i n  w a t e r  y i e l d  o r i g i n a t i n g  f r o m  th e  d i f f e r e n c e  o f  

g e o m e t r i c a l  random c o n d i t i o n s  o f  d r a i n a g e  t h e  e x p e c t e d  and r e a l  

d e g r e e  o f  w a t e r  y i e l d  r e d u c t i o n  can  be d e f i n e d  by t h e  w a t e r  

y i e l d  r e d u c t i o n  f a c t o r :

о Q(kM)
( 16 )

b e i n g  t h e  r a t i o  o f  y i e l d  v a l u e s .

I n  T a b l e  I I  d a t a  a re  shown on some p r a c t i c a l  e x a m p l e s ,  

w h e r e  kM i s  t h e  a v e r a g e  l a t e r a l  w a t e r  s u p p l y i n g  f a c t o r ,  c h a r a c ­

t e r i s t i c  o f  t h e  b a s i n ,  s i s  t h e  a v e r a g e  d e p t h  o f  w o r k i n g s  

u n d e r  t h e  w a t e r  t a b l e ,  Q ( t )  i s  t h e  t o t a l  vo lume o f  e f f e c t i v e l y  

d r a i n e d  and i n f l o w e d  w a t e r ,  s^ i s  t h e  e s t a b l i s h e d  a v e r a g e  o f  

l a m i n a r  d e p r e s s i o n ,  Q ( k M ) Q i s  t h e  maximum w a t e r  y i e l d  i n v o l v e d  

w i t h  f u l l  d e p r e s s i o n  and t h e  f a c t o r  o f  w a t e r  y i e l d  r e d u c t i o n  

i s  .

The t h r e e  o t h e r  c o l u m n s  i n  t h i s  t a b l e  i n c l u d e  d a t a  on t h e  

e f f e c t i v e  d e p r e s s i o n  c h a r a c t e r i z i n g  t h e  w a t e r  i n r u s h  o f  g r e a t ­

e s t  y i e l d ,  on t h e  a v e r a g e  o f  some v a l u e s  o f  d r a i n e d  and i n -  

f l o w e d  w a t e r  v o l u m e s  i n  t h e  case  o f  no p r o d u c t i v e  l a y e r  and



T a b l e  I I .

Designat ion 

o f  the f i e l d

kM go Q(t) SL A0 □
1 í cT

T

s ( t ) oi О
 

1 CT □ max

m2/s m m3/min m
2

min/m m /min - m m3/min m3/min

Nagyegyháza 1 • 10 '2 190 120 CD 0.7 270 0.45 190 2.2 40

Mány 4 • 10 '3 200 40 120 3.0 65 0.60 170 0.8 15

Tatabánya XIV/a 1 .2 • 10~2 110 65 70 1.1 100 0.65 100 2.2 15

Kincsesbánya 6 • 10 '3 200 90 100 1 .1 180 0.50 200 1 .0 15

Nyi rád* (7 • 1 0 ' 2) 120 300 120 0.4 300 1 .00 120 10.0 160

Dorog 5 • 10~2 250 150 25 0.17 1200 0.12 250 8.0 120

*Note: On account o f  the considerably lower perm eab i l i t y  of  surrounding s t r a t a  the e f f e c t i v e  

value o f  ( kM) i s  2.2 • 10 2 m2/ s .
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t h e  maximum y i e l d  o f  e f f e c t i v e  w a t e r  i n r u s h e s .  I n  t h e  N y i r á d  

a r e a ,  where t h e  w a t e r  t a b l e  i s  sunk  by s h a f t  w e l l s  ( S c h m i e d e r  

e t  a l .  1 9 7 5 ) ,  no r e d u c t i o n  i n  t h e  w a t e r  y i e l d  i s  o b s e r v e d .

I n  m ines  w i t h o u t  p r o t e c t i v e  l a y e r ,  as a t  Mány,  a t  t h e  

s h a f t  X I V / а  o f  T a t a b á n y a  and i n  t h e  K i n c s e s b á n y a  a r e a ,  on a c ­

c o u n t  o f  d r a i n i n g  o p e r a t i o n s  t h e  r e d u c t i o n  i n  w a t e r  y i e l d s  r e ­

a c h e d  30 t o  50 p e r c e n t ,  d e p e n d i n g  on t h e  e x t e n s i o n  o f  t h e  r e l e ­

v a n t  a r e a  and t h e  u n d e r g r o u n d  method  o f  d r a i n a g e .  F o r  a r e a s  

c o v e r e d  by p r o t e c t i v e  l a y e r s ,  t h e  e f f e c t i v e  e x t e n t  o f  w a t e r  

y i e l d  r e d u c t i o n  t e n d s  t o  i n c r e a s e  f u r t h e r ,  wha t  r e s u l t e d  f o r  

t h e  Nagyegyh áza  c o a l f i e l d  i n  a r e d u c t i o n  o f  t h e  w a t e r  y i e l d  by 

55 p e r c e n t  and f o r  D o ro g  f i e l d  by 88 p e r c e n t ,  s p e c t a c u l a r l y  

s h o w i n g  t h e  i m p o r t a n c e  o f  m a r g i n a l  c o n d i t i o n s  o f  d r a i n i n g .

FUNCTIONING OF PROTECTIVE LAYERS

A c c o r d i n g  t o  P o i n t  1,  t h e  w a t e r  m i g r a t i o n  be tween  r e s e r ­

v o i r  and mine o p e n i n g s  s t a r t s  i n  l a c k  o f  p r o t e c t i v e  l a y e r s  even  

a t  t h e  s m a l l e s t  p r e s s u r e  d i f f e r e n c e .  T h u s ,  w a t e r  i n r u s h e s  w i t h ­

o u t  any  r e s i s t i v e  e f f e c t  may o c c u r  i n  any  p o i n t  o f  a c q u i f e r o u s  

f a u l t  zones  w i t h  e q u a l  p r o b a b i l i t y ,  w i t h  maximum a r e a l  f r e q u e n ­

cy  and  w a t e r  y i e l d .

W i t h  i n t e r c a l a t i o n  o f  p r o t e c t i v e  l a y e r s  t h e  s t a r t i n g  c o n ­

d i t i o n s  o f  w a t e r  movements  change and b o t h  t h e  number o f  w a t e r  

i n f l o w s  n ( V )  and t h e i r  a v e r a g e  y i e l d  q ( v )  a r e  r e d u c e d ,  f u r t h e r  

on t h e  e m p i r i c a l  f u n c t i o n  o f  d i s t r i b u t i o n  f o r  v a r i o u s  v a l u e s  

may be d i s t o r t e d  ( F i g .  4 b ) .

A c c o r d i n g  t o  m a s s i v e  m i n i n g  e x p e r i e n c e s  t h e  a v e r a g e  number  

o f  w a t e r  i n r u s h e s / u n i t  a r e a  n ( v )  and t h e i r  a v e r a g e  y i e l d  d i m i n ­

i s h  ( S c h m i e d e r  e t  a l .  1 9 7 5 ) ,  i f  c l a y e y - m a r l y  w a t e r  b a r r i n g  

l a y e r s  o f  d u r a b l e  h y d r a u l i c  r e s i s t a n c e  a r e  i n t e r c a l a t e d ,  w i t h  

i n c r e a s i n g  s p e c i f i c  t h i c k n e s s  o f  t h e  p r o t e c t i v e  l a y e r s .  I n  

b a s i n s  o r  b a s i n  p a r t s  i t  can be c h a r a c t e r i z e d  ( S c h m i e d e r  1972) by 

t h e  a v e r a g e  r e s i s t a n c e  f a c t o r :

y u ( v ) *  = n ( v ) ( 1 7 )



KARSTIC WATER INFLOW RATES 5 3

and by t h e  a v e r a g e  t h r o t t l i n g :

f  ( V ) *  = ( I B )
%

d e r i v e d  e m p i r i c a l l y  f o r  g i v e n  w a t e r  s t o r i n g  and p r o t e c t i v e  

l a y e r  s y s te m s  ( F i g .  5 ) .  I n  Eqs ( 1 7 )  and ( 1 8 )  nQ and q Q mean 

a v e r a g e  c h a r a c t e r i s t i c s  f o r  t h e  a r e a  w i t h o u t  p r o t e c t i v e  l a y e r  

i n t e r p r e t e d  on e m p i r i c a l  b a s i s .  A c c o r d i n g  t o  e x p e r i e n c e s ,  no 

w a t e r  i n r u s h  b r e a k i n g  t h r o u g h  t h e  p r o t e c t i v e  l a y e r s  s h o u l d  be 

reckoned  w i t h ,  p r o v i d e d  t h a t  t h e  s p e c i f i c  t h i c k n e s s  o f  p r o t e c ­

t i v e  l a y e r s  i s  e q u a l  t o  o r  g r e a t e r  t h a n  t h e  v a l u e  o f  "V 

( F i g .  5 ) .

F ig .  5. Average sea l in g  (a )  and t h r o t t l i n g  fa c to rs  (b)  der i ved e m p i r i c a l l y  
f o r  c layey-marly  p r o t e c t i o n  la ye rs  in  the Dorog c o a l f i e l d
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I n  such c o n d i t i o n s  t h e  e x p e c te d  v a l u e s  f o r  t h e  number  o f  

w a t e r  i n f l o w s  n(~v) and  f o r  t h e i r  y i e l d s  q ( V )  a r e  z e r o .  T h ro u g h  

w a t e r  b a r r i n g  p r o t e c t i v e  l a y e r s ,  w a t e r  m i g r a t i o n  s t a r t s  a t  

p o i n t s  and i n  t h e  c a s e  when th e  h y d r o s t a t i c  p r e s s u r e  d i f f e r e n c e  

s , r e l a t e d  t o  t h e  f l o o r  l e v e l  o f  m i n i n g  o p e r a t i o n s ,  i s  h i g h e r  

t h a n  t h e  i n t e r n a l  r e s i s t a n c e  ( S c h m i e d e r  1 9 7 6 ,  1989)  t o  w a t e r  

m i g r a t i o n  o f  t h e  p r o t e c t i v e  l a y e r s :

w h e r e  I Q i s  t h e  r e c i p r o c a l  o f  V Q and m t h e  e f f i c i e n t  t h i c k n e s s  

o f  p r o t e c t i v e  l a y e r s .  I f  t h e  f r e e  f o r m a t i o n  e n e r g y  ( S c h m i e d e r  

1 9 8 2 b ) ,  e x p re s s e d  by t h e  d i f f e r e n c e  s Q -  Е Q i s  n e g a t i v e  a t  a l l  

s u r f a c e  p o i n t s  o f  t h e  s y s t e m  o f  c a v i t i e s ,  i . e .  Eq i s  e v e r y w h e r e  

h i g h e r  th an  t h e  f o r m a t i o n  en e rg y  s Q n e c e s s a r y  f o r  w a t e r  m i g r a ­

t i o n ,  th e n  no w a t e r  m o vem en t  ta k e s  p l a c e  t h r o u g h  t h e  p r o t e c t i v e  

l a y e r s .  For t h i s  r e a s o n  t h e  p r o t e c t i v e  l a y e r s  a c t  i n  such c o n ­

d i t i o n s  as a homog eneous  s e a l i n g  s t r u c t u r e  f o r  r e d u c i n g  t h e  

y i e l d s  o f  w a t e r .  T h i s  s i t u a t i o n  i s  c h a r a c t e r i z e d  by t h e  s e a l i n g  

f a c t o r  /J (v)  = о and by t h e  t o t a l  v o l u m e  o f  s i m u l t a n e o u s l y  

i n f l o w e d  w a te r  Q(v)  = 0 .

I f  th e  f r e e  f o r m a t i o n  ene rgy  i s  a t  any p o i n t  o r  o v e r  a 

l a r g e r  s u r f a c e  p o s i t i v e  o r  i t  becomes p o s i t i v e  u n d e r  t h e  e f f e c t  

o f  c h a n g e s  i n  t h e  s t r e s s  o r  s h e a r i n g  r e s i s t a n c e  o f  r o c k s  

( S c h m i e d e r  1 9 8 9 ) ,  t h e n  w a t e r  m i g r a t i o n  s t a r t s  and a s i n g l e  

w a t e r  i n r u s h ,  o r  a s e r i e s  o f  i n r u s h e s  may o c c u r  t h e  dynami c  

e q u i l i b r i u m  i s  r e - e s t a b l i s h e d  be tween t h e  w a t e r  r e s e r v o i r  and 

p r o t e c t i v e  l a y e r s .  T h i s  o c c u r s  when t h e  c o n d i t i o n  o f  e q u i l i b r i u m

( 1 9 )

1  . e . :

( 20)

(21 )

n e c e s s a r y  f o r  a s t a b l e  s t a t e ,  i s  c r e a t e d ,  i . e .  i n  a l l  p o i n t s  o f  

t h e  c a v i t y  sys tem t h e  e f f e c t i v e  v a l u e  V  f o r  t h e  s p e c i f i c  

t h i c k n e s s  o f  p r o t e c t i v e  l a y e r s  i s  a t  any p o i n t  e q u a l  t o ,  o r
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h i g h e r  t h a n ,  v q .

When t h e  p r o c e s s  o f  w a t e r  m i g r a t i o n  i s  e s t a b l i s h e d  t h e  e x ­

c l u s i v e  s e a l i n g  a c t i o n  o f  p r o t e c t i v e  l a y e r s  i s  l o s t .  From t h i s  

moment on t h e  w a t e r  b a r r i n g  p r o t e c t i v e  l a y e r s  a c t  -  i n  a d d i t i o n  

t o  t h e i r  s e a l i n g  e f f e c t  -  as a f l o w  r e s i s t a n c e  c o n n e c t e d  i n  

s e r i e s  w i t h  t h e  r e s e r v o i r .  Then ,  i t  has  a s i g n i f i c a n t  p a r t  

a l o n g  t h e  p a t h s  o f  m o t i o n  i n  d i s s i p a t i n g  t h e  energy  c a u s i n g  t h e  

m o t i o n .  T h i s  e f f e c t  i s  c a l l e d  t h r o t t l i n g  o f  t h e  p r o t e c t i v e  

l a y e r ,  w h i l e  t h e  v o lu m e  o f  w a t e r ,  i n f l o w e d  a g a i n s t  f l o w  r e s i s ­

t a n c e  o f  p r o t e c t i v e  l a y e r  i s  c a l l e d  w a t e r  i n r u s h  o f  t h r o t t l e d  

r a t e s .

I n  b a s i n s  o r  b a s i n  p a r t s  where t h e  p r o t e c t i v e  l a y e r  c o n ­

s i s t  o f  s t r a t a  w i t h  l a s t i n g  h y d r a u l i c  r e s i s t a n c e  and t h e i r  

f u n c t i o n  i s  c h a r a c t e r i z e d  by t h r o t t l i n g ,  t h e  r e d u c t i o n  i n  w a t e r  

i n f l o w  r a t e s  i s  t h e  c o nse quence  o f  t h e  co m b in ed  e f f e c t s  o f  

s e a l i n g  and t h r o t t l i n g .

I n  b a s i n s  o r  b a s i n  p a r t s  w he re  t h e  p r o t e c t i v e  l a y e r  i s  

e a s i l y  e r o d i n g  d e t r i t a l  and s o f t  r o c k  r e s p .  and t h e  m i g r a t i n g  

w a t e r  i s  a b l e  t o  w i d e n  o u t  t h e  p a s s a g e  c r e a t e d  t h r o u g h  t h e  

p r o t e c t i v e  l a y e r s  beyond  a l l  l i m i t s ,  o r  t h e  passage i s  t h e  c o n ­

se quence  o f  h y d r a u l i c  r o c k  b r e a k i n g  f o r c e s ,  t h e  t h r o t t l i n g  e f ­

f e c t  o f  p r o t e c t i v e  l a y e r s  c a n n o t  be any  more e x e r c i s e d  and 

w a t e r  i s  i n f l o w e d  w i t h o u t  b e i n g  t h r o t t l e d .  T h i s  t y p e  o f  p r o ­

t e c t i v e  l a y e r s  i s  c h a r a c t e r i z e d  by an a v e r a g e  t h r o t t l i n g  f a c t o r  

7°( v )  = 1 and by an e x c l u s i v e  s e a l i n g  e f f e c t .  S in ce  t h e  d y n a m ­

i c s  o f  t h e  w a t e r  m i g r a t i o n  t a k i n g  p l a c e  w i t h i n  th e  r e s e r v o i r  

as w e l l  as t h e  f u n c t i o n  o f  w a t e r  b a r r i n g  f o r m a t i o n s  o v e r l y i n g  

i t  d i r e c t l y  a r e  know n,  i t  can be f o u n d  how and t o  w h i c h  e x t e n t  

t h e  i n s u l a t i o n  does  i n f l u e n c e  f o r  a g i v e n  ge ome t r y  o f  d r a i n a g e  

t h e  v a r i a t i o n s  i n  t h e  t o t a l  vo lume o f  s i m u l t a n e o u s l y  i n f l o w e d  

k a r s t i c  w a t e r s  t o  be t a p p e d  f o r  p r o t e c t i n g  t h e  o p e r a t i o n s  

u n d e r g r o u n d  f u r t h e r :  wha t  i s  t h e  p h y s i c a l  mean ing o f  t h e  

a v e r a g e  f a c t o r s  o f  s e a l i n g  and t h r o t t l i n g  t o  be measured and  

i n t e r p r e t e d  e m p i r i c a l l y  and t o  w h i c h  e x t e n t  th e y  a re  c h a r a c ­

t e r i s t i c  f o r  a g i v e n  sy s te m  o f  r e s e r v o i r  and p r o t e c t i v e  l a y e r s ?
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The d i m i n i s h i n g  o f  t h e  w a t e r  i n f l o w  r a t e s  by p r o t e c t i v e  

l a y e r s  depends ,  e s s e n t i a l l y ,  on t h r e e  f a c t o r s :  on t h e  c h a r a c t e r  

o f  p r o t e c t i v e  l a y e r s ,  on t h e  g e o m e t r y  and  on t h e  method  o f  

d r a i n i n g .

P r o t e c t i v e  l a y e r s  nay be w i t h o u t  and  w i t h  a t h r o t t l i n g  e f ­

f e c t .  The i m p a c t  o f  d i m i n i s h i n g  t h e  r a t e s  o f  w a te r  i n f l o w  

v a r i e s  i n  b o t h  c a s e s  a c c o r d i n g  t o  t h e  c o n d i t i o n ,  i f  d r a i n i n g  i s  

made l a t e r a l l y  o r  f r o m  t h e  s u r f a c e .  I n  t h e  l a t t e r  case t h e  

t h r o t t l i n g  e f f e c t  i s  o n l y  e x e r c i s e d  by t h e  p r o t e c t i v e  l a y e r s  i f  

w a t e r  i s  i n f l o w e d  t h r o u g h  them by o v e r c o m i n g  t h e  t h r o t t l i n g  

a c t i o n .

A) P r o t e c t i v e  l a y e r s  w i t h o u t  t h r o t t l i n g  e x e r c i s e  t h e i r  

a c t i o n  o f  d i m i n i s h i n g  t h e  r a t e s  o f  w a t e r  i n f l o w  l i k e  a s e a l i n g  

m e c h a n i s m .  The s i m p l e s t  p o s s i b i l i t y  o f  r e p r e s e n t i n g  t h i s  t y p e  

i s  by t h e  sys t em  o f  w a t e r  t a b l e  s i n k i n g  shown i n  F i g .  3a.

a )  Be be tween  t h e  u n d e r g r o u n d  w o r k i n g s ,  p r o t e c t e d  by w a t e r  

t a b l e  s i n k i n g  and t h e  r e s e r v o i r  a p r o t e c t i v e  l a y e r  o f  t h i c k n e s s  

m, w i t h o u t  t h r o t t l i n g  ( F i g .  6 ) .  I n  s u c h  l a y e r  c o n d i t i o n s  a 

p r o p e r  p r o t e c t i o n  f o r  m i ne  o p e n i n g s  i s  o f f e r e d  a g a i n s t  w a t e r  

i n r u s h e s ,  o n l y  i f  t h e  s p e c i f i c  t h i c k n e s s  o f  p r o t e c t i v e  l a y e r s  

i s  i n  e v e r y  p o i n t  o f  t h e  p r o t e c t e d  a r e a  e q u a l  t o  o r  g r e a t e r  

t h a n  v q . W i t h  t h e  s y s t e m  o f  w a t e r  t a b l e  s i n k i n g  shown i n  

F i g .  3 a ,  t h i s  c o n d i t i o n  can be f u l f i l l e d  by a n n i h i l a t i n g  w i t h i n  

t h e  p r o t e c t e d  a r e a  t h e  f r e e  f o r m a t i o n  e n e r g y  S0~E0 w h ic h  i n ­

d u c e s  w a t e r  m i g r a t i o n .  I n  o t h e r  w o r d s  i f  f o r  an a r r a n g e m e n t  o f  

a g i v e n  geome t r y  t h e  w a t e r  t a b l e  i s  s u n k  i n  th e  c e n t r e  o f  t h e  

p r o t e c t e d  a rea by w e l l s  be low

s o - E0 = Ao 0 ( V )  ( 2 2 )

By d i v i d i n g  t h e  e x p e c t e d  w a t e r  y i e l d  Q(n ) by t h e  e x p e c t e d  

v a l u e  Q(kM)o o f  t h e  y i e l d  due t o  a t o t a l  w a t e r  t a b l e  s i n k i n g  

( 7 )  one  g e ts
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F ig .  6. Kinematic sketch f o r  the underground d ra i n in g  of  a k a r s t i c  water  
re se r vo i r  on f l o o r  s ide,  w i th  the i n t e r c a l a t i o n  of  a p r o t e c t i v e  
layer

4- ( v ) 0
Q (v )

Q ( k M )o ( 2 3 )

as t h e  a v e r a g e ,  r e l a t i v e  r e d u c t i o n  i n  w a t e r  y i e l d ,  due t o  t h e  

u t i l i z a t i o n  o f  i n t e r c a l a t e d  p r o t e c t i v e  l a y e r s .

By s u b s t i t u t i n g  t h e  known v a l u e  o f  Eq ( 1 9 ) :

I „ m  ni
4  ( V ) 0 = 1 -  4 -  = 1 -  , ( 2 4 )

ü o vo

w he re  V  i s  t h e  s p e c i f i c  t h i c k n e s s  o f  t h e  p r o t e c t i v e  l a y e r ,  

p r i o r  t o  s i n k i n g  t h e  w a t e r  t a b l e  and V Q i s  th e  v a l u e  o b t a i n e d  

a f t e r  w a t e r  t a b l e  s i n k i n g .  S u p p o s i n g  t h a t  t h e  a v e r a g e  y i e l d  q Q
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f o r  w a t e r  t a b l e  s i n k i n g  w e l l s  i s  t h e  same i n  b o t h  cases  w i t h o u t  

and  w i t h  i n t e r c a l a t e d  p r o t e c t i v e  l a y e r s ,  t h e  ave ra g e  r e l a t i v e  

f a c t o r  o f  d i m i n i s h i n g  t h e  w a t e r  y i e l d  i s  e x p r e s s e d  by t h e  

r e l a t i v e  r e d u c t i o n  i n  t h e  number o f  w e l l s ,  i . e .  by:

Ч ( V ) Q = 2 ^  • ( 2 5 )
о

I f  t h e  r e s e r v o i r  i s  d r a i n e d  l a t e r a l l y ,  t h e  e x p e c t e d  r e d u c ­

t i o n  o f  t h e  w a t e r  y i e l d  r e m a i n s  t h e  same even i f  t h e  t h r o t t l i n g  

e f f e c t  i s  due t o  i n t e r c a l a t e d  w a t e r  b a r r i n g  p r o t e c t i v e  l a y e r s .

The v a r i a t i o n s  i n  w a t e r  y i e l d s  o f  l a y e r  w a t e r  r e s e r v o i r s  

on t h e  f l o o r  s i d e ,  c o v e r e d  by w a t e r  b a r r i n g  p r o t e c t i v e  l a y e r s  

w i t h o u t  t h r o t t l i n g ,  a r e  g o v e r n e d  by t h e  same la ws  i r r e s p e c t i v e  

w h e t h e r  d r a i n i n g  i s  made by w e l l s  o r  t h e  d yn a m ic  e q u i l i b r i u m  i s  

e s t a b l i s h e d  by s e l f  r e g u l a t i o n  f o l l o w i n g  w a t e r  i n r u s h e s  b r e a k ­

i n g  t h r o u g h  t h e  p r o t e c t i v e  l a y e r s  ( S c h m i e d e r  1 9 82a ) .

b )  When t h e  metho d  o f  d r a i n a g e  f r o m  t h e  s u r f a c e  i s  a p p l i e d  

( F i g .  6 )  t h e  d yn a m ic  e q u i l i b r i u m  b e t w e e n  w a t e r  r e s e r v o i r  and 

p r o t e c t i v e  l a y e r  i s  e s t a b l i s h e d  i n  a c c o r d a n c e  w i t h  t h e  o p e r a ­

t i o n  o f  w a t e r  t a b l e  s i n k i n g  when i n  c o n s e q u e n c e  o f

-  a r t i f i c i a l  d r a i n i n g  o p e r a t i o n s  c a r r i e d  o u t  f r o m  u n d e r g r o u n d  

o p e n i n g s ,  o r

-  w a t e r  i n r u s h e s  b r e a k i n g  t h r o u g h  t h e  p r o t e c t i v e  l a y e r s  t h e  

k a r s t i c  w a t e r  t a b l e  i s  sunk  i n  any p o i n t  o f  t h e  p r o t e c t e d  

a r e a  o r  i n  t h e  a re a  opened  by m i n i n g  t o  such  an e x t e n t  as t o  

a n n i h i l a t e  e v e r y w h e r e  t h e  f r e e  f o r m a t i o n  e n e r g y .  W i th  t h e  i n ­

t e r c a l a t i o n  o f  p r o t e c t i v e  l a y e r  w i t h o u t  t h r o t t l i n g  t h e  

e q u i l i b r i u m  i s  d e s c r i b e d  by t h e  f o l l o w i n g  e q u a t i o n :

s 0 * E0 = A QCV) + B Q ( V ) 2 ■ ( 2 6 )

I t  can  be e x p r e s s e d  f r o m  t h e  q u a d r a t i c  e q u a t i o n  ( 2 6 ) :

QCV) X ( V )  . ( 2 7 )

By d i v i d i n g  t h e  e x p e c t e d  v a l u e  Eq. ( 2 7 )  o f  t h e  y i e l d  o f  

w a t e r  Q ( v )  by t h e  e x p e c t e d  v a l u e  o f  Qq Eq .  ( 1 2 ) ,  th e  a v e r a g e
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r e l a t i v e  r e d u c t i o n  i n  t h e  r a t e  o f  w a t e r  i n f l o w e d  f r o m  i n t e r ­

c a l a t e d  p r o t e c t i v e  l a y e r  w i t h o u t  t h r o t t l i n g  i s :

*7 ( V ) Л(У) ( 2 8 )

As t h e  p r o t e c t i v e  l a y e r  w i t h o u t  t h r o t t l i n g  o p e r a t e s  e x ­

c l u s i v e l y  as s e a l i n g  m e c h a n i s m ,  t h e i r  a v e r a g e  w a t e r  y i e l d  r e ­

d u c t i o n  f a c t o r  c o r r e s p o n d s  t o  t h e  a v e r a g e  s e a l i n g  f a c t o r  o f  t h e  

s y s t e m  o f  r e s e r v o i r  p r o t e c t i v e  l a y e r

/Ü ( У ) ( 2 9 )

I t s  v a r i a t i o n s  a r e  r e p r e s e n t e d  i n  F i g .  7a by s u b s t i t u t i n g  

Л ( У ) / Л 0 = 1 as co m pa re d  t o  t h e  a v e r a g e  f a c t o r  o f  s e a l i n g  

/ j ( v ) * , i n t e r p r e t e d  and d e r i v e d  on an e m p i r i c a l  b a s i s  f o r  

c l a y e y - m a r l y  p r o t e c t i v e  l a y e r s  w i t h  t h r o t t l i n g  e f f e c t  i n  t h e  

D o ro g  c o a l f i e l d .  W i t h  t h e  s e a l i n g  f a c t o r  t h e  e x p e c t e d  v o lu m e  o f  

s i m u l t a n e o u s l y  i n f l o w e d  w a t e r  i s  f r o m  s t r a t a  w i t h  i n t e r c a l a t e d  

p r o t e c t i v e  l a y e r  w i t h o u t  t h r o t t l i n g :

Q(V)  = Q0 p  (V )  . ( 3 0 )

The uppe r  l i m i t  o f  t h e  c o n f i d e n c e  i n t e r v a l  o f  t h e  e x p e c t e d  

v a l u e  i s  Qq . I f  p r o t e c t i v e  l a y e r s  w i t h  t h r o t t l i n g  e f f e c t  a r e  

i n t e r c a l a t e d  t h e n  t h e  r e d u c t i o n  o f  t h e  w a t e r  y i e l d  i s  a l s o  t h e  

same,  p r o v i d e d  t h a t  t h e  s u r f a c e  o f  r e s e r v o i r  i s  t a p p e d  t h r o u g h  
h o l e s  l o c a t e d  u n d e r g r o u n d .  Wate r  vo lu m e s  i n f l o w e d  t h r o u g h  i n t e r ­

c a l a t e d  p r o t e c t i v e  l a y e r  w i t h o u t  t h r o t t l i n g ,  o r  t h r o u g h  h o l e s  

t r a v e r s i n g  t h e  p r o t e c t i v e  l a y e r ,  as w e l l  as t h e  c h a r a c t e r i s t i c s  

o f  t h e  f u n c t i o n  o f  d i s t r i b u t i o n  a re  e s t i m a t e d  i n  k n o w l e d g e  o f  

t h e  p a r a m e t e r s  o f  r e s e r v o i r  on t h e  b a s i s  o f  Eq.  ( 4 ) .

B) Wate r  y i e l d  r e d u c t i o n  by p r o t e c t i v e  l a y e r  i s  p a r t l y  by 

s e a l i n g ,  p a r t l y  by t h r o t t l i n g  me ch an is m s.  T h i s  d o u b l e  a c t i o n  

ca n  be j o i n t l y  e f f e c t i v e  o n l y  i n  a case  i f  w a t e r  f r o m  t h e  r e s e r ­

v o i r  i s  f l o w i n g  i n t o  u n d e r g r o u n d  o p e n i n g s  t h r o u g h  p r o t e c t i v e  

l a y e r s  and a l o n g  t h e  p a t h s  o f  movement t h e r e i n .  T h i s  c o n d i t i o n
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F i g .  7. Theoret i cal  va lue o f  average sea l ing  f a c t o r  f o r  a Dorog type c layey-  
-marly p ro t e c t i v e  l a y e r  (a)  and v a r i a t i o n s  i n  i t s  average t h r o t t l i n g  
fac to r  in  f u n c t i o n  o f  the average water supp ly ing  capac i t y  f o r  f a u l t  
zones in the r e s e r v o i r

c a n  be f u l f i l l e d  i f  t a p p i n g  i s  made f r o m  t h e  s u r f a c e  and t h e  

e q u i l i b r i u m  be tween  t h e  w a t e r  r e s e r v o i r  and t h e  s y s te m  o f  p r o ­

t e c t i v e  l a y e r s  i s  e s t a b l i s h e d  e i t h e r  by s e l f - r e g u l a t i o n  o r  as 

t h e  co n se q u e n ce  o f  d ra i n a g e  u s i n g  t h e  " i n s t a n t a n e o u s "  method  

( S c h m i e d e r  1 9 8 2 a ) .

E q u a t i o n  o f  r e g r e s s i o n  f o r  t h e  a v e r a g e  y i e l d  o f  w a t e r  i n ­

r u s h e s  t h r o u g h  p r o t e c t i v e  l a y e r  w i t h  t h r o t t l i n g  e f f e c t  ( S c h m i e ­

d e r  1 9 7 6 ,  1982b) i s :
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s о I Qm = aQq ( V )  + bQq ( v ) 2 + a ^ q C v )  + t^mcjCv)2 , ( 3 1 )

w here  a Q and bQ a r e  f a c t o r s  d e p e n d i n g  on t h e  w a t e r  r e s e r v o i r ,  

w h i l e  a^m and b^m, r e s p e c t i v e l y ,  depend on t h e  p r o t e c t i v e  

l a y e r .

The e q u a t i o n  o f  r e g r e s s i o n ,  d e r i v e d  f r o m  d a t a  on more t h a n  

700 w a t e r  i n r u s h e s  i s  t h e  e s s e n t i a l  p o i n t  f o r  t h e  o p e r a t i o n  o f  

a w a t e r  b a r r i n g  p r o t e c t i v e  l a y e r  on t h e  one hand ,  and i t  i l ­

l u s t r a t e s  t h e  r h e o l o g i c a l  i m p o r t a n c e  o f  p r o t e c t i v e  l a y e r  on t h e  

o t h e r  h a n d .  I f  a p r o t e c t i v e  l a y e r  w i t h  t h r o t t l i n g  e f f e c t  a r e  

i n t e r c a l a t e d ,  t h e  f r e e  f o r m a t i o n  e n e r g y  i s  consumed p a r t l y  by 

t h e  w a t e r  r e s e r v o i r ,  p a r t l y  by t h e  p r o t e c t i v e  l a y e r .  I t  f o l l o w s  

f r o m  t h i s  e q u a t i o n  t h a t  s i m i l a r l y  t o  p r o t e c t i v e  l a y e r  w i t h o u t  

t h r o t t l i n g  e f f e c t ,  t h e  p r o t e c t i o n  o f  u n d e r g r o u n d  o p e n i n g s  

a g a i n s t  w a t e r  i n r u s h e s  i s  o n l y  a c t i v e  i f  t h e  f r e e  f o r m a t i o n  

e n e r g y ,  w h i c h  i n d u c e s  t h e  m i g r a t i o n  o f  w a t e r ,  ceases  i n  e v e r y  

p o i n t  o f  t h e  s u r f a c e  open ed  up by m i n i n g .  T h i s  c o n d i t i o n ,  and 

t h e  r e l a t e d  e q u i l i b r i u m  a r e  d e s c r i b e d  by t h e  f o l l o w i n g  e q u a t i o n  

o f  e q u i l i b r i u m :

s 0 -  Eo = AQ (V )  + BQ ( V ) 2 + A -| mQ (V )  + B ^ Q C v ) 2 . ( 3 2 )

By e x p r e s s i n g  Q(V)  f r o m  Eq.  ( 3 2 ) ,  and d i v i d i n g  t h e  w a t e r  

y i e l d s  u s i n g  Eq. ( 1 2 ) ,  t h e  a v e r a g e  r e l a t i v e  r e d u c t i o n  i s  i n  t h e  

y i e l d  o f  s u r f a c e  w a t e r s  t r a v e r s i n g  a w a t e r  b a r r i n g ,  i n t e r c a l a t ­

ed p r o t e c t i v e  l a y e r  w i t h  t h r o t t l i n g :

r e s p e c t i v e l y .

C o m p a r i n g  t h e  w a t e r  y i e l d  r e d u c t i o n  f a c t o r  f o r  a p r o t e c ­

t i v e  l a y e r  w i t h  t h r o t t l i n g  e f f e c t  t o  t h a t  w i t h o u t  t h r o t t l i n g  

e f f e c t  Eqs ( 2 8 ) ,  ( 2 9 ) ,  i t  can be seen  t h a t  w a t e r  y i e l d  r e d u c i n g  

e f f e c t  o f  t h r o t t l i n g  p r o t e c t i v e  l a y e r  i s

( 3 4 )

( 3 5 )
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i . e . ,  more i n t e n s i v e  t h a n  t h a t  o f  a p r o t e c t i v e  l a y e r  w i t h o u t  

t h r o t t l i n g .  I t  dep e n d s  on t h e  h y d r a u l i c  r e s i s t a n c e  B^rn o f  t h e  

p r o t e c t i v e  l a y e r ,  i . e .  on t h e i r  t h r o t t l i n g  c h a r a c t e r i s t i c s ,  

t h a t  i s  on t h e  a v e r a g e  t h r o t t l i n g  f a c t o r  o f  t h e  s y s t e m  r e s e r ­

v o i r - p r o t e c t i v e  l a y e r

f  ( V ) ( 3 6 )

Fo r  a c e r t a i n  sy s te m  o f  r e s e r v o i r - p r o t e c t i v e  l a y e r  t h e  

t h r o t t l i n g  f a c t o r  e x p r e s s e s  t h e  r e l a t i v e  r e d u c t i o n  i n  w a t e r  

y i e l d ,  due t o  t h e  s u r p l u s  f l o w  r e s i s t a n c e  o f  th e  p r o t e c t i v e  

l a y e r .

S u b s t i t u t i n g  t h e  v a l u e s  o f  В and i n t o  t h e  Eq. ( 3 6 ) ,  t h e  

a v e r a g e  t h r o t t l i n g  f a c t o r  ( S c h m i e d e r  19 75 ,  1982b)  i s :

and

f  ( V )

~v

о V , ■ V

( 3 7 )

f  ( V )

j l  + / 3 ( k m ) n V

0 V 0 - V

( 3 8 )

r e s p e c t i v e l y ,  w h e r e  ß  i s  a c h a r a c t e r i s t i c  f a c t o r  o f  t h e  p r o ­

t e c t i v e  l a y e r  and n i s  an e x p o n e n t  1 < n < 1 . 5 .

For  p r o t e c t i v e  l a y e r s  o f  t h e  same t y p e  t h e  v a r i a t i o n s  i n  

t h e  t h r o t t l i n g  f a c t o r  a re  p r i m a r i l y  i n f l u e n c e d  by t h e  c h a n g e s  

i n  t h e  c h a r a c t e r i s t i c s  o f  w a t e r  r e s e r v o i r  and o f  t h e  p r o t e c t i v e  

l a y e r .  F i g u r e  7b shows t h e  v a r i a t i o n s  i n  t h e  a v e ra g e  t h r o t t l i n g  

f a c t o r  ( F i g .  5b )  o f  a Dorog t y p e  p r o t e c t i v e  l a y e r  v s .  t h e  l o c a l  

w a t e r  s u p p l y i n g  f a c t o r  km. Fo r  a g i v e n  t y p e  t h e  c l o s e s t  c o r r e ­

l a t i o n  e x i s t e d  b e t w e e n  measured  and c a l c u l a t e d  v a l u e s  i f  n = 1.

W i t h  t h e  t h r o t t l i n g  f a c t o r  t h e  e x p e c t e d  t o t a l  y i e l d  o f  

w a t e r  i n f l o w e d  t h r o u g h  t h e  p r o t e c t i v e  l a y e r  w i t h  t h r o t t l i n g
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e f f e c t  ( S c h n i e d e r  1 9 7 2 ,  1982a)  i s :

Q(V)  = Q0 / j  ( V )  f  ( л>)  . ( 3 9 )

The u p p e r  l i m i t  o f  t h e  c o n f i d e n c e  i n t e r v a l  o f  t h e  e x p e c t e d  

v a l u e  i s  : Qo / j ( v ) .

The r a t i o  o f  t h e  v a l u e  f r o m  Eq. ( 3 9 ) ,  e x p e c t e d  f o r  t h e  

y i e l d  o f  s u r f a c e  w a t e r  i n f l o w e d  t h r o u g h  an i n t e r c a l a t e d  p r o ­

t e c t i v e  l a y e r ,  and t o  t h e  e x p e c t e d  v a l u e  o f  Q ( k M ) Q g i v e s  a 

r e l a t i o n s h i p  w h i c h  c o m p l e t e l y  e x p r e s s e s  t h e  j o i n t  e f f e c t  o f  

w a t e r  y i e l d  r e d u c t i o n  i n  m a r g i n a l  d r a i n i n g  c o n d i t i o n s .  The 

f a c t o r  o f  w a t e r  y i e l d  r e d u c t i o n  e x p r e s s i n g  t h e  j o i n t  a c t i o n  o f  

m a r g i n a l  d r a i n i n g  c o n d i t i o n s  i s :

w he re  ^  i s  t h e  f a c t o r  o f  w a t e r  y i e l d  r e d u c t i o n  ( 1 6 ) ,  due t o

d i f f e r e n c e s  i n  g e o m e t r i c  m a r g i n a l  c o n d i t i o n s .

CONCLUSIONS

-  S t a r t i n g  f r o m  t h e  d y n a m i c  l a w s  g o v e r n i n g  t h e  m i g r a t i o n  o f  

w a t e r  w i t h i n  a r e s e r v o i r  and t h e  m e c h a n i c a l  ones  p e r t a i n i n g  

t o  t h e  f u n c t i o n  o f  w a t e r  b a r r i n g  p r o t e c t i v e  l a y e r s ,  a sys tem  

o f  r e l a t i o n s h i p s  i n  c l o s e d  fo r m  can be d e r i v e d  w h i c h  i n  a c ­

c o r d a n c e  w i t h  e x p e r i e n c e s  e n a b l e  t h e  h y d r a u l i c a l  d e s c r i p t i o n  

o f  d yn a m ic  c o n d i t i o n s  o f  e q u i l i b r i u m  d e v e l o p i n g  s p o n t a n e o u s l y  
o r  a r t i f i c i a l l y .

-  Fo r  t h e  sy s te m  o f  r e s e r v o i r - p r o t e c t i v e  l a y e r ,  i r r e s p e c t i v e  o f  
t h e  c h a r a c t e r  o f  t h e  p r o t e c t i v e  l a y e r ,  t h e  u n i q u e  c o n d i t i o n  
o f  e q u i l i b r i u m  i s  t h a t  t h e  f o r m a t i o n  e n e r g y  i n d u c i n g  w a t e r  
m i g r a t i o n  s h o u l d  be i n  e v e r y  p o i n t  o f  t h e  opened  s u r f a c e  
e q u a l  t o  o r  l o w e r  t h a n  z e r o .

-  The r e l a t i v e  r e d u c t i o n  i n  f o r m a t i o n  e n e r g y ,  n e c e s s a r y  t o  
e s t a b l i s h  e q u i l i b r i u m  i s  e x p r e s s e d  by t h e  a v e r a g e  t h r o t t l i n g  
f a c t o r  o f  t h e  s y s t e m  r e s e r v o i r - p r o t e c t i v e  l a y e r ,  and i t s  mode 
o f  d i s s i p a t i o n  by t h e  a v e r a g e  t h r o t t l i n g  f a c t o r .

-  The g r e a t e s t  amount  o f  e l e v a t e d  w a t e r  t o  p r o t e c t  w o r k i n g s

Q( v ) = /и (M) f  (V) ( 4 0 )
Q(kM) о
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u n d e r g r o u n d ,  i s  due t o  l a t e r a l  d r a i n i n g  o f  t h e  r e s e r v o i r ,  whi le 

t h e  l o w e s t  w a t e r  y i e l d  i s  i n  c o n n e c t i o n  w i t h  t h e  s p o n t a n e o u s  

e q u a l i z a t i o n  due t o  i n t e r c a l a t i o n  o f  t h r o t t l i n g  p r o t e c t i v e  

l a y e r s .  The r e l a t i o n s h i p  be tw een  t h e s e  two  v a l u e s  i s  e x ­

p r e s s e d  by t h e  p r o d u c t  o f  t h e  y i e l d  r e d u c t i o n  f a c t o r s  -  more 

e x a c t l y  o f  t h e  a v e r a g e  s e a l i n g  f a c t o r s  -  o f  t h e  a v e r a g e  

t h r o t t l i n g  and o f  t h e  a v e r a g e  w a t e r  y i e l d  r e d u c t i o n  f a c t o r  

d e r i v e d  f rom t h e  d i f f e r e n c e s  i n  g e o m e t r i c  m a r g i n a l  c o n d i ­

t i o n s  .

-  D e p e n d i n g  on m a r g i n a l  d r a i n i n g  c o n d i t i o n s  t h e  t o t a l  amount o f  

s i m u l t a n e o u s l y  i n f l o w e d  w a t e r  v a r i e s  i n  v e r y  b r o a d  l i m i t s ,  i n  

an  e x t r e m e  case eve n  w i t h i n  t h e  ra n g e  0 Q ( t )  £  Q ( k M ) Q what  

s t r e s s e s  t h e  i m p o r t a n c e  o f  s e l e c t i n g ,  e x p l o i t i n g  and i n f l u ­

e n c i n g  r e a s o n a b l y  t h e  m a r g i n a l  c o n d i t i o n s  o f  d r a i n a g e  u n d e r  

t h e  a s p e c t s  o f  b o t h  m i n i n g  and e n v i r o n m e n t  p r o t e c t i o n .  For  

t h e  a re a  o f  t h e  T r a n s d a n u b i a n  M i d m o u n t a i n s  t h e  i m p o r t a n c e  o f  

t h i s  i s  p a r t i c u l a r l y  e m p h a s i z e d .
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FUNCTION OF WATER-BARRING PROTECTIVE LAYERS 

A S c h m i e d e r

Central  I n s t i t u t e  f o r  the Development o f  M in ing ,  H-1037 Budapest, 
Mikoviny u. 2-4,  Hungary

The problem of  the fu n c t io n  of  p r o t e c t i v e  la y e r s  b u i l t - u p  of  c layey ,  
marly rocks has ex is ted  f o r  more than 30 years.  S t a r t i n g  the d i f f e r e n t i a l  
equat ion f o r  the process o f  hyd rau l i c  rup tu re  o f  s t r a t a ,  problems o f  spon­
taneous s p l i t t i n g  processes o f  wa te r -bar r ing  p r o t e c t i v e  layers are solved;  
these problems inc lude the charac ter  o f  spontaneous processes developing 
among d i f f e r e n t  i n i t i a l  and p e r i p h e r i c a l  c o n d i t i o n s ,  the cond i t ions of  
e q u i l i b r i u m  l i m i t s ,  the s t a b i l i t y  o f  e q u i l i b r iu m  con d i t i o ns ,  i n  e n t i r e t y  
the fun c t io n  o f  w a te r - ba r r i ng  p ro t e c t i v e  la y e r s ,  f rom the beginning o f  
spontaneous s p l i t t i n g  up to  the development o f  wa te r -  and water-  and rock -  
- in rushes .

Keywords: h y d r o f r a c tu r in g ;  mining s a f e t y ;  s p l i t t i n g  o f  rock;  water -  
- b a r r in g  l ayers ;  water in rush

1 . INTRODUCTION

As t h e  c o s t s  o f  pump ing  i n c r e a s e  w i t h  d e p t h  and o w i n g  t o  

more and more r i g o r o u s  e n v i r o n m e n t a l  l i m i t a t i o n s ,  t h e  m i n i n g  

s i g n i f i c a n c e  o f  w a t e r - b a r r i n g  p r o t e c t i v e  l a y e r s  i n c r e a s e s ,  t o o .  

I n  co n s e q u e n c e  e f f o r t s  a r e  made t o  c o l l e c t  kn o w le d g e  a b o u t  t h e  

f u n c t i o n  o f  w a t e r - b a r r i n g  p r o t e c t i v e  l a y e r s ,  p r o c e s s e s  o f  r o c k -  

and w a t e r  movement  d e v e l o p i n g  w i t h i n  and b r e a k i n g  t h r o u g h  t h e m ,  

f u r t h e r  a b o u t  c o n d i t i o n s  o f  e q u i l i b r i u m  l i m i t s  o f  d e v e l o p i n g  

p r o c e s s e s .

I n  s p i t e  o f  a l l  t h e s e  e f f o r t s  d i f f e r r i n g  c o n c e p t i o n s  a b o u t  

p r o t e c t i n g  l a y e r s  e x i s t  i n  H u n g a r i a n  m i n i n g  w h ic h  a r e  c o n t r a ­

d i c t o r y  t o  each  o t h e r  and a re  a s o u r c e  o f  d i s c u s s i o n s  ( K e s s e r O  

1984 ,  1986a b ,  S c h m i e d e r  1986 a b ,  J u h á s z  1 9 8 7 ) .  They a l s o  

ca use  s m a l l e r - l a r g e r  u n c e r t a i n t i e s  i n  t h e  d a y l y  p r a c t i c e  o f  

e s t i m a t i o n  o f  p r o t e c t i v e  l a y e r s  i n  d i m e n s i o n i n g  o f  w a t e r -

Acta Geod. Geoph. Mont. Hung. 25, 1990 
Akadémiai Kiadó, Budapest
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- b a r r i n g  p i l l a r s ,  f u r t h e r  i n  m e c h a n i c a l  i n t e r p r e t a t i o n  o f  wa­

t e r -  and r o c k - m o v e m e n t s  d u r i n g  m i n i n g  o p e r a t i o n s .

The p r e s e n t  c o n c e p t i o n s  e x i s t i n g  i n  H u n g a r i a n  m i n i n g  a b o u t  

p r o t e c t i v e  l a y e r s  -  t h e  t r a d i t i o n a l  one by V ig h  and S z e n t e s  

( 1 9 5 2 ) ,  t h e  m i c r o - i n f i l t r a t i o n  one by S c h m i e d e r  ( 1 9 7 0 ) ,  t h e  

i n s t a n t a n e o u s  one  by K a p o l y i  ( 1 9 7 5 ) ,  t h e  e n e r g o d y n a m i c a l  one by 

S c h m i e d e r  ( 1 9 8 2 ,  1 9 8 3 )  and t h e  s t r e s s - t h e o r y  by K e s s e r ű  ( 1 9 8 4 ,  

1 9 8 6 )  -  were d e v e l o p e d  w i t h  t h e  i n c r e a s e  o f  k n o w le d g e  m o s t l y  

due  t o  t h e  f a c t  t h a t  e x p e r i e n c e s  b ased  on d i r e c t  o b s e r v a t i o n s  

a l l o w  d i v e r s e  i n t e r p r e t a t i o n s  l a c k i n g  a c o n c o r d a n t  t h e o r e t i c a l  

p r i n c i p l e .  T h i s  i s  t h e  r e a s o n  why d i f f e r e n t  c o n c e p t s  e x p l a i n  

t h e  f u n c t i o n  o f  w a t e r - b a r r i n g  p r o t e c t i v e  l a y e r s  i n  d i f f e r e n t  

w a y s .  The d e v e l o p m e n t  o f  w a t e r -  and r o c k - m o v e m e n t  p r o c e s s e s  

p i e r c i n g  p r o t e c t i v e  l a y e r s ,  and l i m i t  c o n d i t i o n s  o f  i m p e r m e a b l e  

p r o t e c t i v e  l a y e r s  a r e  d e f i n e d  by e q u i l i b r i u m  l i m i t  e q u a t i o n s .

T h i s  s t u d y  r e p o r t s  on r e s u l t s  w h i c h  a l l o w  an i n t e r p r e t a ­

t i o n  and d e s c r i p t i o n  o f  t h e  f u n c t i o n a l  mechanism o f  w a t e r - b a r -  

r i n g  p r o t e c t i v e  l a y e r s  i n  a more c o m p l e t e  and v a l u a b l e  f o r m  

t h a n  b e f o r e .  I t s  m e t h o d  i s  b u i l t  up on m a t h e m a t i c a l  d e d u c t i o n ,  

t h e  r e s u l t s  a r e  c h e c k e d  by e x p e r i e n c e s  based on d i r e c t  m e a s u r e ­

m e n t s  and o b s e r v a t i o n s .

T h i s  s t u d y  f o l l o w s  t h e  l o g i c  o f  r e s e a r c h .  An i n t e r p r e t a ­

t i o n  o f  w a t e r - b a r r i n g  p r o t e c t i v e  l a y e r s  and t h e  p r e s e n t a t i o n  o f  

p r o t e c t i v e  l a y e r  c o n c e p t s  i s  f o l l o w e d  by t h e  m a t h e m a t i c a l  mode l  

b a s e d  on c o n s e r v a t i o n  o f  e n e r g y .  L a s t ,  some g e n e r a l  c o n c l u s i o n s  

a r e  r e a c h e d  i n  m i r r o r  o f  e x p e r i e n c e s .

2 .  INTERPRETATION OF WATER-BARRING PROTECTIVE LAVERS

Rocks w h i c h  a r e  bad a q u i f e r s  and have  some i n t e r n a l  

r e s i s t a n c e  Eq a g a i n s t  w a t e r  movement  a r e  c a l l e d  w a t e r - b a r r i n g  

r o c k s ,  o r  w a t e r - b a r r i n g  p r o t e c t i v e  l a y e r s  i f  i n s u l a t i n g  l a y e r s  

a r e  meant  be tween  w a t e r  b e a r i n g  l a y e r s  and mine o p e n i n g .

S e d i m e n t a l  f o r m a t i o n s  have  a p r o m i n e n t  r o l e  among w a t e r -  

- b a r r i n g  r o c k s  ( F i g .  1 ) .  W a t e r - b a r r i n g  s e d i m e n t a l  r o c k s  can  be 

r a n k e d  i n  two l a r g e  g r o u p s .

Rocks  o f  t h e  f i r s t  g r o u p  a r e  e a s i l y  e r o d i n g ,  f r a g m e n t e d ,  

o f  s m a l l e r  c o h e s i o n ,  t h e y  a r e  g e n e r a l l y  w a t e r - s a t u r a t e d  and
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Fig.  1. I n t e r p r e t a t i o n  of  wa te r -b a r r i ng  sedimented rocks

have  an i n t e r p a r t i c l e  t h r e s h o l d - g r a d i e n t  I  ( J u h á s z  1976)  shown 

i n  t h e  f i e l d  oC o f  F i g .  1.  I n  t h e s e  r o c k s  w a t e r  moves i f  t h e  

a c t u a l  h y d r a u l i c  g r a d i e n t  r e a c h e s  o r  e x c e e d s  t h e  t h r e s h o l d  o f  

i n f i l t r a t i o n ,  o r  i f  due t o  i n f i l t r a t i o n ,  t h e  p r e s s u r e  t r a n s f e r ­

r e d  t o  t h e  r o c k  as a mass f o r c e ,  r o c k  f r a c t u r e  o c c u r s  ( K é z d i  

1 9 7 2 ) .  T h i s  s t u d y  does  n o t  d e a l  w i t h  s e d i m e n t a l  r o c k s  o f  g r o u p  

o n e .

The second g r o u p ,  as shown by f i e l d  ß  i n  F i g .  1 i s  c o n ­

s t i t u t e d  by c l a y e y ,  m a r l y  u n s a t u r a t e d  s e d i m e n t s  o f  more o r  l e s s  

p l a s t i c  b e h a v i o u r .  Rocks  o f  t h i s  g r o u p  a r e  o f  h i g h  p r a c t i c a l  

s i g n i f i c a n c e .  They can be d e v i d e d  b ased  on t h e i r  b e h a v i o u r  

a g a i n s t  w a t e r  t o  t h e  s u b g r o u p s :

-  e a s i l y  e r o d i n g  s o f t  m a t e r i a l s  ( ß , ) and

-  h a r d l y  e r o d i n g  c l a y e y - m a r l y  s e d i m e n t s  ( ß ^ )  ■

I n  t h e s e  r o c k s  f r a c t u r e s  and s p l i t s  d e v e l o p e d  i n  g e o l o g i c a l  

p r o c e s s e s  a r e  i n  t h e  n a t u r a l  s t r e s s  c o n d i t i o n  g e n e r a l l y  c l o s e d  

a g a i n s t  h y d r o s t a t i c  w a t e r  p r e s s u r e  ( S c h m i e d e r  e t  a l .  1 9 7 5 ) .  A 

w a t e r  movement be tw e e n  two  w a t e r  b e a r i n g  l a y e r s  o r  b e tw e e n  a 

w a t e r  b e a r i n g  l a y e r  and a t a p p i n g  o p e n i n g  s t a r t s  t h r o u g h  t h e  

z ones  t r a v e r s e d  by j o i n t s  o n l y  i f  j o i n t s  f o r m e r l y  c l o s e d  open
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up due  t o

-  a d e c r e a s e  o f  t h e  r o c k - s t r e s s ,  o r

-  an  i n c r e a s e  o f  t h e  w a t e r  p r e s s u r e

a n d  c o n d i t i o n s  f o r  w a t e r  movement s a t u r a t e d  w i t h  w a t e r  d e v e l o p .  

L a b o r a t o r y  t e s t s  o f  c l a y e y - m a r l y  r o c k s  t r a v e r s e d  by j o i n t s  

( K e s s e r ű  1976) i n d i c a t e  ( i n  a c c o r d a n c e  w i t h  e x p e r i e n c e s  o f  

h y d r a u l i c  r u p t u r e  o f  s t r a t a  ( L á n y i  e t  a l .  1 9 8 3 ) )  t h a t  j o i n t s  i n  

t h e s e  r o c k s  r e m a i n  c l o s e d  o r  t h e  c l a y e y - m a r l y  p r o t e c t i v e  l a y e r  

o p e r a t e s  as w a t e r - b a r r i n g  s t r u c t u r e s  as l o n g  as t h e  r u p t u r i n g  

p r e s s u r e  p^ a f f e c t i n g  t h e  s u r f a c e  o f  t h e  r o c k  t r a v e r s e d  by 

j o i n t s  i s  l e s s  t h a n  t h e  minimum n o r m a l  r o c k - s t r e s s  G m c l o s i n g  

t h e  f i s s u r e s .  A c c o r d i n g  t o  Ke ss e rű  ( 1 9 7 6 )  a s p l i t t i n g  o f  c l o s e d  

j o i n t s  o c c u r s  a t  t h e  l i m i t  i f  t h e  c o n d i t i o n  o f  e q u i l i b r i u m  i s  

va  1 i d  :

p r  = G m • (1 '

One o f  t h e  mos t  d i s p u t e d  q u e s t i o n s  o f  c l a y e y - m a r l y  p r o t e c ­

t i v e  l a y e r s  i s :  why ,  a t  w h i c h  p r e s s u r e  and t o  w h ic h  e x t e n t  do 

t h e  c l o s e d  j o i n t s  o f  t h e  r o c k  s p l i t  w i t h i n  t h e  ra nge  p r  > ,

i f  t h e  l i m i t  c o n d i t i o n  o f  e q u i l i b r i u m  i s  r e a c h e d ?  What does  

g o v e r n  t h e  p r o c e s s  o f  s p l i t t i n g  and w h a t  does  m i n i n g  e x p e r i e n c e  

r e f l e c t ?

L a c k i n g  a d e q u a t e  t h e o r e t i c a l  p r i n c i p l e s ,  t h e  a n s w e r s  t o  

t h e s e  q u e s t i o n s  a r e  n a t u r a l l y  d i f f e r e n t .  They a re  c o n c i s e l y  

e x p r e s s e d  i n  d i v e r s e  c o n c e p t s  o f  p r o t e c t i v e  l a y e r s  based  on 

d i f f e r r i n g  i n t e r p r e t a t i o n  o f  e x p e r i e n c e s .

3 .  MINING EXPERIENCES

M o s t  o f  t h e  H u n g a r i a n  e x p e r i e n c e s  a b o u t  w a t e r  i n r u s h e s  

p i e r c i n g  c l a y e y - m a r l y  p r o t e c t i v e  l a y e r s  w e re  g a t h e r e d  i n  m i n e s  

u n d e r  c a r s t i c  w a t e r  h a z a r d  c o n d i t i o n s  i n  t h e  T r a n s d a n u b i a n  

C e n t r a l  M o u n t a i n s .  D u r i n g  t h e  l a s t  100 y e a r s  n e a r l y  2000 w a t e r  

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

v o i r s  c o v e r e d  by w a t e r - b a r r i n g  p r o t e c t i v e  l a y e r s  l o c a t e d  b e l o w  

t h e  m i n i n g  o p e r a t i o n s  and  c o n n e c t e d  t o  t e c t o n i c a l l y  b r o k e n
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zo nes  o f  w a t e r - b a r r i n g  r o c k s  ( A j t a y  1962 ,  V i g h  and S z e n t e s  

1 9 5 2 ) .

70 t o  80 p e r c e n t s  o f  t h e  w a t e r  i n r u s h e s  o c c u r r e d  d i r e c t l y  

a l o n g  f a u l t  p l a n e s .  16 t o  20 p e r c e n t s  were  i n  t h e  f r a c t u r e d  

zone  o f  f a u l t s  and o n l y  i n  c a s e s  o f  a few  p e r c e n t s  i t  was i m ­

p o s s i b l e  t o  f i n d  any c o n n e c t i o n  be tw een f a u l t s  i n t e r s e c t i n g  t h e  

p r o t e c t i v e  l a y e r  and w a t e r  i n r u s h  ( A j t a y  1 9 6 2 ) .  A c c o r d i n g  t o  

s p o r a d i c  o b s e r v a t i o n s ,  t h e  i n i t i a l  p e r i o d  o f  i n r u s h e s  was i n d i ­

c a t e d  by s w e l l i n g s  o f  s m a l l e r  e x t e n t ,  i n  some c a s e s  by weak i n ­

f i l t r a t i o n s .  T h i s  s i t u a t i o n  l a s t e d  s o m e t im e s  a few d a y s ,  nay 

more weeks l o n g .  A f t e r  a c e r t a i n  t i m e  t h e  p r o c e s s  a c c e l e r a t e d .  

The w a t e r  y i e l d  and i t s  s e t t l i n g s  c o n t e n t  i n c r e a s e d  and a w a t e r  

i n r u s h  d e v e l o p e d .  D u r i n g  t h i s  p e r i o d  sound phenomena o f  v a r i ­

a b l e  i n t e n s i t y ,  c r a c k i n g  o f  s u p p o r t  s t r u c t u r e s ,  i n t e n s i v e  s w e l ­

l i n g ,  i n  some c a s e s  r a p i d  d e s t r u c t i o n  o f  a d j a c e n t  m i ne  o p e n i n g s  

c o u l d  be o b s e r v e d ,  l a t e r  w a t e r  s e t t l e d  g r a d u a l l y  and t h e  dynam­

i c  e q u i l i b r i u m  be tw e e n  r o c k  and w a t e r  ph a s e s  s e t  i n .  L a r g e  

s c a l e  w a t e r  i n r u s h e s  p r o v e  beyond  d o u b t  t h a t  t h e y  d e v e l o p e d  

t h e r e  where t h e  s p e c i f i c  v a l u e  o f  t h e  s o - c a l l e d  e f f e c t i v e  

p r o t e c t i v e  l a y e r - t h i c k n e s s  ( t h e  t h i c k n e s s  r e d u c e d  by t h e  t h r o w  

o f  t h e  f a u l t )  r e f e r r e d  t o  u n i t  w a t e r - p r e s s u r e  d i f f e r e n c e ,  i . e .  

t h e  s p e c i f i c  p r o t e c t i v e  l a y e r - t h i c k n e s s  was l e s s  t h a n  a c e r t a i n  

l i m i t  v a l u e  ( V i g h  and S z e n t e s  1 9 5 2 ) .  W i t h  i n c r e a s i n g  s p e c i f i c  

p r o t e c t i v e  l a y e r - t h i c k n e s s  t h e  a r e a l  f r e q u e n c y  o f  w a t e r  i n ­

r u s h e s  d e c r e a s e s  ( F i g .  2 )  and above  a c e r t a i n  V q l i m i t  t h e  

d a n g e r  o f  w a t e r  i n r u s h e s  c e a s e s  ( A j t a y  1962 ,  V i g h  and S z e n t e s  

1 9 5 2 ) .  T h i s  l i m i t  v a r i e s  i n  case  o f  s o f t  m a t e r i a l s  b e tw e e n  0 .5  

and 1 . 0  m / b a r ,  w i t h  h a r d e r  c l a y e y - m a r l y  r o c k s  i t  r e a c h e s  3 . 0  t o

4 . 0  m / b a r  ( S c h m i e d e r  e t  a l .  1975 ,  S c h m i e d e r  1983 ,  V i g h  and 

S z e n t e s  1 9 5 2 ) .

The t r a d i t i o n a l  c o n c e p t  o f  p r o t e c t i v e  l a y e r s  has  been  

f o r m u l a t e d  based on t h e s e  e x p e r i e n c e s :  w a t e r  i n r u s h e s  p e n e t r a t ­

i n g  f l o o r - s i d e d  w a t e r - b a r r i n g  p r o t e c t i v e  l a y e r s  s h o u l d  n o t  be 

e x p e c t e d  i f

4  =
ДР>

> V . ( 2)



7 0 A SCHMIEÜER

F i g .  2. Changes in  r e l a t i v e  frequency of  water inrushes in  fu n c t io n  of  the 
sp ec i f i c  p r o t e c t i v e  l a y e r  thi ckness

i . e .  t h e  s p e c i f i c  p r o t e c t i v e  l a y e r - t h i c k n e s s  i s  e q u a l  o r  h i g h e r  

t h a n  t h e  l i m i t  \) c h a r a c t e r i s t i c  f o r  a g i v e n  p r o t e c t i v e  l a y e r  

( V i g h  and S z e n te s  1 9 5 2 ) .  I n  e m p i r i c a l  f o r m u l a  ( 2 )  Л р у i s  t h e  

h y d r o s t a t i c  p r e s s u r e  d i f f e r e n c e  r e l a t e d  t o  t h e  f l o o r  l e v e l  o f  

t h e  m i n i n g  o p e r a t i o n s .

Wate r  p r o t e c t i n g  p i l l a r  d i m e n s i o n i n g  was t r a d i t i o n a l l y  

b a s e d  i n  Hungary  on t h e s e  e x p e r i e n c e s ,  t h e y  were  a l s o  used  i n  

t h e  e s t i m a t i o n  o f  w a t e r  i n r u s h  h a z a r d  and i n  o f f i c i a l  p r e s c r i p ­

t i o n s .  T h i s  p r a c t i c e  i s  l o a d e d  w i t h  u n c e r t a i n t y  be ca u se  th e  

p h y s i c a l  i n t e r p r e t a t i o n  o f  "V and t h a t  o f  t h e  e q u i l i b r i u m  

l i m i t ,  Eq. ( 2 )  r e m a i n  u n e x p l a i n e d .

T h i s  p r o b l e m  ha s  n o t  been s o l v e d  s i n c e  more t h a n  30 y e a r s  

( V i g h  e t  a l .  1 9 6 1 ) .

4 .  INTERPRETATION OF THE EXPERIENCES

The f i r s t  i n t e r p r e t a t i o n  o f  t h e  e q u i l i b r i u m  l i m i t  e q u a t i o n  

s u p p o r t e d  by p h y s i c a l  f a c t s  was f o r m u l a t e d  on t h e  b a s i s  o f  

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

t i v e  l a y e r s  ( S c h m i e d e r  1970)  v o i s  t h e  i n v e r s e  o f  t h e  a v e r a g e  

t h r e s h o l d  g r a d i e n t  I *  b e l o n g i n g  t o  t h e  s t a r t  o f  w a t e r  movement  

and t h e  e q u a t i o n  o f  t h e  r e l a t e d  c o n d i t i o n

Ap̂v ! o m ( 3 )

e x p r e s s e s  t h e  l i m i t - e q u i l i b r i u m  a t  t h e  d e v e l o p m e n t  o f  i n f i l t r a ­

t i o n .

b )  The c o n c e p t  o f  i n s t a n t a n e o u s  p r o t e c t i v e  l a y e r  ( K a p o l y i  

1 9 7 6 )  l e a v e s  open t h e  c h a r a c t e r i s t i c  c o n d i t i o n s  and t h e  p r o b l e m  

o f  r e l a t e d  l i m i t  e q u i l i b r i u m .  I t  i n v e s t i g a t e s  t h e  f u n c t i o n  o f  

t h e  p r o t e c t i v e  l a y e r  i n  t h e  c o n d i t i o n s  p r e c e d i n g  t h e  d e v e l o p ­

ment  o f  w a t e r  i n r u s h .  D e p a r t i n g  f r o m  t h e  t r a d i t i o n a l  c o n c e p t i o n  

t h i s  c o n c e p t  s u p p o s e s  t h a t  i n  t h e  i n i t i a l  phase  o f  w a t e r  i n r u s h  

p e n e t r a t i n g  t h e  p r o t e c t i v e  l a y e r ,  r o c k  and w a t e r  phases  move 

s i m u l t a n e o u s l y  and p e r m e a t e  each o t h e r .  These movements a r e  

d e s c r i b e d  based  on t h e  m a c r o s c o p i c  i m p u l s e - b a l a n c e .

The d i f f e r e n t i a l  e q u a t i o n  w h i c h  d e s c r i b e s  t h e  common 

movement  o f  b o t h  p h a s e s  i s :

Î d j - 1 
k d t 2'

-  g ra d  ( g . g z )  + D i v  F + î *к V ( 4 )

9k
u

F

w he re  q ,, i s  t h e  m a s s - d e n s i t y  o f  t h e  r o c k ,  

t h e  f i e l d  o f  movement o f  r o c k ,

t h e  s t r e s s - t e n s o r  caused  by t h e  r o c k  d e f o r m a t i o n ,  

k *  a f a c t o r  d e p e n d i n g  on w a t e r - p e r m e a b i l i t y  o f  t h e  i n ­

f i l t r a t i o n  f i e l d ,  and

V t h e  c u r r e n t  v e c t o r  o f  w a t e r  r e l a t i v e  t o  r o c k .  

A l t h o u g h  th e  i n s t a n t a n e o u s  c o n c e p t  o f  t h e  p r o t e c t i v e  l a y e r  

l e a v e s  e x p e r i m e n t a l  p r o b l e m s  u n a n s w e r e d ,  i t s  u p - t o - d a t e  c o n c e p t  

has c o n t r i b u t e d  t o  t h e  d e v e l o p m e n t  o f  r e s e a r c h .

c )  The e n e r g o d y n a m i c  c o n c e p t  o f  t h e  p r o t e c t i v e  l a y e r  

( S c h m i e d e r  1982 ,  1983)  i n t e r p r è t e s  a p r o t e c t i v e  l a y e r  as a 

n a t u r a l  p r e s s u r e  e q u a l i z i n g  v a l v e  w h i c h  r e s t o r e s  due t o  i t s  

s e l f - r e g u l a t i n g  o p e r a t i o n  t h e  e q u i l i b r i u m  u p s e t  by m ine  c a v i ­

t i e s  i n  a c c o r d a n c e  w i t h  t h e  a c t u a l  m in im um e n e r g y  l e v e l .  I t
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s t a r t s  t o  o p e r a t e  when t h e  w a t e r - p r e s s u r e  d i f f e r e n c e  b e tw e e n  

t h e  a q u i f e r  and t a p p i n g  c a v i t i e s  g e t s  h i g h e r  t h a n  t h e  i n t e r n a l  

r e s i s t a n c e  Eq a g a i n s t  movements i n  t h e  p r o t e c t i v e  s t r a t a .  Eq i s  

a f u n c t i o n  o f  t h e  n a t u r e  o f  t h e  move me nt .

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

t e c t i v e  l a y e r s  t h e  n e c e s s a r y  p r e c o n d i t i o n  o f  a w a t e r  i n r u s h  

p e n e t r a t i n g  t h e  s a i d  p r o t e c t i v e  l a y e r  i s  a f r a c t u r e  d e v e l o p i n g  

i n  t h a t  l a y e r  w h i c h  m i g h t  be ca u s e d  by a h y d r a u l i c  r o c k b u r s t  

o r  t h e  h y d r a u l i c  r u p t u r e  o f  r o c k .

As soon as t h e  l i m i t  c o n d i t i o n  Eq. ( 1 )  has been r e a c h e d ,  

a s m a l l e s t  p r e s s u r e  d i f f e r e n c e  s t a r t s  t h e  h y d r a u l i c  r o c k - r u p ­

t u r e .  D u r i n g  t h i s  p r o c e s s  m i c r o s i z e d  s p l i t t i n g  o f  c l o s e d  j o i n t s  

a p p e a r s  i n  t h e  p r o t e c t i v e  l a y e r .  T h e i r  d e v e l o p m e n t  i s  c o n t r o l ­

l e d  by t h e  r e l i e f  o f  r o c k s ,  i t s  c u r r e n t  e q u i l i b r i u m  i s  d e ­

s c r i b e d  by t h e  f u n c t i o n

Eo = ^ + î o m ( 5 )

and  i t s  l i m i t  c o n d i t i o n  by Eq. ( 3 )  w h e re  6 ^  i s  t h e  p r i n c i p a l  

s t r e s s  p e r p e n d i c u l a r  t o  t h e  j o i n t s .  I n  t h i s  s t a t e  t h e  e f f e c t i v e  

s t r e s s  i s  i n  a l l  p o i n t s  o f  t h e  s p l i t t e d  and w a t e r - s a t u r a t e d  

r o c k - z o n e  e q u a l  t o  z e r o .  A t  t h e  l i m i t  c o n d i t i o n  o f  w a t e r - i n * -  

r u s h e s  a b i f u r c a t i o n  may o c c u r ,  one o f  t h e  b r a n c h e s  i s  t h e  

h y d r a u l i c  r o c k - r u p t u r e ,  t h e  o t h e r  one i s  t h e  i n f i l t e r i n g  w a t e r  

m o v e m e n t .

d )  A c c o r d i n g  t o  t h e  s t r e s s - t h e o r e t i c a l  c o n c e p t  ( K e s s e r u  

1 9 8 4 ,  1986a)  -  w h i c h  i s  based on t h e  e x p e r i e n c e s  w i t h  h y d r a u l i c  

r u p t u r e  o f  t h e  h y d r o c a r b o n  m i n i n g  ( A l l i q u a n d e r  e t  a l .  1 9 7 5 )  o f  

l a b o r a t o r y  i n v e s t i g a t i o n s  ( K e s s e r ű  1 9 7 6 )  and o f  o p e r a t i n g  e x ­

p e r i m e n t s  -  b o t h  t h e  t r a d i t i o n a l  and t h e  e n e r g o d y n a m i c  m e t h o d s  

a r e  i n v o l v i n g  c o n t r a d i c t i o n s .  Namely  i n  t h e s e  mode ls  t h e  h y d r o -  

r u p t u r i n g  p r e s s u r e  on t h e  one hand  i s  a l i n e a r  f u n c t i o n  o f  t h e  

t h i c k n e s s  m o f  t h e  p r o t e c t i v e  l a y e r ,  on t h e  o t h e r  hand i n  Eq.  

( 5 ) ,  as i n  a h y b r i d  m o d e l ,  b o t h  t h e  s t r e s s  and t h e  i n f i l t r a t i o n  

r e s i s t a n c e  a re  i n c l u d e d .  A c c o r d i n g  t o  t h e  s t r e s s - t h e o r e t i c a l  

c o n c e p t  o f  p r o t e c t i v e  l a y e r s ,  i n  t h e  p r o t e c t i v e  l a y e r s  o f  l o w  

s t r e n g t h  w h ic h  a r e  i n  t h e i r  o r i g i n a l  c o n d i t i o n  p r a c t i c a l l y
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w a t e r - b a r r i n g ,  t h e  p r o c e s s  o f  w a t e r  i n r u s h  s t a r t s  by h y d r a u l i c  

r u p t u r i n g .  T h i s  o c c u r s  when i n  l a y e r s  n e a r  t h e  s u r f a c e  t h e  

h y d r a u l i c  r u p t u r i n g  p r e s s u r e

p = 1.1 -  1 . 5 Ç ( 6 )r  r  m

r e a c h e s  o r  e xc e e d s  1.1 t o  1 . 5 - t i m e s  t h e  v a l u e  o f  t h e  l e a s t  

n o r m a l  p r i n c i p a l  s t r e s s .

I n  c o m p l i a n c e  w i t h  t h i s  c o n c e p t :

-  t h e  s p l i t t i n g  o f  t h e  p r o t e c t i v e  l a y e r  i s  a n a l o g o u s  w i t h  t h e  

h y d r a u l i c  r u p t u r i n g ;  t h e  p r o c e s s  i s  c o n t r o l l e d  by t h e  r o c k -  

- s t r e s s  zone b e i n g  changed  a ro und  t h e  m in e  c a v i t y  and d u r i n g  

t h e  s p l i t t i n g  m a c r o s i z e d  s p l i t s  o f  mm and cm w i d t h s  r e s p . ,  

a p p e a r i n g  ;

-  t h e  s o - c a l l e d  t h r e s h o l d - g r a d i e n t  I *  o f  t h e  p r o t e c t i v e  l a y e r  

r e f l e c t s  t h e  c o n d i t i o n s  o f  h y d r o r u p t u r i n g  i n  t h e  e n v i r o n m e n t  

o f  t h e  mine c a v i t y ;

-  t h e  d e f i n e d  q u a n t i t y  o f  t h e  s p e c i f i c  p r o t e c t i v e  l a y e r - t h i c k ­

n e ss  may be o n l y  a p p l i e d  i n  t h e  a l t e r e d  r o c k - s t r e s s  zone 

a r o u n d  t h e  mine c a v i t y ,  b o t h  i n  l a t e r a l  d i r e c t i o n  and i n  t h e  

f o o t w a l l ,  b u t  as a maximum o n l y  up to  40 to  50 m; beyond  t h i s  

d i s t a n c e  i t  i s  no more  v a l i d ;

-  i s  t h e  t h i c k n e s s  o f  t h e  p r o t e c t i v e  l a y e r  l e s s  th a n  25 t o  50 

m, i . e .  l e s s  t h a n  t h e  r o c k  zone o f  a l t e r e d  s t r e s s  c o n d i t i o n ,  

t h e r e  i s  no p r a c t i c a l  c o n t r a d i c t i o n  b e t w e e n  t h e  d i f f e r e n t  

e v a l u a t i o n  m e th ods  o f  p r o t e c t i v e  l a y e r s ,  t h e  p h y s i c a l  s ense  

o f  t h i s  phenomenon i s  h o w e v e r ,  c o m p l y i n g  w i t h  t h a t  o f  t h e  

h y d r a u l i c  r u p t u r i n g .

I n  p r i n c i p l e  t h e  e n e r g o d y n a m i c a l  and s t r e s s - t h e o r e t i c a l  

p r o t e c t i v e  l a y e r  c o n c e p t s  a r e  i n  c o n t r a d i c t i o n  w i t h  each  o t h e r .  

S i n c e  any o b j e c t i v e  b a s i s  o f  e v a l u a t i o n  i s  m i s s i n g ,  t h e i r  r e a l  

r e s p e c t i v e  m e r i t s  c a n n o t  be s p e c i f i e d .

T h i s  f a c t  has  j u s t i f i e d  t h e o r e t i c a l  i n v e s t i g a t i o n  o f  t h e  

f u n c t i o n a l  mechan ism o f  w a t e r - b a r r i n g  p r o t e c t i v e  l a y e r s  i n  

o r d e r  t o  f i n d  a n s w e rs  t o  t h e  f o l l o w i n g  e s s e n t i a l  q u e s t i o n s :

-  A r e  t h e  s i m i l a r i t y  c o n d i t i o n s  r e a l i z e d  w i t h  r e g a r d  o f  p r o ­

c e s s e s  d u r i n g  h y d r a u l i c  r u p t u r i n g  by e x t e r n a l  e n e r g y  i n p u t



7 4 A SCHMIEDER

and s p o n ta n e o u s  s p l i t t i n g  o f  t h e  p r o t e c t i v e  l a y e r ?

-  What does d e t e r m i n e  t h e  s i z e  o f  t h e  gap d e v e l o p i n g  d u r i n g  

s p o n t a n e o u s  s p l i t t i n g  o f  t h e  p r o t e c t i v e  l a y e r  and w h i c h  i s  

i t s  ran ge  o f  s i z e ?

-  What  does d e t e r m i n e  t h e  e x p e r i m e n t a l  l i m i t  o f  t h e  s p e c i f i c  

p r o t e c t i v e  l a y e r  t h i c k n e s s  v  , w h a t  does i t  e x p r e s s  and 

how f a r  can i t  be c o n s i d e r e d  s t a b l e ?

The answers  t o  t h e s e  q u e s t i o n s  a r e  b u i l t  on s i m i l a r i t y  

r u l e s  a c c o r d i n g  t o  w h i c h  t h e  n e c e s s a r y ,  and s a t i s f a c t o r y  c o n ­

d i t i o n  o f  t h e  s i m i l a r i t y  o f  two s y s t e m s  i s  t h a t  t h e  d i f f e r e n ­

t i a l  e q u a t i o n s  and c o n d i t i o n s  o f  a g r e e m e n t  c o u l d  be m u t u a l l y  

and  u n a m b i g u o u s l y  c o n v e r t e d  i n t o  each  o t h e r  (S z i i c s  1 9 7 2 ) .  I n  

s i m p l e r  t e r m s ,  t h e  s i m i l a r i t y  o f  two  phenomena su p p o s e s  t h a t  

m a t h e m a t i c a l  m o d e ls  d e s c r i b i n g  t h e  phenomena and a l l  t h e i r  c o n ­

s t i t u t i n g  f a c t o r s  be r e s p e c t i v e l y  c o r r e s p o n d i n g  each  o t h e r .

5 .  THE MATHEMATICAL MODEL DESCRIBING HYDRAULIC RUPTURING

The e s s e n t i a l  c h a r a c t e r i s t i c s  o f  t h e  h y d r a u l i c  r u p t u r i n g  

a r e  shown i n  F i g .  3 .  As a g e o t e c h n i c a l  p r o c e d u r e  i t  a c o m p l i s h e s  

a r t i f i c i a l  q u i c k  r u p t u r i n g  o f  r o c k s  ( 2 )  e i t h e r  f r o m  t h e  

s u r f a c e ,  o r  t h r o u g h  c l o s e d  d r i l l i n g  h o l e s  ( 1 )  sunk f r o m  u n d e r ­

g r o u n d  o p e n i n g s .  The o p e r a t i o n  i s  s u c c e s s f u l  when t h e  s p l i t t i n g  

p r e s s u r e  p r  o p e r a t e d  f r o m  an e x t e r n a l  e n e r g y  s o u r c e  e x e e d s  t h e  

l o w e s t  t o t a l  n o r m a l  p r i n c i p a l  s t r e s s  o f  t h e  r o c k  ( K é z d i  1972 ,  

L á n y i  e t  a l .  1 9 8 3 ) ,  i . e .

^ r  > ь т  + P V ’ ^ ^

w h e r e  6 m i s  t h e  l o w e s t  e f f e c t i v e  n o r m a l  p r i n c i p a l  s t r e s s  o f  

t h e  r o c k ,  and

Pv i s  t h e  w a t e r  p r e s s u r e  f i l l i n g  p o r e s  and s p l i t s  o f  

t h e  r o c k .

D u r i n g  h y d r a u l i c  r u p t u r i n g ,  t h e  s t r e s s - c o n d i t i o n  o f  t h e  

r o c k  F ( u , t )  and i t s  m e c h a n i c a l  c h a r a c t e r i s t i c s  a r e  c o n s t a n t  i n  

t i m e .  The d e v e l o p i n g  s p l i t  i s  p e r p e n d i c u l a r  t o  t h e  p l a n e  o f  t h e  

l o w e s t  no rm a l  p r i n c i p a l  s t r e s s .  B r e a k i n g ,  s p l i t t i n g ,  p r o p a g a t i o n
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o f  s p l i t t i n g  and s p l i t  d i l a t a t i o n  o f  t h e  r o c k  c o n t a c t i n g  t h e  

b o r e h o l e  a r e  s u c c e s s i v e l y  f o l l o w i n g  ea ch  o t h e r  i n  t h e  p r o c e s s  

o f  h y d r a u l i c  r u p t u r i n g .

B r e a k i n g  and s p l i t t i n g  o f  t h e  p l a n e  o f  r o c k  b o r d e r i n g  

t h e  b o r e h o l e  o c c u r  when a t e n s i l e  s t r e s s  a p pea rs  i n  t h e  r o c k .  

F o r  e x a m p l e  t h i s  i s  r e a l i z e d  i n  t h e  c a s e  o f  a b o r e h o l e  w i t h  

v e r t i c a l  a x i s ,  due t o  t h e  a l t e r e d  r o c k - s t r e s s - z o n e  a r o u n d  t h e  

b o r e h o l e  f u n c t i o n i n g  as a " p o t e n t i a l  b a r r i e r " ,  i f  a t  a s p o t  

w h e r e  r  = r o ( i n  F i g .  3 ,  u = 0)  t h e  a c t i n g  i n i t i a l  r u p t u r i n g  

p r e s s u r e  i s

w h e r e  6"mo = 2 5 f  and 6 ^  i s  t h e  t e n s i l e  s t r e n g t h  o f  t h e  

r o c k .  The t e n s i l e  s t r e n g t h  o f  t h e  r o c k  i s  i n t e r p r e t e d  i n  a c ­

c o r d a n c e  w i t h  t h e  d e t e r i o r a t i n g - c o n d i t i o n  by G r i f f i t h  e s t a b ­

l i s h e d  f o r  b r i t t l e  m a t e r i a l s  ( B r a d y  and Brown 1985 ,  Denby e t  

a l .  1 9 8 2 ) .  I t  i s  z e r o  o r  p o s i t i v e  ( d e p e n d i n g  on s t r u c t u r e  o f  

t h e  r o c k )  d u r i n g  s p l i t t i n g  o f  t h e  r o c k  and i t  can be t a k e n  as 

a p p r o x i m a t e l y  c o n s t a n t  b o t h  i n  tim e and s p a c e .  W i th  s p l i t t i n g  o f  

t h e  b o r d e r i n g  s u r f a c e  o f  t h e  r o c k  s u r r o u n d i n g ,  t h e  b o r e h o l e  

r u p t u r i n g  p r e s s u r e  d e c r e a s e s  ( F i g .  3 )  and f u r t h e r  p r o c e s s  o f  

r u p t u r i n g  w i l l  f o l l o w  on a l o w e r  p r e s s u r e  l e v e l  d e p e n d i n g  on 

t h e  e x t e r n a l  e n e r g y  l e d  i n t o  t h e  s y s t e m

w h e r e  q -  i s  t h e  v o l u m e  r a t e  o f  f l o w  o f  r u p t u r i n g  f l u i d ,

V2  -  t h e  vo lu m e  o f  t h e  gap ,  and 

t  -  t h e  t i m e .

A f t e r  r u p t u r i n g  o f  t h e  r o c k ,  a gap may d e v e l o p  o n l y  i f  t h e  

g a u g e  p r e s s u r e  a c t i n g  a l o n g  t h e  s p l i t  ( F i g .  3b)  i s

( 8 )

t V2

( 9 )

A p ( u )  = p ( u )  -  Ç * ( 1 0 )

i n  a l l  p o i n t s  h i g h e r  t h a n  z e r o ,  w he re  (J* = & h + 6fm .
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The o v e r p r e s s u r e  n e c e s s a r y  t o  t h e  d e v e l o p m e n t  and s u p p o r t  

o f  t h e  gap i s ,  s u p p o s i n g  e l a s t i c  d e f o r m a t i o n

Д р ( и )  = cd  , ( 1 1 )

where d -  i s  t h e  w i d t h  o f  t h e  gap ,  and

c -  a f a c t o r  d e p e n d i n g  on e l a s t i c i t y  o f  t h e  r o c k  and 

w a t e r .

The r u p t u r i n g  p r e s s u r e  a p p l i e d  i n  t h e  c l o s e d  b o r e h o l e  

space  i s  used  d u r i n g  h y d r a u l i c  r u p t u r i n g  f o r  r u p t u r i n g ,  f o r  t h e  

d e v e l o p m e n t  o f  t h e  gap ,  t o  ove rco m e t h e  p r e s s u r e  d r o p  o f  f l o w  

and t o  r e p l a c e  l o s s e s  due t o  c h a n g e s  i n  mass f o r c e s  and k i n e t i c  

e n e r g y  .

The sum o f  a l l  t h e  p r e s s u r e  l o s s e s  d u r i n g  e n e r g y -  

- b a l a n c e  e q u a t i o n  o f  t h e  p r o c e s s  f o r  t i m e  t  = t^  y i e l d s

Pr  = 6"* + cd + j a P-( -u-- du + g v I  —  du + g v y -  + g v gz. (12) 

u=0 du u=0 3 t

The f i r s t  d e r i v a t e  o f  t h e  r u p t u r i n g  p r e s s u r e  g i v e s  t h e  

m a t h e m a t i c a l  mode l  d e s c r i b i n g  t h e  m e c h a n i c a l  p r o c e s s e s  d u r i n g  

h y d r a u l i c  r u p t u r i n g :

Э6* 3d c — Э р(и) ( Q / 3v a + v —  + 3z \g —
_ Эи Эи Эи v ' Эи Эи 1J

(13)

where ' a '  i s  t h e  c o n d u c t i v e  p a r t  o f  a c c e l e r a t i o n ,  and 

z t h e  v e r t i c a l  h e i g h t  above  t h e  da tum l e v e l .

F o r  e a s i e r  h a n d l i n g  o f  t h e  d i f f e r e n t i a l  e q u a t i o n  d e n o t i n g  

t h e  l a s t  t e r m s  on t h e  r i g h t  hand  s i d e  o f  t h e  e q u a t i o n  as E :

ЭРг _ ( Э5* , c 3d Эр( u ) +
3 t  l Эи Эи Эи

(1 A)

D u r i n g  h y d r a u l i c  r u p t u r i n g ,  t h e  r u p t u r i n g  p r e s s u r e  i s  

g e n e r a l l y  c h a n g i n g  i n  t i m e ,  i t  i s  c h a r a c t e r i s t i c a l l y  i n c r e a s ­

i n g .  O p e r a t i n g  a r u p t u r i n g  p r e s s u r e  i n  t i m e  i n c r e a s i n g ,  t h e  

p r o c e s s  w i l l  go on as l o n g  as c o n d i t i o n s  f o r  p r e s s u r e  i n c r e a s e
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e x i s t .  N a t u r a l l y  t h e  p r o c e s s  o f  h y d r a u l i c  r u p t u r i n g  goes  on 

a l s o  i n  t h e  case  o f  a r u p t u r i n g  p r e s s u r e  a r t i f i c i a l l y  m a i n ­

t a i n e d  c o n s t a n t  i . e .

ЭРГ

9t
0 , ( 1 5 )

and t h e  i n i t i a l  c o n d i t i o n s  o f  t h e  d e v e l o p m e n t  o f  t h e  gap ( E q .  8) 

a r e  r e a l i z e d .

I n  t h e  case  o f  a s i m u l t a n e o u s  r e a l i z a t i o n  o f  a l l  t h e s e  

c o n d i t i o n s ,  t h e  p r o c e s s  s t a r t s  and w i l l  go on as l o n g  as t h e  

c o n d i t i o n s  a re  a l l  f u l f i l l e d .  I n  t h i s  c a s e  t h e  r a t e  v ( u , t )  o f  

t h e  p r o c e s s  i s  i n e v i t a b l y  h i g h e r  t h a n  z e r o ,  t h e r e f o r e  t h e  

m a t h e m a t i c a l  mode l  o f  t h e  p r o c e s s  w i t h i n  c o n s t a n t  r u p t u r i n g  

p r e s s u r e  i s :

Эр ( u ) _ Э6* + j )d 

Su Su Su
9 V £ • ( l é )

I n  a c c o r d a n c e  w i t h  Eq. ( l é )  t h e  p r o c e s s  g e t s  s t o p p e d  i n  

r o c k s  i n  n a t u r a l  s t r e s s  c o n d i t i o n s ,  w h e r e  t h e  r u p t u r i n g  

g r a d i e n t  i n  d i r e c t i o n  o f  s p l i t t i n g  i s  z e r o ,  i . e .

Э6*
3u = 0 ( 1 7 )

i n  t h e  case o f  a c o n s t a n t  r u p t u r i n g  p r e s s u r e ,  because s o o n e r  o r  

l a t e r  t h e  f u l l  p r e s s u r e  d i f f e r e n c e  ( p r  -  6 * )  o f  r u p t u r i n g  i s  

c o nsu m ed  by t h e  p r e s s s u r e  d r o p s  o f  f l o w .  The f u l l  e n e r g y  c o n ­

sumed d u r i n g  h y d r a u l i c  r u p t u r i n g ,  i . e .

w - wr P ( u ) dV,
v 2 = o

( 1 8 )

i s  p a r t l y  d i s s i p a t e d  as h e a t ,  p a r t l y  i t  i s  a c c u m u l a t e d  i n  t h e  

r o c k  as e l a s t i c  e n e r g y .  Ene rg y  f u n c t i o n  ( 1 8 )  shows t h a t  d u r i n g  

h y d r a u l i c  r u p t u r i n g  t h e  i n t e r n a l  e n e r g y  o f  t h e  r u p t u r e d  r o c k  

s y s t e m  i n c r e a s e s  and t h e  p r o c e s s  v a r y i n g  a r o u n d  minimum gap
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s i z e  i s  g o i n g  on a t  the minimum p o t e n t i a l .  The gap s i z e  -  due t o  

p ( u )  > 5 *  -  i s  i n  t h e  m a c r o s c o p i c  r a n g e .  H a v in g  ceased  t h e  

e x t e r n a l  e n e r g y  i n p u t ,  t h e  e l a s t i c a l l y  s t o r e d  e n e rg y  p e r f o r m s  

f u r t h e r  w o r k ,  a s t a b l e  c o n d i t i o n  o f  t h e  s y s t e m  i s  a c h i e v e d  a t  

e q u i l i b r i u m  p ( u )  = 6  .

6 .  MATHEMATICAL MODEL DESCRIBING SPONTANEOUS SPLITTING OF A 

WATER-BARRING PROTECTIVE LAYER

The s p o n t a n e o u s  s p l i t t i n g  o f  a w a t e r - b a r r i n g  p r o t e c t i v e  

l a y e r  -  i t  d i f f e r s  f r o m  t h e  p r o c e s s  o f  h y d r a u l i c  r u p t u r i n g  -  

t a k e s  p l a c e  w i t h o u t  e x t e r n a l  e n e r g y  i n p u t  ( F i g .  4 ) ,  w i t h  a 

p r e s s u r e  p r a c t i c a l l y  c o n s t a n t  i n  t i m e .  I n  consequence  o f  t h e  

c o n s t a n t  n a t u r e  o f  t h e  w a t e r  r e s e r v o i r ,  an e s s e n t i a l  c h a r a c ­

t e r i s t i c  o f  s p o n t a n e o u s  s p l i t t i n g  i s :

Эр
------ - =  0 . ( 1 9 )

at

D u r i n g  t h e s e  p r o c e s s e s  t h e  s t r e s s  c o n d i t i o n  o f  t h e  r o c k  

i s  b o t h  i n  space  and i n  t i m e  c h a n g i n g .  Due t o  t h i s  a n o t h e r  

e s s e n t i a l  c h a r a c t e r i s t i c  o f  s p o n t a n e o u s  p r o c e s s e s  i s  t h a t  t h e  

r u p t u r i n g  g r a d i e n t  u

Э6*

9u
t  0 ( 2 0 )

i s  i n  i t s  w ho le  r a n g e  d i f f e r r i n g  f r o m  z e r o .  The s p a t i a l  r a n g e  

o f  t h e  p r o c e s s  i s  c o n s t i t u t e d  by t h e  b r o k e n ,  w a t e r - b a r r i n g  zone 

( F i g .  4 a )  be tw een a q u i f e r  and t a p p i n g  c a v i t i e s .  I n  i n i t i a l  

s t a t e  f r a c t u r e s  s t a r t i n g  a t  t h e  c o n t a c t  s u r f a c e  be tween t h e  

w a t e r  b e a r i n g  and w a t e r - b a r r i n g  r o c k s  and  e n d i n g  a t  th e  b o r d e r ­

i n g  s u r f a c e  o f  t h e  t a p p i n g  c a v i t y  a r e  b e t w e e n  th e  f u l l  r a n g e  

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

The n o rm a l  r o c k  s t r e s s  w h ic h  c l o s e s  t h e  c r o s s  f r a c t u r e s  

p a r a l l e l  t o  t h e  a x i s  u ( e . g .  6f ) i s  m o n o t o n o u s l y  d e c r e a s i n g  

t o w a r d s  t h e  d i s c h a r g i n g  c a v i t y  and r e a c h e s  t h e  minimum a t  i t s
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О

a)

1 2 3
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F ig . 4. Fundamental model o f spontaneous s p l i t t in g  o f a rg illa ce o u s  p ro te c tiv e  la ye rs
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l i m i t i n g  s u r f a c e  ( F i g .  4 b ) .

On t h e  c o n t a c t  s u r f a c e  o f  t h e  w a t e r  b e a r i n g  and w a t e r - b a r ­

r i n g  r o c k s  -  i n  c o n t r a s t  t o  t h e  b o r d e r i n g  s u r f a c e  o f  r u p t u r i n g  

b o r e h o l e  -  no p o t e n t i a l  dam i s  a c t i n g  and  no t e n s i l e  f o r c e  a p ­

p e a r s  f r o m  t h e  w a t e r  p r e s s u r e .  T h e r e f o r e  i t  can be o n l y  s t a t e d  

w i t h  c e r t a i n t y  t h a t  t h e  r o c k  s p l i t s  t h e r e  where th e  i n i t i a l  

r u p t u r i n g  p r e s s u r e  c r e a t i n g  r u p t u r i n g  i s  a minimum, i . e .

and i f ,  due t o  r o c k  p r e s s u r e  d e c r e a s e  t h e  p v p r e s s u r e  o f  t h e  

a q u i f e r  r e a c h e s  o r  e x c e e d s  t h e  f o r m e r .

D e p e nd i n g  on t h e  i n i t i a l  c o n d i t i o n s  o f  s p l i t t i n g ,  s p o n t a ­

neous  s p l i t t i n g  may s t a r t

-  as a p r o c e s s  a n a l o g o u s  t o  h y d r a u l i c  r u p t u r i n g ,  and

-  as one d i f f e r r i n g  f r o m  h y d r a u l i c  r u p t u r i n g .

S h o u l d  t h e  r u p t u r i n g  p r e s s u r e  b e l o n g i n g  t o  t h e  p r o c e s s  be 

h i g h e r  th a n  6 * Q, and t h e  p r o c e s s  s t a r t s ,  i . e .  v > o ,  t h e n  t h e  

m a t h e m a t i c a l  mode l  o f  t h e  p r o c e s s  i s  n e c e s s a r i l y  t h e  same as 

t h a t  o f  t h e  p r o c e s s  o f  h y d r a u l i c  r u p t u r i n g  (s ee  d i f f e r e n t i a l  

e q u a t i o n  ( 1 6 ) ) .  S h o u l d  p v > 6 ,  t h e n  t h e  s p o n ta n e o u s  s p l i t ­

t i n g  o f  t h e  w a t e r - b a r r i n g  p r o t e c t i v e  l a y e r  can be d e s c r i b e d  by 

t h e  f o l l o w i n g  m a t h e m a t i c a l  mo de l :

A c c o r d i n g  t o  t h i s  f o r m u l a ,  s p o n t a n e o u s  s p l i t t i n g  o f  w a t e r -  

- b a r r i n g  r o c k  t a k e s  p l a c e  as a p r o c e s s  o f  h y d r a u l i c  r u p t u r i n g  

as f a r  as t h e  h y d r a u l i c  p r e s s u r e  g r a d i e n t  i s  h i g h e r  t h a n  t h e  

r u p t u r i n g  g r a d i e n t .  The l i m i t  e q u i l i b r i u m  o f  t h i s  p r o c e s s  i s  

d e f i n e d  t o g e t h e r  w i t h  t h e  l i m i t  o f  t h e  s i m i l a r i t y  c o n d i t i o n s  o f  

t h e  p r o c e s s  by

(21 )

Э р ( u ) _ _эе£ , c 9 d ( 2 2 )
Эи Эи Эи

Эр(и)  .  Э5* ( 2 3 )
Эи Эи

t h a t  i s  by e q u a l i t y  o f  g r a d i e n t s  and by p ( u )  = 6” * .
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F i g .  5. Curves c h a ra c te r iz in g  changes along the  ro u te  o f spontaneous s p l i t ­
t in g  o f p ro te c t iv e  la ye rs
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The c h a r a c t e r i s t i c s  o f  t h e  p r o c e s s  a r e  shown i n  F i g .  5.  

D u r i n g  t h i s  p r o c e s s  t h e  speed o f  w a t e r  f l o w i n g  i n  th e  s p l i t  and 

t h e  r a t e  o f  s p l i t - d e v e l o p m e n t  d e c r e a s e  w i t h  i n c r e a s i n g  l e n g t h  

o f  t h e  s p l i t ,  and h a v i n g  re a c h e d  t h e  l i m i t  Eq.  ( 2 3 )  t h e  move­

ment  s t o p s .  The w i d t h  o f  t h e  gap i s  a l s o  d e c r e a s i n g  w i t h  t h e  

d i s t a n c e  o f  t h e  a q u i f e r ,  and a t  a d i s t a n c e ,  where u = u r  i t  

assumes a c o n s t a n t  v a l u e .  W i t h i n  t h i s  d i s t a n c e ,  i . e .  w i t h i n  t h e  

zone  cL , t h e  b a s i c  f e a t u r e s  o f  th e  p r o c e s s  assume t h e  c h a r a c ­

t e r i s t i c s  o f  t h e  s t r e s s - t h e o r e t i c a l  c o n c e p t  o f  t h e  p r o t e c t i n g  

l a y e r .  I n  t h i s  r a n g e :

-  t h e  p r o c e s s  s t a r t s  a t  a p r e s s u r e  p > 6 * Q ,

-  t h e  p r o c e s s  t a k e s  p l a c e  s i m i l a r l y  t o  h y d r a u l i c  r u p t u r e ,

-  d u r i n g  t h e  p r o c e s s  macrosized jo in t  deve lops due t o  o v e r p r e s s u r e  

a c t i n g  i n  t h e  s p l i t  [ p ( u )  > 6 * ( u ) ] .

I n  c o n t r a s t  t o  t h e  s t r e s s - t h e o r e t i c a l  c o n c e p t  o f  p r o t e c t ­

i n g  l a y e r s ,  r u p t u r i n g  i s  c o n t r o l l e d  by t h e  w a t e r  p r e s s u r e  and 

n o t  by t h e  a l t e r e d  r o c k - s t r e s s  zo n e .

The h y d r a u l i c  t h r e s h o l d - g r a d i e n t ,  t h e  l i m i t  V Q o f  t h e  

s p e c i f i c  p r o t e c t i v e  l a y e r  t h i c k n e s s  and t h e  s t r e s s - t h e o r e t i c a l  

c r i t e r i o n  o f  t h e  d e p t h  l i m i t  o f  t h e  p r o c e s s  c a n n o t  be i n t e r ­

p r e t e d  based  on t h e  p r o c e s s  o f  h y d r a u l i c  r u p t u r i n g  d i s c u s s e d  

a b o v e .

The s p l i t t i n g  d e p t h  i s  a f u n c t i o n  o f  t h e  i n i t i a l  p r e s s u r e  

d i f f e r e n c e  (p  -  6 *  ) .  S h o u ld  t h e  p r e s s u r e  d i f f e r e n c e  be h i g h  

t h e n  a s p l i t  o f  c o n s i d e r a b l e  d e p t h  may o c c u r .  S h o u ld  t h e  p r e s ­

s u r e  d i f f e r e n c e  be z e r o  t h e n  no h y d r a u l i c  r u p t u r i n g  w i l l  

d e v e l o p .

O u r i n g  t h e  p r o c e s s ,  i f  t h e  t h i c k n e s s  m o f  t h e  w a t e r - b a r ­

r i n g  r o c k  i s  l e s s  t h a n  t h e  s p l i t t i n g  d e p t h  o r  t h e y  a r e  e q u a l ,  

t h e  r o c k  g e t s  r e l a t i v e l y  q u i c k l y  r u p t u r e d  and w a t e r  i n r u s h  

d e v e l o p s ,  a l l  a t  once  t h u s  c o n f i r m i n g  t h e  s t r e s s - t h e o r e t i c a l  

c o n c e p t  o f  p r o t e c t i v e  l a y e r s .

I s  u r  l e s s  t h a n  t h e  t h i c k n e s s  o f  t h e  p r o t e c t i v e  l a y e r  

( F i g .  5 ) ,  and g e t  d u r i n g  t h e  p r o c e s s  w a t e r  p r e s s u r e  p ( u )  and 

r u p t u r i n g  p r e s s u r e  6 *  e q u a l ,  t h e n  t h e  s p l i t t i n g  d e v e l o p e d  

a n a l o g o u s l y  t o  h y d r a u l i c  r u p t u r i n g  g e t s  s t o p p e d  and t h e  p r o c e s s  

c o n t i n u e s  f o l l o w i n g  o t h e r  l a w s .
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S h o u ld  t h e  e q u i l i b r i u m  be a t t a i n e d ,  t h e  r a t e  v ( u r ) o f  

s p l i t  d e v e l o p m e n t  t e n d s  t o  z e r o .  T h i s  c a u s e s  t h a t  i n  a d i s t a n c e  

u r  f r o m  t h e  a q u i f e r ,  t h e  w a t e r  p r e s s u r e  p ( u )  i n c r e a s e s  i n  t h e  

s p l i t  f i l l e d  w i t h  w a t e r .  Due t o  i t s  e f f e c t

-  t h e  e l a s t i c  e n e r g y  o f  r o c k - z o n e  i n  c o n t a c t  w i t h  t h e  s p l i t  and

-  a t  t h e  p l a c e ,  w he re  u = u f , t h e  l o c a l  v a l u e  o f  t h e  h y d r a u l i c  

p r e s s u r e  g r a d i e n t

i n c r e a s e .

By a r e l a t i v e  i n c r e a s e  o f  t h e  l o c a l  h y d r a u l i c  p r e s s u r e  

g r a d i e n t  a t  u = u r , t h e  c o n d i t i o n  o f  s p l i t t i n g  g e t s  r e s t o r e d  

a g a i n  and r o c k - s p l i t t i n g  c o n t i n u e s  on a l e n g t h  o f  Д и , t i l l  t h e  

new e q u i l i b r i u m  s i t u a t i o n  i s  a t t a i n e d .  W i t h i n  t h i s  phase  o f  t h e  

m o v e m e n t ,  i . e .  i n  t h e  r a n g e  ß  i n  F i g .  5 ,  no change i n  e l a s t i c  

e n e r g y  o c c u r s  d u r i n g  s u c c e s s i v e l y  c o n t i n u i n g  p u l s a t i o n s .  The 

c h a n g e  o f  t h e  s p l i t  i s  a l o n g  t h e  r o u t e  i n  a v e ra g e  z e r o .  S u p ­

p o s i n g  th e  v a l i d i t y  o f  D a r c y ' s  i n f i l t r a t i o n - l a w ,  t h e  sum o f  

a v e r a g e  p r e s s u r e  l o s s e s  o c c u r r i n g  d u r i n g  t h e  p r o c e s s  y i e l d s  t h e  

e n e r g y - b a l a n c e  e q u a t i o n  o f  t h e  p r o c e s s :

p ( u ) r  = 6 * ( u ) —  du 
к *

£ du

u = u.

( 2 4 )

The d e r i v a t i v e  o f  Eq.  ( 2 4 )  a f t e r  и g i v e s  t h e  m a t h e m a t i c  

m o d e l  o f  th e  p u l s a t i o n  p r o c e s s :

0 . ( 2 5 )

D u r i n g  t h e  p u l s a t i o n ,  t h e  e n e r g y  r e q u i r e d  f o r  r u p t u r i n g  

i s  c o v e r e d  by t h e  e l a s t i c  e n e r g y - c h a n g e  a c c u m u l a t e d  i n  t h e  

f i e l d  öC , w h i l e  t h e  f l o w  p r e s s u r e  d r o p s  a r e  c o v e r e d  by s t r e s s  

p o t e n t i a l .  The p r o c e s s  w i l l  be s t o p p e d  b e f o r e  f u l l  s p l i t t i n g  

o f  t h e  r o c k  i f  m i c r o f o r c e s  a p p e a r i n g  i n  t h e  s p l i t  o f  c o n s t a n t  

w i d t h ,  i . e .  t h e  i m p u l s e - c h a n g e

2T о
dо

( 2 6 )
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o r i g i n a t i n g  f r o m  t h e  s h e a r  r e s i s t a n c e  T Q o f  r e s t i n g  w a t e r  

b r i n g s  t h e  w a t e r  p r e s s u r e

uk

P ( u ) r  = 6 * ( u ) k + |  I p  du + ( z u ' z r ) 3 v 9 ( 2 7 )
u = u r

and t h e  c o u n t e r a c t i n g  r e s i s t a n c e s  i n t o  b a l a n c e .  I n  t h e  above 

f o r m u l a s

k *  -  i s  t h e  i n f i l t r a t i o n  f a c t o r  -  e x p r e s s e d  i n  b a r / s  -  o f  t h e  

s p l i t  o f  w i d t h  d ,  b e i n g  c o n s t a n t  a l o n g  t h e  r o u t e ,  

z u  -  t h e  h e i g h t  o f  p o i n t  u f  above  d a tu m ,  

z k -  t h e  h e i g h t  o f  p o i n t  uk above  d a t u m ,  and 

I  -  t h e  h y d r a u l i c  t h r e s h o l d - g r a d i e n t .

S u b s t i t u t i n g  t h e  t h r e s h o l d - g r a d i e n t  i n  Eq. ( 2 7 )  w i t h  t h e  

a v e r a g e  v a l u e  I * ,  t h e  s t a t e - f u n c t i o n  e x p r e s s i n g  t h e  c u r r e n t  

e q u i l i b r i u m  o f  t h e  p r o c e s s  i s

A p ( u ) r  = 6 * ( u ) k + I *  ( u k - u r ) . ( 2 8 )

E q u i l i b r i u m - e q u a t i o n  ( 2 8 )  c o r r e s p o n d s  t o  t h e  f o r m u l a  ( 5 )  

o f  t h e  e n e r g o d y n a m i c  c o n c e p t  o f  p r o t e c t i v e  l a y e r .  I f  u k = m, 

i . e .  6 * ( u ) ,  = 0 and u_ = 0 ,  t h e  l i m i t - e q u i l i b r i u m  i n t e r p r e t e d

on t h e  b a s i s  o f  e x p e r i e n c e s  o f  w a t e r  i n r u s h e s  i s  e x p r e s s e d  by 

t h e  f o l l o w i n g  f o r m u l a :

A p v = I *  m . ( 2 9 )

E q u i l i b r i u m  c o n d i t i o n s  ( 2 7 - 2 9 )  d e p e n d i n g  on t h e  h y d r a u l i c  

t h r e s h o l d - g r a d i e n t  a r e  -  i n  c o n t r a s t  t o  t h e  l i m i t  c o n d i t i o n  o f  

h y d r a u l i c  r u p t u r i n g  ( 2 3 )  -  s t a b l e .  I n  t h e s e  c o n d i t i o n s  t h e  

d y n a m i c  b a l a n c e  i s  m a i n t a i n e d  by t h e  s h e a r i n g  r e s i s t a n c e  o f  t h e  

r o c k  be tw e e n  r o c k -  and w a t e r - p h a s e s  a g a i n s t  t h e  i n f i l t r a t i o n  

p r e s s u r e  t r a n s f e r r e d  t o  t h e  r o c k  as a m a s s - f o r c e .  T h i s  c o n d i ­

t i o n  e x i s t s  as f a r  as no n o t a b l e  change  t a k e s  p l a c e  i n  t h e  

s t r e s s - c o n d i t i o n  o r  i n  t h e  s h e a r i n g  r e s i s t a n c e  o f  t h e  r o c k .

T h i s  c o n d i t i o n  shows d i r e c t l y  t h a t  t h e  e x p e r i m e n t a l  l i m i t  o f
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t h e  s p e c i f i c  p r o t e c t i v e  l a y e r  t h i c k n e s s  V Q i n t e r p r e t e d  as 

t h e  r e c i p r o c a l  v a l u e  o f  t h e  a v e r a g e  h y d r a u l i c  t h r e s h o l d  g r a d i ­

e n t  i n  t h e  l i m i t - e q u i l i b r i u m ,  Eq.  ( 2 9 )  e x p r e s s e s  s t a b l e  b a l a n c e  

a g a i n s t  w a t e r  i n r u s h ,  and as a m a t e r i a l  c o n s t a n t  i s  a f a c t o r  

d e p e n d i n g  on t h e  s h e a r i n g  r e s i s t a n c e  o f  w a t e r  i n  r e s t  and on 

t h e  w i d t h  o f  t h e  g a p .  M u l t i p l y i n g  t h e  e x p e r i m e n t a l  l i m i t  

o f  t h e  s p e c i f i c  p r o t e c t i v e  l a y e r  t h i c k n e s s  by t h e  s h e a r i n g  

r e s i s t a n c e  ТГ o f  t h e  w a t e r  i n  r e s t  a v a l u e  o f  a few  m i c r o n s  

i s  o b t a i n e d  f o r  t h e  w i d t h  d o f  t h e  gap ( S c h m i e d e r  1 9 8 3 ) .  The 

p h y s i c a l  mean ing o f  t h i s  c h a r a c t e r i s t i c  a l s o  e x p l a i n s  i n  some 

e x t e n t  t h e  e x p e r i m e n t a l  f a c t  t h a t  V  i s  i n  s o f t e r  r o c k s  l o w e r ,  

i n  r i g i d  r o c k s  h i g h e r .

T h i s  c h a r a c t e r i s t i c  v a l u e  and t h e  s t a b i l i t y  a g a i n s t  w a t e r  

i n r u s h  o f  th e  c o n d i t i o n  c o r r e s p o n d i n g  t o  t h i s  c h a r a c t e r i s t i c  

v a l u e  do n o t  c h a n g e ,  i f  i n  t h e  s p l i t  and w a t e r - f i l l e d  gap due 

t o  e . g .  a d e c r e a s e  o f  t h e  r o c k - p r e s s u r e ,  i n f i l t r a t i o n  d e v e l o p s .  

W i t h  i t s  d e v e l o p m e n t ,  t h e  dyn a m ic  b a l a n c e  o f  t h e  w a t e r  phase  i s  

m a i n t a i n e d  i n  t h i s  c a s e  by t h e  i n f i l t r a t i o n  l o s s  a r i s i n g  f r o m  

mov em en t

P ( u ) r du ( z m ' z r ) 9 q
u = u

( 3 0 )

t h e  v a l u e  o f  w h ic h  i s  e x p r e s s e d  f o r  t h e  f u l l  p r o t e c t i v e  l a y e r  

t h i c k n e s s  i n  f u n c t i o n  o f  t h e  h y d r a u l i c  p r e s s u r e - g r a d i e n t  by t h e  

r e l a t i o n

P v = I  m . ( 3 1 )

T h i s  c o n d i t i o n ,  s i m i l a r l y  t o  t h e  r e s t  one Eq. ( 2 9 )  e x i s t s  

as l o n g  as t h e  r o c k  i s  a b l e  t o  t a k e  t h e  l o a d  due t o  i n f i l t r a ­

t i o n  p r e s s u r e  o r  as t h e  f l o w  r e s i s t a n c e  i s  c o n s i d e r a b l y  re d u c e d  

by e r o s i o n .

I n  a l l  cases  i f  s p o n t a n e o u s  s p l i t t i n g  o f  t h e  p r o t e c t i v e  

l a y e r  s t a r t s  w i t h  t h e  i n i t i a l  c o n d i t i o n  p = 6*  , o r  i f  d u r i n q  

h y d r a u l i c  r u p t u r i n g  t h e  w a t e r  p r e s s u r e  p ( u )  and r u p t u r i n g
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p r e s s u r e  6 * ( u )  g e t  e q u a l  i n  c o u r s e  o f  s p l i t t i n g ,  t h e  e n t i r e  

o r  f u r t h e r  p r o c e s s  r e s p .  takes p l a c e  c o n f i r m i n g  t h e  e n e r g o -  

d y n a m i c  c o n c e p t  o f  p r o t e c t i v e  l a y e r s .

The m a t h e m a t i c a l  mode l  d e s c r i b i n g  t h e  s p o n t a n e o u s  s p l i t ­

t i n g  o f  w a t e r - b a r r i n g  r o c k s  i n  t h e  p u l s a t i o n  p e r i o d  o f  t h e  

s p l i t t i n g  f i t s  -  w i t h  e x c e p t i o n  o f  t h e  t e r m  r e f e r r i n g  t o  t h e  

c o n t r o l  o f  t h e  p r o c e s s  -  d i r e c t l y  t h e  e n e r g o d y n a m i c  c o n c e p t  o f  

p r o t e c t i v e  l a y e r s .  The p r o c e s s  s t a r t s  and ends  c o r r e s p o n d i n g  

t o  t h i s  c o n c e p t  a t  t h e  c o n d i t i o n  o f  e q u i l i b r i u m  p ( u )  = 6 * ( u )  

and t h e  gaps  w i l l  be m i c r o s i z e d  o n e s .  I n  t h e  case  o f  an ad e ­

q u a t e  p r o t e c t i v e  l a y e r  t h i c k n e s s ,  t h e  p r o c e s s  i s  s t o p p e d ,  t h e  

l i m i t - b a l a n c e  c o n d i t i o n  b e l o n g i n g  t o  r e s t  i s  d e f i n e d  by t h e  

s p e c i f i c  p r o t e c t i v e  l a y e r  t h i c k n e s s  "V and by i t s  r e c i p r o c a l  

v a l u e  and by t h e  h y d r a u l i c  t h r e s h o l d - g r a d i e n t ,  r e s p .  F o r  a 

d e f i n i t i o n  o f  t h e  s a f e  p r o t e c t i v e  l a y e r  t h i c k n e s s  t h i s  c o n d i ­

t i o n  c h a r a c t e r i z i n g  v a l u e  can be o n l y  a p p l i e d ,  i f  t h e  s p o n t a n ­

eous  s p l i t t i n g  i s  a d e t e r m i n a t i v e  p u l s a t i o n  p r o c e s s .

S i n c e  t h e  s p o n t a n e o u s  s p l i t t i n g  o f  w a t e r - b a r r i n g  r o c k s  may 

t a k e  p l a c e  e q u a l l y  e i t h e r  by h y d r a u l i c  r u p t u r i n g ,  o r  by p u l s a ­

t i o n  s u c c e s s i v e l y ,  o r  i n d e p e n d e n t l y ,  t h e  q u e s t i o n  i n e v i t a b l y  

a r i s e s :  does  one o r  o t h e r  o f  t h e  p r o c e s s e s  p r e d o m i n a t e  o r  n o t ?  

An answ e r  t o  t h i s  q u e s t i o n  i s  g i v e n  by t h e  d e t e r m i n a t i v e  i n i ­

t i a l  c o n d i t i o n  b e l o n g i n g  t o  s p l i t t i n g .

7.  EFFECT OF I N I T I A L  AND CIRCUMFERENTIAL CONDITIONS ON THE 

DEVELOPMENT OF THE PROCESSES

The i n i t i a l  c o n d i t i o n s  have  an e s s e n t i a l  i n f l u e n c e  on t h e  

n a t u r e  o f  t h e  p r o c e s s ,  w h i l e  c i r c u m f e r e n t i a l  c o n d i t i o n s  have 

t h e  same on t h e  i n t e n s i t y .

As d i s c u s s e d  i n  t h e  p r e v i o u s  s e c t i o n  t h e  p r o c e s s  r e g u l a r l y  

s t a r t s  w i t h  h y d r a u l i c  r u p t u r i n g  i f  t h e  i n i t i a l  v a l u e  o f  r u p t u r ­

i n g  p r e s s u r e  i s  l e s s  t h a n  t h e  w a t e r  p r e s s u r e  what  i s  c h a r a c ­

t e r i s t i c  f o r  t h e  p r o c e s s ,  o t h e r w i s e  i t  i s  o f  a p u l s a t i o n  n a ­

t u r e ,  when d e f i n i n g  t h e  d e t e r m i n a t i v e  r o l e ,  no c o n s i d e r a b l e  

o m i s s i o n  s h o u l d  be made s u p p o s i n g  t h a t  s p l i t t i n g  s t a r t s  a t  t h e  

c o n t a c t i n g  b o u n d a r y  s u r f a c e  o f  a q u i f e r  and w a t e r - b a r r i n g  r o c k s .
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T h i s  means t h a t  on a s u r f a c e ,  on w h i c h  no p o t e n t i a l  dam e x i s t s  

p r i n c i p a l l y  no t e n s i l e  s t r e s s  may a r i s e  due t o  w a t e r  p r e s s u r e .  

T h a t  means t h a t  i n  o p e n i n g  o f  c l o s e d  j o i n t s  , a f a c t o r  o r  some 

f a c t o r s  b e i n g  i n d e p e n d e n t  f r o m  w a t e r  p r e s s u r e  may have  a r o l e .  

S u ch  a r o l e  can be p l a y e d  by

-  t h e  d i f f e r e n t  e l a s t i c  b e h a v i o u r  o f  w a t e r  b e a r i n g  and w a t e r -  

- b a r r i n g  r o c k s ,

-  t h e  w a t e r  i n t a k e  o f  w a t e r - b a r r i n g  r o c k s ,

-  t h e  e x i s t e n c e  o f  s p l i t s  s t a r t i n g  f r o m  t h e  a q u i f e r  and e n d i n g  

a t  t h e  b o u n d a r y ,

-  t h e  p re d o m in a n c e  o f  i n t e r f a c i a l  f o r c e s ,

-  t h e  d e f o r m a t i o n - l a b o u r  d u r i n g  r e l i e v i n g  t h e  r o c k .

A l l  th e s e  f a c t o r s  a r e  a c t i n g  a g a i n s t  t h e  i n i t i a l  o v e r ­

p r e s s u r e .  W i t h o u t  a l i s t i n g  o f  f a c t o r s  i t  i s  w o r t h  m e n t i o n i n g  

t h a t  a s h e a r i n g  f o r c e  a p p e a r s  due t o  t h e  d i f f e r e n t  e l a s t i c i t y  

o f  t h e  w a t e r  b e a r i n g  and  w a t e r - b a r r i n g  r o c k s ,  a t  t h e  c o n t a c t i n g  

b o u n d a r y  i n  c o n s e q u e n c e  o f  a d i f f e r e n c e  be tw een  t h e  d e f o r m a ­

t i o n s .  The maximum s h e a r i n g  f o r c e  g e n e r a l l y  r e a c h e s  t h e  maximum 

e i t h e r  on one,  o r  on t h e  o t h e r  s i d e  o f  t h e  f a u l t - z o n e ,  d e p e n d ­

i n g  on t h e  f a c t  a t  w h i c h  s i d e  o f  t h e  f a u l t - z o n e  t h e  r e l i e v i n g  

o f  r o c k  i s  h i g h e r .  T h i s  may e x p l a i n  t h e  e x p e r i e n c e  t h a t  mos t  o f  

w a t e r  i n r u s h e s  a p p e a r e d  a l o n g  f a u l t  p l a n e s  ( A j t a y  1 9 6 2 ) .

The j o i n t s  o p e n e d  i n  such  a way and t h e  e x p a n s i o n  o f  

j o i n t s  r e s p . ,  a l s o  c h a n g e  -  as r e f l e c t e d  i n  t h e  m a t h e m a t i c a l  

m o d e l s  -  i n  f u n c t i o n  o f  l a b o u r  n e c e s s a r y  t o  expand opened  

j o i n t s .  A c c o r d i n g  t o  Denby e t  a l .  (1 98 2 )  a d s o r p t i o n  o f  w a t e r  i s  

n o t a b l y  r e d u c i n g  t h e  s u r f a c e  e n e r g y  needed  t o  expand  t h e  j o i n t ,

-  i . e .  6 ^ i n  t h e  m a t h e m a t i c a l  m o d e ls  -  w h i c h  may c o n s i d e r a b l y  

c o n t r i b u t e  i n  i n t e r a c t i o n  w i t h  t h e  d e f o r m a t i o n  l a b o u r  t o  t h e  

s p l i t t i n g  o f  r e l i e v e d  j o i n t s .

S in c e  no p o t e n t i a l  dam b r a k e s ,  t h e  s p o n t a n e o u s  s p l i t t i n g  

o f  t h e  p r o t e c t i v e  l a y e r  and a l l  o t h e r  f a c t o r s  a r e  a c t i n g  

a g a i n s t  th e  d e v e l o p m e n t  o f  o v e r p r e s s u r e ,  t h e  d e t e r m i n a t i v e  c o n ­

d i t i o n  o f  s p l i t t i n g  i s  i d e n t i c a l l y  w i t h  t h e  e n e r g o d y n a m i c  

c o n c e p t

PV -  a  *“  mo ’ ( 3 2 )
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I n  a l i m i t  c a s e ,  i f  6 h = 0 ,  p y = 6 mo.

The r e a l i t y  o f  t h e  d e t e r m i n a t i v e  l i m i t  c o n d i t i o n s  ( 3 2 )  i s  

s t r e n g t h e n e d  by m i n i n g  e x p e r i e n c e  w h i c h  c o n f i r m s  t h a t  a s t a b l e  

e q u i l i b r i u m  o f  t h e  f i n a l  c o n d i t i o n  o f  t h e  p r o c e s s e s  b e l o n g s  t o  

t h e  v a l u e  V Q o f  t h e  s p e c i f i c  p r o t e c t i v e  l a y e r - t h i c k n e s s .

The s i m p l e s t  c i r c u m f e r e n t i a l  c o n d i t i o n  o f  t h e  p r o c e s s  i s  

shown i n  F i g .  A, as t h e  s p a t i a l  d i s t r i b u t i o n  o f  r o c k - s t r e s s .

The l o w e s t  n o r m a l  p r i n c i p a l  s t r e s s  i s  p e r p e n d i c u l a r  t o  t h e  

c r o s s - b r e a k s  i n  u d i r e c t i o n  c o n n e c t i n g  t h e  a q u i f e r  w i t h  t h e  

d r a i n i n g  c a v i t y .  The p r i n c i p a l  s t r e s s  d e c r e a s e s  t o w a r d s  t h e  

d r a i n i n g  c a v i t y .  A ro u n d  mine  c a v i t i e s  a r e a l  r e p l i c a  o f  t h i s  

mode l  o c c u r s  n e v e r  o r  v e r y  s e l d o m .  A t y p i c a l  example  i s  an 

a q u i f e r  w i t h  o v e r p r e s s u r e  ( J u h á s z  1 9 7 6 ,  S z a l a i  1 9 8 3 ) .

W i t h  such c i r c u m f e r e n t i a l  c o n d i t i o n s  c l o s e d  b r e a k s  p e r ­

p e n d i c u l a r  o r  i n c l i n i n g  t o  t h e  p l a n e  o f  t h e  p r i n c i p a l  s t r e s s  

a r e  p a s s i v e  o n e s .  D u r i n g  t h e  p r o c e s s  one o r  s e v e r a l  b r e a k s  may 

have  t h e  o p p o r t u n i t y  t o  f o r m  m i c r o s i z e d  s p l i t s ,  t h e r e f o r e  t h e  

v o l u m e - i n c r e a s e  o f  t h e  w a t e r - b a r r i n g  r o c k  can be n e g l e c t e d .

A more c o n s i d e r a b l e  change  o f  v o l u m e  may a p p e a r  when 

c r o s s - d i r e c t i o n a l  s p l i t t i n g  o f  t h e  r o c k  i s  n o t  bound t o  t h e  

p l a n e  o f  t h e  l e a s t ,  b u t  e . g .  t o  t h e  h i g h e s t  r o c k s t r e s s  ( F i g .  6 ) .  

A c c o r d i n g  t o  t h i s  mode l  c r o s s - d i r e c t i o n a l  s p l i t t i n g  o f  t h e  r o c k  

o c c u r s  t h e n  and o n l y  t h e n ,  when t h e  w a t e r  p r e s s u r e  i s  e q u a l  o r  

h i g h e r  t h a n  t h e  r u p t u r i n g  p r e s s u r e  a t  t h e  b o r d e r i n g  s u r f a c e ,  

i  . e .

p v >  6 h + 6 o l  = 6 * l o -  0 3

The c h a r a c t e r  o f  t h e  p r o c e s s  i s  a l s o  i n  t h i s  case  d e f i n e d  

by t h e  i n i t i a l  c o n d i t i o n s  w h ic h  i s  as d i s c u s s e d  i n  t h e  p l a n e  

o f  maximum p r i n c i p a l  s t r e s s  d e t e r m i n a t i v e l y  o f  a p u l s a t i o n  

c h a r a c t e r .

A l l  c l o s e d  b r e a k s  w h i c h  a r e  i n  c o n t a c t  w i t h  t h e  s p l i t t e d  

c r o s s - d i r e c t i o n a l  b r e a k  o r  b r e a k s  f i l l e d  up w i t h  w a t e r  o f  a 

p r e s s u r e  p ( u )  become a c t i v e  w i t h  t h e  d e v e l o p m e n t  o f  t h e  p r o ­

c e s s  and an i n t e n s i v e  c r o s s - d i r e c t i o n a l  p r o c e s s  s t a r t s .

S i n c e  6 1 and 6 m a r e  e s s e n t i a l l y  d i f f e r e n t ,  t h e
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t = 0 t= tj
U= 0 U= Uj

p ( u ) Pv >Pv
S i Gjo <5*1 U
Gm «5н> < G*(U ) !
6h > 0 l o

u = О

p

P C t )v

Fit)

t

F i g .  6 . Fundamental model of  spontaneous s p l i t t i n g  in  the plane o f  the 
maximum p r i n c i p a l  s t ress

c r o s s - d i r e c t i o n a l  s p l i t t i n g  s t a r t s  as a r e g u l a r  h y d r o r u p t u r i n g  

p r o c e s s  and m a c r o s i z e d  j o i n t s  a r e  d o m i n a t i n g .

I f  th e  r o c k  i s  n o t  h i n d e r e d  i n  d e v i a t i o n ,  a c o n s i d e r a b l e  

c h a n g e  o f  vo lume may a p p e a r  due t o  t h i s  c r o s s - e f f e c t  t h e  l a t e r ­

a l  e f f e c t  o f  w h i c h  may r e a c h  l a r g e r  d i s t a n c e s  i n  case  o f  a d ­

v a n t a g e o u s  c o n d i t i o n s .

I n  case o f  t h e  c i r c u m f e r e n t i a l  c o n d i t i o n s  shown i n  F i g .  6  

-  p u l s a t i o n  as a p r i m a r y  p r o c e s s ,  and
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-  h y d r a u l i c  r u p t u r i n g ,  as a s e c o n d a r y  p r o c e s s  a r e  t a k i n g  p l a c e  

s i m u l t a n e o u s l y .

The p r o c e s s  -  i n  c o n t r a s t  t o  t h e  s t r e s s - t h e o r e t i c a l  c o n ­

c e p t  o f  t h e  p r o t e c t i v e  l a y e r  -  does  n o t  d e v e l o p  a t  t h e  l e a s t ,  

b u t  d e p e n d i n g  on t h e  g i v e n  l i m i t  c o n d i t i o n s  a t  t h e  maximum 

r o c k - s t r e s s ;  i t s  c o u r s e  f o l l o w s  t h e  l a w s  d i s c u s s e d .

A r e a l  e q u i v a l e n t  o f  t h e  model  shown i n  F i g .  6  i s  r e ­

p r e s e n t e d  by a p r o t e c t i v e  l a y e r  b e l o w  t h e  d r a i n i n g  c a v i t y .

A t  r e a l  b e d d i n g  t h e  b o u n d a r y  c o n d i t i o n s  a r e  v a r i o u s .  

T h e r e f o r e  t h e  g e n e r a l  v a l i d i t y  o f  t h e  p r i n c i p l e  o f  l e a s t  p r i n ­

c i p a l  s t r e s s  as s p l i t t i n g  c r i t e r i o n  c a n n o t  be a c c e p t e d .  B u t  i t s  

a p p l i c a t i o n  f o r  s p l i t t i n g  o f  t h e  p r o t e c t i v e  l a y e r s  e x c l u d e s  on 

t h e  e n t i r e  mass o f  t h e  b o u n d a r y  c o n d i t i o n s .  B u t  as a d i m e n s i o n ­

i n g  p r i n c i p l e  ( K e s s e r ű  1984 ,  1986a)  i t  r e s u l t s  i n  a b s o l u t e  

s a f e t y .  The p r i n c i p l e  o f  e q u a l  s a f e t y  i s  s a t i s f i e d  i n  t h e  case  

i f  t h e  d i m e n s i o n i n g  i s  based  on an u p - t o - d a t e  s t r e s s  a n a l y s i s  

and on m e asu r em en ts  o f  r o c k - s t r e s s e s  ( K e s s e r ű  1 9 8 6 a ) .

D i m e n s i o n i n g  u s i n g  t h e  l i m i t  "V o f  t h e  p r o t e c t i v e  l a y e r  

t h i c k n e s s  p r o v i d e s  l o w e r  s a f e t y .  As a t r a d i t i o n a l  m e t h o d ,  i t  

r e s u l t s  i n  i d e n t i c a l  s a f e t y  f o r  t h e  e n t i r e  mass o f  b o u n d a r y  

c o n d i t i o n s  i n  c o n t r a s t  t o  t h e  d e v e l o p m e n t  o f  w a t e r  m ovem en t .  I t  

i s  r e l i a b l e ,  i f  V q i s  known a t  t h e  p l a c e  o f  a p p l i c a t i o n  f r o m  

i d e n t i c a l  o r  n e a r b y  i d e n t i c a l  p e t r o g r a p h i c a l  and b e d d i n g  s i t u a ­

t i o n s .

A w a t e r  p r o t e c t i n g  p i l l a r  based on t h e s e  d i m e n s i o n i n g  

p r i n c i p l e s  i s  s e n s i b l e  t o  changes  o r  r o c k - s t r e s s  c o n d i t i o n s  i n  

t h e  c ase  o f  a p p l y i n g  t h e  l e a s t  p r i n c i p a l  s t r e s s ,  and i n  t h e  

ca se  o f  a p p l y i n g  V Q t o  t h e  s h e a r i n g  r e s i s t a n c e  o f  t h e  r o c k .

Changes o f  t h e  p a r a m e t e r s  w h i c h  c a u s e  i n  one c ase  s p l i t -  

i n g  o f  the ro ck ,  i n  a n o t h e r  case  t h e  s t a r t  o f  i n f i l t r a t i o n  does 

n o t  mean t h a t  t h e  p i l l a r  i s  d e t e r i o r a t i n g .  The s p l i t t e d  p r o ­

t e c t i v e  l a y e r  b r o k e n  by w a t e r - f i l l e d  j o i n t s  s t i l l  t a k e s  t h e  

f u l l  w a t e r  p r e s s u r e  i n  t h i s  s t a t e .  L o c a l  d e t e r i o r a t i o n  o c c u r s  

o n l y  i f  th e  d yn a m ic  e q u i l i b r i u m  be tw e e n  t h e  r o c k -  and t h e  w a t e r -  

- p h a s e  i s  u p s e t  and e r o s i o n  o r  h y d r a u l i c  r o c k - b r e a k i n g  p e n e ­

t r a t i n g  t h e  p r o t e c t i n g  l a y e r  r e s u l t s  by means o f  mass t r a n s p o r t  

i n  t h e  e q u a l i z a t i o n  o f  t h e  e n t i r e  f r e e  e n e r g i e s  r e l a t e d  t o  a
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g i v e n  p o i n t  o f  t h e  a q u i f e r  ( S c h m i e d e r  1982 ,  1 9 8 3 ) .

CONCLUSIONS

-  The  g e n e r a l  m a t h e m a t i c a l  model  o f  s p o n t a n e o u s  s p l i t t i n g  p r o ­

c e s s  i n  w a t e r - b a r r i n g  a r g i l l a c e o u s  p r o t e c t i v e  l a y e r s  can be 

ded u ce d  and i n t e r p r e t e d  s t a r t i n g  f r o m  t h e  p r o c e s s  o f  h y d r a u ­

l i c  r u p t u r i n g  and b a s e d  on e n e r g y  c o n s e r v a t i o n .  T h i s  a l l o w s  

us a more c o m p l e t e  i n t e r p r e t a t i o n  and d e s c r i p t i o n  o f  t h e  

f u n c t i o n i n g  o f  t h e  p r o t e c t i v e  l a y e r .

-  I t  can be p r o v e n  b a s e d  on t h e  m a t h e m a t i c a l  model  d e s c r i b i n g  

t h e  p r o c e s s  and i n  c o n f o r m i t y  w i t h  e x p e r i e n c e s  t h a t  b o t h  t h e  

e n e r g o d y n a m i c  and t h e  s t r e s s - t h e o r e t i c a l  c o n c e p t s  o f  p r o t e c ­

t i v e  l a y e r s  a r e  b a s e d  p a r t i a l l y  o r  e n t i r e l y  on r e a l  p r o c e s s e s .

-  The c h a r a c t e r  o f  t h e  p r o c e s s e s  i s  d e f i n e d  by t h e  r e l a t i o n  b e ­

t w e e n  r u p t u r i n g  p r e s s u r e  and r e s e r v o i r  p r e s s u r e  d u r i n g  s p o n ­

t a n e o u s  s p l i t t i n g  o f  t h e  p r o t e c t i v e  l a y e r  and ch a n g e s  i n  

v o l u m e  d u r i n g  t h e  p r o c e s s  a re  d e t e r m i n e d  by t h e  s p a t i a l  d i s ­

t r i b u t i o n  o f  r o c k - p r e s s u r e  and by t h e  s t r u c t u r e  o f  t h e  s p l i t ­

t i n g  r o c k .

-  I t  c o u l d  n o t  be shown t h a t  t h e  w a t e r  p r e s s u r e  c o u l d  be h i g h e r  

t h a n  t h e  r u p t u r i n g  p r e s s u r e  a t  t h e  b o u n d a r y  s u r f a c e  i n  c o n ­

t a c t  w i t h  t h e  a q u i f e r  and t h e  w a t e r - b a r r i n g  p r o t e c t i v e  l a y e r ,  

t h e r e f o r e  p r o c e s s e s  c o r r e s p o n d i n g  t o  t h e  e n e r g o d y n a m i c  c o n ­

c e p t  o f  th e  p r o t e c t i n g  l a y e r s  p l a y  a d e f i n i n g  r o l e  i n  t h e  

d e v e l o p m e n t  o f  c r o s s - b r e a k s  c o n n e c t i n g  a q u i f e r  and d r a i n i n g  

c a v i t y .

-  M i c r o s i z e d  s p l i t t i n g  o p e r a t i n g  w i t h  p u l s a t i o n  g e t s  s t u p p e d  

d u r i n g  t h e  d e v e l o p m e n t  o f  c r o s s - b r e a k s ,  i f  t h e  p r o t e c t i n g  

l a y e r s  a re  o f  a d e q u a t e  t h i c k n e s s e s ,  t h e  l i m i t  c o n d i t i o n  o f  

w h i c h  i s  d e f i n e d  by t h e  l i m i t  v a l u e  V Q o f  t h e  s p e c i f i c  p r o ­

t e c t i n g  l a y e r  t h i c k n e s s  d e p e n d i n g  on t h e  h y d r a u l i c  t h r e s h o l d -  

- g r a d i e n t .  T h i s  as a m a t e r i a l - c o n s t a n t  e x p r e s s e s  u n i f o r m l y  

t h e  l i m i t - e q u i l i b r i u m  b e f o r e  t h e  d e v e l o p m e n t  o f  i n f i l t r a t i o n  

w i t h  any b o u n d a r y  c o n d i t i o n .

-  By p r o c e s s e s  a c c o r d i n g  t o  t h e  s t r e s s - t h e o r e t i c a l  c o n c e p t  o f  

p r o t e c t i v e  l a y e r s  t h e  v a l u e  o f  V  c o u l d  n o t  be i n t e r p r e t e d
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and t h i s  c o u l d  n o t  be used  f o r  t h e  i n d i c a t i o n  o f  t h e  l i m i t  

e q u i l i b r i u m  o f  t h e  p r o c e s s .

-  S p o n ta n e o u s  s p l i t t i n g  o f  t h e  w a t e r - b a r r i n g  r o c k  d e v e l o p s  i n  

f u n c t i o n  o f  t h e  p r e v a i l i n g  c i r c u m f e r e n t i a l  c o n d i t i o n s  t h e r e ,  

w here  t h e  r u p t u r i n g  p r e s s u r e  b e l o n g i n g  t o  t h e  s p l i t t i n g  i s  

t h e  l o w e s t .  S i n c e  t h i s  i s  n o t  n e c e s s a r i l y  b e l o n g i n g  t o  t h e  

p l a n e  o f  t h e  l e a s t  p r i n c i p a l  s t r e s s ,  t h e  g e n e r a l  v a l i d i t y  o f  

t h e  l e a s t  p r i n c i p a l  s t r e s s  p r i n c i p l e  c a n n o t  be a c c e p t e d  as a 

s p l i t t i n g  c r i t e r i o n .

-  The s p l i t t i n g  o f  t h e  p r o t e c t i v e  l a y e r s  i s  f o r  t h e  e n t i r e  s e t  

o f  b o u n d a r y  c o n d i t i o n s  e x c l u d e d  by t h e  a p p l i c a t i o n  o f  t h e  

p r i n c i p l e  o f  l e a s t  p r i n c i p a l  s t r e s s .  T h i s  method  s a t i s f i e s  

t h e  r e q u i r e m e n t  o f  e q u a l  s a f e t y ,  i f  i t  i s  based  on s t r e s s -  

- a n a l y s i s  and m ea s u r e m e n t  o f  t h e  r o c k - p r e s s u r e .

-  D i m e n s i o n i n g  o f  t h e  s p e c i f i c  p r o t e c t i v e  l a y e r  t h i c k n e s s  w i t h  

r e s p e c t  t o  t h e  l i m i t - v a l u e  \ l  i s  a f f o r d i n g  e q u a l  s a f e t y  as 

a t r a d i t i o n a l  meth od  a g a i n s t  t h e  d e v e l o p m e n t  o f  w a t e r  p r e s ­

s u r e  f o r  t h e  e n t i r e  s e t  o f  b o u n d a r y  c o n d i t i o n s ,  w i t h o u t  any 

l i m i t a t i o n  o f  t h e  t h i c k n e s s .
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1 . INTRODUCTION

The h i g h e r  demand on n a t u r a l  r e s o u r c e s ,  t h e  r e d u c t i o n  o f  

m i n e r a l  r e s e r v e s  and t h e  n e c e s s i t y  t o  e x p l o i t  m i n e r a l  d e p o s i t s  

i n  i n c r e a s i n g l y  u n f a v o u r a b l e  n a t u r a l  c o n d i t i o n s  r e q u i r e  t h e  

management  o f  m i n e r a l  raw m a t e r i a l s  i n  a sys tem  a p p r o x i m a t i o n  

( K a p o l y i  1 9 8 0 ) .

The s ys te m  a p p r o x i m a t i o n - t y p e  e c o n o m i c  management o f  n a t u ­

r a l  r e s o u r c e s  i s  based  on a s i m u l t a n e o u s  e v a l u a t i o n  o f  e x p l o r a ­

t i o n ,  e x p l o i t a t i o n ,  d i s t r i b u t i o n  and u t i l i z a t i o n .  I t s  s y s t e m  

m o de l  i s  b u i l t  up f r o m  s u b s y s t e m s ;  t h e  mo s t  i m p o r t a n t  on e s  o f  

them a r e :  t h e  s y s te m  o f  t h e  g e o l o g i c a l  s u r v e y  o f  m i n e r a l  raw 

m a t e r i a l s ,  th e  s y s t e m  o f  e x p l o i t a t i o n ,  t h e  sys tem  o f  p r o c e s s i n g  

o f  t h e  m i n e r a l  raw m a t e r i a l s  i n c l u d i n g ,  as a u x i l i a r y  a c t i v i ­

t i e s ,  t r a n s p o r t a t i o n  and s t o r a g e  as w e l l ;  t h e  sys tem  o f  t h e  

m i n e r a l  u t i l i z a t i o n  ( K a p o l y i  1 9 8 1 ) .

Acta Geod. Geoph. Mont. Hung. 25, 1990 
Akadémiai Kiadó,  Budapest
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The s u b s y s t e m s  c o n t a i n  f u r t h e r  p a r t i a l  sys te m s b e i n g  i n  

c l o s e  c o n n e c t i o n  w i t h  one a n o t h e r .

The aim o f  t h e  p a p e r  i s  t o  r e v i e w  t h e  g e n e r a l  c h a r a c t e r i s ­

t i c s  o f  t h e  s y s t e m  m o d e l  o f  e n v i r o n m e n t a l  p r o c e s s e s  as w e l l  as 

p r i n c i p l e s  and m e t h o d s  d e s c r i b i n g  t h e  s i m u l t a n e o u s  movement  o f  

t h e  w a t e r  s e e p i n g  l a m i n a r l y  i n  t h e  p o r o u s  r e s e r v o i r  and o f  t h e  

r o c k  b e i n g  f l e x i b l y  d e f o r m a t e d  ( E x p l o r a t i o n  R e p o r t  1 9 8 7 ) .

2 .  CHARACTERISTICS GF THE SYSTEM MODEL

2.1  P a r a m e t e r s  o f  t h e  s y s t e m  model

The c h a r a c t e r i z a t i o n  o f  a zone  o f  t h e  E a r t h ' s  c r u s t  i s  

g i v e n  -  a r r a n g e d  a c c o r d i n g  t o  t h e  f i e l d  o f  p a r a m e t e r s  b e i n g  

t y p i c a l  o f  t h e  g i v e n  r a n g e  -  as f o l l o w s :

I .  G e o m e t r i c  f i e l d :  t h e  g e o m e t ry  o f  t h e  raw m a t e r i a l  d e p o s i t ,  

t h e  d a t a  t y p i c a l  o f  i t s  m i c r o -  and  m a c r o s t r u c t u r e ,  t h e  

g e o m e t r i c  d a t a  o f  t h e  s e c o n d a r y  r o c k s  ( d e p t h ,  t h i c k n e s s  

and e x t e n s i o n  i n  s p a c e )  and t h e i r  s t r u c t u r a l  p r o p e r t i e s ,  

i n  case o f  t y p i c a l  ha za rd  s o u r c e s  t h e  g e o m e t r i c  p r o p e r t i e s  

o f  t h e  p e r m e a b l e  and i m p e r m e a b l e  l a y e r s ,  t h e  g e o m e t r i c  

d a t a  o f  t h e  c o n n e c t i o n  w i t h  t h e  n a t u r a l  e n v i r o n m e n t ,  i . e .  

o f  t h e  b o u n d a r y  c o n d i t i o n s  i n  t h e  n a t u r e ,  e t c .

I I .  D e n s i t y  f i e l d :  M a t e r i a l -  and m a s s - p a r a m e t e r s  o f  t h e  h a l f -  

- s p a c e ,  as p o r o s i t y ,  p e r m e a b i l i t y ,  t r a n s m i s s i b i l i t y , body 

d e n s i t y ,  e t c .

I I I .  P r o p e r t y  f i e l d :  D i f f e r e n t  p h y s i c a l  and t e c h n i c a l  p a r a m e ­

t e r s  o f  t h e  m a t e r i a l  o f  t h e  h a l f - s p a c e ,  as p h y s i c a l  c o n d i ­

t i o n ,  p h y s i c o - c h e m i c a l  p r o p e r t i e s ,  s t a t e - r e l a t e d  p r o p e r ­

t i e s ,  m i n e r a l o g i c a l - p e t r o l o g i c a l  p r o p e r t i e s ,  e t c .

2 .2  P h y s i c a l  l a w s  d e s c r i b i n g  t h e  sys tem  model

The g e o m e t r i c  f i e l d  and t h e  m a t e r i a l  s ys t em  d e f i n e d  on i t  

a r e  i n  c o n s t a n t  m o v e m e n t .  I f  t h e  g e o m e t r i c ,  p r o p e r t y - r e l a t e d  

and  d e n s i t y  p a r a m e t e r s  o f  th e  s y s t e m  m o d e l  a re  known,  t h e  t i m e  

p r o c e s s  o f  t h e  e f f e c t  o f  human i n t e r v e n t i o n  on t h e  n a t u r a l  

e n v i r o n m e n t  can be d e s c r i b e d  by means o f  p h y s i c a l  l a w s ,  as mass
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b a l a n c e  e q u a t i o n ,  momentum b a l a n c e  e q u a t i o n ,  e n e r g y  b a l a n c e  

e q u a t i o n .

2 . 3  M a t h e m a t i c a l  a p p r o x i m a t i o n  o f  t h e  e n v i r o n m e n t a l  p r o c e s s e s

I f  t h e  f i e l d  p a r a m e t e r s ,  t h e  i n i t i a l -  and b o u n d a r y - c o n d i ­

t i o n s  a r e  known,  t h e  g e n e r a l  b a l a n c e  e q u a t i o n s  o f  t h e  t r a n s ­

p o r t -  and t r a n s f o r m a t i o n - p r o c e s s e s ,  i . e .  t h e  p r o c e s s e s  o f  t h e  

n a t u r a l  e n v i r o n m e n t  can be d e s c r i b e d  by a m a t h e m a t i c a l  m o d e l .

D e p e n d i n g  on t h e  d i m e n s i o n s  and f u l l n e s s  o f  d e t a i l s  o f  t h e  

f i e l d  p a r a m e t e r s  d i s c o v e r e d  by m i n e r a l  raw m a t e r i a l  e x p l o r a t i o n  

o n e - ,  t w o -  o r  t h r e e - d i m e n s i o n a l  m o d e l s  can  be f o r m e d ,  by means 

o f  w h i c h  t h e  e f f e c t  o f  human i n t e r v e n t i o n  -  i n  f u n c t i o n  o f  t h e  

r e l i a b i l i t y  o f  t h e  f i e l d  p a r a m e t e r s ,  g i v e n  as random v a r i a b l e s  

-  can  be d e t e r m i n e d  and used a t  t h e  p r e p a r a t i o n  o f  d e c i s i o n s .

I n  t h e  f i e l d  o f  m o d e l l i n g  t h e  h a z a r d s  f o r  w a t e r  i n r u s h ,  

f o r  g a s b u r s t ,  f i r e  and r o c k  movements as w e l l  as i n  t h e  m o d e l ­

l i n g  o f  e n v i r o n m e n t a l  e f f e c t s  caused  by m i n i n g  a c t i v i t y ,  s e v e r ­

a l  s c i e n t i f i c  r e s u l t s  have been a c h i e v e d  b o t h  i n  H u n g a r y  and 

a b r o a d  i n  t h e  r e c e n t  d e c a d e s .  I n  t h e  p r e s e n t  p a p e r  a p o s s i b l e  

m a t h e m a t i c a l  mode l  o f  t h e  i n t e r a c t i o n  b e tw e e n  w a t e r  and r o c k  i s  

o u t l i n e d  c o n n e c t e d  t o  t h e  examp le  o f  o p e n - p i t  c o a l  m i n i n g ,  

w h e re b y  t h e  r o c k s  a r e  r e g a r d e d  as e l a s t i c ,  i . e .  as f o l l o w i n g  

H o o k e ' s  l a w .

3.  MODEL OF RELATION BETWEEN WATER AND ROCK MOVEMENT

3.1 D e s c r i p t i o n  o f  t h e  g e n e r a l  f l o w  model

The s u b s u r f a c e  w a t e r s ,  b e i n g  t h e  s u b j e c t s  o f  t h e  h a z a r d -  

- p r o t e c t i o n  i n  o p e n - p i t  c o a l  m i n e s ,  a r e  s i m p l e  f o r m a t i o n  w a t e r s  

s t o r e d  i n  t h e  c o a l - s e a m  f o r m a t i o n  and i n  i t s  p o r o u s  s e c o n d a r y  

r o c k s  ( b e a r i n g  r o c k )  b e i n g  u n d e r  p r e s s u r e  and h a v i n g  f r e s h  s u p ­

p l y ;  t h e y  can be d r a i n e d  i n  a g r a v i t a t i o n a l  f i e l d .  T h e i r  f r e s h  

s u p p l y  comes t h r o u g h  t h e  g ro u n d  w a t e r  f r o m  t h e  l o c a l  p r e c i p i t a ­

t i o n ,  and by l a t e r a l  w a t e r  movement f r o m  t h e  p r e c i p i t a t i o n  i n  

t h e  m o u n t a i n  edge  a r e a ;  t h e i r  n a t u r a l  d r a i n a g e  t a k e s  p l a c e  

t h r o u g h  é v a p o t r a n s p i r a t i o n  and l a t e r a l  l e a k a g e .
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The s u b s u r f a c e  w a t e r - f l o w  i s  i n  g e n e r a l  case a t i m e - d e p e n ­

d e n t  t h r e e - d i m e n s i o n a l  p r o c e s s  t a k i n g  p l a c e  i n  a p o r o u s  med ium.

For t h e  d e s c r i p t i o n  o f  i s o t h e r m a l  u n d e r g r o u n d  w a t e r - f l o w  

d i f f e r e n t  m a t h e m a t i c a l  m ode ls  a r e  know n,  s i n c e  d i f f e r e n t  

a u t h o r s  c o n s i d e r  d i f f e r e n t  f a c t o r s  -  i n  dependence  o f  a g i v e n  

c a s e  -  as n e g l i g i b l e  f r o m  t h e  g e n e r a l  m o d e l .

The s t e p s  o f  t h e  f o r m i n g  o f  t h e  g e n e r a l  model  a r e :

-  t o  d e f i n e  t h e  g e n e r a l  model  o f  t h e  c o m p l e x  h y d r o g e o l o g i c a l  

s y s t e m  composed f r o m  s u b s y s t e m s ,  w h i c h  a r e  i n  an i n t e r n a l  

b o u n d a r y  c o n d i t i o n - t y p e  i n t e r r e l a t i o n ;

-  t o  fo rm  t h e  m a t h e m a t i c a l  model  d e s c r i b i n g  t h e  f l o w  p r o c e s s e s  

i n  t h e  d i f f e r e n t  s u b s y s t e m s ;

-  t o  d e t e r m i n e  t h e  e x t e r n a l  b o u n d a r y  c o n d i t i o n s  c o n c e r n i n g  t h e  

d i f f e r e n t  s u b s y s t e m s ,  t h e  i n t e r n a l  b o u n d a r y  c o n d i t i o n s  b e ­

t w e e n  t h e  d i f f e r e n t  s u b s y s t e m s ,  t h e  i n i t i a l  c o n d i t i o n s  and 

t h e  p h y s i c a l  p a r a m e t e r s ;  and f i n a l l y

-  t o  choose  t h e  n u m e r i c a l  s o l u t i o n  m et hod  o f  t h e  m a t h e m a t i c a l  

m o d e l .

3 .2  D e s c r i p t i o n  o f  t h e  h y d r o g e o l o g i c a l  model

The s u b s y s te m s  o f  a h y d r o g e o l o g i c a l  s y s te m  a r e  i n  a g e n e r ­

a l  c a s e :  p o ro u s  s u b s u r f a c e  a q u i f e r s  ( p e r m e a b l e  l a y e r s ) ,  s e p a ­

r a t i n g  o r  i m p e r m e a b l e  l a y e r s  o f  l o w e r  o r  h i g h e r  w a t e r  p e r m e ­

a b i l i t y  be tween t h e  a q u i f e r s ,  w a t e r - p r o d u c t i o n  o r  w a t e r - i n j e c ­

t i o n  w e l l s  o f  t h e  a q u i f e r s ,  r i v e r s  and l a k e s  on t h e  s u r f a c e ,  

n a t u r a l  a t m o s p h e r i c  e f f e c t s ,  t h e  a r t i f i c i a l  w a t e r - m a n a g e m e n t -  

i n t e r v e n t i o n s  on t h e  s u r f a c e ,  and m i n i n g  t e c h n o l o g i e s .

The s u b s y s te m s  a r e  v e r y  c o m p l i c a t e d  i n  t h e m s e l v e s ,  t h u s  i t  

i s  n e c e s s a r y  t o  s i m p l i f y  t h e  s y s te m  on t h e  b a s i s  o f  d i f f e r e n t  

a s s u m p t i o n s .

The p r o c e s s e s  o f  t h e  s u b s y s t e m s  a r e  t h r e e - d i m e n s i o n a l ,  

t i m e - d e p e n d e n t  p r o c e s s e s ,  t h u s  t h e  h a n d l i n g  o f  t h e  r e l a t i o n s  

b e t w e e n  th e  s u b s y s t e m s  i s  c o m p l i c a t e d ,  t h e  c o m p u t e r  c a p a c i t y  

n e c e s s a r y  f o r  t h e  n u m e r i c a l  s o l u t i o n  and t h e  c o m p u t e r  t e c h n o l ­

o g y  t i m e  i n c r e a s e  e x p o n e n t i a l l y  w i t h  t h e  number  o f  d i m e n s i o n s .  

T h u s  i t  i s  a d v i s a b l e  t o  r e d u c e  t h e  number o f  d i m e n s i o n s ,  i f  

a l l o w e d  by t h e  c h a r a c t e r  o f  t h e  t a s k .
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The h o r i z o n t a l  d i m e n s i o n  o f  r e g i o n a l  a q u i f e r s  u n d e r  t h e  

s u r f a c e  i s  g e n e r a l l y  by s e v e r a l  o r d e r s  o f  m a g n i t u d e  g r e a t e r  

t h a n  t h e i r  t h i c k n e s s ,  t h e r e f o r e  i n  t h e  a q u i f e r o u s  l a y e r s  t h e  

v e r t i c a l  co m ponen t  o f  w a t e r  f l o w  can  be i n  mos t  cases  n e g l e c t e d  

w i t h  r e s p e c t  t o  t h e  h o r i z o n t a l  c o m p o n e n t .  Thus t h e  p r a c t i c a l  

r e q u i r e m e n t s  can  be f u l f i l l e d  by t h e  s t u d y  o f  t h e  w a t e r - b e a r i n g  

s u b s y s t e m s  i n  a t w o - d i m e n s i o n a l  f i e l d .

I n  t h e  s e p a r a t i n g  l a y e r s  o f  l o w e r  o r  h i g h e r  p e r m e a b i l i t y  

t h e  w a t e r  i s  n o t  m o d e l l e d  i n  i t s e l f ,  b u t  t h e  p r o c e s s  t a k i n g  

p l a c e  i n  them i s  c o n s i d e r e d  as t h e  i n t e r n a l  b o u n d a ry  c o n d i t i o n  

o f  t h e  h y d r o g e o l o g i c a l  s y s te m  as a o n e - d i m e n s i o n a l  v e r t i c a l  

f l o w  d e t e r m i n e d  by t h e  p o t e n t i a l  d i f f e r e n c e  be tween  t h e  s u b ­

s y s t e m s  and t h e  h y d r o d y n a m i c a l  p a r a m e t e r s  o f  t h e  s e p a r a t i n g  

l a y e r .

W a t e r - p r o d u c t i o n  and w a t e r - i n j e c t  i o n  w e l l s  can be t a k e n  

i n t o  c o n s i d e r a t i o n  i n  r e g i o n a l  a n a l y s e s  as s u r f a c e  s o u r c e s  o r  

s u r f a c e  s i n k s ,  r e s p e c t i v e l y .  The w a t e r  l e v e l  o r  w a t e r

y i e l d  o f  t h e  w e l l s  depend on t h e  r e g i o n a l  p o t e n t i a l  and t h e  

b o u n d a r y  c o n d i t i o n s  c o n c e r n i n g  t h e  w e l l s ,  wha t  means t h e  r e ­

c o r d i n g  e i t h e r  o f  t h e  y i e l d  o r  o f  t h e  p o t e n t i a l  o f  t h e  w e l l .

The s u b s y s t e m s  o f  t h e  p r o c e s s e s  r e s u l t i n g  f r om  s u r f a c e  

r i v e r s ,  l a k e s ,  n a t u r a l  a t m o s p h e r i c a l  e f f e c t s ,  p r e c i p i t a t i o n ,  

e v a p o r a t i o n ,  u n d e r g r o u n d  c a p i l l a r y  z o n e s ,  i n t e r f e r e n c e s  o f  

a r t i f i c i a l  s u r f a c e  w a t e r  management ,  and m i n i n g  t e c h n o l o g y  a r e  

n o t  m o d e l l e d .  T e m p o r a l  and s p a t i a l  c h a n g e s  o f  t h e  p a r a m e t e r s  o f  

t h e  s u b s y s te m s  a r e  t a k e n  as known,  t h u s ,  w i t h  r e g a r d  t o  t h e  

t o t a l  h y d r o g e o l o g i c a l  s y s t e m ,  t h e y  a r e  t r e a t e d  as t h e  e x t e r n a l  

b o u n d a r y  c o n d i t i o n s  o f  t h e  s y s t e m .

The g e o l o g i c a l  model  o f  t h e  h y d r o g e o l o g i c a l  s y s te m  w i l l  be 

m o d i f i e d  by o p e n c a s t  m i n i n g  a c t i v i t y ,  w h i c h  s h o u l d  be t a k e n  i n  

t h e  m a t h e m a t i c a l  mode l  as a b o u n d a r y  c o n d i t i o n  c h a n g i n g  i n  t i m e .  

I n  p r a c t i c e  t h e  m i n i n g  t e c h n o l o g y  can  be d i v i d e d  i n t o  p h a s e s  i n  

w h i c h  t h e  h y d r o g e o l o g i c a l  model  can  be c o n s i d e r e d  as c o n s t a n t  

w i t h  r e g a r d  t o  t h e  m o d e l l i n g  o f  w a t e r  f l o w .

The g e n e r a l  h y d r o g e o l o g i c a l  m o d e l  i s  p r e s e n t e d  i n  F i g .  1,  

t h e  c o n n e c t i o n  g r a p h  o f  t h e  c o r r e s p o n d i n g  h y d r o g e o l o g i c a l  mode l  

i n  F i g . 2 .



R JENEY-JAM BRIK and L BALLA1 0 0

\ \ • ' -I aqu ifer  

------ w ater level
impermeable layer
re filled  material

F ig .  1. Scheme o f  the hydrogeologica l  model

The e l e m e n t s  o f  t h e  h y d r o g e o l o g i c a l  sys te m a r e ,  a c c o r d i n g  

t o  S z é k e l y  ( 1 9 7 3 )  and K ová cs  ( 1 9 8 4 ) ,  t h e  f o l l o w i n g :  a q u i f e r  

( p o r o u s  r o c k  o f  r e l a t i v e l y  h i g h  p e r m e a b i l i t y  w i t h  r e s p e c t  t o  

i t s  s u r r o u n d i n g s  and h a v i n g  e i t h e r  a f r e e  w a t e r  s u r f a c e  (SR)  o r  

a t e n s e  w a t e r  s u r f a c e  ( FR) )  ; i m p e r m e a b l e  l a y e r  ( r o c k  w i t h  

r e l a t i v e l y  low p e r m e a b i l i t y  w i t h  r e s p e c t  t o  i t s  s u r r o u n d i n g  

( Z R ) ) ;  s u r f a c e  w a t e r  r e s e r v o i r s  ( r i v e r s  ( F ) ,  l a k e s  ( T ) ) ;  w e l l s  

( d r i l l e d  f r o m  t h e  s u r f a c e  ( K )  w h i c h  can  be i n  c o n n e c t i o n  w i t h  

p e r m e a b l e  o r  i m p e r m e a b l e  l a y e r s  as w e l l  as w i t h  s u r f a c e  w a t e r  

r e s e r v o i r s  s e p a r a t e l y  o r  s i m u l t a n e o u s l y ;  d e p e n d in g  on t h e  f l o w ­

i n g  d i r e c t i o n  o f  t h e  w a t e r  t h e y  a r e  e i t h e r  p r o d u c t i o n  w e l l s  

( T K ) ,  o r  i n j e c t i o n  w e l l s  ( B K ) ) .

The b o u n d a ry  c o n d i t i o n s  o f  t h e  s y s t e m  a r e :  y i e l d  o r  p o t e n ­

t i a l  o f  t h e  w e l l s ;  p o t e n t i a l  o f  s u r f a c e  w a t e r  r e s e r v o i r s ;  i n ­

t e n s i t y  o f  a t m o s p h e r i c  phenomena ( i n f i l t r a t i o n  o r  e v a p o r a t i o n  

o f  p r e c i p i t a t i o n  on t h e  s u r f a c e ) ;  i n t e n s i t y  and t e c h n i c a l  c h a r ­

a c t e r i s t i c s  o f  t e c h n o l o g i e s  on t h e  s u r f a c e  ( i r r i g a t i o n ,
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ID  -  one dimensional model 
3D -  th re e  dim ensional model

Fig.  2. Connect ion graph of  the hydrogeological  model

o p e n c a s t  m i n i n g  a c t i v i t y ) ;  c h a r a c t e r i s t i c s  o f  w a t e r  f l o w  i n  t h e  

l a y e r s  o r  o f  w a t e r  y i e l d ;  c h a r a c t e r i s t i c s  o f  r o c k  d i s p l a c e m e n t .

3 . 3  D e s c r i p t i o n  o f  t h e  m a t h e m a t i c a l  model

I n  t h e  m a c r o s c o p i c  e l e m e n t a r y  p a r t  o f  t h e  h y d r o g e o l o g i c a l  

m ode l  shown i n  F i g .  1,  t h e  i s o t h e r m a l  w a t e r  f l o w  i s  d e s c r i b e d  

f o r  a g e n e r a l  case by t h e  la w  o f  c o n s e r v a t i o n  o f  mass ( B e a r  

1 9 8 2 ,  A z i z  and S e t t a r i  1 9 7 9 ) :

d ^  ^ + d i v  (  5  v )  + q = 0 ( 1 )
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w h e r e  g = w a t e r  d e n s i t y ;  ф = p o r o s i t y ;  t  = t i m e ;  v = s e e p i n g  

v e l o c i t y ;  q = i n t e n s i t y  o f  v o l u m e t r i c  w a t e r  mass o f  

s o u r c e / s w a l l o w e r .

Assuming  t h a t  t h e  p o r o u s  sy s te m  i s  c o m p l e t e l y  f i l l e d  up 

w i t h  w a t e r  and t h a t  D a r c y ' s  f l o w  c o n d i t i o n s  a r e  f u l f i l l e d ,  t h e  

v e l o c i t y  v i s :

v = £  g rad  (p  + g g h )  ( 2 )

w h e r e  к = r o c k  p e r m e a b i l i t y ;  ц  = d y n a m i c  v i s c o s i t y  o f  w a t e r ;

p = w a t e r  p r e s s u r e  o f  p o r e ;  g = g r a v i t a t i o n a l  a c c e l e r a ­

t i o n ;  h = h e i g h t  p o t e n t i a l .

W a te r  d e n s i t y  and  p o r o s i t y  a r e  i n  an i s o t h e r m a l  case  f u n c ­

t i o n s  o f  w a t e r  p r e s s u r e  and e f f e c t i v e  r o c k  s t r e s s ,  r e s p e c t i v e l y ,  

h e n c e  t h e  f i r s t  t e r m  o f  r e l a t i o n  ( 1 ) can  be e x p r e s s e d  as f o l ­

l o w s  :

Э ( ф 9 )
'at

a 62
ж ~

( 3 )

C o n n e c t i o n  g ( p )  i s  known o r  can be d e t e r m i n e d  f o r  t h e  g i v e n  

w a t e r  q u a l i t y .

I t  i s  assumed t h a t  t h e  v e r t i c a l  s t r e s s  d i s t r i b u t i o n  6  ° 

i s  u n i d i r e c t i o n a l  and t h a t  u nde r  t h e  e f f e c t i v e  r o c k  s t r e s s  Q z 

t h e  f o l l o w i n g  c o n d i t i o n s  a r e  f u l f i l l e d :

6 °  ( x , y , z )  = 6 z + p ( x , y , z , t )

z (A)
6z = f 9 S ( x . y . z )  • g ■ dzI о

0

w h e r e  Q s  -  r o c k  d e n s i t y  ( d e n s i t y  o f  t h e  w a t e r - s a t u r a t e d  r o c k ) ;  

z = d e p th  m e a s u r e d  f r o m  t h e  s u r f a c e .

Assumed t h a t  g s and 6 °  a re  c o n s t a n t  i n  a g i v e n  p l a c e ,  

one  g e t s :

9®z Э£
at “ at

( 5 )
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by means o f  w h ic h  c o n n e c t i o n  ( 3 )  can be w r i t t e n  i n  t h e  f o r m :

( *  3? ( 6 )

The c o m p r e s s i b i l i t y  o f  t h e  w a t e r  i s :

1 d 9
9 dp = /S ( 7 )

t h e  v e r t i c a l  c o m p r e s s i b i l i t y  o f  t h e  p o r o u s  r o c k  i s :

a î  " * ■  <»>

U s i n g  t h e s e  e x p r e s s i o n s  r e l a t i o n  ( 6 ) can  be w r i t t e n  i n  t h e  f o r m :

— = 9 ( f ß  +oC)  ( 9 )

w here  оc and ß  can  be d e t e r m i n e d  i n  c a s e  o f  a g i v e n  s a m p le  

s y s t e m  by m easu re me nt  o r  c a l c u l a t i o n ,  and t h e  r e s u l t s  can be 

r e n d e r e d  p r o b a b l e  w i t h  h i g h e r  o r  l o w e r  a c c u r a c y  f o r  r e a l  r e ­

g i o n a l  s y s t e m s ,  t o o .

R e l a t i o n  ( 5 )  does  n o t  h o l d  i n  c a s e s  w he re  6 ° c a n n o t  be 

assumed t o  be c o n s t a n t  due t o  l a r g e r  r e a r r a n g e m e n t s  o f  s t r e s s e s  

caused  by r o c k  m ovem en ts ,  w h ic h  o c c u r  a t  d i f f e r e n t  m i n i n g  o p e r ­

a t i o n s  i n  a more o r  l e s s  n e g l i g i b l e  d e g r e e .  I n  such c a s e s  i t  i s  

n e c e s s a r y  t o  c a l c u l a t e  t h e  s p a t i a l  p o r o u s  r o c k  d i s p l a c e m e n t s  by 

means o f  K a p o l y i ' s  e q u a t i o n  ( 1 9 8 1 )  f o r  s m a l l ,  q u a s i - s t a t i c a l  

d e f o r m a t i o n  :

d i v  6 °  + f  = 0 , ( 1 0 )

w here  f  i s  t h e  v o l u m e t r i c  f o r c e  d e n s i t y .

I n  t h e  most  c a s e s  o f  t h e  p r a c t i c e  t h e  t o t a l  s t r e s s  t e n s o r  

6 °  can be d e t e r m i n e d  by assu m in g  t h e  v a l i d i t y  o f  H o o k e 's  l a w :

§ °  = 2 - G ■E + 3K • E 0 ( 1 1  )

w here  G = t a n g e n t i a l  m o d u lu s  o f  e l a s t i c i t y ;  К = modu lus  o f
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c o m p r e s s i b i l i t y ;  E, EQ = d e f o r m a t i o n  t e n s o r s .

The a v e r a g e  d e f o r m a t i o n  e i s :

e = ÿ  d i v  и ( 1 2 )

w h e r e  u = j  u x , u ^ ,  u z } i s  t h e  d i s p l a c e m e n t  v e c t o r .  The c o n ­

n e c t i o n  be tw een t h e  a v e r a g e  d e f o r m a t i o n  and t h e  p o r o s i t y  i s :

Ф - Ф Q = 3e ( 1 3 )

w h e r e  t h e  i n i t i a l  p o r o s i t y  o f  t h e  s y s t e m  i s  фQ. By u s i n g  t h e  

r e l a t i o n s  ( 1 2 )  and ( 1 3 )  one g e t s :

= 5 ( * e | |  . M i y i ) .  <H)

The s o l u t i o n  o f  t h e  e q u a t i o n  s e t  c o n s i s t i n g  o f  Eqs ( 1 ) ,  

( 2 ) ,  ( 1 0 )  ( 1 1 - 1 4 )  p r o v i d e s  i n  case  o f  s m a l l ,  q u a s i - s t a t i c  d e ­

f o r m a t i o n s ,  t h e  d i s t r i b u t i o n  o f  w a t e r  p r e s s u r e  and r o c k  d i s ­

p l a c e m e n t  o f  t h e  i n d i v i d u a l  l a y e r s ,  w h i c h  r e p r e s e n t s  i n  c a s e  o f  

t h e  u p p e r m o s t  l a y e r  t h e  s u r f a c e  r o c k  movements  ( s u r f a c e  s u b ­

s i d e n c e s )  .

The a n a l y t i c a l  s o l u t i o n  o f  t h e  e q u a t i o n  s e t  i s  n o t  known 

f o r  t h e  g e n e r a l  c a s e ,  b u t  a p p r o x i m a t i n g  s o l u t i o n s  o f  r e q u i r e d  

a c c u r a c y  can be o b t a i n e d  by means o f  d i f f e r e n t  methods o f  

f i n i t e  e l e m e n t s  o r  f i n i t e  d i f f e r e n c e s .

I n  t h e  mos t  c a s e s  o f  p r a c t i c e  t h e r e  i s  anyway no r e a l  

demand on t h e  s o l u t i o n  o f  t h e  g e n e r a l  m o d e l ,  s i n c e  i n  c a s e  o f  a 

g i v e n  p r o b l e m  a p p r o x i m a t i o n s  and s i m p l i f i c a t i o n s  can be made, 

t h e  a c c u r a c y  o f  w h i c h  meets  t h e  demands o f  p r a c t i c e .

I t  was n o t  t h e  a im o f  t h i s  p a p e r  t o  a n a l y z e  t h e  n u m e r i c a l  

s o l u t i o n  p o s s i b i l i t i e s  o f  t h e  m a t h e m a t i c a l  model  w h ic h  d e s c r i b e s  

t h e  w a t e r  and r o c k  movement  phenomena t a k i n g  p l a c e  i n  t h e  

h y d r o g e o l o g i c a l  m o d e l .
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NUMERICAL SIMULATION OF SEEPAGE OF TWO FLUIDS IN HARO 
RESERVOIR ROCKS AND SOME APPLICATIONS

1 2 1 Zs K e s s e r ű  , T V i n c z e  , I  Havasy

' Cen tra l  I n s t i t u t e  f o r  Development o f  M in ing ,  H-1037 Budapest, 
Mikoviny u. 2-4,  Hungary

2
Hungarian Hydrocarbon I n s t i t u t e ,  H-2443 Szazhalombatta, Hungary

In o rder  to  f i n d  new ways of  process c o n t r o l  i n  mine water eng ineer ing ,  
a f i n i t e  d i f f e r e n c e  seepage model o f  two f l u i d s  i n  the res er vo i r  rocks used 
in  the o i l  i n d u s t r y  was modi f ied to match the underground mining c o n d i t i o n s .

One o f  the  versions was t a i l o r e d  to  s i mu la te  the dewatering o f  under­
ground re s e r v o i r s  aided by gas i n j e c t i o n .

The s i m u la t io n  model o f  dewatering aided by gas i n j e c t i o n  was app l ied  
f i r s t  to  determine the poss ib le  w ays / f i e ld s  o f  a p p l i c a t i n g  t h i s  method to  
acce le ra te  the dewatering process in  low p e rm e a b i l i t y  res ervo i rs .

As a r e s u l t  o f  i n v e s t i g a t io n  the most c h a r a c t e r i s t i c  s i t u a t i o n s  ap­
peared and proved tha t  the dewatering aided by compressed a i r  i s  able to  
acce le ra te  the  process under specia l  cond i t i ons  o r  by applying t h i s  method 
in  spec ia l  new ways.

The s i m u la t io n  model o f  g rou t ing  was app l ied  f i r s t  f o r  determining the 
ro l e  o f  the dens i t y  o f  the g rou t ing  f l u i d s .  This model also shows new ways 
f o r  process c o n t r o l .

Keywords: a i r  i n j e c t i o n ;  dewater ing; f i n i t e  d i f fe r e n c e  model; mine 
water;  seepage; s imu la t ion

1. PRESENTATION OF THE MODEL

A s h o r t  d e s c r i p t i o n  o f  t h e  s p e c i a l  and u n i q u e  s o l u t i o n s  o f  

t h e  a p p l i e d  model  i s  g i v e n  b e l o w .

The g o v e r n i n g  e q u a t i o n s  o f  t h e  m o de l  a r e  t h e  O a r c y - l a w ,  

t h e  p r i n c i p l e  o f  t h e  mass c o n t i n u i t y  and t h e  e q u a t i o n  o f  s t a t e  

f o r  f l u i d  s y s t e m s .  The a p p l i e d  d i f f e r e n t i a l  e q u a t i o n s  a r e  s u i t ­

a b l e  t o  s o l v e  any k i n d  o f  i s o t h e r m  p r o b l e m s  i n  r e s e r v o i r  e n g i ­

n e e r i n g .  The number o f  p h a s e s ,  t h e  d i m e n s i o n s  o f  nodes and t h e  

b o u n d a r y  c o n d i t i o n s  can be s p e c i f i e d  a r b i t r a r i l y .

Acta Geod. Geoph. Mont. Hung. 25, 1990 
Akadémiai Kiadó, Budapest
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1 . 1  G o v e r n i n g  e q u a t i o n s

The e q u a t i o n  o f  a f l u i d  s y s t e m  can  be w r i t t e n  as

ли + U
X  о

Q C ЭР 
0  t (1 )

w h e r e  Ux -  i n t r i n s i c  v e l o c i t y  o f  p h a s e  x ( v o l / t i m e )

Q -  i n t e n s i t y  o f  s o u r c e  a n d / o r  s i n k  ( v o l / t i m e )

C -  c o m p r e s s i b i l i t y  ( v o l / p r e s s u r e )

P -  p r e s s u r e

t  -  t i m e .

The phase  s t a t e  a t  t h e  end o f  t h e  t i m e - s t e p  i s  c a l c u l a t e d  

by  u s i n g  t h e  p r e s s u r e  d i s t r i b u t i o n  o b t a i n e d  f r om  Eq. ( 1 )  ( C o a t s  

1 9 6 7 ) .

Fo r  each  ( i )  l i q u i d  phase

f o r  t h e  gas phase

U.

4 Í  +
Q ;i n

S.

~ 5 T ( 2 )

д / ü f l  +

V g
sw

gn

s
_ дa t  в ( 3 )

a r e  v a l i d ,  where

Bi (  Bg -  f o r m a t i o n  vo lume f a c t o r

Rsw -  gas  vo lu me  d i s s o l v e d  i n  f l u i d  ( w a t e r )

^ i ’ ^g ”  d e g r e e  o f  s a t u r a t i o n  f o r  w a t e r  and gas 

Qin> Qgn -  f l u i d  and gas f l o w  r a t e  f o r  nodes u n d e r  n o r m a l  

c o n d i t i o n s  

ф -  p o r o s i t y .

F o r  m o d e l i n g  t h e  p r o c e s s  o f  d e w a t e r i n g  a i d e d  by c o m p r e s s e d  

a i r  ( b y  gas i n j e c t i o n )  t h e  p r e s s u r e  o f  w a t e r  phase  i s  c a l c u l a t ­

ed i m p l i c i t l y  and t h e  t e r m s  d e p e n d i n g  on t h e  de g re e  o f  s a t u r a ­

t i o n  ( a s  r e l a t i v e  p e r m e a b i l i t y ,  c a p i l l a r y  p r e s s u r e ,  e t c . )  a r e  

d e t e r m i n e d  e x p l i c i t l y  ( IMPES m e t h o d ) .  S i g n i f i c a n t  s t a b i l i t y  and 

t i m e - s t e p  i n c r e m e n t  a r e  r e a c h e d  by t h e  i m p l i c i t  c a l c u l a t i o n  o f  

t h e  p r o d u c t i o n  f r o m  w e l l s .

When d i s c r e t i s i n g  e q u a t i o n  ( 1 ) ,  t h e  mass t r a n s p o r t ,  t h e
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s o u r c e  and s i n k  t e r m s  and t h e  r i g h t - h a n d  s i d e  can be h a n d l e d  

s e p a r a t e l y  f r o m  each  o t h e r  t h r o u g h o u t  t h e  s i m u l a t i o n  p r o c e d u r e .

The f l o w  f i l t r a t i n g  t h r o u g h  t h e  i n t e r f a c e  o f  nodes  w i t h i n  

t i m e - s t e p  A t  i s  c a l c u l a t e d  as

= A (P rswz P , + В ) r s w l  X ( 4 )

T -  s p e c i f i c  a b s o l u t e  t r a n s m i s s i b i l i t y  

к -  r e l a t i v e  h y d r a u l i c  c o n d u c t i v i t y  

Д1 -  v i s c o s i t y

Bx = f ( P c , 9 ) f o r m a t i o n  vo lu me  f a c t o r

P^ -  i n i t i a l  c a p i l l a r y  p r e s s u r e  o f  t i m e - s t e p

g -  mean i n i t i a l  d e n s i t y  o f  t i m e - s t e p  ( d e p t h - d e p e n d e n t ) .

The f l o w  r a t e  i n  s i n k  nodes  ( p r o d u c t i o n  w e l l s )  i s  c o m p u t e d  

by u s i n g  t h e  f o r m a t i o n  vo lu me  f a c t o r  and t h e  r a t e  o f  d i s s o l v e d  

gas  c o n t e n t  o f  t h e  a d j a c e n t  n o d e s .  The s o u r c e  te rm ( i n j e c t i o n )  

dep e n d s  on t h e  PVP b e h a v i o u r  o f  t h e  i n j e c t e d  medium.

The vo lu m e  change  w i t h i n  t h e  t i m e - s t e p  i s :

AV = V C AP ( 5 )

w he re  t h e  c o m p r e s s i b i l i t y  C i s  p h a s e -  and  p r e s s u r e  d e p e n d e n t ,  

t h e r e f o r e  i t  can be c a l c u l a t e d  i n  an e x p l i c i t  way. The e x p o n e n ­

t i a l  f u n c t i o n s  o f  t h e  f l u i d  p a r a m e t e r s  and t h e  changes o f  

p h a s e s  a r e  a l s o  c o n s i d e r e d  i n  t h e  c a l c u l a t i o n s .

The d i f f e r e n c e  e q u a t i o n  o f  t h e  mass e q u i b a l a n c e  o f  n o d e s  

i s  w r i t t e n  a s :

P . I A  - rswz X rswz i A x -
VC

t = -Q
V C

rswl ZA ■ В ( 6 )

w here  x i s  t h e  phase  o f  w a t e r  and g a s .

The d e p e n d e n t  v a r i a b l e s  o f  t h e  d i f f e r e n t i a l  e q u a t i o n s  

r e f e r r i n g  t o  t h e  nodes w h i c h  c o v e r  t h e  a r e a  t o  be m o d e l l e d ,  a r e  

t h e  f i n a l  p r e s s u r e s  Prsw o f  t h e  t i m e - s t e p .  Then t h e  mass e q u i ­

b a l a n c e  e q u a t i o n s  a r e  w r i t t e n  f o r  e ach  p hase  and t h e  d e g r e e  o f  

s a t u r a t i o n  i s  c a l c u l a t e d  by means o f  p a r a m e t e r s  PVT d e t e r m i n e d
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f r o m  p r e s s u r e  v a l u e s .

Fo r  m o d e l l i n g  t h e  g r o u t i n g  p r o c e s s  two  l i q u i d s  o f  d i f f e r ­

e n t  /U and g s h o u l d  be a p p l i e d .  I n  t h i s  case  pc = 0 and t h e  

v i s c o s i t i e s  o f  t h e  two  f l u i d s  a r e  r e g a r d e d  as c o n s t a n t s .

1 . 2  The s i m u l a t i o n  p ro g r a m s

The m o d i f i e d  v e r s i o n  o f  t h e  n u m e r i c a l  model  p r e s e n t e d  

a b o v e  was used  f o r  t h e  s i m u l a t i o n  o f  d e w a t e r i n g  by gas i n j e c ­

t i o n .  The p r o g r a m  code  c a l l e d  EASY m a t c h e s  t h e  r e q u i r e m e n t s  

a r i s i n g  i n  t h e  d e s i g n  and management  o f  o i l  p r o d u c t i o n  f o r  

e v e r y d a y .  An e r r o r  o f  l e s s  t h a n  1 p e r c e n t  i n  t h e  c a l c u l a t i o n  

o f  t h e  mass e q u i b a l a n c e  i s  r e a c h e d  by means o f  m o d i f i e d  IMPES 

m e t h o d .  F u l l  s c a l e  p r o j e c t s  can be s o l v e d  by co m p u t e r  IBM-PC.

As a r e s u l t  o f  e x t e n s i o n s  th e  c o m p o n e n t s  o f  y i e l d  ( i m p l i c i t l y )  

and  t h e  t i m e s t e p  A t  ( a u t o m a t i c a l l y )  a r e  d e t e r m i n e d .

The e v a l u a t i o n  o f  t h e  r e s u l t s  i s  s i m p l i f i e d  by t h e  a d d i ­

t i o n  o f  p o s t p r o c e s s o r  codes .

The f o l l o w i n g  m o d i f i c a t i o n s  o f  t h e  p ro g ra m  used  i n  t h e  o i l  

i n d u s t r y  w ere  a p p l i e d  t o  match t h e  c o n d i t i o n s  o f  t h e  g i v e n  

t a s k s  :

-  The w a t e r  p r o d u c t i o n  a t  maximum d e p r e s s i o n  i s  a d v a n t a g e o u s  

f r o m  t h e  v e r y  b e g i n n i n g  o f  d e w a t e r i n g .  The c a l c u l a t i o n  i s  

f a i r l y  s e n s i b i l e  i n  d e t e r m i n i n g  t h e  t i m e - s t e p .

-  The n o n - l i n e a r i t y  i n d u c e d  by t h e  r e l a t i v e l y  low w a t e r  head  i s  

t o  be c o n s i d e r e d .  The l i m i t s  o f  s a t u r a t i o n  and p r e s s u r e  

c h a n g e s  w ere  r e s t r i c t e d  t o  1 p e r c e n t .

The i n i t i a l  i n p u t  p a r a m e t e r s  r e q u i r e d  f o r  r u n n i n g  a r e  as 

f o l l o w  :

-  g e o m e t r i c  s t r u c t u r e  o f  t h e  n e t w o r k

-  p o r e  v o l u m e ,  p o r o s i t y

-  r e l a t i v e  d e p t h

-  s p e c i f i c ,  a b s o l u t e  h y d r a u l i c  c o n d u c t i v i t y

-  d e g r e e  o f  gas  s a t u r a t i o n  ( o n l y  f o r  d e w a t e r i n g  w i t h  c o m p r e s s e d  

a i r )

-  h y d r a u l i c  p r e s s u r e

-  c a p i l l a r y  p r e s s u r e  ( o n l y  f o r  d e w a t e r i n g  w i t h  com p r e s s e d  a i r )

-  v i s c o s i t y
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-  d e n s i t y

-  f o r m a t i o n  v o lu m e  f a c t o r .

The o u t p u t  l i s t  c o n s i s t s  o f  d a t a  i n  t a b u l a t e d  f o r m  a t  t h e  

d e s i r e d  s i m u l a t i o n  t i m e .  These a r e :

-  s e p a r a t e d  and t o t a l  y i e l d s  o f  t h e  p r o d u c t i o n  and i n j e c t i o n  

w e l l s ,  t h e  g a s - w a t e r  p r o p o r t i o n s ,

-  maps and p r o f i l e s  o f  i s o b a r s  ( w a t e r  h e a d )  and d e g re e  o f  gas  

s a t u r a t i o n ,

-  c o l l e c t e d  d a t a  o f  t h e  r e s e r v o i r ,

-  l i s t s  o f  p r e s s u r e  and s a t u r a t i o n  d a t a  f o r  a r b i t r a r y  s l i c e s  

and p r o f i l e s  o f  t h e  n e t w o r k .

2 .  THE FIRST APPLICATIONS OF THE MODEL OF DEWATERING AIDED BY 

COMPRESSED AIR

2.1  Reasons o f  u s i n g  n u m e r i c a l  s i m u l a t i o n s

New s h o r t - t e r m  d e w a t e r i n g  t e c h n o l o g i e s  s h o u l d  be a p p l i e d  

t o  p r o t e c t  m i n i n g  o p e n i n g s  e n d a n g e r e d  by a q u i f e r s  o f  l o w  p e r m e ­

a b i l i t y .  I n  many a q u i f e r s  a c o n s i d e r a b l e  vo lume o f  p o r e  w a t e r  

c a n n o t  be d i s c h a r g e d  i n  t h e  r o o f  o f  e x t r a c t i o n s  by u s i n g  e i t h e r  

some o f  t h e  e f f e c t i v e  metho ds  o r  t h e  g r a v i t a t i o n a l  one b e c a u s e  

o f  t h e  e n e r g y  l e v e l  d e c r e a s e  i n d u c e d  by d e w a t e r i n g .

D e w a t e r i n g  by c om pr essed  a i r  i s  a t e c h n i q u e  a p p l i e d  i n  t h e  

c i v i l  e n g i n e e r i n g  p r a c t i c e  f o r  a l o n g  t i m e  where  u n d e r g r o u n d  

w o r k p l a c e s  a r e  open  i n  a q u i f e r s  w i t h  s p e c i a l  c o n d i t i o n s .  Ho pe ­

f u l  a t t e m p t s  and s e m i - p i l o t  o p e r a t i o n s  w ere  c a r r i e d  on i n  

u n d e r g r o u n d  m i n i n g  t o  e x t e n d  t h e  a p p l i c a t i o n  o f  t h i s  m e t h o d  

o v e r  a l a r g e r  f i e l d  ( P e r a  1 9 8 2 ) .

C o n s i d e r i n g  t h e  w i d e s p r e a d  m e t h o d  o f  s i m u l a t i o n  f o r  m o d e l ­

l i n g  p h y s i c a l  phenomena,  t h e  p r e p a r a t i o n  o f  a f e a s i b i l i t y  s t u d y  

seemed t o  be u s e f u l  by a p p l y i n g  m a t h e m a t i c a l  m e th ods .

The q u e s t i o n  was w h e t h e r  t h e  w e l l - k n o w n  t e c h n o l o g y  c o u l d  

be u s e d  e c o n o m i c a l l y  u n d e r  t h e  c i r c u m s t a n c e s  o f  H u n g a r i a n  deep  

m i n i n g  e n d a n g e r e d  by w a t e r  i n f l o w s  f r o m  r o o f - s i d e  a q u i f e r s .  The 

o i l  p r o d u c t i o n  by gas o r  w a t e r  i n j e c t i o n  w h ic h  method i s  w i d e ­

s p r e a d  and a p p l i e d  u s e f u l l y ,  i s  p r e p a r e d  f o r  a g i v e n  r e s e r v o i r  

on t h e  b a s i s  o f  m a t h e m a t i c a l  m o d e l l i n g .  These e x p e r i e n c e s
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p r o v i d e d  t h e  p o s s i b i l i t y  o f  a p p l y i n g  t h i s  p ro gr am  t o  t h e  c o n d i ­

t i o n s  c h a r a c t e r i s e d  by  u n d e r g r o u n d  m i n i n g .

The q u e s t i o n  t o  be answered wa s :  u n d e r  wha t  c o n d i t i o n s  i s  

t h e  d e w a t e r i n g  m e th od  comb ine d  w i t h  gas  i n j e c t i o n  a p p l i c a b l e  

and  e c o n o m i c .

2 . 2  Task t o  be s i m u l a t e d

A s i m p l i f i e d  m o d e l  o f  d e w a t e r i n g  t h e  p o ro u s  a q u i f e r  i n  t h e  

r o o f  o f  a l o n g w a l l  f a c e  was d e v e l o p e d  t o  i l l u s t r a t e  t h e  ma in  

f e a t u r e s  o f  t h e  d e w a t e r i n g  method b a s e d  on compressed  a i r  i n ­

j e c t i o n .  The f i l t e r s  a r e  i n s t a l l e d  i n  t h e  p r o d u c t i v e  d e v e l o p ­

m e n t s  and th e  i n j e c t i o n  i s  c a r r i e d  on i n  t h e  l o n g i t u d i n a l  a x i s  

o f  t h e  s t r i p .

The a q u i f e r  s i t u a t e d  h o r i z o n t a l l y  was c o v e r e d  by s i m u l a ­

t i o n  g r i d  o f  nodes  o f  d i f f e r e n t  s i z e .  A q u a r t e r  o f  t h e  n e t w o r k  

i s  i l l u s t r a t e d  i n  F i g .  1.  The a q u i f e r  w i t h  t h i c k n e s s  o f  15 m 

c o n s i s t s  o f  t h r e e  s l i c e s .  The t o t a l  a r e a  ( 4 0 0 x 1 4 0  m) i s  d e ­

w a t e r e d  by means o f  24 p r o d u c t i o n  w e l l s .  The i n i t i a l  w a t e r  

y i e l d  o f  t h e  p r o d u c t i o n  w e l l  i s  assumed as 300 m^ /day  w h i c h  

d e c r e a s e s  i n  a l i n e a r  way i n  f u n c t i o n  o f  t h e  d e p r e s s i o n  i n c r e ­

m e n t  .
22 = 500 m
23 =1250 m

5 6 12 13' 17 IE 19 20 21 column
24 = 2500m 
2 5»  5000m

10.
row

sy mmet ry axis
(closed boundary)

11 = 250 m 
12=500 m 
13=1250 m 
14*2500m 
15=5000т

о
TD
С
оо-О
сф

O pen b o u n d a ry  

0 3 0  6 0  9 0 1 2 0 т

•  P ro d u c tio n  w ell 
a  Gas in je c tio n  w ell

F ig .  1. Scheme of  network f o r  s imu la t ion
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The p a r a m e t e r s  o f  t h e  b a s i c  v a r i a n t  a r e  l i s t e d  i n  T a b l e  I .  

S e v e r a l  v a r i a n t s  w i t h  some a l t e r e d  p a r a m e t e r s  and b o u n d a r y  c o n ­

d i t i o n s  d i f f e r e n t  f r o m  t h e  b a s i c  v a r i a n t  w ere  i n v e s t i g a t e d  and 

t h e i r  r e s u l t s  were comp ar ed  w i t h  each o t h e r .

1 1 3

T a b l e  I .  I n i t i a l  p a r a m e t e r s  f o r  v a r i a n t  No.  1 o f  m o d e l l i n g  t h e  

d r a i n a g e  a c c e l e r a t e d  by c o m p r e s s e d  a i r

Simulated area: 1 0x10  km

Size o f  network (due o f  symmetry): 2 5  x 2 5  x 3  = Ц25 nodes

Thickness o f  a q u i fe r :  15 m

Closed boundary at  symmetry axes

Parameters of  r e s e r v o i r

p o r o s i t y

p e r m eab i l i t y  h o r i z o n ta l  

p e r m e a b i l i t y - v e r t i c a l  

c o m p r e s s ib i l i t y  o f  rock 

i n i t i a l  water head

0 . 1

100 mD 

50 mD 

6 . 8  • 1 0 ' 5  

17 bar

( 1 /b a r )

Parameters o f  phases water gas

normal densi t y  (kg/m^) 1 0 1 2 . 0 . 1.0155

v i s c o s i t y  under pressure (cP) 0.95 0.0132

fo rmat ion  volume f a c t o r  (B ) 1.022-3.15 • 10 '*• P 0.9693 • Pw
degree o f  gas s a tu r a t i o n  0.0468 • P

2 . 3  D i s c u s s i o n  and c o m p a r i s o n  o f  v a r i a n t s

The main  f e a t u r e s  o f  t h e  d i f f e r e n t  v a r i a n t s  a r e  l i s t e d  

b e l o w  :

V a r i a n t  No. 1: B a s i c  v e r s i o n .  I n h o m o g e n e o u s  sandy  a q u i f e r .  

( P a r a m e t e r s  i n  T a b l e  I . )  H o r i z o n t a l  p o s i t i o n .  5 p r o d u c t i o n  

w e l l s  w i t h  t o t a l  y i e l d  and 2  w i t h  h a l f  o f  t h e  p r o d u c t i o n  a r e  

s u p p o s e d  o v e r  t h e  s i m u l a t e d  a re a  ( i t  i s  a q u a r t e r  o f  t h e  t o t a l
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a r e a  t o  be d e w a t e r e d )  ( s e e  F i g .  1 ) .  W a te r  d i s c h a r g e  w i t h o u t  

c o m p r e s s e d  a i r .  D e g re e  o f  gas s a t u r a t i o n  i s  100 p e r c e n t s .

V a r i a n t  No. 2 :  Gas i n j e c t i o n  t h r o u g h  f o u r  w e l l s  w i t h  a 

y i e l d  o f  100 m 'Vd ay  e a c h .  The i n j e c t i o n  i s  s t a r t e d  on t h e  5 0 th  

d a y  o f  th e  d e w a t e r i n g  o p e r a t i o n .  F u l l y  s a t u r a t e d  w a t e r .

V a r i a n t  No. 3 :  Inho m ogeneous  3 - l a y e r e d  s t r a t u m  ( h o r i z o n t a l  

p e r m e a b i l i t y  v a l u e s  downwards  f r o m  above a r e :  1,  1 0 ,  100 mD). 

The  r a t i o  be tween  t h e  v e r t i c a l  p e r m e a b i l i t y  v a l u e s  i s  t h e  same. 

F u l l y  s a t u r a t e d  w a t e r .

V a r i a n t  No. 4 :  Same as v a r i a n t  No. 3 b u t  t h e  i n i t i a l  gas 

s a t u r a t i o n  o f  t h e  w a t e r  i s  s p e c i f i e d  as z e r o .

V a r i a n t  No. 5 :  I n c l i n e d  a q u i f e r  w i t h  an a n g l e  o f  2 0 ° .  

C l o s e d  b o unda ry  a l o n g  t h r e e  s i d e s .  S i n g l e  l a y e r  w i t h  p e r m e a b i l ­

i t y  o f  100 mD ( F i g .  2 ) .  P r o d u c t i o n  w e l l s  w i t h o u t  gas i n j e c t i o n .

Variant No.5

Open boundary

Variant No.6

4= .

—

-у* ►
— -- 4—- __

- L -
Open boundary

>
оTJcD0 П
TD01 U) 
_0 
c_>

T
•  Production well 
a  Gas in jec tio n  well

F ig .  2. Water head maps o f  i n c l i n e d  va r i a n ts  at  a s imu la t ion  t ime of 
2 2 0  days i n  bars
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V a r i a n t  No. 6 : Same as v a r i a n t  No.  5 b u t  compressed  a i r  

i n j e c t i o n  t h r o u g h  2  w e l l s  a t  t h e  u p p e r  sy m m e t r y  a x i s .

The d i s p l a y e d  and p r i n t e d  maps o f  t h e  r e s u l t s  o f  t h e  d i f ­

f e r e n t  v a r i a n t s  show t h e  t r e n d s  o f  t h e  s i m u l a t e d  p r o c e s s e s .  The 

s i m u l a t i o n  o f  t h e  a q u i f e r  w i t h  w a t e r  s a t u r a t e d  f u l l y  by gas 

( V a r i a n t s  1 and 2 )  h i d e s  t h e  d i f f e r e n c e s  be tw een t h e  method  o f  

d e w a t e r i n g  by g r a v i t y  and t h a t  o f  t h e  p r o d u c t i o n  c o m p l e t e d  by 

gas  i n j e c t i o n .  The v e r s i o n  w i t h  z e r o  d e g r e e  o f  s a t u r a t i o n  i s  

more s u i t a b l e  f o r  c o m p a r i s o n .

C o m par i ng  t h e  v a r i a n t s  t h e  f o l l o w i n g  c o n c l u s i o n s  can be 

d ra w n :

-  Some i n c r e m e n t  o f  w a t e r  p r o d u c t i o n  o c c u r s  when gas i n j e c t i o n  

i s  a p p l i e d .  The r a t e  o f  i n c r e m e n t  co m p a r e d  t o  t h e  g r a v i t a ­

t i o n a l  method  i s  l e s s  by 5 p e r c e n t s .  (C o m p a r a b l e  v a r i a n t s :

1 -2  and 5 - 6 ,  see F i g .  3 . )

-  The a r e a l  d i s t r i b u t i o n  maps o f  gas  s a t u r a t i o n  c u r v e s  p r o v e  

t h a t  t h e  i n j e c t e d  gas " e s c a p e s "  a t  t h e  u p p e r  p a r t  o f  t h e  

h o r i z o n t a l  l a y e r  and t h e  c o m pr esse d  a i r  i s  e x h a u s t e d  i n  t h e  

w a t e r  p r o d u c t i o n  w e l l s .

A l t h o u g h  a g a s - f r o n t  can be r e c o g n i s e d  i n  t h e  l o w e r  

s l i c e  o f  t h e  inh om ogeneous  m u l t i - l a y e r e d  s y s t e m ,  a p e r m a n e n t  

w a t e r  y i e l d  i n c r e a s e  c a n n o t  be r e a c h e d  ( V a r i a n t  No. 3 ,  see 

F i g .  4 ) .

-  The v e r t i c a l  d i s t r i b u t i o n  o f  gas s a t u r a t i o n  i s  b e t t e r  i n  c ase  

o f  V a r i a n t  4 ,  w he re  t h e  gas f r o n t  s p r e a d s  t o w a r d s  t h e  p r o d u c ­

t i o n  w e l l s  more s l o w l y .

-  The c o m p a r i s o n  o f  t h e  p r e s s u r e - t i m e  d i a g r a m s  o f  V a r i a n t s  3 

and 4 i l l u s t r a t e s  t h e  d i f f e r e n c e s  o f  t h e  r e a c t i o n  o f  t h e  

s y s te m  t o  g a s - i n j e c t i o n .  The p r e s s u r e  s t a b i l i z i n g  e f f e c t  o f  

t h e  gas r e l e a s e d  by p r e s s u r e  i n c r e a s e  i s  h i g h e r  th a n  t h e  

p r e s s u r e  i n c r e m e n t  i n d u c e d  by gas i n j e c t i o n .  T h e r e f o r e  no 

s i g n i f i c a n t  change  can be seen on t h e  p r e s s u r e  c u r v e  o f  t h e  

r e g u l a r  node 1.1 f r o m  t h e  5 0 t h  day o f  p r o d u c t i o n .  The p r e s ­

s u r e  change  c u r v e  o f  t h e  s i n k  node ( p r o d u c t i o n  w e l l )  shows 

gas e x h a u s t  phenomena.  The w a t e r  n o t  s a t u r a t e d  w i t h  gas i s  

l e s s  c o m p r e s s i b l e  a t  t h e  g i v e n  l o w  p r e s s u r e s  and t h e  s t a r t  o f  

i n j e c t i o n  o c c u r s  s i g n i f i c a n t l y  i n  t h e  nodes  nea r  t h e  gas
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Fig.  3. Change o f  water y i e l d  in  d i f f e r e n t  va r i an ts

F i g .  4. Degree o f  gas s a t u r a t i o n  o f  the upper s l i c e  a f t e r  200 days o f  gas 
i n j e c t i o n
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i n j e c t i o n  w e l l  ( F i g .  5 ) .

V ariant No 3.

!

\
V \
Ч'V,
C4

— • —

10 50 100 150 200 250
t, day

V a ria n t No U.

— - - P roduc tion  well
—— — Regular node betw een in ie c -  

tion  and p ro d u c tio n  w e lls
—  • — Regular node 1.1

F ig .  5. Pressure in  d i f f e r e n t  nodes

As a r e s u l t  o f  s i m u l a t i o n  o f  V a r i a n t s  1 - 4 ,  one can c o n ­

c l u d e  t h a t  d e w a t e r i n g  by gas i n j e c t i o n  has  n o t  been p r o v e d  t o  

be an e f f e c t i v e  t e c h n o l o g y  i n  case  o f  s p e c i a l  s t r a t i f i c a t i o n  o f  

h o r i z o n t a l  l a y e r s  e i t h e r .  The i n j e c t e d  gas  i s  e x h a u s t e d  t o w a r d s  

t h e  p r o d u c t i o n  w e l l  i n  t h e  uppe r  p a r t  o f  t h e  a q u i f e r  t o  be d e ­

w a t e r e d .  The phenomenon t a k e s  p l a c e  b e c a u s e  u n d e r  low p r e s s u r e  

c o n d i t i o n s  t h e  p a r a m e t e r s  f o r  t h e  w a t e r  and gas com ponen ts  a r e  

d i f f e r e n t  i n  o r d e r  o f  m a g n i t u d e .  T h i s  phenomenon i s  p r o v e d  by 

t h e  e x p e r i e n c e  a c c o r d i n g  t o  w h ic h  t h e  com p r e s s e d  a i r  o u t b u r s t  

i n  t h e  w a t e r  p r o d u c t i o n  w e l l  i s  n o t  c a u s e d  by t h e  i m p r o p e r
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r e a l i z a t i o n  o f  t h e  t e c h n o l o g y ,  b u t  i t  can  be d e r i v e d  f r o m  b a s i c  

p h y s i c a l  p r i n c i p l e s .

On t h e  b a s i s  o f  t h e  m e n t i o n e d  c o n s i d e r a t i o n  an i n c l i n e d  

p a r t  o f  t h e  a q u i f e r  w i t h o u t  w a t e r  r e c h a r g e  was i n v e s t i g a t e d  

( V a r i a n t  No. 5 ) .  Gas i n j e c t i o n  a t  t h e  t o p  o f  t h e  l a y e r  i n ­

c r e a s e d  t h e  v e l o c i t y  o f  d e w a t e r i n g ,  h o w e v e r ,  a c h a r a c t e r i s t i c  

y i e l d  i n c r e m e n t  d i d  n o t  o c c u r .  These b o u n d a r y  c o n d i t i o n s  a r e  

m o s t  s i m i l a r  t o  t h e  p r o b l e m s  o f  h y d r o c a r b o n  r e s e r v o i r s .  I n  t h e  

H u n g a r i a n  c o a l  m i n i n g  p r a c t i c e ,  h o w e v e r ,  s p e c i a l  g e o l o g i c a l  

c o n d i t i o n s  l i k e  t h i s  e x i s t  v e r y  r a r e l y .  M o r e o v e r ,  t h e  d e t e c t i o n  

o f  t h e  t e c t o n i c  b l o c k s  w i t h o u t  r e c h a r g e  r e q u i r e s  more e x p e n s i v e  

e x p l o r a t i o n  t o  make d e c i s i o n  on t h e  p r o p e r  d e w a t e r i n g  t e c h n o l o ­

gy ( i . e .  w i t h  o r  w i t h o u t  gas i n j e c t i o n ) .

2 . 4  C o n c l u s i o n s  on t h e  a p p l i c a b i l i t y  o f  d e w a t e r i n g  a i d e d  

by c o m p r e s s e d  a i r  i n j e c t i o n

On t h e  b a s i s  o f  t h e  r e s u l t s  o f  s i m u l a t i o n  m o d e l l i n g  and on 

t h a t  o f  t h e  e x p e r i e n c e s  we can c o n c l u d e  t h a t  t h e  n u m e r i c a l  

m o d e l  a p p l i e d  i s  s u i t a b l e  f o r  t h e  s i m u l a t i o n  o f  d e w a t e r i n g  by 

gas  i n j e c t i o n .  The phenomena o b s e r v e d  i n  t h e  p r a c t i c e  c o u l d  be 

m a t c h e d  q u a l i t a t i v e l y  by s i m u l a t i o n .  H o w e v e r ,  t h e  model  v e r i f i ­

c a t i o n  o f  th e  a c t u a l  d a t a  measured  on t h e  s i t e  has n o t  been 

c a r r i e d  o u t .  A mode l  c a l i b r a t e d  t o  t h e  d a t a  o b s e r v e d  i s  a s u i t ­

a b l e  t o o l  f o r  t h e  p r a c t i c a l  d e s i g n  t a s k s  w i t h  a c c e p t a b l e  a c ­

c u r a c y  .

The a p p l i c a t i o n  o f  t h e  c o n v e n t i o n a l  way o f  d e w a t e r i n g  by 

gas  i n j e c t i o n  seems t o  be r e a l i s t i c  even  u n d e r  a d v a n t a g e o u s  

h y d r o g e o l o g i c a l  c o n d i t i o n s .  T h i s  i s  t h e  p o s s i b l e  u t i l i z a t i o n  o f  

t h e  s p o n t a n e o u s  and l o c a l  l i q u e f r a c t i o n  o f  t h e  sandy  r e s e r v o i r  

due  t o  a i r  i n t r u s i o n s  t h r o u g h  t h e  w a t e r  d r a i n a g e  w e l l s ,  b e c a u s e  

t h e s e  s p o n t a n e o u s  a i r  i n t r u s i o n s  may f o r m  c h a n n e l s  w h i c h  s e r v e  

as e x t e n d e d  d r a i n a g e  t o o l s  i n  th e  l o w  p e r m e a b i l i t y  r e s e r v o i r  

( P e r a  e t  a l .  1 9 8 6 ) .  T h i s  s p o n t a n e o u s  p r o c e s s  s h o u l d  be r e g u ­

l a t e d  and u t i l i z e d  t o  a c c e l e r a t e  t h e  d e w a t e r i n g  p r o c e s s .  T h i s  

w i l l  be t h e  n e x t  s t e p  o f  o u r  r e s e a r c h  i n  o r d e r  t o  f i n d  new ways 

o f  t h e  p r o c e s s  c o n t r o l  by u t i l i z i n g  t h e  r e g u l a t e d  i n t e r a c t i o n s  

b e t w e e n  t h e  gas phase  and t h e  l i q u i d  o n e .
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3.  FIRST APPLICATIONS OF THE GROUTING MODEL

3.1 Tasks  t o  be s o l v e d  and t h e  model

The a p p l i c a b i l i t y  o f  t h e  model  was ch ecke d  q u a l i t a t i v e l y  

f i r s t  by m o d e l l i n g  w e l l - k n o w n  c o n v e n t i o n a l  s i t u a t i o n s  o f  g r o u t ­

i n g  by i n j e c t i o n  w e l l s .  The n e x t  t a s k  was t o  a n a l y s e  t h e  i n f l u ­

ence  o f  t h e  d e n s i t y  o f  t h e  g r o u t i n g  s l u r r i e s / f l u i d s  and t h a t  o f  

t h e  e x t e n s i o n  o f  t h e  g r o u t e d  zones  u n d e r  d i f f e r e n t  r e s e r v o i r  

r o c k  c o n d i t i o n s .

T a k i n g  i n t o  c o n s i d e r a t i o n  t h e  t a s k s  o u t l i n e d  above t h e  

mode l  and t h e  p r o p e r  n o d e - n e t w o r k  w ere  c r e a t e d  as p r e s e n t e d  i n  

F i g .  6 .

The 3D n e t w o r k  o f  1800 nodes  a l l o w s  us t o  match e ven  

q u a s i r e a l i s t i c  s i t u a t i o n s .

The f o l l o w i n g  s i t u a t i o n s  were m o d e l l e d :
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I n j e c t i o n  i n t o  a homogeneous  r e s e r v o i r  t h r o u g h  a l l  o f  t h e  

w e l l s  by u s i n g  c o n v e n t i o n a l  cement s l u r r y  o f  c o n s t a n t  v i s c o s ­

i t y .  I h i s  f i t s  r e a l  s i t u a t i o n s  when t h e  s o l i d i f i c a t i o n  o f  t h e  

g r o u t i n g  s l u r r y  i s  r e t a r d e d  by u s i n g  p r o p e r  a d d i t i v e s .  I h i s  

w e l l  known p r o c e s s  can be compared  w i t h  t h e  e x p e r i e n c e  and 

w i t h  a d d i t i o n a l  s o l u t i o n s  ( F i g .  7 ) .

P= const.

Section: Closed boundary

F ig .  7. The propagat ion o f  the g ro u t i ng  s l u r r y  (V a r i an t  1 . )

The n e x t  g r o u p  o f  s i t u a t i o n s  were  r e l a t e d  t o  t h e  p o s s i b i l i t i e s  

o f  p r o c e s s  c o n t r o l  by t h e  r e g u l a t i o n  o f  g r o u t i n g  s l u r r y
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d e n s i t i e s .

L i g h t  s l u r r y  ( .Q = 800 kg /m 5 ) i n j e c t i o n s  i n t o  t h e  l o w e s t  

l a y e r  ( f o r  f o u r  d a y s )  w e r e  m o d e l le d  and a f t e r  s t o p p i n g  t h e  

i n j e c t i o n  the  s l u r r y  was l e t  t o  f i l t r a t e  f r e e l y  ( b y  g r a v i t y )  

u n d e r  d i f f e r e n t  r e s e r v o i r  p r o p e r t i e s ,  n a m e l y :

-  homogeneous  r e s e r v o i r  o f  medium c o n d u c t i v i t y  ( F i g .  8 )

P= const.

F ig .  8 . The e x t e n s io n  o f  th e  g r o u t in g  s l u r r y  ( V a r ia n t  2 . )
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homogeneous  r e s e r v o i r  o f  h i g h  c o n d u c t i v i t y  ( F i g .  9 ) 

e x t r a - h i g h  c o n d u c t i v i t y  zone ( f a u l t e d  z o n e )  i n  a medium 

c o n d u c t i v e  homogeneous  r e s e r v o i r  ( F i g .  1 0 ) .

P= const.

Section :
Closed roof

F ig .  9 .  The e x t e n s io n  o f  th e  g r o u t i n g  s l u r r y  ( V a r ia n t  3 . )
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Cross section through the extraconductive fault

с

Fig.  10. The ex tens ion  o f  the g rou t ing  s l u r r y  (Var ian t  4 . )

3 . 2  D i s c u s s i o n  and c o m p a r i s o n  o f  t h e  g r o u t i n g  v a r i a n t s

O n l y  one o f  t h e  o u t p u t  p a r a m e t e r s ,  t h e  p r o p a g a t i o n  o f  t h e  

g r o u t i n g  s l u r r y  i s  p r e s e n t e d  i n  F i g s  7 ,  8 , 9 and 10 .  The i s o ­

l i n e s  r e p r e s e n t  t h o s e  s t a g e s  where  80 p e r c e n t s  o f  t h e  w h o le  

p o r e  vo lume i s  f i l l e d  w i t h  g r o u t i n g  s l u r r y .

The most i m p o r t a n t  comments a r e  o n l y  l i s t e d  b e l o w :

-  I n  ca se s  o f  medium p e r m e a b l e  (an d  q u a s i - h o m o g e n e o u s )  r e s e r ­

v o i r s  t h e  r o l e  o f  t h e  g r o u t i n g  s l u r r y  d e n s i t i e s  may be c o n ­

s i d e r e d  n e g l i g i b l e  ( F i g s  7 and 8 ) .

C o n s e q u e n t l y ,  t h e  w e l l - k n o w n  a n a l y t i c a l  s o l u t i o n s  can



SEEPAGE IN  HARD RESERVOIR ROCKS 1 2 5

a l s o  be u t i l i z e d  f o r  t h e  s i m p l e s t  b o u n d a r y  c o n d i t i o n s .

-  The r o l e  o f  t h e  d e n s i t y  o f  t h e  g r o u t i n g  s l u r r i e s  i s  n o t  

n e g l i g i b l e  i n  c a s e  o f  r e s e r v o i r s  o f  h i g h  p e r m e a b i l i t y .

-  The s e l f - m o v e m e n t  o f  t h e  s l u r r y  g o v e r n e d  by t h e  d e n s i t y  d i f ­

f e r e n c e  can be u t i l i z e d  p r a c t i c a l l y  f o r  p r o c e s s  c o n t r o l  i n  

k a r s t i f i e d  r e s e r v o i r s  where e x t r a  h i g h  c o n d u c t i v e  zones  

e x i s t .

-  Based  on t h e  r e s u l t s  o f  some m o d e l l e d  s i t u a t i o n s  t h e  m o d e l  

seems t o  be a p p l i c a b l e  even  i n  a w i d e r  a r e a ,  namely

-  f o r  back  a n a l y s e s  o f  t h e  r e c o r d e d  p a r a m e t e r s  o f  g r o u t i n g  

o p e r a t i o n s  t o  d e t e r m i n e  t h e  q u a l i t a t i v e  f e a t u r e s  o f  t h e  

r e s e r v o i r  i n  t h e  g r o u t e d  zone ,

-  f o r  the. s e l e c t i o n  o f  t h e  p r o p e r  g r o u t i n g  s t r a t e g y  u n d e r  

d i f f e r e n t  s i t u a t i o n s .

As t h e  f i r s t  p r a c t i c a l  r e s u l t  o f  t h e  model  s t u d i e s  some 

new ways o f  g r o u t i n g  were  f o u n d  w h i c h  s h o u l d  be p a t e n t e d .

The model  i s  p l a n n e d  t o  be d e v e l o p e d  f o r  t h e  s i m u l a t i o n  o f  

g r o u t i n g  u n d e r  c h a n g e d  v i s c o s i t y  o f  t h e  g r o u t i n g  s l u r r y .

4 .  SOME FINAL CONCLUSIONS

By a d o p t i n g  t h e  n u m e r i c a l  s i m u l a t i o n  t e c h n i q u e  EASY f o r  

m o d e l l i n g  t h e  s e e p a g e  o f  two d i f f e r e n t  f l u i d s  i n  h a rd  r e s e r v o i r  

r o c k s  some u s e f u l  t o o l s  have been r e a l i z e d  m a t c h i n g  two  k i n d s  

o f  p r o c e s s e s ,  n a m e l y

. p r e v e n t i v e  d r a i n a g e  o f  t h e  r e s e r v o i r  r o c k s  a i d e d  by c o m p r e s ­

sed  a i r  and

. .  g r o u t i n g  t h e  p o r e s / f i s s u r e s  o f  t h e  r e s e r v o i r  r o c k s  by i n j e c ­

t i o n  o f  s l u r r i e s .

The f i r s t  v e r s i o n s  o f  t h e  m o d e l s  w e re  a p p l i e d  f o r  " p a r a ­

m e t r i c  s t u d i e s " .  As a r e s u l t  o f  t h e s e  s t u d i e s  some i m p o r t a n t  

p r a c t i c a l  c o n c l u s i o n s  were o b t a i n e d .  The mos t  i m p o r t a n t  o n e s  

a r e  :

-  The a p p l i c a b i l i t y  o f  compr essed  a i r  t o  a c c e l e r a t e  t h e  d r a i n ­

age o f  a w a t e r  r e s e r v o i r  i s  l i m i t e d  t o  t h e  i n c l i n e d  r e s e r ­

v o i r s  o f  c l o s e d  u p p e r  b o u n d a r i e s .

-  The g o v e r n i n g  f o r c e s  o f  t h e  g r o u t i n g  p r o c e s s  s t r o n g l y  d e p e n d
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on t h e  r o c k  p e r m e a b i l i t y  p a r a m e t e r s ;  name ly

-  i n  t h e  r e s e r v o i r s  o f  l ow o r  med ium p e r m e a b i l i t y  t h e  ma in 

f o r c e  i s  t h e  i n j e c t i o n  p r e s s u r e ,

-  i n  t h e  r e s e r v o i r s  o f  h i g h  p e r m e a b i l i t y  two g o v e r n i n g  f o r c e s  

s h o u l d  be t a k e n  i n t o  c o n s i d e r a t i o n ,  name ly t h e  i n j e c t i o n  

p r e s s u r e  and t h e  d e n s i t y  d i f f e r e n c e  be tween t h e  g r o u t i n g  

s l u r r y  and t h e  w a t e r .

By u t i l i z i n g  t h e s e  two g o v e r n i n g  p a r a m e t e r s  new p a t e n t -  

a b l e  ways o f  g r o u t i n g s  were d e v e l o p e d .
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L IM IT  CONDITIONS OF ROCK-PLASTICITY AND -DETERIORATION

Zs S o m o s v á r i

On ive rs i t y  f o r  Heavy In d us t ry ,  H—3515 Misko lc ,  Egyetemváros, Hungary

Changes o f  r ock - s t re ng th  are determined i n  t h i s  study pending on a r t  
and kind o f  s t resses ,  showing r e s u l t s  o f  t r i a x i a l - c o m p re s s i o n ,  extens ion 
and t r i a x i a l - t e n s i l e ,  f u r t h e r  o f  p o l ya x ia l  and b i a x i a l  compression t e s t s  of  
rocks . I t  i s  many-sidedly and conv inc ing ly  proven t h a t  n e i th e r  the Tresca 
nor the Huber-Mises-Hencky l i m i t - c o n d i t i o n s  can be app l ied  on rocks,  even 
approximately not .

The study t r e a t s  c r i t e r i a  o f  d e t e r i o r a t i o n  by Mur re l  and Drucker-  
-Prager and po i n ts  out  the l i m i t e d  scope o f  t h e i r  a p p l i c a t i o n .  The Orucker- 
-Prager c r i t é r i u m  can be app l ied  only i n  the case o f  rocks having an angle 
o f  i n t e r n a l  f r i c t i o n  ф 3 ? 2 0 ° ,  i . e .  i n  the case o f  some types o f  s o i l s .

I t  i s  also emphasized t h a t  the d e t e r i o r a t i o n  c r i t e r i a  by Mohr and 
Mohr-Coulomb re s p e c t i v e l y  are only  p a r t i a l l y  adequate. L i m i t  c o n d i t i on s  of  
d e t e r i o r a t i o n  and p l a s t i c i t y ,  modi fy ing the o r i g i n a l  Mohr and Mohr-Coulomb 
ones are formulated which are descr ib ing  l i m i t  co nd i t i on s  o f  conglomerates 
complying wi th the measured r e s u l t s .

Keywords: HMH l i m i t ;  Mohr 's con d i t i on ;  Mohr-Coulomb l i m i t ;  rock 
mechanics; Tresca's  c o n d i t i o n ;  t r i a x i a l  t e s t

From t h e  p o i n t  o f  v i e w  o f  m e c h a n i c a l  b e h a v i o u r  l i m i t  c o n ­

d i t i o n s  o f  r o c k - p l a s t i c i t y  and - d e t e r i o r a t i o n  a r e  o f  s p e c i a l  

i m p o r t a n c e ,  s i n c e  w i t h o u t  e x c e p t i o n  w i t h  r e g a r d  o f  a l l  s t a b i l i ­

t y  p r o b l e m s  ( s t a b i l i t y  o f  s l o p e s ,  c a v i t i e s ,  p i l l a r s ,  e t c . )  t h e  

p r i m a r y  q u e s t i o n  i s  a t  w h i c h  s a f e t y  f a c t o r  t h e  c o n d i t i o n  o f  

r o c k  e n v i r o n m e n t  w i l l  n e a r  p l a s t i c i t y  o r  d e t e r i o r a t i o n  l i m i t  

c o n d i t i o n s .

I n  th e  ca se  o f  a q u a s i s t a t i c  l o a d ,  t h e  p l a s t i c  l i m i t  c o n ­

d i t i o n  r e p r e s e n t s  a t  a g e n e r a l  s t r e s s  c o n d i t i o n  t h e  i n i t i a l  

s t a g e  o f  p l a s t i c  f l o w  and t h e  end o f  e l a s t i c  r e s p o n s e ,  r e s p e c ­

t i v e l y .  The l i m i t  c o n d i t i o n  o f  d e t e r i o r a t i o n  means t h e  i n i t i a l  

s t a g e  o f  d e t e r i o r a t i o n  and t h e  end o f  p l a s t i c  f l o w .  The 

mechan ism o f  e v o l u t i o n  o f  b o t h  l i m i t  c o n d i t i o n s  i s  s i m i l a r ,

Acta Geod. Geoph. Mont. Hung. 25, 1990 
Akadémiai Kiadó, Budapest
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t h e r e f o r e  i t  i s  p r a c t i c a l  t o  t r e a t  them j o i n t l y .  I n  t h e  case  o f  

l o o s e ,  g r a i n e d  r o c k s ,  t h e  l i m i t  c o n d i t i o n s  o f  d e t e r i o r a t i o n  and 

p l a s t i c i t y  c a n n o t  be s e p a r a t e d ,  b e c a u s e  t h e y  c o i n c i d e .

1 .  LABORATORY INVESTIGATIONS

The d i f f e r e n t  t r i a x i a l  t e s t s  a l l o w  a c o m p r e h e n s i v e  c o g n i ­

t i o n  o f  r o c k - c h a r a c t e r i s t i c s .  Those l a b o r a t o r y  t e s t s  a r e  c a l l e d  

t r i a x i a l  c o m p r e s s i o n  t e s t s  i n  w h ic h  r o c k  s p e c i m e n s  a r e  exposed  

t o  p r i n c i p a l  s t r e s s  l o a d s  w i t h  ф 0  > ©£ ^ ^ > f ^ 3  ^ ^ •
D u r i n g  l a b o r a t o r y  t e s t s  s t r e s s  c o n d i t i o n s  can be a p p r o x i m a t e l y  

a d j u s t e d  w h ic h  have  l o a d e d  t h e  r o c k  i n  t h e  e a r t h ' s  c r u s t  i n  i t s  

i n - s i t u  c o n d i t i o n  w h i c h  a l l o w s  us t o  s t u d y  t h e  c h a r a c t e r i s t i c s  

o f  t h e  r o c k  n e a r l y  i n  t h e  same c o n d i t i o n s  as t h e  n a t u r a l  s t a t e .  

T h i s  e m p h a s iz e s  t h e  s p e c i a l  i m p o r t a n c e  o f  t h e s e  t e s t s .

The f i r s t  t r i a x i a l  t e s t s  were c a r r i e d  o u t  by T Kármán i n  

t h e  y e a r  1911 on c y l i n d r i c a l  m a r b l e  s p e c i m e n s  o f  C a r r a r a  w i t h  

a x i a l - s y m m e t r i c a l  p r i n c i p a l  s t r e s s e s  w he re  i  0  > £ > 2  = 6 3  > 0 . 

T h e s e  t e s t s  c a r r i e d  o u t  u n d e r  a x i a l - s y m m e t r i c a l  l o a d  have  g o t  

t h e  name: " t r i a x i a l  t e s t " ;  t h e y  a r e  c a l l e d  t o d a y  t r a d i t i o n a l  

( c o n v e n t i o n a l )  t r i a x i a l  t e s t s .  T e s t s  c a r r i e d  o u t  w i t h  p r i n c i p a l  

s t r e s s e s ,  where 6 ^ i  0  > t  0  > 6 3  ^ 0 , i . e .  t h e  mos t  u n i ­
v e r s a l  t e s t s  a r e  c a l l e d  p o l y a x i a l  t e s t s ,  w i t h  p r i n c i p a l  s t r e s s e s  

and  t h o s e  w i t h  p r i n c i p a l  s t r e s s e s  6 "̂  /  0  > 6 2  ^  ^ > ® 3  = ^ 
a r e  c a l l e d  b i a x i a l  o n e s  ( B i e n i a w s k i  1 9 6 9 ,  Cook 1967 ,  Crough  

1 9 7 1 ,  Denkhaus and B i e n i a w s k i  1968a ,  b ,  1970 ,  V u t u k u r i  e t  a l .

1 9 7 4 )  .

T r i a x i a l  t e s t s  o f  p r o p e r  sense  have  d e v e l o p e d  a l s o  i s  

s e v e r a l  methods;  t h e s e  a r e  t e s t s

-  w i t h  a x i a l  and m a n t l e  c o m p r e s s i o n  ( 6  ̂ , 6 ^  = 6 3 ) l o a d s  

( c o n v e n t i o n a l  t e s t s ) ;

-  w i t h  a x i a l  and m a n t l e  c o m p r e s s i o n  p l u s  p o r e - p r e s s u r e

( , 6 > 2  = , p )  l o a d s ,  and

-  w i t h  a x i a l  t e n s i o n  and  m a n t l e  c o m p r e s s i o n  l o a d s  ( 6 ^ > 0 ; 6 2 =

= 6 ^ > 0  ) .

T e s t s  c a r r i e d  o u t  u n d e r  p o r e - p r e s s u r e  have  c o n t r i b u t e d  i n  

a h i g h  deg re e  t o  a mor e  p r o f o u n d  k n o w l e d g e  o f  i n t e r n a l  r e s i s ­

t a n c e s  o f  t h e  r o c k s .  T e s t s  c a r r i e d  o u t  w i t h  m a n t l e  c o m p r e s s i o n
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and a x i a l  t e n s i o n ,  c a l l e d  t r i a x i a l  t e n s i o n  t e s t s ,  have c o n t r i b ­

u t e d  as w e l l  i n  a h i g h  d e g r e e  t o  t h e  more  a c c u r a t e  d e t e r m i n a ­

t i o n  o f  l i m i t  c o n d i t i o n s  ( S o m o s v á r i  1 9 8 6 ,  1987 ,  So m o s v á r i  e t  a l .  

1984 ,  1 9 8 5 ) .

A c o n v e n t i o n a l  t r i a x i a l  t e s t  c h a r a c t e r i z e d  by t h e  s t r e s s  

c o n d i t i o n  6 2  = can be more a c c u r a t e l y  s p e c i f i e d  as a

t r i a x i a l  c o m p r e s s i o n  t e s t ,  because  a f t e r  a d j u s t m e n t  o f  a s m a l ­

l e r  m a n t l e  c o m p r e s s i o n  = 6 ^ = c o n s t ,  t h e  t e s t  w i l l  be

c o n t i n u e d  w i t h  i n c r e a s i n g  a x i a l  c o m p r e s s i o n  s t r e s s  6 -| up t o  

t h e  f r a c t u r e ,  w h i l e  t h e  s p e c i m e n  i s  c o n t i n u o u s l y  exposed  t o  

c o m p r e s s i o n .

A t r i a x i a l  t e s t  can be c a r r i e d  o u t  a l s o  i n  such a way t h a t  

a f t e r  a d j u s t m e n t  o f  a h i g h  m a n t l e  c o m p r e s s i o n  ^ 2  = ^ 1  = 

t h e  a x i a l  c o m p r e s s i o n  s t r e s s  6 - 5  i s  r e d u c e d ,  t i l l  d e t e r i o r a t i o n  

e n s u e s .  W h i l e  r e d u c i n g  t h e  a x i a l  c o m p r e s s i o n  s t r e s s ,  t h e  s p e c ­

imen i s  exposed  t o  e x t e n s i o n ,  t h e r e f o r e  t h i s  t y p e  o f  t e s t  i s  

c a l l e d  t r i a x i a l  e x t e n s i o n  t e s t  ( J a e g e r  and Cokk 1969 ,  Somos-  

v á r i  1 9 8 6 ,  V u t u k u r i  e t  a l .  1 9 7 4 ) .

Thus  f o u r  d i f f e r e n t  k i n d s  o f  t r i a x i a l  t e s t s  o f  p r o p e r  

s e n s e  can  be d e f i n e d .  B u t  a l l  o f  them h a v e  one common c h a r a c ­

t e r i s t i c s  name ly  t h e  a x i a l  symmet ry  o f  t h e  s t r e s s  c o n d i t i o n .

A t e s t  w i t h  e x t e n s i o n  ( 6  ̂ = f j j )  means a t r i a x i a l  t e n s i l e  

t e s t  when 6 3  < 0 .

R e s u l t s  o f  c o n v e n t i o n a l  t r i a x i a l  c o m p r e s s i o n  t e s t s  

( 6 > 2 = 6 j )  y i e l d  o n l y  one s e c t i o n  o f  t h e  d e t e r i o r a t i o n  s t r e s s  

s u r f a c e  i n  t h e  p l a n e  w he re  6 > 2  = ^ 3  • More  g e n e r a l l y  s i t u a t e d  

p o i n t s  o f  s u r f a c e  a r e  s t i l l  unknown.  The c o g n i t i o n  o f  t h e s e  

unknown  f a c t o r s  i s  a s s i s t e d  by b i a x i a l  and p o l i a x i a l  c o m p r e s ­

s i o n  t e s t s .

I n  p o l y a x i a l  and b i a x i a l  c o m p r e s s i o n  t e s t s  c u b i f o r m ,  o r  

p r i s m a t i c  s p e c i m e n s  a r e  exposed  t o  l o a d s  where 6 , /  ® 2  ^ ^ 3  > ^ 

and & i  t  & 2  > 0 =  0 r e s p e c t i v e l y .  P o l y a x i a l  and b i a x i a l  

c o m p r e s s i o n  t e s t s  a r e  c a r r i e d  o u t  m o s t l y  t o  d e t e r m i n e  r e l a ­

t i o n s  o f  p r i n c i p a l  s t r e s s e s  c a u s i n g  d e t e r i o r a t i o n .

A t r i a x i a l  t e n s i o n  t e s t  can be made by a t r i a x i a l  c e l l  

w h e re  t h e r e  i s  a p o s s i b i l i t y  t o  a x i a l  t e n s i o n i n g  o f  t h e  s p e c i ­

men. I n  t h e  case  o f  a t e s t  w i t h  m a n t l e  c o m p r e s s i o n
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& 1  = 6 > 2 = c o n s t ,  t h e  a x i a l  t e n s i l e  s t r e s s  ( 6 3  > 0 ) i s  i n ­

c r e a s e d  up t o  t h e  f r a c t u r e  o f  t h e  s p e c i m e n .  R e s u l t s  o f  t h e s e  

t e s t s  show t h a t  i n  t h e  case where  t h e  m a n t l e  c o m p r e s s i o n  i s  n o t  

h i g h  ~  P ^ t l  ’ 3  s Pe c i-men mac)e o f  s o l i d  r o c k  f r a c t u r e
a t  t h e  t e n s i l e  s t r e s s  6 3  = -  6 ^ o b t a i n e d  i n  a u n i a x i a l  t e n s i l e  

t e s t  ( J a e g e r  and Cokk 1969 ,  S c h w a r t z  1 9 6 4 ,  V u t u k u r i  e t  a l .

1 9 7 4 ) .

U s in g  r e s u l t s  o f  t r i a x i a l  e x t e n s i o n  t e s t s  i n  t h e  s y s t e m  

6̂ ) > 63 > "the r e l 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  a t  t h e  t i m e  o f

d e t e r i o r a t i o n  i s  d e s c r i b e d  by t h e  c u r v e  shown i n  F i g .  l a .  Here 

6  ^ means t h e  b i a x i a l  c o m p r e s s i o n  s t r e n g t h  b e l o n g i n g  t o  t h e  

s t r e s s  c o n d i t i o n  o f  6 ^ = 0 ,  5^ = 6 ^  ■ The same c o m p r e s s i o n

s t r e n g t h  a p p e a r s  i n  e x t e n s i o n - c o m p r e s s i o n  t e s t s  and i n  b i a x i a l  

t e s t s  t o o .

C h a r a c t e r i s t i c  c u r v e s  and l i n e s  r e s p . ,  o f  t r i a x i a l  t e n s i l e ,  

t r i a x i a l  c o m p r e s s i o n  and e x t e n s i o n ,  and  b i a x i a l  t e s t s  f o r  sake

triax. stretch

F ig .  1. C h a ra c te r i s t i c  s t r ess  cond i t ions o f  rocks causing d e t e r i o r a t i o n ,  
obtained by t r i a x i a l  and b i a x i a l  t e s t s
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o f  c o m p a r i s o n  a r e  shown t o g e t h e r  i n  F i g .  1.  I n  t h i s  f i g u r e  6 ^  

r e p r e s e n t s  t h e  t e n s i l e  s t r e n g t h ,  &c t h e  u n i a x i a l  c o m p r e s s i o n  

s t r e n g t h  and 6 ^  t h e  b i a x i a l  c o m p r e s s i o n  s t r e n g t h .  I m p o r t a n t  

f a c t s  a r e  > 6 c and f o r  t h e  d i r e c t i o n a l  t a n g e n t s  o f  e x ­

t e n s i o n  and c o m p r e s s i o n  l i n e s  t a n  ß > l .

P o l y a x i a l ,  t r i a x i a l  and b i a x i a l  l o a d - t e s t s  p r o v e  u n a m b i g ­

u o u s l y  t h a t  t h e  c o m p r e s s i o n  s t r e n g t h  o f  r o c k s  i s  e s s e n t i a l l y  

d e t e r m i n e d  by 6  ̂ and 6 ^ ,  i . e .  by t h e  maximum and min imum 

p r i n c i p a l  s t r e s s e s ,  b u t  a t  t h e  same t i m e  t h e  m i d d l e  p r i n c i p a l  

t e s t  6 2  has a l s o  a n o t  n e g l i g i b l e  r o l e  i n  t h e  e v o l u t i o n  n f  t h e  

a c t u a l  s t r e n g t h  and d e t e r i o r a t i o n ,  r e s p e c t i v e l y .

2 .  PLASTICITY AND DETERIORATION L I M I T  CONDITIONS NOT APPLICABLE 

TO ROCKS

I n  t h i s  s e c t i o n  g e n e r a l l y  a c c e p t e d  l i m i t  c o n d i t i o n s  s h a l l  

be d e a l t  w i t h  w h i c h  a r e  i n  use now ada ys  i n  m e c h a n i c s .

I n  t h e  c ase  o f  b o d i e s  o f  an e l a s t i c - p l a s t i c  n a t u r e  i t  i s  

v e r y  i m p o r t a n t  t o  d e t e r m i n e  a t  w h i c h  t h r e s h o l d  v a l u e  p l a s t i c  

y i e l d  b e g i n s  i n  g e n e r a l  s t r e s s  c o n d i t i o n s .  T h i s  i s  d e s c r i b e d  

by t h e  p l a s t i c i t y  o r  y i e l d  c o n d i t i o n .  I n  a u n i a x i a l  s t r e s s  c o n ­

d i t i o n  t h i s  i s

V  = 6 - Sy = 0 .

I f  f  < 0 ,  t h e  m a t e r i a l  i s  i n  e l a s t i c  c o n d i t i o n .

I n  t h e  m a r g i n a l  case  a t  t h e  moment  when p l a s t i c  y i e l d  

b e g i n s ,  t h e  H o o k e - r u l e  i s  s t i l l  v a l i d ,  t h u s  d e f o r m a t i o n s  can  be 

u n a m b i g u o u s l y  e x p r e s s e d  by t h e  s t r e s s e s .  I t  f o l l o w s  t h a t  t h e  

y i e l d - c o n d i t i o n  may be a l s o  e x p r e s s e d  by means o f  t h e  s i x  

s t r e s s  co m p o n e n t s  c h a r a c t e r i z i n g  t h e  s t r e s s  c o n d i t i o n .  T hese  

c o m p o n e n t s  a r e  t h e  e l e m e n t s  o f  t h e  s t r e s s  t e n s o r

f  ( 6  , 6  , 6 , 1  , Z  , Z  ) = 0  .I 4 X ’ y ’ z ’ x y ’ yz  ’ z x '

The y i e l d  c o n d i t i o n  must  be i n d e p e n d e n t  ( i n v a r i a n t )  o f  t h e  

s i t u a t i o n  o f  t h e  c o o r d i n a t e  s y s t e m ,  t h u s  t h e  f u n c t i o n  f  mus t
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be a f u n c t i o n  o f  t h e  i n v a r i a n t s  o f  t h e  s t r e s s - t e n s o r .

I n  t h e  c ase  o f  u n i a x i a l  c o m p r e s s i o n  and t e n s i o n  o f  s t r u c ­

t u r a l  m e t a l s ,  y i e l d  p o i n t s  a re  t o  be t a k e n  as e q u a l  & y  = 6 y t  

B u t  t e s t s  p r o v e  t h a t  no p l a s t i c  d e f o r m a t i o n  o c c u r s  i n  h y d r o ­

s t a t i c  s t r e s s  c o n d i t i o n  ( =  6 _ = 6 ^ )  h o w soev e r  h i g h  t h e  

s t r e s s e s  may b e .  T h i s  means t h a t  t h e  s p h e r i c a l  s t r e s s  t e n s o r  

e x p r e s s i n g  t h e  h y d r o s t a t i c  s t r e s s  c o n d i t i o n  has a n e g l i g i b l e  

r o l e ,  i . e .  t h e  y i e l d  c o n d i t i o n  i s  p e n d i n g  on t h e  i n v a r i a n t s  o f  

t h e  d e v i a t o r - t e n s o r .

A c c o r d i n g  t o  H u b e r - M i s e s ,  t h e  p l a s t i c i t y  c o n d i t i o n  can  be 

e x p r e s s e d  w i t h  t h e  s e c o n d  d e v i a t o r  i n v a r i a n t  as be low

f =  I 2  -  = 0

w h e r e  Т у  i s  t h e  y i e l d  p o i n t  i n  t h e  c a s e  o f  pu re  s h e a r  l o a d .

I n  a s y s te m  o f  c o o r d i n a t e s  w i t h  i t s  axes  c o i n c i d i n g  w i t h  

t h e  p r i n c i p a l  s t r e s s  d i r e c t i o n s

и; = I  !_( §i - 6 2 ) 2 + ( 62 - 63 ) 2 + -  er3 ) 2 ! - T у = 0 .

I n  a c c o r d a n c e  w i t h  H u b e r t - M i s e s  t h e  p l a s t i c  s t a t e  o c c u r s  

a t  a p o i n t  b e i n g  i n  a g e n e r a l  s t r e s s  c o n d i t i o n  when t h e  s e c o n d  

i n v a r i a n t  o f  t h e  d e v i a t o r - t e n s o r  o f  t h e  s t r e s s - t e n s o r  a t t a i n s  

c e r t a i n  l i m i t  v a l u e .

Hencky  has shown ( J a e g e r  and Cokk 1 9 6 9 ,  K a l i s z k y  1 9 7 5 )  

t h a t  i n  a p o i n t  b e i n g  i n  a g e n e r a l  s t r e s s  c o n d i t i o n  t h e  s p e c i f  

i c  v a l u e  o f  l a b o u r  e x p e n d e d  f o r  d e f o r m a t i o n  i s  e q u a l  t o

h
2G

w h e r e  G i s  t h e  m o d u l u s  o f  r i g i d i t y .  T h e r e f o r e  th e  p l a s t i c i t y  

c o n d i t i o n  m e n t i o n e d  a b o v e  may be a l s o  i n t e r p r e t e d  so t h a t  t h e  

p l a s t i c i t y  c o n d i t i o n  a r i s e ,  when t h e  s p e c i f i c  d e f o r m a t i o n  

l a b o u r  a t t a i n s  a c e r t a i n  l i m i t  v a l u e .  T h i s  i s  th e  r e a s o n  why 

t h e  a bove  p l a s t i c i t y  c o n d i t i o n  i s  c a l l e d  a l s o  as H u b e r - M i s e s -  

- H e n c k y  ( HMH) p l a s t i c i t y  c o n d i t i o n .

The H M H - p l a s t i c i t y  c o n d i t i o n  i s  d e t e r m i n e d  i n  F i g .  2 by a
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F ig .  2. HMH-de te r io rat ion-condi t i on on the plane 6  - X

band i n  t h e  p l a n e  6  , X t h e  w i d t h  o f  w h i c h  i s  0 .1 3  Т у .  

M a t e r i a l  i s  i n  p l a s t i c  c o n d i t i o n  when t h e  s t a n d a r d  M o h r - c i r c l e  

( 6 -, -  5 - j )  c h a r a c t e r i z i n g  t h e  s t r e s s  c o n d i t i o n  i s  t a n g e n t i a l  t o  

t h e  s t r a i g h t  l i n e  p a r a l l e l  t o  t h e  a x i s  6  i n  t h e  band men­

t i o n e d .  The s t r a i g h t  l i n e  i s  d e f i n e d  by •

Thus  t h e  H M H - p l a s t i c i t y  c o n d i t i o n  i s  t o  be a p p l i e d  w i t h  

m a t e r i a l s  ( e . g .  w i t h  s t e e l )  f o r  w h i c h  t h e  y i e l d  p o i n t  i s  t h e  

same a t  u n i a x i a l  c o m p r e s s i o n  and t e n s i o n .

I n  a c c o r d a n c e  w i t h  T r e s c a ' s  p l a s t i c i t y  c o n d i t i o n  t h e  

p l a s t i c  c o n d i t i o n  o f  m a t e r i a l  o c c u r s  when t h e  maximum s h e a r i n g  

s t r e s s  a t t a i n s  a v a l u e  where  p u re  s h e a r  l o a d  y i e l d  t a k e s  p l a c e  

( F i g .  3 ) .  T r e s c a ' s  p l a s t i c i t y  c o n d i t i o n  i s  ( J a e g e r  and Cokk  

1969 ,  K a l i s z k y  1975)

V  = ( 6 y -  6 3 ) -  2 t F =X0 .

F ig .  3. Tresca's d e t e r io r a t io n  c o n d i t i o n  on the plane 6  - X
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I n  t h e  cases  o f  u n i a x i a l  c o m p r e s s i o n  and  t e n s i o n  p l a s t i c i t y  

c o n d i t i o n s  a r e  t h e  same what  means t h a t  t h e  T r e s c a ' s  p l a s t i c i t y  

c o n d i t i o n  can be o n l y  a p p l i e d  w i t h  m a t e r i a l s ,  f o r  w h i c h  t h e  

y i e l d  p o i n t  i s  t h e  same a t  u n i a x i a l  c o m p r e s s i o n  and t e n s i o n .  

T r e s c a ' s  c o n d i t i o n  d o e s  n o t  t a k e  i n t o  a c c o u n t  t h e  e f f e c t  o f  t h e  

m i d d l e  p r i n c i p a l  s t r e s s  ( 6 2 ) -  Oue t o  t h e  f a c t  t h a t  t h e  m i d d l e  

p r i n c i p a l  s t r e s s  has  i n  t h e  H M H - c o n d i t i o n  no s i g n i f i c a n t  e f f e c t  

( 1 3  p e r c e n t ) ,  t h e r e f o r e  t h e  H M H - c o n d i t i o n  does f r e q u e n t l y  s u b ­

s t i t u t e  T r e s c a ' s  o n e .  I n  th e  case  o f

6 2  = 0 .5  ( 6 1 + 6 3 )

HMH and T r e s c a ' s  c o n d i t i o n s  a re  t h e  same.

W i t h  m a t e r i a l s  w h e re  th e  y i e l d  s t r e s s  o f  c o m p r e s s i o n  and 

t e n s i o n  a re  e s s e n t i a l l y  d i f f e r e n t ,  n e i t h e r  HMH n o r  T r e s c a ' s  

c o n d i t i o n  can be a p p l i e d .

N a t u r a l l y ,  t h e  HMH and T r e s c a ' s  c o n d i t i o n s  show n o t  o n l y  

i n  t h e  p l a n e  6 , T e s s e n t i a l  d i f f e r e n c e s  a g a i n s t  measured  

r e s u l t s  o f  r o c k s ,  b u t  a l s o  i n  c o n d i t i o n s  o f  t r i a x i a l  c o m p r e s ­

s i o n ,  t r i a x i a l  e x t e n s i o n  and i n  b i a x i a l  s t a t e ,  t o o .

The HMH l i m i t  c o n d i t i o n  r e s u l t s  b o t h  a t  c o m p r e s s i o n  

( 6 1 , b 2  = 6 3 ) and a_t e x t e n s i o n  ( 6 -j = , 6 3 ) i n

6 1 = 6 3 + \TS X Y .

I n  a b i a x i a l  s t r e s s  c o n d i t i o n  ( 6 -j , 6 2 ? 6 3  = 0 ) t h e  r e s u l t  

i  s

( 6 1 - 62) 2 + 6 1 6 2 = 3 X у

w h i c h  f o r m u l a  i s  t h e  e q u a t i o n  o f  an e l l i p s e  h a v i n g  i t s  c e n t r u m  

i n  t h e  o r i g i n ,  t h e  a x e s  o f  w h ic h  enco m p a s s  a n g l e s  o f  4 5 °  w i t h  

t h e  a x e s  6   ̂ , 6 2  and i t s  h a l f - a x e s  h a v e  a s i z e  o f  V6  X  у and 

\ Í 2  Т у )  r e s p .

S i g n i f i c a n t  d i f f e r e n c e s  o f  t h e  HMH c o n d i t i o n  a g a i n s t  mea­

s u r e d  r e s u l t s  o f  r o c k s  a r e  shown i n  F i g .  4 .

T r e s c a ' s  l i m i t  c o n d i t i o n  l e a d s  b o t h  a t  c o m p r e s s i o n
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( 6 , б „  = б - , )  and a t  e x t e n s i o n  (б 6 j )  t o  t h e  r e s u l t

6 , = 6 ,  .  2 T y

I n  a b i a x i a l  s t r e s s  c o n d i t i o n  ( б -j , > 6 3  = 0 )  t h e  r e s u l t

i  s

6 , = 2  T Y .

E s s e n t i a l  d i f f e r e n c e s  o f  T r e s c a ' s  c o n d i t i o n  a g a i n s t  mea­

s u r e d  r e s u l t s  o f  r o c k s  a r e  shown i n  F i g .  5.

Mea su re d  v a l u e s  p r o v e  t h a t  l i m i t  c o n d i t i o n s  a c c o r d i n g  t o  

HMH and T r e s c a  a r e  even  a p p r o x i m a t e l y  n o t  a p p l i c a b l e  t o  

d e s c r i b e  l i m i t  c o n d i t i o n s  o f  r o c k s .

I n  t h e  case  o f  t h e  H M H - c o n d i t i o n  m i s u n d e r s t a n d i n g  may 

a r i s e  as i t  can be f o r m u l a t e d  t h a t  t h e  p l a s t i c  l i m i t  c o n d i t i o n  

o c c u r s  when t h e  s p e c i f i c  d e f o r m a t i o n  l a b o u r  c u m u l a t e d  i n  t h e  

b o d y  a t t a i n s  t h e  v a l u e  T y / 2 G .  I n  t h i s  f o r m u l a t i o n  i t  seems 

e n t i r e l y  c l e a r  t h a t  t h e  p l a s t i c i t y  c o n d i t i o n  d e a l t  w i t h  w o u l d  

be v a l i d  f o r  a l l  e l a s t i c - p l a s t i c  m a t e r i a l s  a l i k e .  T h i s  i s  t h e  

r e a s o n  why r e s e a r c h e r s  s t a n d i n g  on t h e  b a s i s  o f  an e n e r g e t i c  

v i e w  recommend t o  a p p l y  t h i s  p l a s t i c i t y  c o n d i t i o n  i n  t h e  case  

o f  r o c k s ,  t o o .  Bu t  e x a c t l y  t h e  above  c o m p a r a t i v e  i n v e s t i g a t i o n s  

show  t h a t  t h i s  p o i n t  o f  v i e w  i s  i n c o r r e c t .

3 .  APP L I C A B IL IT Y  OF CRITERIA BY MOHR AND BY M0HR-C0UL0MB TO 

ROCKS

G r a n u l a r  m a t e r i a l s ,  as l o o s e ,  g r a i n e d  r o c k s  can t r a n s f e r  

o n l y  c o m p r e s s i o n  and f r i c t i o n  f o r c e s  t o  each o t h e r  on c o n t a c t ­

i n g  p o i n t s  o f  t h e  g r a i n s .  G r a i n s  may g l i d e  as compared  t o  each  

o t h e r  when t h e  f r i c t i o n  f o r c e  a t t a i n s  a c e r t a i n  l i m i t  v a l u e .  

The  f r i c t i o n  f o r c e  i s  i n  r e l a t i o n  -  i n  a c c o r d a n c e  w i t h  t h e  

C o u l o m b - l a w  -  w i t h  t h e  c o m p r e s s i v e  f o r c e  p e r p e n d i c u l a r  t o  t h e  

s u r f a c e .  T h e r e f o r e  t h e  c o n n e c t i o n  b e t w e e n  t h e  s h e a r - s t r e s s  and 

t h e  n o r m a l  s t r e s s  i n  t h e  g r a i n e d  heap  i s  i n  t h e  p l a s t i c  y i e l d  

c o n d i t i o n  as b e lo w

Щ |= 6 " t a n  ф
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where ф i s  t h e  i n t e r n a l  f r i c t i o n  a n g l e  o f  the g r a n u l a r  heap.

P l a s t i c i t y  and d e t e r i o r a t i o n  c o n d i t i o n s  are as f o l l o w s  

( K a l i s z k y  1 9 7 5 , K é z d i  1 9 7 2 ) :

¥  = б!
1 SI П I

J3  1 -  s i n  ф = 6 1 -  63 t a n  ( 4 5 u + 2

I n  acco rdance  w i t h  the p l a s t i c i t y  c o n d i t i o n  by Mohr-  
-C o u lo m b ,  the  g r a i n e d  heap i s  i n  p l a s t i c  c o n d i t i o n  when th e  

maximum s h e a r - s t r e s s  a t t a i n s  a d e f i n i t e  f r a c t i o n  o f  the  averag e  
o f  maximum and minimum p r i n c i p a l  s t r e s s e s .  Acco rd ing  t o  M o h r ' s  

t h e o r y  the  m id d le  p r i n c i p a l  s t r e s s  ( 6 2 )  has no i n f l u e n c e  on th e  
p l a s t i c i t y  t h r e s h o l d .

I n  the  case o f  g r a n u l a r  m a t e r i a l s ,  where sm a l l  c o h e s i v e  

f o r c e s  are a l s o  a c t i n g  a t  c o n t a c t  p o i n t s  o f  the g r a i n s ,  i . e .  

w i t h  l o o s e ,  c o h e s i v e  r o c k s ,  the c o n n e c t i o n  between shear  
s t r e s s e s  and nor ma l  s t r e s s e s  i n  t h e  y i e l d  c o n d i t i o n  i s  a p p r o x i ­

m a t e l y

|T |= Cy + 5 t an ; 6 = 0

where  Cy i s  the  y i e l d i n g  co he s io n .  The above c o n d i t i o n  can be 
r e p r e s e n t e d  i n  t h e  c o o r d i n a t e  sys tem 6  , T  w i t h  two s t r a i g h t  

l i n e s  i n c l i n i n g  a t  an ang le  of  ф , w h i c h  c ros s  the a x i s  T  a t  
a d i s t a n c e  -Cy and t h e  a x i s  f  a t  a d i s t a n c e  Cy co t  ф . Bu t  t h e  

above e q u a t i o n  i s  o n l y  v a l i d ,  when 6 = 0 .

At  l o o s e ,  g r a n u l a r  ro cks  p l a s t i c  and d e t e r i o r a t e d  c o n d i ­

t i o n s  c o i n c i d e  as n e i t h e r  cohes ion  n o r  a y i e l d  p o i n t  e x i s t s ,  
and th e  r e l a t i o n  X -  6  i s  d e s c r ib e d  by t h e  l i m i t i n g  s t r a i g h t  

l i n e  V  = 6 tan  ф . T h i s  l i m i t i n g  s t r a i g h t  l i n e  i s  d e r i v e d  by 

d e d u c t i o n ,  has a c o n c r e t e  p h y s i c a l  c o n t e n t ,  thus  i t  i s  a p h y s i ­
c a l  l a w .  But th e  p l a s t i c i t y  l i m i t  s t r a i g h t  l i n e

TT= Cp + 6 t a n  ф

w h ic h  i s  v a l i d  f o r  l o o s e  cohes ive  r o c k s  i s  no law,  bu t  a good 
a p p r o x i m a t i o n  t o  i t .

M o h r ' s  d e t e r i o r a t i o n  t h eo ry  s t a t e s  t h a t  i f  on the  p la n e  

6 ,  T  s t r e s s - c i r c l e s  o f  maximum and minimum p r i n c i p a l  s t r e s s e s
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a re  p l o t t e d  wh ich  b e lo n g  t o  d i f f e r e n t  s t r e s s  c o n d i t i o n s  c a u s ­

i n g  f r a c t u r e s ,  then  th ese  c i r c l e s  have a common e n v e l o p i n g  

c u r v e ,  the  fo rm  o f  wh ich  depends on the  m a t e r i a l .  But a com­

mon enve lo p  i s  p o s s i b l e  o n l y  i n  th e  case when th e  m id d le  

p r i n c i p a l  s t r e s s  ( §2)  has no i n f l u e n c e  on th e  two e x t r e m a l  

p r i n c i p a l  s t r e s s e s  c a u s i n g  f r a c t u r e  ( б -j , 6 3 ) .  Thus an e s ­
s e n t i a l  s u p p o s i t i o n  o f  M oh r ' s  l i m i t  c o n d i t i o n  i s  t h a t  the  

value o f  the  m id d le  p r i n c i p a l  s t r e s s  has no i n f l u e n c e  on th e  

f r a c t u r e .
However on the  c o n t r a r y  r e s u l t s  o f  t r i a x i a l  c o m p re s s io n ,  

t r i a x i a l  e x t e n s i o n  and o f  b i a x i a l  and t r i a x i a l  com p re s s ion  tests 

p ro ve  una mb ig uous l y  t h a t  i n  many cases th e  m id d le  p r i n c i p a l  
s t r e s s  has an e s s e n t i a l  r o l e  i n  d e t e r i o r a t i o n ,  a l t h o u g h  d e t e r i ­

o r a t i o n  i s  b a s i c a l l y  d e te rm in e d  by th e  two e x t r e m a l  p r i n c i p a l  

s t r e s s e s .  T h e r e f o r e  i t  i s  obv io us  t h a t  M o h r ' s  d e t e r i o r a t i o n  
h y p o t h e s i s  may be used f o r  r ock s  o n l y  i n  a r a t h e r  rough  a p p r o x ­
i m a t i o n .

The a p p r o x i m a t i o n  can be e s s e n t i a l l y  improved when M o h r ' s  

d e t e r i o r a t i o n  c o n d i t i o n  i s  m o d i f i e d  as f o l l o w s .  I f  t h e  m id d l e  

p r i n c i p a l  s t r e s s  62 = 6^ - a(6^ -  63 )  i s  l o c a t e d  a t  t h e  same 
p l a c e  ( i . e .  a = c o n s t . )  w i t h i n  the  i n t e r v a l  5 -| -  63 ,  w i t h  

0 = a = 1, t h e  s t r e s s  c i r c l e s  d e te rm in e d  by the  maximum and 

minimum p r i n c i p a l  s t r e s s e s  o f  the  s t r e s s  c o n d i t i o n  c a u s i n g  de­

t e r i o r a t i o n  have a common e n v e lo p .  T h i s  e nv e lo p  i s  v a r y i n g  w i t h  

changes o f  62-
In  c o m p l i a n c e  w i t h  the  s t a t e m e n t s  above,  the  Mohr-Cou lomb 

d e t e r i o r a t i o n  h y p o t h e s i s  may a l s o  c o r r e c t l y  d e te rm in e  o n l y  i n  a 

m o d i f i e d  fo rm th e  d e t e r i o r a t i o n  c o n d i t i o n  o f  r o c k s .  N o t a b l y  a t
6  ^  0

Y =  - 6 3 t a n 2 ( 4 5 ° + | )  -  6 C ( 6 2 ) = 0

I f  6 2 = 6 3 , i . e .  a = 1, then 6 C ( 6 2 ) = 6 C

Y =  6, -  63 t a n 2 ( 4 5 ° + | )  -  5 C = 0 , 

i f  6 2= 6 , ,  i - e .  a = 0 ,  then  6 c ( 6 2 ) = 6 cb > 6C
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y -  6 ]  -  63 tan^  ( 4 5 ° + т|) -  gjçp - 0 •

The above r e l a t i o n s  are s u p p o r te d  by r e s u l t s  o f  measure­

m en ts  o f  t r i a x i a l  c o m p re s s io n  and t r i a x i a l  e x t e n s i o n  t e s t s .
Thus i f  a l i n e a r  d e t e r i o r a t i o n  o r  p l a s t i c i t y  l i m i t  cu rve  

i s  used,  then i t  i s  n o t  f o r  the  rea son  w h ich  i s  found f r e q u e n t ­

l y  i n  the l i t e r a t u r e  -  t h a t  t h i s  i s  th e  most  s im p le  l i m i t  
c u r v e ,  but  i n  th e  r a n g e  o f  comp ress ion  l o a d s  r e s u l t s  o f  t r i ­

a x i a l  ( com press ion  and e x t e n s i o n )  measurements  y i e l d  f r e q u e n t l y  

s u c h  a c h a r a c t e r .
The minimum s t r e n g t h  i s  o b v i o u s l y  d e t e rm in e d  by conven ­

t i o n a l  t r i a x i a l  c o m p r e s s i o n  t e s t s  and i t  i s  a n e g l e c t i o n  on the  
s i d e  o f  s a f e t y  i f  t h e  c o n d i t i o n  ( w h ic h  i s  o n l y  v a l i d  when

6  2 = 6  j  )

y  = 6 1 -  6 3 t a n 2 ( 4 5 ° + f )  -  6 C = 0 

i s  used a lso  i n  cases when Ç2 ^ 63-

4 . SPATIAL DEPICTION OF L IMIT CONDITIONS OF PLASTICITY AND 

DETERIORATION; CONCLUSIONS

From the p o i n t  o f  v ie w  o f  c o m p u t e r - t e c h n i c s  i t  i s  more e x ­
p e d i e n t  to  f o r m u l a t e  l i m i t  c o n d i t i o n s  i n  t h e  s p a t i a l  sys tem o f  

6-|, &2 ’ б'з • T r e s c a ' s  l i m i t  c o n d i t i o n  i s  d e p i c t e d  i n  space by a 
c y l i n d r i c a l  s u r f a c e  o f  s y m m e t r i c a l  h e x a g o n a l  m e r i d i a n  w i t h  axes 

= 6>2 = ‘ The c o n d i t i o n  by H u b e r -M is e s -H e n c k y  i s
d e p i c t e d  by a c i r c u l a r  c y l i n d e r  s u r f a c e  w i t h  axes 6^ = 6 2 = 63 
The l i m i t  c o n d i t i o n  by Mohr-Coulomb i s  d e p i c t e d  as a c o n i c  s u r ­
f a c e  w i t h  hexagona l  m e r i d i a n .  A l l  t h e  t h r e e  s u r f a c e s  are  shown 
i n  F i g .  6 ( Jaeger  and Cokk 1 9 6 9 , K a l i s z k y  1 9 7 5 ) .

I n  the f o l l o w i n g  some gen e ra l  l i m i t  c o n d i t i o n  are  d e a l t  

w i t h  wh ich  may be b r o u g h t  up i n  case o f  c e r t a i n  r o c k s .

G r i f f i t h ' s  d e t e r i o r a t i o n  c r i t é r i u m  has been imp roved  by 
M u r r e l  e x te nd ing  th e  t w o - d im e n s i o n  i n v e s t i g a t i o n s  t o  t h r e e  

d i m e n s i o n s  (Jaeger  and Cokk 1 9 6 9 ) .  I n  t h e  space system o f  , 

©2 , ^ з  ‘the d e t e r i o r a t i o n  i s  d e p i c t e d  by a p a r a b o l o i d  h a v in g  a
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Fig. 6. Spat ial  representat ion of p l a s t i c i t y  and dete r io ra t ion  condit ions

s t r a i g h t  a x i s  o f  ( 5  ̂ = 6  ̂ ~ 63)  and i t  i s  e nv e lo ped  by a p y r a ­
mid deve lo ped  o f  r e s p e c t i v e l y  p e r p e n d i c u l a r  p la n e s  w i t h

6l = -  6 t , 6 2 = " 6 t , 63 = -  6 t  •

Edges o f  the  py ra m id  6  ̂ ~ 63 = _ 6 t  a re  t a n g e n t i a l  t o  th e  
p a r a b o l o i d .  The e q u a t i o n  o f  t h i s  p a r a b o l o i d ,  i . e .  M u r r e l ' s  de­

t e r i o r a t i o n  c o n d i t i o n  o r  l e t  us say G r i f f i t h ' s  imp roved  one i s  

as f o l l o w s  ( Jae ge r  and Cokk 1 9 6 9 ) :

( 6,  -  63)3 + ( 6 2 -  6 3 ) 2 + ( 6,  -  62) 2 - 2 4  5 t  ( 6 ) + 6 2 + 63)  = 0 •

I t  i s  w o r th  s t u d y i n g  t h i s  d e t e r i o r a t i o n  c o n d i t i o n  i n  r e ­

m a rkab le  s t r e s s  c o n d i t i o n s .  In  t r a d i t i o n a l  t r i a x i a l  t e s t s  by 

s u b s t i t u t i n g  62 = 63 th e  d e t e r i o r a t i o n  c o n d i t i o n  i s :

( 6 1 - 6 3 ) 2 - 12 6 t  ( 6 1 + 263)  = 0

i . e .  a p a r a b o l a ,  t h e  t a n g e n t  o f  wh ich  has a d i r e c t i o n a l  t a n g e n t  

a t  63 = 0
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d ^ / d Ö j  = 4 , 61 = 6c = 12 6 t •

I n  t r i a x i a l  e x t e n s i o n  t e s t s  w i t h  s u b s t i t u t i n g  6-| = 6 2 the 

d e t e r i o r a t i o n  c o n d i t i o n  i s

( 6 , -  6 3 ) 2  -  1 2  6 t  ( 2 6 1 + 6 3 ) = 0

i . e .  a p a r a b o la ,  i t s  t a n g e n t  has a d i r e c t i o n a l  t a n g e n t  a t

6-3 = 0

d 6 , / d  6  3  = 2 . 5 ;  6 1 = 2 4  6 t  .

I n  a b i a x i a l  s t r e s s  c o n d i t i o n  a f t e r  s u b s t i t u t i o n  6 -, - 0 , 
t h e  d e t e r i o r a t i o n  c o n d i t i o n  i s

( 6 2  - 6 , 6 2  + 6 2 ) -  1 2  6 t  ( 6 , + 6 2 ) = 0

i . e .  an e l l i p s e ,  t h e  t a n g e n t  o f  which has a d i r e c t i o n a l  t a n g e n t  

a t  6 2 = 0 , d 6‘j / d 6 2 = 2 . The e l l i p s e  c r o s s e s  the  s t r a i g h t  l i n e  

6 1 = 62 i n  the  p o i n t  6 1 = 62 = 2 4  6t , i f  62 = 0 , 6 1 = 6 C =

= 1 2  6 f
F i n a l l y ,  i f  6 2 = 0 . 5  (e>i + 6 3 ) ,  t h e  d e t e r i o r a t i o n  c o n d i ­

t i o n  i s

(C 1 -  6Г3 ) 2 -  2 4  (5 t  ( 6 1 + 63)  = 0

i . e .  a p a r a b o la ,  w h i c h  g i v e s  a va lu e  o f  6 1 = 2 4  6 t  a t  63  = 0 , 
i . e .  i n  b i a x i a l  s t r e s s  c o n d i t i o n .

Curves c o m p ly i n g  w i t h  M u r r e l ' s  d e t e r i o r a t i o n  c r i t e r i o n  are  

shown i n  F i g .  7 . M u r r e l ' s  c r i t e r i o n  app roaches  the  d i s c u s s e d  
mea su red  r e s u l t s  a t  n o t a b l e  s t r e s s  c o n d i t i o n s

6 2 ~ ^  3 ’ ^ 1 ’ ■] ~ © 2 5 63;  6 3 = b j 6 -j i 62

and by t h i s  the  c o n d i t i o n s  o f  d e t e r i o r a t i o n  i n  the  s p a t i a l  

s y s t e m  o f  5^ ,  §2 > 631 b u t  i t s  a p p l i c a b i l i t y  i s  v e r y  l i m i t e d  
due t o  the  q u o t i e n t  o f  compre ss ion  s t r e n g t h  t o  t e n s i l e  s t r e n g t h  
f i x e d  by the  va lu e  12.
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In  F i g .  7 a re  p r e s e n t e d  a l s o  t h e  t h r e e  rem arkab le  p l a n e  

p o s i t i o n s  enumerated above which are  s e c t i o n i n g  the  t h r e e  r e ­

m a rk ab le  c u r v e s .

M u r r e l ' s  c o n d i t i o n  i n  the  s p a t i a l  sys tem o f  6-| , > 63 i s
d e p i c t e d  i n  F i g .  8.

F ig .  7. C h a ra c te r i s t i c  curves of M u r r e l ' s  d e te r io r a t io n  c o n d i t i o n

F ig .  8 . Sp a t i a l  representa t ion of  d e t e r i o r a t i o n  cond i t ions by Mu r r e l  and 
by Drucker-Prager
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A g e n e r a l i z e d  fo rm  o f  the  l i m i t  c o n d i t i o n  by Mohr-Cou lomb 

i n  th e  s p a t i a l  s ys tem o f  6 ^ , 6 2> 63 i s  t h e  c o n d i t i o n  by 
D r u c k e r - P r a g e r  w h i c h  i s  d e p ic t e d  as a c i r c u l a r  cone i n  th e  

sy s te m  , 62 , 63 ( F i g -  8) (Desa i  and Abe l  1 9 7 5 ) .
Ih e  l i m i t  c o n d i t i o n  by D r u c k e r - P r a g e r  i s  (Desa i  and Abe l  

1 9 7 5 ) :

where  I-j -  i s  th e  f i r s t  i n v a r i a n t  o f  t h e  s t r e s s  t e n s o r ,

I p 2 -  i s  t h e  second i n v a r i a n t  o f  th e  s t r e s s - d e v i a t o r

оС-| > dC2 -  a re  c o n s t a n t s .
I t  i s  to  be n o t e d  t h a t  i n  th e  case  o f  = 0 , the

D r u c k e r - P r a g e r  c o n d i t i o n  i s  c o r r e s p o n d i n g  to  the HMH one.

Ih e  D r u c k e r - P r a g e r  c o n d i t i o n  expanded i n  the sys tem o f  
p r i n c i p a l  s t r e s s e s  i s

Ih e  p a r a m e t e r s  oĈ and oC2 can be de te rm ine d  u s in g  mea­
su re m e n t  r e s u l t s  o f  t r i a x i a l  c o m p re s s io n  and e x t e n s i o n  t e s t s .

In  the  case & 2 = 6 3 ,  i . e .  i n  t r i a x i a l  compress ion t e s t s :

0

t e n s o r

V  = oC1 (6 1 + 6 2 + 63)  +

F u r t h e r  a t  &3 = 0 , 5 , = 6" , t hus

I h u s  th e  D r u c k e r - P r a g e r  c o n d i t i o n  i s

0 .

Ex p an d in g  a f t e r  r e d u c t i o n
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v3 -  6 c£,
V = 6 - —-----— 6^ - 6.  = 0

V 3 + 6 <A

the  above r e s u l t  i s  o b t a i n e d .  The d i r e c t i o n a l  t a n g e n t  o f  t h e  

s t r a i g h t  l i n e  i s :

V 3 -  6  o i ,
— ----------- - = В *  .
V3 + 3 cA

From where

V? ( В ф - 1 ) -  1 )

1 - 2 ) V 3 (Вф + 2 )

W i th  t h i s  s u b s t i t u t i o n  the  D r u c k e r - P r a g e r  c o n d i t i o n  i s  

У =  -  (Вф -  1 ) I ,  + \ f t  (Вф + 2 ) \ 1 02 - 3 б с = 0  , 

o r  a f t e r  e x pans ion

У  = - ( Вф -  1 ) (6т + c 2 + 6 3 ) +
 ̂ 1

+ (Вф + 2 ) ^  К  6,  -  d2) 2 + ( 6 2 -  6 3) 2 + ( 6 3 - 6, ) 2 ; 2 - 3 6 C = 0 

i f  62 = б -j > i . e .  i n  a t r i a x i a l  s t r e s s  c o n d i t i o n  o f  e x t e n s i o n  

V =  -(Вф - 1 ) ( 2 6 1 + 6 j )  + (Вф + 2 ) (6'j -  6 j )  -  3 6 c = 0

3 2Вф + 1
where - Вф f c 3 •

The above e q u a t i o n  c o u ld  be i n t e r p r e t e d  t h e o r e t i c a l l y  i n  
case o f  1 = Вф < 4 . P r a c t i c a l l y  t h e  area  o f  i n t e r p r e t a t i o n  i s  

n a r ro w  o r  because

at Вф = 1 ( ф = 0 ° )  6 l = 6 c + 6 3 = 6 cb ‘  6 3

at Вф = 2 ( ф= 1 9 . 5° )  б1 = 1 . 5  6 c + 2 . 5  6 3 = 6cb + 2 . 5  6 J

at Вф= 3 (ф = 3 0 ° )  б1 З б с + 7 б 3 = 6 cb + 7 б 3
At  Вф = 3 , the  D r u c k e r - P r a g e r  c o n d i t i o n  can be neve r  a p p l i e d ,
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because  on th e  one hand th e  b i a x i a l  c o m pre ss ion  s t r e n g t h  i s  

6 = 3 6c , on t h e  o t h e r  hand th e  7 d i r e c t i o n a l  t a n g e n t s  are

t o o  h i g h  and t h e i r  v a l u e s  are not  c o n f i r m e d  by r e s u l t s  o f  mea­
s u re m e n t s  .

Thus the  d e t e r i o r a t i o n  c o n d i t i o n  by D r u c k e r - P r a g e r  can be 

a p p l i e d  i n  the  i n t e r v a l  where 1 = Вф = 2 ( 0 °  = Ф  = 2 0 ° ) ,  t h a t  

i s  i n  th e  case o f  l o o s e  roc k s  and s o i l s .

The nar row  area o f  a p p l i c a b i l i t y  i s  su pp o r te d  by t h e  
a r r a n g e m e n t  b e l o n g i n g  t o  the  G r u c k e r - P r a g e r  c o n d i t i o n  on th e  

p l a n e  6>i , &2 i n  b i a x i a l  t e s t  c o n d i t i o n  o f  6 ^ ,  6 ^ ,  6^ = 0 
shown i n  F i g .  9 . The p la n e  s e c t i o n  o f  t h e  c i r c u l a r  cone i s  an 
e l l i p s e  a t  Вф = 1 ; 2 o r  3 , a p a r a b o la  a t  Вф = 4 o r  5 , and a 
h y p e r b o l a  a t  Вф= 6. Gn ly a t  Вф =" 2 ( ф =" 2 0 ° )  the  O r u c k e r -  

- P r a g e r  c o n d i t i o n  y i e l d s  a r e s u l t  c o m p ly i n g  w i t h  the  measure ­

m e n t s ,  t h e r e f o r e  i t s  a p p l i c a b i l i t y  i s  v e r y  r e s t r i c t e d .

F ig.  9 . Character is t i c  curves of  de ter io ra t ion  condi t ion by Grucker-Prager 
in  b ia x ia l  st ress condi t ion
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5 . PROPOSAL FOR A PLASTICITY AND DETERIORATION CRITERIUM OF 

ROCKS SUITED FOR EXTENDED USE

Based on measurement r e s u l t s  and t h e o r e t i c a l  i n v e s t i g a ­

t i o n s  d e m on s t ra te d  above the  f o l l o w i n g  f a c t s  can be s t a t e d :
- c r i t e r i a  p e r f e c t l y  d e s c r i b i n g  p l a s t i c i t y  and d e t e r i o r a t i o n  

l i m i t  c o n d i t i o n s  o f  ro c k s  f o r  wide r a n g i n g  use are no t  

a v a i l a b l e  i n  th e  l i t e r a t u r e ,
-  however  w i t h  adequate  m o d i f i c a t i o n  o f  t h e  M o h r - c r i t e r i u m , a 

c r i t é r i u m  c l o s e l y  a p p r o x i m a t i n g  measured r e s u l t s  can be d e ­
v e lo ped  .

I t  i s  u s e f u l  t o  i n t r o d u c e  bes ide s  the  h i t h e r t o  c u r r e n t  q u o t i e n t  

В = 6 c /6_t ( B r in k e - n u m b e r )  an a n o th e r  q u o t i e n t  = 0 b > B
t o o ,  s i n c e  th ese  q u o t i e n t s  can be e a s i l y  de te rm ine d  by m ea s u re ­
ments .

The r e s u l t s  o f  measurement and t h e o r e t i c a l  i n v e s t i g a t i o n s  
show t h a t  i n  th e  range o f  t e n s i l e  l o a d  ( 6 < 0) the l i m i t  c u r v e  

i s  a p a r a b o l a  on th e  p la ne  6 , T  , t h e r e f o r e  the  R i c h t e r ' s
p a r a b o la  (Mészáros  1 9 8 6 ) i s  g e n e r a l i z e d  as f o l l o w s .  I n  t h e  case 

o f  6~2 = 6 j ,  t h e  d e t e r i o r a t i o n  l i m i t  c u r v e  can be d e s c r i b e d  as

T2 = 6 t  ( \ / m  - о 2 ( 6 t  + в ) .

In  th e  case o f  ~ the  d e t e r i o r a t i o n  l i m i t  cu rve  i s

t 2 = 6 t  (\ /Bb + 1 -  l ) 2 ( 6 t  + 6 )  .

The l i m i t  c o n d i t i o n  o f  d e t e r i o r a t i o n  based on th e  above 
d eve lo p  on th e  p la n e  as b e low :

6 3 , 63 = - 6 t  i f  6, < 63 [ 1 + O . 5  (\/B + 1 -  l ) 2a t  6,

I n  the  case o f  В = 8,  the  d e t e r i o r a t i o n  c o n d i t i o n  by G r i f f i t h  
i s  th e  r e s u l t  .

A t  62 = 6 ,  . 63 = -6 t  i f  6 1 < 63 1 + 0 . 5  (\ /Bb + 1 -  l ) 2 .

C o n s e q u e n t l y ,  t h i s  d e s c r i p t i o n  i s  based on the  f a c t  t h a t  

th e  t e n s i l e  s t r e n g t h  (6^.) does n o t  depend on the  m id d le  p r i n c i -
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p a l  s t r e s s  (€>„ ),  s i n c e  i n  the case o f  a t e n s i l e  l o a d ,  t h e  i n ­

t e r n a l  f r i c t i o n  mechanism which m i g h t  cause a d e v i a t i o n ,  does 

n o t  work .
I n  th e  ran ge  o f  compress ion s t r e s s e s  ( 6 >  0 ) ,  th e  l i m i t  

c u r v e  i s  by th e  e v id e n c e  o f  measurements  i n  most cases n e a r l y  

l i n e a r .  On th e  6Г , K- p lane  f o r  t h e  l i m i t  l i n e  o f  d e t e r i o r a t i o n  

i t  i s  d i c t a t e d ,  t o  t a n g e n t  the  f i t t i n g  c i r c l e  o f  the  apex o f  

t h e  p a r a b o l i c  l i m i t  cu rve  and th e  M o h r - c i r c l e  o f  b i a x i a l  com­

p r e s s i o n  s t r e n g t h .

I n  the  case o f  6^  = 6 3 f i t t i n g  c i r c l e s  a t  the  apex o f  the  
p a r a b o l i c  l i m i t  c u r v e  i s  the M o h r - c i r c l e  de te rm ined  by p r i n c i ­
p a l  s t r e s s e s

W i t h  the  M o h r - c i r c l e  o f  the u n i a x i a l  comp ress ion  s t r e n g t h  

®3 = = Gc . A t a n g e n t  s t r a i g h t  l i n e  to  both  c i r c l e s  has
t h e  fo rm

T h i s  s t r a i g h t  l i n e  i s  ta ng e n t  to  t h e  two M o h r - c i r c l e s  i f

&3 = - 6 t  and 6 0 . 5  6 t  (y'B + Î - l ) 2

B,'Ф tan 2 в - 0 . 5  (V b + î - î ) 2

Thus th e  c o n d i t i o n  o f  d e t e r i o r a t i o n  i s ,  i f

? 1
6 1 > 63 [ l  + ° . 5  (VB + 1 -  1)

t h e n

В -  0 , 5  (VB + 1 - l ) 2 5 , - 6  = 0i  c

I n  t h e  case o f  = 5^ on ana logy  o f  t h e  above

Г
1 )

2 ;

t h e n

6 1 -  L Bb -  ° - 5 ( ^ Bb + '  -  ^ 2 J 6 3  - 6 cb = 0  .
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I f  th e  d iagrams i n d i c a t i n g  the  r e s u l t s  o f  b i a x i a l  t e s t s ,  

o r  th ose  o f  M u r r e l ' s  d e t e r i o r a t i o n  c o n d i t i o n s  r e g a r d i n g  b i a x i a l  

s t r e s s  c o n d i t i o n  are  o bs e rv e d ,  i t  i s  e x p e r i e n c e d  t h a t  t h e  

s t r e n g t h  i n  a b i a x i a l  s t r e s s  c o n d i t i o n  (63 = 0) changes 

a p p r o x i m a t e l y  a c c o r d i n g  to  F i g .  1 0 . When 6  ̂ = 0 > 6>i = ® c ’
then th e  s t r e n g t h  i s  l i n e a r l y  i n c r e a s i n g  up to  6 c b , w h ic h  i s  

reached  a t  the  v a lu e  0 . 5  (б^  + 6 , ) .  I n  the  i n t e r v a l
0 . 5  ( 6 1 + 5 -j) = 62 = the  s t r e n g t h  6 cb remains  c o n s t a n t .  
Thus th e  d e t e r i o r a t i o n  c o n d i t i o n  b e in g  v a l i d  a t  6  ̂ = 6^ may be 

ex tende d  a l s o  f o r  t h i s  i n t e r v a l .

Fig.  1 0 . Deter iorat ion stresses character iz ing rocks in b ia x ia l  st ress 
condit ion

F u r t h e r  the d e t e r i o r a t i o n  l i m i t  c o n d i t i o n  v a l i d  i n  th e  

i n t e r v a l  o f

6 3 = 6 2 = 0 . 5  ( 6 1 + 63)

i f  &3 = -  e t б, > б ,  I 1 + 0 . 5 ( V K  + 1 -  1 ) 2 J , then

( 6 cb -  6 C ) ( 5 0  -  6 , )
v = 6 i - — 1 . 5  Г ъ у - л ^ у

21 Bb -  0 .5  (vBb + 1 - 1 ) 1  &3 -  6 ,  = 0

where ,  f o l l o w i n g  f rom th e  p r o p o r t i o n a l i t y

Г ( Bh -  1)  ( 6 7 -  6 3 ) 1  

B' = B ! 1 + Г.ГГ6, - 63) jВ 1 1 +
L
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a t  б 2 = ft J = В and a t  &2 = 0 - 5  ( 6 -j + 63) = Bb -
In  acco rdance  w i t h  t h a t  on t h e  6 , T p lane th e  zone 

shown i n  F i g .  11 d e s c r i b e s  the l i m i t  c u r v e s  o f  r o c k s .  W i t h i n  

t h i s  zone, the  l i m i t  cu rv e  i s  d e t e r m i n e d  by the  m idd le  p r i n c i ­

p a l  s t r e s s  6 2 - To t h i s  co r resp on ds  t h e  l i m i t  curve  on th e  

p l a n e  6 -J - 63 .
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Acta Geod. Geoph. Mont. Hung., Vol .  25 ( 1 - 2 ) ,  pp. 153-178 (1990)

ROADWAY STA BIL ITY INVESTIGATIONS BY PHYSICAL AND MATHEMATICAL
MODELING

Veszprém Coal Mines, H-8201 Veszprém, Budapest i  u. 2, Hungary

The p o s s i b i l i t y  o f  support ing  roadways by dowels d r i ven  in  low-s t reng th ,  
p l a s t i c  rock (ba ux i te )  was in ves t i ga t ed .  No tw i thstand ing  th a t  the in v e s t i g a ­
t i o n s  served p r a c t i c a l  purposes, the th e o r e t i c a l  problems of  s t a b i l i t y  came 
more and more i n t o  prominence. This paper p resents the r e s u l t s  o f  phys ica l  
model experiments and sums up the aspects which are impor tant  regarding a 
numerical  model to  be developed.

Keywords: Bakony Bauxi te Mines; dowel suppor t ;  mathematical  model ing; 
phys ica l  model ing; s t e e l  arch support

1.  THE SUBJECT OF INVESTIGATIONS

The s t o p e s  o f  b a u x i t e  a r e  l o c a t e d  a t  t h e  d e p t h  o f  a b o u t  

300 m i n  t h e  m i n e s  o f  Bakony B a u x i t e  M i n i n g  Company ( B a k o n y i  

B a u x i t b á n y a  V á l l a l a t ,  T a p o l c a ) .  A t y p i c a l  ro adw ay  i s  s u p p o r t e d  

by s t e e l  a r c h e s  ( T H - a r c h e s )  as shown i n  F i g .  l a .  The m e c h a n i c a l  

c o n t a c t  be tw een  t h e  r o c k  and a S w e l l e x  t y p e  dow e l  i s  p r o v i d e d

Gy G a j á r i

о) b)

F i g .  1.

Acta Geod. Geoph. Mont. Hung. 25, 1990 
Akadémiai Kiadó, Budapest



154 GY GAJÁRI

by  f r i c t i o n  a l o n g  i t s  e n t i r e  l e n g t h .  The l e n g t h  o f  d o w e l s  i s  3 m. 

The  u n i a x i a l  c o m p r e s s i v e  s t r e n g t h  (Ç ) o f  t h e  b a u x i t e  i s  b e ­

t w e e n  3 and 5 MPa, t h e  a n g l e  o f  i n t e r n a l  f r i c t i o n  ( f )  i s  2 0 ° .  

The  c o s t s  o f  f l o o r  d i n t i n g  and r e p a r a t i o n  a r e  h i g h ,  b e c a u s e  t h e  

r o a d w a y s  a re  l o c a t e d  m o s t l y  i n  t h e  zone o f  s h i f t e d  p r e s s u r e  

c a u s e d  by s t o p e s .  The m a g n i t u d e  o f  v e r t i c a l  and h o r i z o n t a l  

c o n v e r g e n c e  v a r i e s  b e t w e e n  1 and 2 m. P r e l i m i n a r y  i n v e s t i g a ­

t i o n s  by E v e r l i n g - t y p e  d i g i t a l  m o d e l i n g  showed t h a t  t h e  p r e s ­

s u r e  ( a r o u n d  t h e  r o a d w a y s  l o c a t e d  c l o s e  enough t o  s t o p e s )  i s  

t h r e e  o r  f o u r  t i m e s  h i g h e r  t h a n  t h e  p r e s s u r e  p r i o r  t o  m i n i n g .  

The  M i n i n g  Company w a n t s  t o  a p p l y  d o w e ls  as ma in  s u p p o r t s  and 

p a r t l y  as a d d i t i o n a l  o n e s ,  thus t h e  s t u d y  o f  t h e  f o l l o w i n g  

p r o b l e m s  was d e c i d e d  as i n v e s t i g a t i o n  t a r g e t :

1 . C o m p a r i n g  t h e  d o w e l  s u p p o r t  w i t h  t h e  s t e e l  a r c h  s u p p o r t  a p ­

p l i e d  p r e v i o u s l y  i n  o r d e r  t o  c l a r i f y  w h i c h  s u p p o r t  i s  more 

a d v a n t a g e o u s  i n  r e s p e c t  o f  ro adw ay  s t a b i l i t y .

2 .  How t h e  two t y p e s  o f  s u p p o r t  o p e r a t e ?

3 .  Do t h e  low s t r e n g t h  and t h e  p l a s t i c i t y  o f  b a u x i t e  l i m i t  t h e  

a p p l i c a b i l i t y  o f  d o w e l s  f o r  s u p p o r t i n g  i n d e p e n d e n t l y  t h e  

ro a d w a y s ?

4 .  What a re  t h e  mos t  i m p o r t a n t  a s p e c t s  f o r  d e v e l o p i n g  a 

n u m e r i c a l  model  f o r  s i z i n g  a s y s te m  o f  d o w e ls ?

2 .  THE IMPORTANCE OF PHYSICAL MODELING WITH RESPECT TO THE 

GIVEN PROBLEMS

The method o f  p h y s i c a l  m o d e l i n g  seemed t h e  b e s t  f o r  s t a r t ­

i n g  t h e  i n v e s t i g a t i o n s  i n  e v e r y  r e s p e c t .  The s u c c e s s  o f  s o l v i n g  

t h e  p r o b l e m s  depends  on t h e  c o g n i z a b i l i t y  o f  t h e  n a t u r e  o f  

m e c h a n i c a l  p r o c e s s e s  a r o u n d  t h e  s t r o n g l y  l o a d e d  r o a d w a y .  The 

b e s t  f o r  t h i s  p u r p o s e  i s  t h e  p h y s i c a l  m o d e l i n g ,  bec a u s e  t h e  

c o n s t i t u t i v e  la w s  o f  a p h y s i c a l  mode l  w i t h  t h e  same p h y s i c a l  

n a t u r e  as t h e  r e a l  o b j e c t  a r e  a u t o m a t i c a l l y  v a l i d ,  and so  i t  

c a n  be c o n s i d e r e d  e q u i v a l e n t  t o  t h e  s t u d i e d  r e a l  o b j e c t ,  a t  

l e a s t  q u a l i t a t i v e l y ,  f r o m  t h e  v i e w p o i n t  o f  o b s e r v a t i o n .  A t  t h e  

same t i m e  t h e  l a b o r a t o r y  c o n d i t i o n s  e n a b l e  t h e  r e p r o d u c t i o n  o f  

t e s t s  and g i v e  an e a s y  way o f  o b s e r v a t i o n  as w e l l .  N e i t h e r  i n
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s i t u  me asu re m en ts  and o b s e r v a t i o n s  n o r  o t h e r  models  ( e . g .  

p h o t o e l a s t i c  o r  n u m e r i c a l  m o d e l s )  c a n  g i v e  p o s s i b i l i t i e s  o f  

t h e s e  k i n d s .

3 .  PRINCIPAL PARAMETERS OF THE PHYSICAL MODEL

F i g u r e  2 shows t h e  scheme o f  m o d e l i n g  i n  t h e  p l a n e  p e r p e n ­

d i c u l a r  t o  t h e  l o n g i t u d i n a l  a x i s  o f  t h e  ro a d w a y .  P r e s s u r e s ,  o f  

m a g n i t u d e  d e t e r m i n e d  as b o u n d a r y  c o n d i t i o n s ,  a c t  n o r m a l  t o  t h e  

b o u n d a r i e s  i n  d i r e c t i o n s  Y and Z.  D i s p l a c e m e n t s  and s t r a i n s  a r e  

l i m i t e d  i n  X d i r e c t i o n .  Thus a p l a n a r  s t a t e  o f  s t r a i n  and a 3D 

s t a t e  o f  s t r e s s  can  be o b t a i n e d .  The s c a l e  o f  t h e  model  r e l a t e d  

t o  g e o m e t r y  and s t r e n g t h  i s  1 : 2 0 .  The r e q u e s t e d  c o n f o r m i t y  

r e f e r r i n g  t o  s e v e r a l  p h y s i c a l  p r o p e r t i e s  p r o v i d e s  t h e  s c a l e s :

Fig.  2 .
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L e n g t h  1 : 2 0

S t r a i n  1:1

P r e s s u r e ,  s t r e n g t h ,  Y o u n g ' s  m odu lu s  1 :20

F o r c e  1 :8000

B e n d i n g  moment o f  s t e e l  a r c h e s  1 :1 6 0 0 0 0

C o e f f i c i e n t  o f  f r i c t i o n  1:1

The b a s i c  d a t a  o f  t h e  b u i l t  m ode l  a r e  t h e  f o l l o w i n g :

F r o n t  f a c e  a rea  o f  t h e  model  1 .2  m x 1 . 2  m

T h i c k n e s s  o f  t h e  m o d e l  b l o c k  0 . 2  m

H e i g h t  o f  roadway  m o d e l e d  0 .1 9  m

W i d t h  o f  roadway f l o o r  0 .2 6  m

L e n g t h  o f  dow e ls  m o d e l e d  0 . 1 5  m

D i a m e t e r  o f  d o w e ls  2 . 0  mm

A n g l e  o f  dowel  f r i c t i o n

U n i a x i a l  c o m p r e s s i v e  s t r e n g t h  o f  r o c k  m ode l ed  

A n g l e  o f  i n t e r n a l  f r i c t i o n  o f  t h e  r o c k  2СГ

Y o u n g ' s  modulus  o f  t h e  r o c k  1 5 - 2 0 M P a

R e s i s t a n c e  a g a i n s t  y i e l d i n g  o f  a r c h e s  m ode le d  30-5 0  N 

R e s i s t a n c e  a g a i n s t  b e n d i n g  o f  a r c h e s  0 . 1 9 - 0 . 2 3  Nm

Maximum b ounda ry  p r e s s u r e s  i n  d i r e c t i o n s  Y and Z 1 .3  MPa 

R a t i o  o f  b o u n d a ry  p r e s s u r e s  i n  d i r e c t i o n s  Y and Z:

5-1 I й

0 .1 5  MPa 
,o

6 H
=  1 . 0

F i g u r e  3 shows t h e  p h o to  o f  t h e  m o d e l i n g  e q u i p m e n t .  The 

b o u n d a r y  p r e s s u r e s  a r e  p r o v i d e d  by 12 h y d r a u l i c  c y l i n d e r s .  The 

h y d r a u l i c  p r e s s u r e  o f  t h e  c y l i n d e r s  i s  p r o v i d e d  by an a u t o m a t i ­

c a l l y  c o n t r o l e d  h y d r a u l i c  u n i t .  D u r i n g  t h e  t e s t s  t h e  c o n v e r ­

g e n c e  o f  th e  ro adw ay  i s  r e c o r d e d  by an X-Y w r i t e r  i n  f u n c t i o n  

o f  t h e  bounda ry  p r e s s u r e .

F i g u r e  4 shows t h e  s t i c k s  o f  t h e  c o n v e r g e n c e  i n d i c a t o r  

i n s e r t e d  i n  t h e  r o a d w a y  m o d e le d ,  t h e  d i s p l a c e m e n t  o f  w h i c h  i s  

c o n v e r t e d  to  e l e c t r i c  s i g n a l s  by s t r a i n  g a u g e s .  The c o n s t r u c ­

t i o n  o f  th e  l o a d i n g  e q u i p m e n t  a l l o w e d  t o  c o v e r  th e  f r o n t  s i d e  

o f  t h e  model  by p l e x i g l a s s  i n  s p i t e  o f  t h e  r e l a t i v e l y  l a r g e  

p r e s s u r e s  ( 1 . 3  MPa) a c t i n g  i n s i d e  t h e  m o d e l .  The p l e x i g l a s s  i s  

s u p p o r t e d  by s o l i d  s t e e l  r i b s  w i t h  a c r o s s - s e c t i o n  o f
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Fig. 3.

F i g .  4 .
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100 mm X 50 mm. T h u s ,  t h e  roadway m o d e l e d  can  be o b s e r v e d  

v i s u a l l y  d u r i n g  t h e  w h o l e  l o a d i n g  p r o c e s s .  The q u a n t i t a t i v e  

e v a l u a t i o n  o f  t h e  s t r a i n  o f  th e  r o c k  m o d e l e d  i s  p o s s i b l e  by 

m e a s u r i n g  t h e  r e l a t i v e  d i s p l a c e m e n t s  o f  a s q u a r e  n e t  w i t h  a 

s c a l e  o f  1 0 0  mm x 1 0 0  mm and f i x e d  on t h e  p l e x i g l a s s  and a n ­

o t h e r  one w i t h  t h e  same s c a l e  p a i n t e d  on t h e  f r o n t  s i d e  o f  t h e  

m o d e l e d  r o c k .  F i g u r e  5 shows th e  f r o n t  s i d e  o f  th e  model  i n  t h e  

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

1 5 8

Fig. 5.

4 .  DISCUSSION OF TWO TEST RESULTS

Two t e s t  r e s u l t s  a r e  presented as f o l l o w s .  The two t e s t s  

d i f f e r r e d  f rom each  o t h e r  o n l y  by t h e  t y p e  o f  t h e  roadway  s u p ­

p o r t .  A l l  th e  o t h e r  c i r c u m s t a n c e s  were  t h e  same. I n  t h e  f i r s t  

c a s e  t h e  roadway was s u p p o r t e d  by s t e e l  a r c h e s ,  and i n  t h e  

s e c o n d  case by d o w e l s .  The c o m p a r is o n  o f  t h e  r e s u l t s  o f  t h e  tw o  

t e s t s  s e r v e s  t h e  c l a r i f i c a t i o n  o f  p r o b l e m s  No. 1,  2 and 3 

d e s c r i b e d  i n  S e c t i o n  1 .
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4.1  S t e e l  a r c h  s u p p o r t

The d i s t a n c e  b e tw e e n  two  b u i l t - i n  a r c h e s  i s  40 mm w h i c h  i s  

e q u a l  t o  0 . 8  m i n  a r e a l  c a s e .  From t h e  v i e w p o i n t  o f  e q u i l i b r i ­

um t h e  roadw ay  w o r k e d  i n  two  d i f f e r e n t  ways d u r i n g  t h e  t e s t .

The two  s t a g e s  can  be d e s c r i b e d  by a c o n v e r g e n c e  v s .  b o u n d a r y  

p r e s s u r e  c u r v e  ( F i g .  6 ) .  The s e c t i o n s  o f  t h e  c u r v e  w i t h  p o s i ­

t i v e  s l o p e  r e p r e s e n t  s t a t e s  o f  s t a b l e  e q u i l i b r i u m ,  w h i l e  t h e

MPa Boundary pressure
AH - f

F ig .  6 .

s e c t i o n s  w i t h  n e g a t i v e  s l o p e  i n d i c a t e  t h e  s t a t e  o f  u n s t a b l e  

e q u i l i b r i u m .  The c u r v e  r e l a t e d  t o  t h e  s t e e l  a r c h  s u p p o r t  i s  n o t  

m o n o t o n i e .  I t  has a r e l a t i v e  maximum a t  t h e  b ounda ry  p r e s s u r e  

o f  2 . 8  H T  and a r e l a t i v e  minimum a t  1 . 3  HT. Eve ry  p o i n t  o f  t h e  

c u r v e  be tw een t h e s e  two  e x t r e m e  v a l u e s  has  a n e g a t i v e  s l o p e ,  

and t h e r e f o r e  t h i s  s e c t i o n  i s  u n s t a b l e  i n  r e s p e c t  o f  t h e  e q u i ­

l i b r i u m .  The i n s t a b i l i t y  d u r i n g  t h e  t e s t  can  be o b s e rv e d  i n  

such  a way t h a t  t h e  c o n v e r g e n c e  i s  i n c r e a s i n g  c o n t i n u o u s l y  a t  

c o n s t a n t  b o u n d a r y  p r e s s u r e ,  w hereas  i n  s t a b l e  s t a t e  a c e r t a i n  

v a l u e  o f  c o n v e r g e n c e  i s  a t t a c h e d  t o  a g i v e n  b ounda ry  p r e s s u r e .
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I n  an u n s t a b l e  s t a t e  n o t  o n l y  t h e  w a l l s  o f  th e  ro adw ay  a r e  

m o v i n g ,  b u t  t h e  s u r r o u n d i n g  r o c k  mas ses  as w e l l .  I n  t h i s  t e s t  

t h e  u n s t a b l e  d i s p l a c e m e n t  s p r e a d s  up t o  t h e  b o u n d a r i e s .  I h i s  

i n v o l v e s  t h a t  i n s t a b i l i t y  means t h e  u n s t a b l e  e q u i l i b r i u m  o f  t h e  

s u r r o u n d i n g  r o c k  mass .  T h i s  o b s e r v a t i o n  i s  v e r y  i m p o r t a n t  i n ­

d i c a t i n g  t h a t  i n  t h e  s t a t e  o f  u n s t a b l e  e q u i l i b r i u m  a c o n s i d e r ­

a b l e ,  p r e c i p i t u o u s  e x t e n s i o n  o f  d i s c r e t e  f a u l t s  can be s een  i n  

t h e  i m m e d i a t e  v i c i n i t y  o f  t h e  r o a d w a y .

I n  t h e  s t a b l e  s t a g e  w i t h  p o s i t i v e  s l o p e  b e f o r e  r e a c h i n g  

t h e  r e l a t i v e  maximum o f  t h e  c o n v e r g e n c e  c u r v e ,  when t h e  

b o u n d a r y  p r e s s u r e  was 2 . 2  HT, t h e  r o a d w a y  was w id e n e d  and t h e  

f o l d e d  a r c h e s  w e re  r e p l a c e d  by new o n e s .  T h i s  s t a t e ,  j u s t  b e ­

f o r e  t h e  r e p a r a t i o n  i s  shown i n  F i g s  5 ,  7,  8 . The c o n v e r g e n c e  

c u r v e  shows t h a t  d u r i n g  r e p a r a t i o n  t h e  v a l u e  o f  t h e  b o u n d a r y  

p r e s s u r e  was z e r o  ( 0 ) .  I t  can be s t a t e d  t h a t  th e  ro a d w a y  and 

t h e  s u r r o u n d i n g  r o c k  mass i s  s t r a i n - h a r d e n i n g  i n  s t a b l e  s t a t e  

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

F i g .  7 .
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Fig.  8 .

F i g u r e  9 shows t h e  s t a t e  c o r r e s p o n d i n g  t o  t h e  r e l a t i v e  

m in im um p o i n t  o f  t h e  c o n v e r g e n c e  c u r v e .  D u r i n g  t h e  f i n a l  p e r i o d  

o f  t h e  t e s t  ( a f t e r  t h e  r e l a t i v e  m inimum p o i n t ) ,  t h e  m o de l  had a 

s t a b l e  b e h a v i o u r  a g a i n  u n t i l  r e a c h i n g  t h e  maximum o f  t h e  b o u n d ­

a r y  p r e s s u r e  ( 3 . 6  H T ) .  The i n c r e a s e  o f  t h e  c o n v e r g e n c e  was n o t  

s i g n i f i c a n t .  F i g u r e s  10 ,  11 and 12 show t h e  f i n a l  s t a t e .  The 

d i f f e r e n c e s  be tw een t h e  f i n a l  s t a t e  and t h e  s t a t e  o f  r e p a r a t i o n  

o c c u r r e d  i n  t h e  i n t e r m e d i a t e  u n s t a b l e  s t a g e .  Thus t h e  u n s t a b l e  

e q u i l i b r i u m  i s  t h e  r e s u l t  o f  t h e  f a i l u r e  o f  t h e  i m m e d i a t e  s u r ­

r o u n d i n g s  ( m o s t l y  t h e  u n s u p p o r t e d  f l o o r )  a l o n g  t h e  d i s c r e t e  

f a u l t s .

4 . 2  S u p p o r t  by d o w e ls

The d o w e l - s u p p o r t e d  roadway  showed u n e x p e c t e d l y  a d v a n t a ­

g eous  r e s u l t s  i n  r e s p e c t  o f  b o t h  c o n v e r g e n c e  and s t a b i l i t y .

The scheme o f  d o w e l  s u p p o r t  i s  shown i n  F i g .  l b .  The 

d i s t a n c e  be tween  two  s e t s  o f  d o w e ls  was 50 mm w h i c h  i s  e q u a l  t o
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F i g .  10 .
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F i g .  1 2 .
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1 m in  a m a l  c a s e .  The dowe ls  were n o t  p a s t e d ,  th u s  o n l y  t h e  

f r i c t i o n  k e p t  them i n  th e  h o l e s  b o r e d  p r e v i o u s l y .  A s m a l l  

s p r i n g  was l o c a t e d  b e t w e e n  the  f a c e  p l a t e  o f  a dowel  and t h e  

w a l l  o f  the  r o a d w a y .  T h e r e f o r e  t h e  y i e l d  o f  dowe ls  i n c r e a s e d .

The c o n v e r g e n c e  v s .  bounda ry  p r e s s u r e  c u r v e  i s  shown i n  

F i g .  6 . The s l o p e  o f  t h e  c u r v e  was p o s i t i v e  f rom b e g i n n i n g  t o  

end  and i t  was l a r g e r  t h a n  i n  case o f  s t e e l  a r c h  s u p p o r t ,  t h u s  

t h e  t o t a l  c o n v e r g e n c e  was s i g n i f i c a n t l y  l e s s  th a n  i n  t h e  

p r e v i o u s  t e s t .  W i d e n i n g  o f  th e  ro adw ay  was n o t  n e c c e s s a r y .

F i g u r e s  13 t o  15 show the  f i n a l  s t a t e .  Though d i s c r e t e  

f a u l t s  o c c u r r e d  i n  t h e  s u r r o u n d i n g  r o c k  m a ss ,  t h e  d e f o r m a t i o n  

f i e l d  seems t o  be m o r e  homogeneous t h a n  i n  t h e  p r e v i o u s  c a s e .

I t  i s  r e m a r k a b l e  t h a t  t h e  l o o s e n i n g  o f  t h e  u n d o u b t e d l y  m o s t l y  

b r o k e n  f l o o r  i s  l e s s  e x t e n s i v e  th a n  i n  c a s e  o f  s t e e l  a r c h  s u p ­

p o r t .

Two o f  t h e  p r o b l e m s  d e s c r i b e d  i n  S e c t i o n  1 can be a n s w e r e d  

d i r e c t l y  c o m p a r i n g  t h e  two  t e s t s :

-  t h e  dowel  s u p p o r t  i s  more a d v a n t a g e o u s  t h a n  t h e  s t e e l  a r c h

Fig. 13
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F ig .  14.

F ig .  15.
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s u p p o r t  w i t h  r e s p e c t  b o t h  t o  c o n v e r g e n c e  and s t a b i l i t y  

-  t h e  low s t r e n g t h  and  t h e  p l a s t i c i t y  do n o t  l i m i t  t h e  a p p l i c a ­

b i l i t y  o f  d o w e l s  f o r  s u p p o r t i n g  r o a d w a y s .

5 .  CALCULATION OF ROCK MASS STRAINS IN ROADWAY SURROUNDING

By means o f  t h e  s q u a r e  n e t  m e n t i o n e d  p r e v i o u s l y  and shown 

by  t h e  p h o t o s ,  t h e  d i s p l a c e m e n t  c o m p o n e n t s  u ^ ,  u z o f  t h e  d i s ­

c r e t e  p o i n t s  -  c o r r e s p o n d i n g  t o  t h e  n o d e s  o f  t h e  n e t  -  p a r a l l e l  

t o  axes  Y and Z can  be  m easu re d .  R e p l a c i n g  t h e  p a r t i a l  d é r i ­

v â t e s  by the  p r o p e r  f i n i t e  - d i f f e r e n c e s  t h e  v o l u m e t r i c  s t r a i n  

( d i l a t a t i o n )  can be c a l c u l a t e d .

3u
0 = £  +  £ L yy Lzz

ЭУ
- 1  +

9u_

9z

and  t h e  shear  s t r a i n  i s :

Эи Эи
T  = — + -------£

yZ 9z Эу

Tha maximum s h e a r  s t r a i n  т  ( y , z )  can be o b t a i n e d  by t h e  p r o p e r  
t r a n s f o r m a t i o n  :

T  = £z z > ‘
1/2

F i g u r e  16 shows t h e  i s o l i n e s  o f  t h e  d i l a t a t i o n  ( v o l u m e t r i c  

s t r a i n )  c o r r e s p o n d i n g  t o  t h e  s t a b l e  s t a t e  o f  roadway  s u p p o r t e d  

by  s t e e l  a r c h e s .  The n e g a t i v e  s i g n  shows t h e  p l a c e s  o f  e x p a n ­

s i o n  and th e  p o s i t i v e  s i g n  shows t h e  p l a c e s  o f  c o m p r e s s i o n .  

A b o v e  t h e  r o o f  and u n d e r  t h e  f l o o r  t w o ,  i n d e p e n d e n t  zones  o f  

r o c k  a r e  l o o s e n e d .  The  maximum d i l a t a t i o n  i s  10 p e r c e n t s .  The 

s i d e  w a l l s  o f  t h e  r o a d w a y  a re  c o m p r e s s e d ,  t h e  maximum v a l u e  o f  

c o m p r e s s i o n  i s  35 p e r c e n t s .  F a r t h e r  f r o m  t h e  roadway c o m p r e s ­

s i o n  i s  t y p i c a l  w i t h  t h e  mean v a l u e  o f  5 p e r c e n t s .

F i g u r e  17 shows t h e  v o l u m e t r i c  s t r a i n  a t  t h e  f i n a l  s t a t e  

a f t e r  i n s t a b i l i t y .  Even  t h e  s i d e  w a l l s  c o m p r e s s e d  o r i g i n a l l y  

a r e  l o o s e n e d .  The r o a d w a y  i s  s u r r o u n d e d  by a c o n t i n u o u s ,
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Fig.  16.

F i g .  1 7 .
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l o o s e n e d  zone o f  r o c k ,  w i t h  an e x t e r n a l  c o n t o u r  a ro und  t h e  

r e g i o n ,  i n s i d e  o f  w h i c h  d i s c r e t e  f r a c t u r e s  can be seen .  The 

maximum o f  t h e  d i l a t a t i o n  i s  a t  t h e  l o w e r  r i g h t  c o r n e r  w i t h  t h e  

v a l u e  o v e r  60 p e r c e n t s .  Gn th e  r i g h t  s i d e  o f  th e  roadway  t h e  

p e a k  o f  c o m p r e s s i o n  moved away f a r t h e r  f r o m  t h e  s i d e  w a l l  t h a n  

on t h e  l e f t  s i d e .  The maximum v a l u e  o f  c o m p r e s s i o n  i s  20 p e r ­

c e n t s  on t h e  r i g h t  s i d e ,  and 25 p e r c e n t s  on t h e  l e f t  s i d e .  I t  

i s  i n t e r e s t i n g  t h a t  t h e  l o o s e n e d  r e g i o n  above t h e  ro adw ay  does  

n o t  e x t e n d  u p w a r d ,  q u i t e  t h e  c o n t r a r y ,  i t s  u p p e r  b o u n d a r y  comes 

so me w ha t  c l o s e r  t o  t h e  roa dw ay .

F i g u r e s  18 and 19 show th e  i s o l i n e s  o f  t h e  maximum a n g u l a r  

d i s t o r t i o n  C'y) i n  t h e  s t a t e  b e f o r e  i n s t a b i l i t y  and a f t e r  t h a t  

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

s u r r o u n d i n g s  o f  t h e  r o a d w a y  i s  20°  ( T =  0 . 3 5 ) ,  and l o c a t e d  a t  

t h e  p l a c e  o f  t h e  maximum peak o f  c o m p r e s s i o n  c l o s e  t o  t h e  r i g h t  

s i d e  w a l l .  The d i s t o r t i o n  o f  t h e  r o o f  i s  9 °  ( X  = 0 . 1 5 )  and t h a t  

o f  t h e  f l o o r  i s  6 °  ( T =  0 - 1 ) -  The v a l u e s  o f  t h e  d i s t o r t i o n  i n  

t h e  f i n a l  s t a t e  ( F i g .  19)  a re  c o n s i d e r a b l y  b i g g e r  t h a n  b e f o r e  

i n s t a b i l i t y .  The r o c k  zones  w i t h  t h e  same d i s t o r t i o n  a r e  s i m i ­

l a r  t o  c o n c e n t r i c  r i n g s  a ro und  t h e  c e n t r e  o f  t h e  roadway  f l o o r ,

F i g .  18 .
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F ig .  19.

t h e  a n g u l a r  d i s t o r t i o n  o f  w h i c h  i s  4 5 °  ( X = 1 . 0 ) .  The min im um  

d i s t o r t i o n  o f  t h e  ro adw ay  w a l l  i s  a t  t h e  uppe r  r i g h t  a r e a  w i t h  

a v a l u e  o f  26°  ( f = 0 . 5 ) .

F i g u r e  20 shows t h e  i s o l i n e s  o f  t h e  v o l u m e t r i c  s t r a i n  r e ­

f e r r i n g  t o  t h e  f i n a l  s t a t e  o f  t h e  d o w e l - s u p p o r t e d  r o a d w a y .  The 

maximum d i l a t a t i o n  i s  a t  t h e  f l o o r  w i t h  a v a l u e  o f  45 p e r c e n t s .  

The min imum d i l a t a t i o n  i s  a t  t h e  r o o f  (1 5  p e r c e n t s )  and on t h e  

l e f t  s i d e  (1 0  p e r c e n t s ) .  On t h e  r i g h t  s i d e  t h e  d i l a t a t i o n  i s  

20 p e r c e n t s .  The o u t e r  c o n t o u r  o f  t h e  l o o s e n e d  zone r e a c h e s  t h e  

end o f  t h e  d o w e ls  i n  t h e  r o o f  o n l y  ( t w o  d o w e l s )  w h i l e  a l l  t h e  

o t h e r  d o w e l s  o v e r l a p  t h i s  z o n e .  The pe a k  v a l u e s  o f  v o l u m e t r i c  

d i l a t a t i o n  l i s t e d  above c o v e r  v e r y  s m a l l  r o c k  r e g i o n s  o n l y .  I n  

t h i s  c ase  t h e  o u t e r  c o n t o u r  o f  t h e  l o o s e n e d  zone i s  s i g n i f i ­

c a n t l y  c l o s e r  t o  t h e  ro adwa y  w a l l  t h a n  i n  th e  f i n a l  s t a t e  o f  

t h e  a r c h  s u p p o r t .

F i g u r e  21, shows t h e  d i s t o r t i o n  o f  t h e  s u r r o u n d i n g s  o f  a 

do w e l  s u p p o r t e d  r o a d w a y .  C o m p a r i n g  i t  w i t h  th e  f i n a l  s t a t e  o f  

s t e e l  a r c h  s u p p o r t  t e s t  one can f i n d  t h a t  th e  d i s t o r t i o n s  o f  

t h e  i m m e d i a t e  s u r r o u n d i n g s  a r e  l e s s  ( 1 7 °  i . e .  T  = 0 . 3 )  and  t h e  

maximum d i s t o r t i o n s  o f  t h e  s i d e  w a l l s  ( 3 0 ° ,  i . e .  T  = 0 . 6 )  a r e
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v a l i d  f o r  v e r y  s m a l l  r e g i o n s  o n l y .

Fig.  20.

F i g .  2 1 .
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I t  i s  t o  be re m a rk e d  t h a t  t h e  s t r o n g  d i s t u r b a n c e  w h i c h  can 

be se en  on th e  u p p e r  p a r t  o f  F i g s  2 0  and 21 i s  cause d  by a 

l a y e r  w h ic h  was n o t  com p r e s s e d  s a t i s f a c t o r i l y  b e f o r e  t h e  t e s t .  

I t  has  no i m p o r t a n c e  f r o m  t h e  v i e w p o i n t  o f  e v a l u a t i o n .

6 . CONCLUSIONS FROM THE TEST RESULTS

F u r t h e r  i n v e s t i g a t i o n s  a im a t  c o m i n g  c l o s e r  t o  t h e  s o l u ­

t i o n  o f  p r o b l e m s  No. 2 and 4 d e s c r i b e d  i n  S e c t i o n  1 .  I t  i s  t o  

be m e n t i o n e d  i n  ad va n ce  t h a t  t h e  r e s u l t s  o b t a i n e d  up t o  now a re  

i n s u f f i c i e n t  t o  c l e a r  t h e s e  p r o b l e m s  c o m p l e t e l y .

On t h e  b a s i s  o f  two  e x p e r i m e n t s ,  t h e  i n s t a b i l i t y  o f  t h e  

r o a d w a y  i s  r e l a t e d  t o  t h e  p r o p a g a t i o n  o f  d i s c r e t e  c r a c k s  and 

t h i s  k i n d  o f  c r a c k  p r o p a g a t i o n  i s  r e l a t e d  t o  t h e  d i l a t a t i o n  o f  

t h e  s u r r o u n d i n g  r o c k  masse s .  The c l o s e  r e l a t i o n s h i p  b e t w e e n  t h e  

u n s t a b l e  s t a t e  o f  a ro adw ay  and t h e  d i s c r e t e  c r a c k s  can  be 

r e g a r d e d  f r om  a t h e o r e t i c a l  v i e w p o i n t  as t h e  most  i m p o r t a n t  

r e s u l t  o f  th e  e x p e r i m e n t s .  The d i s c r e t e  f r a c t u r e s  can  be o b ­

s e r v e d  as o p e n i n g  c r a c k s  o r  as a d i s c o n t i n u o u s  d i s p l a c e m e n t  

f i e l d .  A c c o r d i n g  t o  S t .  V e n a n t ' s  s t r a i n  c o m p a t i b i l i t y  p r i n c i p l e  

-  w h i c h  d e c l a r e s  t h a t  t h e  s t r a i n s  o f  a body can be c a l c u l a t e d  

f r o m  a c o n t i n u o u s  d i s p l a c e m e n t  f i e l d  -  b l o c k s  bounded  by d i s ­

c r e t e  c r a c k s  c a n n o t  be j o i n t e d  w i t h  each  o t h e r  c o n t i n u o u s l y  

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

ment  f i e l d  i n d i c a t i n g  t h e  d i s c r e t e  f r a c t u r e s  i n v o l v e s  t h e  d i l a ­

t a t i o n  o f  th e  s u r r o u n d i n g  r o c k  mass i f  t h e  d i l a t a t i o n  i s  c a l c u ­

l a t e d  such  a way as g i v e n  i n  t h e  p r e v i o u s  s e c t i o n .  T h i s  i s  i l ­

l u s t r a t e d  i n  F i g .  22 w h i c h  shows t h e  i s o l i n e s  o f  t h e  d i l a t a t i o n  

c a u s e d  by th e  d i s c r e t e  f r a c t u r e s  p r o d u c i n g  i n s t a b i l i t y .  Compar ­

i n g  t h e  o u t e r  c o n t o u r  o f  t h e  a s y m m e t r i c a l  zone o f  r o c k  s u r ­

r o u n d i n g  th e  ro a d w a y  w i t h  F i g .  10 and 11 t h e r e  i s  a good  c o i n ­

c i d e n c e  w i t h  t h e  b o u n d a r y  o f  t h e  zone o f  d i s c r e t e  f r a c t u r e s .

The m a g n i t u d e  o f  l o o s e n i n g  i s  p r o p o r t i o n a l  t o  t h e  w i d e n i n g  o f  

c r a c k s  among t h e  i n d i v i d u a l  b l o c k s  and t o  t h e  f r e q u e n c y  o f  d i s ­

c r e t e  f r a c t u r e s .

The g r e a t  a n g u l a r  d i s t o r t i o n  does  n o t  i n d i c a t e  a d i s c r e t e  

f r a c t u r e  by a l l  means.  T h i s  i s  i l l u s t r a t e d  i n  F i g .  21 w h i c h
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Fig. 22.

show s t h e  dowe l  s u p p o r t e d  roadway  and i n  F i g .  19 as w e l l ,  w h i c h  

show s t h a t  t h e  c l o s e d  c o n c e n t r i c  c u r v e s  c o r r e s p o n d i n g  t o  a 

X  = c o n s t a n t  v a l u e  come o u t  o f  t h e  zone  o f  d i s c r e t e  f r a c t u r e s  

and  go t h r o u g h  t h e  a r e a  o f  c o m p r e s s i o n  ( m o s t l y  i n  t h e  u p p e r  and 

l e f t  p a r t  o f  t h e  r o a d w a y )  where t h e  d i s p l a c e m e n t  f i e l d  i s  c o n ­

t i n u o u s .  The s t a t e  o f  s t r a i n  can be d e s c r i b e d  by a c o - o r d i n a t e  

s y s t e m  th e  h o r i z o n t a l  a x i s  o f  w h ic h  means t h e  d i l a t a t i o n  ( 0 ) 

and  t h e  v e r t i c a l  a x i s  means t h e  maximum d i s t o r t i o n  ( T ) -  Then an 

a n g l e  oC can be d e t e r m i n e d :

cC = a t a n  ® ( s e e  F i g .  2 3 ) .

The s p e c i a l  cases  f o r  v a l u e  a re

ОC - 90°  - p u re c o m p r e s s i o n ,

Ö- ~ 0 ° - p u re d i s t o r t i o n ,

o- - 9 0 ° - p u re d i l a t a t i o n .

I t  i s known t h a t  t h e  f a i l u r e  c r i t e r i o n can be s a t i s f i e d  by

s m a l l s h e a r i n g  l o a d ,  i f  t h e  p r i n c i p a l  s t r e s s e s d e c re a s e a t  t h e

same t i m e . T h i s t y p e  o f  l o a d  i s  i n d i c a t e d  by a ran ge  o f 1CDJD

t w e e n - 9 0 ° and 0 0 . T h i s  d i s a d v a n t a g e o u s  l o a d i s c h a r a c t e r i s t i c
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o f  s t e e l  a r c h  s u p p o r t  w h i c h  l e a d s  t o  i n s t a b i l i t y  ( s ee  F i g .  2 4 ) .  

F a i l u r e  i s  t h e  s t a t e  when t h e  s h e a r  r e s i s t a n c e  o f  r o c k  i s  

maximum. The f a i l u r e  i s  i n d i c a t e d  by t h e  maximum p o i n t  o f  thdi  

c u r v e  T  v s .  i  d e t e r m i n e d  e x p e r i m e n t a l l y .  The s e c t i o n  o f  t h i s  

c u r v e  p r e c e d i n g  t h e  f a i l u r e  i s  u s u a l l y  s t r a i n - h a r d e n i n g  and t<fte 

s e c t i o n  f o l l o w i n g  t h e  f a i l u r e  i s  s t r a i n - s o f t e n i n g .  The r e s i s ­

t a n c e  c o r r e s p o n d i n g  t o  a s i g n i f i c a n t  s t r a i n  ( i . e .  i d e a l  p l a s t i c  

b e h a v i o u r )  i s  t e r m e d  r e s i d u a l  s t r e n g t h .  T h i s  i s  p r o p o r t i o n a l  t o  

t h e  n o r m a l  s t r e s s  s i m i l a r l y  t o  t h e  pe a k  s t r e n g t h :

T r = tg  f v • 6

w here  ^  i s  t h e  r e s i d u a l  a n g l e  o f  i n t e r n a l  f r i c t i o n .  (T h e  r e ­

s i d u a l  c o h e s i o n  i s  u s u a l l y  z e r o . )

I n  case o f  d i s c r e t e  f r a c t u r e s  t h e  s t r e n g t h  d e c r e a s e s  c o n ­

s i d e r a b l y ,  because  6  = 0  a t  t h e  b o u n d a r i e s  o f  i n c o m p a t i b l e  

r o c k  b l o c k s .  The d e c r e a s e  o f  t h e  p r i n c i p a l  s t r e s s e s  i . e .  t h e
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Fig.  24.

d i l a t a t i o n  has a d i s a d v a n t a g e o u s  e f f e c t  on t h e  m e c h a n i c a l  r e ­

s i s t a n c e  o f  th e  s u r r o u n d i n g  r o c k  mass b o t h  b e f o r e  f a i l u r e  and 

a f t e r  f a i l u r e  s t a t e s .  The a d v a n t a g e o u s  e f f e c t  o f  d o w e ls  i s  

a b o v e  a l l  t h a t  t h e y  im p e d e  r o c k  l o o s e n i n g  i . e .  t h e  d e c r e a s e  o f  

t h e  p r i n c i p a l  s t r e s s e s .  T h i s  e f f e c t ,  h o w e v e r ,  i s  s l i g h t e r  i n  

c a s e  o f  s m a l l  i n t e r n a l  f r i c t i o n .

The s e v e r a l  t y p e s  o f  f a i l u r e s  o b s e r v e d  i n  p h y s i c a l  mode l  

t e s t s  and t h e  c l o s e  c o n n e c t i o n  be tw een  i n s t a b i l i t y  and d i s c r e t e  

f r a c t u r e s  i n d i c a t e s  t h a t  beyond  t h e  w e l l - k n o w n  e f f e c t  b ased  on 

i n t e r n a l  f r i c t i o n  -  as d e s c r i b e d  above -  t h e  dowe l  s u p p o r t  has 

a m or e  e s s e n t i a l  e f f e c t  -  i n  c o n t r a s t  t o  t h e  s t e e l  a r c h  s u p ­

p o r t  -  wh ich  t e n d s  t o  i n c r e a s e  . t h e  s t a b i l i t y  o f  t h e  s u r r o u n d i n g  

r o c k  mass.  The e f f e c t  d e s c r i b e d  above do e s  n o t  e x p l a i n  s a t i s ­

f a c t o r i l y  f rom a m e c h a n i c a l  v i e w p o i n t ,  why an u n s t a b l e  s t a t e  

o c c u r s  i n  case o f  s t e e l  a r c h e s  p r o v i d i n g  a s u r f a c e  s u p p o r t ,  and 

why  does  n o t  o c c u r  i n  c a s e  o f  dowe l  s u p p o r t .  The a u t h o r  has 

made an a t t e m p t  i n  f o r m i n g  a t h e o r e t i c a l  m e c h a n i c a l  m ode l  w h ic h  

i s  i n  a cc o rd ance  w i t h  t h e  r e s u l t s  o f  t h e  mode l  t e s t s .  I n  t h e  

s u b s e q u e n t  p a r t  o f  t h e  s t u d y  t h i s  c o n c e p t i o n  i s  p r e s e n t e d  

b r i e f l y .
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7.  BRIEF DESCRIPTION OF THE THEORETICAL MODEL

I n  case  o f  p l a n a r  d e f o r m a t i o n  o f  an e l a s t i c  body o w i n g  t o  

t h e  e q u i l i b r i u m  and c o m p a t i b i l i t y  c o n d i t i o n  t h e  d i s p l a c e m e n t  

f i e l d  (u  ( y , z ) ,  u z ( y , z ) )  has t o  s a t i s f y  t h e  f o l l o w i n g  d i f f e r e n ­

t i a l  e q u a t i o n s :

A AUy = 0 

A Auz = 0

w here

F u r t h e r m o r e  t h e  b o u n d a r y  c o n d i t i o n s  have  t o  be s a t i s f i e d .  I n  

t h e  m ode l  t e s t s  t h e  s u r r o u n d i n g s  o f  t h e  roadway  i s  n o t  a s i m p l y  

c o n n e c t e d  d o m a i n .  L e t  us d i s r e g a r d  t h i s  f a c t  now. L e t  us c u t  

t h e  mo de l  by i t s  v e r t i c a l  s ym m et ry  a x i s  i n  t h o u g h t  and c o n s i d e r  

t h e  s u r f a c e  o f  c u t t i n g  as a b o u n d a r y .  Thus one h a l f  o f  t h e  

mo de l  becomes a s i m p l y  c o n n e c t e d  d o m a i n .  The b o u n d a ry  c o n d i ­

t i o n s  a r e  t h e  f o l l o w i n g :

9 u z
-  a l o n g t h e sy mm et r y  a x i s : u = 0 , z = 0

У 3y
Эи

-  a l o n g t h e l o w e r  b o u n d a r y : u = 0 , ------ = 0

9z

-  a l o n g t h e u p p e r  b o u n d a r y : 6 ZZ = 1 ^ z y ’ l - z y ’ ^

-  a l o n g t h e l a t e r a l  b o u n d a r y :
1 б УУ = P> 6 y Z - T y Z

-  a l o n g  t h e  roadw ay  c o u n t o u r ;

-  s t r e s s  p r o p o r t i o n a l  t o  t h e  d i s p l a c e m e n t  i n  case o f  s t e e l  

a r c h  s u p p o r t

-  no s t r e s s  o r  l o a d  a c t i n g  on t h e  c o n t o u r  i n  case o f  d o w e l  

s u p p o r t .

An a p p r o x i m a t e  s o l u t i o n  o f  t h e  p r o b l e m  can be o b t a i n e d  by 

t h e  f i n i t e  e l e m e n t  method  w h ic h  l e a d s  t o  a sys te m o f  i n h o m o g e ­

n eous  l i n e a r  e q u a t i o n s  ( Z i e n k i e w i c z  1 9 8 3 ) :
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Kt u = г  -  f

w h e r e  = t h e  c o e f f i c i e n t  m a t r i x  o f  t h e  sy s te m  o f  e q u a t i o n s  

u = t h e  unknown d i s p l a c e m e n t  v e c t o r

г  = t h e  v e c t o r  o f  t h e  l o a d s  a c t i n g  on t h e  b o u n d a r i e s  

f  = t h e  v e c t o r  o f  e x t e r n a l  l o a d s  o r  o f  l o a d s  e q u i v a l e n t  

t o  t h e  i n i t i a l  s t r e s s e s .

The s t i f f n e s s  m a t r i x  has t o  s a t i s f y  c e r t a i n  r e q u i r e m e n t s  

e . g .  t h e  c o m p a t i b i l i t y  c o n d i t i o n .  S t a b l e  r e s o l u t i o n  can be 

o b t a i n e d  i f  t h e  s t i f f n e s s  m a t r i x

К -t  " Эих Эиj

i s  p o s i t i v e  d e f i n i t e ,  where  ÎL i s  t h e  t o t a l  p o t e n t i a l .  Then 

t h e  e i g e n v a l u e s  o f  t h e  p r o b l e m :

Л ! > Л2 > •■ ■> An

a r e  p o s i t i v e  r e a l  numb er s  ( F r a n k  and M i s e s  1 9 6 6 ) .

The t a n g e n t i a l  s t i f f n e s s  m a t r i x  changes  i f  t h e  r e ­

s t r i c t i v e  c o m p a t i b i l i t y  c o n d i t i o n  i s  n e g l e c t e d  be tween c e r t a i n  

j o i n t e d  e l e m e n t s ,  and i n f i n i t e l y  l a r g e  s t r a i n  ( i . e .  d i s c o n t i n u ­

ous  d i s p l a c e m e n t  f i e l d  o r  d i s c r e t e  f a u l t  i n  p r e v i o u s  t e r m s )  i s  

a l l o w e d .  O b v i o u s l y ,  t h e  s t i f f n e s s  o f  t h e  s y s te m  d e c r e a s e s .  A c ­

c o r d i n g  t o  t h e  r e s u l t s  o f  t h e  v a r i a t i o n a l  a n a l y s i s  t h e  e i g e n ­

v a l u e s  changes  c o n t i n u o u s l y  w i t h  t h e  p r o p a g a t i o n  o f  f a u l t s  and 

t h e  minimum e i g e n v a l u e  d e c r e a s e s  ( F r a n k  and M is es  1 9 6 6 ) .  I f  i t  

i s  e q u a l  t o  z e r o ,  t h e  sy s te m  o f  e q u a t i o n s  c a n n o t  be s o l v e d .

T h i s  i n v o l v e s  t h a t  t h e  t o t a l  p o t e n t i a l  has  no minimum i . e . :

cTu t 0  .

Ho we ve r  l a r g e  a r e  t h e  s u p p o r t i n g  r e a c t i o n s  o f  t h e  s t e e l  a r c h  

s u p p o r t  t h e  r o a d w a y  and t h e  s u r r o u n d i n g s  w i l l  n o t  be s t a b l e  

a n y w a y .

Howe ve r ,  t h e  G r i f f i t h  t y p e  c r a c k  p r o p a g a t i o n  t h e o r y  a c ­

c o r d i n g  t o  R i c e  i s  j u s t  s a t i s f i e d :
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г  ЭЛ Эи 
G ^  ~Эх

w he re  G i s  t h e  e n e r g y  w h i c h  i s  n e c c e s s a r y  t o  move t h e  peak  o f  

t h e  f a u l t  i n  d i r e c t i o n  X by a u n i t  d i s t a n c e  ( Z i e n k i e w i c z  1 9 8 3 ) .

A c c o r d i n g  t o  R i c e  ( 1 9 6 8 )  t h e  e n e r g y  a v a i l a b l e  f r o m  t h e  

s u r r o u n d i n g s  f o r  t h e  p r o p a g a t i o n  o f  a f a u l t  can be c a l c u l a t e d  

by a l i n e  i n t e g r a l :

w he re  Г = i s  an a r b i t r a r y  c u r v e  s u r r o u n d i n g  t h e  peak o f  t h e

f a u l t ,  b e g i n n i n g  and e n d i n g  a t  t h e  f r a c t u r e  w a l l s ,

"  = ' n  e i 3  ■ 

i  6  i  3 n
n = o u t w a r d  n o r m a l  t o  an e l e m e n t a r y  ra nge  ( d s )  o f  t h e  

c u r v e  Г

X = d i r e c t i o n  o f  c r a c k  p r o p a g a t i o n  

у = d i r e c t i o n  p e r p e n d i c u l a r  t o  x .

I n  c a s e  o f  s h e a r  f a i l u r e  -  a c c o r d i n g  t o  R i c e  -  G i s  e q u a l  t o  

t h e  i n t e g r a l  o f  t h e  s h e a r  r e s i s t a n c e ,  r a i s e d  be tween t h e  peak  

s t r e n g t h  and t h e  r e s i d u a l  s t r e n g t h ,  w i t h  r e s p e c t  t o  t h e  d i s ­

p l a c e m e n t .  I n  case  o f  dowe l  s u p p o r t  t h e  f o l l o w i n g  e f f e c t s  can 

be c o n s i d e r e d  t h a t  i m p r o v e  t h e  s t a b i l i t y :

-  E v e r y  c o n s t r a i n t  r e l a t i n g  t o  t h e  d i s p l a c e m e n t s  i n c r e a s e s  t h e  

e i g e n v a l u e s  ( F r a n k  and M i s e s  1 9 6 6 ) ,  ho w e v e r  t h e  d o w e l s  o b v i ­

o u s l y  d e c r e a s e  t h e  d e g r e e  o f  f r e e d o m  o f  t h e  s y s t e m ,  t h u s  t h e  

s o l u t i o n  o f  t h e  b o u n d a r y  v a l u e  p r o b l e m  i s  a lw a ys  s t a b l e .

-  The v a l u e  o f  t h e  R i c e  i n t e g r a l  -  i . e .  t h e  f o r c e  a v a i l a b l e  t o  

d r i v e  t h e  c r a c k  peak  -  w i l l  be r e d u c e d .

-  The m a g n i t u d e  o f  G -  i . e .  t h e  f o r c e  n e c e s s a r y  t o  d r i v e  t h e  

c r a c k  peak  -  w i l l  be e n l a r g e d  by t h e  c o m p r e s s i o n  o f  t h e

From t h e  f o r e g o i n g  i t  f o l l o w s  t h a t  i n  c e r t a i n  i n s e c u r e  

s i t u a t i o n  t h e  s t a b i l i t y  c a n n o t  be a s s u r e d  even t h e o r e t i c a l l y  by 

a s t e e l  a r c h  s u p p o r t  a c t i n g  as a b o u n d a r y  c o n d i t i o n ,  h o w e v e r ,  

i t  ca n  be by a dow e l  s u p p o r t .  I h e  d o w e l  s u p p o r t  c a n n o t  be com­

p a r e d  w i t h  t h e  s t e e l  a r c h  s u p p o r t  i n  r e s p e c t  o f  p u l l - o u t

C j u .
j  (W dy -  T^ - 3 “  ds )

Эи .

c r a c k s .
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r e s i s t a n c e  and s u p p o r t  r e a c t i o n .
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MODELLING OF AIR LEAKAGES IN MINES 

Z Buócz and J J a n o s i t z

U n iv e r s i t y  f o r  Heavy Ind us t r y ,  Mining Department, H-3515 Misko lc ,  
Egyetemváros, Hungary

Based on fu nc t i ons  r e l a t i n g  to  underground water leakages the authors 
are p resen t ing  an a i r  cu r r en t  ( leakages) model i n  the goaf of  mine work ings.  
The program (so f tware )  run on IBM PC-s i s  mode l l i ng  d i re c t i o n  and magni tude 
based on parameters o f  the goaf and neighbour ing headings. The method 
p rovides assistance f o r  p ro t e c t i o n  aga inst  endogenous mine f i r e s  both i n  
the phase o f  p reven t ion  and e l im i n a t i o n .

Keywords: a i r  leakage; endogenous f i r e ;  model l i ng;  s e l f - i g n i t i o n  

1 . INTRODUCTION

One o f  t h e  ma in  c o a l  m i n i n g  h a z a r d s  i s  endogenous  m in e  

f i r e .  T h i s  s o u r c e  o f  h a z a r d  i s  e q u a l  i n  age w i t h  c o a l  m i n i n g  

and e x c e p t  f o r  f i r e d a m p  e x p l o s i o n s ,  i t  caused  t h e  l a r g e s t  m ine  

c a t a s t r o p h e s .  These  d e p r e s s i n g  s t a t i s t i c s  p r e s e n t  a s t i l l  more 

f r i g h t e n i n g  p i c t u r e  when t a k i n g  i n t o  a c c o u n t  t h a t  among t h e  

c a u s e s  o f  i g n i t i o n  i n i t i a t i n g  f i r e d a m p  e x p l o s i o n s  t h e r e  a r e  

more  t h a n  2 0  p e r c e n t  due t o  mine f i r e s .

I n  H u n g a r y  t h e  c o l l i e r i e s  b e l o n g i n g  t o  t h e  Mecsek C o a l  

M i n e s  a r e  q u a l i f i e d  as s e r i o u s l y  e x p o s e d  t o  f i r e  h a z a r d s  and 

e x c e p t  o f  few c o l l i e r i e s  a l l  o f  o u r  c o a l  m ines  a re  e n d a n g e r e d  

by f i r e  h a z a r d .  I t  i s  a s p e c i f i c  f e a t u r e  o f  t h e  H u n g a r i a n  g e o ­

l o g i c a l  c o n d i t i o n s  t h a t  o u r  b a u x i t e  m i n e s  a r e  p a r t l y  q u a l i f i e d  

as f i r e  h a z a r d o u s  ones  due t o  c o a l  s t r i p s  and c o a l y ,  b i t u m i ­

nous  s h a l e  l a y e r s  above t h e  b a u x i t e .

I n  t h e  l a s t  two  t o  t h r e e  d e c a d e s  c o n s i d e r a b l e  m a t e r i a l  

and m e n t a l  pow er  has been used t o  p r e v e n t  endogenous f i r e s  and 

f o r  q u i c k  e l i m i n a t i o n  o f  f i r e s  o c c u r r e d ,  r e s p .  These e f f o r t s

Acta Geod. Geoph. Mont. Hung. 25, 1990 
Akadémiai Kiadó,  Budapest
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r e s u l t e d  i n  a c o n s i d e r a b l e  d e c r e a s e  o f  f i r e  c a s e s ,  b u t  4 t o  1 0  

e n d o g e n o u s  f i r e s  o f  g r e a t e r  s i g n i f i c a n c e ,  as w e l l  as a much 

h i g h e r  number o f  w a r m i n g - u p  cases  c a l l  t h e  a t t e n t i o n  t o  t h e  

n e c e s s i t y  o f  f u r t h e r  r e s e a r c h  w o rk  t o  be c a r r i e d  o u t .

The i m p o r t a n c e  o f  t h i s  r e s e a r c h  w o rk  i s  i n c r e a s e d  by t h e  

f a c t  t h a t  endogenous  f i r e s  g e n e r a t e  c o n s i d e r a b l e  m a t e r i a l  

damage i n  f a c e s ,  s i n c e  i t  i s  v e r y  o f t e n  i m p o s s i b l e  t o  s a v e  t h e  

e q u i p m e n t  f r o m  t h e  a r e a  u n d e r  f i r e .  I n  o t h e r  cases  t h e  e x i s ­

t e n c e  o f  mine f i e l d s  becomes u n c e r t a i n  and a c o n s i d e r a b l e  

a m o u n t  o f  d e v e l o p e d  c o a l  r e s e r v e  becomes u n e x p l o i t a b l e .

2 .  CONDITIONS ORIGINATING END0GEN00S FIRES

S e l f - i g n i t i o n  i s  an o x i d i z a t i o n  p r o c e s s  w h ic h  i s  s l o w  a t  

l o w  t e m p e r a t u r e s  and a c c e l e r a t e s  a r o u n d  80 °C .  From t h e  p o i n t  o f  

v i e w  o f  ou r  i n v e s t i g a t i o n s  t h e  c h a r a c t e r i s t i c s  and amount o f  

o x y g e n  f l o w  and a i r  f l o w  r e s p .  n e c e s s a r y  t o  t h e  s e l f - i g n i t i o n  

a r e  o f  e s s e n t i a l  i m p o r t a n c e  as p r e c o n d i t i o n s  o f  s e l f - i g n i t i o n .

F o r m u l a t i n g  i n  a s i m p l e  way ,  one o f  t h e  c o n d i t i o n s  o f  

s e l f - i g n i t i o n  i s  t h e  p r e s e n c e  o f  a weak a i r  f l o w  w i t h  no c o o l ­

i n g  e f f e c t .  The weak a i r  f l o w  c o n t a c t i n g  t h e  c o a l  mass i s  

e n s u r i n g  t h e  oxy gen  n e c e s s a r y  t o  o x i d i z a t i o n ,  b u t  i t  re m oves  

o n l y  a p a r t  o f  t h e  o x i d i z a t i o n  h e a t  as a r e s u l t  o f  w h i c h  t h e  

t e m p e r a t u r e  g e t  r a i s e d .

Due t o  t h e  weak a i r  f l o w  d e s c r i b e d  as c o n d i t i o n ,  t h e  s e l f -  

- i g n i t i o n  o f  c o a l  o c c u r s  i n  t h e  g o a f  o f  f a c e s ,  i n  t h e  e n v i r o n ­

m e n t  o f  ro ad  wa ys ,  and i n  c o a l  p i l l a r s  r e s p .

I n  t h e  r o c k  e n v i r o n m e n t  o f  r o a d w a y s  and i n  c o a l  p i l l a r s  

s e l f - i g n i t i o n  t a k e s  p l a c e  i f  t h e  c o a l  i s  f r a c t u r e d ,  l o o s e n e d  

and  a i r  can p e n e t r a t e  i n t o  i t .  I n  c a s e  o f  f a c e s  t h e  p r e c o n d i ­

t i o n  o f  s e l f - i g n i t i o n  i s  i n  t h e  g o a f  a c o a l  l o s s  w h ic h  mus t  

e x c e e d  10 t o  15 p e r c e n t  (K o vá cs  19712}. A n o t h e r  p r e c o n d i t i o n  

i s  i n  t h i s  case t h e  r e l a t i v e l y  weak c o m p r e s s i o n  o f  t h e  g o a f  

w h i c h  a l l o w s  a i r  f l o w  t o  pass  t h r o u g h .

The r e s i s t a n c e  a g a i n s t  a i r  f l o w  i n  g o a f s  and l o o s e n e d  p i l ­

l a r s  i s  g e n e r a l l y  h i g h  t h e r e f o r e  t h e  d e v e l o p m e n t  o f  f l o w  

r e q u i r e s  h i g h e r  p r e s s u r e  d i f f e r e n c e s .
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The o b j e c t  o f  o u r  i n v e s t i g a t i o n s  i s  t o  d e v e l o p  an a i r  f l o w  

model  a p p l i c a b l e  f o r  m o d e l l i n g  a i r  l e a k a g e s  t h r o u g h  g o a f s  and 

l o o s e n e d  p i l l a r s .  The model  a l l o w s  t h e  d e t e c t i o n  o f  a i r  e s c a p e s ,  

a i r  l e a k a g e s  i n  t h e  g o a f  o f  f a c e s  o f  d i f f e r e n t  t y p e s  and t h i s  

way i t  r e v e a l s  p r o t e c t i o n  p o s s i b i l i t i e s  i n  a w i d e r  s c a l e  as 

w e l l  as t h e  p o s s i b i l i t y  o f  r e d u c i n g  a i r  l e a k a g e s  t o  t h e  min imum 

when d e v e l o p i n g  f a c e s  and d e s i g n i n g  v e n t i H á t i o n .

3 .  MODELLING AIR FLOWS IN ABANDONED AREAS OF FACES

The d e f i n i t i o n  o f  r e s i s t a n c e  a g a i n s t  a i r  f l o w  i n  g o a f s  can 

be deduced  f r o m  t h e  f u n c t i o n s  o f  w a t e r  s e epage .

The mos t  f r e q u e n t l y  used f u n c t i o n  o f  f l u i d  seepage  o r  

l e a k a g e  i s  i n  t h e  c a s e  o f  gases  t h e  D a r c y - l a w :

v i  = F  = к  ‘ I  О )

where  V-, -  i s  t h e  l e a k a g e  speed ( m / s ) ,  i . e .  t h e  r a t i o  o f  t h e
1 3 2

f l o w i n g  vo lu m e  Q(m / s )  and t h e  c r o s s  s e c t i o n  F(m ) 

к -  l e a k a g e  r a t i o  f a c t o r  ( m / s )

I  -  h y d r a u l i c  jump ( w i t h o u t  d i m e n s i o n ) .

A c c o r d i n g  t o  D a r c y ' s  i n v e s t i g a t i o n s ,  t h e  l e a k a g e  f a c t o r  к 

does  n o t  depend  on speed  o r  on h y d r a u l i c  ju mp .  I t s  v a l u e  i s  

i n f l u e n c e d  o n l y  by t h e  space  o f  f l o w  f i l l e d  up w i t h  p a r t i c l e s  

and by t h e  c h a r a c t e r i s t i c s  o f  t h e  f l u i d  m a t e r i a l .

The r e l a t i o n  be tw e e n  l e a k a g e  f a c t o r  and m a t e r i a l  c h a r a c ­

t e r i s t i c s  o f  t h e  f l o w i n g  medium and t h e  space  o f  f l o w  r e s p .  i s  

as f o l l o w s  ( K o v á c s  1 9 7 2 ) :

к ■ I 9_Л
-  5 • 7 ( 1 - n ) 2

( 2 )

where к

9 
71

3
n

-  l e a k a g e  f a c t o r  ( m / s ) ,

-  d e n s i t y  o f  f l o w i n g  medium ( k g / m ^ ) ,

-  d y n a m i c  v i s c o s i t y  f a c t o r  o f  t h e  f l o w i n g  medium (Pas) ,

-  g r a v i t a t i o n a l  a c c e l e r a t i o n ,

-  t h e  r a t i o  o f  v o i d  s e c t i o n  f  (m ) and th e  t o t a l  s e c -  
2

t i o n  F (m ) i n  a g i v e n  c r o s s  s e c t i o n  d i m e n s i o n l e s s
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q u a n t i t y ,

-  a c t i v e  d i a m e t e r  o f  p a r t i c l e s  a c c o r d i n g  t o  Koze ny  ( m ) .  

C o n s e q u e n t l y  t h e  l e a k a g e  f a c t o r  can  be r e l a t e d  w i t h  t h r e e  

g r o u p s  o f  v a r i a b l e s :

-  c h a r a c t e r i s t i c  p a r a m e t e r  o f  t h e  f l o w i n g  medium - ^ S ,  o r  9 / v  , 

w h e r e  th e  k i n e m a t i c  v i s c o s i t y  i s

V = " I  /  9 (3)

-  c h a r a c t e r i s t i c  p a r a m e t e r  o f  s o l i d i t y  o f  t h e  l a y e r

n 3 / ( l - n ) 2  ,

-  c h a r a c t e r i s t i c  p a r a m e t e r  o f  p a r t i c l e  s i z e  and p a r t i c l e  s hape  

Dh /oC .
The c h a r a c t e r i s t i c  p a r a m e t e r  o f  t h e  f l o w i n g  medium d e p e n d s  

on t h e  t e m p e r a t u r e ,  t h u s  i n  t h e  c ase  o f  wa rm in g  up ,  t h e  f l o w i n g  

c h a r a c t e r i s t i c s  o f  t h e  a i r  w i l l  be i m p r o v e d  i n  t h e  abandoned  

s p a c e .

The v a r i a b l e  t o  c h a r a c t e r i z e  s o l i d i t y  was f i r s t  a p p l i e d  by 

K o z e n y  i n  t h e  f o l l o w i n g  f o r m :

( 1 - n ) ' 1 +e ( 4 )

w h e r e  -  c h a r a c t e r i s t i c  v a l u e  o f  l a y e r  s o l i d i t y  i n  f u n c t i o n  

o f  v o i d s  v o l u m e  ( w i t h o u t  d i m e n s i o n ) ,  

e -  v o i d  f a c t o r  ( w i t h o u t  d i m e n s i o n )

e
V

V
ih

t

-  v o i d s  v o l u m e  (m3 )

-  vo lume o f  s o l i d  p a r t i c l e s  (m 3 ) .  

Based on Eq. ( 4 ) ,

( 5 )

e n
1 -n ( 6 )

To c h a r a c t e r i z e  s o l i d i t y  N, a n o t h e r  f u n c t i o n  based on
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mea su re me nt  r e s u l t s  has  a l s o  been  d e f i n e d  w h ic h  i s  s l i g h t l y  

d i f f e r e n t  f r o m  Eq. ( 4 ) :

N ( 7 )

The mea su re me nt  r e s u l t s  show t h a t  2 < a < 3 .

The m a g n i t u d e  o f  f r i c t i o n  o f  t h e  f l o w i n g  medium i s  c h a r a c ­

t e r i z e d  by t h e  r a t i o  Dh /cC o f  t h e  p a r t i c l e  s i z e  and p a r t i c l e  

s h a p e .  Among t h e  f o r c e s  b r a k i n g  t h e  a i r  f l o w  th e  mos t  s i g n i f i ­

c a n t  one i s  f r i c t i o n .  The i n f l u e n c e  o f  a d h e r i n g  f o r c e  and  

i n e r t i a  i s  o f  l e s s  i m p o r t a n c e .  Two o f  t h e s e  t h r e e  f o r c e s  -  t h e  

f r i c t i o n  and t h e  a d h e r i n g  f o r c e  -  may be i n  c o n n e c t i o n  w i t h  t h e  

s i z e  o f  c o n t a c t  s u r f a c e  be tw een t h e  f l o w i n g  medium and t h e  

s o l i d  p h a s e ,  w h i l e  t h e  a c c e l e r a t i n g  f o r c e  i s  r e l a t e d  t o  t h e  

mass o f  t h e  f l o w i n g  med ium.  The l a t t e r  i s  p r o p o r t i o n a l  t o  t h e  

d i f f e r e n c e  o f  t h e  t o t a l  vo lu me  and t h e  vo lume o f  t h e  p a r t i c l e s ,  

and t h u s  i t  can a l s o  be c h a r a c t e r i z e d  by t h e  vo lume o f  t h e  

p a r t i c l e s .  T h e r e f o r e ,  t h e  shape f a c t o r  w h ic h  i s  b e s t  c o r r e ­

s p o n d i n g  t o  t h e  p h y s i c a l  c h a r a c t e r ,  can be c a l c u l a t e d  f o r  t h e  

p u r p o s e  o f  l e a k a g e  i n v e s t i g a t i o n s  as t h e  r a t i o  o f  s u r f a c e  

( F )  and vo lume ( V )  o f  t h e  p a r t i c l e s .  T h i s  r a t i o  has t h e  d i m e n ­

s i o n  o f  1/m w ha t  means t h a t  i t  i s  t h e  r a t i o  o f  t h e  d i m e n s i o n ­

l e s s  f a c t o r  and o f  a c h a r a c t e r i s t i c  d i a m e t e r :

( 8 )

The shape f a c t o r  <£ depends  as shown by f u n c t i o n  ( 8 )  on 

t h e  d i a m e t e r  s e l e c t e d  t o  c h a r a c t e r i z e  t h e  p a r t i c l e s .  A c c o r d i n g  

t o  Kovács  ( 1 9 7 2 )  t h e  s h a p e  f a c t o r  depends i n  a h i g h

d e g r e e  on t h e  m i n e r a l o g i c a l  c h a r a c t e r  o f  t h e  p a r t i c l e  w h a t  i s  

r e l a t e d  i n  i t s  tu r n  t o  t h e  d i a m e t e r  o f  t h e  p a r t i c l e .  I n  t h e  case  

o f  g r a v e l  -  w here  t h e  p r i m a r y  m a t e r i a l  i s  q u a r t z  -  t h e  p a r ­

t i c l e s  a r e  g e n e r a l l y  s t u b b y ,  i . e .  t h e i r  p r i n c i p a l  a x e s  a r e  n o t  

t o o  much d i f f e r e n t  f r o m  each  o t h e r  i n  t h e i r  s i z e s .  Thus  t h e i r  

sh ape  f a c t o r  oC i s  v a r y i n g  b e tw e e n  7 and 11.  P a r t i c l e s  o f  

l a m i n a r  r o c k s  ( a s  s a n d s t o n e s ,  s h a l e s )  a r e  o f  d i f f e r e n t  n a t u r e ,  

t h e i r  shape f a c t o r  may g row up t o  oC = 20.
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The a c t i v e  d i a m e t e r  (D^ )  o f  p a r t i c l e s ,  a c c o r d i n g  t o  Koze ny  

c a n  be d e t e r m i n e d  f r o m  t h e  g r a i n - s i z e  d i s t r i b u t i o n  c u r v e s .

S in ce  i n  t h e  g o a f  o f  fa c e s  r o c k  p i e c e s  o f  c o n s i d e r a b l e  

v o l u m e  may a l s o  be f o u n d  i n  g r e a t  n u m be r  i n  a d d i t i o n  t o  s m a l l  

g r a i n  s i z e s ,  t h e  a c t i v e  d i a m e t e r  b e l o n g i n g  t o  t h e  10 p e r c e n t  

v a l u e  o f  t h e  g r a i n - s i z e  d i s t r i b u t i o n  c u r v e  (D-|g)  must  be c o r ­

r e c t e d .  Based on i n v e s t i g a t i o n s  by K o v á c s  ( 1 9 7 2 ) ,  i f  t h e  d e g r e e
DgQ

o f  i r r e g u l a r i t y  щ-^- e x c e e d s  10, t h e  a c t i v e  d i a m e t e r  i s  2 . 5  t o

3 t i m e s  h i g h e r  t h a n  D ^ g .

The Oarcy l a w  i s  v a l i d  o n l y  i n  t h e  c a s e  o f  l a m i n a r  f l o w .  

B u t  t h e  a i r  f l o w  i n  t h e  g o a f  i s  n o t  a l w a y s  l a m i n a r .  T h e r e f o r e  

t h e  c h a r a c t e r i s t i c s  o f  t u r b u l e n t  and t r a n s i e n t  a i r  f l o w s  s h o u l d  

a l s o  be i n v e s t i g a t e d .

The t r a n s i e n t  r a n g e  between l a m i n a r  and t u r b u l e n t  f l o w  i s  

d i v i d e d  i n t o  two  p a r t s  i n  t h e  t e c h n i c a l  l i t e r a t u r e .  The d i v i ­

s i o n  i s  made i n  a c c o r d a n c e  w i t h  t h e  R e y n o l d s - n u m b e r  used  f o r  

t h e  h y d r a u l i c  i n v e s t i g a t i o n  o f  p i p e s .  T h i s  can be c a l c u l a t e d  

f r o m  t h e  c h a r a c t e r i s t i c s  o f  the  b u l k  m a t e r i a l  as f o l l o w s :

Re p i p e -n oC

U s i ng  t h i s  f o r m u l a ,  t h e  f o l l o w i n g  l i m i t  v a l u e s  a r e  v a l i d :

Re
F

1 0 < Re

1 00 Re_

1000 < Re

p i p e
a
' p i p e

3p i p e

3p ip e

< 10 

< 100 

< 1000

l a m i n a r  r a n g e  ( D a r c y ) ,  

f i r s t  t r a n s i e n t  r a n g e  ( L i n d q u i s t ) ,  

second t r a n s i e n t  r a n g e ,  

t u r b u l e n t  r a n g e  ( F r o u d e ) .

F lows  o f  d i f f e r e n t  ra n g e s  a re  d e s c r i b e d  by th e  f l o w i n g  

f u n c t i o n s  (Ko vá cs  1 9 7 2 ) :

w h e r e

I V i b l v l

0 .4  1 -  n
g o пз

( 1 - n ) '

( 1 0 )

(11 ) 

( 1 2 )
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I n  t h e  second  t r a n s i e n t  ra nge

?
I  = a2 v x + b 2 v x , ( 1 3 )

w here

a 2
0 . 1 6  oC 1 -n

3 D ' 33 n
0 . 4  a ]

b2
( 1 - n ) ' 2 . 5  b,

I n  t h e  t u r b u l e n t  r a n g e

I V
2
1

( 1 4 )

( 1 5 )

( 1 6 )

where

0 . 2  ci- l * ~ n  n Q ^ .  M  7  \
a 3 = ~  ÏÏ — 3 = 0 . 5  3,  • ( 1 7 )

a n

I n  t h e  f u n c t i o n s  o f  w a t e r  l e a k a g e  I  i s  t h e  r a t i o  o f  t h e  

f l o w  i n d u c i n g  w a t e r  l e v e l  d i f f e r e n c e  AZ t o  t h e  l e a k a g e  r o u t e  

l e n g t h  L .  I n  t h e  case  o f  w a t e r  head AZ t h e  w a t e r  p r e s s u r e  i s :

Ap = AZ g g . ( 1 8 )

Thus t h e  d e p r e s s i o n  h used i n  v e n t i l l a t i o n  can be c a l ­

c u l a t e d  i n  f u n c t i o n  o f  I  as f o l l o w s :

h = Ap  = I  g • g 1 . ( 1 9 )

C o n s e q u e n t l y ,  f u n c t i o n s  o f  t h e  a i r  f l o w  i n  t h e  g o a f  a r e :

I n  t h e  case  o f  l a m i n a r  s t r e a m s ,  based  on Eqs ( 1 )  and ( 1 9 )

h = = 0  ( 2 0 )

w he re  к i s  t h e  l e a k a g e  f a c t o r .

I n  t h e  f i r s t  t r a n s i e n t  ra nge
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g . g i b

w h e r e

h = R ' Q + R " Q 2 ( 22)

I n  t h e  second  t r a n s i e n t  r a n g e

g . g - 1 - b 2

F

h = R2 Q + R2 Q2 . ( 2 4 )

I n  t h e  t u r b u l e n t  r a n g e

h 9 • 1 0 . 2 | . 1 - n  Q
■ j = R Q2 • ( 2 5 )

n F

Fo r  t h e  p u r p o s e  o f  c a l c u l a t i o n ,  t h e  v a l u e  o f  Re . d e -  

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

S o v i e t  a u t h o r s  (U s h a k o v  1977 )  d e a l  w i t h  l e a k a g e  i n  g o a f s  

on a s i m i l a r  b a s i s  b u t  d i v i d i n g  t h e  f l o w  r a n g e s  i n t o  t h r e e  

p a r t s  o n l y .  Based on s e v e r a l  e m p i r i c a l  o b s e r v a t i o n s ,  r e s i s t a n c e  

f u n c t i o n s  have  been  d e t e r m i n e d  f o r  g o a f s .

The b a s i c  r e l a t i o n s h i p  b e tw e e n  t h e  p r e s s u r e  d i f f e r e n c e  and 

t h e  f l o w i n g  q u a n t i t y  i s :

R e s i s t a n c e  v a l u e s  can  be c a l c u l a t e d  by  a p p l y i n g  f o r m u l a e  as 

b e l o w  :

h = R'- Q + R". Q2 ( 2 6 )

w h e r e  h -  d e p r e s s i o n  a r i s i n g  i n  s t r e a m i n g  (Pa )

R'  -  l i n e a r  a e r o d y n a m i c a l  r e s i s t a n c e  (Ns /m ' ’ ) ,

R" -  q u a d r a t i c  a e r o d y n a m i c a l  r e s i s t a n c e  ( k g / m ' )  

Q -  mass f l o w  o f  a i r  l e a k a g e  ( m / s ) .

( 2 7 )
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( 2 8 )

Неге  V. -  d y n a m i c  v i s c o s i t y  o f  a i r  ( P a - s )
2

к -  p e r m e a b i l i t y  f a c t o r  (m ) ,

1 -  l e n g t h  o f  l e a k a g e  r o u t e  ( m ) ,

F -  c r o s s  s e c t i o n  o f  f i l t r a t i o n  f l o w  (m ) ,  

g -  d e n s i t y  o f  a i r  ( k g / m ^ ) ,

s -  m a c r o - r o u g h n e s s  c o e f f i c i e n t  ( m ) .

The n a t u r e  o f  a i r  movement i s  d e f i n e d  by a R e y n o l d s  number 

d i f f e r r i n g  f r o m  Eg. ( 9 ) :

I n  t h e  case  o f  Re v a l u e s  c a l c u l a t e d  as above ,  l e a k a g e  i s  

l a m i n a r , i f  Re £  0 . 2 5 ;

i f  0 . 2 5  < Re < 2 . 5  i t  i s  o f  t r a n s i e n t  n a t u r e  and 

i f  Re > 2 . 5  i t  b e l o n g s  t o  t h e  t u r b u l e n t  r a n g e .

The v a l u e  o f  t h e  a i r  f r i c t i o n  f a c t o r  i n  th e  t h r e e  ranges i s  

as f o l l o w s

To d e t e r m i n e  v a l u e s  R' and R " ,  f i r s t  t h e  v a l u e s  o f  t h e  

s p e c i f i c  r e s i s t a n c e s  r '  and r "  a r e  t o  be d e f i n e d  based  on Eqs 

( 2 7 )  and ( 2 8 ) :

( 2 9 )

w he re

V = 7 / 9

2
i s  t h e  k i n e m a t i c  v i s c o s i t y  f a c t o r  (m / s ) .

( 3 0 )

and

г II 9 ( 3 1 )s

I n  t h e  ca se  o f  medium seam i n c l i n a t i o n s ,  t h e s e  v a l u e s  can 

be c a l c u l a t e d  i n  f u n c t i o n  o f  t h e  d i s t a n c e  x measured f r o m  t h e
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f a c e :

г '  = a x c , г "  = b x c / 2  ( 3 2 )

w h e r e  a and b a r e  e m p i r i c a l  c o e f f i c i e n t s  w h i c h  depend on t h e  

c h a r a c t e r i s t i c s  o f  t h e  caved  r o c k .

X -  i s  t h e  d i s t a n c e  m easu re d  f r om  t h e  w o r k i n g  (m ) ,  

c -  i s  a c o e f f i c i e n t  d e p e n d i n g  on t h e  c o m p r e s s i o n  i n  t h e  c a v e d  

r o c k .

C o e f f i c i e n t  c i s  a f u n c t i o n  o f  t h e  r a t e  o f  f a c e  p r o g r e s s

V f  :

c = exp  ( 0 . 5  -  0 . 1 0  v f ) . ( 3 3 )

V a l u e s  o f  c o e f f i c i e n t  a and b

Type  o f  caved  r o c k  a b

Dunn b a s s ,  l o o s e 0 . 6 -  1 100 - 200

Dunn bass  o f  medium s t r e n g t h 0 . 2 -  0 . 5 71 - 1 00

H a r d c l a y e y  and s a n d y  s l a t e 0 . 0 6 -  0.1 51 - 70

S a n d s t o n e  and l i m e s t o n e 0 . 0 3 - 1 . 1 5 35 - 50

4 .  MODELLING OF LEAKAGE ROUTES

I n  most  cases  t h e  e x p l o i t e d  a r e a s ,  c a v e d  zones o f  w o r k i n g s  

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

g o a f  i s  c h a n g i n g  mos t  m a r k e d l y  i n  t h e  d i r e c t i o n s  e m b o r d e r i n g  

t h e  c a v i n g .  Be h in d  t h e  f a c e  o f  t h e  w o r k i n g ,  t h e  s o l i d i t y  o f  t h e  

g o a f  i s  i n c r e a s i n g  w i t h  t h e  d i s t a n c e  as e x p r e s s e d  by Eq. ( 3 2 ) .  

The g o a f  c h a r a c t e r i s t i c s  a r e  c h a n g i n g  p a r a l l e l  t o  t h e  w o r k i n g  

f a c e  as  w e l l ,  s i n c e  a l o n g  t h e  i n t a c t  c o a l  w a l l  and i n  one p a r t  

o f  t h e  c a s e s  i n  t h e  l i n e  o f  th e  a b a n d o n e d  f a c e  h e a d in g s  r e s p .  

t h e  r e s i s t a n c e  o f  t h e  g o a f  i s  l e s s  t h a n  i n  t h e  e n v i r o n m e n t  o f  

f a c e  m i d d l e  l i n e .

Base d  on t h e  d i r e c t i o n  o f  t h e  c h a n g e  o f  g o a f  c h a r a c t e r i s ­

t i c s ,  as w e l l  as on t h e  shape  o f  a b a n d o n e d  a r e a s  l e a k a g e  r o u t e s  

a r e  m o d e l l e d  by a s q u a r e  n e t ,  t h e  l i n e s  o f  w h i c h  a re  p a r a l l e l
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t o  t h e  b o r d e r  l i n e s  o f  t h e  abandoned f a c e  a re a  ( F i g .  1 ) .  The

d i s t a n c e s  o f  n e t  l i n e s  a r e  u and v r e s p . ,  t h u s  t h e  a i r  f l o w  i s

a l w a y s  mov ing t h r o u g h  a p r i s m  w i t h  a base  a rea  o f  u x w  and  w i t h

t h e  same h e i g h t  as t h e  h e i g h t  o f  t h e  g o a f .  The mesh o f  t h e

s q u a r e  n e t  depends  on t h e  r e q u i r e d  a c c u r a c y  o f  m o d e l l i n g ,  on 

t h e  d i mens ions  o f  c a v i n g  and p a r t l y  on t h e  c a p a c i t y  o f  t h e  

c o m p u t e r  a p p l i e d .  D i m e n s i o n s  may v a r y  be tw een  2 and 20 m.

face development gate

Fig.  1 .

I n  k n o w le d g e  o f  t h e  d i m e n s i o n s  o f  c a v i n g  and o f  mesh o f  

n e t ,  t h e  c o m p u t e r  p r o g r a m  g e n e r a t e s  t h e  c o n n e c t i o n  m o d e l  o f  a i r  

r o u t e s ,  i n  w h i c h  each  p r i s m  r e p r e s e n t s  one s e c t i o n  o f  a i r  r o u t e  

p a r a l l e l  and p e r p e n d i c u l a r  t o  t h e  f a c e .

The b o r d e r i n g  d r i f t s  o f  c a v i n g s  a r e  d i v i d e d  i n t o  s e c t i o n s  

c o r r e s p o n d i n g  t o  t h e  mesh and a r e  a p p l i e d  t o  t h e  n e t  m o d e l  i n  

t h i s  f o r m .

The q u a n t i t y  o f  a i r  l e a k a g e  i s  d e t e r m i n e d  by t h e  s o f t w a r e  

u s i n g  t h e  N e w t o n -R a p h s o n  m e t hod .  I n  t h e  c a l c u l a t i o n  t h e  l e a k a g e  

r a n g e s  a re  f o l l o w e d  up s u c c e s s i v e l y  and r e s i s t a n c e s  a r e  m o d i ­

f i e d  c o n s e q u e n t l y .  The s o f t w a r e  has been  d e v e l o p e d  i n  FORTRAN 

f o r  IBM PC/XT-AT c o m p a t i b l e  c o m p u t e r s .

The r e s i s t a n c e s  e v o l v e d  among f a c e s ,  c a v i n g s  and b o r d e r i n g  

d r i f t s  a r e  m o d i f i e d  i n  a c c o r d a n c e  w i t h  t h e  p r e v a i l i n g  c o n d i ­

t i o n s ,  as e s s e n t i a l  d e v i a t i o n s  a r e  p o s s i b l e  i n  t h e  c a s e  o f
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s h i e l d  s u p p o r t s ,  s i n g l e  p r o p s ,  b o r d e r i n g  b a r r i e r s  and p e r h a p s  

i n  t h e  case o f  e s t a b l i s h i n g  p i l l a r s .

The model  has  b e e n  a p p l i e d  s u c c e s s f u l l y  f o r  m o d e l l i n g  a 

f a c e  w i t h  Z - t y p e  v e n t i l l a t i o n  and t o  s i m u l a t e  a i r  r e s i s t a n c e  o f  

an endogenous  f i r e  o c c u r r e d  i n  an a b a n d o n e d  f a c e  o f  a more 

c o m p l i c a t e d  v e n t i l l a t i o n  sys tem r e s p . ,  and t o  t a k e  me asu re s  

n e c e s s a r y  t o  i t s  e l i m i n a t i o n .
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S TA B IL IT Y  OF SECONDARY ROCKS
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The authors descr ibe  a seismic method which i s  s u i ta b l e  f o r  the d e t e r ­
mina t ion  o f  weather ing,  f r a c t u r e s  around the d r i f t .  Weathering changes the 
p ro pe r t ie s  o f  rock,  the f i e l d  s t ress  around the  d r i f t  and thus the suppor t  
requi rements,  too.

A p r a c t i c a l  example i s  given to  compare the  rock s t a b i l i t i e s  and sup­
p o r t  demands i n  the cases o f  ca re le ss ly  designed vs.  rock p ro te c t i ng  
b l a s t i n gs .

Keywords: b l a s t i n g ;  Dorog Coal Mines; mine headings; r ipped rock 
mant le;  seismic method; weather ing

The s t a b i l i t y ,  s u p p o r t  r e q u i r e m e n t  o f  m ine  h e a d i n g s  ( t u n ­

n e l s )  a r e  b a s i c a l l y  a f f e c t e d  i n  a d d i t i o n  t o  t h e  known r o c k -  

- m e c h a n i c a l  c o n d i t i o n s  ( d e p t h ,  r o c k  d e n s i t y ,  s e c t i o n  and s h a p e ) ,  

by t h e  method  o f  b r e a k i n g  o u t  t h e  h e a d i n g .  O t h e r  i m p o r t a n t  

r o c k  p a r a m e t e r s  ( s t r e n g t h  and f l e x i b i l i t y )  may a l s o  c o n s i d e r ­

a b l y  change  d e p e n d i n g  upon t h e  method o f  h e a d i n g .  R e g a r d i n g  t h e  

c o n d i t i o n s  o f  d r i f t - d r i v i n g ,  a l o t  o f  i n v e s t i g a t i o n s  have  a l ­

r e a d y  d e a l t  w i t h  t h e  f u n c t i o n  o f  t h e  t i m e  f a c t o r  b u t  t h e r e  i s  

s t i l l  r e l a t i v e l y  l i t t l e  i n f o r m a t i o n  on t h e  h a r m f u l  e f f e c t s  o f  

t h e  d e s t r u c t i o n  o f  r o c k  s u r r o u n d i n g s  d u r i n g  c u t t i n g .  The a im o f  

t h e  p r e s e n t  p a p e r  i s  t o  d e a l  w i t h  t h i s  p r o b l e m .

The a d j e c t i v e s  " c o l l a p s i b l e "  o r  " n o n - c o l l a p s i b l e "  a r e  

o f t e n  used  f o r  s t a n d - u p  f o r m a t i o n s  as w e l l .  I n  f a c t  t h e  r o c k  

becomes,  i n  t h e  m a j o r i t y  o f  t h e  c a s e s ,  e a s i l y  c o l l a p s i b l e  when 

i m p r o p e r  b r e a k i n g  m e t h o d s  a r e  a p p l i e d .  The d e s c r i p t i o n s  on r o c k  

e n g i n e e r i n g  g e n e r a l l y  d i s r e g a r d  t h e  t e c h n i c a l  c o n d i t i o n s  o f  

d r i f t  d r i v i n g  ( t u n n e l l i n g )  and t h e  u n e v e n  s u r f a c e  a re a  o f  t h e  

d r i f t ;  a l t h o u g h  eve n  i n  case  o f  a s h i e l d  t y p e  h e a d i n g ,

Acta Geod. Geoph. Mont. Hung. 25, 1990 
Akadémiai Kiadó, Budapest
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r u p t u r e s  o f  a t  l e a s t  30 cm d e p t h  a r e  f o r m e d  i n  t h e  r e m n a n t  r o c k  

e n v i r o n m e n t  w h i c h  c a n  be as deep as 60 cm i n  case o f  c u t t i n g -  

- h e a d e d  s h e a r e r s .  The uneven  s u r f a c e  r e s u l t s ,  on t h e  o t h e r  hand, 

i n  an uneven d i s t r i b u t i o n  o f  s t r e s s  a c c o r d i n g  t o  t h e  l a w  o f  

p h y s i c s ,  r e s u l t i n g  f i n a l l y  i n  t h e  f o r m a t i o n  o f  a d d i t i o n a l  r u p ­

t u r e s .

T h i s  i s  a l l  t h e  more  t r u e  f o r  d r i f t  d r i v i n g  made w i t h  t h e  

b l a s t i n g  method .  A l t h o u g h  by a c c u r a t e  d r i l l i n g  and by u s i n g  

r o c k - s a v i n g  b l a s t i n g  t e c h n o l o g y ,  a c o n t o u r  w e l l  a p p r o x i m a t i n g  

t h e  one t h a t  can be a c h i e v e d  by m e c h a n i c a l  h e a d i n g  ( s o m e t i m e s  

e v e n  e x c e e d i n g  i t )  and  f r a c t u r e s  s h o r t e r  t h a n  60 cm a r e  f o r m e d ;  

i n  m o s t  o f  t h e  c a s e s ,  t h e  b l a s t i n g s  a r e  p e r f o r m e d  w i t h o u t  p a r ­

t i c u l a r  c a u t i o n  and p l a n n i n g .  I n  s u c h  c a s e s ,  an e x t e n s i v e  d e ­

s t r u c t i o n  zone w i l l  be f o r m e d  a r o u n d  t h e  h e a d i n g .

THE PRINCIPLE OF ROCK-PROTECTING BLASTING

E f f e c t s  o f  b l a s t i n g  a r e  i n t e n d e d  t o  c o n c e n t r a t e  i n t o  a 

g i v e n  vo lume o f  t h e  r o c k  t o  be b r o k e n ,  t h u s  i n c r e a s i n g  w o r k i n g  

e f f i c i e n c y  and r e d u c i n g  t h e  n o n - d e s i r a b l e  e f f e c t s  on t h e  e n v i ­

r o n m e n t .  When s m a l l e r  r o c k  p a r t s  a r e  s e p a r a t e d ,  t h e  c h a r g e s  

l o c a t e d  i n s i d e  t h e  r o c k  w i l l  e f f e c t ,  i n  t h e  f i r s t  a p p r o x i m a ­

t i o n ,  t h e  r o c k - p a r t s  t o  be c u t  o f f ,  a l t h o u g h ,  on t h e  b a s i s  o f  

t h e  w e l l - k n o w n  la w  o f  e f f e c t  -  c o u n t e r  e f f e c t ,  t h e y  p r o d u c e  

f r a c t u r e s  on t h e  r e m n a n t  r o c k  w a l l  t h a t  a r e  e x a c t l y  as deep  as 

t h o s e  i n  t h e  d i s p l a c e d  b l o c k .  The o n l y  d i f f e r e n c e  i s  t h a t ,  

p r o c e e d i n g  b a c k w a r d s ,  t h e  e x t e r n a l  d e s t r u c t i o n  zone c a n n o t  be 

f o r m e d  and t h a t  t h e r e  i s  no space  f o r  l o o s e n i n g  o f  t h e  r o c k .  

T h u s  t h e  r u p t u r e s  r e s u l t i n g  f r o m  b l a s t i n g  w i l l  be c l o s e d .

As a r e s u l t  o f  t h e  b a c k w a rd  e f f e c t  o f  b l a s t i n g ,  t h e  

s t a b i l i t y  o f  t h e  n e w l y  f o r m e d  r o c k  s u r f a c e  w i l l  be r e d u c e d  and 

t h i s  w i l l  r e s u l t  i n  r o c k  s p i n ,  u n e x p e c t e d  c o l l a p s e  and a 

s h o r t e r  s e r v i c e  l i f e  o f  t h e  s u p p o r t  s t r u c t u r e s  l o c a t e d  u n d e r ­

g r o u n d  .

The s i m p l e s t  way o f  r e d u c i n g  t h e  d e g r e e  o f  b a c k w a r d  e f ­

f e c t ,  t h a t  i s ,  r e d u c i n g  t h e  l e n g t h  o f  t h e  r u p t u r e s  i s  t o  r e d u c e  

t h e  d i a m e t e r  o f  t h e  c h a r g e .  D e c r e a s i n g  t h e  c h a r g e  d i a m e t e r  does
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n o t  n e c e s s a r i l y  mean t h a t  t h e  d iamete r  o f  t h e  b l a s t i n g  h o l e  w i l l  

be s m a l l e r .  The peak  p r e s s u r e  o f  t h e  s h o c k - w a v e  r e s u l t i n g  f r o m  

b l a s t i n g  w i l l  be c o n s i d e r a b l y  l o w e r  i f  an empty a n n u l a r  s p a c e  

r e m a i n s  a r o u n d  t h e  b l a s t  h o l e  and t h e  c h a r g e  ( F i g .  1 ) .  A f t e r  

t h e  b l a s t i n g  t h u s  p e r f o r m e d ,  h a l f  o f  t h e  h o l e  m a n t l e  w i l l  

r e m a i n  undama ged,  t h e  new s u r f a c e  a r e a  o f  t h e  r o c k  w i l l  become 

even and r e l a t i v e l y  s m o o t h .  F o r  t h e  b o r e h o l e  l o c a t i o n ,  t h e  

r a t i o  b e tw e e n  t h e  f r o n t - p i e c e  (W) and  t h e  b o r e h o l e  i n t e r v a l  ( A )  

i s  :

0.8 .

F ig .  1 . P rac t i ce o f  r o c k - p r o t e c t i v e  b las t ing

The s m a l l - d i a m e t e r  c h a r g e s  a p p l i e d  f o r  b l a s t i n g  a r e  d e ­

s i g n e d  t o  be e x p a n d a b l e  f i t t e d  w i t h  c e n t r a l i z i n g  p l a s t i c  

h o l d e r s  ( F i g .  2 ) .  An i m p o r t a n t  p r e l i m i n a r y  c o n d i t i o n  o f  o b t a i n ­

i n g  a s u r f a c e  o f  t h e  t e c h n i c a l l y  n e c e s s a r y  smoothness  i s  an a c ­

c u r a t e  d r i l l i n g .  W i t h  t h e  u p - t o - d a t e  d r i l l i n g  ma ch in es  i t  i s  

p o s s i b l e  t o  p e r f o r m  d r i l l i n g  i n  any  d i r e c t i o n  w i t h  a
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Fig.  2. Spec ia l  charge f o r  r o c k - p r o t e c t i n g  b las t ing

d i r e c t i o n a l  d e v i a t i o n  l e s s  th a n  1 ° .  The n e a r e r  th e  moments o f  

t i m e  when t h e  c h a r g e s  e x p l o d e  a r e ,  t h e  e a s i e r  t h e  s h e a r i n g  o f  

t h e  r o c k - p a r t s  b e t w e e n  t h e  c h a r g e s  w i l l  be .

The r a t i o  b e tw e e n  t h e  b o r e h o l e  i n t e r v a l  and t h e  f r o n t - p a r t  

i s  a l s o  i m p o r t a n t  s i n c e ,  i f  A/W < 1 ,  t h e  f r o n t - p i e c e  o f  t h e  

r o c k  w i l l  be d i s p l a c e d  w i t h o u t  l a r g e r  d e f o r m a t i o n  g e n e r a t i n g  

o n l y  l o w e r  s t r e s s e s  i n s i d e  ( e x c e p t ,  o f  c o u r s e ,  f o r  t h e  e n v i r o n ­

m e n t  o f  t h e  p l a n e  p a s s i n g  t h e  c h a r g e s ) .  What happens t h e n  i s  

t h a t  t h e  r o c k - p a r t  b e t w e e n  t h e  two  a d j a c e n t  c h a r g e s  i s  v e r y  

q u i c k l y  b ro k e n  t h r o u g h ,  t h e  e n e r g y  a c c u m u l a t e d  i n  t h e  r o c k  on 

t h e  s h e a r i n g  s u r f a c e s  o f  t h e  s e p a r a t e d  r o c k  b l o c k s  c o n v e r t s  

i n t o  h e a t  and t h e  e x p l o s i o n  w i l l  o n l y  a f f e c t  t h e  r o c k  p a r t s  by 

t h e  e x p a n s i o n  o f  t h e  b l a s t  p r o d u c t s  r e m a i n i n g  i n  t h e  p l a n e  o f  

f r a c t u r e .  I n  t h e  i n c r e a s i n g l y  e x p a n d i n g  p l a n e  o f  f r a c t u r e ,  t h e  

b l a s t i n g  gases w i l l  q u i c k l y  l o o s e  p o w e r  and t h u s  t h e i r  b a c k w a r d  

e f f e c t  w i l l  a l s o  be l o w e r  (Bohus  e t  a l .  1 9 8 3 ) .

THE ENVIRONMENT OF A HEADING DESTRUCTED BY BLASTING

By way o f  an e x a m p l e ;  t h e  w a t e r  d r i f t  o f  ' L e n c s e h e g y  I I '  

M i n e  P l a n t  o f  t h e  D o r o g  Co a l  M ines  was d r i v e n  w i t h  b l a s t i n g  

t e c h n o l o g y ;  S w e l l e x  t y p e  a n c h o r s  w e re  use d  as p r i m a r y  s u p p o r t ,  

s h o t c r e t e  as f i n a l  s u p p o r t .  A f t e r  t h e  b l a s t i n g ,  th e  d r i f t  s e c ­

t i o n  r e m a i n e d  h i g h l y  u n e v e n ,  a l o t  o f  deep  f r a c t u r e s  were  

f o r m e d  v i s i b l y  i n  t h e  d a c i t e  r o c k .  To d e t e c t  t h e s e  f r a c t u r e s ,  a 

s e i s m i c  method was a p p l i e d .

The v e l o c i t y  o f  t h e  e l a s t i c  wave p r o p a g a t i n g  i n  t h e  r o c k  

d e p e n d s  on t h e  t y p e ,  d e n s i t y ,  p o r o s i t y ,  t e x t u r e  and on t h e  

d e g r e e  o f  w e a t h e r i n g  o f  t h e  r o c k .  I n  a g i v e n  r o c k ,  w i t h  a g i v e n
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d e p t h  o f  l o c a t i o n  and s t r u c t u r e ,  t h e  v e l o c i t y  o f  e l a s t i n g  waves 

d e p e n d s  o n l y  on how w e a t h e r e d  t h e  r o c k  i s  and on t h e  p r o p e r t i e s  

o f  t h e  m a t e r i a l s  f i l l i n g  up t h e  f r a c t u r e s .  C o n s e q u e n t l y ,  t h e  

d e g r e e  o f  l o o s e n i n g  o f  t h e  d r i f t  m a n t l e  can be d e t e r m i n e d  on 

t h e  b a s i s  o f  t h e  v e l o c i t y  o f  e l a s t i c  w aves .

The r u p t u r e s  can be o f  two  t y p e s :  o r i g i n a l  r u p t u r e s  r e ­

s u l t i n g  f r o m  t h e  g e o l o g i c a l  e f f e c t s  and t h o s e  fo rm ed  d u r i n g  

m i n i n g  a c t i v i t i e s  ( m o s t l y  d u r i n g  c u t t i n g  w o r k ) .  When o p e n i n g  

c a v i t i e s ,  f r a c t u r e s  c a n ,  o f  c o u r s e ,  be fo r m e d  as a r e s u l t  o f  

t h e  i n c r e a s i n g  s t r e s s e s  o r  t h e  f r a c t u r e  s ys te m  can be c h a n g e d .  

W h i l e  m ov i ng  away f r o m  t h e  d r i f t  s u r f a c e ,  t h e  r u p t u r e s  r e s u l t ­

i n g  f r o m  b o t h  c u t t i n g  and c a v i t y  o p e n i n g  w i l l  become i n c r e s i n g -  

l y  r a r e  and a t  c e r t a i n  i n t e r v a l s ,  t h e  o r i g i n a l  f r a c t u r e  s y s t e m  

w i l l  be f o u n d .

The r o c k  f r a c t u r e s  p r e v e n t  t h e  p r o p a g a t i o n  o f  e l a s t i c  

w a v e s .  The e f f e c t  o f  t h i s  o b s t a c l e  can  be o b s e r v e d  i n  t h e  

a b s o r p t i o n  and r e f l e c t i o n  o f  w a v e s ,  as a j o i n t  r e s u l t  o f  w h i c h ,  

t h e  a v e r a g e  l i n e a r  v e l o c i t y  o f  p r o p a g a t i o n  w i l l  be l o w e r .  To 

d e t e c t  t h i s ,  a V i b r o g u a r d  1207 t y p e  i n s t r u m e n t  by t h e  S w i s s  

f i r m  G e o t e s t  was used  by means o f  tw o  b o r e h o l e - c o n t a i n e d ,  

3 - c o m p o n e n t  t y p e  geophones  w i t h  a m e a s u r i n g  a c c u r a c y  o f  + 5 

p e r c e n t .  The r e s u l t s  a r e  r e c o r d e d ,  t o g e t h e r  w i t h  t h e  c a l i b r a ­

t i o n  s i g n a l s ,  on p a p e r  s e n s i t i v e  t o  u l t r a v i o l e t  l i g h t .

B o r e h o l e s  o f  56 mm d i a m e t e r ,  4 . 0  +_ 0 . 2  m l e n g t h s  w ere  

d r i l l e d  i n t o  t h e  h e a d i n g  s i d e  t o  l o c a t e  t h e  geophones  and h o l e s  

o f  40 mm d i a m e t e r  and 2 . 0  + 0 . 3  m l e n g t h ,  t o  l o c a t e  t h e  e x p l o ­

s i v e  s e r v i n g  t o  g e n e r a t e  v i b r a t i o n s  ( F i g .  3 ) .  Fo r  g e n e r a t i n g  

v i b r a t i o n ,  s m a l l  c h a r g e  was used  ( 0 . 0 5  kg P a x i t e )  i n  o r d e r  t h a t  

t h e  same h o l e  c o u l d  be used s e v e r a l  t i m e s .

The p r o p a g a t i o n  v e l o c i t y  o f  t h e  e l a s t i c  waves can  be 

d e t e r m i n e d  by t h e  r e l a t i o n

C1
1
A t

w he re

1 -  d i s t a n c e  b e tw e e n  t h e  two  g e o p h o n e s ,  m;

A t  -  t i m e  d i f f e r e n c e  be tw een t h e  a r r i v a l  o f  t h e  two  s i g n a l s ,  s.
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F i g .  3.  Scheme of seismic measurement performed i n  the water heading o f  
'Lencsehegy I I ' ,  Dorog Coal Mines. 1 -  1st  measuring sec t ion ,
2 -  2nd measuring sec t i o n ,  3 -  3rd measuring sect ion ,  4 -  mea­
sur ing holes,  5 -  b l a s t i n g  hole f o r  the 1st  and 3rd measuring 
sect ions ,  6 -  b l a s t i n g  hole f o r  the 2nd measuring sect ion

The  t e m p o r a l  d i f f e r e n c e  be tween t h e  a r r i v a l s  o f  t h e  

s e i s m i c  waves was d e t e r m i n e d  as shown i n  F i g .  4.

Fig.  4. De te rmina t ion  of  t ime d i f f e r e n c e s  A t

The  geophones  w e re  l o c a t e d  i n  0 . 5  m i n t e r v a l s  mov ing  away 

f r o m  t h e  d r i f t  w a l l  t o  p e r f o r m  m e a s u r e m e n t s ,  t h e  r e s u l t  o f  

w h i c h  h a v e  been s u m m a r i z e d  i n  T a b le  I .  As t h e  v a l u e s  o f  

o b t a i n e d  do n o t  show a d i f f e r e n c e  g r e a t e r  t h a n  _+ 10 p e r c e n t  i n  

t h e  same d e p t h  c a l c u l a t e d  f r o m  th e  s u r f a c e  o f  t h e  d r i f t  w h i c h  

can  r e s u l t  i n  an e r r o r  o f  + 5 p e r c e n t  i n  t h e  r e c o r d ,  t h e  same 

when A t  i s  d e t e r m i n e d ,  +  2 p e r c e n t  i n  t h e  a c t u a l  1 i n t e r v a l  

b e t w e e n  t h e  geophones due  t o  t h e  i n c l i n a t i o n  o f  t h e  h o l e s ,  

t h e r e f o r e  an a r i t h m e t i c a l  a v e r a g i n g  o f  t h e  d a t a  can be made.
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T a b l e  I .  M e a s u r i n g  r e s u l t s  f o r  t h e  d e t e r m i n a t i o n  o f  t h e  

p r o p a g a t i o n  v e l o c i t y  o f  sound

N o . o f 1 D i s t a n c e  o f
mea- At C1 geophones  f r o m

s û r e m e n t d r i f t  s u r f a c e
m s m/s m

0
1 .1 0 .0 0 2 0 2980 0 .5

1 .2 0 .0 0 1 7 3510 1 .0

1 . 3
5 . 9 7

0 .0 0 1 5 3980 1 .5

1 .4 0 .0 0 1 2 4970 2 .0

1 .5 0 .0 0 1 2 4970 3 .0

1 .6 0 .0 0 1 2 4970 4 .0

2.1 0 .0 0 2 0 2960 0 .5

2 . 2 0 .0 0 1 9 3110 1 .0

2 . 3
5 .91

0 .0 0 1 7 3480 1 .5

2 . 4 0 .0 0 1 3 4550 2 .0

2 . 5 0 .0 0 1 3 4550 3.0

2 . 6 0 .0 0 1 3 4550 4 .0

3.1 0 .0 0 6 0 2990 0 .5

3 . 2 0 .0 0 5 6 3210 1 .0

3 . 3
1 7 . 9 6

0 .0 0 4 2 4280 1 .5

3 .4 0 .0 0 4 0 4490 2 .0

3 .5 0 .0 0 4 0 4490 3.0

3 .6 0 .0 0 4 0 4490 4 .0

These  d a t a  a r e  f o u n d  i n  T a b l e  I I .

B o th  t h e  m e a s u r i n g  d a t a  and F i g .  5 c l e a r l y  show t h a t ,  as a 

r e s u l t  o f  b l a s t i n g  and c a v i t y  o p e n i n g  t h e  r o c k  m a n t l e  w i l l  be 

f r a c t u r e d  i n  a t h i c k n e s s  above  1 .5  m b u t  n o t  e x c e e d i n g  2 . 0  m, 

and t h e  o r i g i n a l  r u p t u r e s  w i l l  a l s o  open  up and expand .  The 

mo s t  p r o b a b l e  v a l u e  i s :

, = 1 .5  + 2 .0
x r e p  -  5 1 . 7 5  m.
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T a b l e  I I .  The a v e r a g e  sound v e l o c i t i e s  and t h e  f a c t o r  o f

r u p t u r i n g

D i s t a n c e  o f  
g e o p h o n e s  f r o m  
d r i f t  s u r f a c e  

m

C-p m/s R

0 . 5 2980 2 .46

1 . 0 3230 2 .0 9

1 .5 3910 1 .43

2 . 0 4670 1 .00

3 . 0 4670 1 .00

4 . 0 4670 1 .00

Cb m/s
5000

4000

measur
___/--

ement 1

/ I /  /

averageof 1 + 2*3 mecsureme

measj rement 3

Í '

Л т
(

Basuremert 2

0.5 1.0 1.5 2.0 3.0 4.0

distance between the measuring geophone 
and water drift side, 1m

F i g .  5. Propagat ion v e l o c i t y  o f  the e l a s t i c  wave vs. d i stance ca l c u la t ed  
from the d r i f t  sur face

F o r  t h e  e x p l o s i o n ,  c h a r g e s  o f  30 mm d i a m e t e r  a r e  u sed  

( r Q = 0 .0 1 3  m) and t h u s

, 1 .75
/ r e p  0 .0 1 5  " 117 r o

New r u p t u r e s  c a n n o t  expand  t o  c o v e r  such a d i s t a n c e ,  t h e
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e x p a n s i o n  o f  th e  e x i s t i n g  ones  i s  o n l y  p o s s i b l e .

EFFECTS OF A RIPPED ROCK MANTLE

A ch ange  o f  t h e  o r i g i n a l  f r a c t u r e s  o f  t h e  r o c k  has a 

d i r e c t  e f f e c t  on t h e  s e l e c t i o n  o f  s u p p o r t  s t r u c t u r e s .  I n  t h e  

p r e s e n t  c a s e ,  i t  i s  o n l y  r e a s o n a b l e  t o  b u i l d  i n  r o c k  b o l t s  o f  

an a c t i v e  l e n g t h  o f  above  1 .7 5  m.

The r o c k  p a r a m e t e r s  a f f e c t i n g  d i m e n s i o n i n g  o f  t h e  s u p p o r t  

w i l l  a l s o  change as a r e s u l t  o f  r u p t u r i n g .  L e t  us s t u d y  some o f  

t h e m .

The mo du lu s  o f  e l a s t i c i t y  o f  t h e  r o c k  (E )  w i l l  ch a n g e  a c ­

c o r d i n g  t o  t h e  f o l l o w i n g  f o r m u l a :

w here  i n d e x  о i s  v a l i d  f o r  t h e  r o c k  r a n g e  o f  th e  o r i g i n a l  r u p ­

t u r e s ,  i n d e x  1 f o r  t h a t  r i p p e d  w i t h  b l a s t i n g .  The e x p r e s s i o n

can be r e g a r d e d  as t h e  f a c t o r  t y p i c a l  o f  t h e  r u p t u r e s ,  t h e  

v a l u e s  o f  w h ic h  can  a l s o  be f o u n d  i n  T a b l e  I I  ( R z h e v s k y  e t  a l .

1 9 7 0 )  .

F i g u r e  6 shows t h e  change  o f  t h e  v a l u e s  o f  C^ and R e x t r a ­

p o l a t i n g  t h e  c u r v e s  up t o  t h e  r o c k  s u r f a c e ,  where

The v a l u e  o f  C-  ̂ was a l s o  d e t e r m i n e d  u n d e r  l a b o r a t o r y  c o n ­

d i t i o n s  and i t  was f o u n d  t o  be

R

C-  ̂ = 2850 m/s  and 

R = 2 . 7 0  .

^ 1 ,  l a b o r 4040 m/ s  .
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F ig .  6. Change o f  the propagat ion v e l o c i t y  o f  sound (C^) and the rup­
tu r i n g  f a c t o r  o f  the rock (R) as moving away from the d r i f t  
sur face

T h i s  v e l o c i t y  o f  p r o p a g a t i o n  i n d i c a t e s  t h a t  t h e  samp le  t a k e n  

f r o m  t h e  b l a s t e d  r e s e r v e  was more d e s t r u c t e d  t h a n  t h e  o r i g i n a l  

r o c k  m a t e r i a l  ( w h e r e  C-  ̂ = 4670 m / s ) .  The r u p t u r i n g  f a c t o r  

t y p i c a l  o f  t h e  r o c k  s a m p l e  i s :

^ l a b o r
/ 4 6 7 0 \ 2 
\ 4 0 4 0 / 1 .34  .

I t  i s  somewhat  more  c o m p l i c a t e d  t o  d e t e r m i n e  t h e  p r o p a g a ­

t i o n  v e l o c i t y  o f  t h e  t r a n s v e r s a l  ( s h e a r i n g )  waves b u t  i t  can  be 

t a k e n  f r o m  a s u f f i c i e n t l y  c h a r a c t e r i s t i c  se is m og ra m m e. The p r o ­

p a g a t i o n  v e l o c i t y  o f  t r a n s v e r s a l  waves  i s  i n  an e l a s t i c ,  i s o ­

t r o p i c  medium:

Ct
^ d i n  md i n  

29 (md i n +1)

t h e  d y n a m i c  P o i s s o n ' s  number :

2 ( C 2 -  C2 )

md i n  = ” 7 2  T Z T  
L 1 '  ZL t
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and "the dy nam ic  m o d u l u s  o f  e l a s t i c i t y :

? 3C^ -  4C 
d i n  = § ' Ct  c 2 _ c 5

By d e t e r m i n i n g  t h e  v a l u e  o f  Ĉ . f r o m  t h e  s e i s m o g r a m m e , 

k n o w i n g  t h e  r o c k  d e n s i t y  ( g )  f r o m  l a b o r a t o r y  m e a s u r e m e n t s ,  t h e  

d y n a m i c  p a r a m e t e r s  have  been i n c l u d e d  i n  T a b le  I I I  ( R e s e a r c h  

R e p o r t  1 9 8 7 ) .

T a b l e  I I I .  The t r a n s v e r s a l  wave v e l o c i t y  w i t h  d y n a m i c  r o c k

p a r a m e t e r s

D i s t a n c e  o f  
geophones  f r o m  
d r i f t  s u r f a c e  

m

Ct

m/s

m .. d i n E i n  c d i n

MPa

0 . 5 1 800 4 . 7 32 665

1 .0 2100 7 .2 44 098

1 .5 2450 5 .7 61 557
ОCM 2980 3 .3 88 964

3 . 0 2980 3 .3 88 964

4 . 0 2980 3 .3 88 964

Thus i n  t h e  f r a c t u r e d  r o c k ,  t h e  modu lus  o f  e l a s t i c i t y  

w i l l  c o n s i d e r a b l y  d e c r e a s e ,  n e a r l y  l i n e a r l y  w i t h  t h e  i n c r e a s e  

o f  t h e  r u p t u r i n g  f a c t o r  R. P o i s s o n ' s  number s l i g h t l y  i n c r e a s e s  

and ch anges  r h a p s o d i c a l l y  b u t  t h e  i n c r e a s e  a t  t h e  s u r f a c e  o f  

t h e  d r i f t  i s  n o t  t o o  h i g h .  I t  f o l l o w s  l o g i c a l l y  f r o m  a l l  t h e  

above  t h a t  t h e  r u p t u r e s  i n  t h e  e n v i r o n m e n t  o f  t h e  d r i f t  i n  t h e  

e l a s t i c  ra n g e  have  an e f f e c t  on t h e  r o c k  s t r e s s e s  as w e l l :  i n  

t h e  d r i f t  m a n t l e  o f  l o w e r  m odu l us  o f  e l a s t i c i t y ,  l o w e r  s t r e s s e s  

w i l l  be g e n e r a t e d .  The s m a l l e r  t h e  t h i c k n e s s  o f  t h e  d e s t r o y e d  

m a n t l e  and t h e  g r e a t e r  t h e  d e s t r u c t i o n  o f  t h e  r o c k  m a n t l e  o f  V 

t h i c k n e s s  i s ,  t h e  g r e a t e r  t h e  above r e d u c t i o n  w i l l  b e .

The aim o f  t h e  above examp le  i s  t o  d e m o n s t r a t e  t h e  e f f e c t  

o f  t h e  b l a s t i n g  t e c h n o l o g y  a p p l i e d  f o r  h e a d in g  on t h e  r u p t u r i n g
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o f  t h e  d r i f t  e n v i r o n m e n t  as w e l l  as on i t s  o t h e r  p r o p e r t i e s  and 

f i n a l l y  the  s u p p o r t  r e q u i r e m e n t .
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PRELIMINARY ESTIMATE OF THE ENVIRONMENTAL EFFECTS OF MINING 
BLASTINGS AND TECHNOLOGICAL SOLUTIONS FOR THEIR REDUCTION

G Bohus and 0 F d l d e s i

Mine Working Department o f  the Technical  U n i v e r s i t y  fo r  Heavy I n d u s t r y ,  
H-3515 Miskolc,  Egyetemváros, Hungary

When mining s o l i d  rocks by b la s t i n g  undes i rab le  environmental  e f f e c t s  
(se ismic and f ragmentat ion e f f e c t s ,  a i r  b l a s t s ,  t o x i c  gas und dust deve lop­
ment) are to  be taken i n t o  account. In  case o f  a given b l as t ing  techno logy  
e f f o r t s  should be made to  minimize damaging envi ronmental  e f f ec ts  o r  to  
keep t h e i r  values under a given l e v e l .  A l l  these measures, however neces­
s i t a t e  the p re -es t imate  o f  damaging e f f e c t s .

In  the present a r t i c l e  the r e s u l t s  o f  i n v e s t i g a t io n s  ca r r ied  ou t  i n  
the Mining Department o f  the Un iv e rs i t y  f o r  Heavy Indust ry are d is c lo s e d ,  
on the basis o f  which the seismic e f f e c t  and a i r  b l a s t  of  surface b l a s t i n g s ,  
as w e l l  as degree o f  f ragmentat ion e f f e c t  may be est imated.  A t t e n t i o n  i s  
c a l le d  by the authors to  the techno log ica l  parameters also by the m o d i f i c a ­
t i o n  o f  which the degree o f  damaging e f f e c t s  can be reduced.

Keywords: a i r  b l a s t ;  b l a s t i n g ;  l ength o f  stemming; seismic e f f e c t ;  
v i b r a t i o n a l  v e l o c i t y

1 . INTRODUCTION

I n  H ungar y  l i k e  i n  any o t h e r  p a r t  o f  t h e  w o r l d ,  c u t t i n g  o f  

h i g h - s t r e n g t h  r o c k s  i s  p e r f o r m e d  w i t h  b l a s t i n g .  B l a s t i n g  w o r k s  

o f t e n  i n v o l v e  a d v e r s e  e n v i r o n m e n t a l  e f f e c t s  ( s e i s m i c - ,  a i r -  

- b l a s t - ,  f r a g m e n t a t i o n  e f f e c t s ,  t o x i c  gas and d u s t  f o r m a t i o n ) .  

The e f f e c t s  o f  b l a s t i n g  a r e  p a r t i c u l a r l y  h a r m f u l  i n  t h e  s u r ­

r o u n d i n g s  o f  s u r f a c e  m i n e s .  A human body  f e e l s  e . g .  v i b r a t i o n s  

o f  v e r y  low  i n t e n s i t y  t o  be o f  h i g h  i n t e n s i t y .

T h e r e f o r e  i t  i s  i m p o r t a n t  t h a t  i n  t h e  v i c i n i t y  o f  t h e  

f a c e s  where  b l a s t i n g  t e c h n o l o g i e s  a r e  a p p l i e d ,  t h e  v i b r a t i o n ,  

a i r - b l a s t  and f r a g m e n t a t i o n  e f f e c t s  be a c c u r a t e l y  and r e a l i a b l y  

c a l c u l a t e d .

The p r e s e n t  p a p e r  r e p o r t s  on r e s u l t s  o f  b l a s t i n g  r e s e a r c h  

p e r f o r m e d  a t  t h e  M in e  W o r k i n g  D e p a r t m e n t  o f  t h e  T e c h n i c a l

Acta Geod. Geoph. Mont. Hung. 25, 1990 
Akadémiai Kiadó, Budapest
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U n i v e r s i t y  f a r  H eavy  I n d u s t r y  w h i c h  a r e  i m p o r t a n t  f o r  t h e  p r o ­

t e c t i o n  o f  t h e  e n v i r o n m e n t  o f  b l a s t i n g  s p o t s .

The e x p e c t e d  v e l o c i t y  o f  v i b r a t i o n s  g e n e r a t e d  by t h e  

b l a s t i n g s ,  t h e  l e n g t h  and c o m p o s i t i o n  o f  t h e  s temming  a f f e c t i n g  

t h e  a i r - b l a s t  as w e l l  as t h e  c o n d i t i o n s  o f  t h e  f r a g m e n t a t i o n  

a r e  s t u d i e d .  R e l a t i o n s  a re  p r e s e n t e d  w h i c h  e n a b le  a r e l i a b l e  

c a l c u l a t i o n  o f  t h e  e x p e c t e d  n o n - d e s i r a b l e  e f f e c t s .

2 .  PRELIMINARY ESTIMATE OF THE SEISMIC EFFECTS RESULTING FROM 

BLASTING

»
I t  can be d e c i d e d  on t h e  b a s i s  o f  t h e  v e l o c i t y  o f  v i b r a ­

t i o n s  g e n e r a t e d  by b l a s t i n g s  w h e t h e r  a b l a s t i n g  may be d a m a g i n g  

f o r  t h e  e n v i r o n m e n t .  I n  t h e  i n t e r n a t i o n a l  p r a c t i c e ,  t h e  v e l o c i ­

t y  o f  t h e  v i b r a t i o n  i s  d e t e r m i n e d  f r o m  K o c h ' s  r e l a t i o n :

V = a ( l / ' / Q )  Ь , mm/s ( 1 )

w h e r e  :

a -  depends on t h e  c o n d i t i o n s  o f  b l a s t i n g  and t h e  g e o l o g i c a l  

b u i l d  o f  t h e  v i c i n i t y  o f  t h e  q u a r r y ;

1 -  t h e  d i s t a n c e  b e t w e e n  t h e  b l a s t i n g  and  t h e  o b j e c t  t o  be 

p r o t e c t e d ,  m;

Q -  mass o f  t h e  c h a r g e  e x p l o d e d  ( i n  some c o u n t r i e s ,  i t  means 

t h e  mass e x p l o d e d  i n  one f i r i n g ,  i n  Hung ary  i t  means t h a t  

e x p l o d e d  i n  100 ms, i n  o t h e r  p l a c e s ,  t h a t  e x p l o d e d  i n  one 

d e l a y  p h a s e ) , kg ;

b -  i s  i n  th e  r a n g e  f r o m  1 .0  t o  1 . 4 .

I n  p r a c t i c e ,  t h e  v a l u e s  o f  a and b a r e  d e t e r m i n e d  f o r  each  

i n d i v i d u a l  mine on t h e  b a s i s  o f  s e v e r a l  measurements  by r e g r e s ­

s i o n  a n a l y s i s .

The v a l u e s  a and  b d e t e r m i n e d  i n  some s u r f a c e  m i n e s  o f  

H u n g a r y  a re  shown i n  T a b l e  I  t o g e t h e r  w i t h  q u a l i t y  p a r a m e t e r s  

o f  r e g r e s s i o n .  The d a t a  have been s t u d i e d  i n  t h r e e  v e r s i o n s .  

F i r s t ,  th e  change  o f  t h e  d i s t a n c e  d e p e n d e n t  v i b r a t i o n  v e l o c i t y  

was  s t u d i e d  v s .  mass o f  th e  c h a r g e  e x p l o d e d  s i m u l t a n e o u s l y  

( Q0 ) ,  i n  t h e  s e c o n d  s t e p ,  v s .  t h e  mass e x p l o d e d  d u r i n g  100 ms
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T a b l e  I .  P a r a m e t e r s  o f  t h e  r e g r e s s i o n  f u n c t i o n s  d e t e r m i n e d  by

Koch ' s - f o r m u l a and t h e i r q u a l i t y i n d i c e s

Plants

l/v/Qi
Param­
eters

Bélapát ­
f a l v a

Nagy-
harsány Tarcal Beremend Keszeg

a 51 .4 85.57 68.04 26.99 33.92

b -1 .12 -1.29 -1 .16 -1.23 -0 .85

W Q o Г 0.9178 0.8143 0.7513 0.9469 0.6757

DV 1 .30 2.58 1 .27 1.51 3.62

□V % 60.28 47.77 42.97 37.35 71 .83

a 78.47 77.18 43.09 45.44 55.90

b -1 .20 -1 .14 -0.85 -1 .24 -0 .84

l /v^ lOO г 0.8897 0.7935 0.6589 0.9575 0.6457

DV 1 .49 2.70 1 .45 1 .35 3.75

DV % 69.51 50.08 48.98 33.50 74.41

a 70.15 175.37 139.25 45.44 209.92

b -1 .12 -1 .16 -1 .05 -1.24 -1 .19

1/VÏÏdeg г 0.9121 0.9471 0.9259 0.9575 0.851

DV 1 .34 1 .43 0.72 1 .35 2.58

DV % 66.23 26.42 24.60 33.50 51 .19

( Q j Oq ) ar|d i n  t h e  t h i r d  s t e p ,  v s .  t h e  mass o f  c h a r g e  p e r  one 

d e l a y  phase  (Q q g g ) -  On t h e  b a s i s  o f  t h e  q u a l i t y  p a r a m e t e r s ,  t h e  

mo s t  r e l i a b l e  way o f  d e t e r m i n i n g  t h e  v i b r a t i o n  v e l o c i t y  i s  v s .  

t h e  mass o f  c h a r g e  p e r  one d e l a y  p h a s e ,  when t h e  c o r r e l a t i o n  

c o e f f i c i e n t  г  i s  t h e  h i g h e s t .  The p r e l i m i n a r y  e s t i m a t e  o f  t h e  

v e l o c i t y  o f  v i b r a t i o n  i s  t h e  l e a s t  r e l i a b l e  f r om  Q ^ q -

By p l o t t i n g  t h e  r e s u l t s  i n  a c o o r d i n a t e  sys te m V —

1 / / Q /  w i t h  b e i n g  Qq , Q^qq o r  — i t  i s  e v i d e n t  t h a t  a

r e l a t i o n  b e t t e r  t h a n  K o c h ' s  f o r m u l a  can  be f o u n d .  Fo r  t h e  n e x t  

t e s t ,  t h e  p a r a m e t e r s  and q u a l i t y  i n d i c e s  o f  t h e  r e l a t i o n

-b ( l / \ /Q .  )
V = a e 1 mm/s ( 2 )
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ha ve  been d e t e r m i n e d  f r o m  th e  d a t a  ( T a b l e  I I ) .

T a b l e  I I .  P a r a m e t e r s  o f  r e g r e s s i o n  f u n c t i o n s  d e t e r m i n e d  by t h e  

e x p o n e n t i a l  f u n c t i o n  and t h e  q u a l i t y  i n d i c e s

Plants

l A ^
Param­
e te rs

Bé lapá t ­
f a l v a

Nagy-
harsány Tárcá i Beremend Keszeg

a 15.07 32.91 11 .41 24.15 15.74

b - 0 .1 7 -0.20 -0 .08 -0.34 -0 .10

W Q o г 0.9465 0.8518 0.7339 0.9449 0.7272

□V 1 .08 2.35 1 .29 1 .53 3.39

DV % 49.96 43.54 43.85 37.99 67.39

a 19.61 29.68 8.04 25.48 14.39

b - 0 .1 2 -0.16 -0 .04 -0.24 -0 .05

l A t l 100 г 0.9255 0.8414 0.5571 0.9591 0.6874

DV 1 .26 2.42 1 .60 1 .32 3.59

DV % 58.62 44.91 54.08 32.87 71 .30

a 16.81 28.47 10.09 25.48 25.72

b - 0 .0 9 -0.08 -0 .03 -0.24 -0.07

1/VÏÏdeg г 0.9590 0.9568 0.9338 0.9591 0.8757

DV 0.95 1 .30 0.69 1.32 2.39

DV % 43.90 24.16 23.30 32.87 47.41

A c o m p a r i s o n  o f  t h e  d a t a  i n  T a b le s  I  and I I  shows t h a t  an e x p o ­

n e n t i a l  f u n c t i o n  g i v e s  a b e t t e r  and more  r e l i a b l e  r e l a t i o n .  The 

v a l u e  o f  t h e  c o r r e l a t i o n  i n d e x  i s  h e r e  t h e  h i g h e s t  v s .  t h e  mass 

o f  t h e  ch a rg e  f o r  one  d e l a y  phase ,  t o o .  I n  a p l o t  o f  t h e  f u n c ­

t i o n s  V = f C l / v / Q ^ )  t h e  c u r v e s  c a l c u l a t e d  f r o m  r u n  on t h e

t o p  ( F i g .  1 ) .  T h a t  means  t h a t  f o r  a g i v e n  v a l u e  o f  1 / \ / qT t h e  

h i g h e s t  v i b r a t i o n  v e l o c i t y  i s  e x p e c t e d  f r o m  t h e  r e l a t i o n  d e ­

t e r m i n e d  v s .  1 /'/Q|_je g b u t  t h i s  g i v e s  t h e  e x p e c t e d  v i b r a t i o n  

v e l o c i t y  w i t h  t h e  l o w e s t  s c a t t e r .

From t h e  p o i n t  o f  v ie w  o f  t h e  e n v i r o n m e n t a l  e f f e c t  o f
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F ig .  1. V e lo c i t y  o f  v i b r a t i o n s  generated by b l a s t i n g s  vs. s p e c i f i c  d i s ta nce

b l a s t i n g s ,  an i m p o r t a n t  q u e s t i o n  i s  how t h e  f r e q u e n c y  o f  t h e  

v i b r a t i o n s  m o d i f i e s  t h e  v e l o c i t y  o f  t h e  e x p e c t e d  v i b r a t i o n s .  

The e f f e c t  o f  t h e  f r e q u e n c y  has been  e x a m in ed  w i t h  a m u l t i ­

v a r i a b l e - t y p e  r e g r e s s i o n  a n a l y s i s .

2 .1  The m u l t i v a r i a b l e  v i b r a t i o n a l  v e l o c i t y  f u n c t i o n  and  i t s  

p a r t i a l  c o r r e l a t i o n  i n d i c e s

I t  i s  p o s s i b l e  by u s i n g  t h e  p a r t i a l  c o r r e l a t i o n  c o e f f i ­

c i e n t s  t o  c l a r i f y  t h e  e f f e c t  o f  a l l  t h e  d a t a  r e c o r d e d  w i t h  

s e i s m i c  m e a s u r e m e n ts  on t h e  v i b r a t i o n  v e l o c i t y .  For  t h e  m o s t  

i m p o r t a n t  p a r a m e t e r  t h e  p a r t i a l  c o r r e l a t i o n  c o e f f i c i e n t  i s  

n e a r e s t  t o  G e n e r a l  B l a s t i n g  S a f e t y  R e g u l a t i o n s  ( 1 9 8 7 ) .

The m u l t i v a r i a b l e  f u n c t i o n  has t h e  fo r m

V = a^ + b.| x.| + b 2 x 2 b x  n n ( 3 )

w here  :

-  a 1 , b 1 , b 2 , . . .  b R and c 1 , c 2 , . . .  c n a r e  c o n s t a n t s ;

-  X . ,  x „ ,  . . .  X a r e  v a r i a b l e s .1 ’ 2 n
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R e l a t i o n  3 i s  e . g .  f o r  th e  m in e  o f  Beremend t h e  f o l l o w i n g :

- 1 . 1 7
41 .68 \ J q 'deg 0 . 0 0 3 1  f *  + 0 .0 3 6  f ( 4 )

w h e r e  f  -  i s  t h e  v i b r a t i o n  f r e q u e n c y ,  Hz

г  -  0 . 9 7 3 0  ( t o t a l  c o r r e l a t i o n  c o e f f i c i e n t )

DV = 1 . 1 3  mm/s

DV% = 2 8 . 1 7

r ( l / V Q ,  _ )  = 0 . 9 7 0 2
u y ( p a r t i a l  c o r r e l a t i o n  i n d i c e s )

r ( f )  = 0 . 5 5 0 0  .

R e l a t i o n  ( 4 )  shows t h a t  w i t h  t h e  i n c r e a s e  o f  f ,  V decre ases  

i . e .  i n  case  o f  h i g h e r  f r e q u e n c i e s  t h e  mass o f  ch a rg e  p e r  one 

d e l a y  phase  can be h i g h e r  o r  a r e l a t i v e l y  l a r g e  c h a r g e  can  be 

e x p l o d e d  even a t  a s h o r t e r  d i s t a n c e .  On t h e  b a s i s  o f  t h e  p a r ­

t i a l  c o r r e l a t i o n  c o e f f i c i e n t s  t h e  v i b r a t i o n  v e l o c i t y  i s  a f u n c ­

t i o n  o f  l / V o ^  ar|d o f  t h e  v i b r a t i o n  f r e q u e n c y .

2 . 2  E f f e c t  o f  t h e  d i s t a n c e  on t h e  v i b r a t i o n  v e l o c i t y

T he re  a r e  b o t h  d o m e s t i c  and f o r e i g n  o b s e r v a t i o n s  s h o w i n g  

t h a t  mo v i ng  away f r o m  t h e  l o c a t i o n  o f  b l a s t i n g ,  t h e  s e i s m i c  

e f f e c t s  g o t  s t r o n g e r .  The r e l a t i o n  o f  t h e  d i s t a n c e  on t h e  v i b ­

r a t i o n  v e l o c i t y  was s t u d i e d  a t  B é l a p á t f a l v a  m ine .  The f o r m  o f  

t h e  f u n c t i o n  used  wa s :

V = a l 2 + Ы  + c . ( 5 )

The r e g r e s s i o n  f u n c t i o n  and i t s  q u a l i t y  p a r a m e t e r s  a r e

V = 4 ■ 10 ~6 l 2 -  1.36 ■ 10 2 1 + 11.91 mm/s ( 6 )

r  = 0 . 9 3 6 9 ;  0V = 1 .16 mm/s ;  DV% = 54 .1 3  .

The measu re d  p o i n t s  and t h e  r e g r e s s i o n  f u n c t i o n  a r e  shown 

i n  F i g .  2.  A t  t h e  p l a n t  exa mi ned ,  t h e  v i b r a t i o n  v e l o c i t y  w i t h  

1 = 1300 . . .  1400 m i s  t h e  same as a t  a d i s t a n c e  o f  2300 . . .

. . . 2400 m i n  s p i t e  o f  t h e  f a c t  t h a t  t h e  v i b r a t i o n  v e l o c i t y
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I/»

F ig .  2. V ib r a t i o n  v e l o c i t y  vs.  d i stance i n  case o f  b la s t i n gs  performed in  
the Bé lapá t fa lva  quar r ies

g e n e r a l l y  d e c r e a s e s  w i t h  i n c r e a s i n g  d i s t a n c e ,  due t o  e n e r g y  

s c a t t e r i n g .  F i g u r e  2 a l s o  shows t h a t  V < 1 mm/s.  B u t  a f t e r  a l l ,  

how can  i t  be e x p l a i n e d  t h a t  t h i s  l o w  v e l o c i t y  ca u s e s  s o m e t i m e s  

p r o b l e m s ?  The e x p l a n a t i o n  i s  t h a t  t h e  f r e q u e n c y  o f  t h e  v i b r a ­

t i o n  i s  r e d u c e d  as a r e s u l t  o f  t h e  f r e q u e n c y - f i l t e r i n g  e f f e c t  

o f  t h e  s o i l ,  i n t o  t h e  e i g e n  f r e q u e n c y  band  o f  a human body  and 

t h u s  a r e s o n a n c e  i s  o b t a i n e d  even  i n  c a s e  o f  v i b r a t i o n s  o f  l o w  

i n t e n s i t y .  The a t t e n u a t i o n  t i m e  o f  t h e  l o w - f r e q u e n c y  s i g n a l s  i s  

l o n g e r  and t h e  l o n g  p e r i o d  v i b r a t i o n  r e d u c e s  t h e  t h r e s h o l d  o f  

t h e  u n c o m f o r t  f e e l i n g .

2 . 3  C o n c l u s i o n s  f r o m  t h e  m e a su r em en t  r e s u l t s

The f o l l o w i n g  m a j o r  co n s e q u e n c e s  can  be d rawn f r o m  t h e s e  

i n v e s t i g a t i o n s  :

-  t h e  e x p e c t e d  v a l u e  o f  t h e  s e i s m i c  v e l o c i t y  can be r e l i a b l y  

d e t e r m i n e d  i n  f u n c t i o n  o f  t h e  mass o f  t h e  c h a r g e  f o r  one 

d e l a y  p h a s e ;

-  a t  h i g h e r  f r e q u e n c i e s ,  t h e  e x p e c t e d  v i b r a t i o n  v e l o c i t y  i s  

l o w e r ,  t h u s ,  as f a r  as p o s s i b l e ,  v i b r a t i o n s  o f  h i g h  f r e q u e n c y  

s h o u l d  be g e n e r a t e d  ( h i g h - f r e q u e n c y  v i b r a t i o n s  r e q u i r e  s m a l l  

c h a r g e s  and a c c u r a t e  b l a s t i n g  ca p s  o f  a l a r g e  number  o f



2 1 0 G BOHUS and J  FÖLDESI

s t a g e s  and o f  t h e  m i l l i s e c o n d  t y p e ) ;

-  t h e  e x p e c t e d  v e l o c i t y  o f  t h e  v i b r a t i o n  can be e s t i m a t e d  w i t h  

a s i m p l e  e x p o n e n t i a l  r e l a t i o n  more a c c u r a t e l y  t h a n  w i t h  

K o c h ' s  f o r m u l a ;

-  a t  a l o n g  d i s t a n c e  f r o m  t h e  l o c a t i o n  o f  b l a s t i n g ,  t h e  v i b r a ­

t i o n  v e l o c i t y  may i n c r e a s e  a g a i n  i n  c e r t a i n  c o n d i t i o n s  b u t  i n  

t h e  m a j o r i t y  o f  t h e  c a s e s  i t  i s  o f  a v e r y  lo w  i n t e n s i t y .

-  no common s e i s m i c  r e l a t i o n  can be g i v e n  f o r  a l l  t h e  q u a r r i e s  

o p e r a t i n g  u n d e r  d i f f e r e n t  g e o l o g i c a l  c o n d i t i o n s .  Fo r  b l a s t i n g  

s p o t s  a t  u n f a v o u r a b l e  p l a c e s ,  t h e  l o c a l l y  v a l i d  s e i s m i c  r e l a ­

t i o n  s h o u l d  be f o u n d  on t h e  b a s i s  o f  m e a s u r e m e n ts ;

-  i n  case  o f  l / i / O ^  = 4 0 ,  t h e  v e l o c i t y  o f  t h e  v i b r a t i o n  i s  

= 2 mm/s. I t  means t h a t  t h e r e  i s  no need  f o r  s e i s m i c  mea­

s u r e m e n t s  s i n c e  t h e  v i b r a t i o n  v e l o c i t y  o f  2 mm/s i s  h a r m l e s s  

f o r  b u i l d i n g s  and o t h e r  s t r u c t u r e s  as w e l l  as f o r  l i v i n g  

o r g a n i s m s .

3 .  DEPENDENCE OF AIR -BLASTS ACCOMPANYING CUTTING EXPLOSIONS ON 

STEMMING PARAMETERS

One o f  t h e  n o n - d e s i r a b l e  e f f e c t s  r e s u l t i n g  f r o m  t h e  b l a s t ­

i n g s  a p p l i e d  i n  t h e  m i n i n g  c u t t i n g  m e t h o d s  i s  a i r - b l a s t .  I n  

o r d e r  t o  r e d u c e  t h e  e f f e c t  o f  a i r - b l a s t ,  t h e  b l a s t i n g  h o l e s  a re  

s t em m ed .  In  t h e  s u r f a c e  and u n d e r g r o u n d  b l a s t i n g s ,  a g r e a t  

n u m be r  o f  s temming  m e t h o d s  a re  a p p l i e d  ( s a n d ,  c l a y ,  d r i l l  f l o u r  

and  b r e a k s t o n e ,  sand  i n  f o i l - h o s e  o r  w a t e r  e t c . )  w h i c h  s e a l  t h e  

b l a s t i n g  h o l e s  t o  a d i f f e r e n t  d e g r e e .  A i r  p r e s s u r e  m e a s u r e m e n ts  

a r e  t h e  s i m p l e s t  way o f  d e c i d i n g  w h i c h  o f  t h e  s tems o f  d i f f e r ­

e n t  s t r u c t u r e  and l e n g t h  makes t h e  b l a s t i n g  chambers  c l o s e d  

and  t o  what  d e g r e e .  A p r a c t i c a l  b e n e f i t  o f  t h e s e  a i r  p r e s s u r e  

m e a s u r e m e n ts  i s  t h a t  t h e y  a l l o w  a q u a l i f i c a t i o n  o f  t h e  b l a s t i n g  

t e c h n o l o g i e s ,  s i n c e  i f  t h e  h a r m f u l  e n v i r o n m e n t a l  e f f e c t s  o f  

t h e  b l a s t i n g  a r e  l o w ,  a l a r g e r  p o r t i o n  o f  t h e  e x p l o s i v e  f i l l e d  

i n  t h e  b l a s t i n g  h o l e s  r u p t u r e s  t h e  r o c k .  I n  case  o f  i m p r o p e r l y  

s temmed ch a rg e  c h a m b e r s ,  a l m o s t  20 p e r c e n t  o f  t h e  e n e r g y  a p ­

p l i e d  f o r  u s e f u l  w o r k  g e n e r a t e s  a s h o c k - w a v e  i n  t h e  a i r  w h i c h  

c a n  be o b s e rv e d  i n  t h e  f o r m  o f  s o u n d - b l a s t .
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When h e a d i n g  i s  p e r f o r m e d  w i t h  t h e  b l a s t i n g  metho d  t h e  

vo l u m e  o f  t o x i c  gas c o n t e n t  i s  a l s o  h i g h e r  i f  i m p r o p e r l y  

s temmed c h a r g e s  a r e  e x p l o d e d ,  i n  a d d i t i o n  t o  a i r - b l a s t  and t o  

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

The a i r - b l a s t  e f f e c t  o f  e x p l o s i o n s  was s t u d i e d  f o r  i n d i ­

v i d u a l  b l a s t  h o l e s  and f o r  i n d u s t r i a l l y  a p p l i e d  t e c h n o l o g i e s .  

( A i r - b l a s t s  were m ea su r e d  w i t h  a V i b r o g u a r d  1207 D t y p e  

i n s t r u m e n t  m a n u f a c t u r e d  by t h e  S w i s s  f i r m  G e o t e s t  and p r o c u r e d  

w i t h  t h e  s u p p o r t  o f  t h e  S t a t e  O f f i c e  f o r  T e c h n i c a l  D e v e lo p m e n t .  

A c h a n n e l  o f  t h e  t w o - c h a n n e l  d e v i c e  i s  c o n n e c t e d  t o  t h e  m i c r o ­

phone  o f  t h e  A m e r i c a n  f i r m  S i n c o  w h i c h  me asu re s  s t a t i c  and 

d y n a m i c  a i r - p r e s s u r e  i n  a r a n g e  o f  2 . . .  1000 Pa,  w i t h  an a c ­

c u r a c y  o f  5 p e r c e n t  i n  t h e  f r e q u e n c y  r a n g e  o f  1 . . .  360 H z . )

3 .1  P r o p e r t i e s  o f  a i r - b l a s t s  a c c o m p a n y i n g  e x p l o s i o n s

I n  case o f  c h a r g e s  f r e e l y  e x p l o d e d  i n  t h e  a i r ,  t h e  p r o ­

p a g a t i n g  s h o c k - w a v e  has  a s u p e r s o n i c  v e l o c i t y  up t o  a d i s t a n c e  

c o r r e s p o n d i n g  t o  20 . . .  30 c h a r g e  d i a m e t e r s .  I f  t h e  d i s t a n c e  i s  

more  t h a n  20 . . .  30 c h a r g e  d i a m e t e r s  t h e  p r o p a g a t i o n  v e l o c i t y  

o f  t h e  s h o c k - w a v e  i s  a b o u t  330 m/s d e p e n d i n g  on t h e  h u m i d i t y  

and t e m p e r a t u r e  o f  t h e  a i r .  T h i s  s h o c k - w a v e  i s  o f  a v e r y  s t e e p ­

l y  r i s i n g  f r o n t  and has  a v e r y  s h o r t  d ecay  t i m e  ( F i g .  3 ) .  I n  

t h e  v i c i n i t y  o f  b l a s t i n g s ,  th e  s h o c k - w a v e  i s  o b s e r v e d  i n  t h e  

f o r m  o f  n o i s e .  The i n t e n s i t y  and t h e  v a l u e  o f  o v e r p r e s s u r e  

f o r m e d  i n  t h e  a i r  l a r g e l y  depends  on t h e  c o n d i t i o n s  o f  b l a s t ­

i n g .  I n  case o f  c u t t i n g - t y p e  b l a s t i n g s ,  t h e  a i r - p r e s s u r e  v a l u e  

i s  l a r g e l y  a f f e c t e d  by t h e  c l o s e d n e s s  o f  t h e  c h a r g e  chamber  

( F i g .  4 ) .  In  c a s e  o f  c h a r g e s  e x p l o d e d  w i t h o u t  s t e m m i n g ,  much 

h i g h e r  v a l u e s  o f  t h e  a i r - p r e s s u r e  can be e x p e c t e d  t h a n  i n  case 

i f  t h e  c h a r g e s  a r e  f i t t e d  w i t h  t h e  p r o p e r  s t e m m i n g .

3 . 2  Dependence  o f  a i r - p r e s s u r e  d u r i n g  b l a s t i n g s  on t h e  

s p e c i f i c  l e n g t h  o f  s te m m in g

F i g u r e  3 shows t h a t  i n  case  o f  b l a s t i n g s ,  b l a s t  o f  a v e r y  

s t e e p  wave f r o n t  p r o p a g a t e s  i n  t h e  a i r .  T h i s  o v e r p r e s s u r e  w i t h  

a s t e e p  w a v e - f r o n t  has  a v e r y  s h o r t  d ecay  t i m e .
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F i g .  3. a) Shape of  the a i r - p r e s s u r e  curve i n  case o f  b l a s t i n g  200 g ANDO
at a height  o f  2 m from ground l e v e l  (Distance  between the loca­
t i o n  o f  b l a s t i n g  and t h a t  o f  the measurement i s  5 m. For the 
a i r -p ressure  measurement, a K i s t l e r  4041 A type inst rument  was 
appl ied w i t h  a measur ing range o f  0 . . .  2 b a r ) . 1 -  peak value 
of  the a i r - b l a s t ;  2 -  wave re f le c t e d  on ground, 

b) Diagram o f  one o f  the b l as t i ngs  performed a t  the Nagykőmázsa 
Plant o f  the Cement and Lime Works. (Charge diameter :  90 mm; No. 
of  hole s e r i es :  on the  roo f  3, on the bottom 1, explos ive ap­
p l ied  ANDO and P a x i t e ,  l ength o f  stem: 3.0 . . .  3.5 m bor ings and 
breakstone; on th e  bottom 1 .2 m  f o i l - c o n t a i n e d  bor ings ;  i n t e r v a l  
between the s i t e s  o f  b l a s t i n g  and measurement: 430 m). 3 -  1st 
and 2nd hole s e r i e s ;  4 -  3rd hole s e r i e s ;  5 -  bottom holes 
(MS 1 . . .  5 b l a s t i n g  cap, RK-3 b l a s t i n g  cap, RK-4 b l a s t i n g  cap)

The s p e c i f i c  peak  p r e s s u r e  (p  = Д р / l )  cha n g e s  has been 

a n a l y z e d  v s .  s p e c i f i c  s t e m m i n g  l e n g t h  ( l f  = L ^ / d  ) .  ( Др i s  t h e  

p e a k  v a l u e  o f  t h e  a i r  p r e s s u r e  measured  i n  Pa;  L -  d i s t a n c e
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specific interval, т /3\/(Г

F ig .  4. Value o f  the a i r - p re ssu re  generated by b la s t in g  vs. s p e c i f i c  i n t e r ­
v a l .  1 -  CERCHAR measurement r e s u l t ;  2- measurement r e s u l t s  obtained 
by the Bureau o f  Mines; 3 -  measurement r e s u l t  obtained by Berger-  
-V i a rd  ( T o l i t e ) ;  4 -  b l a s t i n g  w i t h o u t  stem; 5 -  r e s u l t  o f  a i r - b l a s t  
due to  explos ion performed on a p l a n t - s c a l e  in  surface mine, ac­
cording  to  the measurement by the  Bureau o f  Mines; 6 -  s tem-provided 
b l a s t i n g

b e tw e e n  t h e  l o c a t i o n s  o f  b l a s t i n g  and m e asu re m en t ,  m; -  

l e n g t h  o f  s t e m m i n g ,  m; d -  d i a m e t e r  o f  t h e  b l a s t i n g  h o l e ,  m ) . 

I t  was n e c e s s a r y  t o  use t h e  s p e c i f i c  peak  p r e s s u r e  and s p e c i f i c  

s te m m i n g  l e n g t h  be cause  t h e  m e a s u r e m e n ts  were  made a t  d i f f e r e n t  

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

t e c h n o l o g i e s .

I f  t h e  a i r - b l a s t  r e s u l t s  f r o m  s u r f a c e  mines  a r e  p l o t t e d  i n  

a c o o r d i n a t e  sy s te m  p -  L j / d r  ( F i g .  5 ) ,  t h e n  t h e  s p e c i f i c  r e ­

g r e s s i o n  f u n c t i o n  has t h e  f o r m

p = a ( L j / d ^ . ) ' 3 + c , Pa/m . ( 7 )

The p a r a m e t e r s  and q u a l i t y  i n d i c e s  o f  r e l a t i o n  ( 7 )  a r e  i n  case  

o f  b l a s t i n g s  p e r f o r m e d  i n  s u r f a c e  m i n e s  i n  H u n g a r y :  a = 6 . 4 5 7 ;
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F i g .  5. Change o f  s p e c i f i c  a i r  pressure in  the  f u n c t io n  of s p e c i f i c  le n g th  
o f stemming

b = - 0 . 8 9 9 ;  c = - 0 . 1 3 2 ;  г  = 0 . 9 8 9 4 ;  D = 0 . 0 7 7  Pa/m;  D % = 22.17.
P P

The q u a l i t y  p a r a m e t e r s  o f  t h e  c o r r e l a t i o n  show t h a t  t h e  

s p e c i f i c  p r e s s u r e  can  be a c c u r a t e l y  c a l c u l a t e d  i n  t h e  f u n c t i o n  

o f  t h e  s p e c i f i c  s t e m m i n g  l e n g t h .  I f  L j / d r  = 20 ,  t h e r e  i s  no 

a i r - b l a s t  o f  a d a n g e r o u s  i n t e n s i t y .

I n  s u r f a c e  m i n e s  i t  i s  o f  c o u r s e  i m p o r t a n t  t o  know t h e  

s t e m m i n g  l e n g t h s  w h i c h  e n s u r e  a i r - b l a s t s  o f  h a r m l e s s  i n t e n s i t y .  

D e p e n d i n g  on t h e  e x p l o s i v e ,  th e  r o c k  and  t h e  d e n s i t y  o f  t h e  

s t e m m i n g  a p p l i e d  no h a r m f u l  a i r - b l a s t  s h o u l d  be e x p e c t e d  i f  t h e  

l e n g t h  o f  s te m m in g  i s

L f  = 1 . 1 2  W ' D
C1 V

5ra ( 8 )

w h e r e  W -  t h e  l e n g t h  o f  t h e  f r o n t - p i e c e ,  m; D = d e t o n a t i o n  

v e l o c i t y  o f  t h e  e x p l o s i v e ,  m /s ;  C, -  t h e  v e l o c i t y  o f  sound p r o -
3

p a g a t i n g  i n  t h e  r o c k ,  m / s ;  5 -  d e n s i t y  o f  e x p l o s i v e ,  kg /m  ;, r a
§£ -  s temming  d e n s i t y ,  kg /m .



ENVIRONMENTAL EFFECT OF BLASTINGS 2 1 5

The s te m m in g  l e n g t h s  f ro m  th e  a n a l y t i c a l  r e l a t i o n  ( 8 )  and 

f r o m  th e  r e g r e s s i o n  r e l a t i o n  ( 7 )  a re  a lm o s t  th e  same.

In  a d d i t i o n  t o  t h e  d e t e r m i n a t i o n  o f  th e  s te m m in g  l e n g t h ,  

th e  s e l e c t i o n  o f  th e  s tem m ing  m a t e r i a l  i s  a l s o  i m p o r t a n t .  The 

l a b o r a t o r y  and p i l o t - p l a n t  t e s t s  c o n d u c te d  i n  H u n g a ry  and 

a b ro a d  c l e a r l y  p r o v e  t h a t  i t  i s  p r a c t i c a b l e  t o  a p p ly  s te m m in g  

fo rm e d  f ro m  b r e a k s t o n e  o f  d i f f e r e n t  g r a i n  s i z e s  and b o r i n g s .

The s tem m ing  has th e  g r e a t e s t  i n t e r n a l  a n g le  o f  f r i c t i o n  i f  

60 . . .  65 p e r c e n t  b r e a k s t o n e  and 35 . . .  40 p e r c e n t  b o r i n g s  i s  

i n  th e  s te m m in g .  The maximum g r a i n  s i z e  o f  th e  b r e a k s t o n e  

s h o u ld  n o t  e xce e d  20 p e r c e n t  o f  t h e  b o r e h o l e  d i a m e t e r .  G r a in  

s i z e  o f  b o r i n g s  s h o u ld  ra n g e  f ro m  0 t o  5 mm.

The i n v e s t i g a t i o n s  p o i n t e d  o u t  t h a t  th e  w a t e r - c o n t e n t  o f  

t h e  s te m m in g  r e d u c e s  th e  r e s i s t i v i t y  o f  s te m m in g .  I n  case  o f  

s a n d -s te m m in g s  f i l l e d  i n  p l a s t i c  f o i l  f o r  b o t to m  h o l e s ,  th e  

a i r - b l a s t  e x p e c te d  i s  t w i c e  as s trong  as i n  case o f  s te m m in g s  

w i t h o u t  f o i l s .

In  ca se  o f  u n d e rg ro u n d  b l a s t i n g s ,  t h e  a i r - b l a s t  can c o n ­

s i d e r a b l y  be re d u c e d  i f  sand s te m m in g  f i l l e d  up w i t h  co m p re sse d  

a i r  i s  a p p l i e d  i n s t e a d  o f  c l a y .  The e f f e c t  o f  th e  a i r  b l a s t  can 

be f u r t h e r  re d u c e d  by th e  a p p l i c a t i o n  o f  p a r a l l e l - c u t  h o le s  

i n s t e a d  o f  k e y - c u t  o n e s .

4 .  THE FRAGMENTATION EFFECT IN ROCK CUTTING WITH BLASTING 

METHOD

W ith  a p r o p e r l y  p la n n e d  and c a r e f u l l y  im p le m e n te d  b l a s t ­

i n g ,  th e  m ined  d e p o s i t  does n o t  move away to o  f a r  f r o m  th e  

l o c a t i o n  o f  b l a s t i n g .  As th e  s t r u c t u r e  o f  th e  r o c k  i s  n o t  

a lw a y s  know n , i t  i s  in h o m o g e n e o u s ,  t h e  f r o n t - p a r t  ch a n g e s  and 

e r r o r s  a re  made d u r i n g  th e  d r i l l i n g  and b l a s t i n g  w o r k ,  th e  

d i s t a n c e  o f  th r o w  o f  th e  ro c k  p ie c e s  may be v e r y  l a r g e .  The 

g r e a t  f r a g m e n t a t i o n  e f f e c t  i s  p a r t i c u l a r l y  d a n g e ro u s  i n  th e  

v i c i n i t y  o f  s u r f a c e  m in e s .  We c o n s i d e r  now how th e  c o n d i t i o n s  

f o r  a n o n - d e s i r a b l e  d e g re e  o f  f r a g m e n t a t i o n  can be o b t a i n e d  i n  

s u r f a c e  m in e s .

The m os t l i k e l y  l o c a t i o n s  o f  f r a g m e n t a t i o n  a re  th e  p la c e s
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i n  f r o n t  o f  th e  s te m m in g  and i n  th e  f r o n t - p i e c e  r e d u c t i o n  zo nes  

( p l a c e s  o f  c o l l a p s e ) .

The c o n d i t i o n s  f o r  f r a g m e n t a t i o n  can be sum m arized  on th e  

b a s i s  o f  F ig .  6 as f o l l o w s :

9

F ig .  6. Condit ions o f  fo rm a t io n  o f  the fragm enta t ion  e f f e c t  in  surface
mines. 1 -  L-q  s m a l l ,  2 - sm a ll,  3 -  a i r ,  4 -  loose lump o f  rock , 
5 -  open f r a c tu re ,  6 -  la rg e  charge d iam eter , 7 -  small f r o n t - p ie c e ,  
8 -  rock o f low s t r e n g th ,  9 -  c a v i ty ,  dr  -  la rg e ,  10 -  small f r o n t -  
-  p iece, 11 -  sm a ll  f r o n t  piece and rock s l id e - o u t ,  12 -  inaccu ra te  
d r i l l i n g

1 . L f i / L f  <<C i ;  d. = d ( t h e  s tem  i s  to o  s h o r t ) ;

2 . W ./W  << 1 ; d . =i d ( t h e  s o - c a l l e d  l o c a l  f r o n t - p i e c e  i s  s m a l l )
3 . E / E  « 1 ; d . =l d (d u e  t o  i n a c c u r a t e  d r i l l i n g ,  th e  c h a rg e  i s

w. =l W c o n c e n t r a t e d ) ;

4 . d i / d  »  1 ; w. =i W ( c h a r g e  d ia m e te r  i n c r e a s e s ) ;

5 . d x / d  »  1 ; w. < 1 w ( c h a r g e  d ia m e te r  i n c r e a s e s ,  th e  l o c a l

f r o n t - p i e c e  i s  s m a l l e r ) ;

6 . X/ W « 1  ; w. = 1 ( l o o s e  lump o f  r o c k  i n  f r o n t  o f  an open

r u p t u r e  i n  th e  f a c e ) ;

7 . W ./W  = 1 ; d i / d = 1 ; 6 < < & к  ( s t r e n g t h  o f  r o c k  r e d u c e d ) ;

w h e re  L ^ ,  W^, E ^ , 6 ^ .  -  l e n g t h  o f  s te m m in g  a t  th e  r u p t u r e  f o r ­

m a t i o n ,  th e  f r o n t - p i e c e ,  b o r e h o l e  i n t e r v a l ,  v a lu e  o f  c h a rg e  

d i a m e t e r  and th e  b r e a k i n g  s t r e n g t h  o f  r o c k ;  L ^ ,  W, E, D, x ,

6"^ -  a c c o r d in g  t o  t h e  t e c h n o l o g y  s c h e d u le d :  s te m m in g ,
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f r o n t - p i e c e ,  b o r e h o le  i n t e r v a l ,  v a l u e  o f  c h a rg e  d i a m e t e r ,  s i z e  

o f  t h e  lo o s e  lump o f  r o c k  i n  th e  f a c e ,  b r e a k in g  s t r e n g t h  o f  th e  

r o c k .

Thus th e  d i s t a n c e  o f  f r a g m e n t a t i o n  i s  b a s i c a l l y  d e t e r m i n e d  

by th e  r e l a t i o n  o f  th e  f r o n t - p i e c e  t o  t h e  c h a rg e  d i a m e t e r .  I f  

t h e  r e q u i r e m e n t s  fo u n d  i n  p r a c t i c e  a re  m e t ,  th e  q u o t i e n t  W/d 

ra n g e s  f r o m  25 t o  6 0 .  The f r a g m e n t a t i o n  becomes d a n g e ro u s  i f  

W/d < 20 .

I f  t h e  above c o n d i t i o n s  a re  n o t  p r e s e n t ,  th e  d i s t a n c e  o f  

th e  f r a g m e n t a t i o n  o f  b l a s t i n g s  p e r f o r m e d  i n  H u n g a r ia n  s u r f a c e  

m in e s  can be c a l c u l a t e d  w i t h  th e  f o l l o w i n g  r e l a t i o n :

R 1 3 .5 7
d 1 .33

5)
V

m ( 9 )

w here  d -  d i a m e t e r  o f  t h e  b l a s t i n g  h o l e ,  m; W -  s i z e  o f  f r o n t -  

- p i e c e ,  m; 9 ra  -  d e n s i t y  o f  f i l l i n g  o f  e x p l o s i v e ,  kg/m"5 ; Q -  

s p e c i f i c  e n e rg y  c o n t e n t  o f  th e  e x p l o s i v e  3 /  к g ; m -  f a c t o r  o f  

p r o x i m i t y .

A d a n g e ro u s  f r a g m e n t a t i o n  can be a v o id e d  w i t h  th e  f o l l o w ­

in g  m e a s u re s :

-  b e f o r e  p l a n n i n g  th e  b l a s t i n g ,  t h e  f a c e  t o  be b l a s t e d  s h o u l d  

be m easured  w i t h  i n s t r u m e n t s  i n  o r d e r  t o  g a in  i n f o r m a t i o n  on 

p o s s i b l e  u n d e r - c o l l a p s e s  and f r o n t - p i e c e  r e d u c t i o n ;

-  t h e  b l a s t i n g  h o le s  s h o u ld  be d r i l l e d  a c c u r a t e l y  s i n c e  a

d e v i a t i o n  o f  1 . . .  2 °  f ro m  th e  d r i l l i n g  d i r e c t i o n  r e s u l t s  i n

a change  o f  1 . . .  2 m i n  th e  f r o n t - p i e c e  i n  case o f  h i g h  m ine

w a l l s  (3 0  . . .  40 m ) ;

-  th e  weak p o i n t s  o f  th e  ro c k  s h o u ld  be fo u n d  ( i n  o r d e r  t o  

r e c o g n i z e  t h e  c a v i t i e s ,  open r u p t u r e s  b e f o r e  f i l l i n g ,  t h e  

d r i l l i n g  r e c o r d  s h o u ld  be k e p t  a c c u r a t e l y ;  th e  r u p t u r e  s y s te m  

o f  th e  r o c k  s h o u ld  be m easured and t h e  d i r e c t i o n  o f  m in e  

w o r k in g  as w e l l  as th e  s lo p e  o f  t h e  f r o n t  s h o u ld  be a d j u s t e d  

a c o r r d i n g l y ) ;

-  t h e  l e n g t h  and c o m p o s i t i o n  o f  s te m m in g  s h o u ld  be d e t e r m i n e d  

a c c o r d i n g  t o  th e  p r e v i o u s  c h a p t e r ;

-  i n  case  o f  a d e la y e d  b l a s t i n g ,  m i l l i s e c o n d - t y p e  b l a s t i n g  ca p s
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s h o u l d  be a p p l i e d  i f  p o s s i b l e ,  i n  o r d e r  t o  a v o id  g r e a t  s p l i n ­

t e r  e f f e c t  o f  t h e  c h a rg e s  e x p lo d e d  l a t e r  due to  th e  c u t - o f f  

r e s u l t i n g  f ro m  th e  p r e v i o u s l y  e x p lo d e d  c h a rg e s .

5 .  SUMMARY

From th e  p o i n t  o f  v ie w  o f  e n v i r o n m e n t a l  e f f e c t s  r e s u l t i n g  

f r o m  r o c k  c u t t i n g  w i t h  th e  b l a s t i n g  m e th o d ,  th e  p r e l i m i n a r y  

e s t i m a t i o n  o f  th e  i n t e n s i t y  o f  s e i s m i c  v i b r a t i o n s ,  o f  t h e  a i r -  

- b l a s t  and o f  th e  f r a g m e n t a t i o n  e f f e c t  i s  an im p o r t a n t  t a s k  f o r  

e n v i r o n m e n t a l  p r o t e c t i o n .  The p r e s e n t  p a p e r  p r o v id e s  r e l a t i o n s  

s u i t a b l e  f o r  p r e l i m i n a r y  c a l c u l a t i o n  o f  th e s e  p a ra m e te rs  and i t  

a l s o  d e a l s  w i t h  t h e  way o f  l i m i t i n g  t h e  n o n - d e s i r a b l e  e f f e c t s .
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F e re n c  M a r to s  

1 9 1 8 -1 9 8 9

A t  th e  t im e  when we c e l e b r a t e d  h i s  7 0 th  b i r t h d a y ,  and i n  

th e  l a s t  vo lum e  o f  A c ta  we p u b l i s h e d  h i s  s h o r t  c u r r i c u l u m  v i t a e  

we d i d  n o t  e x p e c t  t h a t  i n  a v e r y  s h o r t  t im e  we have t o  r e t u r n  

t o  h i s  p e r s o n  a g a in  t o  commemorate h i s  a c t i v i t y  as e d i t o r - i n -  

- c h i e f  o f  t h e  j o u r n a l .  He s p e n t  a fe w  y e a rs  i n  t h i s  p o s i t i o n ,  

b u t  d i d  h i s  b e s t  t o  i n c r e a s e  th e  s c i e n t i f i c  l e v e l  and t o  e n s u re  

c o n t i n u o u s  p u b l i c a t i o n .  One o f  h i s  g r e a t e s t  e f f o r t s  i s  j u s t  th e  

p r e s e n t  i s s u e  i n  w h ic h  i n v e s t i g a t i o n s  on m ine h a z a rd s  and  e n v i ­

r o n m e n ta l  damages a re  s u m m a r iz e d .  He f o l l o w e d  w i t h  i n t e r e s t  th e  

p u b l i c a t i o n  t i l l  t h e  v e r y  l a s t  d a y s ,  o r g a n iz e d  f u t u r e  a u t h o r s ,  

gave  a d v i c e s  f o r  b e t t e r  p r e s e n t a t i o n ,  c o u ld  be ro u g h  upo n  to o  

l e n g t h y  t e x t s  -  so a l l  a u t h o r s  i n  t h i s  i s s u e  owe h im  som ew ha t
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f o r  th e  m e r i t s  o f  t h e  p a p e rs .  H is  a c t i v i t y ,  h o w e v e r ,  was n o t  

r e s t r i c t e d  t o  t h i s :  he lo o k e d  f o r  s u p p o r t ,  o r g a n iz e d  f u t u r e  

i s s u e s ,  made c o n n e c t i o n s  w i t h  th e  E u ro p e a n  A s s o c i a t i o n  o f  S c i ­

e n t i f i c  E d i t o r s  c l o s e r ,  and was o p e n - m in d e d  f o r  a l l  i d e a s  w h ic h  

a im e d  a t  an im p r o v e m e n t  o f  A c ta .

One o f  h i s  l a s t  p u b l i c a t i o n s  d e a l s  w i t h  n a t u r a l  s c i e n c e s  

d u r i n g  th e  F re n c h  R e v o l u t i o n .  I n  t h i s  e s s a y  he has shown th e  

e f f e c t s  o f  t h e  d e v e lo p m e n ts  i n  F ra n c e  on s c ie n c e  i n  H u n g a ry ,  

b u t  he d id  n o t  f o r g e t  t o  m e n t io n  t h a t  i n f l u e n c e s  were m u t u a l :  

t h e  M in in g  Academy i n  S e lm e c - S c h e m n i t z - B a n s k a  S t i a v n i c a  was 

t a k e n  as exam p le  when th e  s i m i l a r  F r e n c h  i n s t i t u t i o n  was e s ­

t a b l i s h e d .  T h is  i s  c h a r a c t e r i s t i c  f o r  h i s  a c t i v i t y :  he was a 

E u ro p e a n  h u m a n i s t ,  b u t  a t  th e  same t i m e  he l i v e d  i n  th e  r e a l i t y  

o f  a C e n t r a l  E u ro p e a n  c o u n t r y  (a s  s y m b o l i z e d  by th e  name o f  t h e  

s i t e  o f  th e  Academy i n  t h r e e  d i f f e r e n t  la n g u a g e s )  and s p a re d  no 

t i m e  t o  e m p h a s iz e  t h e  im p o r ta n c e  o f  a b e t t e r  know ledge  o f  i t s  

m i n e r a l  r e s o u r c e s  and g e n e r a l l y ,  o f  t h e  g e o l o g i c - t e c t o n i c  c o n ­

s t r u c t i o n  o f  t h e  a r e a .

We t h i n k  t h a t  h i s  b e s t  monument i s  on th e  pages o f  t h i s  

i s s u e  f o r  w h ic h  he w o rk e d  t i l l  h i s  l a s t  d a y s .

J Somogyi and J V e rő
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F P AGTERBERG and С N RAO eds: Recent Advances in  Q u a n t i ta t iv e  S t ra t ig r a p h ­
i c  C o r re la t io n  Techniques. In te rn a t io n a l  Symposium Papers. Hindustan Pub­
l i s h in g  C orpora t ion , D e lh i ,  1988, 192 pp.

This i s  the proceedings o f  a meeting he ld  a t  Kharagpur, Ind ia  as a 
fo rm al te rm in a t in g  event o f  IGCP P ro jec t  148 in  1983. The meeting rose the 
i n te r e s t  and played an im portan t ro le  in  d issem ina t ion  o f  q u a n t i t a t iv e  
s t r a t ig ra p h y .

The book cons is ts  o f  fo u r  p a r ts .
Part I  deals w ith  s t a t i s t i c a l  methods and t h e i r  a p p l ic a t io n  to  s t r a ­

t ig ra p h y .  Agterberg F P developed a maximum l i k e l ih o o d  method fo r  e s t im a t ­
ing  the age o f  ch ro n o s t ra t ig ra p h ic  boundaries expressed on the "a b so lu te "  
sca le .  A Ju rass ic  t im e -sca le  i s  g iven as an example. Watson G S discussed 
the  methods requ ired  to  d is p la y  and analyse two- and th ree-d im ens iona l u n i t  
ve c to rs .  He wanted to  show users o f  s t a t i s t i c a l  methods how they can con­
duct in  t h e i r  computer numerica l experiments which w i l l  g ive  them r e a l  i n ­
s ig h t  i n to  t h e i r  data and the  methods. I  am a f r a id  th a t  t h i s  e legan t i n ­
t r o d u c t io n  w i l l  prove to  be too high fo r  beginners and few f o r  graduates. 
Q i ru i  Zhang reviewed F is c h e r 's  and Zhang's segmentation methods. The 
methods d o n ' t  meet t r a d i t i o n a l  phylosophy o f  s t r a t i g r a p h ic  c l a s s i f i c a t i o n  
and t h e i r  value in  p r a c t i c a l  geo log ica l  problem so lv in g  has not y e t  been 
proved. Rao S V L e t  a l .  a f t e r  g iv in g  a sh o r t  in ve n to ry  o f some g e o s ta t is -  
t i c a l  terms compiled severa l  ta b le s  and f ig u re s  to  p o r t ra y  u n i -  and two- 
-d im ensiona l v a r i a b i l i t y  o f  Landsat imagery.

In  the second p a r t  Metzger E P and Brower J C employed c lu s te r  ana ly ­
s i s  and l a t e r a l  t ra c in g  to  q u a n t i fy  assemblage zones f o r  Lower Cretaceous 
m ic ro fo s s i l s .  The isochrones c ross ing  each o the r  are a t e r r o r i s t ' s  a c t io n  
aga ins t g e o lo g is ts '  and even human mind and c l e a r l y  in d ic a te  the measure 
these methods can be app l ied  in  re a l  problems. However b io s t r a t ig r a p h ic  
f i d e l i t y  in troduced by the authors eq u a l l in g  the  percent o f  occurrences o f  
a species i  w i th in  a zone j  may be a use fu l  i n d ic a to r .

Ghose 8 К and Ja iprakash В C analysed twelve DSDP holes from the 
Ind ian  Ocean. He transformed the autocovariance fu n c t io n  o f  some F o ra m in i f -  
era abundances and detected 4.5  cyc les and recons truc ted  p a le o c l im a t ic a l  
( tem pera ture) curve o f  the area, van H inte J E and Wise S W in  a very  i n ­
fo rm a t ive  communication summarized the o b je c t iv e s  and main f in d in g s  o f  
Leg 93 o f  DSDP. Rubel M using h is  q u a n t i ta t iv e  method was able to  recon­
s t r u c t  datum planes in  Edwards' hypo th e t ica l  data s e t .  Westermann G E G 
estimated the du ra t ion  o f  Ju ra ss ic  stages based on averaged and sca led  sub­
zones and compared the r e s u l t s  to  prev ious e s t im a t io n s .  In  some p o in ts  
Brower's J C in fo rm a tions  on q u a n t i ta t iv e  b io s t ra t ig ra p h y  need c o r r e c t io n .  
For example the reader may b e l ie ve  th a t  in  one o f  my 1977 papers I  advocate 
m u l t id im e n s io n a l , in te g e r  k r ie g e in g  (MIK) f o r  sequencing. Being the au tho r ,
I  am sure MIK i s  s u i ta b le  f o r  p lo t t i n g  v e r t i c a l  l i t h o p r o f i l e s .

Part I I I  i s  f o r  q u a n t i t a t iv e  l i t h o s t r a t i g r a p h y . Casshyap S M e t  a l .  
gave a d e ta i le d  s t a t i s t i c a l  an a lys is  o f  i n te r r e la t io n s h ip s  o f  s t r a t i g r a p h ic  
and l i t h o l o g i c  va r ia b le s  i n  Permian f l u v i a t i l e  coa l measures. They detected 
d i f fe re n c e s  in  net subsidence, f l u v i a l  regime and stream channel p a t te rn .  
G r i f f i t h s  C M worked on re c o g n i t io n  o f  hand specimen l i t h o lo g y  us ing 
a c o u s t ic ,  gamma and neutron p o ro s i ty  logs measured in  North Sea w e l l s .  The 
numerical l i t h o lo g ie s  had on ly  rough correspondence to  hand specimen 
l i t h o lo g y  and d e p o s it io n a l  environment. In  a w e l l  founded paper, N i i c h i  
N ish iwak i succeded in  e x p la in in g  P le is tocene Osaka Bay sedimenta t ion  by a 
two fa c to r  model o f  which the f i r s t  i s  c l im a te  and the second i s  b lo ck  t i l t ­
ing  o f  the area. Rao C N e t  a l .  s tud ied  hidden p e r i o d ic i t i e s  o f  the energy 
index in  the middle p ro te ro z o ic  Vempalle Formation, In d ia .  A Markov process
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o r  a second order a u to reg ress ive  process can be f i t t e d  to  the data and the 
s tudy  o f the spectrum revea led  two p e r i o d i c i t i e s  o f  d i f f e r e n t  wavelength. 
Schwarzacher W's paper i s  on possib le causes o f  complex cyc les in  carbonate 
sequences. Ihe 100 k .a .  p e r i o d ic i t y  found was re la te d  to  Milankovich-Bacsák 
c y c le  and an e x t r a t e r r e s t r i a l  cause. Mukherjea A e t  a l .  analysed graphic 
p l o t s  o f  depth versus percentages o f heavy m ine ra l  assemblages using con­
cep ts  o f heavy m inera l  s t a b i l i t y  order and energy sequence. In  a study by 
Syed H Akhter e t  a l . ,  carbonate formations from two d i f f e r e n t  and w ide ly  
separated basins have been taken fo r  termoluminescence a n a lys is .  Each 
l i t h o u n i t  was found to  have a c h a ra c te r is t i c  TL glow p a t te rn .

Part IV i s  devoted t o  t r a d i t io n a l  b io s t ra t ig r a p h y ,  lapaswi P M made an 
a t tem p t to  subdiv ide Upper Cretaceous rocks on the  bas is  o f  t h e i r  se rp u l id s  
by the  t r a d i t io n a l  assemblage zones. I r i p a t h i  A i d e n t i f i e d  some sporogenera 
from Indian fo rm a tions .

The book i s  heterogenous. In  a number o f  papers q u a n t i ta t iv e  s t r a ­
t i g r a p h i c  c o r r e la t io n  techn iques are not in v o lv e d .  Some papers can be con­
s id e re d  as a f r u i t l e s s  e f f o r t  to  solve a problem th a t  has not been defined. 
The reviewer be l ieves  t h a t  q u a n t i t a t i v i t y  assumes p roo f .  V a l i d i t y  and co r­
rec tness  o f " s o lu t io n s "  suggested cannot be assessed w ithou t having the 
problem defined. As a consequence o f the ra p id  development on the area, the 
fo u r  years passed were obv io us ly  too much f o r  the  m a jo r i ty  o f  papers. In 
1988, t h i s  cannot be cons idered as recent advances, p a r t i c u la r l y  because 
meanwhile many ideas (B ro w e r 's ,  A g te rbe rg 's ,  Schwarzacher's )  have even been 
pub l ished  elsewhere. The book is  w e ll  e d i te d  bu t  p r in t i n g  i s  under the 
in te r n a t io n a l  s tandards.

I  Dienes

M ERDÉLYI and J GÁLFI: Surface  and subsurface mapping in  hydrogeology. 
Akadémiai Kiadó, Budapest, 1988, 384 pp, 251 f i g s

This very comprehensive, i n t e r d i s c ip l i n a r y  book i s  r e a l l y  a hydrogeo­
l o g i c a l  manual which can be recommended to  everybody in te re s te d  in  any 
aspect o f hydrogeology. I t s  sub ject i s  the e x p lo ra t io n  o f the GROUNDWATER, 
one o f  the most im p o r ta n t  ea r th  m a te r ia l  f o r  the  mankind and f o r  the whole 
l i f e  in  the earth . The mapping techniques o f  water resources t re a te d  in  the 
book, are uptodate from th e  geo log ica l ones to  t h e i r  de tec t ion  by remote 
sens ing , by d i f f e r e n t  geophys ica l  methods, by borehole logg ing , e tc .  The 
book i s  based main ly on th e  grea t experience o f  the  authors in  Hungary and 
o u ts id e  i t s  borders, to o .  I t  i s  very s trong in  the  d e s c r ip t io n  o f  geophysi­
c a l  methods ( longest c h a p te r )  among them g e o e le c t r ic  ones most f re q u e n t ly  
used as water bearing fo rm a t io n s  are e l e c t r i c a l l y  w e l l  in d ic a b le .

Exce llen t case h i s t o r i e s  and th e i r  f ig u re s  i l l u s t r a t e  the a p p l ic a t io n  
o f  the exp lo ra t ion  techn iques  in  very d i f f e r e n t  hydrogeo log ica l con d i t ion s  
such as in  sedimentary b a s in s ,  vo lcan ic  rock areas, k a r s t ic  t e r r a i n ,  e tc .  
The q u a l i t y  of the w a te r ,  the  engineering aspects got a lso sp e c ia l  chapters. 
To show the complexity o f  the  book and i t s  su b je c t  we c i t e  a t the end o f 
t h i s  sho r t  review the t i t l e s  o f  15 chapters.
1 . In t ro d u c t io n
2. Preparation o f  h y d ro g e o lo g ica l  f i e l d  surveys
3. Hydrogeological maps and cross-sec tions
4. Hydrogeological mapping and prospecting
5 . The app l ica t io n  o f  remote sensing in  hyd rogeo log ica l  mapping
6. The a pp l ica t ion  o f  geophys ica l  p rospecting methods in  hydrogeo log ica l 

mapping
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7. E xp lo ra to ry  d r i l l i n g  and borehole geophysics
8. Mapping o f  the q u a l i t y  o f  groundwater

'9 .  Hydrogeolog ica l mapping o f  c r y s t a l l i n e  and metamorphic rocks 
,10. Hydrogeolog ica l mapping o f  vo lcan ic  rock areas 

j 11. Hydrogeolog ica l c h a r a c t e r i s t i c s  and mapping o f  sedimentary areas
12. Hydrogeolog ica l mapping o f  carbonate rock  te r ra in s
13. Hydrogeolog ica l mapping o f  r i v e r  v a l le y s
14. Hydrogeolog ica l mapping o f  sedimentary lowlands
15. Hydrogeolog ica l mapping f o r  eng ineer ing purposes

The book i s  e s p e c ia l ly  recommended to  hydrogeo log is ts  water a u t o r i t i e s ,  
i n d u s t r i a l  companies and academic i n s t i t u t i o n s .

A Ádám

S J GIBOWICZ ed .: S e is m ic i ty  in  Mines. B a se l-B os ton -B e r l in ,  B irkh ä u se r ,  
1989, 680 pp.

The book i s  r e p r in t  from Pure & App lied  Geophysics (PAGEOPH), Volume 
129 (1989), No. 3 /4 . I t  con ta in s  22 papers from 8 coun tr ies  where substan­
t i a l  research i s  conducted i n  the f i e l d  o f  mine-induced s e is m ic i t y .  Out o f 
22 papers in  t o t a l ,  8 papers have been presented a t  the Fred Le igh ton  
Memorial Workshop on M in ing Induced S e is m ic i ty ,  he ld  in  Montreal on August 
30, 1987.

The papers in  the book are d iv ided  in to  fo u r  groups. The f i r s t  group 
con ta ins  10 papers d e s c r ib in g  s e is m ic i ty  p a t te rn s  in  va r ious  mines in  
general and seismic source mechanisms in  p a r t i c u l a r .  The second group o f  4 
papers deal w ith  coda waves, source model proposed to  i n t e r p r e t  mine 
trem ors, c o r r e la t io n  between the depos it  e x t r a c t io n  and se ism ic hazard, 
m ic ro g ra v im e tr ic  anomalies. The fo u r  papers in  the t h i r d  group are devoted 
to  the methods based on t r a v e l  times and v e lo c i t i e s  o f  se ism ic waves. The 
papers deal w ith  lo c a t io n  methods o f  mine tremors f o r  which an accuracy o f 
the order o f  a few tens o f  meters i s  re q u i re d .  The l a s t  group c o n ta in s  
papers which are o f in fo rm a t iv e  ra th e r  than research cha rac te r .

L Tóth
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P R EFAC E

The I n t e r n a t i o n a l  L i t h o s p h e r e  P ro g ra m  was one o f  t h e  m os t 

i m p o r t a n t  i n t e r n a t i o n a l  v e n t u r e s  i n  E a r t h  s c ie n c e s  d u r i n g  th e  

p a s t  decade  ( 1 9 8 1 - 9 0 ) .  The H u n g a r ia n  N a t i o n a l  C o m m it te e  was 

fo rm e d  t o  o r g a n i z e  t h e  H u n g a r ia n  c o n t r i b u t i o n  t o  th e  s c i e n t i f i c  

a c t i v i t y  o f  t h e  I n t e r - U n i o n  C o m m iss io n  on th e  L i t h o s p h e r e .  Our 

r e s e a r c h  i n  t h e  P a n n o n ia n  b a s in  o f  H u n g a ry  was p la n n e d  t o  c o n ­

c e n t r a t e  on f o u r  m a jo r  t o p i c s :

i )  R e c e n t  t e c t o n i c  movem ents  and d e f o r m a t i o n s

i i )  N e o g e n e - Q u a te r n a r y  b a s in  d e v e lo p m e n t

i i i )  S t r u c t u r e  o f  t h e  l i t h o s p h e r e  and a s th e n o s p h e r e

i v )  H i s t o r y  o f  e v o l u t i o n  o f  th e  T e t h y s  as r e f l e c t e d  by  th e

g e o l o g i c a l  f o r m a t i o n s  o f  H u n g a ry .

The r e s u l t s  o b t a i n e d  i n  th e  P a n n o n ia n  b a s i n  d u r i n g  t h e  f i r s t  

h a l f  o f  th e  P rog ram  w e re  su m m a r ize d  i n  A c ta  G e o lo g ic a  H u n g a r i c a  

( 1 9 8 4 - 8 5 ,  V o l .  2 7 ( 3 - 4 )  and 2 8 ( 1 - 2 ) )  w i t h  th e  t i t l e  " T e c t o n i c  

s i g n i f i c a n c e  o f  t h e  H u n g a r ia n  M o u n t a in s  i n  th e  A l p i n e  e d i f i c e " .  

T h is  vo lum e  p r e s e n t s  t h e  F i n a l  R e p o r t  and c o n t a i n s  e l e v e n  

r e v i e w  p a p e r s .

The p a p e r  by Joó  e t  a l .  d e s c r i b e s  t h e  main f e a t u r e s  o f  an 

im p ro v e d  map o f  " R e c e n t  v e r t i c a l  m ovem ents  i n  th e  C a r p a t h o -  

- B a l k a n  r e g i o n " .  I t  has become c l e a r  t h a t  t h e r e  a re  q u i t e  a few  

m e t h o d o l o g i c a l  p r o b le m s  a s s o c i a t e d  w i t h  th e  r e l i a b l e  d e t e r m i n a ­

t i o n  o f  v e r t i c a l  movement v e l o c i t i e s ,  and th e  g e o d y n a m ic  i n t e r ­

p r e t a t i o n  o f  t h e  r e s u l t s  i s  s t i l l  i n  a p r e l i m i n a r y  s t a g e .

The p a p e r  by H o r v á t h  i l l u s t r a t e s  t h a t  t h e r e  has been  a r e ­

m a r k a b le  p r o g r e s s  i n  u n d e r s t a n d in g  t h e  N e o g e n e - Q u a te rn a ry  e v o ­

l u t i o n  o f  th e  P a n n o n ia n  b a s i n ,  e s p e c i a l l y  i n  d e p i c t i n g  t h e  k i ­

n e m a t ic  p a t t e r n  o f  t h e  r e g i o n  d u r i n g  b a s i n  f o r m a t i o n .  H o w e v e r ,  

r e c e n t  g e o d y n a m ic s  i s  p o o r l y  know n , b u t  s t r e s s  d e t e r m i n a t i o n  

i n i t i a t e d  by O ö v é n y i  and H o r v á th  w i l l  c o n t r i b u t e  t o  t h e  s o l u ­

t i o n  o f  th e  p r o b le m .

I m p o r t a n t  i n f o r m a t i o n  a b o u t  th e  A l p i n e  e v o l u t i o n  o f  th e  

P a n n o n ia n  r e g i o n  i s  f o u n d  i n  t h e  s t r u c t u r e  o f  th e  l i t h o s p h e r e .  

Posgay  e t  a l .  r e v ie w  th e  f i r s t  r e s u l t s  o f  deep s e i s m ic  s o u n d ­

i n g s  a lo n g  th e  P a n n o n ia n  G e o t r a v e r s e  and a t t e m p t  t o  g i v e  an
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i n t e r p r e t a t i o n  o f  r e f l e c t i n g  h o r i z o n s  i n  t h e  lo w e r  l i t h o s p h e r e  

and  a s t h e n o s p h e r e .

The two p a p e r s  b y  Ádám e t  a l .  p r e s e n t  a more r e l i a b l e  and 

d e t a i l e d  im a g in g  o f  t h e  s h a l lo w  a s t h e n o s p h e r e  be low  th e  P a n n o ­

n i a n  b a s in  and show t h e  r e l a t i o n s h i p  w i t h  t h e  h ig h  h e a t  f l o w  o f  

t h e  a r e a .  A n o th e r  m a n i f e s t a t i o n  o f  t h e  a n o m a lo u s  t h e r m a l  s t a t e  

o f  t h e  b a s in  i s  t h e  f i n d i n g  i n  a s h a l l o w  p o s i t i o n  o f  th e  l o w e r  

c r u s t a l  c o n d u c t i n g  l a y e r  w h ic h  may be c o n n e c te d  to  f r e e  f l u i d s  

r e l e a s e d  by d e h y d r a t i o n  p r o c e s s .  Ádám e t  a l .  and Pápa e t  a l .  

d e m o n s t r a t e  t h a t  t h e r e  a re  l i n e a r  c o n d u c t i n g  s t r u c t u r e s  i n  th e  

u p p e r  c r u s t  a s s o c i a t e d  w i t h  m a jo r  t e c t o n i c  l i n e a m e n t s  ( e . g .  

P e r i a d r i a t i c  and B a l a t o n  l i n e ) .  G e o e l e c t r i c  f e a t u r e s  s u g g e s t  

t h a t  th e s e  c o n d u c t o r s  a r e  most p r o b a b l y  g r a p h i t e  s c h i s t s  a s ­

s o c i a t e d  w i t h  z o n e s  o f  m a jo r  t e c t o n i c  d i s l o c a t i o n s .

F u r t h e r  p r o g r e s s  i n  th e  u n d e r s t a n d in g  o f  th e  k i n e m a t i c s  o f  

t h e  P an n o n ia n  b a s i n  c a n  o n l y  be a c h ie v e d  by b e t t e r  k n o w le d g e  o f  

t h e  p re -N e o g e n e  g e o l o g i c  h i s t o r y .  Haas e t  a l ' s  and K u b o v ic s  e t  

a l ' s  c o n t r i b u t i o n s  g i v e  a c o m p re h e n s iv e  summary on th e  r e c e n t  

r e s u l t s  a b o u t  t h e  e v o l u t i o n  o f  th e  w e s t e r n  T e th y a n  r e a lm  and 

t h e  r e l a t e d  M e s o z o ic  m agm atism . The t r a n s i t i o n  f ro m  th e  T e th y s  

t o  P a r a t e t h y s  d u r i n g  t h e  P a leogene  i s  r e v i e w e d  by N a g y m a ro s y 's  

p a p e r .  These p a p e r s  show  c l e a r l y  th e  s i g n i f i c a n t  m o b i l i t y  o f  

u n i t s  c o m p r is in g  t h e  p r e s e n t  l i t h o s p h e r e  o f  t h i s  a r e a .  M á r t o n ' s  

p a p e r  sum m arizes  t h e  p o s s i b i l i t i e s  o f  p a le o m a g n e t is m  t o  g i v e  

c o n s t r a i n t s  f o r  t h e  d e s c r i p t i o n  o f  t h e  c o m p le x  m o t io n  o f  d i f ­

f e r e n t  c r u s t a l  u n i t s  i n  th e  P an n o n ia n  b a s i n .

A t  th e  end o f  t h e s e  10 y e a rs  o f  c o o r d i n a t e d  r e s e a r c h  we 

f e e l  o n l y  a p p r o p r i a t e  t o  a r r i v e  a t  t h e  c o n c l u s i o n s  t h a t  j o i n t  

w o r k s  s h o u ld  be c o n t i n u e d  and we see m ore  p ro b le m s  now t h a n  

when we s t a r t e d .

A Ádám and F H o r v á t h
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ON RECENT CRUSTAL MOVEMENTS IN THE PANNONIAN BASIN
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During the l a s t  f i f t e e n  years in te n s iv e  in v e s t ig a t io n s  have been car­
r i e d  out in  the Carpatho-Balkan Region f o r  re v e a l in g  recent c r u s t a l  move­
ments, by means o f  repeated geodetic  measurements. These in v e s t ig a t io n s  
aimed mostly  a t the d e te c t io n  the v e r t i c a l  components o f  the movements, but 
p repa ra t ions  have been made to  ca rry  out in v e s t ig a t io n s  o f  the h o r iz o n ta l  
movements a t  c e r ta in  areas.

W ith in  t h i s  program the  l e v e l l i n g  network f o r  c ru s ta l  movements have 
been completed in  the  Pannonian Basin, on the area o f  Hungary. Th is net is  
s u i ta b le  f o r  the i n v e s t ig a t io n  o f  the movements' on a long t im e base. 
Recently  p rec ise  l e v e l l i n g s  are c a r r ie d  out which he lp  a more d e ta i le d  i n ­
v e s t ig a t io n .  Moreover re g io n a l  nets f o r  the in v e s t ig a t io n  o f  the  h o r iz o n ta l  
movements, and f o r  the  complex in v e s t ig a t io n  o f  movements, are p a r t l y  func­
t i o n in g ,  p a r t ly  they are being construc ted .

The in v e s t ig a t io n  o f  the movements i s  promoted on the area o f  Hungary 
by the fa c t  th a t  Hungary co -o rd ina tes  these in v e s t ig a t io n s  in  the  Carpathian 
Basin and i t s  su rround ings . W ith in  the in te r n a t io n a l  co -ope ra t ion  the  map 
o f  the recent v e r t i c a l  c r u s t a l  movements in  the Carpatho-Balkan Region has 
been published tw ice  (1979, 1985).

For the time being a map i s  compiled on the h o r iz o n ta l  g ra d ie n ts  o f 
the v e r t i c a l  movements o f  the Carpatho-Balkan Region and in fo rm a t io n  is  
de r ived  from repeated geode t ic  measurements.

In  the present paper geodetic  i n v e s t ig a t in g  methods are d iscussed and 
r e s u l t s  o f  in v e s t ig a t io n s  on the v e r t i c a l  movements are presented.

Keywords: Carpatho-Balkan reg ion ; Hungary; l e v e l l i n g ;  recen t c ru s ta l  
movements

1 . INTRODUCTION

F o r  th e  g e o d e t i c  i n v e s t i g a t i o n  o f  r e c e n t  c r u s t a l  movements, 

t h e  r e s u l t s  o f  r e p e a t e d  m e asu rem en ts  a re  u t i l i z e d  p r a c t i c a l l y  

i n  a l l  c a s e s .  The v e r t i c a l  and h o r i z o n t a l  c o m p o n e n ts  o f  c r u s t a l  

m ovem ents  a re  u s u a l l y  d e a l t  w i t h  s e p a r a t e l y  i n  a c c o r d a n c e  w i t h  

t h e  o l d  p r a c t i c e  o f  g e o d e t i c  m e a s u re m e n ts .

Acta Geod. Geoph. Mont. Hung. 25, 1990 
Akadémiai K iadó, Budapest
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T h is  f a c t  i s  i m p o r t a n t  as h o r i z o n t a l  and v e r t i c a l  d e t e r m i ­

n a t i o n s  a re  d i f f e r e n t  r e g a r d i n g  b o th  r e l i a b i l i t y  and o t h e r  c o n ­

d i t i o n s  o f  th e  m e a s u r e m e n ts .

V e r t i c a l  d e t e r m i n a t i o n s  a re  c a r r i e d  o u t  e a s i e r  th a n  h o r i ­

z o n t a l  o n e s .  A c c o r d i n g l y ,  v e r t i c a l  d e t e r m i n a t i o n s  r e q u i r e  l e s s  

i n v e s t m e n t  and t h e r e f o r e  i t  i s  e a s i e r  t o  r e p e a t  them .

The s i t u a t i o n  i s  q u i t e  th e  same w i t h  t h e  r e l i a b i l i t y .  The 

r e l i a b i l i t y  o f  h e i g h t  d i f f e r e n c e  ( ЛН) o b t a i n e d  f ro m  p r e c i s e  

h e i g h t  m easurem ent i s  g e n e r a l l y :

< _+ 1 mm/'Vkm' .

The r e l i a b i l i t y  i n  t h e  c a s e  o f  h o r i z o n t a l  d e t e r m i n a t i o n s  i s  

w o r s e  by an o r d e r  o f  m a g n i t u d e .

We p r e s e n t  h e re  t h e  i n v e s t i g a t i o n  o f  th e  v e r t i c a l  move­

m e n ts  and i n  H u n g a ry  r e s p e c t i n g  th e  a p p l i c a b i l i t y  o f  th e  

c o n c l u s i o n s  f o r  th e  i n v e s t i g a t i o n  o f  h o r i z o n t a l  m ovem en ts .

2 .  GEODETIC INVESTIGATION OF VERTICAL MOVEMENTS

F i r s t  a g e n e r a l  r e m a r k  i s  g i v e n  on t h e s e  i n v e s t i g a t i o n s .  

G e o s c i e n t i s t s  a re  m a i n l y  i n t e r e s t e d  i n  m ovem ents  o f  th e  E a r t h ' s  

c r u s t .

A g e o d e s is t  p u t s  h i s  c o n t r o l  p o i n t s  on t h e  s u r f a c e  o f  th e  

E a r t h  and c a r r i e s  o u t  m e a s u re m e n ts  t h e r e .  Thus movem ents  o f  th e  

E a r t h ' s  s u r f a c e  a re  r e v e a l e d  by means o f  g e o d e t i c  i n v e s t i g a t i o n s .  

M o v e m e n ts  o f  th e  s u r f a c e  i n v o l v e  b o th  th e  i m p a c t s  o f  c r u s t a l  

m o v e m e n ts  and o f  c o m p a c t io n  and o t h e r  t e c h n o g e n o u s  a c t i v i t i e s ,  

t o o .

A n o th e r  p ro b le m  i s  i f  t h e  d e r i v e d  m ovem ents  a re  t o  be 

c o n s i d e r e d  as a b s o l u t e  o r  as r e l a t i v e  o n e s .

E a r l i e r  d a ta  r e p r e s e n t i n g  th e  ch a n g e s  i n  h e i g h t  o f  a g i v e n  

p o i n t  r e l a t i v e  t o  t h e  se a  l e v e l  were c o n s i d e r e d  as a b s o l u t e  

v e r t i c a l  m ovem ents. A t  t h e  same t im e  ( b o t h  t h e n  and now) a 

r e l a t i v e  movement i s  a ch a n g e  i n  h e i g h t  b e tw e e n  tw o  p o i n t s  

r e l a t i v e  t o  each o t h e r .

T h e o r e t i c a l  i n v e s t i g a t i o n s  c o n s i d e r  v e r t i c a l  m ovem ents as
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a b s o l u t e  o n e s ,  i f  b e s id e s  th e  g e o m e t r i c  t r a n s f e r  o f  m a s s e s ,  th e  

ch a n g e  o f  l e v e l  s u r f a c e s  i s  ta k e n  i n t o  a c c o u n t  th u s  t h e  g e o id  

c h a n g e s ,  t o o .  The l a t t e r  i d e a  has  n o t  been u t i l i z e d  c o n c r e t e l y  

a c c o r d i n g  t o  o u r  k n o w le d g e .

I n  t h i s  p a p e r  th e  t r a d i t i o n a l  i n t e r p r e t a t i o n  w i l l  be 

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

ch a n g e  o f  p o s i t i o n  o f  l e v e l  s u r f a c e s  i s  s m a l l .

I n  a c c o rd a n c e  w i t h  t h e  t r a d i t i o n a l  i n t e r p r e t a t i o n ,  t h e  

a b s o l u t e  v e r t i c a l  s u r f a c e  movements a r e  i n t e r p r e t e d  as r e l a t e d  

t o  a c h o se n  sea l e v e l ;  i . e .  " g e o m e t r i c a l l y  a b s o l u t e  m o v e m e n ts "  

w i l l  be i n t r o d u c e d  i n  t h i s  a r t i c l e .

2 .1  M e thods  o f  th e  g e o d e t i c  i n v e s t i g a t i o n  o f  v e r t i c a l

movements

I t  i s  a q u i t e  common g e o d e t i c  p r a c t i c e  t h a t  v e l o c i t i e s  o f  

t h e  s u r f a c e  movements a re  deduced  f o r  t h e i r  c h a r a c t e r i z a t i o n  

( i n  mm/ а ) .  These v e l o c i t i e s  can be ( i n  a g e o m e t r i c  s e n s e )  

e i t h e r  a b s o l u t e  v e l o c i t i e s  Vg b s , o r  r e l a t i v e  ones AV.

V e r t i c a l  v e l o c i t i e s  a re  g e n e r a l l y  deduced  as f o l l o w s .  The 

same l i n e  i s  p r e c i s e l y  l e v e l l e d  t w i c e  (T^ and T2 e p o c h s ) .  The 

r e s u l t s  o f  t h e  two l e v e l l i n g s  a re  d i f f e r e n c e s  o f  h e i g h t  AH^ 

and AH2 . From th e s e  d a ta  th e  v e l o c i t y  o f  th e  r e l a t i v e  move­

m en t i s  b e tw een  th e  end p o i n t s  o f  t h e  s e c t i o n :

"  ■ « -/■>  •

The f o l l o w i n g s  a re  s u p p o s e d :

-  t h e  p o i n t s  were  n o t  a f f e c t e d  by any o t h e r  e f f e c t s

-  d u r i n g  th e  p e r i o d  b e tw e e n  th e  two m e a su re m e n ts  th e  v e r t i c a l  

movem ents  w ere  c o n t i n u o u s  and s m o o th .

As g e o d e t i c  c o n t r o l  n e tw o r k s  f o r  v e r t i c a l  m ovem ents  c o n ­

s i s t  n o r m a l l y  o f  s y s te m s  o f  c lo s e d  p o l y g o n s ,  AV d a ta  d e d u ce d

f r o m  raw  AH^ and ДН2 d a ta  can be a d j u s t e d .  As r e s u l t s  

AVg[j j  v a lu e s  and a r e l i a b i l i t y  in d e x  ( /иду) a re  o b t a i n e d  f o r  

ea ch  l e v e l l i n g  s e c t i o n  ( i . e .  l i n e ) .

When ( g e o m e t r i c a l l y )  a b s o l u t e  v e l o c i t i e s  a re  t o  be
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o b t a i n e d  a c o n n e c t i o n  t o  m a re o g ra p h s  s h o u l d  be e s t a b l i s h e d .

abs  :T hen  a b s o l u t e  v e l o c i t i e s  and t h e i r  mean s q u a r e  e r r o r s  (V

/и ) can be d e d u c e d  f r o m  th e  known a b s o l u t e  v e r t i c a l  v e l o c i -  
v abs

t i e s  deduced  f o r  t h e  m a re o g ra p h s  and f r o m  th e  r e l a t i v e  v e l o c i t y  

v a l u e s  f o r  a l l  n o d a l  p o i n t s  ( o r  even f o r  a l l  p o i n t s ) .

The a b s o l u t e  v e l o c i t i e s  o f  m a r e o g ra p h s  s h o u ld  be c o n s i d ­

e r e d  as  a s e p a r a t e  p r o b le m  w h ic h  i s  n o t  d i s c u s s e d  h e re  i n  

d e t a i l .  We o n l y  m e n t io n  t h a t  th e  a b s o l u t e  v e l o c i t i e s  o f  m a re o ­

g r a p h s  p la c e d  a t  t h e  c o a s t  o f  th e  same sea  a re  t o  be d e t e r m in e d  

by  p r e c i s e  l e v e l l i n g .  A f u r t h e r  p r o b le m  i s  i f  th e  sea l e v e l  may 

be c o n s i d e r e d  u n c h a n g e d  o r  n o t  ( e u s t a t i c  e f f e c t ) .  T h is  q u e s t i o n  

i s  v e r y  i m p o r t a n t  i f  m a re o g ra p h s  a t  c o a s t s  o f  v a r i o u s  seas  a re  

u t i l i z e d  i n  th e  same i n v e s t i g a t i o n .

F o r  d e d u c in g  a b s o l u t e  v e l o c i t i e s  c o n d i t i o n s  r e l a t e d  t o  th e  

t e m p o r a l  s t a b i l i t y  o f  t h e  s p a t i a l  p o s i t i o n  o f  mean sea l e v e l s  

s h o u l d  a l s o  be t a k e n  i n t o  a c c o u n t .

The r e s u l t s  o f  v e r t i c a l  movement s t u d i e s  by means o f  g e o ­

d e t i c  m e thods  can be p r e s e n t e d  i n  v a r i o u s  fo r m s .  One t r a d i t i o n ­

a l  m e th o d  i s  by c h a r t s  w h ic h  can be c o m p le t e d  by g r a p h s .

F o r  l a r g e r  a r e a s ,  i t  i s  a more a d v a n ta g e o u s  m ethod t o  

c o m p i l e  a map o f  c r u s t a l  m ovem ents . I t  c o n t a i n s  -  b e s id e s  t h e  

u s u a l  g e o g r a p h i c  i n f o r m a t i o n  -  th e  f o l l o w i n g :  th e  l i n e s  o f  i n ­

v e s t i g a t i o n ,  th e  a d j u s t e d  a b s o lu t e  v e l o c i t i e s ,  a d e t a i l e d  d e ­

s c r i p t i o n  o f  m ovem en ts  (b y  means o f  i s o l i n e s )  and o t h e r  g e o ­

l o g i c ,  t e c t o n i c  i n f o r m a t i o n s .

2 . 2  The m ost i m p o r t a n t  v e r t i c a l  m ovem ent i n v e s t i g a t i o n s

I n  th e  l a s t  d e c a d e s  a t t e m p t s  w e re  made i n  many c o u n t r i e s  

t o  d e d u c e  v e r t i c a l  m ovem en ts  by means o f  th e  a v a i l a b l e  r e s u l t s  

o f  r e p e a t e d  l e v e l l i n g s  i n  c e r t a i n  a r e a s .  These a t t e m p t s  w e re  

g e n e r a l l y  o c c a s i o n a l  and  i n v o l v e d  s m a l l e r  a re a s  ( s o m e t im e s  o n l y  

one s p e c i f i e d  l i n e ) .

T h e re  were  some a d d i t i o n a l  i n s u f f i c i e n c i e s  a s :

-  t h e  r e l i a b i l i t i e s  o f  th e  u t i l i z e d  l e v e l l i n g s  were d i f f e r e n t ,

-  t h e  m o t io n  f r e e  c h a r a c t e r  o f  th e  g e o d e t i c  c o n t r o l  p o i n t s  was 

d i s p u t a b l e  i n  many c a s e s ,

-  t h e  p l a n n i n g  o f  t h e  l i n e s  was d e t e r m i n e d  by th e  p r a c t i c a l
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fo r m  o f  th e  v e r t i c a l  c o n t r o l  n e t  

-  g e o l o g i c  ( t e c t o n i c )  i n f o r m a t i o n  was n o t  c o n s i d e r e d ,  o r  i t  was 

c o n s i d e r e d  i n  a l a t e  p h a s e .

T h is  p r a c t i c e  was t r a n s g r e s s e d  by an i n v e s t i g a t i o n  p ro g ra m ,  

w h ic h  a imed to  f i n d  v e r t i c a l  movements o f  l a r g e r  a r e a s ,  u t i l i z ­

i n g  a v a i l a b l e  g e o l o g i c ,  l a t e r  on s e i s m o l o g i c  i n f o r m a t i o n ,  t o o .

Such p rog ram m es w e re  o r g a n i z e d  t w i c e  by th e  S o v ie t  Geo­

d e t i c  S e r v i c e  ( w i t h  c o - o p e r a t i o n  o f  t h e  Academy o f  S c ie n c e s  o f  

th e  S o v ie t  U n io n )  f o r  E a s te r n  E urope  on t h e  one h a n d , and on 

th e  o t h e r  hand by t h e  H u n g a r ia n  G e o d e t ic  S e r v i c e  f o r  t h e  a re a  

o f  th e  C a r p a t h o - B a l k a n  R e g io n  (C B R ).

E x p e r t s  and i n s t i t u t e s  o f  s e v e r a l  c o u n t r i e s  to o k  p a r t  i n  

b o th  i n v e s t i g a t i o n s .  B o th  th e  E a s t  E u ro p e a n  and th e  CBR i n v e s ­

t i g a t i o n s  were  o r g a n i z e d  t w i c e  f o l l o w i n g  each o t h e r  and th e  

r e s u l t s  w ere  p r e s e n t e d  on maps. I n  th e  se c o n d  i n v e s t i g a t i o n  

th e  e x p e r i e n c e  o f  t h e  f i r s t  one were  c o n s i d e r e d .  M e a n t im e  more 

u p - t o - d a t e  l e v e l l i n g  n e tw o r k s  have been e s t a b l i s h e d  i n  t h e  E a s t  

E u ro p e a n  c o u n t r i e s  ( t h e y  a re  c o n n e c te d  a t  th e  b o r d e r s ) .  By t h i s  

way th e  r e l i a b i l i t y  o f  t h e  d a ta  o f  r e p e a t e d  l e v e l l i n g s  was 

im p ro v e d  i n  th e  s e c o n d  c a s e .

Some c h a r a c t e r i s t i c s  o f  th e  E a s t  E u ro p e a n  and CBR i n v e s ­

t i g a t i o n s  a r e :

a ) The f i r s t  c o n t i g u o u s  i n v e s t i g a t i o n  o f  v e r t i c a l  m ovem ents  i n

E a s t e r n  E u ro p e :

-  th e  i n v e s t i g a t i o n  was c a r r i e d  o u t  b e tw e e n  1 9 6 6 -1 9 7 1 ,

-  i t  was c o - o r d i n a t e d  by th e  S o v i e t  G e o d e t i c  S e r v i c e ,

-  t h e  s c a le  o f  t h e  map o f  movements i s  1 : 2 . 5  m i l l i o n ,

-  t h e  map was p r e s e n t e d  i n  1971 a t  Moscow a t  th e  p l e n a r y  

m e e t in g  o f  th e  I n t e r n a t i o n a l  U n io n  o f  Geodesy and Geo­

p h y s i c s  ( IUGG) .

b )  The f i r s t  i n v e s t i g a t i o n  o f  v e r t i c a l  movem ents  i n  th e

C a r p a t h o - B a l k a n  R e g io n  (C B R j)

-  t h e  programme was based  on a H u n g a r ia n  p r o p o s a l ,

-  i t  was c a r r i e d  o u t  b e tw een  1974 and 1979 ,

-  i t  was c o - o r d i n a t e d  by th e  H u n g a r ia n  G e o d e t ic  S e r v i c e ,

-  s c a l e  o f  t h e  map i s  1 :1  m i l l i o n ,

-  t h e  r e s u l t s  w e re  p r e s e n t e d  a t  th e  p l e n a r y  m e e t in g  o f  IUGG
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a t  C a n b e r ra ,  A u s t r a l i a  i n  1979.

c )  S econd  CBR i n v e s t i g a t i o n  (CBRj j ) :

-  i t  was c a r r i e d  o u t  b e tw een  1980 and 1985 ,

-  c o - o r d i n a t o r :  t h e  H u n g a r ia n  G e o d e t i c  S e r v i c e ,

-  s c a l e  o f  th e  map: 1 :1  m i l l i o n ,

-  p re s e n t e d  a t  B u d a p e s t ,  a t  an i n t e r n a t i o n a l  sym pos ium  

( w i t h i n  th e  f r a m e w o r k  o f  th e  I n t e r n a t i o n a l  A s s o c i a t i o n  o f  

Geodesy -  IA G ) .

d )  The second i n v e s t i g a t i o n  i n  E a s te r n  E u ro p e :

-  i t  was c a r r i e d  o u t  b e tw e e n  1980 and 1986 ,

-  c o - o r d i n a t o r :  t h e  S o v i e t  G e o d e t ic  S e r v i c e ,

-  s c a l e  o f  th e  map: 1 : 2 . 5  m i l l i o n .

3 .  RECENT VERTICAL MOVEMENTS IN THE PANNONIAN BASIN

The P a n n o n ia n  B a s in  w h ic h  i n c l u d e s  H u n g a r y ,  i s  s i t u a t e d  a t  

t h e  c e n t r e  o f  E u ro p e  and  i s  s u r r o u n d e d  by th e  C a r p a t h i a n  

M o u n t a i n s .

As th e  P a n n o n ia n  B a s in  i s  t o  be i n t e r p r e t e d  t o g e t h e r  w i t h  

t h e  C a r p a th ia n  M o u n t a in s  f ro m  a g e o l o g i c a l  p o i n t  o f  v i e w ,  

i n  d i s c u s s i n g  th e  v e r t i c a l  movem ents  o f  th e  B a s in ,  th e  

r e c e n t  movements o f  t h e  C a r p a t h ia n s  -  and th e  T r a n s y l v a n i a n  

B a s i n  l o c a t e d  w i t h i n  them -  s h o u ld  be d e a l t  w i t h ,

t o o  .

F o r  th e  d e s c r i p t i o n  o f  v e r t i c a l  s u r f a c e  movements o f  t h e  

a r e a ,  th e  r e s u l t s  o f  t h e  se cond  CBR i n v e s t i g a t i o n  ( C B R j j )  w i l l  

be u t i l i z e d .

The t o t a l  l e n g t h  o f  l i n e s  i n  th e  n e tw o r k  i s  35 046 km, 

w i t h  432 l e v e l l i n g  l i n e s  f o r m in g  127 c l o s e d  p o ly g o n s .

The H u n g a r ia n  p a r t  o f  th e  n e t  has  t h e  f o l l o w i n g  c h a r a c t e r ­

i s t i c  d a t a :

-  44 l e v e l l i n g  l i n e s ,

-  11 c lo s e d  p o l y g o n s ,

-  t o t a l  l e n g t h  o f  l i n e s :  3 858 km,

-  t h e  f i r s t  m e a s u re m e n ts  w ere  c a r r i e d  o u t  be tw een  1949 and 1962,

-  t h e  second  s e r i e s  o f  m ea su re m e n ts  w e re  c a r r i e d  o u t  b e tw e e n  

1975  and 1979 , so Л Т  — 13-27  y e a r s ,
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-  t h e  r e l i a b i l i t y  o f  t h e  m e a s u re m e n ts :

/ J j  = ±  ( 0 . 7 3  - 1 . 0 0 )  mm/v/km

and

yU jj  = jL ( 0 - 2 7  -  0 . 3 4 )  mrn/V^m .

The o r i g i n a l  CBRj^ map on th e  v e r t i c a l  s u r f a c e  m o vem en ts  

c o n t a i n s  i s o l i n e s  o f  r e a l  v e r t i c a l  movem ents  and th e  v a l u e s  o f  

m ovem ents  by means o f  c o l o u r  cod e s  f o r  t h e  w ho le  a re a  o f  t h e  

C a r p a t h o - B a l k a n  R e g io n .  The s k e t c h  ( s e e  F i g .  1) was made on th e  

b a s i s  o f  th e  C B R j j  map, and shows v e r t i c a l  movements o f  t h e  

a re a  s u r r o u n d e d  by t h e  b e l t  o f  t h e  C a r p a t h i a n s  (P a n n o n ia n  B a s in ,  

T r a n s y l v a n i a n  B a s i n ) .

F ig u r e  1 shows th e  f o l l o w i n g :

-  t h e  C a r p a t h ia n s  a re  u p l i f t i n g  f r o m  t h e i r  N o r t h - E a s t e r n  p a r t  

t o  t h e  S o u t h e r n - C a r p a t h i a n s ,

-  t h e  T r a n s y l v a n ia n  Ore M o u n ta in s  and B i h a r  M o u n ta in s  a r e  u p ­

l i f t i n g ,

-  t h e  P a n n o n ia n  B a s in  i s  n o t  u n i f o r m .  West o f  Danube i t  i s  

g e n e r a l l y  u p l i f t i n g ,  w h i l e  E a s t  o f  t h e  Danube a s u b s i d i n g  

te n d e n c y  i s  o b s e r v e d .

A d e t a i l e d  d e s c r i p t i o n  o f  v e r t i c a l  movements o f  t h e  a re a  

i s  t h e  f o l l o w i n g :

a )  T r a n s d a n u b ia  i s  m o s t l y  u p l i f t i n g  i n  t h e  S o u th - W e s te r n  p a r t  

( F i g .  2 ) .

From S o u th -W e s t  t o  N o r t h - E a s t  t h e  u p l i f t  d e c r e a s e s .

The maximum v a l u e  o f  th e  u p l i f t :  + 1 .3  mm/а  i n  th e  c o u n t y  

Z a la  .

b )  A s u b s i d i n g  te n d e n c y  i s  c h a r a c t e r i s t i c  f o r  th e  L i t t l e  

H u n g a r ia n  P l a i n  and f o r  W e s te rn  S l o v a k i a ,  b u t  i t  i s  o f  

c h a n g in g  v a l u e .  The g r e a t e s t  v e l o c i t y  i s  - 2 . 2  mm/a.

c )  C e n t r a l  S lo v a k i a  i s  c h a r a c t e r i z e d  by a s l i g h t  s u b s i d e n c e ,  

i . e .  th e  t e n d e n c i e s  a re  somewhat u n c e r t a i n ,  b u t  t h e  H ig h  

T a t r a s  show u p l i f t .

d )  The a re a  o f  W e s te rn  Rumania ( T r a n s y l v a n i a )  shows s h a r p  u p ­

l i f t .  The u p l i f t  i n  th e  E a s te r n  C a r p a t h i a n s  i s  r e m a r k a b le

(V > + 7 mm/ а ) .  O th e r  p a r t s  o f  t h e  C a r p a th ia n s  u p l i f t  a t  m э X
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F ig . 1 . The recent v e r t i c a l  movements in  the Carpathians and in  the Carpathian Basin
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ia°

Fig.  2. The v e r t i c a l  movements o f  Transdanubia (Western Hungary)

a v e l o c i t y  o f  +2 mm/ а ,  and + ( 4 - 5 )  m m /a , r e s p e c t i v e l y .  The 

T r a n s y l v a n i a n  B a s i n  i s  s u b s i d i n g  ( u p - t o  - 1 . 9  mm /a) .

e )  I n  t h e  P a n n o n i a n  B a s i n  e a s t  o f  t h e  Danube ( i n c l u d i n g

E a s t e r n  S l o v a k i a ,  t h e  t e r r i t o r y  E a s t  o f  t h e  r i v e r  T i s z a ,  and 

t h e  N o r t h - W e s t e r n  p a r t  o f  T r a n s y l v a n i a )  s u b s i d e n c e  i s  t h e  

g e n e r a l  t e n d e n c y  ( F i g .  3 ) .

D e f i n i t e l y  s h a r p  s u b s i d e n c e  i s  w i t n e s s e d

-  a r o u n d  D e b re c e n  w h e r e  t h e  maximum o f  s u b s i d e n c e  i s  - 6 . 6  mm/a

-  a t  S z o l n o k  - 4 . 3  mm/a

-  a t  Szeged - 4 . 1  mm/a

-  a t  B éké sc saba  - 3 . 8  mm/a.

4 .  INTERPRETATION OF THE RESULTS

I t  was p r o v e n  on t h e  b a s i s  o f  CBRj j  t h a t  t h e  C a r p a t h i a n s
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F ig .  3. V e r t i c a l  movements i n  the Pannonian Basin to  the east  o f  r i v e r  
Danube

a r e  g e n e r a l l y  u p l i f t i n g .  The E a s t e r n  C a r p a t h i a n s  a r e  s i g n i f i ­

c a n t l y  u p l i f t i n g .  F o r  t h e  t e r r i t o r y  o f  N o r t h - W e s t e r n  S l o v a k i a  

t h e r e  i s  no u n a m b i g u o u s  e v i d e n c e  f o r  an u p l i f t .

The G r e a t  H u n g a r i a n  P l a i n  and t h e  L i t t l e  H u n g a r i a n  P l a i n  

a r e  s u b s i d i n g .  The a r e a s  o f  t h e  G r e a t  H u n g a r i a n  P l a i n  w he re  

s t r o n g  s u b s i d e n c e  was f o u n d  ( D e b r e c e n ,  S z o l n o k ,  S z e g e d ,  B é k é s ­

c s a b a )  c o i n c i d e  w i t h  r e g i o n s  where s e d i m e n t a r y  c o v e r  on t h e  

p r e - T e r t i a r y  b a s e m e n t  r o c k s  a r e  t h i c k e s t  ( i . e .  t h e  c o m p a c t i o n  

i s  a l s o  most  s i g n i f i c a n t ) .  I t  i s  f u r t h e r  c h a r a c t e r i s t i c  t h a t  

t h e r e  a r e  s i g n i f i c a n t  f l u i d u m  and w a t e r  m i n i n g  a c t i v i t i e s  i n  

t h e  same a r e a s .

The r e l i a b i l i t y  o f  t h e  d e r i v e d  v e l o c i t y  v a l u e s  was d e a l t  

w i t h  i n  C h a p t e r  2 . 1 .  The o r i g i n a l  CBR^j  map o f  m o t i o n  i n c l u d e s  

r e l i a b i l i t y  o f  t h e  d e r i v e d  v e l o c i t i e s ,  t o o  ( a s  an i n s e t ) .

A c c o r d i n g l y  t h e  v a l u e  o f  = _ + ( 0 . 7 5 - 2 . 5 )  m m /a . The
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g r e a t e r  mean s q u a r e  e r r o r s  o f  v e l o c i t i e s  a r e  f o u n d  i n  t h e  

a d j a c e n t  a r e a s  o f  t h e  S o v i e t  U n i o n  and R um a n ia .  I n  H u n g a r y  and 

i n  C z e c h o s l o v a k i a ,  t h e  mean s q u a r e  e r r o r s  a r e  s l i g h t e r  

(д|у _+ 1 . 0  mm/a ) .

The d e r i v e d  v e l o c i t i e s  a r e  s i g n i f i c a n t ,  where  | v abs | ^ > / u v - 

Such a r e a s  a r e  t h e  G r e a t  H u n g a r i a n  P l a i n ,  t h e  L i t t l e  H u n g a r i a n  

P l a i n , W e s t e r n  S l o v a k i a ,  t h e  C a r p a t h i a n s .  The v e l o c i t i e s  i n  

o t h e r  p a r t s  o f  t h e  P a n n o n i a n  B a s i n  a r e  o n l y  s u i t a b l e  f o r  t h e  

d e t e r m i n a t i o n  o f  movements  t e n d e n c i e s .  I n  t h e s e  r e g i o n s ,  more  

r e l i a b l e  r e s u l t s  w i l l  be o b t a i n e d  f r o m  new p r e c i s e  l e v e l l i n g s  

i n  t h e  n e x t  y e a r s ,  and f r o m  o t h e r  m e t h o d s .

New more d e t a i l e d  m e a s u r e m e n ts  h a v e  been  c a r r i e d  o u t  i n  

t h e  E a s t e r n  p a r t  o f  H u n g a r y ,  and t h e y  a r e  b e i n g  s t a r t e d  i n  

T r a n s d a n u b i a . H a v i n g  f i n i s h e d  t h e  new m e a s u r e m e n t s ,  t h e  i n v e s ­

t i g a t i o n  w i l l  be c o n t i n u e d .  A b o u t  a s t u d y  o f  t h e  v e r t i c a l  s u r ­

f a c e  movements  by o t h e r  m e t h o d s ,  t h e  f o l l o w i n g  can be s a i d .

The m et hod  d e s c r i b e d  i n  C h a p t e r  2 i s  s u i t a b l e  t o  d e r i v e  

r e s u l t s  a t  z ones  s h o w i n g  c h a r a c t e r i s t i c  move me nts .  N e v e r t h e l e s s  

i t  i s  more  u s e f u l  t o  use  r e l a t i v e  m e t h o d s  i n s t e a d  o f  a b s o l u t e  

ones  and t h e i r  a d j u s t m e n t  i n  zones  o f  s m a l l e r  mo vements .  I n  t h e  

c a s e  o f  r e l a t i v e  m e t h o d s ,  r e l a t i v e  v e l o c i t i e s  ( AV) a r e  p r o ­

d uce d  f o r  each  l e v e l l i n g  s e c t i o n ,  t h e y  a r e  matched  t o  t h e  a b s o ­

l u t e  v e l o c i t i e s  d e r i v e d  f o r  t h e  n o d a l  p o i n t s  o f  t h e  l i n e s ,  and 

d e t a i l e d  i n f o r m a t i o n  r e s u l t s  a l o n g  t h e  w h o l e  l e n g t h  o f  t h e  

l i n e s .

The a p p l i c a t i o n  o f  t h i s  new m e t h o d  has  been s t a r t e d  

( i n c l u d i n g  d e r i v a t i o n  o f  t h e  h o r i z o n t a l  g r a d i e n t s  a l o n g  t h e  

l i n e s  w i t h  t h e  v e r t i c a l  v e l o c i t i e s ) .  H a v i n g  f i n i s h e d  t h e  new 

s t e p  o f  t h e  i n v e s t i g a t i o n  i t  w i l l  be p o s s i b l e  t o  d e s c r i b e  mov e­

m e n t s  i n  a r e a s  o f  s m a l l e r  v e r t i c a l  v e l o c i t i e s .
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REPORT
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An eva lu a t i on  o f  the recent  progress i n  understanding the s t r u c t u r a l  
e v o l u t i on  o f  the Pannonian basin i s  presented.  The model of  t r a n s te ns io na l  
o r i g i n  o f  the Pannonian basin i s  supported by independent te c to n ic  s tu d ie s  
in  outcrops o f  the basement (e . g .  Hungarian "mounta ins " ) .  A most remarkable 
new concept about the e x t ru s io n  te c t on ics  o f  the  Eastern Alps p resents a 
new perspec t i ve  to  de r i ve  a three-dimensional  geodynamic model f o r  ex ten-  
s io na l  co l lapse  o f  orogens.

One a l t e r n a t i v e  model i s  discussed. I t  i s  argued tha t  the model which 
suggests major c lockwise r o t a t i o n  of  a l a rg e  p a r t  o f  the Pannonian basement 
dur ing  basin fo rmat ion  i s  u n j u s t i f i e d .  F i n a l l y  a few rea l  problems are 
l i n e d  up and suggest ions f o r  promising areas o f  fu t u r e  research are put  
forward.

Keywords: b lock r o t a t i o n ;  geodynamics; Pannonian basin; t r a n s te n s i o n a l  
te c t o n ic s

INTRODUCTION

S t u d y  o f  t h e  f o r m a t i o n  o f  t h e  P a n n o n i a n  b a s i n  has been  one 

o f  t h e  f o c a l  p o i n t s  o f  t h e  a c t i v i t y  o f  t h e  H u n g a r i a n  N a t i o n a l  

C o m m i t t e e  f o r  t h e  I n t e r n a t i o n a l  L i t h o s p h e r e  Prog ra m .  The r e a s o n  

f o r  t h i s  was n o t  o n l y  t h e  f a c t  t h a t  n e a r l y  t h e  w ho le  t e r r i t o r y  

o f  t h e  c o u n t r y  b e l o n g s  t o  t h i s  b a s i n .  Mor e  i m p o r t a n t  wa s ,  how­

e v e r ,  o u r  c o n v i c t i o n  t h a t  t h e  f o r m a t i o n  o f  t h e  b a s i n  on an 

A l p i n e  o r o g e n i c  t e r r a i n  c o u l d  be o f  g e n e r a l  i n t e r e s t  b e c a u s e  o f  

p o t e n t i a l  c o n t r i b u t i o n  t o  b e t t e r  u n d e r s t a n d i n g  o f  t h e  d y n a m i c s  

o f  t h e  l i t h o s p h e r e / a s t h e n o s p h e r e  s y s t e m .

The h a l f - t e r m  r e p o r t  o f  t h e  H u n g a r i a n  N a t i o n a l  C o m m i t t e e  

( C o n t r i b u t i o n  1 9 8 4 - 8 5 )  d ea l t  m a i n l y  w i t h  t h e  r e l a t i o n s h i p  o f  

M e s o z o i c  t h r o u g h  P a le o g e n e  r o c k s  i n  t h e  A l p i n e - C a r p a t h i a n -  

- D i n a r i c  m o u n t a i n s  and t h o s e  i n s i d e  ( a n d  m o s t l y  b e l o w )  t h e

Acta Geod. Geoph. Mont. Hung. 25, 1990 
Akadémiai Kiadó, Budapest
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P a n n o n i a n  b a s i n ,  and w i t h  t h e  p r e - N e o g e n e  s t r u c t u r a l  e v o l u t i o n .  

The  Pa n n o n ia n  b a s i n  p r o p e r  was n o t  con s id e r e d  i n  d e t a i l ,  b u t  one 

p a p e r  i l l u s t r a t e d  by a fe w  s e i s m i c  s e c t i o n s  t h e  c h a r a c t e r i s t i c  

N e o g en e  s t r u c t u r a l  s t y l e s  and t h e i r  p o s s i b l e  c o n n e c t i o n s  t o  

e a r l i e r  t e c t o n i c  f e a t u r e s  ( H o r v á t h  and R um ple r  1 9 8 4 ) .  M o r e o v e r ,  

t h e  f i r s t  a t t e m p t  was r e p o r t e d  h e r e  t o  d e c i p h e r  t h e  Neogene 

s t r u c t u r a l  e v o l u t i o n  o f  t h e  a re a  by m i c r o t e c t o n i c  s t u d i e s ,  i . e .  

s t a t i s t i c a l  a n a l y s i s  o f  a l l  o b s e r v a b l e  f a u l t  s t r i a t i o n  and 

r e l a t e d  f e a t u r e s  i n  o u t c r o p s  ( B e r g e r a t  e t  a l .  1 9 8 4 ) .

Our  r e c e n t  u n d e r s t a n d i n g  o f  t h e  P a n n o n i a n  b a s i n  has  been  

s u m m a r i z e d  i n  a c o m p r e h e n s i v e  v o l u m e  e d i t e d  by Royden and 

H o r v á t h  ( 1988 )  as M e m o i r  45 o f  t h e  A m e r i c a n  A s s o c i a t i o n  o f  

P e t r o l e u m  G e o l o g i s t s .  T h i s  vo lume r e p r e s e n t s  t h e  e n d - r e s u l t s  

o f  an e i g h t - y e a r s '  r e s e a r c h  p r o j e c t  b e t w e e n  t h e  E ö t v ö s  U n i v e r ­

s i t y  ( B u d a p e s t )  and t h e  M a s s a c h u s e t t s  I n s t i t u t e  o f  T e c h n o l o g y  

( C a m b r i d g e ) ,  and a l s o  i n c l u d e d  o t h e r  p a r t i c i p a n t s  b o t h  f r o m  

a c a d e m i e s  and i n d u s t r y .  The Memoi r  c o n t a i n s  c h a p t e r s  on t h e  

C e n o z o i c  t e c t o n i c  e v o l u t i o n  o f  t h e  P a n n o n i a n  b a s i n  s y s t e m ,  and 

c o v e r s  s u b j e c t s  f r o m  t h e o r e t i c a l  b a s i n  m ode ls  t o  i m p l i c a t i o n s  

f o r  more  r e l i a b l e  a s s e s m e n t  o f  h y d r o c a r b o n  p r o s p e c t s  i n  t h e  

N e o g e n e  s e d i m e n t a r y  r o c k s .

The p u rp o s e  o f  t h i s  b r i e f  r e p o r t  i s  t o  p r e s e n t  my p e r s o n a l  

v i e w  on t h e  p r o g r e s s  we have  made i n  t h e  l a s t  c o u p l e  o f  y e a r s  

i n  u n d e r s t a n d i n g  t h e  s t r u c t u r a l  e v o l u t i o n  o f  t h e  P a n n o n i a n  

b a s i n .  I  s h a l l  r e v i e w  a few  i m p o r t a n t  new r e s u l t s  o f  o t h e r  

i n v e s t i g a t o r s  w h i c h  s u p p o r t  ou r  v i e w  and may open new p e r s p e c ­

t i v e s  f o r  f u t u r e  r e s e a r c h .  I n  a d d i t i o n ,  I  s h a l l  d i s c u s s  t h e  

m o s t  r e m a r k a b l e  a l t e r n a t i v e  v i e w  on t h e  f o r m a t i o n  o f  t h e  P a n ­

n o n i a n  b a s i n ,  and a t t e m p t  t o  a r r i v e  a t  an o b j e c t i v e  summary 

a b o u t  t h e  most i m p o r t a n t  open p r o b l e m s .

RECENT RESULTS

New deep r e f l e c t i o n  s e i s m i c  s o u n d i n g s  (Posgay  e t  a l .  1 9 8 6 )  

s u p p o r t  e a r l i e r  o b s e r v a t i o n s  t h a t  t h e  P a n n o n ia n  b a s i n  i s  

c h a r a c t e r i z e d  by an a t t e n u a t e d  c o n t i n e n t a l  c r u s t ,  w i t h  a d e p t h  

t o  Moho o f  25 t o  29 km. The o n l y  i m p o r t a n t  e x c e p t i o n  i s  t h e  

T r a n s d a n u b i a n  C e n t r a l  Range t o  t h e  N o r t h  o f  Lake B a l a t o n  ( F i g .
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1 ) .  T h i s  i s  t h e  l a r g e s t  f a i r l y  c o n t i n u o u s  a r e a  i n s i d e  t h e  

P a n n o n i a n  b a s i n  w he re  M e s o z o i c  r o c k s  c r o p  o u t .  T h i s  Range was 

n e v e r  b e l o w  w a t e r  l e v e l  d u r i n g  t h e  f o r m a t i o n  o f  t h e  P a n n o n i a n  

b a s i n ,  b u t  t h e  r e c e n t  t o p o g r a p h i c  e l e v a t i o n  i s  t h e  c o n s e q u e n c e  

o f  Q u a t e r n a r y  u p l i f t .  The Moho d i s c o n t i n u i t y  i s  n o t  a s h a r p  

r e f l e c t o r  be l o w  t h e  Rang e,  r a t h e r  a t r a n s i t i o n a l  l a y e r  i n  a 

d e p t h  o f  30 t o  35 km. T h i s  i n c r e a s e d  c r u s t a l  t h i c k n e s s  i s  n o t  

r e f l e c t e d  by t h e  shape  o f  t h e  l i t h o s p h e r e / a s t h e n o s p h e r e  b o u n d ­

a r y .  New m a g n e t o t e l l u r i c  s o u n d i n g s  c o m b i n e d  w i t h  i n v e r s i o n  o f  

s e i s m i c  t r a v e l - t i m e  r e s i d u a l s  c l e a r l y  d e l i n e a t e  a l a r g e  a s t h e n o -  

s p h e r i c  dome a s s o c i a t e d  w i t h  t h e  b a s i n .  The minimum l i t h o s p h e r ­

i c  t h i c k n e s s  i s  a b o u t  50 km i n  a c e n t r a l  and e l o n g a t e  s t r i p e  

(Ádám e t  a l .  1982 ,  1 9 8 9 ,  Babuska  e t  a l .  1 9 8 7 ) .

The P a n n o n ia n  b a s i n  was one o f  t h e  f i r s t  t e s t  a r e a s  w he re  

t h e  q u a n t i t a t i v e  m ode l  o f  McKenz ie  ( 1 9 7 8 )  f o r  e x t e n s i o n a l  b a s i n  

e v o l u t i o n  p r o v e d  t o  be a p p l i c a b l e  ( S c l a t e r  e t  a l .  1 9 8 0 ) .  A t  

t h a t  t i m e ,  h o w e v e r ,  we had no i d e a  a t  a l l  a b o u t  t h e  s t y l e ,  

s p a c e  and t i m e  d i s t r i b u t i o n  o f  l i t h o s p h e r i c  e x t e n s i o n .  A number 

o f  p a p e r s  docume nt  t h e  p r o g r e s s  o f  o u r  u n d e r s t a n d i n g  w h i c h  

c u l m i n a t e d  i n  t h e  M e m o i r .  I  b r i e f l y  s u m m a r i z e  o u r  ma in  p o i n t s  

h e r e .

S u b s i d e n c e  o f  t h e  A l p i n e  o r o g e n i c  t e r r a i n  i n  t h e  f u t u r e  

P a n n o n i a n  b a s i n  s t a r t e d  i n  t h e  e a r l y  M i o c e n e  and t h e  r e g i o n  

became p a r t  o f  t h e  e p i c o n t i n e n t a l  C e n t r a l  P a r a t e t h y s  s e a .

C l a s t i c  m a t e r i a l  d e r i v e d  f r o m  t h e  n e i g h b o u r i n g  mounta inous a r e a s  

o f  t h e  A l p s ,  C a r p a t h i a n s  and D i n a r i d e s ,  and were  t r a n s p o r t e d  t o  

t h e  sea  m o s t l y  by r i v e r s .  C l a s t i c  i n f l u x  s i g n i f i c a n t l y  i n ­

c r e a s e d  t o w a r d s  t h e  end o f  t h e  m i d d l e  M i o c e n e  when r a p i d  u p l i f t  

o f  t h e  m o u n t a i n s  a r o u n d  t h e  P a n n o n ia n  b a s i n  o c c u r r e d .  These  

r i s i n g  m o u n t a i n s  s e p a r a t e d  t h e  b a s i n  f r o m  t h e  w o r l d  seas  and 

l e d  t o  t h e  d e v e l o p m e n t  o f  a l a r g e  l a k e  c h a r a c t e r i z e d  by e v o l u ­

t i o n  o f  en dem ic  f a u n a .  The l a k e  has been  f i l l e d  up p r o g r e s ­

s i v e l y  s i n c e  t h e  l a t e  M i o c e n e  and t h e  a r e a  became a d r y l a n d  

d u r i n g  t h e  Q u a t e r n a r y .

A t y p i c a l  s e d i m e n t a r y  s u c c e s s i o n  i n  t h e  P a n n o n ia n  b a s i n  

c o n s i s t s  o f  ( f r o m  b o t t o m  t o  t o p )  b a s a l  c o n g l o m e r a t e s  p a s s i n g  

i n t o  s h a l l o w  m a r i n e  s e d i m e n t s .  T h i s  i s  f o l l o w e d  by deep w a t e r  

d e p o s i t s ,  u s u a l l y  o f  b l a c k  s h a l e s  w i t h  t u r b i d i t i c



F ig .  1. Tectonic sketch o f  the Pannonian basin and surrounding regions showing the main f a u l t s  and fo l d s  o f  Neo- 
gene age. Note t h a t  the sketch outs ide o f  Hungary i s  ext remly o v e rs i m p l i f i e d  and mainly conceptual .  Leg­
end: 1. Molasse foredeep, 2. A lp ine-Carpath ian f l y s c h  b e l t ,  3a. Inner Alp ine-Carpathian  Mountain b e l t  
and the D inar ides,  3b. outcrops o f  Neogene c a l c a lk a l in e  vo lcan ic  rocks,  4. s t r i k e - s l i p  f a u l t s ,  the sense 
(and usua l l y  the amount) o f  displacement i s  we l l  const rained ( t h i c k  arrows) or  unconstrained ( t h i n  a r ­
rows),  5. normal f a u l t ,  t h r u s t  f a u l t ,  and f o l d ,  6 . areas o f  major c r u s t a l  extension and subsidence
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i n t e r c a l a t i o n s .  I t  i s  o v e r l a i n  by p r o d e l t a  t o  d e l t a - s l o p e  

s e d i m e n t s ,  and e v e n t u a l l y  by a t h i c k  c o m p l e x  o f  d e l t a - p l a i n  

d e p o s i t s .  Two m e g asequence s  can be d i s t i n g u i s h e d .  The m i d d l e  

M i o c e n e  s t r a t a  r e p r e s e n t  t h e  s y n - r i f t  d e p o s i t s  and t h e y  l o c a l l y  

c o n t a i n  a s i g n i f i c a n t  amount o f  v o l c a n i c  m a t e r i a l s .  T h i s  i s  

u s u a l l y  u n c o n f o r m a b l y  o v e r l a i n  by t h e  l a t e  M io c e n e  t o  Q u a t e r ­

n a r y  p o s t - r i f t  d e p o s i t s .

I n t e r p r e t a t i o n  o f  r e f l e c t i o n  s e i s m i c  s e c t i o n s  co m b in ed  

w i t h  o t h e r  g e o l o g i c a l  d a t a  has l e d  t o  a t e c t o n i c  scheme o f  t h e  

P a n n o n i a n  b a s i n  ( F i g .  1 ) .  The P a n n o n i a n  b a s i n  i s  a r e s u l t  o f  

c r u s t a l  e x t e n s i o n  w h i c h  c u l m i n a t e d  d u r i n g  t h e  m i d d l e  M i o c e n e  

a n d ,  l o c a l l y ,  has  c o n t i n u e d  w i t h  g r e a t l y  r e d u c e d  i n t e n s i t y  

u n t i l  r e c e n t  t i m e s .

The t e c t o n i c  scheme shows two  p r i n c i p a l  s e t s  o f  c o n j u g a t e  

s t r i k e - s l i p  f a u l t s .  A l l  o f  t h e  f a u l t s  t h a t  s t r i k e  E a s t - N o r t h ­

e a s t  o r  N o r t h e a s t  a r e  l e f t  l a t e r a l .  A l l  o f  t h e  f a u l t s  t h a t  

s t r i k e  N o r t h w e s t  a r e  r i g h t  l a t e r a l .  C u r v a t u r e ,  s p l a y i n g  and 

s i d e - s t e p p i n g  o f  s t r i k e - s l i p  f a u l t  s e g m e n t s  o c c u r  f r e q u e n t l y .  

A r e a s  o f  e x t e n s i o n  and n o r m a l  f a u l t i n g  a r e  a s s o c i a t e d  w i t h  

d i s c o n t i n u o u s  o r  d i v e r g e n t  s t r i k e - s l i p  f a u l t s ,  and w i t h  f r a g ­

m e n t a t i o n  i n  z o n e s  bounded  by two m a j o r  s t r i k e - s l i p  f a u l t s  

( t r a n s t e n s i o n ) .  L o c a l l y  t h r u s t  f a u l t s  and  f o l d s  w i t h  E a s t - W e s t  

t r e n d i n g  f o l d  a xes  a r e  p r e s e n t  ( t r a n s p r e s s i o n ) .

T h i s  k i n e m a t i c  p a t t e r n  can be e x p l a i n e d  by a s i m p l e  

r e g i o n a l  s t r e s s  f i e l d .  The Pa n n o n ia n  r e g i o n  was c h a r a c t e r i z e d  

d u r i n g  t h e  m i d d l e  M i o c e n e  by a N o r t h - S o u t h  maximum p r i n c i p a l  

s t r e s s  ( б р ,  an E a s t - W e s t  minimum p r i n c i p a l  s t r e s s  ( 6 ^ ) ,  and a 

v e r t i c a l  i n t e r m e d i a t e  s t r e s s  ( 6 2 ) ,  w h e r e :

61 = 6* -S >  = 6 2 v e r t i c a l > 6 x  = 6 E-W

T h i s  s t r e s s  f i e l d  i s  c o m p a t i b l e  w i t h  tw o  c o n j u g a t e  s e t s  o f  

s t r i k e - s l i p  f a u l t s  ( i f  6  ̂ = 6 N_g)  and  i t  p r o v i d e s  t h e  c o n ­

d i t i o n s  f o r  o b l i q u e  s l i p  a l o n g  t h e s e  f a u l t s  ( i f '1 =■ 6 2 ) and

^ v e r t i c a l ^ 'f o r  p u r e  n o r m a l  f a u l t i n g  e l s e w h e r e  ( i f

P l a t e  t e c t o n i c  e v o l u t i o n  o f  t h e  A l p i n e - M e d i t e r r a n e a n  

r e g i o n  d u r i n g  t h e  M i o c e n e  can e x p l a i n  t h e  f o r m a t i o n  o f  t h i s  

s t r e s s  f i e l d .  A r o u g h l y  N o r t h - S o u t h  l a r g e s t  p r i n c i p a l  s t r e s s
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was g e n e r a t e d  p r o b a b l y  by t h e  A f r i c a n  p l a t e ,  w h ic h  e x e r t e d  a 

p u s h  on t h e  P a n n o n ia n  t h r o u g h  t h e  A d r i a t i c  p r o m o n t o r y .  An E a s t -  

- W e s t  l e a s t  p r i n c i p a l  s t r e s s  i s  t h o u g h t  t o  be r e l a t e d  t o  t h e  

r e t r e a t  o f  t h e  s u b d u c t e d  s l a b  a l o n g  t h e  E a s t e r n  C a r p a t h i a n s .

I n  o t h e r  w o r d s ,  t h e  P a n n o n i a n  b a s i n  i s  an e s c a p e  s t r u c t u r e  

c h a r a c t e r i z e d  m o s t l y  by t r a n s t e n s i o n  and s u b o r d i n a t e l y  t r a n s ­

p r e s s i o n .  C r u s t a l  b l o c k s  e x t r u d e d  f r o m  t h e  main A l p i n e  c o l l i ­

s i o n  f r o n t  t o w a r d s  t h e  " f r e e  b o u n d a r y "  i n  t h e  E a s t e r n  C a r p a t h i ­

a n s  w h e r e  t h e y  o v e r r o d e  t h e  s u b d u c t i b l e  c r u s t  o f  t h e  m o l a s s e  

f o r e d e e p .  A c c o r d i n g l y ,  s t r i k e - s l i p  f a u l t i n g  and e x t e n s i o n  i n  

t h e  P a n n o n i a n  a re a  was c o m p e n s a t e d  by c o e v a l  f o l d i n g  and t h r u s t ­

i n g  i n  t h e  o u t e r  a r c  o f  t h e  E a s t e r n  C a r p a t h i a n s .  I n  t h i s  mode l  

t h e  t o t a l  amount  o f  P a n n o n i a n  e x t e n s i o n  r e l a t i v e  t o  s t a b l e  

E u r o p e  (100  _+ 50 km) s h o u l d  be t h e  same as t h e  c o e v a l  c r u s t a l  

s h o r t e n i n g  i n  t h e  O u t e r  E a s t e r n  C a r p a t h i a n s .

Ou r  model  r e c e i v e d  i m p o r t a n t  i n d e p e n d e n t  s u p p o r t  f r o m  c o n ­

t i n u i n g  m i c r o t e c t o n i c  o b s e r v a t i o n s  i n  t h e  P a n n o n ia n  b a s i n  

( B e r g e r a t  1989 ,  B e r g e r a t  and C s o n t o s  19 8 9 ,  C s o n to s  e t  a l .  1 9 9 0 ) .  

T h e s e  o b s e r v a t i o n s  ha ve  been  p e r f o r m e d  i n  t h e  H u n g a r i a n  moun­

t a i n s  w h i c h  a r e  a c t u a l l y  e m e r g e n t  b l o c k s  o f  t h e  P a n n o n i a n  b a s e ­

m e n t .  H ence ,  baseme nt  t e c t o n i c s  ca n  be w e l l  s t u d i e d ,  b u t  t h e  

t i m e  c o n s t r a i n t s  a r e  o f t e n  p o o r  due t o  t h e  l a c k  o f  a b u n d a n t  

y o u n g  s e d i m e n t a r y  r o c k s .  Anyhow,  t h e s e  s t u d i e s  d e m o n s t r a t e  t h a t  

t h e  t e c t o n i c  a c t i v i t y  d u r i n g  t h e  Neogene ( p a r t i c u l a r l y  t h e  

M i o c e n e )  were v e r y  i n t e n s i v e  and p r e d o m i n a t e d  by s t r i k e - s l i p  

f a u l t s .  The o r i e n t a t i o n  and o f f s e t  o f  t h e s e  f a u l t s  a r e  g e n e r a l ­

l y  i n  c o n c e r t  w i t h  w h a t  w e re  i n f e r r e d  f r o m  s e i s m i c  and d r i l l ­

h o l e  d a t a  i n  t h e  b a s i n .  On t h e  o t h e r  h a n d ,  i t  has become o b v i o u s  

t h a t  t h e  model  f o r  t h e  f o r m a t i o n  o f  t h e  P a n n o n ia n  b a s i n  as i l ­

l u s t r a t e d  i n  F i g .  1 i s  a g e n e r a l  scheme and c a n n o t  d e s c r i b e  a l l  

t h e  c o m p l e x i t y  o f  t h e  s t r u c t u r a l  e v o l u t i o n .  For  e x a m p l e ,  o b s e r ­

v a t i o n s  a t  d i s t a n t  l o c a l i t i e s  i n  and a r o u n d  t h e  P a n n o n i a n  b a s i n  

show  a s y s t e m a t i c  t e m p o r a l  change  o f  t h e  o r i e n t a t i o n  o f  s t r i k e -  

- s l i p  f a u l t s .  T h i s  i m p l i e s  a s i g n i f i c a n t  r o t a t i o n  o f  t h e  m a x i ­

mum h o r i z o n t a l  s t r e s s  f r o m  t h e  N o r t h  ( m i d d l e  M i o c e n e )  t o w a r d s  

t h e  N o r t h e a s t  ( l a t e  M i o c e n e )  and t h e n  c o u n t e r c l o c k w i s e  t o w a r d s  

W e s t - N o r t h w e s t  ( P l i o c e n e ) .  C s o n t o s  e t  a l .  ( 1 9 9 0 )  a r g u e  t h a t  

p a r t  o f  t h i s  r o t a t i o n  i s  a p p a r e n t  and i s  caused by i n t e r n a l
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b l o c k  r o t a t i o n s  w i t h i n  two  m a j o r  b o u n d a r y  wrench  f a u l t s .  The 

r e s t  o f  t h e  i n f e r r e d  r o t a t i o n  can be a r e a l  change o f  t h e  r e ­

g i o n a l  s t r e s s  f i e l d  due t o  change  o f  t h e  bounda ry  c o n d i t i o n s  

and i n t e r a c t i o n  o f  t h e  European  and  A f r i c a n  p l a t e s .  F rom t h i s  

p o i n t  i t  i s  a l s o  i n t e r e s t i n g  t o  d e t e r m i n e  t h e  r e c e n t  s t r e s s  

f i e l d  i n  t h e  P a n n o n i a n  b a s i n  ( D ö v é n y i  and H o r v á t h ,  t h i s  v o l u m e )  

and t o  see how much i t  i s  u n d e r  t h e  c o n t r o l  o f  f o r c e s  a c t i n g  on 

t h e  b o u n d a r y  o f  t h e  European  p l a t e .

M a j o r  b r e a k t h r o u g h  has o c c u r r e d  r e c e n t l y  i n  u n d e r s t a n d i n g  

t h e  u p l i f t  h i s t o r y  o f  h i g h - p r e s s u r e  m e t a m o r p h i c  c o r e  c o m p l e x e s  

i n  P h a n e r o z o i c  o r i g e n i c  b e l t s .  I t  ca n  be shown t h a t  t h e s e  com­

p l e x e s  were  i n i t i a l l y  d e e p l y  b u r i e d  ( 3 0  t o  50 km) as a c o n ­

s e q u e n c e  o f  s u b d u c t i o n  d u r i n g  p l a t e  c o n v e r g e n c e .  Then ,  t h e y  

w ere  d e t a c h e d  f r o m  t h e  l o w e r  p l a t e  and  b r o u g h t  back t o  t h e  

E a r t h ' s  s u r f a c e  s t r i k i n g l y  f a s t .  I t  has  been s u g g e s t e d  t h a t  

t h i s  r a p i d  e x h u m a t i o n  and u n r o o f i n g  i s  an e x t e n s i o n a l  c o l l a p s e  

w i t h i n  c o m p r e s s i o n a l  o r o g e n i c  b e l t s  ( P l a t t  1986,  Dewey 1 9 8 8 ) .  

T h i s  can  happen  by g r a v i t a t i o n a l  s p r e a d i n g  o f  d e c o u p l e d  c r u s t a l  

f l a k e s  away f r o m  t o p o g r a p h i c  h i g h s  c a u s e d  by u p l i f t  o f  t h i c k ­

ened  o r o g e n i c  w edge .

One o f  t h e  t e s t  a r e a s  where t h i s  mode l  has been m o s t  s u c ­

c e s s f u l l y  a p p l i e d  i s  t h e  E a s t e r n  A l p s .  S t u d i e s  o f  u p l i f t  and 

d e f o r m a t i o n  h i s t o r y  o f  P e n n i n i c  r o c k s  i n  t h e  Tauern  and 

R e c h n i t z  w in d o w s  show t h a t  t h e  o v e r l y i n g  A u s t r o a l p i n e  n a p p e s  

w ere  removed  d u r i n g  t h e  O l i g o c è n e  and  Mi ocene  a l o n g  l o w - a n g l e  

n o r m a l  f a u l t s  and t h e  g e n e r a l  d i r e c t i o n  o f  e x t e n s i o n  was E a s t -  

- W e s t  ( S e l v e r s t o n e  1988 ,  R a t s c h b a c h e r  e t  a l .  1 9 8 9 ) .  R a t s c h ­

b a c h e r  e t  a l .  ( 1 9 9 0 )  have remapped and  r e i n t e r p r e t e d  t h e  

T e r t i a r y  f a u l t s  and o ther  d e f o r m a t i o n s  and d e f i n e d  i n  d e t a i l  t h e  

k i n e m a t i c s  o f  t h e  E a s t e r n  A l p s .  T h i s  c l e a r l y  s u g g e s t s  t h a t  e x ­

t r u s i o n  o f  t h e  E a s t e r n  A lp s  o c c u r r e d  p a r a l l e l  t o  t h e i r  m a i n  

s t r i k e  and t o o k  p l a c e  by b r i t t l e  d e f o r m a t i o n  o f  t h e  u p p e r  c r u s t  

and d u c t i l e  f l o w  o f  t h e  l o w e r  c r u s t  and l i t h o s p h e r e .  The f a u l t  

p a t t e r n  i s  shown t o  be i n t i m a t e l y  r e l a t e d  t o  t h e  b a s i n  f o r m a ­

t i o n  i n  t h e  i n t r a - C a r p a t h i a n  a r e a .  They  a rg ue  c o n v i n c i n g l y  t h a t  

e x t r u s i o n  o f  t h e  E a s t e r n  A l p s  and f o r m a t i o n  o f  th e  P a n n o n i a n  

b a s i n  i s  one ,  i n t e g r a l  p r o c e s s  w h i c h  was d r i v e n  by g r a v i t a t i o n a l
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i n s t a b i l i t y  o f  t h e  o r o g e n i c  wedge and b o u n d a r y  f o r c e s  due t o  

t h e  i n d e n t i n g  S o u th  A l p i n e / A p u l i a n  p l a t e .  The f a c t  t h a t  t h e  

E a s t e r n  A l p s  r e m a i n e d  m o u n t a i n s  and t h e  P a n n o n ia n  a re a  became 

b a s i n  can  be e x p l a i n e d  i n  te r m s  o f  d i f f e r e n t  amount o f  e x t e n ­

s i o n  w h i c h  was p r o b a b l y  c o n t r o l l e d  by t h e  c h a n g i n g  b o u n d a r y  

c o n d i t i o n s  f r o m  t h e  We s t  t o w a r d s  t h e  E a s t  ( e . g .  t h e  s t i f f n e s  o f  

t h e  E u ro p e a n  f o r e l a n d  and t h e  d i s t a n c e  f r o m  t h e  A p u l i a n  i n d e n t -  

e r ) .  I  t h i n k  t h e s e  o u t s t a n d i n g  r e s u l t s  i f  comb ined  w i t h  f u r t h e r  

d a t a  and i n t e r p r e t a t i o n s  f r o m  t h e  P a n n o n i a n  b a s i n  may open  new 

p e r s p e c t i v e s  i n  u n d e r s t a n d i n g  t h e  e v o l u t i o n  o f  comp lex  g e o -  

d y n a m i c  s y s t e m s .

I  w ou ld  l i k e  t o  e m p h a s i z e  t h a t  we r e a l l y  need a l o t  o f  new 

d a t a  and i n t e r p r e t a t i o n s  f r o m  t h e  P a n n o n i a n  b a s i n ,  b e c a u s e  I  am 

a w a r e  t h a t  q u i t e  a f e w  e l e m e n t s  o f  o u r  m o d e l  a re  s p e c u l a t i v e  o r  

o v e r s i m p l i f i e d ,  and c a n  be t h e  s u b j e c t  o f  d e b a t e .  F o r t u n a t e l y ,  

t h e r e  a r e  a l t e r n a t i v e  m o d e l s  a v a i l a b l e  w h i c h  may s t i m u l a t e  f u r ­

t h e r  p r o g r e s s .  I  s h a l l  b r i e f l y  d i s c u s s  o n l y  one r e m a r k a b l e  

c o n c e p t  w h ic h  r e c e i v e d  w i d e  p u b l i c i t y  i n  t h e  r e c e n t  y e a r s  

( B a l i a  1985 ,  19 86a ,  b ,  19 8 7 ,  1 9 8 8 ) .  T h i s  c o n c e p t  i s  m a r k e d l y  

d i f f e r e n t  b a s i c a l l y  b e c a u s e  t h e  a u t h o r  a s s i g n s  a f u n d a m e n t a l  

r o l e  t o  r o t a t i o n  k i n e m a t i c s  i n  t h e  T e r t i a r y  e v o l u t i o n  o f  t h e  

A l p i n e - C a r p a t h i a n - P a n n o n i a n  d o m a i n .  He has  a r r i v e d  a t  t h a t  c o n ­

c l u s i o n  on t h e  b a s i s  o f  s t u d y i n g  p a l e o m a g n e t i c  d a t a .  I n d e e d ,  

a n o m a l o u s  p a l e o d e c l i n a t i o n s  can r e a d i l y  be i n t e r p r e t e d  i n  t e r m s  

o f  r o t a t i o n  o f  t h e  s a m p l e d  r o c k  u n i t s .  I n  a comp lex  o r o g e n i c  

b e l t ,  h o w e v e r ,  i t  i s  v e r y  d i f f i c u l t  t o  make a sound j u d g e m e n t  

a b o u t  t h e  t e c t o n i c  u n i t  t h i s  r o t a t i o n  r e f e r s  t o ,  and t o  d e c i p h e r  

t h e  a c t u a l  d i s p l a c e m e n t  h i s t o r y .

A m i d - H u n g a r i a n  m o b i l e  b e l t  d i v i d e s  t h e  i n t r a - C a r p a t h i a n  

d o m a i n  i n t o  two c o n t r a s t i n g  m e g a t e c t o n i c  u n i t s :  t h e  P e l s o  u n i t  

on t h e  NW and t h e  T i s z a  u n i t  on t h e  SE. The d i f f e r e n c e s  a r e  

r e f l e c t e d  by t h e  l a t e  P a l e o z o i c  t o  P a l e o g e n e  g e o l o g i c  h i s t o r y  

o f  t h e  two  u n i t s  ( s e e  a r e c e n t  r e v i e w  by  F ü l ö p  e t  a l .  1 9 8 7 ) .  I t  

i s  w e l l  e s t a b l i s h e d  t h a t  t h e  two u n i t s  w e r e  q u i t e  f a r  away d u r ­

i n g  t h e  J u r a s s i c  and l o c a t e d  t o  t h e  S o u t h  ( P e l s o  u n i t )  and  t h e  

N o r t h  ( T i s z a  u n i t )  o f  t h e  s p r e a d i n g  a x i s  o f  t h e  T e t h y s  ( e . g .  

V ö r ö s  1 9 8 7 ) .  As a c o n s e q u e n c e  o f  E u r o p e / A f r i c a  c o n v e r g e n c e  t h e  

T e t h y a n  o c e a n i c  d o m a i n  was consumed u n t i l  t h e  end o f  C r e t a c e o u s
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and a co m p le x  nappe s t r u c t u r e  d e v e l o p e d  i n  b o t h  u n i t s .  Eocene  

t o  e a r l y  M io ce n e  s t r u c t u r a l  e v o l u t i o n  was c o n t r o l l e d  by s t r i k e -  

- s l i p  f a u l t i n g  a n d ,  e v e n t u a l l y ,  j u x t a p o s i t i o n  o f  t h e  P e l s o  and 

T i s z a  u n i t s  o c c u r r e d  ( B á l d i  and B á l d i - B e k e  1 9 8 5 ) .  F o r m a t i o n  o f  

t h e  P a n n o n ia n  b a s i n  t o o k  p l a c e  on t h i s  c o n t i n e n t a l  a s s e m b l a g e  

w h i c h  a c c o r d i n g l y  was s t r o n g l y  i n f l u e n c e d  by e a r l i e r  d e f o r m a ­

t i o n s  .

P a l e o m a g n e t i c  d a t a  f r o m  t h e  Mecsek  Mts  (SW H u n g a r y ) ,  

h o w e v e r ,  l e d  B a l i a  ( 1 9 8 6 b )  t o  s u p p o s e  t h a t  t h i s  was n o t  t h e  

c a s e .  He s u g g e s t s  t h a t - t h e  T i s z a  u n i t  was i n  a s i g n i f i c a n t l y  

t w i s t e d  p o s i t i o n  t h r o u g h o u t  t h e  O l i g o c è n e  w h i c h  l e a d s  t o  t h e  

p o s t u l a t i o n  o f  a l a r g e ,  w e s t w a r d  w i d e n i n g  bay c h a r a c t e r i z e d  by 

s u b d u c t i b l e  c r u s t  ( s e e  F i g .  7 o f  B a l i a  1 9 8 7 ) .  C l o c k w i s e  r o t a ­

t i o n  o f  t h e  T i s z a  u n i t  by an a n g l e  o f  a b o u t  100°  b a c k  t o  i t s  

p r e s e n t  p o s i t i o n  has  t a k e n  p l a c e  s i n c e  t h e  e a r l y  M i o c e n e  a r o u n d  

a p r o x i m a t e  r o t a t i o n  p o l e  ( w e s t e r n  M o e s i a ) .  R o t a t i o n  r a t e  was 

s e e m i n g l y  l a r g e r  i n i t i a l l y ,  b u t  a b o u t  30 °  o f  t h e  r o t a t i o n  has 

o c c u r r e d  d u r i n g  t h e  l a s t  11 m i l l i o n  y e a r s .  B a l i a ' s  m a i n  p o i n t  

i s  t h a t  a l l  t h e  Neogene t e c t o n i c s  ( i . e .  s t r i k e - s l i p  f a u l t i n g ,  

r i f t i n g  and g r a b e n  f o r m a t i o n )  d u r i n g  t h e  e v o l u t i o n  o f  t h e  

P a n n o n i a n  b a s i n  a r e  s e c o n d a r y  f e a t u r e s  and were i n d u c e d  by t h i s  

p r i m a r y  r o t a t i o n  ( B a l i a  1987 ,  1 9 8 8 ) .  I  t h i n k ,  h o w e v e r ,  t h a t  

s e r i o u s  o b j e c t i o n s  can  be r a i s e d  a g a i n s t  h i s  i d e a .  Some o f  them 

a r e  as f o l l o w :

i )  The Mecsek  Mts  c o n s t i t u t e  a p u s h - u p  s t r u c t u r e  a s s o c i ­

a t e d  w i t h  a m a j o r  Neogene l e f t - l a t e r a l  w re n c h  f a u l t  ( N é m e d i  

V a r g a  1 9 8 3 ) .  T h e i r  s t r u c t u r e  i s  s t r o n g l y  i n f l u e n c e d  by t h e  a c ­

t i v i t y  o f  t h e  m a s t e r  f a u l t ,  s e c o n d a r y  t h r u s t  f a u l t s  and  R i e d e l  

s h e a r s .  I t  seems t o  me, t h e r e f o r e  u n r e a s o n a b l e  t o  s u p p o s e  t h a t  

p a l e o m a g n e t i c a l l y  d e t e c t e d  r o t a t i o n s  i n  t h e s e  m o u n t a i n s  ca n  be 

e x t r a p o l a t e d  f o r  t h e  w h o l e  T i s z a  u n i t .

i i )  The p o s t u l a t e d  bay  w h i c h  was a few  h u n d r e d  k i l o m e t e r  

w i d e  a t  t h e  W e s t ,  and c h a r a c t e r i z e d  by s u b d u c t i b l e  c r u s t  i s  a 

" t e r r a  i n c o g n i t a " ,  as n o t  any r e m n a n t s  have  been f o u n d  so  f a r .

i i i )  To a v o i d  t h i s  d i s c r e p a n c y  B a l i a  ( 1 9 8 6 )  s u g g e s t s  an 

a l t e r n a t i v e  p o s s i b i l i t y .  He s p e c u l a t e s  t h a t  t h e  gap b e t w e e n  t h e  

two  u n i t s  were  f i l l e d  by o t h e r  known c r u s t a l  b l o c k s .  T hese
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b l o c k s  moved p o l i t e l y  a s i d e  when i t  was n e c e s s a r y  t o  g i v e  way 

t o  t h e  c l o c k w i s e  r o t a t i n g  T i s z a  u n i t .  I n  o t h e r  w o r d s ,  t h i s  

a l t e r n a t i v e  l e a d s  t o  a h o p e l e s s  j i g s a w  p u z z l e .

i v )  To make r e a s o n a b l e  th e  r o t a t i o n  o f  t h e  T i s z a  u n i t  

B a l i a  ( 1 9 8 6 ,  1 988 )  a t t e m p t s  t o  o f f e r  a d r i v i n g  me chan is m .  He 

s u g g e s t s  t h a t  t h e  w e s t e r n  t i p  o f  t h e  T i s z a  u n i t  was pushed  

t o w a r d s  t h e  N o r t h  by c o u n t e r c l o c k w i s e  r o t a t i o n  o f  a n o r t h e r n  

A d r i a t i c  m i c r o p l a t e .  T h i s  m i c r o p l a t e ,  i n  t u r n ,  was s e p a r a t e d  

f r o m  s o u t h e r n  A d r i a  and  r o t a t e d  c o u n t e r c l o c k w i s e  as a c o n s e ­

q u e n c e  o f  t h e  o p e n i n g  o f  t h e  L i g u r i a n  s e a .  I  t h i n k ,  h o w e v e r ,  

t h a t  t h i s  mechan ism d o e s  n o t  work b e c a u s e  o f  t h r e e  r e a s o n s .  

F i r s t ,  c o u n t e r c l o c k w i s e  r o t a t i o n  o f  a n o r t h e r n  A d r i a t i c  m i c r o -  

p l a t e  wou ld  l o c k  r a t h e r  t h a n  d r i v e  r o t a t i o n  o f  t h e  T i s z a  u n i t ,  

b e c a u s e  o f  s i m p l e  g e o m e t r i c a l  r e a s o n s  ( c o m p a r e  F i g s .  7 and 11 

o f  B a l i a  1 9 8 6 ) .  S e c o n d ,  o p e n i n g  o f  t h e  L i g u r i a n  sea ( l a t e  

O l i g o c è n e  t o  e a r l y  M i o c e n e ,  Oemsek e t  a l .  1985 )  f i n i s h e d  when 

t h e  supposed  r o t a t i o n  o f  t h e  T i s z a  u n i t  s t a r t e d  ( e a r l y  M i o c e n e  

t h r o u g h  P l i o c e n e ,  B a l i a  1 9 8 6 ) .  T h i r d ,  o p e n i n g  o f  t h e  L i g u r i a n  

s e a  r e s u l t e d  i n  a b o u t  3 0 °  c o u n t e r c l o c k w i s e  r o t a t i o n  o f  t h e  

C o r s i c a - S a r d i n i a  b l o c k ,  w h i c h  was c o m p e n s a t e d  by c r u s t a l  s h o r t ­

e n i n g  i n  t h e  i n t e r n a l  A p p e n i n i c  nappe  f r o n t  ( R e h a u l t  e t  a l .  

1 9 8 4 ) .  I n  o t h e r  w o r d s ,  o p e n i n g  o f  t h e  L i g u r i a n  sea has n o t h i n g  

t o  do w i t h  t h e  m o v em en t  o f  t h e  T i s z a  u n i t .

A l l  i n  a l l ,  I  t h i n k  t h a t  t h e  i d e a  o f  m a j o r  r o t a t i o n  o f  t h e  

s o u t h e a s t e r n  u n i t  o f  t h e  Pannon ia n  b a s e m e n t  d u r i n g  b a s i n  f o r m a ­

t i o n  i s  u n j u s t i f i e d  b o t h  g e o l o g i c a l l y  and k i n e m a t i c a l l y .  How­

e v e r ,  t h i s  i s  j u s t  o n e ,  t h o u g h  f u n d a m e n t a l  e l e m e n t  o f  B a l i a ' s  

c o n c e p t .  There  a r e  q u i t e  a few o t h e r  e l e m e n t s  I  a c c e p t  and a p ­

p r e c i a t e .  One e x a m p l e  i s  g i v e n  by s t u d i e s  i n  w e s t e r n  H u n g a r y  

a l o n g  t h e  c o n t a c t  z o n e  o f  t h e  P e ls o  and  T i s z a  u n i t s  ( B a l i a  e t  

a l .  1 9 8 7 ) .  They h a v e  shown t h a t  t o  t h e  N o r t h  o f  t h e  c o n t a c t  

z o n e ,  a l o n g  t h e  B a l a t o n  l i n e  (see  F i g .  1 ) a 200 km o r  p e r h a p s  

300  km l o n g  b e l t  ca n  be f o u n d  w h ic h  was r e m a r k a b l y  i n f l u e n c e d  

by  m i d d l e  M i ocene  c o m p r e s s i o n .  We have  a l s o  r e c o g n i z e d  t h i s  

b e l t  and i n t e r p r e t e d  as en e c h e l o n  f o l d s  and t h e  co n s e q u e n c e  o f  

t r a n s p r e s s i o n  d u r i n g  o b l i q u e  c o n v e r g e n c e .  We may be s t i l l  r i g h t  

b u t  we neve r  a n a l y z e d  t h e  r e l a t i o n s h i p  o f  T e r t i a r y  w re nch
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f a u l t s  t o  e a r l i e r  t h r u s t  f a u l t s .  From a m e c h a n i c a l  p o i n t  o f  

v i e w  i t  i s  r e a s o n a b l e  t o  suppose  t h a t  w r e n c h  f a u l t s  f l a t t e n  a t  

d e p t h  and r o o t  i n  deep d e t a c h m e n t  p l a n e s  a s s o c i a t e d  w i t h  A l p i n e  

nappe e m p l a c e m e n t .  T h e r e  a r e  ample  e v i d e n c e  f r om  t h e  N o r t h  

A m e r i c a n  C o r d i l l e r a  t h a t  r e g i o n a l  s t r i k e - s l i p s  and t h r u s t  

f a u l t s  s h a r e  a common d é c o l l e m e n t  ( O l d o w  e t  a l .  1 9 8 9 ) .  I f  t h i s  

i s  t h e  c a s e ,  t h e n  s i g n i f i c a n t  t h r u s t i n g  may have o c c u r r e d  d u r ­

i n g  o b l i q u e  c o n v e r g e n c e  a l o n g  t h e  B a l a t o n  l i n e  and e l s e w h e r e  i n  

t h e  P a n n o n i a n  b a s i n  d u r i n g  t h e  N eogene .

CONCLUDING REMARKS

One can  o b s e r v e  a r e m a r k a b l e  p r o g r e s s  i n  t h e  u n d e r s t a n d i n g  

o f  t h e  s t r u c t u r a l  e v o l u t i o n  o f  t h e  P a n n o n i a n  b a s i n  d u r i n g  t h e  

N eogen e .  The good l e v e l  o f  k n o w l e d g e  can  h e l p  t o  d e f i n e  t h e  

ma in  open  p r o b l e m s  and p r o m i s i n g  a r e a s  f o r  f u t u r e  r e s e a r c h .  My 

p r e f e r e n c e s  a r e  as f o l l o w :

1 .  I t  i s  v e r y  i m p o r t a n t  t o  have  a b e t t e r  u n d e r s t a n d i n g  o f  

t h e  b a s e m e n t  ( p r e - T e r t i a r y )  t e c t o n i c s .  T h e r e  i s  no more  f u r t h e r  

d o u b t  t h a t  t h e  base me n t  i s  made up f r o m  a s t a c k  o f  A l p i n e -  

- C a r p a t h i a n  n a p p e s ,  b u t  t h e i r  g e o m e t r y ,  a r e a l  e x t e n t  and  c o r ­

r e l a t i o n  i s  unknown a t  a l l .  Such k i n d  o f  r e s e a r c h  can r e l y  on 

p r o p e r  i n t e r p r e t a t i o n  o f  deep r e f l e c t i o n  s e i s m i c  p r o f i l e s  and 

b o r e h o l e  d a t a .  I  am c o n v i n c e d  t h a t ,  i n  a d d i t i o n  t o  good  d a t a ,  

we need t o  l e a r n  more f r o m  A l p i n e  g e o l o g i s t s  and e x p e r t s  on 

s e i s m i c  i n t e r p r e t a t i o n  i n  o r o g e n i c  b e l t s .

2 .  R e a c t i v a t i o n  o f  e a r l i e r  t h r u s t  f a u l t s  s h o u l d  h a v e  o c ­

c u r r e d  d u r i n g  t h e  T e r t i a r y  s t r i k e - s l i p  d o m i n a t e d  t e c t o n i c  

h i s t o r y .  P r e s u m a b l y ,  f l o w e r - s t r u c t u r e s  a r e  o n l y  s u p e r f i c i a l  

m a n i f e s t a t i o n s  o f  w r e n c h  f a u l t s  w h i c h  r o o t  a t  d e p t h  i n  d e t a c h ­

ment  p l a n e s .  F u t u r e  r e s e a r c h  i n  t h i s  f i e l d  can e l u c i d a t e  t h e  

r o l e  o f  t e c t o n i c  h e r i t a g e  and l e a d  t o  a good i d e a  a b o u t  t h e  

c h a n g i n g  s t y l e  o f  d e f o r m a t i o n  w i t h  d e p t h .

3 .  I t  a p p e a r s  t o  be v i t a l  t o  c o n t i n u e  modern s t r u c t u r a l  

g e o l o g i c a l  s t u d i e s  i n  o u t c r o p s  o f  t h e  P a n n o n ia n  bas e m e n t  t o  map 

a l l  t h e  i n d i c a t i o n s  o f  T e r t i a r y  k i n e m a t i c s .  I  t h i n k  t h e  m o s t
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i n t e r e s t i n g  a r e a s  a r e  a t  t h e  p e r i p h e r y  o f  t h e  P a n n o n ia n  b a s i n ,  

p a r t i c u l a r l y  i n  t h e  i n t e r n a l  D i n a r i d e s  and  S o u t h e r n  C a r p a t h i a n s .  

E q u a l l y  i m p o r t a n t  i s  t o  s t u d y  t h e  c o e v a l  d e f o r m a t i o n s  o f  t h e  

O u t e r  C a r p a t h i a n  a r c .

4 .  The T e r t i a r y  k i n e m a t i c s  o f  t h e  C a r p a t h i a n - P a n n o n i a n  

r e g i o n  s h o u l d  be c o m b i n e d  w i t h  t h e  r e s u l t s  o f  e x t r u s i o n  t e c t o n ­

i c s  i n  t h e  A l p s .  F rom a g e n e r a l  g e o d y n a m i c  p o i n t  o f  v i e w  i t  has 

a g r e a t  p r o m i s e  t o  a r r i v e  a t  an i m p r o v e d  3D model  o f  t h e  e v o l u ­

t i o n  o f  t h e  l i t h o s p h e r e  i n  a c o l l i s i o n a l  o r o g e n i c  b e l t .

5 .  There  a r e  some i n d i c a t i o n s  t h a t  Q u a t e r n a r y  t e c t o n i c s  

may be somewhat d i f f e r e n t  f r om  t h e  p a t t e r n  o f  Neogene s t r u c t u r ­

a l  e v o l u t i o n .  We nee d  t o  s t u d y  t h e  n e o t e c t o n i c  p r o c e s s e s  t o  

u n d e r s t a n d  r e c e n t  g e o d y n a m i c s  and ha ve  a r e l i a b l e  g r o u n d  f o r  

p r o t e c t i o n  o f  t h e  e n v i r o n m e n t .

N a t u r a l l y ,  we nee d  t i m e  and money t o  c a r r y  on t h e s e  

r e s e a r c h e s .  L a s t  b u t  n o t  l e a s t ,  I  b e l i e v e  i n  b e t t e r  c h a n c e s  

f o r  c o n s t r u c t i v e  c o o p e r a t i o n  be tween s c i e n t i s t s  i n  t h i s  p a r t  o f  

t h e  w o r l d .
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DETERMINATION OF CONTEMPORARY CRUSTAL STRESS REGIME
IN HUNGARY

P D ö v é n y i  and F H o r v á t h

Geophysical  Department of  Eötvös U n i v e r s i t y ,  H-1083 Budapest, Kun В. t é r  2,
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This re po r t  presents an overview o f  the f i r s t  re s u l t s  o f  s t r e s s  d e te r ­
m ina t ions  i n  the Pannonian bas in,  Hungary. In  cooperat ion w i t h  expe r t s  from 
the U n i v e r s i t y  o f  Kar l sruhe we analyzed borehole breakout data i n  ten  
hydrocarbon e x p lo ra t io n  w e l l s .  Furthermore,  i n  s i t u  s t ress de te r mi na t ion s  
have been c a r r ie d  out  a t  th ree s i t e s  i n  the Hungarian mountains. We con­
c lude t h a t  both methods g ive  good r e s u l t s  but  f u r t h e r  data are r e q u i r e d  to 
understand the reg i ona l  s t r ess  p a t t e r n .

Keywords: breakout ;  Hungary; overc or ing ;  Pannonian basin;  s t r e s s  de­
te r m i n a t i o n

INTRODUCTION

M o t i v a t i o n  f o r  c r u s t a l  s t r e s s  d e t e r m i n a t i o n s  i s  m u l t i f o l d .  

The p a t t e r n s  o f  t h e  i n t r a p l a t e  t e c t o n i c  s t r e s s  f i e l d  c a n  be 

use d  t o  d e t e r m i n e  t h e  d i r e c t i o n  and r e l a t i v e  m a g n i t u d e  o f  t h e  

v a r i o u s  f o r c e s  c o n t r o l l i n g  p l a t e  m o t i o n .  S t r e s s  d a t a  p r o v i d e  

c r i t i c a l  i n p u t  f o r  a s s e s s i n g  t h e  o r i g i n  o f  t e c t o n i c  mo ve m en ts  

and s e i s m i c i t y  and e v a l u a t i o n  o f  e a r t h q u a k e  h a z a r d  i n  i n t r a -  

p l a t e  r e g i o n .  These  d a t a  a r e  u s e f u l  f o r  a v a r i e t y  o f  p r o b l e m s  

i n  m i n i n g ,  p e t r o l e u m  e x p l o r a t i o n  and p r o d u c t i o n ,  and c i v i l  

e n g i n e e r i n g  as w e l l .

The u n d e r s t a n d i n g  o f  t h e  c a u s a l  c o n n e c t i o n  b e t w e e n  t h e  

m o s t  common t e c t o n i c  phenomenon i . e .  t h e  f a u l t i n g  and t h e  t h r e e  

p r i n c i p a l  s t r e s s  d i r e c t i o n s  i n  t h e  e a r t h ' s  u p p e r  c r u s t  was 

g r o u n d e d  by A n d e r s o n  ( 1 9 5 1 )  i n  h i s  c l a s s i c a l  s t u d y .  Many d a t a  

s u p p o r t  h i s  t h e o r y  t h a t  t h e  t h r e e  p r i n c i p a l  s t r e s s  d i r e c t i o n s  

l i e  i n  a p p r o x i m a t e l y  h o r i z o n t a l  and v e r t i c a l  p l a n e s .  T h u s ,  i n  

a r e a s  o f  d e v i a t o r i c  e x t e n s i o n  ( n o r m a l  f a u l t i n g )  t h e  maximum
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p r i n c i p a l  s t r e s s  i s  v e r t i c a l ,  i n  a r e a s  o f  d e v i a t o r i c  c o m p r e s ­

s i o n  ( t h r u s t  f a u l t i n g )  t h e  minimum p r i n c i p a l  s t r e s s  i s  v e r t i c a l ,  

and  i n  a re as  o f  s t r i k e - s l i p  f a u l t i n g  t h e  v e r t i c a l  s t r e s s  i s  t h e  

i n t e r m e d i a t e  o n e .  S e i s m o l o g i c a l  s t u d i e s  showed t h a t  mos t  o f  t h e  

e a r t h q u a k e s  a r e  t h e  c o n s e q u e n c e s  o f  s u c h  f a u l t i n g  t a k e n  p l a c e  

somewhere  i n  t h e  b r i t t l e  r e g i o n s  o f  t h e  c r u s t  ( B ru n e  1 9 7 4 ) .  The 

s t r e s s  reg im e  p l a y s  an i m p o r t a n t  r o l e  i n  t h e  i n i t i a t i o n  o f  

h y d r o c a r b o n  (Du R o u c h e t  1981 ,  T i s s o t  and  W e l t e  1 9 8 7 ) .  The i d e a  

o f  p r i m a r y  m i g r a t i o n  o r i g i n a t e d  f r o m  t h e  m e c h a n i c s  o f  h y d r o -  

f r a c t u r i n g  ( H ű b b é r t  and  W i l l i s  1 9 5 7 ) .

E a r l y  i n v e s t i g a t i o n s  o f  r e g i o n a l  s t r e s s  p a t t e r n s  i n  N o r t h  

A m e r i c a  and i n  E u r o p e  i n d i c a t e d  t h a t  u n i f o r m  h o r i z o n t a l  s t r e s s  

o r i e n t a t i o n  and r e l a t i v e  s t r e s s  m a g n i t u d e s  e x i s t e d  o v e r  b r o a d  

r e g i o n s  o f  t h e  e a r t h ' s  c r u s t  ( S y k e s  1 9 7 4 ,  Ha imson 1 9 7 7 ) .

F u r t h e r  d a ta  c o l l e c t i o n  and d a t a  a c q u i s i t i o n  have  been o r g a n i z e d  

i n  t h e  World  S t r e s s  Map p r o j e c t  o f  t h e  I n t e r n a t i o n a l  L i t h o ­

s p h e r e  Progra m .  P r e l i m i n a r y  r e s u l t s  o f  t h e  p r o j e c t  i n d i c a t e  

t h a t  most  i n t r a p l a t e  r e g i o n s  a re  c h a r a c t e r i z e d  by u n i f o r m l y -  

- o r i e n t e d  c o m p r e s s i o n ;  i n t r a p l a t e  e x t e n s i o n  i s  l i m i t e d  a l m o s t  

e n t i r e l y  t o  t h e r m a l l y  u p l i f t e d  a r e a s .  I n  s e v e r a l  p l a t e s  t h e  

maximum h o r i z o n t a l  s t r e s s  d i r e c t i o n  i s  a p p r o x i m a t e l y  p a r a l l e l  

t o  t h e  d i r e c t i o n  o f  a b s o l u t e  p l a t e  m o t i o n .  T h i s  s u g g e s t s  t h a t  

r e g i o n a l  t e c t o n i c  s t r e s s e s  a re  p r i m a r i l y  r e l a t e d  t o  p l a t e  d r i v ­

i n g  f o r c e s ,  a l t h o u g h  c r u s t a l  s t r u c t u r e  and  r h e o l o g y  have  i m p o r ­

t a n t  e f f e c t s  on t h e  s t r e s s  f i e l d  ( Z o b a c k  e t  a l .  1 9 8 8 ) .

TECTONIC STRESS INDICATORS

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

t o r s  we f o l l o w  t h e  r e c o m m e n d a t i o n s  o f  t h e  W o r l d  S t r e s s  Map 

p r o j e c t  (Zo back  e t  a l .  1 9 8 8 ) .

Four  d i f f e r e n t  c a t e g o r i e s  o f  g e o p h y s i c a l  and g e o l o g i c a l  

d a t a  a r e  b e i n g  u s e d  t o  i n d i c a t e  s t r e s s  o r i e n t a t i o n s :

i )  e a r t h q u a k e  f o c a l  mec han is ms;

i i )  i n  s i t u  s t r e s s  m e a s u r e m e n ts  a t  d e p t h ,  i n c l u d i n g  h y d r a u l i c  

f r a c t u r i n g  and  o v e r c o r i n g ;

i i i )  measurement  o f  y o u n g  g e o l o g i c  d e f o r m a t i o n  and f e a t u r e s ,
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i n c l u d i n g  b o t h  f a u l t  s l i p  and v o l c a n i c  a l i g n m e n t s ;

i v )  s t r e s s - i n d u c e d  w e l l  b o r e  e n l a r g e m e n t s  o r  " b r e a k o u t s " .

The e l a s t i c  waves g e n e r a t e d  by e a r t h q u a k e s  and r e c o r d e d  a t  

s e i s m o l o g i c a l  s t a t i o n s  can be used f o r  t h e  a n a l y s i s  o f  t h e  

s e i s m i c  s o u r c e .  The o r i e n t a t i o n  o f  t h e  f a u l t  p l a n e  and t h e  

d i r e c t i o n  o f  s l i p  on t h e  f a u l t  d e t e r m i n e  t h e  f i r s t  m o t i o n  

d i r e c t i o n s  o f  t h e  r e c o r d e d  wave p u l s e s  a t  t h e  s t a t i o n s .  O n l y  

t h e  f o c a l  mechan ism g i v e  r e l i a b l e  i n f o r m a t i o n  a b o u t  t h e  s t a t e  

o f  s t r e s s  i n  t h e  d e e p e r  r e g i o n s  o f  t h e  c r u s t ;  more and m o r e ,  

w e l l  c o n s t r a i n e d  f o c a l  mec han i sm s a r e  a v a i l a b l e  i n  t h e  l a s t  

d e c a d e  u s i n g  w a v e fo rm  m o d e l i n g  w i t h  d a t a  c o l l e c t i o n  f r o m  d i g i ­

t a l  s e i s m i c  n e t w o r k s .  H o w e v e r ,  t h e  i n h e r e n t  d i f f i c u l t y  i n  e s ­

t i m a t i n g  p r i n c i p a l  s t r e s s  d i r e c t i o n s  f r o m  f o c a l  m e c h an is m s  

r e m a i n s .  Most  c r u s t a l  e a r t h q u a k e s  a r e  p resum ed t o  o c c u r  on p r e -  

- e x i s t i n g  f a u l t s ,  i n  w h i c h  c ase  t h e  o r i e n t a t i o n  o f  two  n o d a l  

p l a n e s  i s  a f u n c t i o n  o f  b o t h  t h e  o r i e n t a t i o n  o f  t h e  f a u l t  and 

o r i e n t a t i o n s  and r e l a t i v e  m a g n i t u d e s  o f  t h e  p r i n c i p a l  s t r e s s e s .

I n  H ungar y  t h e r e  a r e  o n l y  t h r e e  r e l i a b l e  f o c a l  me ch an is m 

d e t e r m i n a t i o n s  ( T ó t h  e t  a l .  1989 ,  T ó t h ,  p e r s o n a l  c o m m u n i c a t i o n )  

b e c a u s e  o f  t h e  i n s u f f i c i e n t  s e i s m i c  n e t w o r k  and r e l a t i v e l y  lo w  

s e i s m i c  a c t i v i t y .  R e s u l t s  o f  t h e  H u n g a r i a n  f o c a l  m e ch a n is m  d e ­

t e r m i n a t i o n s  a r e  shown i n  F i g .  1.

U s i n g  t h e  h y d r a u l i c  f r a c t u r i n g  t e c h n i q u e  i n  v e r t i c a l  b o r e ­

h o l e s ,  one p r i n c i p a l  s t r e s s  i s  assumed t o  be p a r a l l e l  t o  t h e  

b o r e h o l e  and e q u a l  i n  m a g n i t u d e  t o  t h e  o v e r b u r d e n  p r e s s u r e .  I n  

t h i s  c a s e  a v e r t i c a l  h y d r a u l i c  f r a c t u r e  s h o u l d  i n i t i a t e  a t  t h e  

b o r e h o l e  w a l l  a l o n g  an a z i m u t h  p e r p e n d i c u l a r  t o  t h e  m in imum 

h o r i z o n t a l  p r i n c i p a l  s t r e s s .  M e a s u r e m e n ts  o f  b r e a k d o w n  p r e s s u r e  

and s h u t - i n  p r e s s u r e  can  be used  t o  e v a l u a t e  t h e  m a g n i t u d e  o f  

p r i n c i p a l  s t r e s s e s  l y i n g  i n  h o r i z o n t a l  p l a n e .  The p r i n c i p a l  

s t r e s s  d i r e c t i o n  can be d e t e r m i n e d  by t h e  e x a m i n a t i o n  o f  w e l l  

b o r e  c r o s s - s e c t i o n  a l o n g  t h e  f r a c t u r e d  i n t e r v a l  u s i n g  b o r e h o l e  

t e l e v i e w e r  o r  f o u r - a r m  c a l i p e r  l o g  d a t a .

Our  e x p e r i e n c e  shows t h a t  d a t a  a c q u i r e d  d u r i n g  r o u t i n e  

h y d r a u l i c  f r a c t u r i n g  i n  h y d r o c a r b o n  e x p l o r a t i o n  a r e  n o t  s a t i s ­

f a c t o r y  f o r  s t r e s s  d e t e r m i n a t i o n .  H y d r a u l i c  f r a c t u r i n g  f o r  

c r u s t a l  s t r e s s  m e a s u r e m e n t s  has n o t  been  c a r r i e d  o u t  i n  H u n g a r y ,  

so f a r .
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F i g .  1 . Contemporary s t r e s s  data in  the Pannonian basin ind ica ted  by the 
analys is  o f  bo reho le  breakouts (а - g ) ,  by overcor ing  measurements 
(1-4)  and by f o c a l  mechanisms (A-C).  (M od i f ied  a f t e r  Becker 1989.) 
The longer a x is  (a r row)  shows the d i r e c t i o n  o f  maximum h o r i z o n t a l  
s t ress.  Note t h a t  l o c a l i t i e s  no. 3 and 4 are charac ter i zed by ten -  
s ional  s t resses .  L o c a l i t i e s  are:  a = Bajánsenye, b = Bakonyszűcs, 
c = Gátér,  d = Fábiánsebestyén, e = Szarvas,  f  = Sáránd, g = Bakta- 
lórántháza,  1 = Hainburg ( A u s t r ia ) ,  2 = Ugod, 3 = Beremend,
4 = Miskolc,  A = Berh ida,  В = Dunaharasz t i , C = Békés

One o f  t h e  e a r l i e s t  and b e s t  s t u d i e d  t e c h n i q u e s  f o r  i n ­

v e s t i g a t i n g  t h e  s t a t e  o f  s t r e s s  i n  t h e  e a r t h ' s  c r u s t  a r e  s t r e s s  

o r  s t r a i n  r e l i e f  m e a s u r e m e n t s  common ly  r e f e r r e d  t o  as " o v e r -  

c o r i n g "  m e a s u r e m e n t s .  T h i s  t e c h n i q u e  g e n e r a l l y  i n v o l v e s  d e t e r ­

m i n a t i o n  o f  t h e  n a t u r a l ,  3-D d e f o r m a t i o n  r e l i e v e d  i n  a body  o f  

r o c k  i n  s i t u  when s e p a r a t e d  f r om  t h e  s u r r o u n d i n g  r o c k  v o l u m e .

I t  i s  t h e  o n l y  t e c h n i q u e  w h i c h  m e a s u r e s  t h e  c o m p l e t e  s t r e s s  

t e n s o r .  The p r i m a r y  d r a w b a c k s  o f  t h i s  m e t h o d  a r e  t h a t  t h e  mea­

s u r e m e n t s  u s u a l l y  m u s t  be made n e a r  t h e  su r f ace  and t h e  m easur ed  
s t r e s s  i s  s u b j e c t  t o  e f f e c t s  o f  l o c a l  t o p o g r a p h y ,  r o c k  a n i s o t ­
r o p y  and n a t u r a l  f r a c t u r i n g .

I n  s i t u  s t r e s s  m e a s u r e m e n ts  w ere  c a r r i e d  o u t  i n  H u n g a r y
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f o r  t h e  f i r s t  t i m e  d u r i n g  t h e  summer o f  1989 i n  c o o p e r a t i o n  

w i t h  e x p e r t s  f r o m  t h e  U n i v e r s i t y  o f  K a r l s r u h e  (FRG) .  T h r e e  t e s t  

l o c a t i o n s  were  c a r e f u l l y  s e l e c t e d :  one  n e a r  t h e  v i l l a g e  Ugod i n  

t h e  Bako ny  ( n o r t h w e s t  H u n g a r y ) ,  a n o t h e r  one n ea r  B e r em end ,  

s o u t h  t o  t h e  V i l l a n y  Mounta ins  ( s o u t h e r n  H u n g a r y )  and t h e  t h i r d  

one a t  t h e  m a r g i n  o f  t h e  Bükk P l a t e a u  ( n o r t h e a s t e r n  H u n g a r y ) .  

A l l t o g e t h e r  44 s i n g l e  s t r e s s  m e a s u r e m e n t s  by two d i f f e r e n t  

o v e r c o r i n g  t e c h n i q u e s  -  t h e  d o o r s t o p p e r  and t h e  t r i a x i a l  s t r a i n  

c e l l  m e th od  -  were done  u s i n g  t h e  e q u i p m e n t s  o f  th e  K a r l s r u h e  

U n i v e r s i t y .  P r e l i m i n a r y  r e s u l t s  o f  t h e  mea su re men ts  a r e  shown 

i n  F i g .  1 ( B e c k e r  1 9 8 9 ) .

The b a s i c  i d e a  o f  t h e  f a u l t  s l i p  t e c h n i q u e  i s  t h a t  s t r i a ­

t i o n s  ( s l i p  v e c t o r s )  o b s e r v e d  on s m a l l  f a u l t  p l a n e s  o f  a v a r i ­

e t y  o f  a l t i t u d e s  a l o n g  a c t i v e  f a u l t  z o n e s  can be i n v e r t e d  t o  

y i e l d  a s i n g l e  d e v i a t o r i c  s t r e s s  t e n s o r .  The v a l i d i t y  o f  t h i s  

met hod  has  been  e s t a b l i s h e d  by n um ero us  s t u d i e s  w h i c h  h a v e  

d e m o n s t r a t e d  t h a t  t h e  ma tc h  be tw e e n  p r e d i c t e d  and o b s e r v e d  s l i p  

v e c t o r s  i s  q u i t e  good  ( A n g e l i e r  1 9 8 4 ) .

I n  H u n g a r y  t h i s  t e c h n i q u e  can be used  m o s t l y  f o r  d e t e r m i ­

n a t i o n  o f  t h e  p a l e o - s t r e s s  f i e l d  d u r i n g  M io cene  and P l i o c e n e  

( B e r g e r a t  and C s o n t o s  1 9 8 9 ) .

V o l c a n i c  f e e d e r  v e n t s  ( i . e .  d i k e s )  p r o p a g a t e  as n a t u r a l  

h y d r a u l i c  f r a c t u r e s  p e r p e n d i c u l a r  t o  t h e  minimum p r i n c i p a l  

s t r e s s .  T h u s ,  t h e  mean s t r i k e  o f  v o l c a n i c  a l i g n m e n t s  c o r r e ­

s p o n d s  t o  t h e  maximum h o r i z o n t a l  s t r e s s  (Nakamura  e t  a l .  1 9 7 7 ) .  

I n  H u n g a r y  t h e r e  a r e  no v o l c a n i c  r o c k s  y o u n g e r  t h e n  P l i o c e n e  i n  

age t h e r e f o r e  t h i s  t e c h n i q u e  c o u l d  o n l y  be u s e f u l  f o r  p a l e o -  

- s t r e s s  s t u d i e s .

The a n a l y s i s  o f  w e l l  b o r e  b r e a k o u t s  have  been e s t a b l i s h e d  

i n  t h e  l a s t  d e c a d e .  The t h e o r e t i c a l  and  e x p e r i m e n t a l  o u t l i n e s  

o f  t h i s  new t e c h n i q u e  a r e  s u m m a r i s e d  i n  t h e  n e x t  c h a p t e r .

THE THEORY OF BREAKOUT ANALYSIS

Cox ( 1 9 7 0 )  and B abcock  ( 1 9 7 8 )  w e r e  t h e  f i r s t  t o  i n v e s t i ­

g a t e  b o r e h o l e  b r e a k o u t s  i n  deep d r i l l i n g s .  They o b s e r v e d  t h a t  

z o n e s  o f  e l o n g a t e d  c r o s s  s e c t i o n  o v e r  a g r e a t  d e p t h  i n t e r v a l  o f
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a d r i l l h o l e  show a c o n s t a n t  p r e f e r e n t i a l  e l o n g a t i o n  d i r e c t i o n  

w h i c h  i s  i n d e p e n d e n t  f r o m  t h e  s t r a t i g r a p h y .  B e l l  and Gough 

( 1 9 7 9 )  c o n c l u d e d  t h a t  t h e s e  e l o n g a t i o n s  o f  b o r e h o l e  c r o s s  s e c ­

t i o n  a r e  b r e a k o u t s  o f  w e l l  bo re  w a l l .  W e l l  b o r e  b r e a k o u t s  a r e  

n a t u r a l  phenomena r e s u l t i n g  f r om  s h e a r  f r a c t u r i n g  i n  t h e  r e g i o n  

o f  maximum c o m p r e s s i v e  hoop s t r e s s .  A c c o r d i n g  t o  e l a s t i c  a n a l y ­

s i s  (Tomoshenko  and G o o d i e r  1 9 5 1 ) ,  t h e  maximum c o m p r e s s i v e  hoop 

s t r e s s  d e v e l o p e d  a r o u n d  a v e r t i c a l  b o r e h o l e  i s  c o n c e n t r a t e d  on 

t h e  a z i m u t h  o f  t h e  l e a s t  h o r i z o n t a l  s t r e s s .  I f  th e  s t r e s s e s  e x ­

c e e d e d  t h e  s h e a r i n g  s t r e n g t h  o f  t h e  r o c k s  t h e  f r a c t u r e d  m a t e r i ­

a l  ca n  b re a k  o u t  o f  t h e  b o r e h o l e  w a l l  and  a new f r e e  s u r f a c e  

d e v e l o p s  i n d u c i n g  a ch a n g e  i n  s t r e s s  c o n c e n t r a t i o n  w h i c h  w i l l  

l e a d  t o  f u r t h e r  f a i l u r e .

Numerous i n v e s t i g a t i o n s  have e s t a b l i s h e d  t h a t  b r e a k o u t s  

f o r m  w i t h  c o n s i s t e n t  o r i e n t a t i o n s  w i t h i n  an i n d i v i d u a l  w e l l  and 

i n  w e l l s  w i t h i n  a g i v e n  f i e l d .  M o r e o v e r ,  c o m p a r i s o n  o f  s t r e s s  

d i r e c t i o n s  d e r i v e d  by e a r t h q u a k e  f a u l t  p l a n e  s o l u t i o n  and by 

h y d r a u l i c  f r a c t u r i n g  w i t h  th o s e  d e t e r m i n e d  by b r e a k o u t  a n a l y s i s  

a l s o  v e r i f i e d  t h e  m e t h o d .  There a r e  e x c e p t i o n s  t o o ,  i . e .  as 

some i n t e r p r e t a t i o n  o f  b o r e h o l e  b r e a k o u t s  showed (P lumb and 

H i c k m a n  1 9 8 5 ) ,  t h e  b r e a k o u t  d i r e c t i o n  w i t h i n  a w e l l  i s  n o t  

n e c e s s a r i l y  c o n s i s t e n t  and i n  zones  n e a r  t h e  s u r f a c e  t h e  d i r e c ­

t i o n  m i g h t  be p e r p e n d i c u l a r  t o  t h o s e  i n  d e e p e r  zones .  Above  

a l l ,  v a r i a t i o n s  i n  b r e a k o u t  d i r e c t i o n  a r e  t h e  r e s u l t  o f  t h e  

i n f l u e n c e  o f  f o r m a t i o n  f l u i d  p r e s s u r e  and  o f  t h e  d r i l l i n g  mud 

p r e s s u r e .  M i c r o  f r a c t u r e s  o r  a n i s o t r o p i c  e l a s t i c  c h a r a c t e r i s ­

t i c s  o f  t h e  r o c k s  m i g h t  be a n o t h e r  r e a s o n  f o r  a b n o r m a l l y  o r i ­

e n t e d  b r e a k o u t s  ( B l ü m l i n g  1 9 8 6 ) .

BREAKOUT DATA A Q U IS IT I O N  AND DATA PROCESSING

E l o n g a t i o n s  o f  t h e  w e l l  b o re  w a l l  c a n  be measured by o p t i ­

c a l  ( b o r e h o l e  c a m e r a ) ,  a c o u s t i c  ( s e i s m o - a c o u s t i c  t e l e v i e w e r )  

and  m e c h a n i c a l  ( f o u r - a r m  c a l i p e r  l o g )  m e t h o d s .  The c a l i p e r  t o o l  

as a p a r t  o f  t h e  d i p m e t e r  i s  t h e  m o s t  co mm on ly  used o f  t h e  

t h r e e  m e th ods .  The d i p m e t e r  d e t e r m i n e s  t h e  s t r i k e  and d i p  o f  

b e d d i n g  p l a n e s  by r e g i s t r a t i o n  o f  f o r m a t i o n  r e s i s t i v i t y  on
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f o u r  o r t h o g o n a l  p a d s .  The pads  a r e  h y d r a u l i c a l l y  e x t e n d e d  t o  

t h e  b o r e h o l e  w a l l  and t h e r e f o r e  m o n i t o r  t h e  h o l e  g e o m e t r y  as 

t h e  t o o l  i s  d rawn up t h e  w e l l .  M o r e o v e r ,  a l l  t h e  d a t a  t o  o r i e n t  

t h e  t o o l  a r e  a l s o  r e c o r d e d .  As t h e  t o o l  i s  drawn up i t  i s  r o ­

t a t i n g  be ca u se  o f  t h e  t e n s i o n  and t w i s t i n g  o f  t h e  c a b l e .  The 

f u l l  sh ape  o f  t h e  b o r e h o l e  i s  r e c o r d e d  o v e r  a d e p t h  i n t e r v a l  o f  

9 0 °  r o t a t i o n .  C l o s e  t o  t h e  s u r f a c e  t h e  c a b l e  t o r q u e  d e c r e a s e s ,  

t h e  r o t a t i o n  s l o w s  down and i n c r e a s e s  t h e  de p th  i n t e r v a l  w h i l e  

t h e  t o o l  r o t a t e  9 0 ° .

The meas ur ed  c a l i p e r  and o r i e n t a t i o n  d a ta  s h o u l d  be d i s ­

p l a y e d  i n  a s p e c i a l  way c r e a t i n g  s o - c a l l e d  c o n t o u r  p l o t .  T h i s  

p l o t  g i v e s  an i m p r e s s i o n  o f  t h e  mean c o n t o u r  i n  a g i v e n  i n t e r ­

v a l  a l o n g  t h e  b o r e h o l e .  To s e l e c t  b r e a k o u t  i n t e r v a l s  s t r i c t l y  

and d e t e r m i n e  t h e  c o r r e s p o n d i n g  b r e a k o u t  d i r e c t i o n s  p r e c i s e l y  

i t  mu s t  be c o n s i d e r e d  some c r i t e r i a  e s t a b l i s h e d  by P lu m b  and 

H ic km an  ( 1 9 8 5 ) :

-  The t o o l  i s  r o t a t i n g  beyond  and b e l o w  a b o r e h o l e  b r e a k o u t .

-  The r o t a t i o n  s t o p s  o v e r  t h e  b r e a k o u t  zo ne .  The r e q u i r e d  

b r e a k o u t  d e p t h  i s  a b o u t  0 . 6  cm which means a d i a m e t e r  d i f f e r ­

ence  o f  12 mm.

-  The b o r e h o l e  e l o n g a t i o n  i s  c l e a r l y  seen  i n  t h e  l o g .  I n  

c o n t r a s t  t o  t h e  s o - c a l l e d  w a s h o u t s  o n l y  one p a i r  o f  pa d s  

show a r e l a t i v e l y  s h a r p  a s c e n t  and  d e s c e n t  o f  t h e  b o r e h o l e  

d i a m e t e r .

-  The s m a l l e r  b o r e h o l e  d i a m e t e r  i s  n e a r l y  e q u a l  t o  t h e  b i t  

s i z e .  I f  b o t h  c a l i p e r  v a l u e s  a r e  h i g h e r  t h a n  t h e  b i t  s i z e ,  

t h e  s h o r t e r  pad d i s t a n c e  mus t  show a s m a l l e r  v a r i a t i o n  o f  th e  

b o r e h o l e  d i a m e t e r .

-  The e l o n g a t i o n  d i r e c t i o n  s h o u l d  n o t  c o r r e s p o n d  t o  t h e  h o l e  

a z i m u t h  f o r  a l o n g e r  t i m e  i f  t h e  d r i l l i n g  d e v i a t e s  f r o m  t h e  

v e r t i c a l .  ( A t  non v e r t i c a l  d r i l l i n g s  b o r e h o l e  e l o n g a t i o n  can 

be i n d u c e d  by t h e  w e i g h t  e f f e c t s  o f  t h e  d r i l l i n g  b a r s . )

BREAKOUT STUDIES IN HUNGARY

D i p m e t e r  s o u n d i n g s  as a p a r t  o f  r o u t i n e  w e l l - l o g g i n g  have 

been  c a r r i e d  o u t  f o r  3 - 4  y e a r s  i n  H u n g a r .  10 b o r e h o l e s  w ere
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s e l e c t e d  f o r  e x p e r i m e n t a l  b r e a k o u t  a n a l y s i s :  A l g y ó - 8 3 6 ,  B a j á n -  

s e n y e - 4  , B a k o n y s z ű c s - 1 , B a k t a l ó r á n t h á z a - I , F á b i á n s e b e s t y é n - 4 , 

F ö l d e s - 3 ,  G á té r -M -1  , K i s k u n d o r o z s m a - 1  6 ,  S á r á n d - S - 1  and 

S z a r v a s - 2 5 .

The b r e a k o u t  a n a l y s i s  was c a r r i e d  o u t  u s i n g  a co m p u t e r  

p r o g r a m m e  d e v e l o p e d .  T h i s  programme d i s p l a y s  t h e  d i f f e r e n t  com­

p o n e n t s  o f  th e  c a l i p e r  l o g  and computes  t h e  b r e a k o u t  d i r e c t i o n  

t a k i n g  i n t e r a c t i v e l y  i n t o  a c c o u n t  t h e  c r i t e r i a  l i s t e d  a b o v e .  A t  

t h e  same t i m e  and w i t h  t h e  same d a ta  s e t  a s i m i l a r  a n a l y s i s  was 

made by th e  e x p e r t s  o f  t h e  K a r l s r u h e  U n i v e r s i t y  ( M ü l l e r  and 

H e i n e m a n n  1988) .  The r e s u l t s  o f  th e  two  i n d e p e n d e n t  a n a l y s e s  

a r e  s i m i l a r .  I n  s e v e n  b o r e h o l e s  t h e r e  was p o s s i b l e  t o  c a l c u l a t e  

v a l u a b l e  b r e a k o u t  o r i e n t a t i o n s .  The d i s c r e p a n c i e s  be tween t h e  

c a l c u l a t i o n s  o f  t h e  t w o  te am s  were l e s s  t h e n  10 % i n  e v e r y  c a s e .  

I n  t h r e e  b o r e h o l e s  t h e  c a l c u l a t i o n  was i m p o s s i b l e  e i t h e r  b e ­

c a u s e  o f  l a c k  o f  b r e a k o u t s  o r  because  o f  t h e  bad q u a l i t y  o f  

d a t a  .

The d i r e c t i o n s  o f  maximum h o r i z o n t a l  s t r e s s  d e r i v e d  f r o m  

mean b r e a k o u t  o r i e n t a t i o n s  i s  shown i n  F i g .  1 .  The r e s u l t s  o f  

e a r t h q u a k e  f a u l t  p l a n e  s o l u t i o n s  and o f  o v e r c o r i n g  s t r e s s  mea­

s u r e m e n t s  a re  a l s o  s h o w n .  I t  i s  o n l y  a v e r y  p r e l i m i n a r y  i n t e r ­

p r e t a t i o n  ( r a t h e r  an i m p r e s s i o n )  t h a t  t h e  P a n n o n i a n  b a s i n  can  

be d i v i d e d  i n t o  t h r e e  s t r e s s  p r o v i n c e s .  The n o r t h - w e s t e r n  p a r t  

o f  t h e  b a s i n  i s  c h a r a c t e r i z e d  by W-NW c o m p r e s s i o n ,  th e  m i d d l e  

and  s o u t h e r n  p a r t  by W-NW e x t e n s i o n  and t h e  e a s t e r n  p a r t  by 

W-NW c o m p r e s s i o n  ( ? ? )  a g a i n .  I t  must  be e m p h a s i z e d ,  h o w e v e r ,  

t h a t  d i s t r i b u t i o n  and  n u m b e r  o f  s t r e s s  d e t e r m i n a t i o n s  a r e  n o t  

e n o u g h  t o  g i v e  r e l i a b l e  i n f o r m a t i o n  a b o u t  t h e  r e g i o n a l  s t r e s s  

p a t t e r n  o f  the  P a n n o n i a n  b a s i n .  I t  i s  o u r  i m m e d i a t e  o b j e c t i v e  

t o  make f u r t h e r  b r e a k o u t  a n a l y s e s  and i n  s i t u  s t r e s s  d e t e r m i n a ­

t i o n  i n  Hungary .
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DEEP SEISMIC INVESTIGATIONS ALONG THE PANNONIAN GEOTRAVERSE

K P o s g a y ,  I  A l b u ,  E H eg e dű s ,  Z T ím á r

Eötvös Loránd Geophysical  I n s t i t u t e  o f  Hungary, H-1145 Budapest, 
Columbus u. 17-23, Hungary

The i n v e s t i g a t io n  o f  the Ea r th ' s  c ru s t  and upper mant le by seismic 
r e f l e c t i o n  methods has s i g n i f i c a n t  h i s t o r y  i n  Hungary. Researchers o f  the 
"Eötvös"  I n s t i t u t e  observed r e f l e c t i o n s  from the  c ru s t -mant le  boundary as 
e a r l y  as a t  the beginning o f  the 1950-s ( G á l f i  and Stegena 1955) and i n  the 
1970-s c h a r a c t e r i s t i c  a r r i v a l s  were determined f rom the t ime range o f  the 
upper mant le by m u l t i p l e  coverage seismic r e f l e c t i o n  techniques.  They were 
in t e r p r e t e d  as r e f l e c t i o n s  (Posgay et  a l .  1981).  Conspicuous a r r i v a l s  from 
the t ime range of  the asthenosphere (15-20 s) were a lso received along the 
Pannonian Geotraverse i n  1987.

In  the bulk  o f  sec t ions  publ ished i n  o ther  cou n t r ie s  the upper mant le 
seems to  be t ransparen t .  In  the present paper i n v e s t i g a t i o n s  are discussed 
which lead to the conclus ion  t h a t  t h i s  apparent t ransparency i s  due to  the 
frequency range below 10 Hz being neglected in  both s ig n a l  generat ion and 
observat ion i n  the overwhelming p a r t  of  r e f l e c t i o n  deep soundings c a r r ie d  
out  on cont inen ts .  The cor rec tness  of  the assumpt ion t h a t  a r r i v a l s  from the 
t ime range of  the asthenosphere are pr imary r e f l e c t i o n s  i s  subjected to  
f u r t h e r  i n v e s t i g a t io n  and conclus ions are made concerning the s t r u c t u r e  o f  
the asthenosphere.

Keywords: asthenosphere; deep seismic r e f l e c t i o n  method; Pannonian
Basin

FOREWORD

I n  t h e  c o u r s e  o f  1986 an o p e r a t i v e  c o m m i s s i o n  was e s t a b ­

l i s h e d  f o r  i n v e s t i g a t i n g  t h e  s t r u c t u r e  o f  t h e  l i t h o s p h e r e - a s -  

t h e n o s p h e r e  i n  t h e  P a n n o n i a n  b a s i n  w i t h i n  t h e  f r a m e w o r k  o f  t h e  

ICL  N a t i o n a l  C o m m i t t e e .  The t a s k  o f  t h i s  c o m m i s s i o n  i s  t o  c o ­

o r d i n a t e  r e l a t e d  g e o p h y s i c a l  s t u d i e s .

The d u r a t i o n  o f  i n v e s t i g a t i o n s  i n i t i a t e d  on t h e  b a s i s  o f  

e x p e r i e n c e s  o b t a i n e d  i n  p a s t  decades  i s  p l a n n e d  f o r  s e v e r a l  

y e a r s .  The b u l k  o f  w o rk  i s  made w i t h  s e i s m i c  r e f l e c t i o n  m e t h o d .  

We i n t e n d e d  t o  p e r f o r m  t h o r o u g h f u l  i n v e s t i g a t i o n s  a l s o  w i t h

Acta Geod. Geoph. Mont. Hung. 25, 1990 
Akadémiai  Kiadó, Budapest
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m a g n e t o t e l l u r i c , g e o t h e r m a l  and p a l e o m a g n e t i c  m e t h o d s .  We a l s o  

r e i n t e r p r e t e d  e a r l i e r  g r a v i t y  and g e o m a g n e t i c  r e s u l t s .

From t h e  i n v e s t i g a t i o n s  t h a t  b e l o n g  i n  t h e  space  o f  t h e  

I C L  c o m m i s s i o n  we s h a l l  g i v e  a c c o u n t  i n  t h i s  p a p e r  o f  t h e  s e i s ­

m i c  s t u d i e s  o f  t h e  l i t h o s p h e r e  and a s t h e n o s p h e r e .

DATA ACQUISITION,  PROCESSING AND RESULTS

The f i e l d  w o rk  a l o n g  t h e  P a n n o n i a n  G e o t r a v e r s e  was s t a r t e d  

i n  1 9 8 7 ;  i t  j o i n s  t h e  r e g i o n a l  p r o f i l e  o f  C z e c h o s l o v a k i a  

m a r k e d  2T ( F i g .  1) and c r o s s e s  t h e  H u n g a r i a n  C e n t r a l  Range 

(HCR )  and a p a r t  o f  t h e  P a n n o n i a n  B a s i n  w h i c h  c o m p r i s e s  t h e  

G r e a t  H u n g a r i a n  P l a i n .  The T e r t i a r y  P a n n o n i a n  B a s i n  e n c i r c l e d  

by t h e  A l p s ,  C a r p a t h i a n  M o u n t a i n s  and D i n a r i d e s  i s  b i s e c t e d  by 

t h e  H u n g a r i a n  C e n t r a l  Range i n t o  two  p a r t s :  t h e  L i t t l e  

H u n g a r i a n  P l a i n  and t h e  G r e a t  H u n g a r i a n  P l a i n .

S e i s m i c  m e a s u r e m e n t s  were  c a r r i e d  o u t  on t h e  g r e a t e s t  p a r t  

o f  t h e  P a n n o n ia n  G e o t r a v e r s e .  I n  t h i s  p a p e r  we r e v i e w  t h e  

r e s u l t s  o f  a 50 km l o n g  p r o f i l e  s e c t i o n ,  measur ed  i n  1 9 8 7 ,  

m a r k e d  by a t h i c k  c o n t i n u o u s  l i n e  i n  F i g .  1.  A l o n g  t h i s  s e c t i o n ,  

o b s e r v a t i o n  was made u s i n g  a s y m m e t r i c  s p l i t  s p r e a d s ,  48 c h a n ­

n e l s  on one s i d e  o f  t h e  s h o t  h o l e  and 144 on t h e  o t h e r .  F i v e  

s e i s m o m e t e r s  w i t h  4 . 5  Hz e i g e n f r e q u e n c y  were  g r o u p e d  f o r  each 

c h a n n e l .  S p a c in g  b e t w e e n  s e i s m o m e t e r  g r o u p s  was 50 m. No l o w -  

c u t  f i l t e r  was used  d u r i n g  d a t a  a c q u i s i t i o n .  The 3 dB p o i n t  o f  

t h e  a m p l i f i e r  was a t  3 Hz .  C o v e ra g e  o v e r  a g r e a t  p a r t  o f  t h e  

p r o f i l e  was 4 8 - f o l d .  R e c o r d i n g  t i m e  was 30 s .  I n  r e f l e c t i o n  

d e e p  s e i s m i c  s o u n d i n g  a l o n g  t h e  P a n n o n i a n  G e o t r a v e r s e ,  s h o t s  

w e r e  u s e d  f o r  s i g n a l  g e n e r a t i o n  i n s t e a d  o f  v i b r a t o r s ,  t h e  

f o r m e r  b e i n g  more a d v a n t a g e o u s  f o r  g e n e r a t i n g  l o w  f r e q u e n c y  

s e i s m i c  s i g n a l s .  To o p t i m i z e  t h e  s i g n a l  t o  n o i s e  r a t i o ,  c h a r g e s  

o f  50 kg  were p u t  i n  s h o t h o l e s  50 m d e e p .  Fo r  b i g g e r  c h a r g e s  

m o r e  h o l e s  were u s e d ,  b u t  t h e  s i z e  o f  t h e  c h a r g e  i n  a s i n g l e  

h o l e  was n e v e r  i n c r e a s e d .

S t e p s  used i n  p r o c e s s i n g  t h e  p r e s e n t  v e r s i o n  o f  t h e  

P a n n o n i a n  G e o t r a v e r s e  a r e  as f o l l o w s :  t r u e  a m p l i t u d e  r e c o v e r y ,  

s t a t i c  and NM0 c o r r e c t i o n s ,  4 8 - f o l d  CDP s t a c k ,  c o h e r e n c y  e n ­

h a n c e m e n t .  F i l t e r i n g  m e t h o d s  a c c o r d i n g  t o  a p p a r e n t  v e l o c i t i e s
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F ig .  1. Tectonic sketch map o f  the Pannonian basin and i t s  envi ronment ;  l o ­
ca t ion  o f  deep r e f l e c t i o n  p r o f i l e s .  1 -  foredeep con tour ;
2 -  Carpathian f r o n t ;  3 -  boundary o f  the Outer and C e n t r a l  
Carpathians;  4 -  Pre-neogene fo rmat ions  w i t h in  the A lp i n e  f o l d  
b e l t s ;  5 -  deep r e f l e c t i o n  l i n e s .  Par t  o f  the p r o f i l e  d iscussed  in  
the paper i s  marked w i th  t h i c k  l i n e .  Numbers in  the f i g u r e  i n d ic a t e  
the depth o f  the asthenosphere i n  km's a t  the s i t e  o f  magneto te l -  
l u r i c  measurements (MTS). HCR -  Hungarian Central  Range,
LHP -  L i t t l e  Hungarian Plane, GHP -  Great Hungarian Plane,
АРМ -  Apuseni Mountains

a p p l i e d  t o  t h e  s e i s m o g r a m s  l e d  t o  a s u b s t a n t i a l  i m p r o v e m e n t  o f  

t h e  s i g n a l  t o  n o i s e  r a t i o .  N a r r o w  band  f i l t e r i n g  and m i g r a t i o n  

w e re  n o t  used i n  t h e  p r e l i m i n a r y  p r o c e s s i n g  o f  t h e  G e o t r a v e r s e .

The i m p o r t a n c e  o f  c a r e f u l  t r a c e  e d i t i n g  s h o u l d  be empha­

s i z e d  i n  t h e  i m p r o v e m e n t  o f  t h e  s i g n a l  t o  n o i s e  r a t i o  f o r  l ow 

e n e r g y  a r r i v a l s  co m i n g  f r o m  t h e  t i m e  r a n g e  o f  t h e  l o w e r  c r u s t  

and t h e  a s t h e n o s p h e r e .  I n  t h e  r e c e n t  p r o c e s s i n g  a 24 s e c  t w o -  

way t r a v e l  t i m e  s e c t i o n  has been  p r e p a r e d  w i t h  4 8 - f o l d  

c o v e r a g e .

F i g u r e  2 shows a l i n e  d r a w i n g  p r e p a r e d  on t h e  b a s i s  o f  a 

p r o c e s s e d  p r o f i l e  s e c t i o n .  The f o l l o w i n g  f i g u r e s  i l l u s t r a t e  

d e t a i l s  s e l e c t e d  f r o m  t y p i c a l  p l a c e s  a l o n g  t h e  p r o f i l e .

F i g u r e  3 shows a p a r t  o f  t h e  s e c t i o n  f r om  t h e  u p p e r  c r u s t .  

The t i m e  ra n g e  i s  1 t o  6 s .  The Neogene s e d i m e n t s  a r e  good
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PANNONIAN GEOTRAVERSE
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F i g .  2.  Line drawing o f  a p r e l i m i n a r i l y  processed p a r t  o f  the Pannonian Geo- 
t raverse .  Squares i n d i c a t e  par ts o f  s e c t i o n s  re fe r red  to  i n  f u r t h e r  
f i gu res
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F i g .  3. De ta i l  from the  stacked sect ion showing p a r t  o f  the upper c ru s t
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r e f l e c t o r s .  They d i f f e r  f r o m  t h e  u n d e r l y i n g  P a le o g e n e  and Meso­

z o i c  s e d i m e n t s .  The b o t t o m  o f  t h e  Neogene b a s i n  can be i n f e r r e d  

f r o m  t h e  w e a k e n i n g  o f  r e f l e c t i o n s  a t  1 . 6 - 2 . 0  s TWT. The so c a l ­

l e d  t r a n s p a r e n t  zone  o f  t h e  u p p e r  c r u s t  seems t o  a p p e a r  o n l y  

p r i o r  t o  4 . 5  s ( a b o u t  10 km d e p t h ) .  T h i s  i s  i n  a g re e m e n t  w i t h  

t h e  c o r r e l a t i o n  r e v e a l e d  by K l e m p e r e r  ( 1 9 8 7 ) ,  a c c o r d i n g  t o  

w h i c h  t h e  r e f l e c t i n g  zone has a s h a l l o w  p o s i t i o n  w i t h i n  t h e  

c r u s t  i f  t h e  h e a t  f l o w  i s  h i g h .

F i g u r e  4 shows t h e  d e p t h  r a n g e  o f  t h e  l o w e r  c r u s t  and u p ­

p e r  m a n t l e .  S t r o n g l y  marked  h o r i z o n s  can be f o u n d  w i t h i n  t h e  

w h o l e  l o w e r  c r u s t .  A t  t h e  b o t t o m  o f  t h e  c r u s t  an i n c r e a s e  o f  

s h o r t e r  r e f l e c t i n g  r e g i o n s  i s  o b s e r v e d .  Be low t h e  Moho ( a t  8 . 8  

s TWT) a d e c r e a s e  i n  t h e i r  number  i s  c o n s p i c u o u s .

F i g u r e  5 shows t h e  t i m e  r a n g e  o f  t h e  a s t h e n o s p h e r e .

A ro u n d  15 s t h e r e  i s  a zone c h a r a c t e r i z e d  by weak r e f l e c t i o n s ,

F ig .  4. D e ta i l  from the stacked sec t ion showing par t  of  the lower c ru s t
and upper mant le
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87 KIVI

F i g .  5. De ta i l  from the s tacked sec t ion  showing p a r t  from the t ime range of  
the asthenosphere

b u t  b e tw e e n  17 and 19 s b o t h  a m p l i t u d e s  and t r a c e a b i l i t y  o f  

r e f l e c t i o n s  have s i g n i f i c a n t l y  i n c r e a s e d .

When i n t e r p r e t i n g  a r r i v a l s  o b s e r v e d  w i t h i n  t h e  t i m e  r a n g e  

o f  t h e  a s t h e n o s p h e r e ,  one  has  t o  w e i g h  t h e  p r o s  and c o n s  as t o  

t h e i r  r e f l e c t e d  c h a r a c t e r .  I n  p l a n n i n g ,  c o n d u c t i n g ,  p r o c e s s i n g  

and  i n t e r p r e t i n g  s u c h  m e a s u r e m e n t s  one has  a l w a y s  t o  c h o o s e  

f r o m  s e v e r a l  p o s s i b i l i t i e s .  T h r o u g h  an a n a l y s i s  o f  r e s u l t s  

o b t a i n e d  so f a r  and by t h e  means o f  s u b s e q u e n t  c o m p l e m e n t a r y  

i n v e s t i g a t i o n s  we c o n t i n u e  t o  s t u d y  t h e  p o s s i b i l i t y  o f  a r r i v a l s  

o t h e r  t h a n  s i n g l e  r e f l e c t i o n s  ( m u l t i p l e s ,  l a t e r a l  a r r i v a l s ,  

c o n v e r t e d  w a v e s ) ,  t h e  r e a l i t y  o f  r e f l e c t i o n  ( s i g n a l  t o  n o i s e  

r a t i o ,  t r u e  a m p l i t u d e s ,  r e f l e c t i o n  c o e f f i c i e n t s )  and t h e  p a r ­

t i c u l a r  f e a t u r e s  o f  t h e  P a n n o n i a n  b a s i n .  Though  t h e s e  a r e  o n l y  

t h e  p r e l i m i n a r y  r e s u l t s  o f  o u r  i n v e s t i g a t i o n s ,  c e r t a i n  c o n ­

s i d e r a t i o n s  may be o f  i n t e r e s t .

The b u l k  o f  i n v e s t i g a t i o n s  o f  t h e  c o n t i n e n t a l  l i t h o s p h e r e  

by  s e i s m i c  r e f l e c t i o n  m e t h o d s  has been p e r f o r m e d  w i t h  v i b r a t o r s
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as s i g n a l  s o u r c e s .  A c c o r d i n g  t o  o u r  e x p e r i e n c e s  t h e  base  p l a t e  

o f  t h e  v i b r a t o r  and t h e  r e s o n a t i n g  g r o u n d  mass p e r f o r m  o s c i l ­

l a t i o n s  w i t h  an a t t e n u a t i o n  s u b s t a n t i a l l y  l e s s  th a n  t h e  c r i t i ­

c a l  ( B o d o k y  e t  a l .  1 9 7 9 ) .  I n  r e l a t e d  s t u d i e s  r e l a t i v e  a t t e n u a ­

t i o n  v a l u e s  be tw e e n  0 . 3 - 0 . 4  were  d e t e r m i n e d ,  l e t t i n g  t h e  a u ­

t h o r s  i n f e r  t h a t  f o r  g e n e r a t i n g  f r e q u e n c i e s  l e s s  t h a n  r e s o n a n c e  

f r e q u e n c i e s  a lo w  c u t  t a p e r  o f  a t  l e a s t  12 d B / o c t  s h o u l d  be 

u s e d .  ( A t  t h e  t i m e  o f  t h e  e x p e r i m e n t  no f o r c e  c o n t r o l  was y e t  

u s e d . )  The e n e r g y  t r a n s m i s s i o n  i n t o  t h e  e a r t h  be lo w  t h e  r e s o ­

nance  f r e q u e n c y  i s  e x t r a o r d i n a r i l y  u n f a v o u r a b l e .

I n  t h e  P a n n o n i a n  b a s i n  t h e  a p p a r e n t  f r e q u e n c y  o f  a r r i v a l s  

o b s e r v e d  w i t h i n  t h e  t i m e  r a n g e  o f  t h e  m a n t l e  was be lo w  8 Hz.  

Thus t h e  q u e s t i o n  a r i s e s  w h e t h e r  s i g n a l  g e n e r a t i o n  by v i b r a t o r s  

i n  c o n t i n e n t a l  m e a s u r e m e n ts  may have  c a u s e d  t h e  absence  o f  a r ­

r i v a l s  i n  t h e  t i m e - r a n g e  o f  t h e  m a n t l e ?  Such  an e x p l a n a t i o n  i s  

s u p p o r t e d  by c r u s t a l  s t u d i e s  c a r r i e d  o u t  i n  H ungar y  w i t h  v i b r a ­

t o r  s o u r c e ,  t o o .  I n  t h e  w e s t e r n  p a r t  o f  t h e  P a n n o n ia n  b a s i n ,  i n  

t h e  L i t t l e  H u n g a r i a n  P l a i n ,  a c r u s t a l  i n v e s t i g a t i o n  p r o f i l e  

( F i g .  1,  l i n e  К 1 )  was r e c o r d e d  w i t h  v i b r a t o r  s o u r c e  (Pápa  e t  

a l .  1 9 8 7 ) ,  a p a r t  o f  w h i c h  i s  p r e s e n t e d  i n  F i g .  6.  The u p p e r  

m a n t l e ,  s i m i l a r  t o  t h e  r e s u l t s  o f  o t h e r  v i b r o s e i s  m e a s u r e m e n t s ,  

seems t o  be t r a n s p a r e n t .

The a p p l i c a t i o n  o f  a lo w  c u t  f i l t e r  t o  t h e  P a n n o n ia n  Geo- 

t r a v e r s e  p r o d u c e s  r e m a r k a b l e  r e s u l t s .  A d e t a i l  o f  t h e  s e c t i o n  

-  s e l e c t e d  f r o m  t h e  t i m e  r a n g e  o f  t h e  a s t h e n o s p h e r e  -  i s  shown 

i n  F i g .  7 w i t h  band  p a s s  f i l t e r s  4 - 3 2  and 1 2 -3 2  c p s .  The a r ­

r i v a l s  d i s a p p e a r e d  when t h e  f r e q u e n c y  o f  t h e  l o w - c u t  f i l t e r  was 

i n c r e a s e d .

On t h e  b a s i s  o f  t h e  f o r e g o i n g  i t  i s  assumed t h a t  e q u i p m e n t  

and m e t h o d o l o g y  may a l s o  be i n f l u e n t i a l  i n  o b t a i n i n g  a r r i v a l s  

f r o m  t h e  r a n g e  o f  t h e  u p p e r  m a n t l e .  The g e n e r a l l y  a c c e p t e d  

m e t h o d o l o g y  was e s t a b l i s h e d  f o r  s t u d y i n g  c r u s t a l  s t r u c t u r e ,  and 

t h e  d e p t h  o f  i n v e s t i g a t i o n  d i d  n o t  r e a c h  i n  mos t  c a s e s  t h e  

a s t h e n o s p h e r e .

N e v e r t h e l e s s  r e s u l t s  can be f o u n d  i n  t h e  l i t e r a t u r e ,  

o b t a i n e d  w i t h  p u l s e d  t y p e  s o u r c e s  t h a t  r e n d e r  p r o b a b l e  r e f l e c ­

t i o n  a r r i v a l s  f r o m  t h e  u p p e r  m a n t l e .  F o r  ex am p le  Dohr  ( 1 9 7 0 )



2 7 4 K POSGAY e t  a l .

1 KM

F ig .  6. Part  of  a sec t ion  measured in  the western 
s i n  by v ib ro se is  method. The upper mant le

p a r t  o f  the Pannonian ba­
i s  apparent ly t r anspare n t

r e c e i v e d de ер г e f l e c t i o n s  i n h i s p i onee r i n g w o r k .  I n t h i s r e -

f l e c t i o n su r v e y c o n d u c t e d  i n t h e U pper R h in e v a l l e y he r e c e i  ved

a r r i v a l s f r om b e l o w  t h e  Moho up t 0 a t o t a l  г e c o r d i n g t i m e o f

18 s .

I n t h e mar i n e  deep  sound i n g s 0 f  B I RPS, a r r i v a l s o f  ex -

c e l l e n t qua l i  t y were  r e c e i v e d f r o m t h e r a n g e o f  t h e u p p e r

m a n t l e  ( Вге wer e t  a l . 1 98 3 )  . I n  t h e Pam i r - H i ma layan P r o j e c t ,
r e f l e c t i ons f r om  t h e  u p p e r  ma n t l e we r e a l s o o b s e r v e d when b i g

c h a r g e s wer e us ed f o r  s h o t s  ( K a i l a 1 988 ) .  Th ey wete i n t e r p r e t e d
t o  h a v e com e f  г om t h e  t o p  and b o t tom o f t h e a s t h e n o s p h e r e ,
r e s p e c t i v e i У •

Whe n we i g h i n g  t h e  p o s s i b i l i t i e s i t shou I d  a l s o be con -

s i d e r e d th a t  t h e h e a t  f l o w  i n t h e measu r e d  s e c t i o n o f  t h e

P a n n ó n i a n Ge o t r a v e r s e  i s  b e tw een 80 - 1 0 0 mW/ m2 (Dövé n y i  e t a l .

1 9 8 3 ) .  I n ac c o r dance w i t h  t h i s , t h e con d u c t i ve l a y e г  o f  t h e

u p p e r  ma n t l e wa s d e t e r m i n e d  a t  a r e l a t i v e l y s h a l l o w d e p t h by
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A -32 HZ 12 -32  HZ

F ig .  7. D e ta i l  o f  the Pannonian Geotraverse se lec ted  from the t ime range o f
the asthenosphere. Band f i l t e r  on the  l e f t  s ide i s  4-32 Hz, on the 
r i g h t  12-32 Hz. On the l a t t e r  pa r t  the upper mantle seems t o  be 
t ransparent !

ma g n e t o t e l l u r i c me a s u r eme n t s ( Ádám e t a l . 1 982)

Ma g n e t o t e l l u r i c  Sou n d i ng (MTS ) po i n t s w i t h app a r e n t de p t h

va l u e s o f  th e a s t h enos ph e r e a re i n d i ca t e d i n  F i g - 1 . Th e d e p t h

o f t h e condu e t i v e l a y e г o f t h e u pp e r ma n t i e i s expe e t e d a t

ab o u t  5 0 -6 0 km ove г  t h e р г е se n t e d se c t i o n o f  t h e  Pa n n o n i an Geo-
t r a v e r s e .  Th e r e l a t i  ve iy sh a l low dep t h o f t h e  as t h e n o s p h e r e may

p r o v i d é s u f  f i c i e n t con d i t  i o ns f  0 г de f  i n i n g l i t h osph e r i c p r o P e r ­
t i es an d t h i c k n e s s by se ism i c me t h od s , s i n ce аг r i v a l s  f  г от t h  i  s
de p t h  r ange a r e ex p e c t ed a t г e l a t i ve iy sho r t  a r r i v a 1 t i m e s , i  . e

a l o n g  a s h o r t e r  w a v e p a t h  w i t h  s m a l l e r  e n e r g y  l o s s  t h r o u g h  a b ­

s o r p t i o n  .

CONCLUSIONS

I n  t h e  r e v i e w e d  p a r t  o f  t h e  P a n n o n i a n  G e o t r a v e r s e  a r r i v a l s
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i n  t h e  t i m e  r a n g e  o f  t h e  a s t h e n o s p h e r e  a p p e a r e d  i n  b u n d l e s .  As ­

s u m i n g  r e f l e c t i o n  a r r i v a l s  we may i n f e r  a new l a m i n a t e d  c o m p l e x .  

L a m i n a t e d  s t r u c t u r e  o f  t h e  l o w e r  c r u s t  i s  i n t e r p r e t e d  by 

M e i s s n e r  and K u s z n i r  ( 1 9 8 7 )  s i n c e  t h e  d e c r e a s e  o f  v i s c o s i t y  

b e l o w  a c r i t i c a l  v a l u e  (1023  p o i s e )  i n  t h e  h o t  l o w e r  c r u s t  may 

p l a y  a s i g n i f i c a n t  r o l e  i n  t h e  f o r m a t i o n  o f  l a m i n a e .  The r h e o -

l o g i c  model  was d e t e r m i n e d  t o  be q = 50 mW/m f o r  s h i e l d s ,
2 2 q = 70 mW/m f o r  p o s t o r o g e n i c  P a l e o z o i c  t y p e s ,  q = 90 mW/m f o r

e x t e n s i o n a l  C a i n o z o i c  t y p e s .  I t  i s  assumed t h a t  i n  t h e  m u l t i -

m i n e r a l  c r u s t  t h e  c o n d i t i o n s  f o r  t h e  f o r m a t i o n  o f  l a m i n a e  a r e

m o r e  f a v o u r a b l e  t h a n  i n  t h e  u ppe r  m a n t l e  t h a t  can be r e g a r d e d

as  r e l a t i v e l y  h o m o g e n e o u s .

A v i s c o s i t y  d e c r e a s e  i n  t h e  c a s e  o f  s h e a r  s t r e s s  may 

p r o m o t e  l a m i n a t i o n .  L a m i n a t i o n  i s  a l s o  p o s s i b l e  f o r  an u p p e r  

m a n t l e  composed l a r g e l y  o f  o l i v i n e  due  t o  t h e  f o l l o w i n g  c a u s e s :

1. A c c o r d i n g  t o  F uch s  ( 1 9 8 6 ) ,  i n  t h e  h o r i z o n t a l  s h e a r  

s t r a i n  o f  th e  s u b c r u s t a l  l i t h o s p h e r e  "a  p r e f e r r e d  o r i e n t a t i o n  

o f  o l i v i n e  c r y s t a l s  i s  p r o b a b l e " .  Such  a r e g i m e  i s  r e g a r d e d  by 

h i m  as s u i t a b l e  f o r  t h e  f o r m a t i o n  o f  l a m i n a e .

2 .  A l t e r n a t i o n  o f  p a r t i a l l y  m o l t e n  and s o l i d  l a m i n a e  o f  

i n t r u s i v e  b o d i e s .

3 .  S h e e t - l i k e  a r r a n g e m e n t  o f  v o l a t i l e s  s i m i l a r  t o  t h a t  

s u g g e s t e d  f o r  t h e  l o w e r  c r u s t  (P o s g a y  e t  a l .  1 9 8 6 ) .

I t  i s  i n t e r e s t i n g  t h a t  g ro u p s  o f  a r r i v a l s  f r o m  l a m i n a e  a p ­

p e a r  o n l y  i n  c e r t a i n  p a r t s  o f  t h e  p r o f i l e .  They may be due t o  

p r o b l e m s  o f  d a t a  a c q u i s i t i o n  and m e t h o d o l o g y ,  t o  t h e  i n t e r ­

m e d i a t e  s t a t e  o f  p r o c e s s i n g ,  b u t  a l s o  t o  t e c t o n i c  o r  p e r h a p s  

p e t r o g r a p h i c  c o n d i t i o n s  a f f e c t i n g  t h e  s t r e s s  f i e l d  o f  t h e  

a s t h e n o s p h e r e .
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CRUSTAL CONDUCTIVITY ANOMALIES IN THE PANNONIAN BASIN

T O  7 7

A Ádám , Z N agy , L Nemes i  , G V a r g a J

'Geodet i c and Geophysical  Research I n s t i t u t e  o f  the Hungarian Academy o f  
Sciences, H-9401 Sopron, РОВ 5, Hungary

2
Geophysical  Exp lo ra t ion  Company (GKV), H-1062 Budapest, 

Népköztársaság u. 59, Hungary

\  Eötvös Geophysical  I n s t i t u t e ,  H-1145 Budapest,  Columbus u. 17-23,
Hungary

D i f f e r e n t  types o f  e l e c t r i c a l  conduct ing format ions  or c o n d u c t i v i t y  
anomal ies (CA) were found a t  d i f f e r e n t  depths i n  the Pannonian basin by 
m a g n e t o te l lu r i c  deep soundings. They are presented here w i th  c h a r a c t e r i s t i c  
examples.

The main types o f  CA's are as fo l l ows :
-  Conduct ing format ions embedded i n to  the basement d i r e c t l y  under the 

sedimentary cover (e . g .  CA a t  Magyarmecske)
-  CA w i t h i n  the r e s i s t i v e  basement at  a depth o f  some km (e.g.  Trans- 

danubian CA)
-  CA i n  the  lower c r u s t  ( a t  a depth of  about 18 km)
-  CA connected to  a te c t o n i c  l i n e  or zone ( e . g .  along the Balaton l i n e ) .  
Phys ica l  o r m a t e r i a l  causes o f  these c o n d u c t i v i t y  anomal ies are i l l u m i n a t e d  
by borehole samples or /and by o ther  geo log ica l -geo phys ica l  i n fo rm at i on  or  
hypotheses.

The depth d i s t r i b u t i o n  o f  the c r u s t a l  c o n d u c t i v i t y  anomalies i s  shown 
on a map f o r  a p a r t  o f  Hungary.

Keywords: c r u s t a l  conduct ing format ions ;  e l e c t r i c a l  r e s i s t i v i t y ;  
f l u i d s  i n  the c r u s t ;  g r a p h i t i c  s ch is ts ;  Pannonian basin

1. INTRODUCTION

The e l e c t r i c a l  r e s i s t i v i t y  d i s t r i b u t i o n  i n  t h e  E a r t h ' s  

c r u s t  can  be d e t e r m i n e d  by e l e c t r o m a g n e t i c  i n d u c t i o n  m e t h o d s ,  

f i r s t  o f  a l l  by t e l l u r i c  (T T )  and m a g n e t o t e l l u r i c  (MT) deep  

s o u n d i n g s  u s i n g  a w id e  s p e c t r u m  o f  n a t u r a l  e l e c t r o m a g n e t i c  

v a r i a t i o n s .  These  m e t h o d s  have  g r e a t  r e s o l v i n g  power  f o r  t h e  

c o n d u c t i n g  f o r m a t i o n s  w i t h  m e t a l l i c  ( e l e c t r o n i c )  o r  i o n i c  c o n ­

d u c t i o n .  The t e m p e r a t u r e  e f f e c t  on t h e  c o n d u c t i v i t y  o f  t h e  

r o c k s  i n c r e a s e s  w i t h  d e p t h  due t o  e l e c t r i c  s e m i c o n d u c t i o n .

I n  t h e  P a n n o n i a n  b a s i n  t h e  c r u s t a l  c o n d u c t i n g  f o r m a t i o n s
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a r e  r e p r e s e n t e d  by s t r o n g l y  c a r b o n i z e d  g r a p h i t i c  s c h i s t s  o r  

s h a l e s ,  o r e  b o d i e s ,  l o o s e  t e c t o n i c  f r a c t u r e  zones  i n  w h i c h  a 

h i g h  p o r e  vo lu m e  f r a c t i o n  i s  f i l l e d  by  f l u i d s  o r  f l u i d s  i n  t h e  

l o w e r  c r u s t  o r i g i n a t i n g  f r o m  m e t a m o r p h o s i s ,  e t c .  I n  t h e  f o l l o w ­

i n g  d i f f e r e n t  CA t y p e s  a r e  d e s c r i b e d  b e t w e e n  s u r f a c e  and l o w e r  

c r u s t  w h i c h  a r e  c h a r a c t e r i s t i c  f o r  t h e  g e o l o g i c a l  t e c t o n i c  f e a ­

t u r e  o f  t h e  P a n n o n i a n  b a s i n .  I n  1987 a map has been c o n s t r u c t e d  

on t h e  d e p t h  o f  CA ' s i n  H ungar y  b a s e d  on a t e l l u r i c  and m a g n e t o -  

t e l l u r i c  d a t a  s e t  c o l l e c t e d  by d i f f e r e n t  H u n g a r i a n  i n s t i t u t i o n s .  

A p a r t  o f  t h i s  map i s  shown i n  F i g .  1 (NW T r a n s d a n u b i a ) . I t  i s  

t o  be n o t e d  t h a t  t h e  P a n n o n ia n  g e o t r a v e r s e  has been m e a s u r e d  

a f t e r  c o n s t r u c t i o n  o f  t h i s  map.

2 .  CONDUCTING FORMATIONS UNDER TERTIARY SEDIMENTS

S u b s i d e n c e  and s e d i m e n t a t i o n  o r  f i l l i n g  up o f  t h e  P a n ­

n o n i a n  b a s i n  t o o k  p l a c e  i n  t h e  T e r t i a r y ,  m a i n l y  i n  t h e  P l i o c e n e .  

The  t h i c k n e s s  o f  t h e  Neogene s e d i m e n t s  r e a c h e s  i n  t h e  d e e p e s t  

b a s i n  p a r t s  6 - 8  kms.  These  s e d i m e n t s  c o n s i s t  m a i n l y  o f  c l a y ,  

t h e n  o f  s a n d ,  g r a v e l ,  m a r l ,  s a n d s t o n e .  T h e i r  r e s i s t i v i t y  i s  

b e t w e e n  2 and 10 f i m ,  t h o u g h  r a r e l y ,  f i r s t  o f  a l l ,  i n  c a s e  o f  

c o a r s e  f l u v i a l  s e d i m e n t s  and M i o c e n e  c o n g l o m e r a t e s  i t  r e a c h e s  

3 0 - 4 0  f im.  T h e r e f o r e ,  t h e  r e s i s t i v i t y  ( a s  w e l l  as d e n s i t y  and 

s e i s m i c  v e l o c i t y )  o f  t h e  basement  u n d e r  t h e s e  T e r t i a r y  s e d i ­

m e n t s ,  i . e .  o f  t h e  M e s o z o i c  c a r b o n a t e s  o r  P a l e o z o i c  c r y s t a l l i n e  

r o c k s  i s  g e n e r a l l y  h i g h e r  th a n  t h a t  o f  t h e  young s e d i m e n t s .  

H e n c e ,  t h e  P r e t e r t i a r y  basement  i s  a f i r s t  o r d e r  g e o p h y s i c a l  

h o r i z o n .  T h e re  a r e  s m a l l  a r e a s  i n  t h e  G r e a t  H u n g a r i a n  P l a i n  (SE 

p a r t  o f  t h e  P a n n o n i a n  bas in)  where U p p e r  C r e t a c e o u s  s e d i m e n t s  o f  

2 0 - 4 0  i l m  c a n n o t  be s e p a r a t e d  f r o m  t h e  M i o c e n e  s e d i m e n t s  so t h e  

g e o e l e c t r i c  b a s e m e n t  s t a r t s  a t  t h e  b o t t o m  o f  t h e  C r e t a c e o u s  

c l a s t i c  s e d i m e n t s .  I n  o t h e r  s m a l l  a r e a s  v e r y  c o n d u c t i v e  f o r m a ­

t i o n s  (Rho .$ 1 Dm) a r e  embedded i n t o  t h e  P a l e o z o i c  f o r m a t i o n s .

I n  NE H u n g a r y  ( S z e n d r ő ,  A l s ó v a d á s z )  D e v o n i a n  g r a p h i t i c  s c h i s t s  

o c c u r  w i t h  some p y r i t e  c o n t e n t  i n  t h e  b a s e m e n t .  I n  t h e  M a g y a r -  

m e c s k e - B o g á d m i n d s z e n t  a r e a  (SW H u n g a r y )  C a r b o n i f e r o u s  c a r b o n ­

i z e d  s e d i m e n t s  have  been  d e t e c t e d  u n d e r  P l i o c e n e  s e d i m e n t s



17 E 1Í"

Depth o f conducting blocks

2 .

25- 6km 

6-10 km

no indication

10-25 km

-----MK-1 profile

501« —t

Fig .  1. H ighly  conduct ive format ions w i t h i n  the Pre-Aust r ian basement i n  d i f f e r e n t  depth ranges (see Legend) in  
the Northern pa r t  o f  Transdanubia. A p a r t  o f  the map constructed by Àdàm e t  a l . ,  1987
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( N e m e s i  e t  a l .  1 9 8 5 ) .  The r e s i s t i v i t y  o f  some s t r o n g l y  c a r b o n ­

i z e d  b o r e h o l e  s a m p l e s  i s  l e s s  t h a n  0 . 1 - 0 . 0 0 2  f l m .  The a v e r a g e  

r e s i s t i v i t y  o f  t h e  w h o l e  C a r b o n i f e r o u s  s e d i m e n t a r y  s e q u e n c e  i s  

a b o u t  1 J i m.  G e o l o g i c a l  and g e o p h y s i c a l  r e s u l t s  f r o m  t h i s  a r e a  

a r e  shown i n  F i g .  2 .

The  Bouguer  g r a v i t y  map ( F i g .  2 a )  has  been c o n s t r u c t e d 2
u s i n g  m e asu re m en ts  made w i t h  a s t a t i o n  d e n s i t y  o f  1 s ta t io n / 1  km . 

T h i s  map r e f l e c t s  q u a l i t a t i v e l y  t h e  b a s e m e n t  d e p t h  o f  t h e  

T e r t i a r y  b a s i n  n o t  d e e p e r  t h a n  2 -3  km. I f  t h e  b a s i n  i s  d e e p e r ,  

t h e  c o r r e l a t i o n  b e t w e e n  Bougue r  a n o m a l i e s  and basement  d e p t h  

g e t s  w o r s e .  A g r a v i t y  maximum may even  c o r r e s p o n d  t o  v e r y  deep  

p a r t s  o f  t h e  b a s i n  due t o  t h e  m a n t l e  m a t e r i a l  i n t r u d e d  i n t o  

t h e  t h i n n i n g  c r u s t .

S i n c e  t h e  m i d - f i f t i e s  we have e x p e r i e n c e d  i n  H ungar y  t h a t  

t h e  t e l l u r i c  method  i m a g e s  t h e  base m e n t  r e l i e f  o f  t h e  deep 

b a s i n s  e s s e n t i a l l y  b e t t e r  t h a n  g r a v i m e t r y .  T h e r e f o r e  t e l l u r i c  

p r o f i l i n g  has been made i n  t h e  g r e a t e s t  p a r t  o f  t h e  c o u n t r y  

i n c l u d i n g  t h e  m e n t i o n e d  a r e a  ( F i g .  2 b ) .  The t e l l u r i c  i s o l i n e  

map s i g n i f i c a n t l y  d i f f e r s  h e r e  f r o m  t h e  g r a v i m e t r i c  one i n  c o n ­

s e q u e n c e  o f  t h e  M a g y a r m e c s k e  CA o f  a c o n d u c t a n c e  o f  1000 

S i e m e n s .  As t h e  t e l l u r i c  anoma ly  i s  i n f l u e n c e d  -  b e s i d e s  t h e  

b a s e m e n t  r e l i e f  -  by t h e  l a t e r a l  i n h o m o g e n e i t y  ( v a r i a t i o n )  o f  

t h e  a v e r a g e  r e s i s t i v i t y  o f  t h e  s e d i m e n t a r y  c o v e r ,  t h i s  e f f e c t  

h a s  b e e n  t a k e n  i n t o  a c c o u n t .  For  d e t e r m i n a t i o n  o f  t h e  a v e r a g e  

r e s i s t i v i t y  o f  t h e  s e d i m e n t a r y  c o v e r ,  D . C .  S c h l u m b e r g e r  o r  

d i p o l e  e q u a t o r i a l  s o u n d i n g s  were  used  i n i t i a l l y  b u t  f r o m  t h e  

m i d  s i x t i e s  t h e y  have  been  s u b s t i t u t e d  by m a g n e t o t e l l u r i c  deep  

s o u n d i n g s .  On t h e  b a s i s  o f  t h e s e  m e a s u r e m e n t s ,  an i s oohm map o f  

t h e  s e d i m e n t s  was c o n s t r u c t e d  and used  f o r  t h e  t r a n s f o r m a t i o n  

o f  t h e  t e l l u r i c  map t o  a basement  r e l i e f  map.

I n  F i g .  2c t h e  d i f f e r e n c e  i s  shown b e tw e e n  t h e  g e o e l e c t r i c  

( t e l l u r i c )  (H s ) and s e i s m i c  (H ) b a s e m e n t  d e p t h s .  The g e o e l e c ­

t r i c  b a s e m e n t  i s  i n  t h e  s y n c l i n e  ( m i n i m u m )  a b o u t  2000 m d e e p e r  

t h a n  t h e  s e i s m i c  one and t h e  l a t t e r  i s  w e l l  c o r r e l a t e d . w i t h  t h e  

g r a v i m e t r i c  v a l u e s .

T h i s  d i f f e r e n c e  has  been i l l u m i n a t e d  by t h e  b o r e h o l e  

s a m p l e s  and m a g n e t o t e l l u r i c  s o u n d i n g s  ( s e e  i n  F i g .  2 d ) .  I h e



CRUSTAL CONDUCTIVITY ANOMALIES 2 8 3

F ig .  2a. Gravimetry Bouguer map w i t h  the MT p r o f i l e  

F ig .  2b. T e l l u r i c  i soarea map w i t h  the MT p r o f i l e

d e r i v e d  g e o e l e c t r i c  c r o s s - s e c t i o n  i s  g i v e n  i n  F i g .  2e .

A t  b o r e h o l e  0 - 2 ,  i n  t h e  w e s t e r n  p a r t  o f  t h e  m a g n e t o t e l -  

l u r i c  p r o f i l e ,  Low er  P a l e o z o i c  c r y s t a l l i n e  r o c k s  u n d e r l i e  t h e  

P l i o c e n e  s e d i m e n t s .  Here  t h e  r e s u l t s  o f  d i f f e r e n t  g e o p h y s i c a l  

t e c h n i q u e s  a g r e e .  E a s t w a r d s  t h e  P l i o c e n e  and y o u n g e r  s e d i m e n t s  

a r e  t h i n n i n g  o u t  a c c o r d i n g  t o  g r a v i m e t r i c  and s e i s m i c  m e a s u r e ­

m e n t s .  A t  t h e  e a s t e r n  end o f  t h e  p r o f i l e  ( b o r e h o l e  K d - 1 ) t h e  

d e p t h  o f  t h e  P a l e o z o i c  basement  does  n o t  r e a c h  100 m.

I n  t h e  i n t e r m e d i a t e  b o r e h o l e s  t h e r e  a r e  C a r b o n i f e r o u s  

s e d i m e n t s  u n d e r  t h e  P l i o c e n e  one .  I n  Bm-1 i n  a d e p t h  o f  1200 m 

a C a r b o n i f e r o u s  c a r b o n i z e d  f o r m a t i o n  o f  a v e r y  lo w  r e s i s t i v i t y
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F i g .  2c.  Di f ference between the depth of  the basement of  high r e s i s t i v i t y  
(g e o e l e c t r i c )  and t h a t  o f  high v e l o c i t y  (se ismic)  ca lcu la ted  
p r i o r  to  the d e t a i l e d  MT measurements along the l i n e  A-1 and A-7

F i g .  2d. MTS curves o f  E and H p o l a r i z a t i o n  a t  measuring s i te s  between 
А- l  and A-7

F i g .  2e. Geological  c ross  sect ion based on the  A-1 — A-7 MT p r o f i l e
1. Upper P l iocene and P le is tocene  fo rmat ions  (12-20 A m ) ;
2. Lower Pl iocene  format ions (4 . 8  d m ) ;  3. Carboni ferous 
format ions o f  h igh  r e s i s t i v i t y  (61-135 A m ) ;  4. Carboni f ­
erous fo rmat ions  o f  low r e s i s t i v i t y  (1 Am);  5. Ear l y 
Paleozoic c r y s t a l l i n e  basement ( > 400 Am) ;  6. Tectonic 
zone; 7. R e s i s t i v i t y  o f  g e o e l e c t r i c  l a y e r  ca lcu la ted  by 
1-D MT i n v e r s i o n ;  8. Borehole

l i e s  u n d e r  s a n d s t o n e  and  c o n g l o m e r a t e .  The lo w  r e s i s t i v i t y  i s  

w i t n e s s e d  by t h e  e l e c t r i c  l o g g i n g .  The g r e a t e s t  t h i c k n e s s  

( > 1 0 0 0  m) was f o u n d  a t  t h e  MT s i t e  A-4M w i t h  an a v e r a g e
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r e s i s t i v i t y  o f  1 П т .

3 .  TRANSDANUBIAN CRUSTAL CONDUCTIVITY ANOMALY

The mos t  c h a r a c t e r i s t i c  c r u s t a l  an o m a ly  i n  H u n g a r y  ( F i g .

1 ) i s  i n  T r a n s d a n u b i a  be tw een t h e  B a l a t o n -  and R á b a - l i n e s  

u n d e r  M e s o z o i c  d o l o m i t e s  a t  a d e p t h  o f  a few kms. I t  was f i r s t  

i n d i c a t e d  by r e l a t i v e  t e l l u r i c  f r e q u e n c y  s o u n d i n g s  (Ádám and 

V e rő  1 9 6 4 ) .  U s i n g  m a g n e t o t e l l u r i c  m e t h o d s  t h e  ma in  f e a t u r e s  

o f  t h i s  e x t r a o r d i n a r y  CA have  been  d e t e r m i n e d  i n  t h e  s e v e n t i e s  

as f o l l o w s :

a )  The a n o m a l y  c o n s i s t s  o f  1 0 - 2 0  km w id e  s t r i p e s  o f  h i g h  

c o n d u c t i v i t y  a t  d i f f e r e n t  d e p t h s .  S t r i p e s  l i e  p a r a l l e l  t o  t h e  

l o n g i t u d i n a l  (NE-SW) f r a c t u r e s  o f  t h e  a r e a .  The im p e d a n c e  

maximum d i r e c t i o n s  ( ^ Ху т а х ) a r e  p e r p e n d i c u l a r  t o  t h e s e  s t r i p e s .  

The s h a l l o w e s t  a n o m a l y  s t r i p e  l i e s  a b o u t  25 km NW o f  La ke  

B a l a t o n .

b )  The r a t i o  o f  t h e  e x t r e m e  r e s i s t i v i t y  v a l u e s  ( 9max/ 9 m̂ n)

i . e .  t h e  s i m p l e  a n i s o t r o p y  i s  h i g h  ( e . g .  a t  s t a t i o n  Zánka  

9m in  < 1  П т ;  Q mo4/ > 1 000 П т ) .

c )  As t h e  E p o l a r i z a t i o n  i s  c o n n e c t e d  i n  a v a s t  a r e a  o f  

t h e  a n o m a l y  t o  t h e  Rhomin c u r v e s  a c c o r d i n g  t o  t h e  s t a t i c  s h i f t  

EM d i s t o r t i o n  (Ádám and Varga  1 9 9 0 ) ,  i t  s h o u l d  be s u p p o s e d  on 

t h e  b a s i s  o f  n u m e r i c a l  model  c a l c u l a t i o n  t h a t  t h e  a n o m a l y  

c o n s i s t s  o f  p a r a l l e l  and i s o l a t e d  c o n d u c t i n g  b l o c k s  ( d i k e s ) .

T hese  f e a t u r e s  i n i t i a t e d  d i f f e r e n t  e x p l a n a t i o n s  f o r  t h e  

o r i g i n  o f  t h e  a n o m a l y  l a y i n g  t h e  e m p h a s i s  on one o r  t h e  o t h e r  

c h a r a c t e r i s t i c  : g r a p h i t e - m o d e l  (Ádám 1 9 7 1 ) ,  e l e c t r o l y t e  i n  

t h e  h i g h  p o r o s i t y  f r a c t u r e s  (Ádám 1 9 8 4 ) ,  o r  t h e i r  c o m b i n a t i o n  

(Ádám 1 985 )  .

A g r a p h i t i c  b l o c k  s t r u c t u r e  seems t o  be a t  p r e s e n t  t h e  

m o s t  p r o b a b l e  c a u s e  o f  t h e  T r a n s d a n u b i a n  CA as i t  i s  a l s o  s u p ­

p o r t e d  by i t s  c o i n c i d e n c e  w i t h  s e i s m i c  r e f l e x i o n  h o r i z o n s  

(Ádám 0 e t  a l .  1 9 8 4 ) .

An i n d i r e c t  p r o o f  f o r  t h i s  m o d e l  was y i e l d e d  by a u d i o -  

m a g n e t o t e l l u r i c  m e a s u r e m e n ts  i n  t h e  w e s t e r n  p a r t  o f  t h e  

B a k o n y - D r a u z u g  i n d e p e n d e n t  g e o l o g i c a l  u n i t  (BDU) ( F i g .  3 ) ,



F ig .  3. Tectonic s e t t i n g  o f  the Bakony-Drauzug Un i t  (BDU) and the most c h a r a c t e r i s t i c  conduct ing zones i n  the 
Transdanubian Cent ra l  Range (Bakony) ( s t i p p l e d ) .  Dotted squares in d ic a t e  the mag ne to te l lu r i c  measuring 
s i t e s  i n  the Eastern Alps.  1. G a i l - v a l l e y ,  MT, AMT ( p r o f i l e ) ;  2. Z e l l  P fa rre  MT; 3. Karawanken MT, 
AMT ( p r o f i l e ) .  The in se t  shows the e l e c t r i c  s t r u c tu r e  along the p r o f i l e  A-В a f t e r  Ádám 0 e t  a l .  (1984) 
S t ipp led  l i n e s  g ive the p o s i t i o n  o f  good conductor .  (The whole f i g u r e  i s  redrawn a f t e r  Horváth e t  al  
1987)
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i n  t h e  G a i l - v a l l e y  w he re  t h e  p a r a l l e l  E-W d i r e c t e d  g r a p h i t i c  

s c h i s t  b l o c k s  were t r a c e d  f r o m  b e l o w  t h e  d o l o m i t e s  o f  t h e  

C a r n i c  A l p s  t o  t h e  s u r f a c e  i n  t h e  G a i l - v a l l e y  A l p s  (Adám e t  a l .  

1 9 8 6 ,  1 9 8 8 ) .  These f o r m a t i o n s  show t h e  c h a r a c t e r i s t i c  f e a t u r e s  

i n  a ,  b and c .

We s u g g e s t  t h a t  b o t h  t h e  T r a n s d a n u b i a n  and G a i l - v a l l e y  

a n o m a l i e s  a r e  ca used  by s i m i l a r  P a l e o z o i c  g r a p h i t i c  s h a l e  o r  

s c h i s t  b l o c k s  b e n e a t h  t h i c k  M e s o z o i c  d o l o m i t e s .  The s h a l e s  

r o t a t e d  due t o  a c o n t i n e n t - c o n t i n e n t  c o l l i s i o n  ( b e t w e e n  A f r i c a  

and E u r a s i a )  a r o u n d  a h o r i z o n t a l  a x i s  i n t o  an a l m o s t  v e r t i c a l  

p o s i t i o n .  Thus s h a l e s  have  g r e a t  h o r i z o n t a l  e l e c t r i c a l  a n i s o t ­

r o p y  i n  n a r r o w  e l o n g a t e d  d i k e s  ( s t r i p e s )  a l o n g  th e  B a l a t o n  l i n e  

and  i n  p a r a l l e l  zones  ( s e e  F i g .  1 ) .

A c c o r d i n g  t o  p a l e o m a g n e t i c  d a t a  ( B a l i a  and S z a l a y  1 9 8 0 )  

t h e  T r a n s d a n u b i a n  C e n t r a l  Range w i t h  t h e  o r i g i n a l l y  E-W d i r e c t ­

ed c o n d u c t i n g  s t r i p e s  s u f f e r e d  a c o u n t e r c l o c k w i s e  r o t a t i o n  o f  

3 5 ° .  The g r a p h i t e  f o r m a t i o n s ,  a m a t e r i a l  o f  l ow v i s c o s i t y ,  

c o u l d  p l a y  a r o l e  i n  m o t i o n s  d u r i n g  t h e  A l p i n e  o r o g e n y  ( H o r v á t h  

e t  a l .  1 9 8 7 ) .  T h e i r  h y d r o c a r b o n  p e r s p e c t i v e s  as a f o r m e r  

s o u r c e  m a t e r i a l  a r e  w o r t h  s t u d y i n g  ( s e e  r e c e n t  l a b o r a t o r y  i n ­

v e s t i g a t i o n  o f  Duba and W i l l  1 9 8 8 ) .

4 .  CONDUCTING ZONE IN THE LOWER CRUST

On t h e  b a s i s  o f  t h e  e m p i r i c a l  r e l a t i o n  be tween t h e  d e p t h  

o f  t h e  l o w e r  c r u s t a l  c o n d u c t i n g  l a y e r  and t h e  s u r f a c e  h e a t  f l o w  

(Ádám 1987 ,  F i g .  4 ) ,  a CA i s  s u p p o s e d  i n  t h e  d e p t h  r a n g e  b e ­

t w e e n  10 and 20 km a c c o r d i n g  t o  t h e  e x t r e m e l y  h o t  P a n n o n i a n  

b a s i n .  R e c e n t l y ,  t h i s  c o n d u c t i n g  l a y e r  i s  assumed t o  be a c o n ­

s e q u e n c e  o f  a d e h y d r a t i o n  p r o c e s s  a t  t e m p e r a t u r e s  h i g h e r  t h a n  

300°C (Hyndman 1 9 8 8 ) .  K l e m p e r e r  ( 1 9 8 7 )  f o u n d  s i m i l a r  r e l a t i o n s  

b e t w e e n  t h e  r e f l e c t i v i t y  o f  t h e  l o w e r  c r u s t  and t h e  h e a t  f l o w  

i n  a g r e e m e n t  w i t h  Ádám ( 1 9 8 7 ) .

Our  map ( F i g .  1 ) shows some CA i n d i c a t i o n s  i n  t h i s  d e p t h  

r a n g e .  N e v e r t h e l e s s ,  t h e  d i f f e r e n t  EM d i s t o r t i o n  e f f e c t s  o f  n e a r  

s u r f a c e  c o n d u c t i v i t y  a n o m a l i e s  c a n n o t  be n e g l e g t e d  i n  i n t e r ­

p r e t i n g  t h e s e  a n o m a l i e s .  The i n d u c t i o n  s i d e  e f f e c t  o f  t h e  much
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(Ádám 1987)

s h a l l o w e r  T r a n s d a n u b i a n  anomaly  g e n e r a t e s  e . g .  an i n d i c a t i o n  o f  

a p p a r e n t  deep c o n d u c t i n g  l a y e r s  i n  t h e  v i c i n i t y  o f  t h e  c o n ­

d u c t i n g  bo d y .  I t  s h o u l d  a l s o  be n o t e d  t h a t  a c o n d u c t i n g  l a y e r  

o f  some h u n d r e d  S ie m e n s  can h a r d l y  be d e t e c t e d  u nde r  a t h i c k  

s e d i m e n t a r y  c o v e r .  Ádám e t  a l .  ( 1 9 8 2 )  s u b t r a c t e d  t h e  e f f e c t  o f  

t h e  s e d i m e n t s  w i t h  a c o r r e c t i o n  m e th od  f r o m  t h e  MT a d m i t t a n c e s  

m e a s u r e d  i n  c o v e r e d  a r e a s  and on s uch  a way t h e  e x i s t e n c e  o f  

t h i s  c r u s t a l  c o n d u c t i n g  l a y e r  c o u l d  be p r o v e d .  The s t a t i s t i c a l  

t r e a t m e n t  o f  a l a r g e  MT d a t a  s e t  m e a s u r e d  by t h e  h i g h  p r e c i s i o n  

P h o e n i x  MT i n s t r u m e n t  a l o n g  a 60 km l o n g  MT p r o f i l e  w i t h  a s t a ­

t i o n  d i s t a n c e  o f  750 m h i n t e d  a t  t h e  e x i s t a n c e  o f  t h i s  l a y e r .  

The B o s t i c k  1 -D i n v e r s i o n  o f  t h e  P h o e n i x  d a t a  drew o u r  a t t e n ­

t i o n  t o  t h i s  l a y e r  w h i c h  was ch e ck e d  by  1 -D l a y e r  i n v e r s i o n  o f  

MT d a t a  o f  l o n g e r  p e r i o d  measured  by a n o t h e r  i n s t r u m e n t  (Ádám 

e t  a l .  1 9 8 9 ) .  I t s  m o s t  p r o b a b l e  d e p t h  i s  17 -1 8  km and i t s  c o n ­

d u c t a n c e  i s  some h u n d r e d  S iem ens .  The d e p t h  v a l u e  w i t h  i t s  

s t a n d a r d  d e v i a t i o n  i s  shown i n  F i g .  4 i n  f u n c t i o n  o f  t h e  h e a t  

f l o w .  As t h e  d e p t h  v a l u e s  f i t  t o  t h e  e m p i r i c a l  r e l a t i o n ,  t h e  

l o w e r  c r u s t a l  a n o m a l y  i n  t h e  P a n n o n i a n  b a s i n  r e p r e s e n t s  t h e  

same d e h y d r a t i o n  phenom enon .  (The r e f e r r e d  MT p r o f i l e  i s  shown 

i n  Ádám e t  a l . 1 989 . )

5 .  TECTONICS AND CONDUCTIVITY ANOMALIES

T e c t o n i c  i m p l i c a t i o n s  o f  t h e  g r a p h i t i c  b l o c k  s t r u c t u r e  o f
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t h e  T r a n s d a n u b i a n  c r u s t a l  c o n d u c t i v i t y  a n o m a l y  have been used  

i n  i t s  i n t e r p r e t a t i o n .  The T r a n s d a n u b i a n  CA r e l a t e s  u n a m b i g u ­

o u s l y  t o  t h e  B a l a t o n  l i n e  ( F i g s  1 and 3 ) .  I t  i s  v e r y  p r o b a b l e  

t h a t  t h e  B a l a t o n  a n o m a l y  f o r m s  o n l y  a p a r a l l e l  s t r i p e  o f  t h e  

T r a n s d a n u b i a n  an o m a ly  h a v i n g  t h e  same m a t e r i a l  c o m p o s i t i o n .

The r o l e  o f  l o o s e  f r a c t u r e  z ones  w i t h  w a t e r  c i r c u l a t i o n  

and t h e  c o n n e c t e d  g e o t h e r m a l  a n o m a l i e s  ( O e l s n e r  1989)  i n  t h e  

f o r m a t i o n  o f  C A 's  has n o t  y e t  been s t u d i e d  s u f f i c i e n t l y  a l ­

t h o u g h  t h e  k n o w l e d g e  o f  t h e s e  f a c t o r s  i s  needed  f o r  t h e  g e o -  

e l e c t r i c  e x p l o r a t i o n  o f  h y d r o c a r b o n  r e s e r v o i r s  i n  t h e  b a s e m e n t ,  

t o o .  Fo r  t h i s  l a t t e r  p u r p o s e  t h e  r e s o l v i n g  power  o f  t h e  EM 

s o u n d i n g  i s  t o  be i n c r e a s e d .

6 .  CONCLUSION

I n  t h i s  s t u d y  a fe w  c h a r a c t e r i s t i c  c r u s t a l  c o n d u c t i v i t y  

a n o m a l i e s  i n  t h e  P a n n o n i a n  b a s i n  have  been  p r e s e n t e d  f r o m  t h e  

s u r f a c e  t o  t h e  l o w e r  c r u s t .  The c o n d u c t i v i t y  i n c r e a s e  has  been 

b a s i c a l l y  a t t r i b u t e d  t o  two  m a t e r i a l  c a u s e s :  s t r o n g l y  c a r b o n ­

i z e d ,  g r a p h i t i c  f o r m a t i o n s  and f l u i d s  ( e l e c t r o l y t e s ) .  I n  t h e  

s p a t i a l  d i s t r i b u t i o n  o f  t h e s e  a n o m a l i e s  g e o l o g i c a l - t e c t o n i c a l  

f a c t o r s ,  s t a t e  p a r a m e t e r s  ( t e m p e r a t u r e ,  p r e s s u r e )  p l a y  d e c i s i v e  

r o l e s .  C o n s e q u e n t l y ,  t h e y  can i n d i r e c t l y  be s t u d i e d  i n  t h e  

E a r t h  by t h e  p a r a m e t e r s  o f  t h e  c r u s t a l  c o n d u c t i v i t y  a n o m a l i e s .
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ELECTRICAL CONDUCTIVITY ANOMALIES ALONG THE PANNONIAN 
GEOTRAVERSE AND THEIR GEOTHERMAL RELATION

1 9  ~z
A Ádám , Z Nagy , L Nemes i  , G Varga

^Geodet ic and Geophysical  Research I n s t i t u t e  of  the Hungarian Academy of  
Sciences, H-9401 Sopron, РОВ 5, Hungary

2
Geophysical  Exp lo rat ion Company (GKV), H-1062 Budapest, Népköztársaság u.

59, Hungary

\  Eötvös Geophysical  I n s t i t u t e ,  H-1145 Budapest, Columbus u. 17-23,  Hungary

E l e c t r i c a l  c o n d u c t i v i t y  anomal ies (CA) detected by deep magneto te l -  
l u r i c  (MT) soundings along the Pannonian geotraverse -  cross ing  Hungary 
f rom the  Northern Hungarian Centra l  Range to  the Great Hungarian P l a i n  in  
NW-SE d i r e c t i o n  -  are presented.  A f t e r  d iscuss ing  some impor tant  method ica l  
aspects o f  the i n d i c a t i o n  o f  the anomal ies, ge o e le c t r i c  parameters o f  the 
lower  c r u s t a l  and the asthenospher ic c o n d u c t i v i t y  increase are descr ibed 
w i t h  t h e i r  s p a t i a l  v a r i a t i o n .  Whi le the c r u s t a l  c o n duc t i v i t y  anomaly o f  
some hundred Siemens i s  ha rd ly  de tec tab le under low r e s i s t i v i t y  sediments 
the conduct ing asthenosphere unambiguously appears on the MTS curves .  A l l  
o f  these anomal ies are r e l a t e d  to  the e xc e p t i o n a l l y  high heat f l o w  o f  the 
Pannonian basin.

Keywords: asthenosphere; e l e c t r i c a l  c o n d u c t i v i t y  anomaly; hea t  f l ow ;  
lower  c r u s t ;  mag ne to te l lu r i cs ;  Pannonian basin

1.  INTRODUCTION

One o f  t h e  f i r s t  r e s u l t s  o f  m a g n e t o t e l l u r i c  r e s e a r c h  i n  

H u n g a r y  was t h a t  t h e  c o n d u c t i n g  a s t h e n o s p h e r e ,  c o r r e s p o n d i n g  t o  

t h e  G u t e n b e r g  low  v e l o c i t y  c h a n n e l  i n  t h e  u ppe r  m a n t l e  u n d e r  

t h e  l i t h o s p h e r i c  l i d  l i e s  much s h a l l o w e r  i n  t h e  young  P a n n o n i a n  

b a s i n  t h a n  i n  t h e  s u r r o u n d i n g  o l d  p l a t f o r m s  i n  a c c o r d a n c e  w i t h  

t h e  d i f f e r e n c e  i n  t h e i r  g e o t h e r m a l  c o n d i t i o n s  (Ádám 1 9 6 3 ) .

T h i s  r e s u l t  h e l p e d  t o  e x p l a i n  t h e  p h y s i c a l  s t a t e  o f  t h e  as theno­

s p h e r e  by i t s  p a r t i a l  m e l t i n g  and a t  t h e  same t ime t o  u n d e r s t a n d  

t h e  k i n e m a t i c s  o f  t h e  p l a t e s .

I n  t h e  case  o f  t h e  m a g n e t o t e l l u r i c  deep s o u n d i n g s ,  t h e  

s h a l l o w e r  a n o m a l i e s  weaken and d i s t o r t  o r  even f u l l y  c o v e r  t h e  

d e e p e r  ones  s i m i l a r l y  t o  o t h e r  g e o p h y s i c a l  m e t h o d s .  T h e r e f o r e ,  

many e x p e r i m e n t s  have  been  made i n  H u n g a r y  f o r  a more p r e c i s e

Acta Geod. Geoph. Mont. Hung. 25, 1990 
Akadémiai Kiadó,  Budapest
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d e t e r m i n a t i o n  o f  t h e  p a r a m e t e r s  o f  t h e  c o n d u c t i n g  a s t h e n o s p h e r e ,  

t h e  MT m e a s u r in g  and  d a t a  p r o c e s s i n g  t e c h n i q u e s  and n o t  l e a s t  

t h e  t h e o r e t i c a l  b a s i s  w e re  s u c c e s s i v e l y  i m p r o v e d .  (F rom o u r  

e x p e r i m e n t s  o n l y  t h e  t w o  l a t e s t  ones  a r e  r e f e r r e d  h e r e :  Ádám e t  

a l .  1982 and Ádám e t  a l .  1 9 8 9 . )

A lo ng  t h e  P a n n o n i a n  g e o t r a v e r s e  ( s e e  i n  F i g .  1 on t h e

F ig .  1. The p o s i t i o n  o f  the Pannonian geo t raverse  and of  the T-De 
MT p r o f i l e  on the heat f low map o f  Dövényi  e t  a l .  (1983)
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r e d r a w n  h e a t  f l o w  map o f  D ö v é n y i  e t  a l .  1983)  3 H u n g a r i a n  i n ­

s t i t u t i o n s  (GGKI,  E L G I ,  GKV) made MT s o u n d i n g s  w i t h  d i f f e r e n t  

t e c h n i q u e s ,  d a t a  p r o c e s s i n g  and i n v e r s i o n  m e t h o d s .  T h e i r  

r e s u l t s  a r e  p r e s e n t e d  i n  t h i s  p a p e r  f o r  t h e  w ho le  l i t h o s p h e r e  

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

a l s o  shown.

2 .  METHODICAL D IF FI CU LT IE S

Some b a s i c  m e t h o d i c a l  d i f f i c u l t i e s  a r e  t o  be m e n t i o n e d  

h e r e  and i l l u s t r a t e d  by e x a m p l e s  t o  i n f o r m  a b o u t  t h e  r e l i a b i l i ­

t y  o f  t h e  g e o e l e c t r i c  r e s u l t s .

a )  The P a n n o n i a n  g e o t r a v e r s e  s t a r t s  i n  t h e  N o r t h e r n  Cen­

t r a l  Range and ends  i n  t h e  7 km deep Békés  t r e n c h .  T h i n  s e d i ­

m e n t s  i n  t h e  m o u n t a i n s  make n o t  o n l y  t h e  i n d u s t r i a l  n o i s e s  

s t r o n g e r  b u t  i n c r e a s e  t h e  d i s t o r t i o n  e f f e c t  o f  s u r f a c e  ( t o p o g ­

r a p h y )  and n e a r  s u r f a c e  i n h o m o g e n e i t i e s  so t h a t  t h e  r e l i a b i l i ­

t y  o f  t h e  deep MT d a t a  g e t s  d o u b t f u l  (Âdàm e t  a l .  1 9 8 6 ) .  A 

n a r r o w  t r e n c h  w i t h  s t e e p  w a l l s  such  as t h e  Békés o n e ,  i s  a l s o  a 

s o u r c e  o f  v e r y  d i f f e r e n t  e l e c t r o m a g n e t i c  f i e l d  d i s t o r t i o n s  

( s t a t i c  s h i f t ,  edge  e f f e c t ,  i n d u c t i o n  e f f e c t  v a r i a b l e ,  a n i s o t r o ­

py e t c . ) .

A c c o r d i n g  t o  B e r d i c h e v s k y  and D m i t r i e v ' s  ( 1 9 7 6 )  t h e o r y  t h e  

E p o l a r i z e d  s o u n d i n g  c u r v e s  g i v e  more r e l i a b l e  d a t a  a b o u t  p a ­

r a m e t e r s  o f  c o n d u c t i v i t y  a n o m a l i e s  i n  t h e  case  o f  2-D s t r u c t u r e s .  

The d e t e r m i n a t i o n  o f  t h e  E p o l .  d i r e c t i o n  i s  p r o m o t e d  by g e o ­

l o g i c a l  d a t a  ( i s o p a c h  map) and by t h e  t i p p e r ,  o r  i n d u c t i o n  

v e c t o r  c a l c u l a t e d  f r o m  r e c o r d s  o f  t h e  t h r e e  g e o m a g n e t i c  com­

p o n e n t s .

The r e l i a b i l i t y  o f  t h e  d e t e r m i n a t i o n  o f  t h e  a s t h e n o s p h e r e  

i s  q u e s t i o n e d  i n  t h e  m e n t i o n e d  c o m p l i c a t e d  g e o l o g i c a l  s i t u a ­

t i o n .

MT d a t a  o f  t h e  s t a t i o n  ELEK (No. 7 )  i n  t h e  Békés  t r e n c h  a r e  

shown t o  i l l u s t r a t e  t h e  d i f f i c u l t i e s .

D i s t u r b i n g  f a c t o r s  i n  t h e  i n t e r p r e t a t i o n :

-  E x t r e m e  v a l u e s  o f  im p e d a n c e  ( Z )  c hange  by 90°  i n  d i r e c t i o n  a t  

p e r i o d s  s h o r t e r  t h a n  60 s t h e n  t h e y  r e a c h  a c o n s t a n t  v a l u e  
( F i g .  2 . ) .
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( F i g .  2 ) .
oC

300e 

280° 

260° 

240° 

220°  

20Cf 

18tf ■ 
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140°

N

1 ELEK
Zxymax direction

I

6 8 101
_J___I___1 1 1

6 8 10' \ /T ls * l

F ig .  2. The change o f  th e  d i r e c t i o n  of  the impedance maximum (Z ) 
vs. per iod a t  th e  MT sa t ion  ELEK (Békés t rench)  xymax

-  The i n d u c t i o n  v e c t o r  i s  o n l y  a t  p e r i o d s  l e s s  th a n  60 s

p e r p e n d i c u l a r  t o  t h e  Z d i r e c t i o n .
X  у  ГП a  X

-  Due t o  th e  g r e a t  a n i s o t r o p y ,  t h e  i n v e r s i o n  o f  t h e  Rhomax and

Rho . c u r v e s  as w e l l  as t h e i r  phase  c u r v e s ,  r e s p .  r e s u l t s  min
i n  d i f f e r e n t  l a y e r  s e q u e n c e s  ( F i g s  3 ,  4 ) .

C ho ic e  o f  t h e  d i r e c t i o n  o f  t h e  E p o l a r i z a t i o n

The d i r e c t i o n  Z i s  c o n s t a n t  as m e n t i o n e d  a t  p e r i o d sxymax
l o n g e r  th a n  60 s ,  i . e .  a t  p e r i o d s  w h i c h  c o r r e s p o n d  t o  t h e

i n d i c a t i o n  o f  c r u s t a l  and a s t h e n o s p h e r i c  c o n d u c t i n g  l a y e r s .

The  d i r e c t i o n  Z i s  N-S.xymax
The s t r i k e  o f  t h e  s t e e p  t r e n c h  w a l l  i s  on t h e  i s o p a c h  map 

a l s o  N-S (s ee  i n  F i g .  5 t h e  MT p o i n t  E l e k  (No. 7 ) ) .

A c c o r d i n g  t o  t h e s e  a s p e c t s  t h e  E p o l a r i z a t i o n  i s  r e ­

p r e s e n t e d  by t h e  N-S d i r e c t e d  Zxymax v a l u e s .  T h e r e f o r e ,  t h e

l a y e r  sequence d e r i v e d  f r o m  Rhomgx i s  m or e  r e l i a b l e  t h a n  t h a t  

f r o m  Rho . as t h e  d i f f e r e n t  d i s t o r t i o n s  ( s t a t i c  s h i f t ,  edge
ГТ11 П

e f f e c t )  appear  i n  t h e  l a t t e r  one b e i n g  t h e  H p o l a r i z e d  s o u n d ­

i n g  c u r v e .

T h e re  i s  no e x p l a n a t i o n  a t  p r e s e n t  f o r  t h e  c l o c k w i s e



ELEK Rho max

F ig .  3. 1-D model curves f i t t e d  to  the Rhomax and 
f  max data a t  Elek and the corresponding 
l aye r  sequence

ELEK Rho min

F ig .  4. 1-D model curves f i t t e d  to  the Rhom̂ n and
f ’ min data a t  Elek and the corresponding ^
la ye r  sequence «л
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F i g .  5. Isopach map on the  basement of  the Great Hungarian P la in  ( a f t e r  
Horváth and Royden 1981) and Z d i r e c t i o n s  w i th  t h e i r
va r i a t i o n  vs.  p e r i od  3

r o t a t i o n  o f  t h e  i n d u c t i o n  v e c t o r  f r o m  t h e  d i p  t o  t h e  s t r i k e  o f  

t h e  s t r u c t u r e  a t  l o n g e r  p e r i o d s ,  i n  a g r e e m e n t  w i t h  t h e  Wiese 

a r r o w s  measured e a r l i e r  (Ádám e t  a l .  1 9 7 2 ) .  Some l a t e r a l  i n -  

h o m o g e n e i t y  e . g .  a m a n t l e  i n t r u s i o n  d e t e c t e d  by g r a v i m e t r y  

c o u l d  g e n e r a t e  t h i s  phenomen on .

b )  MT s o u n d i n g  c u r v e s  have been i n v e r t e d  by 1-D l a y e r  o r
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by 1 -D B o s t i c k  t r a n s f o r m a t i o n .  The l a t t e r  s u p p o s e s  a c o n t i n u ­

o u s l y  v a r y i n g  r e s i s t i v i t y  -  d e p t h  f u n c t i o n .  F o r  a c o m p a r i s o n  

o f  t h e  r e s u l t s  o f  t h e s e  two  p r o c e s s e s ,  l a y e r  b o u n d a r i e s  on t h e  

c o n t i n u o u s  B o s t i c k  t r a n s f o r m s  s h o u l d  be i d e n t i f i e d .  I f  t h e  u p ­

p e r  b o u n d a r y  o f  a c o n d u c t i n g  l a y e r  i s  t a k e n  a t  t h e  maximum 

p r e c e e d i n g  t h e  d e c r e a s i n g  b r a n c h  o f  t h e  B o s t i c k  r e s i s t i v i t y  

c u r v e ,  i t s  d e p t h  v a l u e  i s  g e n e r a l l y  somewhat  l e s s  t h a n  t h a t  

s u p p l i e d  by t h e  1 - 0  l a y e r  i n v e r s i o n .

A c c o r d i n g  t o  t h e  c o m p a r i s o n ,  t h e  d e v i a t i o n  i s  min imum i n  

t h e  ca se  o f  t h e  CA i n  t h e  l o w e r  c r u s t  ( i n  t h e  P a n n o n i a n  b a s i n  

b e tw e e n  15 and 20 km) and somewhat  g r e a t e r  i n  t h e  a s t h e n o s p h e r e  

as i t  w i l l  be shown l a t e r  on .

c )  I f  t h e r e  i s  no g r e a t  d i f f e r e n c e  b e tw e e n  t h e  d e p t h s  o f  

t h e  c r u s t a l  and u p p e r  m a n t l e  CA-s t h e  s u c c e s s  o f  t h e i r  s e p a r a ­

t i o n  i s  q u e s t i o n a b l e  i n  t h e  case  o f  any  i n v e r s i o n  t e c h n i q u e s .  

The e f f e c t s  o f  t h e  tw o  CA-s merge i n t o  each  o t h e r  and t h i s  i s  

p r o m o t e d  by s m o o t h i n g  t e c h n i q u e s  w i t h  d i f f e r e n t  p o l y n o m i a l s .

As an examp le  t h e  B o s t i c k  t r a n s f o r m  o f  t h e  MT s i t e  No. 113 i s  

shown ( F i g .  6 ) .  I n  F i g .  6a t h e  two  CA-s a r e  c l e a r l y  s e p a r a t e d  

b u t  i n  F i g .  6b t h e y  r u n  i n t o  each  o t h e r .  T h i s  l a t t e r  c ase  e x ­

p l a i n s  t h e  h i g h  o c c u r r e n c e  f r e q u e n c y  o f  t h e  d e p t h  o f  a b o u t

30 km -  b e i n g  an i n t e r m e d i a t e  one b e tw e e n  t h e  r e a l  d e p t h s  o f  

t h e  c r u s t a l  and u p p e r  m a n t l e  a n o m a l i e s  -  a l o n g  t h e  Т -De p r o f i l e  

( F i g . 10) .
d )  U s in g  S t e i n e r ’ s 1 -D l a y e r  i n v e r s i o n  p rogramme we 

s t u d i e d  i f  a c r u s t a l  c o n d u c t i n g  l a y e r  w i t h  a c o n d u c t a n c e  o f  

2 0 0 - 3 0 0  Siemens c o u l d  be d e t e c t e d  u n d e r  t h i c k  s e d i m e n t s .  The 

s e n s i b i l i t y  o f  t h e  H p o l a r i z e d  s o u n d i n g  c u r v e s  i s  much l e s s  

f o r  a c o n d u c t i n g  l a y e r  t h a n  t h a t  o f  t h e  E p o l a r i z e d  o n e .  T h i s  

i s  c o n f i r m e d  by t h e  v e r y  s m a l l  d e v i a t i o n  i n  t h e  H p o l .  i m p e d ­

ances  o f  a 3 -  and a 5 - l a y e r  model  w i t h  t h e  l a t t e r  i n c l u d i n g  a 

c r u s t a l  c o n d u c t o r ,  t o o .  T h i s  s m a l l  d i f f e r e n c e  a p p e a r s  s i m i l a r l y  

i n  t h e  d e v i a t i o n  (DEV)  be tw een  t h e  m ea su r e d  (m) and c a l c u l a t e d  

( c )  impedance  v a l u e s  ( Z )  when a 3 -  and a 5 - l a y e r  m ode l  i s  f i t ­

t e d  t o  t h e  m easur ed  H p o l .  c u r v e  o f  T o m a j m o n o s t o r
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L20EV (3 l a y e r s )  = ± \ j  |  | Z c - Z j 2 = 0.61

L2DEV (5  l a y e r s )  = 0 . 0 5 9 .

The d e v i a t i o n s  f o r  t h e  E p o l .  Rho . c u r v e :^ m in

L2DEV (3  l a y e r s )  = 

L2DEV (5  l a y e r s )  =

0 .081

0 . 0 7 5 .

O m i t t i n g  t h e  l e s s  r e l i a b l e  phase  v a l u e  f r o m  t h e  i n v e r s i o n :

APPDEV (3  l a y e r s )  = 0 . 0 6 5  

APPDEV (5  l a y e r s )  = 0 . 0 0 7 6

i . e .  t h i s  l a t t e r  5 - l a y e r - m o d e l  f i t s  b e t t e r  t o  t h e  m ea su r e d  

c u r v e ,  c o n f i r m i n g  t h e  e x i s t e n c e  o f  c o n d u c t i n g  l a y e r  i n  t h e  

l o w e r  c r u s t  ( s e e  F i g .  7 ) .

Tomajmonostor Rho min

F ig .  7. 3- and 5 - l a y e r  models f i t t e d  t o  the Rhomin curve o f  Tomajmonostor 
( I n  the case o f  the 3 - l aye r  model the phase i s  also taken i n t o  
co ns id era t io n ;  see i n  d e t a i l  i n  the t e x t . )
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N e v e r t h e l e s s ,  a l l  t h e s e  c a l c u l a t i o n s  h i n t  a t  t h e  w eaknes s  

o f  t h e  d e t e r m i n a t i o n  o f  a low  c o n d u c t a n c e  c r u s t a l  CA u n d e r  

t h i c k  s e d i m e n t s  i n  t h e  G r e a t  H u n g a r i a n  P l a i n .

3 .  CONDUCTING ANOMALIES ALONG THE PANNONIAN GEOTRAVERSE

D e p t h s  o f  t h e  c o n d u c t i n g  a n o m a l i e s  i n  t h e  l o w e r  c r u s t  as 

w e l l  as i n  t h e  u p p e r  m a n t l e  r e s p .  a r e  shown by t h r e e  p r o f i l e s .  

F i g u r e  8 d i s p l a y s  t h e  w h o l e  t r a n s e c t  f r o m  t h e  C z e c h o s l o v a k i a n  

b o r d e r  t o  t h e  R uma n ian  one w i t h  d e p t h s  c a l c u l a t e d  by 1 -D l a y e r  

i n v e r s i o n .  T h i s  p r o f i l e  i n c l u d e s  t h e  d a t a  o f  s i x  P h o e n i x  MT 

m e a s u r e m e n t s  b e tw e e n  T i s z a r o f f  ( T )  and D évaványa  (D e )  by Geo­

p h y s i c a l  E x p l o r a t i o n  Company (GKV) .  The l a y e r  sequence  o f  t h e s e  

MT p o i n t s  i s  g i v e n  i n  F i g .  9 i r r e s p e c t i v e  t o  r e a l  d i s t a n c e s  

b e t w e e n  t h e  p o i n t s .  F o r  t h e  same 60 km l o n g  p r o f i l e  ( T - D e )  

a l o n g  w h i c h  a t  e v e r y  750 m a MT s o u n d i n g  was measured,  d e p t h s  

d e r i v e d  f r o m  B o s t i c k  t r a n s f o r m s  a r e  p r e s e n t e d  b o t h  f o r  t h e  

c r u s t a l  and a s t h e n o s p h e r i c  CA- s .  The a v e r a g e  d e p t h  v a l u e s  and 

t h e i r  e r r o r  b a r s  a r e  a l s o  shown ( F i g .  1 0 ) .

C o n c l u s i o n s  d ra w n  f r o m  t h e s e  d a t a  c o n c e r n i n g  t h e  r e s i s t i v ­

i t y  d i s t r i b u t i o n  i n  t h e  c r u s t  and u p p e r  m a n t l e  a r e  as f o l l o w s :

a )  I n  t h e  l o w e r  c r u s t  t h e  a v e r a g e  d e p t h  o f  t h e  CA i s  

1 7 - 1 8  km. The d a t a  o f  t h e  p r o f i l e s  ( F i g .  8 and 10) a r e  i n  good 

a g r e e m e n t .  N e v e r t h e l e s s ,  t h e  l a y e r  s e q u e n c e s  o f  t h e  6 GKV 

p o i n t s  show s i g n i f i c a n t  changes  i n  d e p t h  and a n i s o t r o p y  f o r  t h e  

c r u s t a l  CA.

The a v e r a g e  d e p t h  o f  t h e  a s t h e n o s p h e r e  i s  65 km a c c o r d i n g  

t o  t h e  1 -D l a y e r  i n v e r s i o n  and be tw e e n  47 and 5 2 . 6  km f r o m  t h e  

B o s t i c k  t r a n s f o r m s .  The d i f f e r e n c e  b e t w e e n  t h e  a v e r a g e  v a l u e s  

o f  t h e  two  i n v e r s i o n s  a r e  due t o  t h e  d i f f e r e n t  t e c h n i q u e s  ( s e e  

P o i n t  2 b ) .

b )  The d e p t h s  o f  t h e  a s t h e n o s p h e r e  s c a t t e r  a t  t h e  m e a s u r e ­

m e n t  s i t e s  be tw een  45 and 88 km. I n  t h i s  r a n g e  two  s y s t e m a t i c  

v a r i a t i o n s  a r e  o b s e r v e d :

oC) The a s t h e n o s p h e r e  deepens  f r o m  t h e  N o r t h e r n  C e n t r a l  Range 

t o w a r d s  t h e  Béké s  t r e n c h  ( i n  t h e  s o u t h )  i n  a g r e e m en t  w i t h  

d e c r e a s i n g  h e a t  f l o w  as shown i n  F i g .  1.



F ig .  8. Depth o f  the c r u s t a l  and upper mant le (asthenosphere) conduct ing layers  ca lc u la ted  by 1-D lay er  
i nvers ion  along the Pannonian geotraverse
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F i g .  9. The 1-D layer  sequence o f  6 MT soundings measured by the Phoenix MT 
instrument w i t h  remote reference s t a t i o n  a long the T-Ое p r o f i l e

/3 )  The  m i d d l e  p a r t  o f  t h e  MT p r o f i l e  T i s z a r o f f - D é v a v á n y a  c r o s ­

s e s  t h e  S z o ln o k  f l y s c h  b e l t  ( see B a l i a ’ s ( 1 9 8 8 )  t e c t o n i c  

map,  F i g .  1 1 ) .  B o t h  t h e  c r u s t a l  and u p p e r  m a n t l e  c o n d u c t i n g  

l a y e r s  a re  d e e p e r  i n  t h e  f l y s c h  b e l t  t h a n  t o  NW and t o  SE
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F ig .  10. Depths o f  the c r u s t a l  and asthenospher ic conduct ing layers  ca lc u la ted  on the basis o f  the Bos t i ck t r a n s ­
forms along the Т-De p r o f i l e  (Ádám e t  a l .  1989)
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F ig .  11. Ol igocène te c t on ics  o f  the Carpathian basin a f t e r  Ba l ia  (1988);  the Т-De p r o f i l e  i s  also ind ica ted
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o f  i t  ( F i g .  9 ) .  MT s i t e s  150 and 154 r e p r e s e n t  t h i s  d e e p e r  

zone  on t h e  6 p o i n t  p r o f i l e  ( F i g .  1 0 ) .  A c c o r d i n g  t o  a 

s t a t i s t i c a l  ( t w o - s i d e d  T) t e s t  t h e  c r u s t a l  c o n d u c t i n g  l a y e r  

i s  d e e p e r  i n  t h e  f l y s c h  zone  a t  a l e v e l  o f  s i g n i f i c a n c e  

9 9 . 8  p e r c e n t  t h a n  i n  t h e  s u r r o u n d i n g  a r e a .

Of  c o u r s e ,  i n  t h e  c ase  o f  s uch  a g r e a t  v a r i a t i o n ,  t h e  

p o s s i b l e  e f f e c t  o f  l a t e r a l  i n h o m o g e n e i t i e s  ( g e o l o g i c a l  n o i s e )  

c a n n o t  be n e g l e c t e d .

4.  PHYSICAL INTERPRETATION OF THE CONDUCTING ANOMALIES

The weak c o n d u c t i n g  anoma ly  i n  t h e  l o w e r  c r u s t ,  o b s e r v e d  

a l o n g  t h e  P a n n o n i a n  g e o t r a v e r s e  may be a t t r i b u t e d  t o  f r e e  

w a t e r  g e n e r a t e d  a t  a b o u t  400°C d u r i n g  t h e  m e t a m o rp h i c  d e h y d r a ­

t i o n  p r o c e s s  i n  t h e  g r e e n s c h i s t  f a c i e s  a c c o r d i n g  t o  K l e m p e r e r  

( 1 9 8 7 )  and Hyndman ( 1 9 8 8 ) .  The s e i s m i c  r e f l e c t o r s  i n  t h e  l o w e r  

c r u s t  p r o b a b l y  r e p r e s e n t  t h e  l o c a l  z o n e s  o f  t h e  same h i g h  

f l u i d  p o r e - p r e s s u r e s  ( K l e m p e r e r  1 9 8 7 ) .  As t h e  d e h y d r a t i o n  i s  

t e m p e r a t u r e  d e p e n d e n t ,  a r e l a t i o n  e x i s t s  be tween  t h e  d e p t h  o f  

t h e  c r u s t a l  c o n d u c t i n g  l a y e r  and t h e  s u r f a c e  h e a t  f l o w  (Ádám 

1976 ,  1978 ,  1 9 8 7 ) .  The d e p t h  o f  t h e  CA i n  t h e  l o w e r  c r u s t  o f  

t h e  P a n n o n i a n  b a s i n  f i t s  w e l l  t o  t h i s  e m p i r i c a l  r e l a t i o n  (Ádám 

e t  a l .  1 9 8 9 ) .

The d e p t h  o f  t h e  c o n d u c t i n g  a s t h e n o s p h e r e  i s  d e t e r m i n e d  

by t h e  s o l i d u s  t e m p e r a t u r e  o f  p e r i d o t i t e  a t  w h ic h  i t s  ( p a r t i a l )  

m e l t i n g  s t a r t s .  T h i s  p h y s i c a l  c o n n e c t i o n  i s  e x p r e s s e d  by t h e  

e m p i r i c a l  r e l a t i o n  d e r i v e d  be tw e e n  t h e  d e p t h  o f  t h e  c o n d u c t i n g  

a s t h e n o s p h e r e  and t h e  s u r f a c e  h e a t  f l o w  o f  th e  a rea  (Ádám 

1 9 7 8 ) .  The d e p t h  v a l u e s  measured  r e c e n t l y  a l o n g  t h e  P a n n o n i a n  

g e o t r a v e r s e  f i t  w e l l  t o  Ádám's  e m p i r i c a l  r e l a t i o n .  I n  F i g .  12 

t h e  d e p t h s  c o r r e s p o n d i n g  t o  t h e  h i g h e s t  and l o w e s t  h e a t  f l o w s  

as w e l l  as t h o s e  mea su re d  a l o n g  t h e  Т -De p r o f i l e  c o n f i r m  t h e  

s h a l l o w n e s s  o f  t h e  a s t h e n o s p h e r e  i n  t h e  " h o t "  P a n n o n i a n  b a s i n .  

The e l e c t r o m a g n e t i c  d a t a  a r e  i n  a g r e e m e n t  w i t h  Posgay  e t  a l ' s  

( 1 9 9 0 )  r e c e n t  r e f l e x i o n  s e i s m i c  d a t a  and  Babuska e t  a l ' s  ( 1 9 8 4 )  

c o n c l u s i o n  based  on t h e  d e l a y  o f  t h e  s e i s m i c  waves i n  t h e  

m a n t l e  o f  t h e  P a n n o n i a n  b a s i n  due i t s  l o w e r  d e n s i t y  as a
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F i g .  12. Emp ir ica l  r e l a t i o n  between the depth o f  the conduct ing astheno- 
sphere and the reg iona l  sur face hea t  f l ow  (Ádám 1978)

t h e r m a l  e f f e c t .

The d e e p e n i n g  o f  t h e  c r u s t a l  and  a s t h e n o s p h e r i c  c o n d u c t i n g

l a y e r  i n  t h e  f l y s c h  zone  may be e x p l a i n e d  on th e  b a s i s  o f  t h e

h e a t  f l o w  map ( F i g .  1 ) .  The n o r t h e r n  b o r d e r  o f  t h e  f l y s c h  zone
2

l i e s  a l o n g  t h e  i s o l i n e  90 mWm w h i c h  s e p a r a t e s  t h e  n o r t h e r n  

p a r t  o f  t h e  G r e a t  H u n g a r i a n  P l a i n  o f  h i g h e r  h e a t  f l o w  and t h e  

s o u t h e r n  one o f  l o w e r  h e a t  f l o w .  W i t h i n  t h e  s o u t h e r n  a r e a  o f  

8 0 - 9 0  mWm t h e r e  a r e  s m a l l  p a t c h e s  o f  l o w e r  h e a t  f l o w  j u s t  i n  

t h e  f l y s c h  zone c r o s s e d  by t h e  Т-De p r o f i l e .  I n  t h e  o p i n i o n  o f  

some a u t h o r s  ( e . g .  C h a n n e l  and H o r v á t h  1 9 7 6 ,  Haas e t  a l .  t h i s  

v o l u m e )  t h i s  f l y s c h  z o n e  i s  a t  t h e  c o n t a c t  o f  two m e g a t e c t o n i c  

u n i t s  ( T i s z a  and P e l s o )  i n  t h e  C a r p a t h i a n  b a s i n  and some p a r t s  

o f  i t  a r e  s t i l l  a c t i v e  (Kapos  l i n e ) .  The  c o l l i s i o n  c o u l d  a l s o  

r e a r r a n g e  s i m i l a r l y  t o  a s u b d u c t i o n  t h e  t e m p e r a t u r e  d i s t r i b u ­

t i o n  down t o  t h e  a s t h e n o s p h e r e . Of c o u r s e ,  t h i s  id e a  i s  a f i r s t  

r o u g h  h y p o t h e s i s  a b o u t  t h i s  c u r i o u s  phenomenon w h ic h  s h o u l d  be 

s t u d i e d  f u r t h e r  and  c o n f i r m e d  by o t h e r  MT p r o f i l e s  c r o s s i n g  

t h i s  zo ne  e x c l u d i n g  t h e  e f f e c t  o f  g e o l o g i c a l  n o i s e s .

5 .  CONCLUSIONS

The s t u d y  o f  t h e  c o n d u c t i n g  z o n e s  i n  t h e  c r u s t  and t h e
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u p p e r  m a n t l e  by m a g n e t o t e l l u r i c  deep  s o u n d i n g s  s u p p l i e d  new i n ­

f o r m a t i o n  a b o u t  t h e  deep  s t r u c t u r e  o f  t h e  P a nnon ia n  b a s i n ,  

a b o u t  t h e  v a r i a t i o n  o f  t h e  s t a t e  p a r a m e t e r s ,  f i r s t  o f  a l l  o f  

t h e  t e m p e r a t u r e  and a b o u t  p h y s i c a l  c h a n g e s  ( d e h y d r a t i o n ,  p a r ­

t i a l  m e l t i n g )  a t  t h e  d e p t h .  A new h y p o t h e s i s  c o u l d  be f o r m u l a t ­

ed a b o u t  t h e  p o s i t i o n  o f  t h e  c o l l i s i o n  zone  be tween m i c r o p l a t e s  

i n  t h e  C a r p a t h i a n  b a s i n  on t h e  b a s i s  o f  t h e  p h y s i c a l  c h a n g e s  

a f f e c t i n g  t h e  w h o le  l i t h o s p h e r e .
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SEISMIC AND MAGNETOTELLURIC INVESTIGATION ON A NETWORK
OF BASE LINES

A Pápa,  G R á n e r ,  M T á t r a i ,  G Varga

Eötvös Loránd Geophysical  I n s t i t u t e  o f  Hungary, H-1440 Budapest, POB 35,
Hungary

Regional  s tud ie s  c a r r i e d  out  w i t h in  the framework o f  geophysical  i n ­
v e s t i g a t i o n s  along Geo logica l  and Geophysical  Base Lines and o f  the 
Pre l im in a ry  Complex Geophysical  I n v e s t ig a t io n  o f  the L i t t l e  Hungarian P la i n  
fu rn ish ed  new c lues to  the examinat ion o f  mountain areas and t h e i r  f o r e la n d ,  
c o n t r ib u t e d  to  the con tour ing  o f  te c t o n ic  u n i t s  and helped to  f i n d  prospec­
t i v e  t a r g e t s  o f  e x p l o ra t i o n  f o r  mineral  resources.

The paper presents the d i s t r i b u t i o n  o f  conduct ive  format ions i n  the  
c r u s t  on the basis o f  the l a t e s t  e lec t romagnet i c ,  mainly m a g n e to te l lu r i c  
r e s u l t s  obta ined by ELGI. Seismic reg iona l  p r o f i l e s  recorded up to  10-12 s 
fu rn ish ed  data about the middle and lower p a r t s  o f  the c ru s t .  The examples 
shown pe rmi t  i n  p a r t i c u l a r  ins tances to  separate g rea te r  te c to n ic  u n i t s  and 
to  i l l u s t r a t e  changes o f  the Mohorovic i c zone i n  t ime.

Keywords: e l e c t r i c a l  c o n d u c t i v i t y  anomaly, geophysical  base l i n e s ;  
L i t t l e  Hungarian P la in ;  mag ne to te l lu r i c  sounding;  Mohorovicic d i s c o n t i n u i t y ;  
se ismics

I n  t h e  s e r i e s  o f  maps "The  G e o l o g i c a l  A t l a s  o f  H u n g a r y "  

t h e  map o f  c o n d u c t i v i t y  a n o m a l i e s  o f  t h e  c r u s t  i n  t h e  P r e -  

- A u s t r i a n  b ase m en t  was c o m p i l e d  i n  1987  i n  c o o p e r a t i o n  by r e ­

s e a r c h e r s  o f  t h e  " E ö t v ö s  L o r á n d "  G e o p h y s i c a l  I n s t i t u t e  o f  

H u n g a r y ,  o f  t h e  G e o p h y s i c a l  E x p l o r a t i o n  Company and o f  t h e  Geo-  

d e t i c a l  and G e o p h y s i c a l  R e s e a rc h  I n s t i t u t e  o f  t h e  H u n g a r i a n  

Academy o f  S c i e n c e s .  T h i s  map w h i c h  i s  i n  p r e s s  f o r  t h e  t i m e  

b e i n g  was p a r t l y  p r e s e n t e d  by Ádám e t  a l .  ( p r e s e n t  i s s u e  1 9 9 0 ) .  

They  d i s c u s s  i n  d e t a i l  t h e  s p a t i a l  d i s t r i b u t i o n  o f  c o n d u c t i v i t y  

a n o m a l i e s  i n  t h e  c r u s t  d e t e r m i n e d  by means o f  t e l l u r i c  and  

m a g n e t o t e l l u r i c  m e a s u r e m e n ts  and o f f e r  p o s s i b l e  e x p l a n a t i o n s  

f o r  t h e i r  e x i s t e n c e .
S i n c e  t h e  c o n s t r u c t i o n  o f  t h i s  map f u r t h e r  work  has  been  

done  i n  t h e  sc ope  o f  t h e  P a n n o n ia n  G e o t r a v e r s e ,  t h e  G e o p h y s i c a l

Acta Geod. Geoph. Mont. Hung. 25, 1990 
Akadémiai Kiadó, Budapest



3 1 0 A PÁPA e t  a l .

B a s e  L i n e  and t h e  L i t t l e  H u n g a r i a n  P l a i n  and M á t r a  M o u n t a i n  

P r o j e c t s  and t h e  i n t e r p r e t a t i o n  o f  new a r e a s  has been  c o m p l e t e d .  

M a k i n g  use o f  l a t e s t  d a t a  we have  s u m m a r i z e d  t h e  d i s t r i b u t i o n  

o f  c o n d u c t i v i t y  a n o m a l i e s  i n  t h e  c r u s t  on t h e  b a s i s  o f  mea­

s u r e m e n t s  p e r f o r m e d  by  ELGI ( F i g .  1 ) .  ( P r e p a r a t i o n  o f  an u p - t o -  

- d a t e  m a p - s i m i l a r l y  t o  t h e  1987 e d i t i o n  -  w ou ld  t a k e  more t i m e  

o w i n g  t o  t h e  d i f f e r e n c e s  i n  m e t h o d o l o g y  and p r o c e s s i n g  o f  t h e  

p a r t i c i p a n t  i n s t i t u t i o n s . )

F i g .  1 . Occurrence o f  conduct i ve format ions  below the Pre-Aust r ian base­
ment. According t o  ELGI' s  data

An i n v e s t i g a t i o n  o f  c o n d u c t i v i t y  a n o m a l i e s  w i t h i n  t h e  

c r u s t  c o n t r i b u t e s  s u b s t a n t i a l l y  t o  t h e  d e t e r m i n a t i o n  o f  g e o ­

p h y s i c a l  p a r a m e t e r s  o v e r  t e c t o n i c  u n i t s ,  and r e n d e r s  t h e i r  c o n ­

t o u r s  more a c c u r a t e .  Such  a p o s s i b i l i t y  i s  i l l u s t r a t e d  t h r o u g h  

t h e  m a g n e t o t e l l u r i c  i n v e s t i g a t i o n  o f  t h e  Rába l i n e  ( F i g s  2 and 

3 ) .  I n  t h e  a re a  t o  NW o f  t h e  Rába l i n e  w he re  t h e r e  a r e  f o r m a ­

t i o n s  b e l o n g i n g  t o  t h e  l o w e r  and u p p e r  s t a g e s  o f  t h e  E a s t -  

- A l p i n e  c o v e r  and t o  t h e  P e n n i n i c  u n i t ,  c o n d u c t i v i t y  a n o m a l i e s
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F ig .  2. R e s i s t i v i t y - d e p t h  se c t io n  along the l i n e  MK-3

F ig .  3. Tracing the Rába- l ine on the bas is  o f  the d i s t r i b u t i o n  o f  conduc­
t i v e  format ions

c o u l d  n o t  be d e t e c t e d  i n  t h e  c r u s t .  The T r a n s d a n u b i a n  C e n t r a l  

Range i s  c h a r a c t e r i z e d  by c o n d u c t i v e  f o r m a t i o n s  ( T r a n s d a n u b i a n  

c o n d u c t i v i t y  a n o m a l y ) .

The c o n d u c t i v i t y  anoma ly  d e t e c t e d  i n  t h e  T r a n s d a n u b i a n
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C e n t r a l  Range and i t s  NW f o r e l a n d  by m a g n e t o t e l l u r i c  m e a s u r e ­

m e n t s  i n  t h e  d e p t h  i n t e r v a l  o f  5 t o  10 km was examined  i n  1987 

i n  c o o p e r a t i o n  w i t h  V N I I G e o f i z i k a  (USSR)  u s i n g  t h e  m e t h o d  o f  

de e p  e l e c t r o m a g n e t i c  t r a n s i e n t  s o u n d i n g .

T r a n s i e n t  m e a s u r e m e n ts  were p e r f o r m e d  i n  t h e  SE p a r t  o f  

l i n e  MK-3 ( F i g .  2 ) .  I n t e r p r e t a t i o n  and  r e s u l t s  o f  m e a s u r e m e n t s  

a r e  shown i n  t h e  t r a n s f o r m e d  d i f f e r e n t i a l  c o n d u c t i v i t y  -  d e p t h  

c r o s s  -  s e c t i o n  o f  t r a n s i e n t  c u r v e s  ( F i g .  4 ) .  The d e t a i l e d  

t r a n s i e n t  m e a s u r e m e n t s  ( d i s t a n c e  b e t w e e n  s t a t i o n s  was 400 m) 

c o n f i r m e d  t h e  e x i s t e n c e  o f  t h e  c r u s t a l  c o n d u c t i v i t y  a n o m a l y ;  

d e p t h  d a t a  f o r  t h e  c o n d u c t i v e  f o r m a t i o n  a g r e e  w i t h  t h o s e  o b ­

t a i n e d  f r o m  MT s o u n d i n g s .

HCZÔORS
NW 

1 2

RESULTS OF DEEP TRANSENT SOUNDING ALONG LINE MK-3

0_______]______ 2 km m s e t «  ^

7 8 9 X) Tl 12 13 14 TS 16 T7 Лв 19 20 21 22 23 24 26 27 28

F i g .  4.  Detect ion o f  conduct i ve format ions by deep t rans ien t  measurements

The map o f  c o n d u c t i v i t y  a n o m a l i e s  i n  t h e  c r u s t  does  n o t  

a l l o w  us a s y n t h e s i s  f o r  t h e  wh o le  t e r r i t o r y  o f  H ungar y  due  t o  

d i f f e r e n c e s  i n  p o i n t  d e n s i t y  and r e l i a b i l i t y .  I n  a d d i t i o n  t o  

new m e a s u r e m e n ts  t h e  map s h o u l d  be e x p a n d e d  i n  i n t e r n a t i o n a l  

c o o p e r a t i o n ,  t o o  ( e . g .  t r a c i n g  t h e  R á b a - l i n e  i n  C z e c h o s l o v a k i a n
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t e r r i t o r y  by m a g n e t o t e l l u r i c  m e t h o d ) .

I n  t h e  sc ope  o f  E a r t h ' s  c r u s t  and u p p e r  m a n t l e  s t u d i e s ,  

m e a s u r e m e n t s  a l o n g  t h e  G e o p h y s i c a l  Base L i n e  and r e g i o n a l  i n ­

v e s t i g a t i o n s  on t h e  L i t t l e  H u n g a r i a n  P l a i n ,  s e i s m i c  and mag­

n e t o t e l l u r i c  me asu re m en ts  have  been  p e r f o r m e d  s i n c e  1971 ( F i g s  

1 and 3 ) .  S e i s m i c  d a t a  a r e  r e c o r d e d  and p r o c e s s e d  up t o  1 0 - 1 2  s. 

T h i s  p e r m i t s  t o  s t u d y  t h e  e n v i r o n m e n t  o f  t h e  M o h o r o v i c i c  d i s ­

c o n t i n u i t y  and t h e  o v e r l y i n g  c o m p l e x  o f  t h e  c r u s t .  R e s u l t s  o f  

t h e s e  m e a s u r e m e n ts  a r e  m a i n l y  p u b l i s h e d  i n  t h e  A n n u a l  R e p o r t s  

o f  E L G I .

T hese  m e asu re m en ts  r e s u l t e d  i n  t y p i c a l l y  d i f f e r i n g  s e c ­

t i o n s  f r o m  t h e  m i d d l e  and l o w e r  p a r t s  o f  t h e  c r u s t .  T h e i r  c o r ­

r e l a t i o n  i s  s t i l l  u n c e r t a i n  b e c a u s e  o f  t h e  r a r e  n e t w o r k ,  b u t  

t h e  f o l l o w i n g  e x a m p l e s  i l l u s t r a t e  t h e i r  c o n t r i b u t i o n  t o  be e x ­

p e c t e d  i n  d e t e c t i n g  t e c t o n i c  l i n e s .

F u r t h e r  on we a r e  g o i n g  t o  d i s c u s s  r e s u l t s  m e a s u r e d  t o  NW 

o f  t h e  R á b a - l i n e  ( F i g .  3 ) .  The t h i c k  s e c t i o n  o f  s e i s m i c  l i n e s  

i n  F i g .  5 i n d i c a t e  t h e  r e f l e c t i o n  s e i s m i c  p r o f i l e s  shown i n  

F i g s  6 t o  10 .  I n  t h e  NW s e c t i o n  o f  MK-1 l i n e  ( F i g .  6 )  i n  t h e  

l o w e r  p a r t  o f  t h e  c r u s t  a r o u n d  t h e  M o h o r o v i c i c  d i s c o n t i n u i t y  

c o m p a r a t i v e l y  q u i e t ,  s l i g h t l y  d i p p i n g  r e f l e c t i o n s  w e re  f o u n d  

w h i l e  t h e  m i d d l e  p a r t  o f  t h e  c r u s t  i s  r u p t u r e d  and c h a r a c t e r ­

i z e d  by r e f l e c t i o n s  o f  h i g h  e n e r g y .  A s i m i l a r  c h a r a c t e r  i s  

shown by t h e  w e s t e r n  p a r t  o f  t h e  s e c t i o n  К - l  ( F i g .  7 ) .

I n  t h e  f i g u r e  we have  t o  r e m a r k  t h a t  c r u s t  d om a in  o f  4 t o  

7 s a r r i v a l  t i m e s  i s  d i s s e c t e d  by r e f l e c t i o n  b u n d l e s  s l i g h t l y  

d i p p i n g  t o  NW; t h e s e  b u n d l e s  may be i n t e r p r e t e d  as s e i s m i c  

c h a r a c t e r i s t i c s  o f  f o l d e d  s t r u c t u r e s  as w e l l .

I n  t h e  w e s t e r n  and n o r t h w e s t e r n  p a r t  o f  t h e  L i t t l e  

H u n g a r i a n  P l a i n  t h e s e  r e f l e c t i o n  f e a t u r e s  o f  t h e  c r u s t a l  

s e q u e n c e  c o v e r  t h e  a re a  marke d  by I  i n  F i g .  5.  The b a s e m e n t  o f  

t h e  Neogene f o r m a t i o n s  i s  i d e n t i f i e d  as t h e  m e t a m o r p h i t e  

s e q u e n c e  a l o n g  t h e  Rába r i v e r  ( i t  i s  a p a r t  o f  t h e  U p p e r  

E a s t e r n  A l p i n e  t h r u s t  s y s t e m )  as w e l l  t h e  Sopron  s e q u e n c e  o f  

c r y s t a l l i n e  s h a l e s  (a  p a r t  o f  t h e  L ow e r  E a s t e r n  A l p i n e  t h r u s t  

s y s t e m )  i n  t h e  n o r t h w e s t e r n  p a r t  o f  t h e  p r o f i l e s  shown i n  F i g s  

6 and 7 .  On t h e  b a s i s  o f  t h e  i d e n t i f i c a t i o n  o f  p r e - N e o g e n e
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F i g .  5. Plan o f  r e f l e c t i o n  seismic measurements w i t h  observat ion t ime up to  
10-12 s i n  the envi ronment of  the Rá ba - l i ne  i n  the North-Western 
pa r t  o f  Hungary 
Legends:
------------  r e f l e c t i o n  seismic l i n e
t h i c k  par ts  o f  the  l i n e  ind ica te  the l o c a t i o n  o f  sect ions s i g n i f i ­
cant  o f  the se is mic  parameters o f  the c r u s t  
Geological  u n i t s  accord ing to the Geo l og ica l  A t las  of  Hungary 
(1987):  1. Lower Eas t -A lp ine  cover,  s c h i s t  se r i es  of  Sopron;
2. Upper E a s t -A lp in e  cover,  metamorphi te complex along the Rába- 
- r i v e r ;  3. Penn in ic  u n i t ,  metamorphite complex o f  Kőszeg; 4. Base­
ment o f  un c e r t a in  o r  unknown age and f a c i e s ;  5. In d iv id ua l  forma­
t i o n s  in  the Transdanubian Central  Range i n  general

-----  —  t e c t o n i c  l i n e  o f  the f i r s t  o rder

----- —  o l d e r  t e c t o n i c  l i n e  o f  the second order

ТГГ ТГГ

T e r t i a r y  f a u l t  o f  the second o rd e r

o l d e r  u p t h r u s t  o f  the second o r d e r  or  cover boundary

600
3.5

boundary o f  r e f l e c t i o n  u n i t s  i n  the c ru s t

magnet ic bodies (according to  Posgay 1967) w i th  magnet ic 
s u s c e p t i b i l i t y  (*10- ^ CGS) c a l c u l a t e d  depth o f  the 
magnet ic body
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Fig .  6. Seismic r e f l e c t i o n  t ime sect ion  MK-1 w i t h  ge o e le c t r i c  layers
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K-1
NW SE

F ig .  7. Seismic r e f l e c t i o n  t ime sec t ion К- l

f o r m a t i o n s  and o f  t h e i r  u n i f o r m  c r u s t a l  s t r u c t u r a l  c h a r a c t e r ­

i s t i c s ,  t h e  E, SE b o u n d a r y  o f  a r e a  I  may i n d i c a t e  t h e  s p r e a d ­

i n g  o f  c o v e r e d  f o r m a t i o n s  o f  t h e  L o w e r  and Upper  A l p i n e  t h r u s t  

s y s t e m .

The f o l l o w i n g  p a r t  o f  t h e  p r o f i l e s  i n  t h e  a re a  o f  t h e  

R á b a - l i n e  seems t o  be t r a n s p a r e n t  b o t h  i n  t h e  u p p e r  c r u s t  and 

i n  t h e  v i c i n i t y  o f  t h e  M o h o r o v i c i c  d i s c o n t i n u i t y  ( F i g .  8 ) .  The 

t r a n s p a r e n t  p a r t  o f  t h e  c r u s t  i s  m a r k e d  by I I  i n  F i g .  5 .  The 

l a c k  o f  r e f l e c t i o n  b u n d l e s  may be c a u s e d  by t h i c k  Low er  M i o c e n e
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K-1

F ig .  8. Seismic r e f l e c t i o n  t ime se c t io n  K-1

v o l c a n i c  s e q u e n c e s  w i t h  h i g h  e n e r g y  a b s o r p t i o n  v a l u e s  d e t e c t e d  

i n  deep d r i l l h o l e s .

I n  t h e  a r e a  m ar ked  by I I I  i n  F i g .  5 no c h a r a c t e r i s t i c  r e ­

f l e c t e d  s i g n a l s  w ere  r e c e i v e d  f r o m  t h e  l o w e r  p a r t  o f  t h e  c r u s t  

( w i t h  e x c e e d s  7 s ) ,  i n  c o n n e c t i o n  w i t h  t h e  d e e p e n i n g  o f  t h e  

M o h o r o v i c i c  d i s c o n t i n u i t y  b e lo w  t h e  T r a n s d a n u b i a n  C e n t r a l  Range 

( F i g s  9 and 1 0 ) .  A t  t h e  same t i m e ,  h i g h  e n e r g y  r e f l e c t i o n s  w e r e  

d e t e c t e d  f r o m  t h e  u p p e r  p a r t  o f  t h e  c r u s t  ( 3 - 6  s a r r i v a l  t i m e s ,  

F i g .  9 ) .  T h i s  p a r t  o f  t h e  c r u s t  i s  d i s s e c t e d  by r e f l e c t i o n
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K-3

F ig .  9. Seismic r e f l e c t i o n  t ime sect ion K-3

b u n d l e s  s l i g h t l y  d i p p i n g  t o  SE. A c c o r d i n g  t o  t h e  mo s t  p r o b a b l e  

i n t e r p r e t a t i o n  t h e y  i n d i c a t e  t h e  b o u n d a r y  o f  u n i t s  o f  a f o l d e d  

t h r u s t  s y s t e m .  T h i s  s e i s m i c  p i c t u r e  c h a r a c t e r i z e s  t h e  w e s t e r n  

m a r g i n  o f  t h e  T r a n s d a n u b i a n  C e n t r a l  Range u n i t .

I n  a p a r t  o f  r e f l e c t i o n  p r o f i l e s  measured i n  t h e  T r a n s ­

d a n u b i a n  C e n t r a l  Range r e f l e c t i o n  b o u n d a r i e s  o f  h i g h  e n e r g y  

c o i n c i d e  w i t h  t h e  s u r f a c e  o f  c o n d u c t i v e  f o r m a t i o n s .  T h i s  i s  

m o s t  c o n s p i c u o u s  i n  a d e t a i l  o f  s e c t i o n  MK-3 ( F i g .  1 0 ) .  I n  1990 

m e t h o d o l o g i c a l  i n v e s t i g a t i o n s  a r e  p l a n n e d  t o  i n t e r p r e t  t h i s  

a n o m a l y .  We i n t e n d  t o  ex a m in e  t h e  e v e n t u a l  f l u i d  c o n t e n t  by  P-A
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MK-3/77

F ig .  10. Seismic r e f l e c t i o n  t ime sec t ion  MK-3/77 w i th  geoe le c t r i c  la y e rs

w a v e s .

E x p l o r a t i o n  o f  an unknown a r e a  i s  a f a s c i n a t i n g  t a s k ,  

r e s u l t s  a r e  b e i n g  o f t e n  a c h i e v e d  t h e r e  where  t h e y  have  n o t  been  

e x p e c t e d .

I n  s e c t i o n  M K - 3 / 8 5  measur ed  i n  1985 ( F i g .  11)  t h e  b o t t o m  

o f  t h e  b a s i n  c o u l d  be t r a c e d  b u t  a t  c e r t a i n  p l a c e s  and eve n  

t h e r e  p o o r l y .  T h i s  h o l d s  p a r t i c u l a r l y  f o r  t h e  a re a  o f  M i o c e n e  

v o l c a n i c  f o r m a t i o n s .  A bou t  t h e  e n v i r o n m e n t  o f  t h e  M o h o r o v i c i c  

d i s c o n t i n u i t y ,  h o w e v e r ,  a mos t  i n t e r e s t i n g  f e a t u r e  was o b t a i n e d .

R e f l e c t i o n  a r r i v a l s  w i t h  h i g h  e n e r g y  s t a r t  be tw e e n  a b o u t  

7 t o  8 s i n  t h e  f i r s t  p a r t  o f  t h e  s e c t i o n  ( F i g .  1 2 ) .  The 

M o h o r o v i c i c  d i s c o n t i n u i t y  does  n o t  s i g n i f i c a n t l y  emerge o f  t h i s  

l a m i n a t e d  c o m p l e x .

I n  t h e  t o p  zone  o f  t h e  M i o c e n e  v o l c a n i c  s e r i e s  a deep  dome 

( d i f f r a c t i o n ? )  can  be o b s e r v e d  a t  6 . 5  and 8 . 4  s ( F i g .  1 3 ) .
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F i g .  11. Locat ion o f  the se c t io n  MK-3/85 w i t h  Miocene magnetic bodies i n d i ­
cated (accord ing  t o  Posgay 1967)

.■•y'jg"-. 750 magnet ic s u s c e p t i b i l i t y  ( * 10_é CGS)

" I  "' 1 km c a l c u la t e d  depth o f  the magnet ic body

I n  t h e  t h i r d  p a r t  o f  t h e  s e c t i o n  ( F i g .  14)  t h e  M o h o r o v i c i c  

c o m p l e x  i s  c h a r a c t e r i z e d  by a r r i v a l s  o f  v a r i o u s  d i p s .  C o m p a r i n g  

a r r i v a l s  i n c e d i n g  w i t h  d i f f e r e n t  d i p s  t o  h o r i z o n s  w i t h i n  t h e  

s e d i m e n t a r y  c o v e r  t h e y  can be t a k e n  f o r  e l e m e n t s  o f  t h e  

M o h o r o v i c i c  d i s c o n t i n u i t y  w h i c h  w e r e  f o r m e d  a t  v a r i u s  a g e s .
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MK-3/85

I

NW

F ig .  12. Seismic r e f l e c t i o n  t ime sec t ion  MK-3/85

MK-3/85

F ig .  13. Seismic r e f l e c t i o n  t ime sec t ion  MK-3/85
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MK-3/85
NW

Fig.  14. Seismic  r e f l e c t i o n  t ime se c t io n  MK-3/85

CONCLUSIONS

The re f l e c t i o n  measu re m en t s  se a r c h i n g f o г  dee p s t r u c t u r e s

o f t h e L i t t l e  H u n g a r i an P l a i n i n d i e a t e t h e ma i n  s t r u c t u r a l

un i t s posse s s i n g  i n d e p e n d e n t  and ch a r a c t e r i s t i c  c r u s t a l r e f l e c

t i on b e h a v i o u r  b o t h  i n t h e  upp e r  pa r t o f t h e c r u s t and i n t h e

v i c i n i t y  o f t h e  Moho r o v i c i c  d i s c o n t i n u i t y .

I n  the u p p e r  p a r t  o f  t h e c r u s t t h e g e n e r a l  d i p d i r e é t i o n s

o f t h e f o l d ed t h r u s t u n i t s  a re d i f  f e r e n t f r o m each o t h e r . The

d i P о f  th e E a s t e r n  A l p i n e  t h r u s t  sy s t e m i s no r t h w e s t e r n i n  t h e

L i t t l e Hung á r i á n  P i a i n ,  w h i l e i n  t h e a r e a o f t h e  Tr a n s d a n u b i a n

Ce n t r a l  Ran ge i t  i s  s o u t h e a s t e r n . Cr u s t a l a r e as wi t h o u t r e f l e c

t i on make i m p o s s i b l e t o  d e te r m i n e  e xac t l y t h e c o n t a c t  zo ne

be t w e en the two r e g i o n a l  s t r u c t u r a l un i t s . A t t h e same t i m e ,

V O l e a n i e  го cks  a p p e a r i n g  i n  a re a s  wi  t h o u t r e f l e c t i ons ma y i n ­

d i c a t e the t e c t o n i c  a c t i v i t y  о f  t h e C O n t a c t i n g c r u s t a l  p a r t s .

Compаг i n g  t h e  r e f l e c t i o n f  e a t u r e s o b t a i n ed i n p r o f i l e

MK - 3 / 8 5  ( F i gs 12 ,  1 3 , 14 )  w i t h g e o l o g i c a l d a t a one can e s t a b -

l i sh t h a t  d i f f e r e n c e s b e tw e e n t h e  mi d d l e and l o w e r p a r t s o f  t h

С Г us  t can be b r o u g h t i n t o  conn e c t i o n wi  t h t h e boun d a r i e s o f

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

e x i s t e n c e  o f  c r u s t a l  c o n d u c t i v e  f o r m a t i o n s  and t h e i r  l o c a t i o n s  

may c o n s i d e r a b l y  h e l p  t o  b u i l d  up a more  e x a c t  r e g i o n a l  s t r u c ­

t u r a l  v i e w .
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The aim o f  t h i s  paper i s  to  o u t l i n e  the evo lu t i on  of  some p a r t s  o f  the 
Western Tethys as i t  can be deciphered from the geology of  Hungary.

Dur ing the Late Paleozoic and most o f  the Mesozoic t ime l i t h o s p h e r i c  
f ragments which b u i ld  up the basement o f  Hungary were s i tu a te d  r e l a t i v e l y  
f a r  f rom each o ther  i n  d i f f e r e n t  pa r t s  o f  the Tethys.  The present -day s e t ­
t i n g  formed by p l a t e - t e c t o n i c  movements from the Cretaceous to  the Miocene 
i n c l u d i n g  la rge -sc a le  s t r i k e - s l i p  f a u l t i n g ,  m ic rop la te  r o t a t i o n  and over -  
t h r u s t i n g .

Keywords: g e o h is t o r i c a l  phases; megatectonic u n i t s ;  Mesozoic;
Paleogene; paleogeographic re con s t ru c t i o n ;  Pelso U n i t ;  Permian; Tethys;
Tisza U n i t

INTRODUCTION

I n v e s t i g a t i o n s  o f  g e o l o g i c a l  and s t r u c t u r a l  f e a t u r e s  o f  

t h e  H u n g a r i a n  m o u n t a i n s  and t h e  bas e m e n t  o f  t h e  l a r g e  b a s i n s  

r e v e a l e d  t h e  k e y - r o l e  o f  t h e  P a n n o n i a n  b a s i n  f o r  t h e  g e o d y n a m i c  

r e c o n s t r u c t i o n  o f  t h e  W e s t e r n  T e t h y s .  W i t h o u t  f i t t i n g  o f  t h e  

H u n g a r i a n  l i t h o s p h e r i c  b l o c k s  i n t o  t h e  A l p i n e - C a r p a t h i a n -  

- D i n a r i c  f r a m e w o r k  i t  w o u l d  be i m p o s s i b l e  t o  c o m p i l e  any  r e a l ­

i s t i c  r e c o n s t r u c t i o n  a b o u t  t h e  r e g i o n  w he re  b o t h  t h e  T r i a s s i c -  

- J u r a s s i c  V a r d a r  r i f t  s y s t e m  and t h e  J u r a s s i c - C r e t a c e o u s  

P e n n i n i c  r i f t  s y s te m  p l a y e d  i m p o r t a n t  r o l e s .

I n  t h e  l a s t  de ca des  and p a r t i c u l a r l y  s i n c e  t h e  a p p e a r a n c e  

o f  t h e  p l a t e - t e c t o n i c  c o n c e p t  a l o t  o f  i n t e r p r e t a t i o n s  w ere  

e l a b o r a t e d  ( B a l i a  1982 ,  19 8 8 ,  B á l d i  e t  a l .  1985 ,  B r e z s n y á n s z k y  

and Haas 1986 ,  C s á s z á r  e t  a l .  1987 ,  F ü l ö p  e t  a l .  1987 ,  Géczy  

1 9 8 3 ,  Haas 1987 ,  C h a n ne l  and H o r v á t h  19 7 6 ,  Kázmér 1984 ,  Kázmér  

and K o v á c s  1985 ,  1989 ,  Royden and B á l d i  1 9 8 8 ) .  H o w e ve r ,  due t o

Acta Geod. Geoph. Mont. Hung. 25, 1990 
Akadémiai Kiadó,  Budapest
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t h e  uncompleteness  o f  o u r  k n o w le d g e  and t h e  c o m p l e x i t y  o f  t h e  

p r o c e s s e s ,  t h e  p r o b l e m  has n o t  y e t  been  s o l v e d .

Works f o r  u n d e r s t a n d i n g  o f  t h e  A l p i n e  g e o h i s t o r y  and com­

p i l a t i o n  o f  t h e  d a t a  were  c a r r i e d  o u t  i n  t h e  f r a m e w o r k  o f  d i f ­

f e r e n t  n a t i o n a l  and i n t e r n a t i o n a l  p r o j e c t s .  Among them t h e  

N a t i o n a l  Key S e c t i o n  P r o j e c t ,  t h e  H u n g a r i a n  G e o l o g i c a l  A t l a s  

p r o g r a m ,  and t h e  IGCP P r o j e c t  No 198 ( N o r t h e r n  M a r g i n  o f  t h e  

T e t h y s )  a r e  p a r t i c u l a r l y  i m p o r t a n t  i n  t h i s  c o n t e x t .

I n  t h e  p r e s e n t  p a p e r  we t r y  t o  o u t l i n e  t h e  e v o l u t i o n  o f  

some p a r t s  o f  t h e  W e s te r n  T e t h y s  as d e c i p h e r e d  f r o m  t h e  g e o ­

l o g y  o f  t h e  l i t h o s p h e r i c  f r a g m e n t s  w h i c h  b u i l d  up t h e  basem en t  

o f  H u n g a r y .

The f i n a l  p h a s e  o f  t h e  e v o l u t i o n  o f  t h e  T e t h y s  as w e l l  as 

some a r g u m e n t s  o f  c r u c i a l  i m p o r t a n c e  l i k e  p a l e o m a g n e t i c  e v i ­

d e n c e s  and t h e  t e c t o n i c  i n t e r p r e t a t i o n  o f  t h e  m a g m a t i t e s  a r e  

r e v i e w e d  i n  t h i s  v o l u m e  by o t h e r  p a p e r s  b u t  t h e i r  r e s u l t s  a r e  

i n c o r p o r a t e d  i n t o  o u r  summary.

GEOHISTORICAL PHASES AND STRUCTURAL UNITS

T h re e  m a j o r  g e o h i s t o r i c a l  p e r i o d s  a r e  r e f l e c t e d  i n  t h e  

g e o l o g y  o f  H u n g a r y :

-  A p r e - A l p i n e  e v o l u t i o n a r y  s t a g e .  I t  i s  d i f f i c u l t  t o  r e c o n ­

s t r u c t ,  b u t  s h o u l d  have  c o n n e c t e d  w i t h  t h e  P r e c a m b r i a n -  

- P a l e o z o i c  h i s t o r y  o f  C e n t r a l  E u r o p e .

-  The A l p i n e  s t a g e  i n c l u d i n g  t h e  L a t e  P a l e o z o i c ,  M e s o z o i c  and 

P a l e o g e n e  e v o l u t i o n  o f  t h e  T e t h y s .  I t  i s  c h a r a c t e r i z e d  by 

o r o g e n i c  e v e n t s  ( E o a l p i n e ,  P a l e o a l p i n e ,  M e s o a l p i n e )  m a n i ­

f e s t e d  i n  nappe  t e c t o n i c s ,  f o l d i n g  and l a r g e  s c a l e  s t r i k e - s l i p  

m o v e m e n t .

-  The P a n n o n ia n  ( N e o a l p i n e )  e v o l u t i o n a r y  s t a g e ,  w h ic h  l a s t s  

f r o m  t h e  E a r l y  M i o c e n e  up t o  t h e  p r e s e n t .  T h i s  p e r i o d  i s  

c h a r a c t e r i z e d  by t h e  f o r m a t i o n  o f  s m a l l  p u l l - a p a r t  b a s i n s  and 

t h a t  o f  t h e  P a n n o n i a n  b a s i n  by h i g h - a m p l i t u d e  s u b s i d e n c e .

A c c o r d i n g  t o  t h e  d e v e l o p m e n t  p a t t e r n s  o f  p r e - T e r t i a r y  f o r ­

m a t i o n s ,  t h e  t e r r i t o r y  o f  H ungar y  can  be d i v i d e d  i n t o  t h e  f o l ­

l o w i n g  m e g a t e c t o n i c  u n i t s  ( F i g .  1 ) .



Fig.  1. Se t t ing  o f  the Hungarian megatectonic u n i t s  w i t h in  the A lp -Carpa th ian-D inar i c  framework
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1 . The T i s z a  U n i t

To t h e  s o u t h  o f  t h e  M i d - H u n g a r i a n  F a u l t  Zone t h e  T i s z a  

U n i t  i n c l u d e s  t h e  Me cse k  and V i l l á n y  M o u n t a i n s  and t h e i r  s u b ­

s u r f a c e  e x t e n s i o n  i n  t h e  basement  o f  t h e  G r e a t  H u n g a r i a n  P l a i n  

( A l f ö l d ) .  T h i s  u n i t  shows a f f i n i t i e s  w i t h  t h e  A p u s e n i  M o u n t a i n s ,  

R o m a n i a .

The h i g h - g r a d e  p o l y m e t a m o r p h i c  p r e - A l p i n e  basement  i s  

c o v e r e d  by a G e r m a n o - t y p e  P e r m o - T r i a s s i c  o f  c o n t i n e n t  f o r e l a n d  

o r i g i n  ( i n  t h e  M ecse k  S u b u n i t )  w h i c h  p r o g r e s s e s  t o  A l p i n e - t y p e  

s u c c e s s i o n s  ( i n  t h e  U p p e r  Codru na p p e s  and i n  t h e  basem en t  o f  

V o j v o d i n a ) .  D e v e l o p m e n t  o f  t h e  J u r a s s i c  and C r e t a c e o u s  s e r i e s  

a r e  more  d i v e r s i f i e d  and  t h e s e  d i f f e r e n c e s  e n a b le d  us t o  d i s ­

t i n g u i s h  t h e  M e c s e k ,  V i l l á n y  and B ékés  S u b u n i t  w i t h i n  t h e  

H u n g a r i a n  p a r t  o f  t h e  T i s z a  U n i t .

The Mecsek S u b u n i t s  i s  c h a r a c t e r i z e d  by a G e r m a n o - t y p e  

c o n t i n e n t a l - s h a l l o w  m a r i n e  P e r m o - T r i a s s i c  s e q u e n c e ,  Upper  

T r i a s s i c  o f  f l u v i a l  t o  d e l t a  f a c i e s ,  G r e s t e i n - t y p e  L i a s s i c ,  

d e e p - w a t e r  f a c i e s  f r o m  t h e  L a t e  D o g g e r  and  an i n t e n s i v e  E a r l y  

C r e t a c e o u s  a l k a l i  s u b m a r i n e  r i f t  v o l c a n i s m .

T r i a s s i c  o f  t h e  V i l l á n y  S u b u n i t  show s some G e r m a n o - t y p e  

c h a r a c t e r s  b u t  t o  a l e s s  e x t e n t  t h a n  t h e  Mecsek S u b u n i t .  The 

J u r a s s i c  s e q uence  i s  c h a r a c t e r i z e d  by a g r e a t  number o f  s t r a ­

t i g r a p h i c  g a p s .  The L o w e r  C r e t a c e o u s  U r g o n  f a c i e s  shows c o n n e c ­

t i o n s  t o  th e  B i h o r  " a u t o c h t h o n o u s  u n i t "  i n  t h e  A p u s e n i  M t s .

The Békés S u b u n i t  c o n t a i n s  U ppe r  J u r a s s i c  t o  Lower  

C r e t a c e o u s  d a r k  s h a l e s  s i m i l a r  t o  t h e  h i g h e r  nappes o f  t h e  

C o d r u  nappe s y s t e m  o f  t h e  A pusen i  M t s .

Upper  C r e t a c e o u s  f o r m a t i o n s  o f  p r e d o m i n a n t l y  m a r i n e  c l a s ­

t i c  f a c i e s  l i e  on o l d e r  r o c k s  w i t h  u n c o n f o r m i t y .  P a l e o g e n e  i s  

known  o n l y  i n  t h e  s u b s u r f a c e  ra n g e  o f  t h e  Mecsek S u b u n i t  

( S z o l n o k  F l y s c h  Z o n e ) .

2 .  The P e l s o  U n i t

S i t u a t e d  b e t w e e n  t h e  R á b a - H u r b a n o v o  L i n e s  and t h e  M i d -  

- H u n g a r i a n  F a u l t  Z o n e ,  t h e  P e ls o  U n i t  i s  c h a r a c t e r i z e d  by  v e r y
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l o w - g r a d e  and l o w - g r a d e  m e t a m o r p h i c  m a r i n e  E a r l y  P a l e o z o i c  f o r ­

m a t i o n s ,  c o n t i n e n t a l  and m a r i n e  L a t e  P a l e o z o i c  s e q u e n c e s .  I n  

t h e  M e s o z o i c ,  f o r m a t i o n s  a c c u m u l a t e d  on t h e  p a s s i v e  c o n t i n e n t a l  

m a r g i n  o f  t h e  T e t h y s  a r e  d o m i n a n t .  I n  c e r t a i n  s u b u n i t s ,  r e m ­

n a n t s  o f  t h e  o c e a n i c  baseme nt  a r e  kn o w n ,  t o o .  T h e i r  d e v e l o p m e n t  

i n d i c a t e s  A l p i n e - D i n a r i c  r e l a t i o n s h i p .

L a r g e - s c a l e  i s l a n d - a r c  v o l c a n i s m  i n  t h e  Eocene i s  an i m ­

p o r t a n t  f e a t u r e  o f  t h e  u n i t  w h i c h  i s  unknown i n  t h e  T i s z a  U n i t .

The P e l s o  U n i t  can be d i v i d e d  i n t o  t h e  f o l l o w i n g  s u b u n i t s :

The T r a n s d a n u b i a n  C e n t r a l  Range i s  c h a r a c t e r i z e d  by t e r ­

r e s t r i a l  t o  m a r i n e  U pper  P e r m i a n ,  s l o w  t r a n s g r e s s i o n  f r o m  t h e  

E a r l y  T r i a s s i c ,  i n t r a s h e l f  r i f t i n g  i n  t h e  M i d d l e  T r i a s s i c ,  

t h i c k  p e r i t i d a l  c a r b o n a t e  s e q u e n c e  i n  t h e  Upper  T r i a s s i c ,  

i n t r a s h e l f  r i f t i n g  w i t h  g e n e r a l  t r e n d  o f  s u b s i d e n c e  i n  t h e  

J u r a s s i c ,  and t e c t o n i c a l l y  c o n t r o l l e d  t r a n s - r e g r e s s i v e  c y c l e s  

i n  t h e  M i d d l e  and U pper  C r e t a c e o u s  and i n  t h e  Eocene .

The M i d - T r a n s d a n u b i a n  S u b u n i t  i s  known o n l y  f r o m  b o r e ­

h o l e s .  M o s t  i m p o r t a n t  f e a t u r e s  a r e  t h e  m a r i n e  Upper  P e r m i a n  and 

t h e  s h a l l o w  c a r b o n a t e  p l a t f o r m  f o r m a t i o n s  i n  t h e  M i d d l e  and 

U pper  T r i a s s i c .

V e r y  l o w  g r a d e  m e t a m o r p h i c  T r i a s s i c  f o r m a t i o n s  and 

o p h i o l i t i c  r o c k s  a r e  known f r o m  some b o r e h o l e s  w h i c h  may b e l o n g  

t o  a d e e p e r  s t r u c t u r a l  u n i t .

The Bükk  S u b u n i t  i s  c o n s t i t u t e d  by a L a t e  P a l e o z o i c  m a r i n e  

s e q u e n c e  f r o m  w h i c h  t h e  Lower  T r i a s s i c  e v o l v e d  w i t h o u t  b r e a k  i n  

s e d i m e n t a t i o n ,  f o l l o w e d  by a M i d d l e  and Upper  T r i a s s i c  c a r b o n ­

a t e  p l a t f o r m  f a c i e s  and i s l a n d - a r c  v o l c a n i t e s  and by J u r a s s i c  

f o r m a t i o n  o f  " s c h i s t e s  l u s t r e s "  f a c i e s  d e p o s i t e d  i n  a d e e p e r -  

- w a t e r  s l o p e  and b a s i n ,  as w e l l  as i n  o c e n i c  t y p e  c r u s t .

The M e l i a t a  S u b u n i t  i s  a d e e p - w a t e r  f a c i e s  f r o m  t h e  M i d d l e  

T r i a s s i c  w i t h  m a g m a t i c  r o c k s  o f  o c e a n i c  basement o r i g i n .

The A g g t e l e k - B o d v a  S u b u n i t .  The U ppe r  ( S i l i c a )  n a p p e  

i n c l u d e s  T r i a s s i c  o f  c a r b o n a t e  p l a t f o r m  f a c i e s  and d e e p e r - w a t e r  

J u r a s s i c  s h o w i n g  a f f i n i t y  t o  t h e  N o r t h e r n  C a l c a r e o u s  A l p s .  The 

d e e p e r  n a p p e s  ( e . g .  t h e  Bódva N appe)  a r e  composed o f  M i d d l e  and 

U ppe r  T r i a s s i c  d e e p - w a t e r  f a c i e s ,  and o f  J u r a s s i c  " s c h i s t e s  

l u s t r e s "  f a c i e s  w h i c h  i s  s i m i l a r  t o  i t s  c o u n t e r p a r t  i n  t h e
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Bü k k  M t s .

3 .  I n n e r  W e s t - C a r p a t h i a n  U n i t s

N o r t h  o f  t h e  H u r b a n o v o  L i n e  a c r y s t a l l i n e  comp lex  o f  t h e  

V e p o r  U n i t  e x t e n d s  i n t o  t h e  c o u n t r y ' s  t e r r i t o r y .  I t  i s  known 

o n l y  f r o m  b o r e h o l e s .

4 .  A u s t r o a l p i n e  U n i t s

The P e n n i n i c  U n i t :  J u r a s s i c  t o  L o w e r  C r e t a c e o u s  m e t a -  

m o r p h i c  r o c k s  o f  g r e e n s c h i s t  f a c i e s  i n  t h e  H u n g a r i a n  p a r t  o f  

t h e  R e c h n i t z  Window ( K ő s z e g  Mts and i t s  s u b s u r f a c e  e x t e n s i o n  i n  

t h e  baseme nt  o f  t h e  L i t t l e  H u n g a r i a n  P l a i n  ( K i s a l f ö l d ) .

Lower  A u s t r o - A l p i n e  U n i t :  P a l e o z o i c  m eso m e ta m o r ph ic  f o r m a ­

t i o n s  known f r o m  t h e  S o p ro n  M ts .

Upper  A u s t r o - A l p i n e  U n i t :  v e r y  l o w  t o  low  g ra de  m e t a m o r -  

p h i t e s  known f r o m  t h e  b a s i n  s u b s t r a t u m  b e t w e e n  t h e  Répce and 

Rába r i v e r s ,  r e p r e s e n t i n g  an e x t e n s i o n  o f  t h e  Graz P a l e o z o i c  

s e r i e s .

I n  te r m s  o f  a p r e s e n t - d a y  i n t e r p r e t a t i o n ,  t h e  a b o v e - m e n ­

t i o n e d  m e g a t e c t o n i c  u n i t s  a p p ro a c h e d  e a c h  o t h e r  o n l y  i n  t h e  

E a r l y  T e r t i a r y ,  by s i z e a b l e  p l a t e  t e c t o n i c  r e o r g a n i z a t i o n  p r o ­

c e s s e s  t h a t  had i n i t i a t e d  p r o b a b l y  i n  t h e  C r e t a c e o u s  i n  c o n ­

n e c t i o n  w i t h  t h e  l a t e  phase o f  t h e  T e t h y s  s u b d u c t i o n  and t h e  

s u b s e q u e n t  c o l l i s i o n .

CHARACTERISTICS OF THE EVOLUTION OF THE STRUCTURAL UNITS

The ma in  g e o h i s t o r i c a l  f e a t u r e s  o f  t h e  P e l s o  and t h e  

T i s z a  U n i t s  a r e  shown i n  F i g .  2 c o m p a r i n g  them w i t h  t h e  ma in  

e v e n t s  o f  t h e  e v o l u t i o n  o f  t h e  A l p s  ( T r ü m p y  1 9 8 2 ) .

P e c u l a r i t i e s  o f  t h e  s t r u c t u r a l  u n i t s  and t h e i r  a f f i n i t y  

w i t h  t h e  u n i t s  o f  t h e  s u r r o u n d i n g  A l p i n e - C a r p a t h i a n - D i n a r i c  

s y s t e m  can be s u m m a r i z e d  as f o l l o w s :

1 . There  a r e  s i g n i f i c a n t  d i f f e r e n c e s  be tw een t h e  p r e -  

- A l p i n e  basement  and  t h e  A l p i n e  h i s t o r y  o f  t h e  P e ls o  and t h e
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F ig .  2. Geohistory o f  the Pelso and the Tisza U n i t s  compared them w i t h  the 
A lp ine evo l u t i on  ( a f t e r  Triimpy 1982). Legend: Sedimentat ion:  1. 
co n t i n e n ta l ;  2. sha l low mar ine;  3. deep mar ine; magmatism: 4. mid-  
-oceanic r i f t  b a s a l t  (MORB) volcanism; 5. i s la nd -a rc  volcanism 
( I A V ) ; 6. r i f t  vo lcanism; 7.  volcanism o f  unknown o r i g i n ;  8.  MORB- 
- t ype  i n t r u s i o n s ;  9.  r i f t - t y p e  i n t r u s i o n s ;  10. metamorphism; 11. 
g r a n i te s ;  12. o rogenic events ;  13. obduc t ion;  14. nappe fo rma t i on  
(o v e r th ru s t in g  as w e l l  as s l i d i n g )
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T i s z a  U n i t s  a l t h o u g h  t h e  b a s i c  c h a r a c t e r s  o f  t h e  T e t h y s  e v o l u ­

t i o n  aire o b s e r v a b l e  i n  b o t h  u n i t s .

2 .  E v o l u t i o n a r y  t r e n d  o f  t h e  P e l s o  U n i t  i s  f a i r l y  s i m i l a r  

t o  t h e  A l p i n e  one  i n  t h e  case o f  t h e  T r a n s d a n u b i a n  M i d m o u n t a i n s .  

The M i d d l e  T r i a s s i c  r i f t i n g  w i t h  v o l c a n i c  a c t i v i t y ,  t h e  Upper  

T r i a s s i c  c a r b o n a t e  p l a t f o r m  e v o l u t i o n  and t h e  d i s i n t e g r a t i o n  o f  

t h e  p l a t f o r m  i n  t h e  L i a s s i c  s u g g e s t  t h e  o r i g i n a l  p o s i t i o n  o f  

t h e  T r a n s d a n u b i a n  M i d m o u n t a i n s  somewhere  be tw een t h e  S o u t h e r n  

and  t h e  N o r t h e r n  L i m e s t o n e  A l p s  on t h e  s o u t h e r n  p a s s i v e  m a r g i n  

o f  t h e  T e t h y s .  The p e r i o d s  o f  t h e  s u b d u c t i o n  and t h e  c o l l i s i o n  

a r e  m a n i f e s t e d  i n  t h e  phases  o f  t h e  d e f o r m a t i o n s  and u p l i f t s .

3 .  The P e r m i a n - T r i a s s i c  s h a l l o w - w a t e r  c a r b o n a t e  r o c k s  o f  

t h e  M i d - T r a n s d a n u b i a n  S u b u n i t  show O i n a r i c - S l o v e n i a n  a f f i n i t y .

4 .  The N o r t h  H u n g a r i a n  -  S o u th  S l o v a k i a n  s u b u n i t s  ( В Li к к - 

- M e l i a t a - A g g t e l e k - B ó d v a ) r e p r e s e n t  t h e  i n n e r  zones  o f  t h e  

T e t h y s :  t h e  s h e l f  m a r g i n ,  t h e  s l o p e  and  t h e  o c e a n i c  b a s e m e n t .  

The Bükk  s u b u n i t  o f  D i n a r i c  a f f i n i t y  may have  been a s e c t o r  o f  

t h e  s o u t h e r n  m a r g i n ,  w i t h  c a r b o n a t e  p l a t f o r m s  i n  t h e  T r i a s s i c ,  

s l o p e  s e d i m e n t s  and o c e a n i c  b a s a l t s  i n  t h e  J u r a s s i c .  The 

M e l i a t a  s u b u n i t  r e p r e s e n t s  t h e  a x i a l  zone  o f  t h e  V a r d a r  o c e a n i c  

b r a n c h  o f  t h e  M i d d l e  T r i a s s i c .  The T r i a s s i c  p l a t f o r m  c a r b o n a t e s  

and  t h e  deep w a t e r  J u r a s s i c  s e d i m e n t s  o f  t h e  A g g t e l e k  S u b u n i t  

c a n  o r i g i n a t e  f r o m  t h e  n o r t h e r n  m a r g i n ,  n e i t h e r  i t s  s o u t h e r n  

o r i g i n  can be e x c l u d e d .

5 .  The h i s t o r y  o f  t h e  T i s z a  U n i t  f i t s  i n t o  t h e  g e n e r a l  

t r e n d  o f  t h e  T e t h y s  e v o l u t i o n  u p t o  t h e  M i d - T r i a s s i c . I n  t h e  

M i d d l e  T r i a s s i c  t h e r e  i s  n o t  any t r a c e  o f  t h e  v o l c a n i c  a c t i v i t y .  

The Mecsek  S u b u n i t  i s  c h a r a c t e r i z e d  by t e r r e s t r i a l  s i l i c i c l a s -  

t i c  s e d i m e n t a t i o n  f r o m  t h e  Upper  T r i a s s i c  t o  t h e  L i a s s i c  

( G r e s t e n  f a c i e s ) .  The Upper  T r i a s s i c  i s  o f  C a r p a t h i a n  K e u p e r  

t y p e  i n  t h e  V i l l á n y  S u b u n i t ,  w h i l e  i n  t h e  Békés S u b u n i t  d o l o ­

m i t e s  o f  s h a l l o w  s h e l f  f a c i e s  were  f o r m e d .

T hese  f e a t u r e s  s u g g e s t  t h e  p o s i t i o n  o f  t h e  T i s z a  U n i t  i n  t h e  

N o r t h e r n  ( E u r o p e a n )  s h e l f  o f  t h e  T e t h y s  u p t o  t h e  l a t e  J u r a s ­

s i c  -  E a r l y  C r e t a c e o u s .  The s i g n i f i c a n t  E a r l y  C r e t a c e o u s  r i f t  

v o l c a n i s m  i n  t h e  Me cse k  (and  s u b o r d i n a t e l y  i n  t h e  V i l l á n y )  Sub­

u n i t  may i n d i c a t e  t h e  s e p a r a t i o n  o f  t h e  T i s z a  U n i t  f r o m  t h e
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E u ro p e a n  p l a t e .  T h i s  p r o c e s s  c o u l d  be i n t e r r u p t e d  by t h e  com­

p r e s s i v e  M i d - C r e t a c e o u s  t e c t o n i s m  c a u s e d  o v e r t h r u s t i n g  and n a p ­

pe f o r m a t i o n  i n  e v e r y  s u b u n i t s  o f  t h e  T i s z a  U n i t .

The d o m i n a n t l y  s i l i c i c l a s t i c  Upper  C r e t a c e o u s  s e d i m e n t s  w e re  

a c c u m u l a t e d  i n  t h e  s y n -  o r  p o s t o r o g e n i c  g r a b e n s  o r  b a s i n s .

PALEOGEOGRAPHIC RECONSTRUCTIONS

The o r i g i n a l  p o s i t i o n s  o f  t h e  H u n g a r i a n  m e g a t e c t o n i c  u n i t s  

as w e l l  as s u b u n i t s  d u r i n g  t h e  T e t h y s  e v o l u t i o n  a re  shown i n  

F i g . 3 t o  В .

We have  t o  e m p h a s i z e  t h a t  t h e s e  r e c o n s t r u c t i o n s  a r e  d r a f t s  

w i t h o u t  r e a l  s c a l e ,  and t h e y  d e m o n s t r a t e  f i r s t  o f  a l l  t h e  r e l a ­

t i o n s  o f  t h e  u n i t s  ( s u b u n i t s )  t o  each  o t h e r .

Some comments on t h e  p o s i t i o n  o f  t h e  H u n g a r i a n  l i t h o ­

s p h e r i c  f r a g m e n t s  d u r i n g  t h e  T e t h y s  e v o l u t i o n :

1.  U ppe r  P e r m i a n  ( F i g .  3)

A f t e r  t h e  H e r c i n i a n  t e c t o g e n e s i s  t h e  f r a g m e n t s  o f  t h e  

p r e s e n t - d a y  H u n g a r i a n  baseme nt  were s i t u a t e d  a ro und  t h e  n o r t h ­

w e s t e r n  t e r m i n a t i o n  o f  t h e  P a n t h a l a s s a  embayment  ( e p i c o n t i n e n ­

t a l  s e a )  t h a t  can be t r a c e d  f r o m  E a s t e r n  A s i a  t o  t h e  A l p s .

I n  t h e  U pper  P e r m i a n  t h e  l a t e r a l  t r a n s i t i o n  o f  t h e  c o n ­

t i n e n t a l - a l l u v i a l  s e d i m e n t a t i o n  e n v i r o n m e n t  ( r i f t - g r a b e n s ) ,  t h e  

c o n t i n e n t a l  and t h e  c o a s t a l  sabkha  and  t h e  s h a l l o w - m a r i n e  s h e l f  

i s  w e l l  o b s e r v a b l e  i n  t h e  S o u t h e r n  A l p s ,  and a v e r y  s i m i l a r  

f a c i e s  d i s t r i b u t i o n  i s  r e c o g n i z e d  i n  t h e  T r a n s d a n u b i a n  C e n t r a l  

R a n g e .

The P e r m i a n  s u c c e s s i o n s  o f  t h e  J u l i a n  A l p s  -  S l o v e n i a ,  t h e  

M i d - T r a n s d a n u b i a n  and t h e  Bükk s u b u n i t s  r e p r e s e n t  t h e  i n n e r  

b e l t  o f  t h e  P e r m i a n  e p i c o n t i n e n t a l  s e a .

E v a p o r i t e s  o f  t h e  A g g t e l e k  S u b u n i t  ( s i m i l a r l y  t o  t h o s e  o f  

t h e  " H a s e l g e b i r g e "  i n  t h e  N o r t h  A l p i n e  J u v a v i c u m )  can be f i t ­

t e d  i n t o  t h e  m a r g i n a l  b e l t  o f  t h i s  s e a .

I n  t h e  T i s z a  U n i t  f l u v i a l - l a c u s t r i n e  s e d i m e n t s  a c c u m u l a t e d  

i n  r i f t  g r a b e n s  due t o  t h e  p o s t - H e r c y n i a n  e r o s i o n .

T r a n s g r e s s i o n  n e a r  t o  t h e  P e r m i a n / T r i a s s i c  b o u n d a r y  c a n  be 

t r a c e d  i n  t h e  S o u t h e r n  A l p s ,  i n  t h e  T r a n s d a n u b i a n  C e n t r a l  Range
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F i g .  3.  Late Permian palaeogeography. L(M)E-ALP — Lower (and Midd le)  East 
A lp ine ;  U-E.ALP — Upper East A lp in e ;  Dr — Drauzug; TRC — Trans-  
danubian Midmountains (= Central  Range); S.ALP — South A lp i n e ;
Lom — Lombardia; DO — Dolomi tes;  CA — Garnie Alps; JA — J u l i a n  
Alps;  MT — Mid-Transdanubian Subuni t ;  Bü — Bükk Subuni t ,  AG — Agg­
t e l e k  Subuni t ;  T — Tat ra  U n i t ;  Kr — Kr izna Un i t ;  M — Mecsek Mts;
V — V i l l ány  Mts; Bé — Békés Subuni t ;  B — Bihor Mts; C — Codru Mts. 
Legend: 1. c o n t i n e n t a l ;  2. e v a p o r i t i c  lagoon-sabkha; 3. sha l low
marine fac ies

w h i l e  i n  t h e  n o r t h e r n  z o n e s  o f  t h e  T i s z a  U n i t  i t  s t a r t e d  o n l y  

a t  t h e  S c y t h i a n / A n i s i a n  b o u n d a r y  w i t h  e v a p o r i t e - b e a r i n g  f o r m a ­

t i o n s  ( s i m i l a r l y  t o  t h e  German " R o t "  f a c i e s ) .  I n  t h e  M i d d l e  

T r i a s s i c  c a r b o n a t e  p l a t f o r m  f o r m a t i o n  s t a r t e d  on a w i d e  s h e l f  

w h i c h  was f o l l o w e d  by a p r o c e s s  o f  d i s i n t e g r a t i o n  o f  t h e  p l a t ­

f o r m  as a c onsequence  o f  t h e  s p r e a d i n g  i n  t h e  V a r d a r  z o n e .  I n  

t h e  n o r t h e r n  zones  o f  t h e  T i s z a  U n i t  v e r m i c u l a r  l i m e s t o n e s  

( s i m i l a r  t o  th e  German " W e l l e n k a l k " ) ,  t h e n  u l t r a - b a c k - r e e f  

l a g o o n a l  d o l o m i t e s  w e r e  d e p o s i t e d .  The r i f t i n g  was i n t e r r u p t e d  

a t  t h e  end o f  t h e  M i d d l e  T r i a s s i c  o r  i n  t h e  e a r l y  U pper  T r i a s ­

s i c  i n  t h e  T r a n s d a n u b i a n  C e n t r a l  Range and i n  t h e  S o u t h e r n  

A l p s  .

I n  N o r t h e r n  H u n g a r y  t h e  r i f t i n g  c o n t i n u e d  ( w i t h  p r o b a b l e  

i n t e r v a l s  o f  q u i e s c e n c e )  t h r o u g h o u t  t h e  r e s t  o f  t h e  T r i a s s i c .
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I t  l e a d s  t o  t h e  f o r m a t i o n  o f  d e e p - w a t e r ,  p a r t l y  o c e a n i c  

( M e l i a t i c u m )  b a s i n  be tw een  a n o r t h e r n  ( S i l i c e  Nappe o f  A g g t e -  

l e k - R u d a b á n y a  S u b u n i t )  and a s o u t h e r n  ( B ü k k  S u b u n i t )  o u t e r  

s h e l f  d o m a i n s .  I t  was s i t u a t e d  i n  t h e  c o n t i n u a t i o n  o f  t h e  

V a r d a r  O c e a n i c  B r a n c h  and was c o n n e c t e d  w i t h  th e  E u h a l l s t a t t  

b a s i n  i n  t h e  A l p s  ( K o v á c s  1984 ,  1 9 8 9 ) .

2 .  U pper  T r i a s s i c  ( F i g .  4)

I n  t h e  C a r n i a n  t h e  p r o c e s s  o f  d i s i n t e g r a t i o n  was f o l l o w e d  

by n i v e l l a t i o n  due t o  t e r r i g e n o u s  u p f i l l i n g  o f  t h e  b a s i n s  and 

an e x t r e m e l y  w i d e  c a r b o n a t e  p l a t f o r m  began  t o  fo r m  on t h e  

q u i c k l y  s u b s i d i n g  s h e l f .  O n ly  t h e  c e n t r a l  E u h a l l s t a t t  and  Ruda-  

b á n y a - M e l i a t a  b a s i n s  were  n o t  f i l l e d  u p ;  t h i s  e v e n t  i s  a l s o  

m i s s i n g ,  i n  some o u t e r  s h e l f  c a r b o n a t e  p l a t f o r m s  ( e . g .  i n  t h e  

M ü r z t a l  A l p s :  L e i n  ( 1 9 8 7 )  and i n  t h e  S i l i c e  Nappe: K o v á c s

( 1 9 8 4 ) ) .

F a c i e s  b e l t s  o f  t h e  p e l a g i c  b a s i n  ( H a l l s t a t t  b a s i n ) ,  t h e  

r e e f  ( D a c h s t e i n  r e e f s ) ,  t h e  o u t e r  and i n n e r  s h e l f  ( D a c h s t e i n  

p l a t f o r m )  and t h e  u l t r a - b a c k  p l a t f o r m  l a g o o n  and t i d a l  f l a t  

( H a u p t d o l o m i t ) can  be t r a c e d  i n  t h e  N o r t h e r n  L i m e s t o n e  A l p s  

( U p p e r  E a s t - A l p i n e  U n i t ) .  I n  t h e  T r a n s d a n u b i a n  C e n t r a l  Range 

and i n  t h e  S o u t h e r n  A l p s  most  o f  t h e s e  f a c i e s  zones  can  be 

r e c o g n i z e d  as w e l l  (Haas 1 9 8 7 ) .  The c a r b o n a t e  p l a t f o r m  o f  t h e  

J u l i a n  A l p s  c o u l d  be fo r m e d  b e t w e e n  t h e  i n t r a s h e l f  S l o v e n i a n  

t r o u g h  and t h e  p e l a g i c  H a l l s t a t t  b a s i n .  P l a t f o r m  c a r b o n a t e s  o f  

t h e  M i d - T r a n s d a n u b i a n  and t h e  Bükk  S u b u n i t s  a re  r e g a r d e d  as t h e  

c o n t i n u a t i o n  o f  t h e  O u t e r  D i n a r i c  o u t e r  s h e l f  p l a t f o r m .  D i s i n ­

t e g r a t i o n  o f  t h e  c a r b o n a t e  p l a t f o r m s  i s  o b s e r v e d  i n  t h e  l a t e s t  

T r i a s s i c  up t o  t h e  e a r l y  J u r a s s i c  i n  t h e  T r a n s d a n u b i a n  C e n t r a l  

Range and i n  t h e  Bükk  S u b u n i t s .  D e e p - w a t e r ,  p e l a g i c  s e d i m e n t a ­

t i o n  c o n t i n u e d  i n  t h e  A g g t e l e k - R u d a b á n y a S u b u n i t .  By t h i s  t i m e  

t h e  s h e l f  m a r g i n  p l a t f ö r m  o f  t h e  s o u t h e r n  p a r t  o f  t h e  S i l i c e  

Nappe ( A g g t e l e k  f a c i e s )  had a l s o  s u b s i d e d  and became p a r t  o f  

t h e  H a l l s t a t t  l i m e s t o n e  f a c i e s  b e l t .

W i t h i n  t h e  T i s z a  U n i t  t h e  U p p e r  T r i a s s i c  f o r m a t i o n s  o f  t h e  

Mecsek  S u b u n i t  r e p r e s e n t  a q u i c k l y  s u b s i d i n g  b a s i n  f i l l e d  up by 

f l u v i a l  as w e l l  as d e l t a  s e d i m e n t s .

I n  t h e  V i l l á n y  and i n  t h e  n o r t h e r n  nappes o f  t h e  C o d r u
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F i g .  4.  Late T r i a s s i c  Palaeogeography. I .DIN — In n e r  Oinar i c  u n i t s ;  O.DIN — 
— Outer D in a r i c  u n i t s ;  SLT — Slovenian Trough; MEL — Mel ia t i cum;
ST — Strá^ov nappe; CH — Choc nappe. Legend: 1. co n t i n e n ta l -s h a l lo w  
marine (Keuper f a c i e s ) ;  2. u l t r a - b a c k  p l a t f o r m  (Hauptdolomi te 
f a c i e s ) ;  3. i nne r  p l a t f o r m  (Dachstein Dolomi te-Dolomia P r i n c i p a l e ) ;  
4. outer  p l a t f o r m  (Dachstein Limestone f a c i e s ) ;  5. pe lagic  sedimen­
t a t i o n  ( H a l l s t a t t  f a c i e s ) ;  6. oceanic basement; 7. mid-oceanic 
r idge

n a p p e  s y s t e m ,  C a r p a t h i a n  K e u p e r - t y p e  f o r m a t i o n s  a re  c h a r a c t e r ­

i s t i c .

I n  t h e  Békés S u b u n i t  as w e l l  as i n  t h e  Papuk Mts and i n  

t h e  A r i e s e n i  Nappe o f  t h e  Codru  nappe  s y s t e m  d o l o m i t i c  U p p e r  

T r i a s s i c  o c c u r s .  ,

I n  t h e  s o u t h e r n  p a r t  o f  t h e  T i s z a  U n i t  i n  t h e  h i g h e r  n a ppe  

u n i t s  o f  t h e  Codru n a p p e  s y s te m  and i n  V o j v o d i n a  c a r b o n a t e  

p l a t f o r m  f o r m a t i o n s  ( D a c h s t e i n  L i m e s t o n e )  a p p e a r ,  l o c a l l y  w i t h  

p e l a g i c  i n f l u e n c e .

I n  t h e  I n n e r  W e s t - C a r p a t h i a n  u n i t s  t h e  f a c i e s - d i s t r i b u t i o n  

i s  mo re  o r  l e s s  s i m i l a r  t o  above m e n t i o n e d  one .
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T h i s  s u g g e s t s  t h e  E a r l y  M e s o z o i c  p o s i t i o n  o f  t h e  T i s z a  

b l o c k  b e s i d e  t h e  r e c o n s t r u c t e d  p l a c e  o f  t h e  I n n e r  West C a r p a ­

t h i a n  u n i t s  ( K o v á c s  1 9 8 0 ) .

3 .  M i d d l e  J u r a s s i c  ( F i g .  5)

D i s i n t e g r a t i o n  and s p r e a d i n g  c o n t i n u e d  d u r i n g  t h e  J u r a s s i c  

b u t  w h i l e  f o r m e r l y  t h e  r u p t u r e s  came f r o m  t h e  e a s t ,  now a new 

s p r e a d i n g  s y s t e m  e v o l v e d  f r o m  t h e  w e s t ,  f r o m  t h e  C e n t r a l  A t l a n ­

t i c .  The n e w l y  f o r m e d  B r i a n c o n n a i s  -  S o u t h  P e n n i n i c  b e l t  ( w h i c h  

a p p a r e n t l y  j o i n e d  t h e  V a r d a r  z o n e )  s e p a r a t e d  t h e  s o u t h e r n  and 

n o r t h e r n  m a r g i n s  o f  T e t h y s .

Ш '  X 5

F ig .  5. Middle Ju rass ic  palaeogeography. SIL — S i l i c i u m  (Aggtelek Subun i te) ;  
Cz — Czorsztyn u n i t .  Legend: 1. carbonate p la t fo rm ;  2. submarine 
graben and h ö r s t  system (d is in t e g r a t e d  p l a t f o r m ) ;  3. pe lag ic  s e d i ­
mentat ion;  4. oceanic basement; 5. mid-oceanic  r idge

D i f f e r e n t i a l  s u b s i d e n c e ,  b l o c k - f a u l t i n g  and f o r m a t i o n  o f  

b a s i n s  was c h a r a c t e r i s t i c  t o  t h e  n o r t h e r n  p a r t  o f  t h e  s o u t h e r n
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m a r g i n  (West  C a r p a t h i a n s ,  N o r t h e r n  L i m e s t o n e  A l p s ,  S o u t h e r n  

A l p s ) .  I n  t h e  E a r l y  J u r a s s i c ,  t h i c k  m a r l y  ( " F l e c k e n m e r g e l " )  and 

s i l i c e o u s  ( " M o l t r a s i o "  ) s e d i m e n t s  a c c u m u l a t e d  i n  t h e  b a s i n s ,  

w h i l e  t h e  e l e v a t e d  a r e a s  ( s u b m a r i n e  p l a t e a u s  o r  s e a m o u n t s )  were  

c h a r a c t e r i z e d  by n o n - d e p o s i t i o n  ( h a r d g r o u n d s )  o r  by v e r y  c o n ­

d e n s e d  c a r b o n a t e  s e d i m e n t a t i o n .  The T r a n s d a n u b i a n  M i d m o u n t a i n s  

and  t h e  A g g t e l e k  S u b u n i t  show t h e s e  g e n e r a l  c h a r a c t e r s .  I n  

d e t a i l ,  t h e  t h i c k  b a s i n a l  s e q u e n c e  known i n  t h e  Z a l a  a r e a  can 

be comp ar ed  w i t h  t h a t  o f  t h e  L o m b a r d i a n  b a s i n ,  w h e r e a s  t h e  c o n ­

d e n s e d  b i o g e n i c  c a r b o n a t e s  ( " H i e r l a t z "  l i m e s t o n e s ,  c a l c a r e n i t e s )  

f o u n d  i n  t h e  r e s t  o f  t h e  T r a n s d a n u b i a n  C e n t r a l  Range ha ve  c l o s e  

a n a l o g i e s  i n  t h e  n o r t h e r n  p a r t  o f  t h e  T r e n t o  p l a t e a u  and  i n  t h e  

N o r t h e r n  L i m e s t o n e  A l p s  ( e . g .  H a l l s t a t t  a r e a ) .  The M i d d l e  

J u r a s s i c  r a d i o l a r i t e s  and t h e  U ppe r  J u r a s s i c  a m m o n i t i c o  r o s s o  

and  b i a n c o n e  a r e  a l m o s t  u n i f o r m l y  w i d e s p r e a d  i n  t h e  w h o l e  a r e a .

I n  t h e  more s o u t h e r n  zones  ( I n n e r  and O u t e r  D i n a r i d e s )  

e v o l u t i o n  o f  t h e  s h a l l o w  w a t e r  c a r b o n a t e  p l a t f o r m s  was u n i n t e r ­

r u p t e d  f r o m  t h e  T r i a s s i c  and t h r o u g h  t h e  J u r a s s i c .  The Bükk 

a r e a  m i g h t  be i n  t h e  p r o x i m i t y  o f  t h e s e  a r e a s  and i t s  deep  

w a t e r  s e d i m e n t a r y  b a s i n  r e c e i v e d  p l a t f o r m - d e r i v e d ,  r e d e p o s i t e d  

c a r b o n a t e  m a t e r i a l  f r o m  t i m e  t o  t i m e .

The n o r t h e r n  m a r g i n  o f  T e t h y s  was c h a r a c t e r i z e d  by  p r e ­

d o m i n a n t l y  t e r r i g e n o u s  d e t r i t a l  s e d i m e n t a t i o n  i n  t h e  E a r l y  

J u r a s s i c  and by more  and  more p u r e  c a r b o n a t e  a c c u m u l a t i o n  i n  

t h e  M i d d l e  and L a t e  J u r a s s i c .  The T i s z a  U n i t  shows s i m i l a r  

d e v e l o p m e n t .  The e n o r m o u s ,  g r a b e n - l i k e  d e p r e s s i o n s  i n  t h e  

M e c s e k  S u b u n i t ,  l o c a l l y  w i t h  more t h a n  1000 m c l a s t i c  s e d i m e n t s  

and  t h i c k  c o a l  m e a s u r e s  i n  t h e  e a r l i e s t  J u r a s s i c  m i g h t  be a 

c o n t i n u a t i o n  o f  t h e  D a n i s h - P o l i s h  T r o u g h .  The V i l l á n y  S u b u n i t  

was an e l e v a t e d  r i d g e  a r e a  w i t h  t h i n  and e p i s o d i c  s e d i m e n t a t i o n  

i n  t h e  E a r l y  and M i d d l e  J u r a s s i c .

Due t o  p r o g r e s s i v e  r i f t i n g  and s p r e a d i n g ,  i n  t h e  Mecsek  

b a s i n  t h i n ,  p e l a g i c ,  c h e r t y  l i m e s t o n e s  were  f o r m e d  i n  t h e  L a t e  

J u r a s s i c  w i t h  t r a c e s  o f  s u b m a r i n e  v o l c a n i s m .  A t  t h e  same t i m e ,  

t h e  V i l l á n y  S u b u n i t  became a " p e l a g i c  p l a t f o r m "  w i t h  s h a l l o w  

w a t e r  b i o g e n i c  b u i l d u p s  i n  t h e  B i h o r  and w i t h  " p e l a g i c  o o l i t e s "  

i n  t h e  V i l l á n y  a r e a .
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4 .  E a r l y  C r e t a c e o u s  ( F i g .  6)

The b e g i n n i n g  o f  t h e  c l o s u r e  o f  t h e  V a r d a r  and t h e  o p e n i n g  

o f  t h e  P e n n i n i c  o c e a n i c  b r a n c h  a r e  t h e  m a in  e v e n t s  o f  t h e  E a r l y  

C r e t a c e o u s .  As a c o n s e q u e n c e  o f  t h i s  o p e n i n g  t h e  T i s z a  U n i t  

s e p a r a t e d  f r o m  t h e  E u r o p e a n  p l a t f o r m  and a t  t h e  f i r s t  t i m e  

a u r i n g  M e s o z o i c  h i s t o r y  i t s  p o s i t i o n  i n  l a t i t u d e  c o i n c i d e s  w i t h  

t h a t  o f  t h e  T r a n s d a n u b i a n  C e n t r a l  Range.  The r i f t  t y p e  a l k a l i n e  

b a s a l t i c  v o l c a n i s m  i n  t h e  Mecsek S u b u n i t  can be c o n n e c t e d  w i t h  

t h i s  p r o c e s s  t o o .  The V i l l á n y  S u b u n i t  i s  c h a r a c t e r i z e d  by 

c a r b o n a t e  p l a t f o r m  f o r m a t i o n  where a t r a n s g r e s s i v e  t y p e  U rg on  

f a c i e s  p ro c e e d e d  t o w a r d  t h e  N o r t h  f r o m  t h e  H a u t e r i v i a n  t o  

A l b i a n  ages  a f t e r  an e m e r s i o n  a t  t h e  b e g i n n i n g  o f  t h e  C r e t a ­

c e o u s .  A t  t h e  n o r t h e r n  m a r g i n  o f  t h e  zone  t h e  U pper  J u r a s s i c  

l i m e s t o n e  i s  d i r e c t l y  c o v e r e d  by an A l b i a n - C e n o m a n i a n  f l y s c h -  

- l i k e  s e q u e n c e .

I n  t h e  Békés S u b u n i t  t h e  open m a r i n e ,  deep w a t e r  s e d i m e n ­

t a t i o n  i s  supposed  t o  be c o n t i n u o u s .

Due t o  t h e  c l o s i n g  o f  NW b r a n c h  o f  t h e  V a r d a r  ocean  s l i c e s  

o f  o p h i o l i t e  c o m p l e x e s  w e re  u p l i f t e d  i n  t h e  s u t u r e  zone  and 

t r e n c h e s  were  f o r m e d  i n  w h i c h  t e r r i g e n o u s  s e d i m e n t a r y  s e q u ences ,  

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

U l t r a b a s i c  d e t r i t u s  o f  s i m i l a r  o r i g i n  a p p e a r  i n  t h e  

f l y s c h - l i k e  s u c c e s s i o n  o f  t h e  G e r e c s e  Mts  i n  t h e  T r a n s d a n u b i a n  

C e n t r a l  Range t o o .  On t h e  c o n t r a r y  E a r l y  C r e t a c e o u s  b a s i n  

s e d i m e n t s  o f  t h e  Ba ko ny  Mts  (SW- er n  p a r t  o f  t h e  T r a n s d a n u b i a n  

M i d m o u n t a i n s )  show c l o s e  s i m i l a r i t y  w i t h  t h e  M a o l i c a  f a c i e s  o f  

t h e  deep  b a s i n s  o f  t h e  S o u t h e r n  A l p s  i n  t h e  n o r t h e r n  f o r e l a n d  

o f  t h e  A p u l i a n  p l a t f o r m .

The m a j o r  p a r t  o f  t h e  T r a n s d a n u b i a n  C e n t r a l  Range was 

e l e v a t e d ,  e r o d e d  and g e n t l y  f o l d e d  d u r i n g  t h e  A u s t r i a n  p h a s e .  

I t s  s y n c l i n e  shape i s  a l s o  a r e s u l t  o f  t h i s  p h a s e .  D u r i n g  t h e  

A l b i a n  t h e  l a c u s t r i n e  e n v i r o n m e n t  was f o l l o w e d  by t h e  e v o l u t i o n  

o f  a c a r b o n a t e  p l a t f o r m  ( U r g o n i a n  f a c i e s ) .  I n  L a t e  A l b i a n  t i m e  

t h e  p l a t f o r m  s u d d e n l y  d ro w n e d  and was c o v e r e d  by d e e p e r  w a t e r  

g l a u c o n i t i c  s e d i m e n t s .

I n  t h e  O u t e r  D i n a r i d e s  t h e  e v o l u t i o n  o f  t h e  c a r b o n a t e  

p l a t f o r m  c o n t i n u e d  f r o m  t h e  J u r a s s i c  w h i l e  i n  t h e  I n n e r
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F i g .  6. Ear ly Cretaceous palaeogeography. S .PEN — South Penninic,  PK — 
Pieniny K l ippen  B e l t ,  AP — Apul ian p l a t f o r m .  Legend: 1. e leva ted 
area; 2. carbonate p la t fo rm;  3. p e l a g i c  sedimentat ion;  4. f l y s c h  
sedimentat ion;  5.  oceanic basement; 6. a l c a l i  b a s a l t i c  r i f t  
volcanism

D i n a r i d e s  deep w a t e r  s e d i m e n t a t i o n  s t a r t e d .

5.  L a te  C r e t a c e o u s  ( F i g .  7)

D u r i n g  t h e  M i d - C r e t a c e o u s  s u b d u c t i o n  o f  t h e  T e t h y s ,  s u b -  

b a s i n s  s i g n i f i c a n t l y  p r o g r e s s e d .  T h i s  p e r i o d  was t h e  m a in  phase  

o f  t h e  nappe f o r m a t i o n  a l l  o v e r  t h e  A l p i n e  -  I n n e r  C a r p a t h i a n  

r e g i o n .  C o n t e m p o r a n e o u s l y  deep t r o u g h s  and b a s i n s  f o r m e d  i n  t h e  

s u b d u c t i o n  zones  a l o n g  t h e  s o u t h e r n  m a r g i n  o f  t h e  E u ro pean  

p l a t e  (R h e n o d a n u b ia n  and  C a r p a t h i a n  F l y s c h  z o n e s )  and a r o u n d  

t h e  A p u l i a n  ( - A d r i a t i c  m i c r o p l a t e ) .

The b l o c k - f a u l t i n g  d u r i n g  t h e  e a r l y  p a r t  o f  t h e  L a t e  

c r e t a c e o u s  r e s u l t e d  i n  t h e  f o r m a t i o n  o f  s e p a r a t e d  s u b b a s i n s  

(G o s a u  b a s i n s )  a b o v e  t h e  n a p p e - s y s t e m s .  I n  t h e  o u t e r  z o n e s  

n o r t h  t o  t h e  A u s t r o a l p i n e - I n n e r  C a r p a t h i a n  f o l d e d  b e l t s  f l y s c h  

s e d i m e n t a t i o n  c o n t i n u e d ,  w h i l e  t o  t h e  S o u t h ,  deep b a s i n s  and 

l a r g e  s h a l l o w  c a r b o n a t e  p l a t f o r m s  e v o l v e d .

I n  t h i s  f r a m e w o r k  t h e  s e t t i n g  o f  t h e  T r a n s d a n u b i a n  C e n t r a l
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F ig .  7. Late Cretaceous. RDF — Rhänodanubian Flysch Zone, SI — S i l i z e a n  
Flysch,  I-W-C — Inner  West Carpathian U n i ts ,  SL — Slovenian  area,
Vo — Vojvodina.  Legend: 1. e leva ted areas;  2. carbonate p l a t f o r m s ;
3. pe lagic  sedimentat ion ;  4. f l y s c h  sedimentat ion;  5. dominan t l y  
c l a s t i c  sedimentat ion (Gosau f a c i e s ) ;  6. i s land-a r c  volcan ism;
7. subduct ion zone; 8. o v e r t h r u s t i n g  zone

Range be tw een t h e  S o u t h e r n  A l p s  and t h e  A u s t r o a l p i n e  u n i t s  d i d  

n o t  ch ange  s i g n i f i c a n t l y ,  b u t  i t s  p a l e o g e o g r a p h i c  r e l a t i o n s  

w i t h  them became l o o s e r  ( i s l a n d  p o s i t i o n )  and i t s  m o t i o n  t o ­

w a r d s  n o r t h e a s t  s t a r t e d .

The p a l e o g e o g r a p h i c  s e t t i n g  o f  t h e  Bükk S u b u n i t  i s  u n c e r ­

t a i n ,  b u t  t h e  m a t e r i a l  o f  t h e  g r a v e l s  i n  t h e  S e n o n i a n  s u b m a r i n e  

f a n  d e p o s i t e s  i n d i c a t e  i t s  c l o s e  c o n n e c t i o n  t o  t h e  A g g t e l e k  

S u b u n i t .

T h e r e  was a s i g n i f i c a n t  change  i n  t h e  p o s i t i o n  o f  t h e  

T i s z a  U n i t  d u r i n g  and a f t e r  t h e  E a r l y  C r e t a c e o u s  v o l c a n i c  a c ­

t i v i t y ,  when t h e  T i s z a  b l o c k  s e p a r a t e d  and removed f r o m  t h e  

n o r t h e r n  T e t h y s  m a r g i n  ( a n t i - c l o c k w i s e  r o t a t i o n  ~ 7 0 ° ) .  The 

M i d - C r e t a c e o u s  c o m p r e s s i o n a l  p e r i o d  was m a n i f e s t e d  i n  t h u s t i n g ,
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n a p p e  f o r m a t i o n  and  f o l d i n g .  I t  was f o l l o w e d  by e m e r s i o n ,  i n ­

t e n s e  d e n u d a t i o n  t h e n  by b l o c k - f a u l t i n g  p r i o r  t o  a S e n o n i a n  

g r a b e n  and b a s i n  f o r m a t i o n .  The t r o u g h  i n  t h e  Mecsek S u b u n i t  

( S z o l n o k  f l y s c h  z o n e )  c o u l d  be i n  c o n n e c t i o n  w i t h  t h e  C a r p a t h i ­

an f l y s c h  zone .

6 .  M i d d l e  E oce ne  ( F i g .  8)

D u r i n g  t h e  l a t e s t  S e non ia n  and t h e  P a l e o c e n e  f l y s c h - s e d i -  

m e n t a t i o n  c o n t i n u e d  i n  t h e  o u t e r  f l y s c h  b e l t s  and t h e  d e e p -  

- m a r i n e  c l a s t i c  s e d i m e n t a t i o n  e x t e n d e d  i n t o  t h e  a rea  o f  t h e  

N o r t h e r n  L i m e s t o n e  A l p s  ( F a u p l  e t  a l .  1 9 8 7 ) .  I n  t h e  T r a n s d a n u -  

b i a n  C e n t r a l  Range an e m e r s i o n  and a s i g n i f i c a n t  d e n u d a t i o n  i s  

i n f e r r e d  a t  t h e  end o f  t h e  C r e t a c e o u s ,  and  t h e r e  i s  n o t  any 

t r a c e  o f  th e  P a l e o c e n e  s e d i m e n t a t i o n .

F i g .  8. Middle Eocene palaeogeography. Legend: 1. e leva ted  area; 2. carbon­
ate p la t fo rm;  3.  p e l a g i c  sedimentat ion;  4.  f l y s c h  sedimentat ion;
5. dominantly c l a s t i c  sedimentat ion;  6. a r g i l l a c e o u s  sedimentat ion;  
7. i s land-a r c  vo l can is m;  8. subduct ion zone; 9. over th rus t ing  zone
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The N o r t h - e a s t w a r d  m o t i o n  o f  t h e  T r a n s d a n u b i a n  C e n t r a l  

Range and  t o g e t h e r  w i t h  i t  o f  t h e  M i d - T r a n s d a n u b i a n  S u b u n i t  

c o n t i n u e d ,  and i t  can  be su p p o se d  t h a t  t h e  Bükk S u b u n i t  came 

i n t o  d i r e c t  c o n t a c t  w i t h  t h e  a f o r e - m e n t i o n e d  s u b u n i t s .

Th us  we can say  t h a t  t h i s  i s  t h e  t i m e  o f  t h e  e s t a b l i s h m e n t  

o f  t h e  P e l s o  U n i t .  J u x t a p o s i t o n  o f  t h e  T r a n s d a n u b i a n  C e n t r a l  

Rang e ,  t h e  M i d - T r a n s d a n u b i a n  and t h e  Bükk  S u b u n i t s  a r e  i n d i c a t ­

ed by i s l a n d - a r c  t y p e  v o l c a n i s m  w h i c h  can  be o b s e r v e d  i n  each  

u n i t .  The p o s i t i o n  o f  t h e  T i s z a  U n i t  had n o t  changed  s i g n i f i ­

c a n t l y  s i n c e  t h e  C r e t a c e o u s ,  b u t  i t s  m a j o r  p a r t  emerged  due  t o  

t h e  p o s t - C r e t a c e o u s  t e c t o n i c  a c t i v i t y .  D u r i n g  t h e  M i d d l e  Eocene  

t h e  " S z o l n o k  f l y s c h "  b a s i n  and t h e  T r a n s y l v a n i a n  s u b b a s i n s  w ere  

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

s i l i c i c l a s t i c  s e d i m e n t s .

L a t e r a l  movement  o f  t h e  P e l s o  U n i t  w e n t  on d u r i n g  t h e  

O l i g o c è n e  and even  i n  t h e  E a r l y  M i o c e n e  as i t  was m a n i f e s t e d  i n  

t h e  f o r m a t i o n  o f  t h e  N o r t h  H u n g a r i a n  P a le o g e n e  and E a r l y  

M i o c e n e  B a s i n s  o f  t r a n s t e n s i o n a l  o r i g i n  ( B á l d i  and B á l d i n é - B e k e  

1983 ,  Royden  and B á l d i  19 8 8 ,  N a g y m a r o s y ,  t h i s  v o l u m e ) .

I t  i s  an i m p o r t a n t  f a c t  t h a t  a l r e a d y  t h e  P a l e o g e n e  B a s i n  

e x t e n d e d  o v e r  t h e  b o u n d a r y  o f  t h e  P e l s o  U n i t  o n t o  t h e  I n n e r  

West  C a r p a t h i a n  U n i t s .

The T i s z a  U n i t  came i n t o  i t s  p r e s e n t - d a y  p o s i t i o n  by a 90 °  

r o t a t i o n  d u r i n g  t h e  T e r t i a r y  p r i o r  t o  t h e  M i d d l e  M i o c e n e  ( s e e  a 

d i s c u s s i o n  i n  M á r t o n ,  H o r v á t h ,  t h i s  v o l u m e ) .

The n e x t  phase  i s  a l r e a d y  t h e  e v o l u t i o n  o f  t h e  P a n n o n i a n  

B a s i n  i n i c i a t e d  by t h e  f o r m a t i o n  o f  t h e  t r a n s t e n s i o n a l  p r o t o -  

- b a s i n s  i n  t h e  M i d d l e  M i o c e n e  w h i c h  was f o l l o w e d  by an e x t e n d e d  

s u b s i d e n c e  i n  t h e  L a t e  M i o c e n e - P l i o c e n e .
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PETROLOGY AND PETROCHEMISTRY OF MESOZOIC MAGMATIC SUITES IN 
HUNGARY AND ADJACENT AREAS -  AN OVERVIEW

I  K u b o v i c s ,  Cs Szabó ,  Sz H a r a n g i ,  S Dózsa

Department o f  Pe tro logy and Geochemist ry,  Eötvös U n i v e r s i t y ,  
H-1088 Budapest, Múzeum k r t .  4 /A ,  Hungary

In  t h i s  paper the authors review the t e c t o n i c  a f f i n i t i e s  and p e t r o -  
genesis o f  Mesozoic magmati tes i n  the main t e c t o n i c  un i t s  of  Hungary and 
the ad jacen t  areas. Format ions o f  these magmatic se r ies are i n  c lo se  r e l a ­
t i o n s h i p  w i t h  the e v o l u t i on  o f  the northwes te rn  p a r t  of  Tethys.

The Rechni tz (Rohonc) Ser ies o f  Penn in ic  U n i t  includes a t y p i c a l  
o p h i o l i t i c  sequence w i t h  N-type MORB ch a ra c t e r .

In  the Pelso u n i t  Middle T r i a s s i c ,  dominan t l y  in te rm e d ia te - a c id i c  mag­
mat i te s  ( l ava  f lows ,  dykes and p y r o c l a s t i t e s )  are found in  the Transdanub i-  
an Ce nt ra l  Range and i n  the Eastern Bükk. Based on the pe t r og ra ph ic a l  and 
geochemical  fea tu re s  o f  these vo lcan ic  s u i t e s  they  are re la ted  t o  convergent  
p l a te  magmatism which can be found i n  the Oute r Dinar ides and Southern 
Alps,  too .  In  the same te c t o n i c  u n i t  the M idd le  T r i a s s ic -J u r a s s ic  (M e l i a te  
( M e l l é t é ) )  and the Ju rass ic  (Szarvaskő) incomple te  o p h i o l i t e  sequences ap­
pear i n  d i f f e r e n t  nappes. Petrochemical  s t u d i e s  and tec ton ic  r e c o n s t ru c ­
t i o n s  led  the authors to  the conclus ion t h a t  the  Szarvaskő magmati tes r e ­
present  a back-arc b a s i n - ,  the Me l ia ta  s e r i e s  an ocean f l o o r  magmatism and 
between them the Te lekes-o lda l  (Rudabánya Mts)  r h y o l i t e  represents an 
i s la n d - a r c - t y p e  vo lc an ic  product  i n  the n o r t h e r n  pa r t  of  the T r i a s s i c -  
- Ju r a ss ic  Vardar ocean.

Dur ing the Late Cretaceous a l a m p ro p h y re - p ic r i te - c a rb o n a t i te  assoc ia ­
t i o n ,  de r i ved  from a deep mant le source, i n t r u d e d  i n to  the ex te n s io n a l  zone 
o f  the A lp ine  c o l l i s i o n .

I n  the Mecsek-Al fö ld zone (Tisza u n i t )  the  dominant ly Ear l y  Cretaceous 
vo lc an ic  rocks belong to  a b a s a l t - t e p h r i t e - p h o n o l i t e  d i f f e r e n t i a t i o n  
sequence. This vo lca n ic  s u i t e  i s  the p roduct  o f  a con t inen ta l  r i f t i n g  i n i ­
t i a t e d  by the opening o f  the  Penninic branch o f  the Tethys ocean.

Keywords: i s l a n d - a r c ;  magmatism; o p h i o l i t e ;  Pelso u n i t ;  Penninicum; 
pe t rochemis t ry ;  r i f t ;  Tisza u n i t

INTRODUCTION

I n  t h e  l a s t  y e a r s  e x t e n s i v e  i n v e s t i g a t i o n s  were c a r r i e d  

o u t  on t h e  M e s o z o i c  m a g m a t i t e s  o f  H u n g a r y  and o f  t h e  a d j a c e n t  

a r e a s  by t h e  D e p a r t m e n t  o f  P e t r o l o g y  and  G e o c h e m i s t r y  ( E ö t v ö s

Acta Geod. Geoph. Mont. Hung. 25, 1990 
Akadémiai Kiadó,  Budapest
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U n i v e r s i t y ) .  P r e v i o u s  s t u d i e s  have been  f o c u s e d  on t h e  p e t r o l o ­

gy and  o r i g i n  o f  u l t r a b a s i c - b a s i c  m a g m a t i c  asse mb la ges  o f  c e r ­

t a i n  a r e a s  ( K u b o v i c s  1 9 8 3 ,  B i l i k  1 9 8 3 ,  K u b o v i c s  1984,  K u b o v i c s  

and  B i l i k  1 9 8 4 ) .  I n  t h i s  p a p e r  we a t t e m p t  t o  g i v e  a r e v i e w  

a b o u t  t h e  p e t r o g e n e s i s , t h e  o r i g i n a l  t e c t o n i c  s e t t i n g s  and 

a r e a l  r e l a t i o n s h i p s  o f  t h e  M e s ozo ic  m a g m a t i c  s u i t e s  i n  c o n n e c ­

t i o n  w i t h  t h e  e v o l u t i o n  o f  t h e  n o r t h w e s t e r n  p a r t  o f  t h e  T e t h y s .

M e s o z o i c  m a g m a t i c  r o c k s  appea r  i n  d i f f e r e n t  t e c t o n i c  u n i t s  

i n  t h e  c e n t r a l  a r e a  o f  t h e  C a r p a t h i a n - P a n n o n i a n  r e g i o n  ( F i g .  1)

F i g .  1 . D i s t r i b u t i o n  o f  th e  s tudied magmatic areas i n  the cen tra l  p a r t  o f  
the A lp -Carpath ian  reg ion .  1. Kőszeg-Rechni tz (Rohonc) Mts, 2.  NE- 
-Transdanubian, 3.  NE-Hungary and S -S lo vak ia ,  4. Mecsek-Al föld zone

The R e c h n i t z  ( R o h o n c )  S e r i e s ,  b e l o n g i n g  t o  t h e  P e n n i n i c u m ,  

c r o p s  o u t  i n  f o u r  t e c t o n i c  windows a t  t h e  f o o t  o f  t h e  E a s t e r n  

A l p s .  I n  t h e  P e l s o  u n i t  v a r i o u s  m a g m a t i c  f o r m a t i o n s  can be 

f o u n d :  i )  T r i a s s i c  v o l c a n i t e s  i n  t h e  T r a n s d a n u b i a n  C e n t r a l  

Range  and i n  t h e  E a s t e r n  Bükk M t s ,  i i )  s p o r a d i c  o c c u r r e n c e s  o f  

M i d d l e  T r i a s s i c - J u r a s s i c  magmat ic  r o c k s  f r o m  Tóalmás ( N o r t h e r n  

p a r t  o f  th e  G r e a t  H u n g a r i a n  P l a i n )  t h r o u g h  Darno h i l l  t o  S o u t h ­

e r n  S l o v a k i a ,  i i i )  J u r a s s i c  magm at ic  c o m p l e x  n e a r  S z a r v a s k ő  and
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i v )  L a t e  C r e t a c e o u s  l a m p r o p h y r e - p i c r i t e - c a r b o n a t i t e  d i k e  r o c k s  

i n  N E - T r a n s d a n u b i a . I n  t h e  T i s z a  u n i t  t h e  s t u d i e d  a r e a  i n c l u d e d  

t h e  Mecsek zone c o m p r i s e d  E a r l y  C r e t a c e o u s  v o l c a n i c  s e q u e n c e .

I n  t h i s  p a p e r  a l a r g e  vo lu me  o f  p u b l i s h e d  and u n p u b l i s h e d  

m a j o r - ,  t r a c e -  and r a r e - e a r t h  e l e m e n t  d a t a  ( T a b l e  I )  w e re  e v a l ­

u a t e d  by means o f  s e v e r a l  g e o c h e m i c a l  and g e o m a t h e m a t i c a l  

m e t h o d s .  The p e t r o c h e m i c a l  e v o l u t i o n  o f  t h e  m a g m a t i c  s e r i e s  i s  

d e m o n s t r a t e d  by t h e  p r i n c i p a l  c o m p onen t  v a r i a t i o n  d i a g r a m s  

( L e  M a i t r e  1968 ,  H a r a n g i  19 89a ,  1 9 8 9 b ) .

THE RECHNITZ (ROHONC) SERIES (PENNINIC UNIT)

The R e c h n i t z  ( R o h o n c )  S e r i e s ,  w h i c h  i s  c o r r e l a t e d  w i t h  

P e n n i n i c  u n i t s  ( S c h m i d t  1 9 5 0 ,  Pahr  1960 ,  1 9 7 7 ) ,  a p p e a r s  i n  f o u r  

t e c t o n i c  w indows f r o m  b e l o w  t h e  A u s t r o a l p i n e  n a p p e s  i n  t h e  a r e a  

o f  B u r g e n l a n d  ( E a s t e r n  A u s t r i a )  and W e s t e r n  H u n g a r y  ( K o l l e r  and 

P a h r  19 8 0 ,  K u b o v i c s  1 9 8 3 ) .  They c o m p r i s e  g r e e n s c h i s t  f a c i e s  

m e t a s e d i m e n t s  ( p h y l l i t e ,  c a l c a r e o u s  p h y l l i t e ,  q u a r t z i t e )  and 

o p h i o l i t i c  r o c k s .  The o p h i o l i t e  s e q u e n c e  i n c l u d e s  l a r g e  b o d i e s  

o f  g r e e n s c h i s t ,  s l i g h t l y  s e r p e n t i n i z e d  u l t r a m a f i c s ,  m e t a g a b b r o s  

and b l u e s c h i s t s  ( S c h m i d t  1950 ,  E r i c h  1953 ,  K o l l e r  and P ah r  1980,  

K o l l e r  and W i e s e n d e r  1 9 8 1 ,  K u b o v i c s  1983 ,  K o l l e r  1 9 8 5 ) .  The 

o p h i o l i t e  co m p le x  s u f f e r e d  an o c e a n i c  m e t a m o rp h i s m  d u r i n g  t h e  

s u b m a r i n e  e r u p t i o n s  and t h e n  a h i g h - p r e s s u r e  E o a l p i n e -  (6 5  Ma) 

and T e r t i a r y  ( 1 9 - 2 2  Ma) r e g i o n a l  m e t a m o rp h i s m  ( K o l l e r  1 9 8 5 ) .

S e r p e n t i n i t e  b l o c k s ,  o r i g i n a l l y  h a r z b u r g i t e s  ( K o l l e r  1985 ,  

K u b o v i c s  and Szabó 1 9 8 8 )  and l h e r z o l i t e s  ( E v r e n  1 9 7 2 )  c o u l d  be 

f o u n d  i n  each  t e c t o n i c  w in dow  and were  i n t e r p r e t e d  as t e c t o n i c  

s l i c e s  by E vr en  ( 1 9 7 2 ) .  These r o c k s  c o n s i s t  o f  t a l c s ,  t r e m o l i t e s  

and m a g n e t i t e s  i n  a d d i t i o n  t o  t h e  s e r p e n t i n e  m i n e r a l s .  The 

c h l o r i t e - r i c h  p r e c i o u s  s e r p e n t i n i t e  ( " E d e l s e r p e n t i n i t e " ) may 

ha ve  been fo r m e d  by A l - m e t a s o m a t i s m  f r o m  t h e  u l t r a m a f i c  cumu­

l a t e s  o f  t h e  o p h i o l i t e  s u i t e  ( K o l l e r  and Pahr  1 9 8 0 ,  K o l l e r  

1 9 8 5 ) .

A g e o c h e m i c a l  s t u d y  on t h e  m a g m a t i c  r e l i c t s  p r e s e r v e d  i n  

t h e  p l u t o n i c  b o d i e s  -  i . e .  m e t a g a b b r o s  and b l u e s c h i s t s  -  p r o ­

v i d e s  i n f o r m a t i o n  t o  t h e  r e c o g n i t i o n  o f  t h e  m e t a m o r p h i c  h i s t o r y
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T a b l e  I .  S o u r c e s  o f  a n a l y t i c a l  d a t a

R e c h n i t z  (Rohonc )  S e r i e s
K u b o v i c s  1983 
K o l l e r  1985 
K o t s i s  1986
u n p u b l i s h e d  d a t a  (E LTE,  D e p t .  P e t r . -G e o c h e m . )

M e l i a t a  ( M e l l é t é )  m a g m a t i t e s  
K i s s  1958
P a n t o  and F ö l d v á r i  1950
P a n t o  1961
V a r g a  e t  a l .  1975
J u h á s z  and Vass 1974
K u b o v i c s  1983
B a l i a  1984
R é t i  1985
H o v o r k a  and S p i s i a k  1988
u n p u b l i s h e d  d a t a  (E LTE,  D e p t .  P e t r . - G eochem . )

S z a r v a s k ő  m a g m a t i t e s
S z e n t p é t e r y  1953 
L e n g y e l  1957 
K u b o v i c s  1983 
B a l i a  e t  a l .  1983 
B a l i a  and D o b r e t s o v  1984 
R é t i  1985
u n p u b l i s h e d  d a t a  (E LTE,  D e p t .  P e t r . - G eochem . )

T r a n s d a n u b i a n  m a f i c - u l t r a m a f i c  d y k e - r o c k s  
H o r v á t h  e t  a l .  1983 
K u b o v i c s  1984 
H o r v á t h  and Údor  1984 
K u b o v i c s  and Szabó 1988 
D o b o s i  and H o r v á t h  1988 
K u b o v i c s  e t  a l .  1989a 
E m b e y - I s z t i n  e t  a l .  1989
u n p u b l i s h e d  d a t a  (E LTE,  d e p t .  P e t r . - G eochem . )

M e c s e k - A l f ö l d  zone v o l c a n i c s
M a u r i t z  1913 
V i c z i á n  1971 
M o l n á r  1985b 
L e n t a i  1987 
M o l n á r  1990
u n p u b l i s h e d  d a t a  (E LTE,  D e p t .  P e t r . - G eochem . )

o f  t h i s  a re a  ( K o l l e r  and  W i e s e n e d e r  1 9 8 1 ,  L e l k e s - F e l  v á r i  1 982 , 

K u b o v i c s  1983 ,  K o l l e r  1 9 8 5 ) .  The p e t r o c h e m i c a l  e v o l u t i o n  o f  t h e  

R e c h n i t z  (Rohonc )  m a g m a t i c  co mp le x  i s  d i s p l a y e d  by means o f  a 

p r i n c i p a l  component  v a r i a t i o n  d i a g r a m  ( F i g .  2 ) .  N o rm a l  g a b b r o  

( p u m p e l l y i t i c  m e t a g a b b r o )  i s  r e g a r d e d  as t h e  mo s t  p r i m i t i v e
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NGb = normal gabbro FGb = ferrogabbro
GS = greenschist BS = blueschist

F ig .  2. Major element chemical  evo lu t io n  o f  Rechni tz (Rohpnc) Ser ies i n  the 
p r i n c i p a l  component v a r i a t i o n  diagram

member o f  t h i s  s e q u e n c e .  F e - T i - r i c h  m i n e r a l  s e p a r a t i o n  f r o m  t h e  

g a b b r o i c  magma r e s u l t e d  i n  t h e  f o r m a t i o n  o f  t h e  f e r r o g a b b r o s  

( m e l a g a b b r o s , c r o s s i t i t e ) ,  w h e re b y  t h e  s i l i c a -  and s o d i u m - c o n -  

t e n t  o f  t h e  r e s i d u a l  magma i n c r e a s e d  and l e d  t o  t h e  p l a g i o g r a n -  

i t e s  ( b l u e s c h i s t s ) . K o l l e r  ( 1 9 8 5 )  p o i n t e d  o u t  t h a t  t h e  d i f f e r ­

e n t i a t i o n  p r o c e s s  was a c c o m p a n i e d  by a p r o g r e s s i v e  R E E - e n r i c h -  

ment  i n  good a g r e e m e n t  w i t h  o u r  o b s e r v a t i o n s .

The g r e e n s c h i s t  b o d i e s  c o m p r i s e  p r e d o m i n a n t l y  t h o l e i i t i c  

b a s a l t s  w i t h  N - t y p e  M O R B - c o m p o s i t i o n , m i n o r  f e r r o b a s a l t s , w h i c h  

may r e p r e s e n t  t h e  o r i g i n a l  " s h e e t e d - d y k e "  co m p le x  and u n f r a c -  

t i o n e d  C r -  and M g - r i c h  p i c r i t i c  b a s a l t s  ( K o l l e r  1 9 8 5 ) .  He r e ­

v e a l e d  t h e  a p p e a r a n c e  o f  o c e a n i c  i s l a n d - t y p e  a l k a l i  b a s a l t s  

w i t h i n  t h i s  a r e a  as w e l l .

The R e c h n i t z  ( R o h o n c )  o p h i o l i t e  c o m p l e x  shows c l e a r  c o r ­

r e l a t i o n  t o  t h e  o t h e r  u n i t s  o f  P e n n i n i c  S e r i e s  r e p r e s e n t i n g  t h e  

o c e a n i c  c r u s t  o f  t h e  J u r a s s i c - C r e t a c e o u s  P e n n i n i c  O cean .

THE MEL IAT A (MELLÉTÉ) MAGMATITES

F o r m a t i o n s  o f  t h e  M e l i a t a  ( M e l l é t é )  s e r i e s  ( K o z u r  and  Mock 

1 9 7 3 )  a p p e a r  s p o r a d i c a l l y  i n  an e l o n g a t e d  a re a  f r o m  T ó a lm á s  

( b o r e h o l e s  TÓ-2 and T ó - З )  t h r o u g h  D a r n ó  h i l l  ( F b l d e s s y  1 9 7 5 ,
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B a l i a  e t  a l .  1 9 8 0 ,  K u b o v i c s  1984 ,  B a l i a  ( 1 9 8 4 )  and Bódva v a l l e y  

( R é t i  1987)  t o  D a k l o v c e  ( O e k e l f a l v a ,  S o u t h e r n  S l o v a k i a ;  H o v o r k a  

1 9 8 5 ,  H ovork a  and S p i s i a k  1988)  ( F i g .  3 ) .  From t h e  M i d d l e  

T r i a s s i c  deep w a t e r  s e d i m e n t s  were a c c u m u l a t e d  w h ic h  i n c l u d e  

b a s i c  s u b m a r in e  l a v a  f l o w s  and s u b m a r i n e  b o d i e s  c o n s i d e r e d  as 

p a r t s  o f  an i n c o m p l e t e  o p h i o l i t e  s e q u e n c e  ( H o v o r k a  1 9 8 5 ) .  

B a s a l t ,  gabb ro  and s e r p e n t i n i t i z e d  s p i n e l  p e r i d o t i t e  -  t h e  l a t ­

t e r  o c c u r s  as t e c t o n i c  s l i c e s  -  c o n s t i t u t e  t h i s  ma gm a t i c  s e ­

q u e n c e  w h ic h  s u f f e r e d  a s l i g h t  p r e h n i t e - p u m p e l l y i t e  f a c i e s  

m e t a m o r p h i s m .  A c c o r d i n g  t o  H ovorka  and S p i s i a k  ( 1 9 8 8 )  b l u e -  

s c h i s t  f a c i e s  m e t a m o r p h i s m  t o o k  p l a c e  a t  some s i t e s  as w e l l .

1 Щ  Eastern Sukk magmatité* [7 7 ] Gemeride paleozoic

I '  » I Szarvaskő nappes Г-'-'! Meliata series

F i g .  3. Occurrences o f  Mesozoic magmati tes i n  NE-Hungary and S-Slovak ia 
( a f t e r  Hovorka 1985 and Csontos 1988)
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M o s t  o f  t h e  u l t r a m a f i c s  a r e  s t r o n g l y  s e r p e n t i n i t i z e d  and 

c o n t a i n  o n l y  s m a l l  am o u n t s  o f  r e l i c t s  ( H o v o r k a  1 9 8 5 ,  R é t i  1987) .

B a s a l t s  a r e  f o u n d  as m a s s i v e  l a v a  f l o w s  w i t h  i n t e r s e r t a l  

t o  i n t e r g r a n u l a r  t e x t u r e  o r  as s p h e r o l i t i c ,  v a r i o l i t i c  t o  

h y a l o p i l i t i c  p i l l o w  l a v a s .  C l i n o p y r o x e n e , b a s i c  p l a g i o c l a s e  and 

v o l c a n i c  g l a s s  a r e  t h e  ma in  c o m p o n e n t s ,  a l b i t e ,  c h l o r i t e ,  

e p i d o t e  a p p e a r  as s e c o n d a r y  m i n e r a l s .  The " s h e e t e d  d y k e "  com­

p l e x  i s  r e p r e s e n t e d  by v a r i o u s  g a b b r o s  w i t h  o p h i t i c  t o  i n t e r ­

g r a n u l a r  t e x t u r e  and m i n e r a l  c o n t e n t  s i m i l a r  t o  t h e  b a s a l t i c  

r o c k s .

S a l i c  r o c k s  b e l o n g i n g  t o  t h i s  se q u e n ce  a r e  known o n l y  a t  

one l o c a t i o n ,  n e a r  J a k l o v c e  ( O e k e l f a l v a ,  S o u t h e r n  S l o v a k i a ;  

H o v o r k a  and S p i s i a k  1 9 8 8 ) .  The f e l s i t i c ,  g l o m e r o p o r p h y r i r i t i c  

k e r a t o p h y r e  c o n s i s t s  o f  a l b i t e ,  a c t i n o l i t e ,  q u a r t z ,  c h l o r i t e ,  

t i t a n i t e  and e p i d o t e .

The m a j o r  e l e m e n t  c h e m i c a l  v a r i a t i o n  o f  t h e  M e l i a t a  

( M e l l é t é )  m a g m a t i t e s  i s  t y p i c a l  o f  o c e a n i c  t h o l e i i t e  assem­

b l a g e s  ( F i g .  4 ) .  S t a r t i n g  f r o m  a b a s a l t i c  magma, t h e  a c c u m u l a ­

t i o n  o f  f e m i c  m i n e r a l s  r e s u l t e d  i n  t h e  f o r m a t i o n  o f  f e r r o g a b -  

b r o s ,  w he re as  C a O - e n r i c h m e n t  i n  " n o r m a l  g a b b r o "  can  be r e g a r d e d  

as a b a s i c  p l a g i o c l a s e  s e p a r a t i o n .  As a w o r k i n g  h y p o t h e s i s  we 

s u p p o s e  t h a t  k e r a t o p h y r e  may be t h e  r e s i d u a l  p r o d u c t  o f  t h e  

d i f f e r e n t i a t i o n  p r o c e s s .  The s c a t t e r  o f  d a t a - p o i n t s  i n  t h e  v a ­

r i a t i o n  d i a g r a m  i s  e x p l a i n e d  as t h e  r e s u l t  o f  s e c o n d a r y  a l t e r a ­

t i o n s  .

T h e r e  a r e  s e v e r a l  d i s c r i m i n a t i o n  f a c t o r s  t o  d i s t i n g u i s h  

o c e a n i c  t h o l e i i t e s  (Wood e t  a l .  19 79 ,  S a u n d e rs  e t  a l .  1980 

e t c . ) .  P l o t t i n g  t h e  M e l i a t a  ( M e l l é t é )  m a g m a t i t e s  o n t o  t h e  

T h - H f / 3 - T a  t r i a n g u l a r  d i a g r a m  (Wood e t  a l .  1979 ,  Wood 1980 )  a 

g r e a t  p a r t  o f  d a t a - p o i n t s  f a l l s  i n  t h e  E - t y p e  M O R B - f i e l d  ( F i g .  

5 ) .  O t h e r  i n c o m p a t i b l e  t r a c e  e l e m e n t  r a t i o s  ( Z r / N b ,  H f / T a ,  

N b / L a ,  Ce /N b)  i n d i c a t e  b o t h  E - t y p e  and N - t y p e  MORB c h a r a c t e r s .

Based on t h e  p e t r o l o g i c a l  and p e t r o c h e m i c a l  f e a t u r e s  as 

w e l l  as t h e  s t r a t i g r a p h i c  and t e c t o n i c  o b s e r v a t i o n s  ( R é t i  1985 ,  

K o z u r  1989 ,  Ko vács  1 9 8 2 ,  1989 )  t h e  M e l i a t a  m a g m a t i c  c o m p l e x  r e ­

p r e s e n t s  t h e  r e m n a n t s  o f  t h e  n o r t h e r n  p a r t  o f  t h e  T r i a s s i c -  

- O u r a s s i c  V a r d a r  oce an  w i t h  d o m i n a n t l y  a n o m a lo us  ( E - t y p e )
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MORB c h a r a c t e r .

F3

NGb = normal gabbro Ba = basalts
FGb = ferrogabbro Ke = keratophyre

CaO

F i g .  4.  Major element chemical  evo lu t i on  o f  M e l ia t a  (M e l l é té )  magmati tes i n  
the p r i n c i p a l  component v a r i a t i o n  diagram

Hf / 3

F i g .  5. Th-Hf/3-Ta d i s c r i m i n a t i o n  diagram (Wood e t  a l .  1979) f o r  Me l ia ta 
(Me l lé té)  b a s a l t s  and gabbros
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THE SZARVASKŐ MAGMATIC COMPLEX

The Lower  J u r a s s i c  ( B a l o g h  e t  a l .  1 9 8 4 )  d o m i n a n t l y  m a f i c -  

- u l t r a m a f i c  m a g m a t i c  complex b e l o n g s  t o  t h e  M ó n o s b é l - S z a r v a s k ó  

nappe u n d e r l a i n  by t h e  B ü k k - T o r n a  p a r a a u t o c h t o n  ( C s o n t o s  1 9 8 8 )  

( F i g .  3 ) .  The m a g m a t i c  c o m p l e x  r e p r e s e n t s  t h e  u p p e r  p a r t  o f  an 

o p h i o l i t i c  se q u e n c e  ( B a l i a  and D o b r e t s o v  1 9 8 4 ) .  M a s s i v e  l a v a  

f l o w s  w i t h  o p h i t i c  t o  i n t e r s e r t a l  t e x t u r e  and v a r i o l i t i c  p i l l o w  

l a v a s  a r e  f o u n d  among t h e  300 -5 0 0  m t h i c k  e f f u s i v e s  ( S z e n t p é -  

t e r y  19 53 ,  B a l i a  and D o b r e t s o v  1 9 8 4 ) .  Based  on t h e  s m a l l  s i z e s  

o f  p i l l o w s  and t h e  l o w  v o l a t i l e - c o n t e n t  t h e s e  l a v a  f l o w s  may 

have  e r u p t e d  on t h e  s u r f a c e  o f  a few  t h o u s a n d  m e t e r  deep sea 

( B a l i a  and P e l i k á n  1 9 8 3 ) .  Pesudomorphs  a f t e r  o l i v i n e ,  a u g i t e ,  

p l a g i o c l a s e  and a l t e r e d  v o l c a n i c  g l a s s  a r e  t h e  ma in c o m p o n e n t s  

o f  t h e  b a s a l t .

The i n t r u s i v e  c o m p l e x  fo r m e d  a f t e r  t h e  e f f u s i v e  r o c k s  a p ­

p e a r s  m a i n l y  as s i l l s  w i t h  10 0 -1 50  m t h i c k n e s s  and c o m p r i s e s  

d o m i n a n t l y  g a b b r o s ,  as w e l l  as u l t r a m a f i c s  ( p e r i d o t i t e ,  p y r o -  

x e n i t e ,  h o r n b l e n d i t e ) , i n t e r m e d i a t e  ( d i o r i t e )  and a c i d i c  

( p l a g i o g r a n i t e , a l b i t i t e )  d i f f e r e n t i a t e s .  I n  t h e  b a s i c - u l t r a -  

b a s i c  r o c k s  o l i v i n e ,  i l m e n i t e  and t i t a n o m a g n e t i t e  o c c u r  as c u ­

m u l a t e  m i n e r a l s  ( B a l i a  e t  a l .  1983 ,  K u b o v i c s  1 9 8 4 ) ,  w h i l e  

o r t h o p y r o x e n e s ,  c l i n o p y r o x e n e s , p l a g i o c l a s e s  and b rown h o r n ­

b l e n d e  r e p r e s e n t  t h e  p o s t - c u m u l a t e  m i n e r a l - a s s e m b l a g e .  The 

c r y s t a l l i z a t i o n  o f  t h e  i n t r u s i v e  b o d i e s  t o o k  p l a c e  i n  h i g h  

o x y g e n - f u g a c i t y  w h i c h  i n c r e a s e d  i n  t h e  m i d d l e  s t a g e s  o f  t h e  

c r y s t a l l i z a t i o n  due t o  an i n  s i t u  t r a n s v a p o r i z a t i o n  f r o m  t h e  

a r g i l l a c e o u s  s e d i m e n t s  ( B a l i a  e t  a l .  1 9 8 3 ,  K u b o v i c s  1 9 8 4 ) .

The m a g m a t i c  s e r i e s  and t h e  s e d i m e n t a r y  w a l l - r o c k s  s u f ­

f e r e d  a l o w - g r a d e  p u m p e l l y i t e -  p r e h n i t e - q u a r t z  f a c i e s  r e g i o n a l  

m e t a m o r p h i s m  ( Á r k a i  1 9 7 3 ) .

The m a j o r  e l e m e n t  c h e m i c a l  e v o l u t i o n  o f  t h i s  m a g m a t i c  

se q u e n c e  i s  i l l u s t r a t e d  by a p r i n c i p a l  c o m p o n e n t  v a r i a t i o n  

d i a g r a m  ( F i g .  6 ) .  Two m a in  t r e n d s  a r e  o b s e r v e d :  s e p a r a t i o n  o f  

F e O - ,  T i 0 2~ and M g O - b e a r i n g  m i n e r a l s  r e s u l t e d  i n  t h e  f o r m a t i o n  

o f  v a r i o u s  u l t r a m a f i c s ,  w h i l e  i n t e r m e d i a t e  and a c i d i c  r o c k s  

w ere  f o r m e d  by a l k a l i  f e l d s p a r  d i f f e r e n t i a t i o n  f r o m  a S i 0 2 -  and
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PE - peridotite 
HB - hornblendite 
GB - gabbro

BA - basait 
AB - albitite 
AR - acidic rocks

CaO Al A

F i g .  6. Major element chemical  evo lu t i on  o f  Szarvaskő magmatic complex in  
the p r i n c i p a l  component v a r i a t i o n  diagram

Na 2 Ü - r i c h  e v o l v e d  magma. W i t h i n  t h e s e  t r e n d s  f u r t h e r  s p e c i f i c  

r o c k - t y p e s  were d e v e l o p e d  due t o  t h e  a c c u m u l a t i o n  o f  T iC ^  

( p e r i d o t i t e s ) , as w e l l  as Na 2 Ü ( a l b i t i t e ) .

The REE p a t t e r n s  o f  d i f f e r e n t  r o c k  t y p e s  r e f l e c t  t h e  d i f ­

f e r e n t i a t i o n  c h a r a c t e r s  ( F i g .  7 ) :  g a b b r o s  and p e r i d o t i t e s  a r e  

L R E E - d e p l e t e d  r o c k s ,  d i f f e r i n g  f r o m  ea ch  o t h e r  o n l y  i n  t h e  

p l a g i o c l a s e - c o n t e n t  c a u s e d  t h e  E u - a n o m a l i e s . The R EE -a b u n d a n c e s  

o f  h o r n b l e n d i t e s  a r e  h i g h  due t o  t h e  REE a c c u m u l a t i o n  i n  a m p h i ­

b o l e s .  F o r m a t i o n  o f  p l a g i o g r a n i t e  was a c c o m p a n i e d  w i t h  LREE- 

- e n r i c h m e n t .

Based on t h e  p e t r o l o g i c a l  and g e o c h e m i c a l  s t u d i e s  o f  t h e  

S z a r v a s k ő  m a g m a t ic  r o c k s  and t h e  t e c t o n i c ,  s t r a t i g r a p h i c  o b ­

s e r v a t i o n s  t h i s  u n i t  may r e p r e s e n t  a m a r g i n a l  b a s i n  o f  t h e  

V a r d a r  o c e a n i c  b r a n c h  ( B a l i a  e t  a l .  1 9 8 3 ,  Kázmér and K o v á c s  

1 9 8 9 )  .

F i g u r e  В shows some s p e c i f i c  i n c o m p a t i b l e  t r a c e  e l e m e n t  

r a t i o s  w h ic h  a r e  d i a g n o s t i c  f o r  o c e a n  b a s a l t s  (Wood e t  a l .

1 9 7 9 ,  S a unde rs  e t  a l .  1 9 8 0 ) .  C o m p a r i n g  t h e  above m e n t i o n e d  

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

The R e c h n i t z  ( R o h o n c )  S e r i e s  ( P e n n i n i c u m )  r e p r e s e n t s  t h e
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rock/chond rit

1 - hornblendite 3 - basalt
2 - acidic rock A - peridotite

5 - gabbro

F ig .  7. Average REE p a t t e r n  o f  the main ro ck - typ es  found i n  the Szarvaskő 
o p h i o l i t e  sequence

Zr/Nb

о

MF! I

PENN

0.5

Ce/Y SZKÎT
mell

PENN

10

Y/Nb
MELL

PENN
SZKO

Hf/Ta
MELL

SZKO
PENN

60 80 

SZKÖ_____

1 °

30

F ig .  8. Some s p e c i f i c  i ncompat ib le  t race  element r a t i o s  f o r  3 oceanic tho -  
l e i i t i c  s e r i es :  MELL -  Me l ia ta (M e l lé té )  magmati tes; SZK6 -  Szar­
vaskő magmati tes; PENN -  Rechni tz (Rohonc) Ser ies (Penninicum)
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t y p i c a l  N - t y p e  MORB ( K o l l e r  1 9 8 5 ) ,  w h i l e  t h e  M e l i a t a  ( M e l l é t é )  

m a g m a t i t e s  te nd  t o  h a v e  r a t h e r  E - t y p e  MORB c h a r a c t e r s .  The 

S z a r v a s k ő  magmat ic  c o m p l e x  has d i f f e r e n t  d i s c r i m i n a n t  f a c t o r s ,  

e x c e p t  t h e  H f / T a  r a t i o .

We suppose s p a t i a l  and t e m p o r a l  r e l a t i o n s h i p  b e t w e e n  t h e  

S z a r v a s k ő  and M e l i a t a  ( M e l l é t é )  m a g m a t i t e s .  M e l i a t i c u m  r e p r e ­

s e n t s  t h e  o c e a n i c  p a r t  o f  t h e  V a r d a r  o c e a n i c  b r a n c h  f o r m e d  f r o m  

t h e  M i d d l e  T r i a s s i c  t o  J u r a s s i c ,  w h i l e  S z a r v a s k ő  r e p r e s e n t s  i t s  

J u r a s s i c  m a r g i n a l  s e a .  The q u e s t i o n  i s  w he re  t h e  v o l c a n i c  a r c  

s h o u l d  be s e a r c h e d ?  I n  t h e  Rudabánya Mts  ( T e l e k e s - o l d a l  S e r i e s )  

( F i g .  3 )  J u r a s s i c  ( G r i l l  e t  a l .  1984 ,  G r i l l  and K o z u r  1986 )  

v o l c a n i t e s  ( r h y o l i t e ,  M á t é  and Szakmány u n p u b l i s h e d  d a t a )  and 

S z a r v a s k ő - M ó n o s b é l - t y p e  s e d i m e n t s  -  a r e  f o u n d .  S i n c e  t h e  p e t r o ­

c h e m i s t r y  o f  t h e  r h y o l i t e  i n d i c a t e s  i s l a n d  a r c  a f f i n i t y ,  we 

s u g g e s t  t h a t  t h i s  a r e a  may r e p r e s e n t  t h e  v o l c a n i c  a r c  b e tw e e n  

t h e  b a c k - a r c  b a s i n  ( S z a r v a s k ő )  and t h e  M e l i a t a  ( M e l l é t é )  ocean 

( F i g .  9 ) .  T h i s  a s s u m p t i o n  i s  s u p p o r t e d  by t h e  i n t e r p r e t a t i o n s  

o f  B a l i a  e t  a l .  ( 1 9 8 3 )  and  Kázmér and K ovács  ( 1 9 8 9 )  as w e l l .

F i g .  9.  Hypothet i cal  re c o n s t r u c t i o n  of  the Szarvaskő-Mel iata (M e l l é té )

hypothetical reconstruction of the 
Szarvaskő - Meliata system

Rudabánya
Szarvaskő Meliata

system
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EASTERN BÜKK VOLCANICS

I n  t h e  e a s t e r n  p a r t  o f  Bükk Mts  ( F i g .  3 ) s l i g h t l y  m e t a ­

mor phosed  ( Á r k a i  1 9 7 3 )  s u b m a r i n e  l a v a  f l o w s  and p y r o c l a s t i c s  

a p p e a r  i n  s e v e r a l  s t r a t i g r a p h i c a l  l e v e l s  o f  B ü k k - T o r n a  p a r a -  

a u t o c h t o n  ( C s o n t o s  1 9 8 8 ) .  P r e v i o u s  s t u d i e s  s u g g e s t e d  two  v o l c a ­

n i c  s u i t e s  ( S z e n t p é t e r y  1953 ,  P á n té  1 9 6 1 ,  B a lo g h  1964 ,  B a l o g h  

e t  a l .  1 9 8 4 ) :  t h e  L a d i n i a n  m a g m a t i t e s  a r e  c h a r a c t e r i z e d  by 

m a i n l y  b a s i c  and i n t e r m e d i a t e  c o m p o s i t i o n ,  w h i l e  th e  y o u n g e r  

b i m o d a l  v o l c a n i s m  p r o d u c e d  b a s i c  and a c i d i c  r o c k  t y p e s .  L a c k i n g  

s u f f i c i e n t  amount  o f  r a r e - e a r t h  and t r a c e  e l e m e n t  d a t a  we s e t  

up a p r e l i m i n a r y  w o r k i n g  h y p o t h e s i s  t h a t  t h i s  v o l c a n i c  a s s e m ­

b l a g e  b e l o n g e d  t o  a s i n g l e  m a g m a t i c  s e q u e n c e .

The E a s t e r n  Bükk  ma gm a t i c  r o c k s  p r o v e d  t o  be d o m i n a n t l y  

t r a c h y a n d e s i t e , a n d e s i t e  and t r a c h y t e  p l o t t e d  i n  t h e  TAS d i a ­

g ram.  The s l i g h t  a l k a l i - e n r i c h m e n t  a c c o m p a n i e d  by h i g h  A ^ O ^ -  

c o n t e n t  i s  c o n s i d e r e d  t o  be t h e  e f f e c t  o f  m e t a m o r p h i c  a l t e r a ­

t i o n .  The m a j o r  e l e m e n t  c h e m i c a l  c h a r a c t e r s  i n d i c a t e  i s l a n d - a r c  

a f f i n i t i e s . '  Based on s e v e r a l  g e o d y n a m i c  r e c o n s t r u c t i o n s  ( B a l o g h  

e t  a l .  19 84 ,  K o v á c s  1 982 )  t h e  s t r a t i g r a p h i c a l  c o r r e l a t i o n  b e ­

tween  t h e  B ü k k - T o r n a  p a r a a u t o c h t o n  ( C s o n t o s  1988) and t h e  

S o u t h e r n  A l p s - O u t e r  D i n a r i d e  zone i s  w i d e l y  a c c e p t e d .  We t h i n k  

t h a t  a d e t a i l e d  g e o c h e m i c a l  s t u d y  w i l l  r e v e a l  a r e l a t i o n s h i p  

be tw e e n  t h e  E a s t e r n  Bükk  m a g m a t i t e s  and  o t h e r  T r i a s s i c  v o l c a n i c  

a r e a s ,  l i k e  S o u t h e r n  A l p s  ( D o l o m i t e s  M t s ,  C a r n i c  A l p s ,  K a r a -  

v a n k e n )  ( L e o n a r d i  1 9 6 7 ,  P is a  e t  a l .  1 9 8 0 ,  C a s t e l l a r i n  e t  a l .  

1 9 8 0 ) ,  t h e  T r a n s d a n u b i a n  C e n t r a l  Range  ( i n  t h i s  p a p e r )  and t h e  

O u t e r  D i n a r i d e s  ( B é b i é n  1980 ,  Pamic  1 9 8 2 )  c h a r a c t e r i z e d  by 

m a g m a t i c  r o c k s  w i t h  s i m i l a r  p e t r o g r a p h i c a l  c h a r a c t e r s  and i n t e r ­

p r e t e d  r a t h e r  as an i s l a n d - a r c  ( P i s a  e t  a l .  1980,  C a s t e l l a r i n  

e t  a l .  1980 )  t h a n  o f  r i f t - o r i g i n  ( P a m i c  1 9 8 2 ) .

TRIASSIC INTERMEDIATE-ACIDIC MAGMATITES IN TRANSDANUBIA

I n  t h e  T r a n s d a n u b i a n  C e n t r a l  R a n g e ,  b e l o n g i n g  t o  t h e  P e l s o  

u n i t ,  M i d d l e  T r i a s s i c  i n t e r m e d i a t e - a c i d i c  m a g m a t i t e s  ( l a v a  

f l o w s ,  d y k e s  and p y r o c l a s t i c s )  a p p e a r  ( F i g .  1 ) .  The w i d e - s p r e a d
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t u f i t e s  ( " p i e t r a  v e r d e " )  (S zabó  and R avasz  1970 ,  Ravasz 1 9 7 3 )  

i n d i c a t e  c l o s e  r e l a t i o n s h i p  (G r o s  and  Szabó  1904)  t o  t h o s e  o f  

N o r t h e r n  C a l c a r e o u s  A l p s  ( B e c h s t a d t  e t  a l .  1978)  and t h o s e  o f  

S o u t h e r n  A l p s  ( C r o s  1 9 8 0 ,  Baue r  1 9 7 8 ) .  K u b o v i c s  ( 1 9 8 3 ) ,  H o r v á t h  

and  T a r i  ( 1 9 8 7 )  p o i n t e d  o u t  t h a t  t h e  s o u r c e  r o c k  o f  a p a r t  o f  

a n d e s i t e -  and r h y o l i t e  p e b b l e s  i n  t h e  M i d d l e  t o  Upper  E ocene  

b a s a l - c o n g l o m e r a t e  (B uda  M t s )  ( S z é k y - F u x  and Bara bás  1 9 5 3 ,

W e i n  1 9 7 7 )  can be t r a c e d  b ack  t o  t h e  T r i a s s i c  m a g m a t i t e s  p e n e t ­

r a t e d  by t h e  b o r e h o l e s  o f  B u d a ó r s - 1  ( N a g y  e t  a l .  1967)  and  

B u d a f o k - 1  as w e l l  as t o  t h e  t r a c h y t e -  and r h y o l i t e  p e b b l e s  

w h i c h  a p p e a r e d  n e a r  I n o t a  ( R a i n c s á k  1 9 0 0 ) .  Based on t h e  age  

( 2 3 6  Ma, D u n k l  1983 )  o f  t h e  a n d e s i t e  f r o m  t h e  S z á r h e g y - S z a b a d -  

b a t t y á n  a re a  ( K i s s  1 9 5 4 )  and t h e  r a d i o m e t r i c  age ( B a g d a s a r j a n  

1 9 8 9 ,  p e r s .  comm.) o f  a n d e s i t e s  r e v e a l e d  by t h e  b o r e h o l e  S á g -  

v á r - 2  t h e s e  o c c u r r e n c e s  b e l o n g  t o  t h e  M i d d l e  T r i a s s i c  ma gm a t i sm .

M o s t  o f  t h e  m e n t i o n e d  m a g m a t i t e s  a r e  a n d e s i t e s  w i t h  p o r -  

p h y r i t i c  t e x t u r e ,  l a r g e  amount o f  p l a g i o c l a s e  and d o m i n a n t l y  

a l t e r e d  p y r o x e n e  p h e n o c r y s t s .  R h y o l i t e s  and i g n i m b r i t e s  a r e  

common r o c k  t y p e s  among t h e  p e b b l e s .  Some b i o t i t e  f l a k e s  and  

w e a t h e r e d  p l a g i o c l a s e  p h e n o c r y s t s  h a v e  been  o b s e rv e d  i n  t h e  

s i l i c a - r i c h  g r o u n d m a s s .  I n  a d d i t i o n  t r a c h y t e ,  l a t i t e  and s i l i ­

c e o u s  t u f i t e  a p p e a r  i n  t h i s  a re a  ( K u b o v i c s  1983 ,  H o r v á t h  and 

T a r i  1 9 8 7 ) .

B a s i c - i n t e r m e d i a t e - a c i d i c  l a v a  f l o w s  and p y r o c l a s t i c s  o f  

M i d d l e  T r i a s s i c  age ha ve  been r e p o r t e d  i n  t h e  S o u t h e r n  A l p s  

( L e o n a r d i  1967 ,  B e c h s t a d t  e t  a l .  1 9 7 8 ,  C a l a n c h i  e t  a l .  1 9 7 8 ,  

C a s t e l l a r i n  e t  a l .  1 9 8 0 ,  P i s a  e t  a l .  1 9 8 0 ,  C a s t e l l a r i n  and 

R o s s i  1 9 8 1 ) ,  d i k e - r o c k s  and v a r i o u s  i n t r u s i v e  b o d i e s  a l s o  o c c u r  

( D e l  M on te  e t  a l .  1 9 6 7 ,  L u c c h i n i  e t  a l .  1 9 6 9 ) .  Based on t h e  

g e o d y n a m i c  t e c t o n i c  m o d e l  ( F i g .  10 )  p r o p o s e d  by Kázmér and 

K o v á c s  ( 1 9 8 5 ) ,  H o r v á t h  and T a r i  ( 1 9 8 7 )  e s t a b l i s h e d  a p o s s i b l e  

g e n e t i c  r e l a t i o n  b e t w e e n  t h e  M i d d l e  T r i a s s i c  m a g m a t i t e s  f o u n d  

i n  T r a n s d a n u b i a  and i n  t h e  S o u t h e r n  A l p s .  Based on o u r  p e t r o -  

g r a p h i c a l  i n v e s t i g a t i o n s  and r e c e n t  m a j o r - ,  t r a c e -  and r a r e -  

- e a r t h  e l e m e n t  s t u d i e s  we s u g g e s t  t h a t  t h e r e  i s  a s p a t i a l  and 

t e m p o r a l  r e l a t i o n s h i p  b e tw e e n  t h e  T r a n s d a n u b i a n  M i d d l e  T r i a s s i c  

c a l c - a l k a l i n e  a n d e s i t e - r h y o l i t e  s e r i e s  and t h e  ma gm at i c
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BUDAPEST

F ig .  10. D i s t r i b u t i o n  o f  Middle T r i a s s i c  magmati tes in  Southern Alps and 
Transdanubian ( a f t e r  Horváth and Ta r i  1987, mod i f ied)

a s s e m b l a g e  f o u n d  i n  t h e  D o l o m i t e s  M t s  ( C a s t e l l a r i n  e t  a l .  1 9 8 0 ,  

P i s a  e t  a l .  1980 ,  C a s t e l l a r i n  and R o s s i  1 9 8 1 ) .  On t h e  b a s i s  o f  

g e o c h e m i c a l  c h a r a c t e r s  t h e s e  m a g m a t i t e s  may have  been  f o r m e d  a t  

a c o n v e r g e n t  p l a t e  m a r g i n .

LATE CRETACEOUS ALKALINE MAFIC-ULTRAMAFIC DIKE-ROCKS

A new a s s o c i a t i o n  o f  i g n e o u s  r o c k s  was f o u n d  i n  NE T r a n s -  

d a n u b i a  some y e a r s  ago w h i c h  u s u a l l y  f o r m e d  dykes  o r  d y k e  

swarms w i t h  t h e  t h i c k n e s s  r a n g e  5 cm t o  s e v e r a l  m i n  N-S and 

NW-SE d i r e c t i o n .  Some more t h a n  100 m l o n g  d i k e s  can be t r a c e d  

b e l o w  t h e  Q u a t e r n a r y  d e b r i s  (Dudkó  1 9 8 4 ,  K u b o v i c s  e t  a l .  1 9 8 9 a ) .  

Some o c c u r r e n c e s  ( b o r e h o l e  AD- 2 ,  R e m e te h e g y )  c o n t a i n  a l a r g e  

amo un t  o f  x e n o l i t h s  d e r i v e d  f r o m  d i f f e r e n t  d e p t h  (S z a b ó  1 9 8 4 ,  

K u b o v i c s  e t  a l .  1 9 8 5 ,  Szabó 1985 ,  K u b o v i c s  e t  a l .  1 9 8 9 a ) .  The 

p e t r o g r a p h y ,  p e t r o l o g y  and g e o c h e m i s t r y  o f  t h e s e  f o r m a t i o n s ,  

d i s c o v e r e d  i n  s e v e r a l  b o r e h o l e s  and i n  two  o u t c r o p s  ( F i g .  11 )  

was r e v i e w e d  by K u b o v i c s  ( 1 9 8 4 ) ,  Szabó  ( 1 9 8 4 ) ,  K u b o v i c s  ( 1 9 8 5 ) ,  

Szabó  ( 1 9 8 5 ) ,  K u b o v i c s  and Szabó ( 1 9 8 8 ) ,  K u b o v i c s  e t  a l .  (1989a)  

as w e l l  as H o r v á t h  e t  a l .  ( 1 9 8 3 ) ,  Dudkó ( 1 9 8 4 ) ,  H o r v á t h  and 

Ú do r  ( 1 9 8 4 ) .  Our s t u d y  p o i n t e d  o u t  t h a t  t h e  a l k a l i n e  m a g m a t i t e s  

d e s c r i b e d  by Wéber ( 1 9 6 2 )  and t h e  Buda b a s a l t  ( E m b e y - I s z t i n  e t  

a l .  1 9 8 9 )  b e l o n g  t o  t h i s  a s s o c i a t i o n .  The K / A r  ( B a l o g h  K a d o s a ,
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0 20 3 0  4 0  km
1 ------ 1---------- 1______ I

[ •  I borehole 

I /  I oufcrop

mesozoic formations

paleozoic formations

F i g .  11. L o c a l i t i e s  o f  the Late Cretaceous m a f i c - u l t r a m a f i c  dyke-rocks

I n s i t u t e  o f  N u c l e a r  R e s e a r c h ,  D e b r e c e n ,  H u n g a r y )  and f i s s i o n  

t r a c k  ( D u n k l  1989)  m e a s u r e m e n t s  i n d i c a t e  L a t e  C r e t a c e o u s  a g e .

The t e x t u r e  o f  t h e  d i k e - r o c k s  i s  p o r p h y r i t i c - p a n i d i o m o r p h i c  

w i t h  o l i v i n e  and r a r e l y  c l i n o p y r o x e n e  p h e n o c r y s t s ,  b u t  s o - c a l ­

l e d  f e l s i c  g l o b u l a r  s t r u c t u r e  o c c u r  as w e l l .  The m e s o s t a s e s  i s  

made up o f  c l i n o p y r o x e n e s , m i c a s ,  r a r e l y  f e l d s p a t h o i d s  and v e r y  

m i n o r  p a t c h e s  o f  g l a s s .  Based on t h e  m o d a l  a n a l y s e s  t h e  d i k e -  

- r o c k s  a r e  d i v i d e d  i n t o  two  g r o u p s :  i )  t h e  c a r b o n a t e - p o o r

v a r i a n t  c o n t a i n s  m o s t l y  c l i n o p y r o x e n e ,  m i c a ,  o l i v i n e  o r  i t s  

p s e u d o m o r p h s  and a s m a l l  amount  o f  c a r b o n a t e s ,  f e l d s p a r ,  f e l d -  

s p a t h o i d s  and g l a s s ,  w h e r e a s ,  i i )  t h e  c a r b o n a t e - r i c h  r o c k - t y p e  

i s  c h a r a c t e r i z e d  by a l a r g e  amount  o f  c a r b o n a t e s  and t h e  l a c k
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o f  f e l d s p a r ,  f e l d s p a t h o i d s  and g l a s s .  S i m i l a r  t e x t u r e  and  m i n ­

e r a l  a s s e m b l a g e  i s  t y p i c a l  o f  a l k a l i n e  l a m p r o p h y r e s ,  e s p e c i a l l y  

o f  m o n c h i q u i t e  (R ock  19 77 ,  1987 ,  S t r e c k e i s e n  1 9 7 9 ) .

The m a j o r  e l e m e n t  c h e m i c a l  c o m p o s i t i o n  o f  t h e  c a r b o n a t e -  

- r i c h  r o c k s  ( H o r v á t h  e t  a l .  19 83 ,  K u b o v i c s  and Szabó  1 9 8 8 )  show 

c a r b o n a t i t i c  c h a r a c t e r  ( e x t r e m e l y  h i g h  v o l a t i l e  c o n t e n t ,  up t o  

2 0 - 3 0  %) ,  w h i l e  t h e  o t h e r  r o c k - t y p e  ( K u b o v i c s  1 9 8 3 ,  H o r v á t h  

and Ú do r  1984 ,  D o b o s i  and H o r v á t h  1988 ,  K u b o v i c s  and  Szabó  1988, 

K u b o v i c s  e t  a l .  198 9 a ,  E m b e y - I s z t i n  e t  a l .  1989)  d i s p l a y s  

u l t r a m a f i c  and a l k a l i n e  l a m p r o p h y r e  p r o p e r t i e s ,  a l t h o u g h  t h e  

H u n g a r i a n  s a m p l e s  c o n t a i n  more v o l a t i l e s  and l e s s  T i  and  Fe.

The above  m e n t i o n e d  d i f f e r e n c e s  d i s a p p e a r  i n  F i g .  12 ,  

w he re  H u n g a r i a n  s a m p l e s  f a l l  b e tw e e n  t h e  a v e r a g e  a l k a l i n e  and 

u l t r a m a f i c  l a m p r o p h y r e - p o i n t  (R o c k  1 9 8 7 ) ,  mos t  o f  th em a r e  i n  

t h e  a l n ö i t i c  f i e l d  and few  o f  them d i s p l a y  k i m b e r l i t i c  c h a r a c ­

t e r .  The m g - v a l u e s  ( 1 00Ж Mg/  + Fe2 + + Fe'5+ ) o f  d i k e - r o c k s  a r e  

g e n e r a l l y  h i g h  ( 5 3  t o  79 )  b e i n g  c h a r a c t e r i s t i c  f o r  t h e  u n d i f ­

f e r e n t i a t e d ,  p r i m i t i v e  m e l t s .

The H u n g a r i a n  l a m p r o p h y r e s  a r e  e n r i c h e d  i n  h i g h l y  and

MgO

Fig .  12. A^Oj-MgO-FeO-t t r i a n g u l a r  diagram w i t h  the a l n o i t e  and k i m b e r l i t e  
f i e l d  f o r  Hungarian lamprophyres
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m o d e r a t e l y  i n c o m p a t i b l e  t r a c e  e l e m e n t s  ( F i g .  13 )  compared  t o  

t y p i c a l  w i t h i n  c o n t i n e n t a l  p l a t e  m a g m a t i t e s  (Bergm an  1987 ,  

W i l s o n  1 9 8 9 ) .

Hungarian lamprophyres

F i g .  13. Trace element d i s t r i b u t i o n  f o r  Hungar ian lamprophyres ( the  data 
are normal ized acco rd i ng  to Thompson e t  a l .  1984)

The t r a c e -  and r a r e - e a r t h  e l e m e n t  p a t t e r n  o f  t h e  H u n g a r i a n  

l a m p r o p h y r e s  i n d i c a t e  p a r t l y  k i m b e r l i t i c  and  p a r t l y  u l t r a m a f i c  

a f f i n i t y  ( K u b o v i c s  and  S za bó  1988 ,  K u b o v i c s  e t  a l .  1989a)  due 

t o  t h e  h i g h  v o l a t i l e  c o n t e n t  o f  t h e  magma p r o d u c e d  by m i n o r  

p a r t i a l  m e l t i n g  o f  t h e  m e t a s o m a t i z e d  u p p e r  m a n t l e  ( K u b o v i c s  e t  

a l .  1 9 8 9 b ) .

The L a te  C r e t a c e o u s  l a m p r o p h y r e - p i c r i t e - c a r b o n a t i t e  a s ­

s e m b l a g e  can be i n t r u d e d  i n t o  an e x t e n s i o n a l  zone  p e r p e n d i c u l a r  

t o  t h e  t e c t o n i c  f r o n t  o f  t h e  A l p i n e  c o l l i s i o n  (Kázmér  and 

S z a b ó  1989a ,  1 9 8 9 b ) .
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THE MECSEK VOLCANIC ZONE

V o l c a n i c  r o c k s  o f  t h e  M e c s e k - A l f ö l d  a r e a  ( T i s z a  u n i t ;  F i g .  

1) a p p e a r  w i t h  t h e  g r e a t e s t  vo lu me  and t h e  mos t  v a r i a b l e  r o c k -  

- t y p e s  i n  t h e  e a s t e r n  p a r t  o f  t h e  Mecsek  Mts  ( B i l i k  1983 ,  

H a r a n g i  1 9 8 8 ) .  Numerous  b o r e h o l e s  i n  t h e  G r e a t  H u n g a r i a n  P l a i n  

have  exp ose d  b a s a l t i c  r o c k s  a l o n g  t h e  K i s k ö r ö s - E b e s  SW-NE l i n e  

i n  a d e p t h  v a r y i n g  be tw e e n  1100 and 3100  m ( S z e p e s h á z y  1977 ,  

M o l n á r  1 9 8 5 a ) .  D i k e - l i k e  s u b v o l c a n i c  m a g m a t i t e s  o c c u r  i n  t h e  

W e s t e r n  Mecsek  Mts  ( L a n t a i  1987)  and t h r e e  b o r e h o l e s  p e n e t r a t e d  

b a s i c - i n t e r m e d i a t e  r o c k s  t o  t h e  n o r t h  o f  t h e  Mecsek Mts  a t  K u rd  

and D ö b r ö k ö z .

V o l c a n i s m  a l r e a d y  began i n  t h e  U p p e r  J u r a s s i c  ( F ő z y  e t  a l .  

19 8 5 ,  V e l l e d i t s  e t  a l .  1 9 8 6 ) ,  i t  o n l y  c u l m i n a t e d ,  h o w e v e r ,  i n  

V a l a n g i a n  ( B i l i k  1 9 7 4 ,  1 9 8 3 ) .

The W e s t e r n  Mecsek m a g m a t i t e s  i n c l u d e  b a s a l t s  ( p s e u d o -  

morp hs  a f t e r  o l i v i n e ,  a m p h i b o l e  ( C a - r i c h  k e a r s u t i t e ) ,  c l i n o -  

p y r o x e n e  ( s a l i t e ) ,  p l a g i o c l a s e  ( A n 5 0 - 6 0 ) ,  F e - T i  o p a q u e s )  and 

t r a c h y t e s  ( p l a g i o c l a s e ,  p o t a s h  f e l d s p a r ,  a n a l c i m e ,  a m p h i b o l e ,  

p y r o x e n e ,  o p a q u e s ) ,  w i t h  a g r e a t  p a r t  o f  them s u f f e r e d  a l k a l i  

m e t a s o m a t i s m  ( L a n t a i  1 9 8 7 ) .  REE d i s t r i b u t i o n  p a t t e r n s  i n d i c a t e  

l i g h t  R E E - e n r i c h e d  f r a c t i o n a t e d  r o c k  t y p e s .

I n  t h e  E a s t e r n  Mecsek Mts b i m o d a l  v o l c a n i s m  t o o k  p l a c e  

p r o d u c i n g  a b a s a l t - t e p h r i t e - p h o n o l i t e  s e q u e n c e  ( H a r a n g i  1 9 8 9 b ) ,  

b u t  p o t a s h - r i c h  t r a c h y t e s  o c c u r  as w e l l  ( F i g .  1 4 ) .  O c c u r r e n c e s  

o f  p i l l o w  l a v a s ,  l a v a  b r e c c i a s  and h y a l o c l a s t i t e s  i n d i c a t e  s u b ­

m a r i n e  v o l c a n i s m  ( B i l i k  1 9 8 3 ) ,  w h e r e a s  t h e  m a j o r i t y  o f  more 

e v o l v e d  r o c k  t y p e s  a p p e a r  as d i k e s  o r  s u b v o l c a n i c  b o d i e s .  B i l i k  

( 1 9 7 4 ,  1983)  c l a s s i f i e d  t h e  b a s a l t i c  r o c k s  as a l k a l i  b a s a l t s ,  

t h e  g e o c h e m i s t r y  o f  t h e s e  r o c k s ,  h o w e v e r ,  i n d i c a t e  g r e a t e r  

d i v e r s i t y  and  t r a n s i t i o n a l - s l i g h t l y  a l k a l i n e  n a t u r e  ( H a r a n g i  

19 8 8 ,  1 9 8 9 b ) .  The p y r o x e n e - r i c h  o l i v i n e - b e a r i n g  b a s a l t  w i t h  

M - v a l u e s  o f  6 5 - 7 0  can  be r e g a r d e d  as t h e  mos t  p r i m i t i v e  member 

o f  t h i s  v o l c a n i c  s u i t e .  Among t h e  s l i g h t l y  q - n o r m a t i v e  b a s a l t s  

s e v e r a l  s u b g r o u p s  can  be d i s t i n g u i s h e d :  f e r r o b a s a l t ,  p l a g i o -  

c l a s e - b a s a l t  and b a s a l t .  P l a g i o c l a s e  ( An 5 g_gg)>  c l i n o p y r o x e n e , 

m a g n e t i t e  and  i l m e n i t e  a r e  t h e  ma in  c o m p o n e n t s .  The a p h y r i c
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F2

Si02 K20

Ph = phonolite Te = tephrite
KTr= KjO-rich trachyte Ba= basalts

F i g .  14. Major element chemical  e v o l u t i on  o f  the Late Cretaceous v o lc an ic  
assemblage (Eastern Mecsek) i n  the  p r i n c i p a l  component v a r i a t i o n  
diagram

t e p h r i t e  a p p e a r s  m a i n l y  as d i k e s  and c o n t a i n s  p l a g i o c l a s e ,  

c l i n o p y r o x e n e , a l k a l i  a m p h i b o l e  a p a t i t e  m a g n e t i t e  and a n a l c i m e .  

The  m o s t  d i f f e r e n t i a t e d  endmember o f  t h i s  v o l c a n i c  s u i t e  i s  t h e  

p h o n o l i t e  w h i c h  f o r m s  tw o  s u b v o l c a n i c  b o d i e s  ( V i c z i á n  1 9 7 1 ) .

I t s  p e t r o c h e m i c a l  f e a t u r e s  r e s e m b l e  t h e  Kenya r i f t  p h o n o l i t e s  

( H a r a n g i  1 9 8 9 b ) .  F o r m a t i o n  o f  p o t a s h - r i c h  t r a c h y t e  i s  d e b a t e d :  

B i l i k  ( 1 9 8 3 )  s u g g e s t e d  f r a c t i o n a l  c r y s t a l l i z a t i o n  o r i g i n ,  

w h e r e a s  H a r a n g i  ( 1 9 8 9 b )  r e g a r d e d  i t s  s p e c i f i c  m a j o r  e l e m e n t  

c h a r a c t e r s  as a r e s u l t  o f  s u b s e q u e n t  a l t e r a t i o n .

C l i n o p y r o x e n e s  a r e  common m i n e r a l s  i n  t h e  Mecsek v o l c a n i c s .  

V a r i a t i o n  o f  p y r o x e n e  c h e m i s t r y  f r o m  d i o p s i d e  t h r o u g h  

h e d e n b e r g i t e  t o  a e g i r i n e  i n d i c a t e s  l o w - p r e s s u r e  a l k a l i n e  f r a c ­

t i o n a l  c r y s t a l l i z a t i o n  ( F i g .  15 )  ( D o b o s i  1 9 8 7 ) ,  w h i c h  was c o r ­

r o b o r a t e d  by t h e  m a j o r  e l e m e n t  c h e m i c a l  e v o l u t i o n  o f  t h i s  

v o l c a n i c  a s s e m b l a g e  ( F i g .  1 4 ) .

L i n e a r  c o r r e l a t i o n  b e t w e e n  t h e  h i g h l y - i n c o m p a t i b l e  e l e ­

m e n t s  s u p p o r t s  t h e  b a s a l t - t e p h r i t e - p h o n o l i t e  d i f f e r e n t i a t i o n  

m o d e l  ( H a r a n g i  1 9 8 9 b ) .  The REE and t r a c e  e l e m e n t  d i s t r i b u t i o n  

i n  b a s a l t s  i n d i c a t e  t r a n s i t i o n a l - s l i g h t l y  a l k a l i n e  n a t u r e .

The E a r l y  C r e t a c e o u s  v o l c a n i c s  r e v e a l e d  by b o r e h o l e s  i n
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<m> MECSEK MTS.

F ig .  15. Pyroxene f r a c t i o n a t i o n  t rands i n  the Mecsek- (Dobosi 1987) and in  
the A l f ö l d  vo l c a n i t es  (Molnár 1990) i n  the  En-Wo-Fs t r i a n g u l a r  
diagram

t h e  K i s k ö r ö s - E b e s  zone  ( G r e a t  H u n g a r i a n  P l a i n  F i g .  1) w ere  

o r i g i n a l l y  f e l d s p a r - r i c h  b a s a l t s  ( S z e p e s h á z y  1977 ,  M o l n á r  

1 9 8 5 a )  w h i c h  s u f f e r e d  d i f f e r e n t  a l t e r a t i o n  p r o c e s s e s .  The o r i g ­

i n a l  p e t r o g r a p h i c a l  c h a r a c t e r s  were  h i g h l y  c o n c e a l e d  by s p i l i -  

t i z a t i o n ,  M g - m e t a s o m a t i s m  and c a r b o n a t i z a t i o n  ( M o l n á r  1 9 9 0 ) .  

O n l y  a few f r e s h  c l i n o p y r o x e n e  r e l i c t s  w e re  f o u n d  i n  t h e s e  

r o c k s  ( M o l n á r  1990 )  t h a t  have  a u g i t i c  c o m p o s i t i o n  and show 

s l i g h t l y  a l k a l i n e  a f f i n i t i e s  ( F i g .  1 5 ) .  The REE d i s t r i b u t i o n  

p a t t e r n s  o f  t h e  A l f ö l d  v o l c a n i c s  i n d i c a t e  l e s s - d i f f e r e n t i a t e d  

t h o l e i i t i c  t o  s l i g h t l y  a l k a l i n e  b a s a l t s .

The m a g m a t i c  r o c k  t y p e s ,  t h e  m i n e r a l o g i c a l  and p e t r o ­

c h e m i c a l  c h a r a c t e r s  o f  t h e  M e c s e k - A l f ö l d  v o l c a n i c s  a l l  s u g ­

g e s t e d  c o n t i n e n t a l  r i f t - t y p e  v o l c a n i s m  ( E m b e y - I s z t i n  1981 ,

B i l i k  1983 ,  L a n t a i  1 9 8 7 ,  H a r a n g i  1 9 8 8 )  w h i c h  i s  c o r r o b o r a t e d  by 

t h e  T a - H f / 3 - T h  d i s c r i m i n a t i o n  d i a g r a m  ( F i g .  1 6 ) .  The c o n t i n e n ­

t a l  r i f t i n g  was i n i t i a t e d  by t h e  o p e n i n g  o f  t h e  P e n n i n i c  o c e a n .  

T h i s  o p e n i n g  r e s u l t e d  i n  s e v e r a l  e x t e n s i o n a l  b a s i n s  u n d e r l a i n  

p a r t l y  by o c e a n i c -  ( V a l a i s ,  S e v e r i n ) ,  p a r t l y  by c o n t i n e n t a l  

c r u s t  ( M o r a v i a n - S i l e s i a n  B e s k i d y ,  Mecsek  z o n e ,  B l a c k  f l y s c h ,  

C e a h l a u ,  N i s - T r o j a n )  (K ázm ér  and K o v á c s  1 9 8 9 ) .
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Hf/3

A = N-MORB 
B = E-MORB 
C = WPA
D - IAT + CAB

Th Та

F i g .  16. Th-Hf/3-Ta d i s c r i m i n a t i o n  diagram (Wood e t  a l .  1979) f o r  the 
vo lcan ic  assoc ia t ion s  o f  the Mecsek-Al fö ld zone

CONCLUSION

The f o r m a t i o n  o f  m a g m a t i c  s e r i e s ,  f o u n d  i n  s e v e r a l  t e c t o n ­

i c  u n i t s  i n  H u n g a r y ,  i s  i n  c l o s e  r e l a t i o n s h i p  w i t h  t h e  e v o l u ­

t i o n  o f  t h e  n o r t h e a s t e r n  b r a n c h  o f  T e t h y s .  The M e l i a t a  mag-  

m a t i t e s  r e p r e s e n t  t h e  a x i a l  zone  o f  t h e  T r i a s s i c - J u r a s s i c  

V a r d a r - O c e a n , w h e re a s  t h e  S z a r v a s k ő  i n c o m p l e t e  o p h i o l i t e  s e ­

q u e n c e  was fo r m e d  i n  a m a r g i n a l  b a s i n  o f  t h i s  o c e a n .  The re m ­

n a n t s  o f  t h e  i s l a n d - a r c  b e tw e e n  them can  be t r a c e d  i n  t h e  

T e l e k e s - o l d a l  ( R u d a b á n y a  M t s ,  r h y o l i t e s ) .  The M i d d l e  T r i a s s i c  

i n t e r m e d i a t e - a c i d i c  m a g m a t i t e s  i n  T r a n s d a n u b i a  and E a s t e r n  Bükk 

c a n  be r e l a t e d  t o  c o n v e r g e n t  p l a t e  magm at ism o c c u r r e d  i n  b o t h  

t h e  S o u t h e r n  A l p s  and O u t e r  D i n a r i d e s .  O p h i o l i t e s  o f  t h e  

R e c h n i t z  S e r i e s  r e p r e s e n t  t h e  r e m n a n t  o f  t h e  J u r a s s i c - E a r l y  

C r e t a c e o u s  P e n n i n i c  o c e a n i c  c r u s t .  The p r e d o m i n a n t l y  E a r l y  

C r e t a c e o u s  M e c s e k - A l f ö l d  v o l c a n i c - s u b v o l c a n i c  s e q u e n c e s  a r e  t h e  

p r o d u c t s  o f  a c o n t i n e n t a l  r i f t i n g  i n i t i a t e d  by t h e  o p e n i n g  o f  

t h e  P e n n i n i c  o c e a n .  The L a t e  C r e t a c e o u s  l a m p r o p h y r e - p i c r i t e -  

- c a r b o n a t i t e  a s s o c i a t i o n  i n t r u d e d  i n t o  t h e  e x t e n s i o n a l  zone  

p e r p e n d i c u l a r  t o  t h e  t e c t o n i c  f r o n t  o f  A l p i n e  c o l l i s i o n .
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FROM TETHYS TO PARATETHYS, A WAY OF SURVIVAL 

A Na gyma ros y

Eötvös U n i v e r s i t y ,  Department of  General  and H i s t o r i c a l  Geology, 
H—1088 Budapest, Múzeum k r t .  4 /A,  Hungary

The c l o s in g  o f  the Tethys ocean r e s u l t e d  i n  the format ion o f  two l a rg e  
basin systems i n  Europe: the Medi terranean and the Paratethys. The "Para -  
te t h ys"  may be a pure paleogeographical  concept  according to  i t s  r ecen t  
p o s i t i o n ,  i . e .  a row o f  sedimentary basins i n  the Late T e r t i a r y ,  Nor th  o f  
the A lps ,  D in a r i d s ,  He l len ids  and Pon t ids .  Due to  i t s  s p e c i f i c  endemism 
through the Ol igocène and Miocene i t  can be regarded as a b iogeographic 
concept,  though i n  t h i s  sense a separated,  i n d i v i d u a l  Paratethys e x i s t e d  
only i n  the per iods  o f  endemism ( K i s c e l l i a n ,  Ot tnangian and from the  Sarma- 
t i a n  through the P l iocene) .  From a geodynamic p o i n t  o f  view the Para tethys 
i s  a complex o f  f l y s c h ,  fo re land  molasse and intramontan basins.

Keywords: endemism; Late Paleogene; Neogene; paleogeography; Para­
te thys

1. INTRODUCTION

The c l o s i n g  o f  t h e  T e t h y s  o c ean  a l o n g  t h e  A l p i n e  c o l l i -  

s i o n a l  zone  t e r m i n a t e d  a r o u n d  t h e  E o c e n e / O l i g o c e n e  b o u n d a r y .  A t  

a b o u t  t h e  same t i m e  t h e  f o r m a t i o n  o f  t h e  f l y s c h  s e d i m e n t s  has  

been f i n i s h e d  a l o n g  t h e  n o r t h e r n  f r o n t  o f  t h e  A l p i n e  c h a i n ,  b u t  

p r o c e e d e d  i n  t h e  C a r p a t h i a n  t r o u g h .  T h i s  f a c t  p e r m i t s  t h e  a s ­

s u m p t i o n  t h a t  t h e  s u b d u c t i o n  i n  t h e  C a r p a t h i a n  r e g i o n  d i d  n o t  

f i n i s h  a t  t h e  E o c e n e / O l i g o c e n e  b o u n d a r y ,  b u t  wen t  on p o s s i b l y  

u n t i l  t h e  L ow e r  M i o c e n e  ( i n  t h e  E a s t e r n  C a r p a t h i a n s ) .

The b e g i n n i n g  o f  t h e  c o l l i s i o n  b e t w e e n  t h e  Eu ro p e a n  and  

A f r i c a n  p l a t e s  l e d  t o  t h e  u p l i f t  o f  t h e  A l p i n e - D i n a r i c  o r o g e n i c  

b e l t .  The A l p i n e - C a r p a t h i a n  c h a i n  t h r u s t  o v e r  t h e  m a r g i n  o f  t h e  

E u ro p e a n  p l a t e ,  and t h e  D i n a r i d s  t h r u s t  o n t o  t h e  A f r i c a n / A p u l i a n  

p l a t e .  T h i s  o r o g e n i c  b e l t  on t h e  f o r m e r  p l a c e  o f  t h e  T e t h y s  

s e p a r a t e d  two  l a r g e  b a s i n  s y s t e m s ,  t h e  M e d i t e r r a n e a n  i n  t h e

Acta Geod. Geoph. Mont. Hung. 25, 1990 
Akadémiai Kiadó,  Budapest
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S o u t h  and t h e  P a r a t e t h y s  i n  t h e  N o r t h  ( F i g .  1 ) .

F ig .  1. Sketch o f  the  Medi terranean bas ins  ( a f t e r  Bi ju-Duval  1978, 
Sandulescu 1988 and Sa r to r i o  e t  a l .  1988). Arrows show the 
d i r e c t i o n s  o f  the p la te  movements

2 .  THE MEDITERRANEAN

The M e d i t e r r a n e a n  r e g i o n  i s  no " d e s c e n d a n t "  o f  t h e  T e t h y s  

i n  a g e o d y n a m i c  s e n s e .  I t  c o n s i s t s  o f  b a s i n s  o f  d i f f e r e n t  

o r i g i n  and i f  t h e r e  i s  any r e m n a n t  o f  t h e  f o r m e r  T e t h y s  o c e a n i c  

c r u s t ,  i t  can be i n  t h e  I o n i a n  and L e v a n t i n e  b a s i n s .

B i j u - D u v a l  e t  a l .  ( 1 9 7 8 )  d i s t i n g u i s h e d  two t y p e s  o f  t h e  

M e d i t e r r a n e a n  b a s i n s :

-  Typ e  a ) i s  c h a r a c t e r i z e d  by a t h i n  l i t h o s p h e r e ,  s h a l l o w  Moho,  

h i g h  h e a t  f l o w  and t h i n  s e d i m e n t a r y  s e q u e n c e  o f  T e r t i a r y  and 

Q u a t e r n a r y  a g e .  T h e s e  b a s i n s  a r e  l o c a t e d  be tween young o r o -  

g e n i c  b e l t s  as t h e  B a l e a r i c - L i g u r i a n  b a s i n ,  t h e  T y r r h e n i a n



FROM TETHYS TO PARATETHYS 3 7 5

b a s i n  o r  t h e  Aegean s e a .  T h e i r  age i s  r a t h e r  young t a k i n g  

i n t o  c o n s i d e r a t i o n  t h a t  t h e  B a l e a r i c  b a s i n  began i t s  r a p i d  

s u b s i d e n c e  i n  t h e  L a t e  O l i g o c è n e ,  t h e  T y r r h e n i a n  sea i n  t h e  

L a t e  M i o c e n e  and t h e  Aegean r e g i o n  as l a t e  as i n  t h e  P l i o c e n e .  

-  Type  b )  shows a d i f f e r e n t  c h a r a c t e r  w i t h  i t s  t h i c k  l i t h o ­

s p h e r e ,  deep Moho, lo w  h e a t  f l o w  and t h i c k  s e d i m e n t a r y  c o l u m n .  

T h e i r  s e d i m e n t a t i o n  h i s t o r y  e x t e n d s  f r o m  t h e  L a t e  M e s o z o i c  t o  

t h e  Q u a t e r n a r y .  The L e v a n t i n i a n ,  I o n i a n  b a s i n s  and t h e  

H e r o d o t o s  and S t r a b o n  t r e n c h e s  b e l o n g  t o  t h i s  t y p e .

The d e p o s i t i o n a l  e n v i r o n m e n t  i n  t h e  M e d i t e r r a n e a n  r e g i o n  

had  a m a r i n e  c h a r a c t e r  t h r o u g h  t h e  w h o l e  L a t e  P a le o g e n e ,  Neo­

gene  and Q u a t e r n a r y .  P e r m anen t  sea c o n n e c t i o n s  e x i s t e d  t o w a r d  

t h e  A t l a n t i c  and t h e  I n d i a n  oceans  s u p p l y i n g  n o rm a l  s a l i n i t y  

w a t e r  f o r  t h e  M e d i t e r r a n e a n  b a s i n s  a l l  t h e  t i m e .  O n ly  a "momen­

t a r y "  (some 100,000 y e a r s  l o n g )  e v e n t  ha s  b r o k e n  t h e  c o n t i n u o u s  

m a r i n e  s e d i m e n t a t i o n  d u r i n g  t h e  M e s s i n i a n ,  when a s h o r t  s e p a ­

r a t i o n  o f  t h e  M e d i t e r r a n e a n  f r o m  t h e  w o r l d  sea sys t em  r e s u l t e d  

i n  t h e  f o r m a t i o n  o f  t h e  huge  l a t e s t  M i o c e n e  e v a p o r i t i c  s e q u e n c e .

3 .  THE PARATETHYS

N o r t h  f r o m  t h e  A l p s - D i n a r i d s - P o n t i d s - A n t i c a u c a s u s - K o p e t  

Dag l i n e  a h e t e r o g e n o u s  b a s i n  s y s t e m  began  t o  be fo r m e d  f r o m  

t h e  E a r l y  O l i g o c è n e :  t h e  P a r a t e t h y s .  T h i s  t e r m  was i n t r o d u c e d  

o r i g i n a l l y  by L a s h k a r e v  ( 1 9 2 4 ) ,  who u s e d  t h e  name P a r a t e t h y s  

f o r  t h e  r e g i o n s ,  w he re  an endem ic  m o l l u s c  fa u n a  l i v e d  d u r i n g  

t h e  L a t e  M i oce ne  and P l i o c e n e ,  t h u s  i n c l u d i n g  a l a r g e  a r e a  f r o m  

t h e  V i e n n a  b a s i n  t o  t h e  C a s p i a n  s e a .  L a t e r ,  t h e  t e r m  " P a r a ­

t e t h y s "  has  changed  i t s  o r i g i n a l  m e a n i n g  and has g o t  a w i d e r  

s e n s e  b o t h  i n  t i m e  and s p a c e .  B á l d i  ( 1 9 8 9 )  d i s t i n g u i s h e d  two  

b a s i c  v i e w s :

1 .  Many o f  t h e  s p e c i a l i s t s  (m o s t  r e c e n t l y  C ic h a  and K r y s t e k  

1 9 8 7 )  use  t h e  t e r m  P a r a t e t h y s  f o r  t h e  m o l a s s e  s e d i m e n t a t i o n  

w h i c h  o c c u r r e d  f r o m  t h e  Rhone v a l l e y  t h r o u g h  t h e  A l p i n e  and 

C a r p a t h i a n  m o l a s s e  a r e a s  t o  t h e  R u s s i a n  p l a t f o r m  and C e n t r a l  

A s i a .  The e x i s t e n c e  o f  t h i s  k i n d  o f  P a r a t e t h y s  w o u l d  i n c l u d e  

a t i m e  i n t e r v a l  f r o m  t h e  L a t e  O l i g o c è n e  ( s t a g e  E g e r i a n )
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u n t i l  t h e  P l i o c e n e  ( s t a g e  R u m a n i a n ) .

2 .  B á l d i  ( 1 9 8 3 ,  1 9 8 4 a ,  b ,  1986 ,  1 9 8 9 )  p o i n t e d  o u t  t h a t  s i n c e  

t h e  e s t a b l i s h i n g  o f  t h e  te rm  P a r a t e t h y s  was due t o  t h e  L a t e  

M i o c e n e  and P l i o c e n e  endemism w h i c h  o c c u r r e d  i n  t h e  men­

t i o n e d  a r e a ,  t h e  d i m e n s i o n  o f  t h e  P a r a t e t h y s  can be d e f i n e d  

b e t t e r  by t h e  d i s t r i b u t i o n  o f  f o s s i l s  t h a n  by s i m i l a r  s e d i ­

m e n t a t i o n  p a t t e r n s .  He s u g g e s t e d  t o  e x t e n d  t h e  v a l i d i t y  o f  

t h e  te r m  a l s o  i n  t i m e  u n t i l  t h e  f i r s t  l a r g e - s c a l e  endemism 

i n  t h e  T e r t i a r y  ( i . e .  u n t i l  t h e  E a r l y  O l i g o c è n e ) .  A c c o r d i n g  

t o  h i s  c o n c e p t  t h e  P a r a t e t h y s  i s  a b i o p r o v i n c e  and " i t s  sea 

c o v e r e d  v e r y  d i f f e r e n t  c r u s t a l  s t r u c t u r e s "  ( B á l d i  1 9 8 9 ) .

T h i s  p a p e r  d e f i n e s  t h e  P a r a t e t h y s  f r o m  two  p o i n t s  o f  v i e w :

3 a .  From a g e o d y n a m i c  p o i n t  o f  v i e w  t h e  P a r a t e t h y s  c o m p r i s e s  

t h e  f o r e d e e p  m o l a s s e  a r e a s  o f  t h e  A l p s ,  C a r p a t h i a n s ,  C a u c a ­

s u s ,  e t c . ,  t h e  b a s i n s  be tw een e r o g e n i c  b e l t s  (a s  t h e  V i e n n a ,  

P a n n o n i a n ,  T r a n s y l v a n i a n ,  e t c .  b a s i n s ) ,  t h e  a d j a c e n t  t r o u g h s  

o f  t h e  f l y s c h  o c e a n s  and t h e  e p i c o n t i n e n t a l  seas on t h e  

R u s s i a n  p l a t f o r m .  These g e o d y n a m i c a l l y  v e r y  d i f f e r e n t  a r e a s  

w e r e  c o v e r e d  by t h e  same w a t e r  mass w h i c h  caused many s i m i ­

l a r i t i e s  i n  t h e  b i o g e o g r a p h y  o f  t h e s e  a r e a s ,  u n i f o r m  f e a ­

t u r e s  i n  t h e i r  s e d i m e n t a t i o n ,  and  a s i m i l a r  h i s t o r y  i n  t h e i r  

r e l a t i o n  t o  t h e  w o r l d  sea s y s t e m  ( c o n s i d e r i n g  p e r i o d s  o f  

m a r i n e  c o n n e c t i o n s  and p e r i o d s  o f  s e p a r a t i o n ) .  A l l  t h e  

c h a r a c t e r i s t i c s  a b ove  can be e x p l a i n e d  by s u p p o s i n g  a c o n ­

t i n u o u s ,  c o n n e c t e d  w a t e r  mass i n  t h e  P a r a t e t h y s .  I t s  e x i s ­

t e n c e  can be s u p p o r t e d  by many f a c t s  c o n s i d e r i n g  t h e  p l a n k ­

t o n i c  o r g a n i s m s .  N a n n o p l a n k t o n  and  p l a n k t o n i c  f o r a m i n i f e r a  

show s t r i k i n g l y  s i m i l a r  d i s t r i b u t i o n a l  p a t t e r n s  i n  t i m e  f r o m  

t h e  A l p s  t o  t h e  C a u c a s u s .  T h i s  c o u l d  have  l e d  Rög l  ( 1 9 8 5 )  t o  

t h e  i d e a  o f  s e t t i n g  up a s p e c i a l  p l a n k t o n i c  f o r a m i n i f e r a  

z o n a t i o n  f o r  t h e  C e n t r a l  P a r a t e t h y s .  A l s o  endemic  n a p p o -  

p l a n k t o n  ( T r a n s v e r s o p o n t i s  f i b u l a  GHETA, R e t i c u l o f e n e s t r a  

o r n a t a  MÜLLER see Na gymarosy  and V o r o n i n a  ( 1 9 8 9 )  (a n d  p l a n k ­

t o n i c  f o r a m i n i f e r a )  genus  V e l a p e r t i n a  R ö g l  ( 1 9 8 5 )  e v o l v e d  i n  

t h e  P a r a t e t h y s  r e g i o n .

3 b .  F rom a s t r i c t  b i o g e o g r a p h i c a l  p o i n t  o f  v i e w  t h e  P a r a t e t h y s  

c a n  be c o n s i d e r e d  as a u n i t  i n d e p e n d e n t  f r o m  t h e  w o r l d  sea
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s y s t e m  o n l y  d u r i n g  t h e  t i m e  ep o c h s  o f  i t s  endemism.  I n  t h i s  

s ense  t h e  f i r s t  P a r a t e t h y s  endemism d e v e l o p e d  i n  t h e  E a r l y  

O l i g o c è n e  as B á l d i  p r o p o s e d .  A f t e r  t h e  L a t e  O l i g o c è n e  r e s t o ­

r a t i o n  o f  t h e  m a r i n e  c o n n e c t i o n s  t h e  d e g r e e  o f  t h e  endemism 

d e c r e a s e d  and o n l y  by t h e  L a t e  O t t n a n g i a n  e v o l v e d  a new 

e n d e m i c  f a u n a  i n  t h e  P a r a t e t h y s  due  t o  t h e  more o r  l e s s  

c o m p l e t e  s e p a r a t i o n  f r o m  t h e  o c e a n s .  A f t e r  a s h o r t  " c o s m o ­

p o l i t a n "  i n t e r v a l  i n  t h e  M i d d l e  M i o c e n e  t h e  f i n a l  s e p a r a t i o n  

o f  t h e  P a r a t e t h y s  r e s u l t e d  i n  t h e  e v o l u t i o n  o f  t h e  e n d e m i c  

S a r m a t i a n ,  P a n n o n i a n ,  P o n t i a n ,  e t c .  m o l l u s c  f a u n a s .

T h i s  e x p l a n a t i o n  g e t s  a s p e c i a l  e m p h a s i s  i f  we have a l o o k  

a t  t h e  c o m p o s i t i o n  o f  t h e  O l i g o c è n e  m o l l u s c  f a u n a s  i n  Hungary 

( T a b l e  I  a f t e r  B á l d i  1 9 8 3 ) .

T a b l e  I .

Mol lusc  faunas from Med i ter ­
ranean boreal

A lp i n e -
-Carpath ian-

-Caucasian

endemic 
(on ly  i n  
Hungary)

cosmo­
p o l i t a n

percent

Tard Clay
(E a r l y  K i s c e l l i a n ) - - 100 - -

K i s c e l l  Clay
(Late K i s c e l l i a n ) 29 18 24 16 13

Szécsény, Eger, Török­
b á l i n t  Formations 
(Eger ian )

22 20 11 26 19

Putnok S ch l ie r  
(Eggenburgian) 40 6 20 2 32

F o l l o w i n g  t h i s  k i n d  o f  p h i l o s o p h y ,  t h e  P a r a t e t h y s  i n  a 

s t r i c t  b i o g e o g r a p h i c a l  sense  e x i s t e d  o n l y  d u r i n g  t h e  p e r i o d s  o f  

en dem is m .  I n  t h e  i n t e r m e d i a t e  i n t e r v a l s  t h e  P a r a t e t h y s  can  be 

c o n s i d e r e d  as a p a r t  o f  t h e  w o r l d  s e a s  d i f f e r i n g  n o t  v e r y  much 

f r o m  t h e  o t h e r  m a r i n e  b a s i n s  ( F i g .  2 ) .

The d i f f e r e n t  b i o s t r a t i g r a p h i c a l  f e a t u r e s  o f  t h e
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P a r a t e t h y s ,  h o w e v e r ,  gave  a g ro u n d  f o r  e s t a b l i s h i n g  a d i s t i n c t  

c h r o n o s t r a t i g r a p h i c  s c a l e  w i t h  r e g i o n a l  s t a g e s  ( s e e  S t e i n i n g e r  

e t  a l .  1 9 8 8 ) .  S i n c e  a number  o f  d i f f e r e n c e s  e x i s t  b e tw e e n  t h e  

b i o s t r a t i g r a p h y  o f  t h e  e a s t e r n  and w e s t e r n  b a s i n s  o f  t h e  P a r a -  

t e t h y s ,  d i f f e r e n t  s t a g e  s y s te m s  a r e  used  f o r  b o t h .  An i m a g i n a r y  

l i n e  a t  t h e  e a s t e r n  edge o f  t h e  C a r p a t h i a n s  s e p a r a t e s  t h e  E a s t ­

e r n  and W e s te r n  P a r a t e t h y s .

4 .  THE PARATETHYS: RISE AND FALL

T h i s  c h a p t e r  g i v e s  a v e r y  s h o r t  r e v i e w  on t h e  ma in  f e a ­

t u r e s  o f  t h e  h i s t o r y  o f  t h e  P a r a t e t h y s .  More  d e t a i l e d  d e s c r i p ­

t i o n s  have  been p u b l i s h e d  by Rog l  and S t e i n i n g e r  ( 1 9 8 3 ) ,  B á l d i  

( 1 9 8 3 ,  1 9 8 6 ) ,  N a g y m a ro s y  ( 1 9 8 1 ) ,  N a g y m a ro s y  and M ü l l e r  ( 1 9 8 8 ) .

A mass o f  b a s i c  d a t a  has  been c o l l e c t e d  i n  S t e i n i n g e r  e t  a l .

( 1 9 8 5 ) .

The p r o g r a d i n g  t e c t o n i s m  i n  t h e  A l p s  caused  t h e  g r a d u a l  

w a n d e r i n g  o f  t h e  f l y s c h  b e l t s  f r o m  t h e  i n n e r  t o  t h e  o u t e r  zones  

d u r i n g  t h e  P a l e o c e n e  and Eocene.  From t h e  H e l v e t i c  and U l t r a -  

h e l v e t i c  u n i t s  t h r o u g h  t h e  C a r p a t h i a n  f l y s c h  t r o u g h s  a r a t h e r  

c o n t i n u o u s  s e d i m e n t a r y  b e l t  e x i s t e d  u n t i l  t h e  E o c e n e / O l i g o c e n e  

b o u n d a r y  w i t h  s e a c o n n e c t i o n s  t o w a r d  t h e  S o u t h  ( A l p s  M a r i t i m e s ,  

S l o v e n i a )  and t o  t h e  N o r t h  ( T u r g a y  g a t e ,  " P o l i s h  c o n n e c t i o n " ) .  

From t h e  E a r l y  O l i g o c è n e  t h e  u p l i f t  and f o l d i n g  o f  t h e  H e l v e t i c ,  

U l t r a h e l v e t i c  u n i t s  and D i n a r i d s  c u t  t h e  seaways  t o  t h e  S o u th  

and a l s o  t h e  n o r t h e r n  sea c o n n e c t i o n s  came t o  an end .  The l o a d  

o f  t h e  nappe p i l e  i n i t i a t e d  t h e  f o r m a t i o n  o f  t h e  A l p i n e  f o r e -  

deep  w h i c h  s p r e a d  s l o w l y  n o r t h w a r d  d u r i n g  t h e  O l i g o c è n e  and 

E a r l y  M i o c e n e .  Due t o  t h e s e  nappe mo vem en ts  and a s t r o n g  g l o b a l  

e u s t a t i c  r e g r e s s i o n  t h e  f i r s t  i s o l a t i o n  o f  t h e  P a r a t e t h y s  has 

been  c o m p l e t e d  by t h e  end o f  t h e  NP 22 n a n n o p l a n k t o n  zone  ( F i g .  

3 ) .  The f i r s t  e n d e m i c  m o l l u s c  f a u n a  and a l s o  some e n d e m i c  nanno­

p l a n k t o n  s p e c i e s  d e v e l o p e d  i n  t h e  P a r a t e t h y s  t h i s  t i m e .  The 

p e r i o d  o f  endemism was combined  by an a n o x i c  e v e n t  e x t e n d i n g  

f r o m  t h e  R h in e  g r a b e n  t o  t h e  A r a l  s e a .  The L a t e  O l i g o c è n e  (NP 

24 n a n n o p l a n k t o n  z o n e )  g l o b a l  e u s t a t i c  t r a n s g r e s s i o n  r e a c h e d  

t h e  P a r a t e t h y s  b a s i n s  t h r o u g h  t h e  R h i n e  g r a b e n  ( s u p p l y i n g  a 

number  o f  b o r e a l  o r g a n i s m s )  and t h r o u g h  t h e  S l o v e n i a n  c o r r i d o r
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F i g .  3.  Recent d i s t r i b u t i o n  o f  the anoxic sediments o f  the NP 23 nannoplank- 
ton zone (Ear l y  Ol igocène)  dur ing the f i r s t  i s o l a t i o n  o f  the  Para- 
te thys .  Key: 1 -  non-anox ic  marine sedimenta t ion ,  2 -  anoxic marine 
and s l i g h t l y  b ra c k i s h  sedimentat ion,  3 -  i n a c t i v e  seaway, 4 -  ac­
t i v e  seaway, 5 -  endemic mol lusc fauna

w h o s e  M e d i t e r r a n e a n  i n f l u e n c e  can be t r a c e d  among t h e  L a t e  

O l i g o c è n e  s h a l l o w  w a t e r  m o l l u s c s  o f  H u n g a r y  ( F i g .  4 ) .  By t h e  

e n d  o f  t h e  O l i g o c è n e  t h e  R h i n e  g r a b e n  seaway  has been c l o s e d  

a n d  a n o n - m a r i n e  s e d i m e n t a t i o n  f o l l o w e d  i n  t h e  A l p i n e  m o l a s s e  

a r e a s  .

The  f o r m a t i o n  o f  t h e  f l y s c h  i n  t h e  C a r p a t h i a n s  g r a d u a l l y  

came t o  an end f r o m  t h e  West  t o  t h e  E a s t .  I t  t e r m i n a t e d  f o r  

e x a m p l e  i n  t h e  Magúra  u n i t  ( P o l i s h  p a r t )  i n  t h e  E a r l y  O l i g o ­

c è n e ,  w h i l e  i t  p r o c e e d e d  u n t i l  t h e  L a t e  E g g e n b u r g i a n  i n  t h e  

E a s t  C a r p a t h i a n s  ( T a r c ä u  u n i t ) .  The u p l i f t  o f  t h e  C a r p a t h i a n  

f l y s c h  b e l t s  a l s o  b e gan  d u r i n g  t h e  L a t e  O l i g o c è n e  and s h i f t e d  

f r o m  t h e  West t o  t h e  E a s t ,  f r o m  t h e  i n n e r  z ones  t o  t h e  o u t e r  

z o n e s .

The  C a r p a t h i a n  s t r u c t u r e s  fo r m e d  t h e  C a r p a t h i a n  f o r e d e e p ,  

w h o s e  f i r s t  b a s i n  b e g a n  t o  s u b s i d e  i n  t h e  L a t e  E g g e n b u r g i a n .  

The  g r e a t  E g g e n b u r g i a n  t r a n s g r e s s i o n  ( F i g .  5 )  r e a c h e d  t h e
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F ig .  4. Recent d i s t r i b u t i o n  o f  the marine sediments of  the NP 24 nannoplank- 
ton zone (Late Ol igocène) i n  the Paratethys ( f o r  key see F ig .  3)

F ig .  5. Recent d i s t r i b u t i o n  o f  the mar ine sediments o f  the nannoplankton 
zone NN 3 (E a r l y  Miocene) i n  the  Paratethys ( f o r  key see F ig .  3)
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P a r a t e t h y s  f r om  t h e  M e d i t e r r a n e a n  t h r o u g h  t h e  Rhône v a l l e y  and 

( p r o b a b l y )  t h r o u g h  t h e  S l o v e n i a n  c o r r i d o r  ( F i g .  2 ) .  T h r u s t i n g  

a n d  f o l d i n g  o f  t h e  N o r t h e r n  C a l c a r e o u s  A l p s ,  t h e  Waschberg zone  

a n d  t h e  Z d a n ic e  u n i t  c l o s e d  t h e  sea c o n n e c t i o n s  t o w a r d  t h e  

A l p i n e  molasse  a r e a s  an d  a l s o  c u t  t h e  C a r p a t h i a n - P a n n o n i a n  

r e a l m  f r o m  th e  Rhone v a l l e y .  The a c t i v i t y  o f  t h e  b a r r i e r s  

c a u s e d  a second ,  a l m o s t  c o m p l e t e  i s o l a t i o n  o f  t h e  P a r a t e t h y s  

( F i g .  6 )  i n  t h e  L a t e  O t t n a n g i a n - E a r l y  K a r p a t i a n  p r o d u c i n g  t h e  

e n d e m i c  Rz ehak ia  f a u n a .

F i g .  6. Recent d i s t r i b u t i o n  o f  the marine sediments and the b rack ish  
Rzehakia beds around the NN 3/4 nannoplankton zone boundary 
(Ear l y Miocene) be fo re  and dur ing the  seconds i s o l a t i o n  o f  
the Paratethys

The d i s a p p e a r i n g  o f  t h e  m a r in e  e n v i r o n m e n t  can be obse rv ed  

N o r t h  o f  t h e  A l p s  d u r i n g  t h e  M io c e n e .  The m a r i n e  s e d i m e n t a t i o n  

e n d e d  i n  t h e  R h in e  g r a b e n  d u r i n g  t h e  L a t e  O l i g o c è n e .  Fo r  t h e  

A l p i n e  molasse  t h e  E g g e n b u r g i a n - E a r l y  O t t n a n g i a n  t r a n s g r e s s i o n  

was  t h e  l a s t  m a r i n e  " m o m e n t " ,  h o w e v e r ,  t h e  n o n - m a r i n e  s e d i m e n ­

t a t i o n  p e r s i s t e d  i n  t h i s  a r e a .

E a s t  o f  t h e  A l p s  t h e  f o l d i n g  o f  t h e  C a r p a t h i a n s  was
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a c c o m p a n i e d  by t h e  f o r m a t i o n  o f  e x t e n s i o n a l  b a s i n s ,  l i k e  t h e  

V i e n n a ,  T r a n s y l v a n i a n ,  P a n n o n i a n ,  e t c .  b a s i n s .  T h e i r  r a p i d  s u b ­

s i d e n c e  began i n  t h e  K a r p a t i a n  and B a d e n i a n  t i m e s .

S t r o n g  M e d i t e r r a n e a n  i n f l u e n c e  c h a r a c t e r i z e s  t h e  f o s s i l  

f a u n a s  and f l o r a s  o f  t h e  P a r a t e t h y s  d u r i n g  t h e  K a r p a t i a n  and 

B a d e n i a n .  The a c t i v i t y  o f  t h e  M e d i t e r r a n e a n  seaway ( p r e s u m a b l y  

i n  S l o v e n i a )  d e c r e a s e d  o n l y  i n  t h e  L a t e  B a d e n i a n .  T h i s  i s  t h e  

t i m e  o f  t h e  i n v a s i o n  o f  t h e  endem ic  Konka f a u n a  f r o m  t h e  E a s t ­

e r n  P a r a t e t h y s ,  as i t  has  been  p o i n t e d  o u t  by Kókay ( 1 9 8 5 ) .  The 

E a s t e r n  P a r a t e t h y s  n a m e l y ,  due t o  i t s  p a l e o g e o g r a p h i c  s i t u a t i o n  

was n o t  v e r y  n e a r  t o  t h e  a n c i e n t  seaways  and t h u s  i t s  f a u n a s  

show more  endemi c  f e a t u r e s  d u r i n g  t h e  w h o l e  O l i g o c è n e  and 

M i o c e n e .

The movements o f  t h e  L a t e  B a d e n i a n  o r o g e n i c  phase  a l r e a d y  

d e f i n i t e l y  i s o l a t e d  t h e  P a r a t e t h y s  f r o m  t h e  w o r l d  s eas  and t h e  

e n d e m i c  S a r m a t i a n  f a u n a  d e v e l o p e d  ( F i g .  7 ) .  The L a t e  M i o c e n e -  

- P l i o c e n e  h i s t o r y  o f  t h e  P a r a t e t h y s  i s  c h a r a c t e r i z e d  by t h e  

g r a d u a l  d e c r e a s e  o f  t h e  s a l i n i t y  and t h e  s l o w  w a n d e r i n g  o f  t h e  

t e r r e s t r i c - f r e s h w a t e r  e n v i r o n m e n t  t o w a r d  t h e  E a s t .  H i g h l y  

e n d e m i c  P a n n o n ia n  and P o n t i a n  f a u n a s  r e n d e r  n o t  o n l y  t h e  e x t r a -  

b a s i n a l  b u t  a l s o  t h e  i n t e r b a s i n a l  c o r r e l a t i o n .  Some p a l e o g e o -  

g r a p h i c a l  and p a l e o b i o l o g i c a l  i n t e r p r e t a t i o n s  may s u g g e s t  t h a t  

t h e  C a s p i a n  and A r a l  s eas  a r e  t h e  o n l y  r e l i c t s  o f  t h e  f o r m e r  

huge  P a r a t e t h y s .

REFERENCES

B á l d i  T 1983 :  O l i g o c è n e  and Lower  M i o c e n e  f o r m a t i o n s  i n  H ungar y  
( i n  H u n g a r i a n ) .  A k a d é m i a i  K i a d ó ,  B u d a p e s t

B á l d i  T 19 8 A : E c l o .  G e o l .  H e l v . ,  77 ,  1 - 2 7 .

B á l d i  T 1986 :  M i d - T e r t i a r y  s t r a t i g r a p h y  and p a l e o g e o g r a p h i c  
e v o l u t i o n  o f  H u n g a r y .  A k a d é m i a i  K i a d ó ,  B u d a p e s t

B á l d i  T 1989 :  G e o l o g i c k y  z b o r n i k  40 ,  No. 1,  8 5 - 1 0 0 .

B á l d i  T ,  H o r v á t h  M, N agym aro sy  A, Varg a  P 1984 :  A c t a  G e o l .  
H u n g . ,  2 7 ,  4 1 - 6 5 .

B i j u - D u v a l  B, Letouzey J ,  M o n t a d e r t  L 1978 :  I n :  I n i t i a l  R e p o r t s  
o f  t h e  Deep Sea D r i l l i n g  P r o j e c t  (Hsü К and M o n t a d e r t  L 
e d s ) .  W a s h i n g t o n ,  4 2 ,  p a r t  1 ,  9 5 1 - 9 8 4 .

C i c h a  I  and K r y s t e k  I  1987 :  Comments on t h e  e a r l y  h i s t o r y  o f



3 8 4 A NAGYMAROSY

p- 1 1 n  2 E 223 — “•

F i g .  7. D i s t r i b u t i o n  o f  the  sedimentat ion types i n  the Carpathian-Pannonian 
region from the Midd le  Eocene to  the Late Miocene. Key: 1 -  marine 
molasse sed imenta t ion ,  2 -  non-marine molasse sedimentat ion,
3 -  f l ysch  sed imen ta t ion ,  4 -  unconformi ty

t h e Pa r a t e t h y s .  P r o c . 8 t h Congr . RCMNS > An n . I n s t  . G e o l .
Hu n g . , B u d a p e s t ,  7 0 , 3 2 3 - 328 .

К o k a y J 1 983 : G e o l . Hung . S e r . P a le o n t . ,  48 3 - 95.

L a s h k a r ev V N 1924 :  S u r  1es eq u i v a l e n t s  du s arm a t i e n S U p e r i e u r
an Ser b i e .  Z b o r n i k  Cv i j i c , 1 - 5 , B e o g ra d

Nagym a r osy A 1981 : E a r t h E v o l . Se i  . , 1 , 183 - 1 94

Nagym a r osy A and M ü l l e r  P 1 988 : Some A s p e c t s o f Neoge ne B i o -
s t r a t i g r a p h y  i n  t h e Panno n i a n  Вa s i n  (R 0 yde n and Но r  vá t h
ed s ) , 6 9 - 7 8 .

Nagym a r osy A and V o r o n i n a A A 1 989 : N a n n o p l a n k t on f r o m t h e
So l e n o v i a n  H o r i z o n  ( L ower O l i g o e e n e ,  So u t h S o v i e t U n i o n ) .
Me m o r i e d i  S c i e n z e  Ge o l o g i c h e , Padova ( i n p r e s s )



FROM TETHYS TO PARATETHYS 3 8 5

R ög l  F 1985 :  I n :  P l a n k t o n  s t r a t i g r a p h y  ( B o l l i  H M, S a u n d e r s  3 В, 
P e r c h - N i e l s e n  К e d s ) .  C am br i dge  U n i v e r s i t y  P r e s s ,  3 1 5 - 3 2 8 .

R ög l  F and S t e i n i n g e r  F 1983 :  Ann.  N a t u r h i s .  Museums W i e n ,  8 5 /A ,  
1 3 5 - 1 6 3 .

Royden  L H and H o r v á t h  F eds 1988:  AAPG M e m o i r ,  4 5 ,  394 .

S a n d u l e s c u  M 19 8 8 :  C e n o z o i c  T e c t o n i c  H i s t o r y  o f  t h e  C a r p a t h i a n s  
(R oyden  and H o r v á t h  e d s ) ,  1 7 - 2 6 .

S a r t o r i o  D and V e n t u r i n i  S 1988 :  A g i p  S . p . A . ,  236 .

S t e i n i n g e r  F,  Senes 3 ,  K leemann К,  R ö g l  F eds 1985 :  Neogene o f  
t h e  M e d i t e r r a n e a n  T e t h y s  and P a r a t e t h y s .  V o l .  1 - 2 ,  I n s t ,  
o f  P a l e o n t o l o g y ,  V ie n n a

S t e i n i n g e r  F,  M ü l l e r  C, R ög l  F 1988 :  C o r r e l a t i o n  o f  C e n t r a l
P a r a t e t h y s ,  E a s t e r n  P a r a t e t h y s  and M e d i t e r r a n e a n  Neogene 
S t a g e s  (R o yd e n  and H o r v á t h  e d s ) ,  7 9 - 8 8 .





Acta Geod. Geoph. Mont. Hung., Vo l .  25 ( 3 - 4 ) ,  pp. 387-397 (1990)

KINEMATICS OF THE PRINCIPAL TECTONIC UNITS OF HUNGARY FROM 
PALEOMAGNETIC OBSERVATIONS

E M á r t o n

Eötvös Loránd Geophysical  I n s t i t u t e  of  Hungary, H-1440 Budapest,
POB 35, Hungary

D i s t r i b u t i o n  o f  paleomagnet ic elements i n  t ime and between te c t o n ic  
u n i t s  i s  analyzed. As a r e s u l t ,  per iods o f  g re a t  m o b i l i t y  are recognized 
and s i g n i f i c a n t  d i f f e r e n c e s  between t e c t o n i c  u n i t s  pointed ou t .

In  a d d i t i o n  to  r e f e r r i n g  the c h a r a c t e r i s t i c  paleomagnet ic elements of  
each u n i t  to  the p resent  geographical  system and to  one ano ther ,  a compari ­
son i s  made o c c a s i ona l l y  w i t h  s tab le  Europe, A f r i c a  and o the r  u n i t s  from 
the Centra l  Medi ter ranean region.

Keywords: Hungary; m o b i l i t y ;  paleomagnetism; te c t o n ic  u n i t s

INTRODUCTION

P a l e o m a g n e t i c  d a t a  o f  t e c t o n i c  s i g n i f i c a n c e  a r e  known f r o m  

a l l  p r i n c i p a l  t e c t o n i c  u n i t s  o f  H u n g a r y ,  e x c e p t  t h e  Low er  and 

U pper  E a s t  A l p i n e ,  t h e  M i d - T r a n s d a n u b i a n  and t h e  Békés  u n i t s  

( F i g .  1 ) .  Some o f  t h e  o b s e r v a t i o n s ,  n a m e l y  t h o s e  made on t h e  

p r o d u c t s  o f  m i d - l a t e  M io cene  c a l c - a l c a l i n e  v o l c a n i s m  and on 

y o u n g e r  r o c k s  ( b o t h  i g n e o u s  and s e d i m e n t a r y )  s u g g e s t  t h a t  t h e  

t e c t o n i c  r e g i m e  r e s p o n s i b l e  f o r  t h e  p r e s e n t  a r r a n g e m e n t  o f  t h e  

t e c t o n i c  u n i t s  o f  F i g .  1 was o v e r  by t h a t  t i m e .  I n  c o n t r a s t ,  

g r e a t  m o b i l i t y  i s  i n d i c a t e d  by o l d e r  d a t a ,  r e p r e s e n t i n g  t h e  

T r a n s d a n u b i a n  C e n t r a l  r a n g e ,  t h e  B ü k k ,  t h e  R u d a b á n y a - A g g t e l e k , 

t h e  Gömör,  t h e  P e n n i n ,  t h e  Mecsek  and t h e  V i l l á n y  u n i t s  ( F i g .  1).

PALEOMAGNETIC ELEMENTS AS INDICATORS OF RELATIVE MOTION

A p a l e o m a g n e t i c  v e c t o r  c h a r a c t e r i z i n g  a t e c t o n i c  u n i t  f o r  

a c e r t a i n  g e o l o g i c a l  t i m e  i n t e r v a l  may c o i n c i d e  w i t h ,  o r  d e p a r t  

f r o m ,  t h e  d i r e c t i o n  e x p e c t e d  f o r  t h e  s a m p l i n g  a r e a  i n  t h e

Acta Geod. Geoph. Mont. Hung. 25, 1990 
Akadémiai Kiadó,  Budapest
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F i g .  1. P r in c ip a l  t e c t o n i c  u n i t s  of  Hungary a f t e r  Brezsnyánszky and Haas 
(1985)

a c t u a l  g e o c e n t r i c  d i p o l e  f i e l d .  The d e p a r t u r e  i s  a t t r i b u t e d  t o  

p a s t  m o t i o n s ,  w h i l e  c o i n c i d e n c e  i n  d e c l i n a t i o n  may be a c c i d e n ­

t a l .  S i m i l a r l y ,  r e l a t i v e  movements  be tw e e n  two  o r  more t e c t o n i c  

u n i t s  a r e  r e c o g n i z e d  when c o e v a l  p a l e o m a g n e t i c  d i r e c t i o n s  o f  

t e c t o n i c  v a l u e  a re  s i g n i f i c a n t l y  d i f f e r e n t .

Of  t h e  p a l e o m a g n e t i c  e l e m e n t s ,  i n c l i n a t i o n  r e f e r s  s t r a i g h t ­

f o r w a r d l y  t o  th e  l a t i t u d e  a t  w h ic h  t h e  re m a n e nce  was a c q u i r e d .  

I n  c o n t r a s t ,  a p a l e o d e c l i n a t i o n  may be t h e  r e s u l t  o f  c o m p l e x  

t e c t o n i c  r o t a t i o n s ,  t a k i n g  p l a c e  a f t e r  t h e  a c q u i s i t i o n  o f  re m a ­

n e n c e .

I t  f o l l o w s  t h a t  t h e  two  a n g u l a r  v a l u e s  o f  a s i n g l e  o b ­

s e r v e d  p a l e o m a g n e t i c  v e c t o r  a r e  o f  d i f f e r e n t  o r i g i n s .  T h i s  j u s ­

t i f i e s  t h e  g e n e r a l  p r a c t i c e  w h i c h  t r e a t s  t h e  p a l e o m a g n e t i c  e l e ­

m e n t s  s e p a r a t e l y  i n  t e c t o n i c  i n t e r p r e t a t i o n .

N e v e r t h e l e s s ,  t h e  c r u c i a l  i m p o r t a n c e  o f  p a l e o i n c l i n a t i o n s  

s h o u l d  be remembered when p a l e o d e c l i n a t i o n s  a r e  i n t e r p r e t e d  i n  

t e r m s  o f  t e c t o n i c  r o t a t i o n .  One i s  t h a t  even  l a r g e  d e c l i n a t i o n  

d e v i a t i o n s  may be i n s i g n i f i c a n t  when i n c l i n a t i o n s  a r e  s t e e p .

The  s e c o n d  i s  t h a t  t i g h t  g r o u p i n g  o f  c o e v a l  i n c l i n a t i o n s  w i t h i n
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a t e c t o n i c  u n i t  f o r  l o c a l i t i e s  n o t  f a r  f r o m  one a n o t h e r  i s  p e r ­

haps  t h e  mo s t  i m p o r t a n t  c r i t e r i o n  o f  h i g h - q u a l i t y  p a l e o m a g n e t i c  

r e s u l t s .  T h e r e f o r e ,  i t  i s  t h e i r  s c a t t e r  t h a t  s e t s  t h e  r e a l  l i m i t  

t o  t h e  r e s o l u t i o n  p o w e r  o f  p a l e o m a g n e t i c  d a t a  when t h e  s i g n i f i ­

c a n c e  o f  d e c l i n a t i o n  d i f f e r e n c e s  w i t h i n  a u n i t  i s  c o n s i d e r e d .

PALEOMAGNETIC EVIDENCES OF RELATIVE MOVEMENTS FOR THE PRINCIPAL 

TECTONIC UNITS

I n  t h i s  s e c t i o n  t h e  t i m e - d e p e n d e n c e  o f  p a l e o m a g n e t i c  e l e ­

m en ts  w i l l  be d i s c u s s e d ,  p e r i o d s  o f  g r e a t  m o b i l i t y  i d e n t i f i e d ,  

and p a t t e r n s  c h a r a c t e r i s t i c  o f  each  u n i t  co m p a r e d .

R e g i o n a l  c o n s i s t e n c y  w i t h i n  a u n i t  w i l l  be i l l u s t r a t e d  o c ­

c a s i o n a l l y .  These  i l l u s t r a t i o n s  a r e  i n t e n d e d  t o  d e m o n s t r a t e  t h e  

v a r i a b i l i t y  i n  t i g h t n e s s  o f  g r o u p i n g  and i n  t h e  c h a r a c t e r  o f  

s c a t t e r  f r o m  u n i t  t o  u n i t  and d e p e n d i n g  on t i m e  w i t h i n  a u n i t .

C o n c e r n i n g  t h e  r e l a t i o n s h i p  o f  t h e  p r i n c i p a l  t e c t o n i c  

u n i t s  o f  H u n g a r y  t o  o t h e r s  i n  t h e  C e n t r a l  M e d i t e r r a n e a n  R e g i o n ,  

r e f e r e n c e s  w i l l  be o n l y  g i v e n .  H o w e v e r ,  A f r i c a n  and E u ro p e a n  

p a l e o m a g n e t i c  p o l e s  ( W e s t p h a l  e t  a l .  19B6)  w i l l  a p p e a r  i n  some 

f i g u r e s ,  r e p r e s e n t i n g  r e f e r e n c e  s y s t e m s  o t h e r  t h a n  t h e  p r e s e n t  

g e o g r a p h i c a l  o n e .

F i g u r e  2 i n  w h i c h  p a l e o m a g n e t i c  e l e m e n t s  a r e  p l o t t e d  

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

s o u t h  o f  t h e  M i d - H u n g a r i a n  S t r u c t u r a l  Zone r e v e a l s  t h a t  t h e  

l a s t  p e r i o d  o f  g r e a t  m o b i l i t y  i s  i n  f a c t  v e r y  y o u n g .  D e c l i n a ­

t i o n s  o b s e r v e d  on T e r t i a r y  r o c k s  s u g g e s t  p o s t - e a r l y  M i o c e n e  r o ­

t a t i o n s ,  i n  CCW s e n s e  n o r t h ,  i n  CW s e n s e  s o u t h  o f  t h e  z o n e .  

I n d i c a t i o n s  f o r  M i o c e n e  r o t a t i o n s  o t h e r s  t h a n  shown i n  F i g .  2 

w ere  a l s o  f o u n d  f o r  t h e  P e n n in  U n i t  ( M á r t o n  e t  a l .  1987 :  CCW) 

and f o r  t h e  Gömör U n i t  ( M á r t o n  P, p e r s .  comm. :  CCW). A l l  t h e s e  

movements  mu s t  ha ve  been c o e v a l ,  f a s t  and i n d e p e n d e n t  o f  t h e  

m o t i o n  o f  A f r i c a  and s t a b l e  E u r o p e ,  r e s p e c t i v e l y  ( F i g .  3 ) .

P a l e o m a g n e t i c  e l e m e n t s  f o r  t h e  M e s o z o i c  s u g g e s t  t h a t  t h e  

T r a n s d a n u b i a n  C e n t r a l  Range U n i t  moved i n  c o o r d i n a t i o n  w i t h  t h e  

A f r i c a n  p l a t e  ( M á r t o n  and M á r t o n  1 9 8 3 ) .  The movement  i s  r e ­

f l e c t e d  i n  b o t h  d e c l i n a t i o n  and i n c l i n a t i o n :  CW r o t a t i o n  a c ­

co m p a n i e d  by s o u t h w a r d  s h i f t  s t a r t e d  i n  t h e  m i d - J u r a s s i c  ; t h e
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DEC INC

F i g .  2.  Time-dependence o f  paleomagnet ic elements f o r  d i f f e r e n t  t e c t o n i c
u n i t s .  Abb rev i a t ions :  C -  Carboni ferous ; P -  Permian; Tr -  T r i a s s i c ;  
J -  Jurass ic ;  К -  Cretaceous; Те -  Eocene; To -  Ol igocène; Tm -  Mio­
cene; CW -  c lockwise r o t a t i o n ;  CCW -  counterclockwise r o t a t i o n ;
N -  s h i f t  to  n o r t h ;  S -  s h i f t  to  south.  Key: f u l l  or  l a rge  symbols: 
d i r e c t i o n s  based on more than two l o c a l i t i e s ;  l i g h t  o r sma l l  sym­
bo l s :  d i r e c t i o n s  based on less than th ree l o c a l i t i e s ;  heavy arrows 
in d ic a te  the p o s i t i o n  o f  the magnet ic elements in  the p resent  geo­
g raphica l  system;
-  c i r c l e ,  Transdanubian Centra l  Range U n i t  (1,  9-10: Márton E 1988, 

2-8: Márton and Márton 1983)
-  square, Mecsek U n i t  (a ,  b, g,  h: Márton E 1986, c - f :  Márton E, 

unpubl ished)
-  t r i a n g l e ,  V i l l á n y  U n i t  (Márton E 1988 and unpubl ished)
-  a s te r i sks ,  Rudabánya-Aggtelek U n i t  (Márton e t  a l .  1988)
-  cross,  Bükk U n i t  (Márton E 1989)

t h e  d i r e c t i o n  o f  t h e  m o t i o n  changed  i n  t h e  e a r l y  C r e t a c e o u s  so 

t h a t  by t h e  end o f  C r e t a c e o u s  b o t h  t h e  n e t  r o t a t i o n  and t h e  

l a t i t u d e  o f  t h e  U n i t  was t h e  same as i n  t h e  e a r l y  J u r a s s i c  

( F i g .  2 ) .  The f e a t u r e s  o f  t h e  M e s o z o i c  d e c l i n a t i o n  -  i n c l i n a t i o n
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F ig .  3. The p o s i t i o n  o f  Miocene poles p re d a t in g  the ca l c -a lc a l in e  volcanism 
(c a l c u la t e d  from measured paleomagnet ic elements) .  Abbrev ia t ions :
CW -  c lockwise;  CCW -  coun te rc lockw ise  r o t a t i o n  w i th  respect  t o  the 
present  o r i e n t a t i o n ;  Tm -  the common Miocene pole fo r  A f r i c a  and 
s t a b l e  Europe; Eu Те -  Eocene po le  f o r  s tab le  Europe; A f r  Те -  Eo­
cene pole f o r  A f r i c a .  Key: f u l l  c i r c l e ,  paleomagnetic poles f o r  the 
Bükk U n i t  (1:  average pole f o r  Eocene to  Egerian sediments and 
lower ig n im b r i t e  hor i zon ;  2: average pole f o r  Ottnangian sediments 
and upper ig n im b r i t e  hor i zon)
-  empty c i r c l e ,  paleomagnetic pole f o r  the Gömör Uni t  (a s i n g l e  

sedimentary l o c a l i t y  o f  Ot tnangian age)
-  squares, poles f o r  the Transdanubian Centra l  Range Un i t  (1 .  a 

s i n g le  sedimentary l o c a l i t y  o f  Eocene age, 2. average po le f o r  
andesi tes o f  30 Ma and remagnet ized Carboni ferous g r a n i te )

-  t r i a n g l e ,  pole f o r  the Mecsek U n i t  (average f o r  the Komló andes i te  
o f  21 Ma)

Pole f o r  the Pennin U n i t  i s  not shown, f o r  the l o c a l i t y  mean d i r e c ­
t i o n s  are too sca t te red  to  give an o v e r a l l  mean w i th  s a t i s f a c t o r y  
s t a t i s t i c a l  parameters

p a t t e r n  f o r  t h e  T r a n s d a n u b i a n  C e n t r a l  Range U n i t  can be r e ­

g a r d e d  as d i a g n o s t i c  o f  S o u t h e r n  T e t h y a n  o r i g i n ,  f o r  c o e v a l  

p a l e o m a g n e t i c  e l e m e n t s  f o r  t h i s  u n i t  and f o r  t h e  U m b r i a n  A p e n ­

n i n e s  a g r e e  c l o s e l y  ( M á r t o n  and M á r t o n  1 9 8 5 ,  M á r to n  e t  a l .  1987).
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W i t h i n  t h e  T r a n s d a n u b i a n  C e n t r a l  Range U n i t  r e g i o n a l  c o n ­

s i s t e n c y  c h a r a c t e r i z e d  t h e  p e r i o d  o f  M e s o z o i c  m o b i l i t y  ( e . g .  

T i t h o n i a n  p o l e s  i n  F i g .  4 a re  c l u s t e r e d  w h i l e  t h e  T i t h o n i a n  

s a m p l i n g  l o c a l i t i e s  a r e  s p re a d  o v e r  an a r e a  shown by F i g .  5 ) .

F i g .  4.  T r i ass i c  and T i t h o n ia n  paleomagnetic po les f o r  the Transdanubian 
Centra l  Range U n i t .  T r i ass ic  poles (numbered t r ia n g l e s )  f a l l  on a 
great  c i r c l e  (dashed l i n e )  drawn around the studied area (heavy a r ­
row),  j o i n i n g  A f r i c a n  and European T r i a s s i c  poles;  t h i s  c i r c l e  r e ­
presents po in ts  o f  equal po la r d i s t a n c e ,  i . e .  the i n c l i n a t i o n s  de­
termined f o r  the Transdanubian C e n t r a l  Range Uni t  correspond t o  the 
value expected e i t h e r  in  a European o r  i n  an A f r i can system. The 
spread i s  due to  d i f f e r i n g  degree o f  CCW r o t a t i o n  w i th  respec t  to  
A f r i c a .  T i t hon ian  po les ,  on the o th e r  hand, are c lustered

I n  c o n t r a s t ,  smeared  d i s t r i b u t i o n  due  t o  d i f f e r e n c e s  i n  d e c l i ­

n a t i o n  was o b s e r v e d  f o r  ages p r e d a t i n g  t h e  o p e n in g  o f  t h e
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F ig .  5. S i m p l i f i e d  geolog ica l  map o f  the  Transdanubian Cent ra l  Range Un i t
showing T i t hon ian  and T r i a s s i c  sampl ing l o c a l i t i e s  and paleomagnet ic 
d e c l in a t i o n s  as arrows. T r i a s s i c  l o c a l i t i e s  are numbered. The num­
bers correspond to  those i n  F ig .  4. Key to  the geo log ica l  map: 
a -  Carboni ferous;  b -  Permian; c -  T r i a s s i c ;  d -  Ju ra ss ic ;  
e -  Cretaceous

T e t h y s  ( e . g .  T r i a s s i c  p o l e s  i n  F i g .  4 d e t e r m i n e d  f o r  l o c a l i t i e s  

p l o t t e d  i n  F i g .  5 ) .  T h i s  s i t u a t i o n  i s  p r o b a b l y  t h e  r e s u l t  o f  

b l o c k  r o t a t i o n s  t h a t  may have  a c c o m p a n i e d  t h e  d i s i n t e g r a t i o n  o f  

t h e  T r i a s s i c  c a r b o n a t e  p l a t f o r m ,  s i n c e  t h e  r e g i o n a l  d i s t r i b u ­

t i o n  o f  t h e  more  and l e s s  r o t a t e d  d e c l i n a t i o n s  i s  n o t  s y s t e m ­

a t i c .

Of  t h e  t e c t o n i c  u n i t s  s i t u a t e d  t o d a y  NE o f  t h e  T r a n s ­

d a n u b i a n  C e n t r a l  Range U n i t  t h e  T r i a s s i c  f o r  t h e  R u d a b á n y a - A g g -  

t e l e k ,  and t h e  T e r t i a r y  o f  t h e  Bükk  U n i t  were  s t u d i e d  so f a r  

s y s t e m a t i c a l l y  and s u c c e s f u l l y .  Compared  t o  t h e  f i r s t ,  t h e  l a t ­

t e r  e x h i b i t  e x c e s s  CCW r o t a t i o n  ( F i g .  2 ) .

The T e r t i a r y  r o t a t i o n  was shown t o  have  a f f e c t e d  t h e  w h o le  

s o u t h e r n  m a r g i n  o f  t h e  Bükk ( F i g .  6 ) .  I t s  maximum a m p l i t u d e  

w h i c h  was o b s e r v e d  i n  t h e  Bükk  on P a l e o g e n e  s e d i m e n t s  and



F ig .  6. Paleomagnetic sampl ing area a t  the southern margin o f  the Bükk. L o c a l i t i e s  1-6 are i n  lower ig n im b r i t e  
(and t u f f )  hor i zon ;  7-12 are l a t e  Eocene, 13-14 l a t e  Ol igocène sediments; 15-18 belong to  the upper i g ­
n imbr i te  (and t u f f )  hor i zon.  Geological  map i s  modi f ied a f t e r  Balogh (1963).  Key to  the geo log ica l  map: 
A -  Eocene sediments; В -  Ol igocene-Ot tnangian sediments; C -  lower i g n im b r i t e  hor i zon;  D -  lower t u f f  
hor i zon;  E -  upper i g n im b r i t e  hor i zon;  F -  upper t u f f  hor i zon

39 4 
E 
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v o l c a n i c s  b e l o n g i n g  t o  t h e  l o w e r  i g n i m b r i t e  h o r i z o n  and a l s o  i n  

t h e  M á t r a  f o r  Eocene a n d e s i t e  ( M á r t o n  P,  p e r s .  com m .) ,  i s  l a r g ­

e r  t h a n  t h e  d e c l i n a t i o n  r o t a t i o n  o f  the  T r a n s d a n u b i a n  C e n t r a l  

Range U n i t .  The r o t a t i o n  mus t  have  been  f a s t ,  f o r  CCW r o t a t i o n  

i s  l e s s  p r o n o u n c e d  f o r  t h e  u p p e r  i g n i m b r i t e  h o r i z o n  i n  t h e  Bükk. 

M o d e r a t e  CCW r o t a t i o n  f o r  M io ce n e  s e d i m e n t s  n o r t h  o f  t h e  Bükk  

and i n  t h e  Gömör U n i t  ( M á r t o n  P,  p e r s .  comm.)  matches  i n  a n g l e  

t h a t  o f  t h e  u p p e r  i g n i m b r i t e  h o r i z o n .  Though  d i r e c t l y  n o t  

p r o v e n ,  t h e  R u d a b á n y a - A g g t e l e k  U n i t  may a l s o  have p a r t i c i p a t e d  

i n  t h e  r o t a t i o n  t h a t  can f u l l y  a c c o u n t  f o r  t h e  d e c l i n a t i o n s  o b ­

s e r v e d  on T r i a s s i c  r o c k s  ( F i g .  2 ) .

S o u t h  o f  t h e  M i d - H u n g a r i a n  S t r u c t u r a l  Zone,  p a l e o m a g n e t i c  

e l e m e n t s  show l e s s  v a r i a t i o n .  D e c l i n a t i o n  d a ta  a v a i l a b l e  f r o m  

and c h a r a c t e r i s t i c  o f  t h e  Mecsek U n i t  a r e  c o n s i s t e n t  f r o m  t h e  

C a r b o n i f e r o u s  t h r o u g h  t h e  V a l a n g i n i a n - H a u t e r i v i a n , w i t h  i n s i g ­

n i f i c a n t  n e t  r o t a t i o n  r e l a t i v e  t o  t h e  p r e s e n t  o r i e n t a t i o n .  Ob­

s e r v a t i o n s  f o r  t h e  V i l l á n y  U n i t  a r e  s i m i l a r  i n c l u d i n g  t h o s e  o b ­

t a i n e d  on A l b i a n  s e d i m e n t s .  The l a c k  o f  s i g n i f i c a n t  r o t a t i o n s  

s u g g e s t s  t h a t  t h i s  t i m e - i n t e r v a l  was u n e v e n t f u l  f o r  t h e  T i s z a  

U n i t .  M o r e o v e r ,  i t  i m p l i e s  t h a t  t h e  p o s t - C r e t a c e o u s  CW r o t a t i o n  

mus t  have  been  common t o  t h e  w h o l e  T i s z a  U n i t ,  o t h e r w i s e  t h e  

a g r e e m e n t  i n  d e c l i n a t i o n  be tw e e n  t h e  M ór ágy  a r e a ,  t h e  E a s t e r n  

and W e s t e r n  Mecsek and t h e  V i l l á n y  H i l l s  wou ld  be t o o  much o f  

c o i n c i d e n c e .  R e c e n t  s t u d i e s  on l a t e  C r e t a c e o u s  f o r  t h e  A p u s e n i  

Mts  s u p p o r t  t h i s  a r g u m e n t  as a l a r g e  CW r o t a t i o n  was o b s e r v e d  

( P a t r a s c u  e t  a l . ,  p e r s .  c o m m .) .  T h i s  r e a s o n i n g  t a c i t l y  i m p l i e s  

t h a t  i n t r u s i v e s  s h o w in g  CW r o t a t i o n  i n  t h e  Mecsek U n i t  m u s t  be 

o f  p o s t - A l b i a n  age ,  and t h e  u p p e r  age  l i m i t  o f  t h e  CCW r o t a t i o n  

i s  n o t  c o n s t r a i n e d  p a l e o m a g n e t i c a l l y .

W h i l e  d e c l i n a t i o n s  a r e  f a i r l y  c o n s i s t e n t ,  i n c l i n a t i o n s  a r e  

p r o b l e m a t i c  i n  t h e  T i s z a  U n i t ,  f o r  d i f f e r e n t  r e a s o n s .  Some o f  

them a r e  s i m p l y  h i g h e r  t h a n  e x p e c t e d :  e . g .  m i d - T r i a s s i c  f o r  t h e  

Mecsek  U n i t  w h i c h ,  a c c o r d i n g  t o  t h e  g e n e r a l  t r e n d  o f  n o r t h w a r d  

s h i f t  o f  a l l  t e c t o n i c  u n i t s  i n  t h e  M e d i t e r r a n e a n  r e g i o n  and 

t h a t  o f  a l l  m a j o r  p l a t e s  ( C a r b o n i f e r o u s - M i d - J u r a s s i c , F i g .  2 

d o u b l e  l i n e )  w o u ld  be more s a t i s f a c t o r y  f o r  l a t e ,  t h a n  m i d -  

- T r i a s s i c .  O t h e r s  a r e  t o o  h i g h  t o  be accom odat ed  by t h e  s p a c e



3 9 6 E MÁRTON

b e t w e e n  two l a r g e  p l a t e s  ( F i g .  7 ) .  M o r e o v e r ,  ave ra g e  i n c l i n a ­

t i o n s  d e t e r m i n e d  f o r  t h e  same age f o r  t h e  Mecsek and t h e  V i l ­

l á n y ,  r e s p e c t i v e l y ,  d i f f e r  s i g n i f i c a n t l y .  These  a re  p r o b l e m s  t o  

be s o l v e d  e i t h e r  by f i n d i n g  t h e  s o u r c e  o f  i n c l i n a t i o n  e r r o r  o r  

e r r o r  i n  d a t i n g .  I n  t h e  case  i f  t h e s e  " a n o m a l i e s "  p r o v e  t o  be 

c o r r e c t ,  t e c t o n i c  m o d e l s  must  be m o d i f i e d .

F ig .  7. Late Ju rass ic  -  E a r l y  Cretaceous paleomagnet i c poles f o r  the Mecsek 
(square) ,  V i l l á n y  ( t r i a n g l e )  and Transdanubian Central  Range ( d o t )  
Un i t s  compared to  A f r i c a n  and European refe rence  systems. C i r c l e s  
o f  equal angu lar  d i s tance  are drawn i n  dashed l i n e .  Poles s i t u a t e d  
along a c i r c l e  r e f l e c t  d i f fe rences  i n  i n c l i n a t i o n ,  d i f f e r e n t  c i r c l e s  
d i f fe re nce s  i n  the  l a t i t u d e  of mag ne t i za t i on .  Numbers, L a t i n  and 
Greek l e t t e r s  r e f e r  to  F ig.  2

CONCLUSIONS

1 . A Neogene p e r i o d  o f  g r e a t  m o b i l i t y  i s  common t o  a l l  

p r i n c i p a l  t e c t o n i c  e l e m e n t s  o f  H u n g a r y .  T h i s  p e r i o d  must  have
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been s h o r t ,  movements  r a p i d  and p r o b a b l y  s i g n i f y i n g  t h e  f i n a l  

w e l d i n g  o f  t h e  t e c t o n i c  u n i t s  o f  H u n g a r y  t o  s t a b l e  E u r o p e .

2 .  No t  o n l y  u n i t s  n o r t h  and s o u t h  o f  t h e  M i d - H u n g a r i a n  

S t r u c t u r a l  Zone moved i n  d i f f e r e n t  m anner s  i n  t h e  c o u r s e  o f  

t h i s  e v e n t ;  n o r t h  o f  t h e  zone d i f f e r e n t i a l  r o t a t i o n s  t o o k  p l a c e  

b e t w e e n  t h e  P e n n i n ,  t h e  T r a n s d a n u b i a n  C e n t r a l  Range and  t h e  

Bükk  U n i t s ,  r e s p e c t i v e l y .

3 .  The M e s o z o i c  p a t t e r n  o f  d e c l i n a t i o n  and i n c l i n a t i o n  

d e p e n d e n c e  on t i m e ,  d i a g n o s t i c  o f  t e c t o n i c  u n i t s  o r i g i n a t e d  

f r o m  t h e  s o u t h e r n  m a r g i n  o f  t h e  T e t h y s  ( e . g .  T r a n s d a n u b i a n  

C e n t r a l  Range U n i t )  i s  n o t  r e c o g n i z e d  i n  t h e  p a l e o m a g n e t i c  d a t a  

f o r  t h e  T i s z a  U n i t .

4 .  M e s o z o i c  and T e r t i a r y  i n c l i n a t i o n s  f o r  t h e  T i s z a  U n i t ,  

w i t h  t h e  e x c e p t i o n  o f  O x f o r d i a n  i n c l i n a t i o n  f o r  t h e  Mec sek  

( p o i n t  d i n  F i g .  2 )  a r e  h i g h e r  t h a n  t h o s e  f o r  o t h e r  u n i t s .  T h i s  

s u g g e s t  t h a t  t h e  T i s z a  U n i t  was s i t u a t e d  c l o s e r  t o  s t a b l e  

E u r o p e  t h a n  t h e  o t h e r s .
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GENERAL ISSUE

A DOPPLER SATELLITE-DERIVED DATUM FOR NIGERIA

C U E z e i g b o

Dept, of  Surveying,  Facu l t y  o f  Engineer ing,  U n iv e r s i t y  o f  Lagos, 
Akoka, Yaba, Lagos, N iger ia

[Manuscr ipt  rece ived March 23, 1987, rev ised January 13, 1988]

The Doppler s a t e l l i t e  technique i s  ex ten s iv e ly  used i n  the  l o c a l  datum 
de terminat ion .  In t h i s  paper,  p re l im in a ry  r e s u l t s  o f  the A f r i c a n  Doppler 
S a t e l l i t e  (ADOS) program are used to  determine a datum f o r  N i g e r i a .  The 
fo l l o w i n g  conclus ions,  based on our i n v e s t i g a t io n s  are a r r i v e d  a t :
a) The in c lu s i o n  o f  a sca le  parameter in  the datum de te rmina t ion  leads to 

a la rge  d i s t o r t i o n  o f  the r e s u l t s .
b) The use of  d i f f e r e n t  se ts  o f  the est imable parameters ( s h i f t  and/or  ro ­

t a t i o n )  leads to  r e s u l t s  o f  comparable d iscrepancies.  The f o l l o w i n g  
values:  X0 = -76.2 +_ 0.9 m; Y0 = -107.7 + 2.6 m; Z0 = 56.1 + 4.2 m;
Ex = 0.1 + 0 . 1  sec; £y = 2.0 + 0.1 sec; E, = 0.3 + 0.1 sec are the 
best  est imates o f  the parameters based on the a v a i la b l e  observa t ions .

c)  More observat ions are needed to  determine a r e l i a b l e  datum f o r  the 
coun try .

Keywords: datum; D o p p l e r - s a t e l l i t e  observat ion;  N iger i a

INTRODUCTION

G e o d e t i c  da tum s a r e  b a s i c  f r a m e w o r k s  f o r  t h e  g e o d e t i c  

o p e r a t i o n s .  O n l y  w e l l - d e f i n e d  da tu m s a r e  a d e q u a t e  f o r  s uch  

o p e r a t i o n s .  M o r e o v e r ,  modern  g e o d e t i c  o p e r a t i o n s  demand com­

p a t i b i l i t y  be tw e e n  g e o d e t i c  r e f e r e n c e  s y s t e m s  f o r  t h e  i m p r o v e ­

ment  o f  t h e  g e o d e t i c  n e t w o r k s  t h r o u g h  t h e  e v e r  i n c r e a s i n g  a c ­

c u r a c i e s  o f  t h e  space  t e c h n i q u e s .  C o m p a t i b i l i t y  b e t w e e n  da tums 

i s  a l s o  needed i n  t h e  e x e c u t i o n  o f  g l o b a l  p r o j e c t s  (N agy  1 9 7 4 ) .

The A f r i c a n  D o p p l e r  S u r v e y s  (ADOS) p r o g r a m  w h i c h  i s  i n ­

t e n d e d  t o  p r o v i d e  a u n i f i e d  da tum f o r  t h e  A f r i c a n  c o n t i n e n t  

( M u e l l e r  1 9 8 2 ) ,  w i l l  a l s o  p r o v i d e  member c o u n t r i e s  a u n i q u e  

o p p o r t u n i t y  t o  a s s e s s  and i m p r o v e  t h e i r  own i n d i v i d u a l  l o c a l  

d a t u m s .

O b v i o u s l y ,  t h e  use  o f  t h e  D o p p l e r  s a t e l l i t e  o b s e r v a t i o n s

Acta Geod. Geoph. Mont. Hung. 25, 1990 
Akadémiai  Kiadó,  Budapest
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i n  a g e o d e t i c  datum d e t e r m i n a t i o n  o r  r e c t i f i c a t i o n  p r e s u p p o s e s  

t h a t  t h e  s a t e l l i t e  s y s t e m  c o i n c i d e s  w i t h  t h e  A v e r a g e  T e r r e s t r i ­

a l  S ys te m  (ATS) t o  w i t h i n  a c c e p t a b l e  l i m i t .

A number o f  a t t e m p t s  have  been made t o  d e t e r m i n e  a g e o ­

d e t i c  datum f o r  N i g e r i a  u s i n g  D o p p l e r  s a t e l l i t e  o b s e r v a t i o n s .  

T a b l e  I  shows t h e  r e s u l t s  o f  a few s uch  d e t e r m i n a t i o n s .  The 

r e s u l t s  a re  based on t h e  c o m p a r i s o n  o f  c o o r d i n a t e s  o f  a number  

o f  s t a t i o n s  on b o t h  t h e  WGS 72 r e f e r e n c e  s y s t e m  and t h e  l o c a l  

r e f e r e n c e  sys te m i n  u s e  i n  N i g e r i a .  V e r y  l a r g e  d i s c r e p a n c i e s  

e x i s t  be tween t h e  r e s u l t s .  A l l  t h e  d e t e r m i n a t i o n s  have  u t i l i z e d  

d i f f e r e n t  n e t w o r k  p o i n t s ,  as w e l l  as d i f f e r e n t  number o f  o b ­

s e r v a t i o n s .  The d i s c r e p a n c i e s  i n  t h e s e  r e s u l t s  a r e  m a i n l y  a 

d i r e c t  consequence  o f  t h e s e  d i f f e r e n c e s .  H o w e v e r ,  t h e  i n h e r e n t  

i n s t a b i l i t y  i n  t h e  d a t u m  d e t e r m i n a t i o n  p r o b l e m s  a c c o u n t s  f o r  a 

s u b s t a n t i a l  p a r t  o f  t h e  d i s c r e p a n c i e s .  How b e s t  t o  r e s o l v e  

t h e s e  d i s c r e p a n c i e s  i s  a s u b j e c t  o f  c r i t i c a l  s t u d i e s  i n  t h e  

d a t u m  d e t e r m i n a t i o n .

T a b l e  I .  D i f f e r e n t  e s t i m a t i o n s  o f  da tu m f o r  N i g e r i a

Parameters

I n v e s t i g a t o r X0
(m)

Yo
(m)

Z0
(m)

Ex
(sec)

£y
(sec) (sec) К

Obenson and 
Fajemirokun (1979) -73 -113 -0 - - - -

Oyeneye (1985) - 90 .3  
+1 .2

-107.9 
+ 1 .2

115.6 
+1.2 - - - -

Fajemirokun and 
Orupabo (1986)

-160.4
+0.1

-67.4
+0.0

144.0
+0.0

0.4
+3.0

1 .2 
+4.6

1 .7 
+3.7

1 .Ox 10"6 
+14.0 X IQ-6

The o b j e c t i v e  o f  t h i s  s t u d y  i s  t h e r e f o r e  t o  c o n s i d e r  a 

n u m b e r  o f  m o d e l l i n g  t e c h n i q u e s  w i t h  a v i e w  t o  d e r i v e  a da tum o f  

a b e s t  f i t .  We s h a l l  i n v e s t i g a t e  t h e  t y p e  and t h e  number  o f  

p a r a m e t e r s  t h a t  may be r e a s o n a b l y  d e t e r m i n e d ,  u s i n g  t h e  a v a i l ­

a b l e  o b s e r v a t i o n s .  The e f f e c t s  o f  v a r y i n g  t h e  number  and t h e
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c o n f i g u r a t i o n  o f  t h e  o b s e r v a t i o n  p o i n t s  a r e  a l s o  i n v e s t i g a t e d .  

We s h a l l  a l s o  v a r y  t h e  w e i g h t i n g  p r o c e d u r e s .

1 .  BASIC MATHEMATICAL FORMULATION

1.1 The t r a n s f o r m a t i o n  p a r a m e t e r s

L e t  a p o i n t  P i n  space  be r e f e r r e d  t o  two  c o o r d i n a t e  

s y s t e m s .  L e t  X, Y, 2 be t h e  s p a c e  r e c t a n g u l a r  c o o r d i n a t e s  o f  P 

i n  a s a t e l l i t e  r e f e r e n c e  s y s t e m  w h i l e  x ,  y ,  z a r e  t h e  c o o r d i ­

n a t e s  o f  P i n  t h e  l o c a l  r e f e r e n c e  s y s t e m .  X, Y, Z and x ,  y ,  z 

a r e  r e l a t e d  by t h e  f o l l o w i n g  e q u a t i o n s  ( E z e i g b o  1 9 8 6 ) :

X; = X X+ + К 1>OJ £ z .1 0 1 Z 1 У 1

Y. = Y + Ky. -  К £ x . + К £ z .
1 0 y 1 z 1 X 1

z. = N+ + к 1xOJ £ V .
1 0 1 y 1 3 1

(1 )

w h e r e  t h e  t r a n s l a t i o n  (X , Y , Z ) ,  t h e  r o t a t i o n ,  ( £ , £ , £ )U U U A y L.
and t h e  s c a l e  К a r e  t h e  t r a n s f o r m a t i o n  p a r a m e t e r s  ( F i g .  1 ) .  A 

l i n e a r i z e d  fo r m  o f  ( 1 )  i s  g i v e n  by

dXi  = dXo -  Ka2 i d Ey ♦ KaY id £z ♦ ( x i +  £ ayr  £aZ i ) dK +

+ K ( x i + £zyi ~  V P  + Xo -  Xi

dYi  = dYo + KV  £ x -  “ V  £z + (y i  -  £z V  Ф Р  dK +

+ Ka ( y r  CaZ i ) ♦ Ya -  Yd

( 2)

dZi  = dZo -  KV £ x + кЭхР £ у + (z i + £ y V  £xyP  dK +

1 /3  /  p  3  r  3  \  -7 Э -7 Ö

+ K (z i + £ yxi -  £xyi ) + Zo -  Zi  >

w h e r e  t h e  s u p e r s c r i p t s  " a "  and " b "  r e f e r  t o  t h e  a p p r o x i m a t e  and 

o b s e r v e d  v a l u e s  r e s p e c t i v e l y .
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F ig .  1 . Transformat ion from Doppler coord ina te  system to  lo c a l  coord ina te  
system

We d e f i n e  t h e  t e r m s  i n  e q u a t i o n  ( 2 )  as f o l l o w s :

xT = ( d X o> dYo ’ dZo> d £ x ’ d£y ’ d £ z> dK) 

VT = ( d X ] , dY1 , dZ] , dX2> dY2 , dZ2> . . . )

( 3 )

( 4 )

1 =

v 3  wb ./ 3 / r-3 r  3  \x_ - x1 + к (X1+ ezy1 - eyz1 )О

y a _ yb 
о r l

' z y 1

Ka ( у n-  £ ^ x i + E v z i )x ^ l

Zo -  Zï  + X ^ Z1 + £ / l -  W  

Xo -  X2 + K" ( x 2+ £ " у 2 -  £ y z 2 )2

V a _ y b 
To ' 2 K ( y 2_ £ z x 2 + £ x z 2 )

7  9 -7 U 1/3/ r 3 p 3 \
Zo -  Z2 + K Z2+ £ y X2~ E x y 2 }

( 3)
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~ 1 0 0 0 -Kazi 1/3
к у . (xl +

0 1 0 Л , 0 -Ках.| ( y r  £' v  EaZ ] )

0 0 1 -к’ у, Kax1 0 ( z 1 + Eaxr  £аУ ] )

A = 1 0 0 0 -Kaz2 Kay2 ( x 2+ Eay2-  £az2) , (6 )

0 1 0 Kaz2 0 -Ках2 ( y2_ £ zx2+ £xz2')

0 0 1 „a-K y2 К x2 0 ( z 2+ £yx2 _ £ " у2)

w h e re  dX dY , dZ, dX0 , dYo dZo > d £ x> d£ , d£ , and dK a r e  t h e

c o r r e c t i o n s t o  Xb , Yb , Zb , Xa , Ya , Z3 , r 3 r  3 r  3 1 ./ 3£ . £ . £ and К .0 ’ о ’ o ’ X '  у  ' Z

A m a t r i x  f o r m  o f  Eq. ( 2 ) ,  m a k i n g  use  o f  Eqs ( 3 - 6 ) ,  i s  

g i v e n  b y :

V = Ax + 1 . ( 7 )

The l e a s t  s q u a r e s  s o l u t i o n  o f  Eq. (7)  i s  g i v e n  by E z e i g b o  (1986) :

X = - ( A TP A ) _1 ATP1 . ( 8 )

The e r r o r  c o v a r i a n c e  m a t r i x  o f  x i s  a l s o  g i v e n  by :

l ~  = ( A TP A ) -1 6 *  , ( 9 )

2
w h e r e  6  i s  t h e  a p o s t e r i o r i  v a r i a n c e  o f  u n i t  w e i g h t ,  and P 

i s  t h e  w e i g h t  m a t r i x  o f  t h e  o b s e r v a t i o n s .  I f  t h e  a p r i o r i  

w e i g h t  m a t r i x  (P ) o f  t h e  p a r a m e t e r s  i s  i n c l u d e d  i n  t h e  m o d e l ­

l i n g  p r o c e s s ,  as i n d e e d  we s h a l l  d o ,  Eqs ( 8 )  and ( 9 )  become:

- (  ATPA + Px ) - 1 ATP1 ( 1 0 )

( ATPA + P ) _1 Q 2 .
X u  0 ( и  )

1 .2  W e i g h t i n g  o f  t h e  o b s e r v a t i o n s

The o b s e r v e d  c o o r d i n a t e  d i f f e r e n c e s  i n  e q u a t i o n  ( 2 )  o r  ( 4 )
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a r e  f u n c t i o n s  o f  X,  V,  Z and x ,  y ,  z .  x ,  y ,  z a r e  t h e m s e l v e s  

f u n c t i o n s  o f  t h e  g e o d e t i c  c o o r d i n a t e s  ф , K  , h .  I f  we c o n s i d e r  

t h e  t r a n s f o r m a t i o n  p a r a m e t e r s  f i x e d ,  t h e  r o t a t i o n  p a r a m e t e r s  

s m a l l  and t h e  s c a l e  p a r a m e t e r  К e q u a l  t o  u n i t y ,  t h e  v a r i a n c e s  

d X , dV and dZ w i l l  be d e r i v e d  f r o m  Eq.  ( 2 )  as f o l l o w s :

2

VX " 6 X + 6 X

II

>-
CNJ > 6 2 + 6 ? ( 1 2 )

2 67 + 67 •
VZ ' z z

Based on t h e  a v a i l a b l e  i n f o r m a t i o n  on t h e  N i g e r i a n  g e o d e t ­

i c  n e t w o r k  ( F i e l d  1 9 7 7 ,  Om oig u i  1 9 7 3 ) ,  t h e  f o l l o w i n g  v a l u e s  o f

6ф , and 6. a r e  a d o p t e d f o r  t h e  w e i g h t  e s t i m a t i o n s :

б  ф = 6 x = i " ;  6 h = 6 m. The p r e c i s i o n  o f  t h e  s a t e l l i t e  o b -

s e r v a t i o n i s  g i v e n  by = бу = 6  \  = 6 2 = 2 . 2 5  m2 . The

v a l u e s  o f c 2 c- 2
6 Vv ’ b Vv and f o r  a nu mb e r  o f  p o i n t s  a r e  shown

X Y z
i n  T a b l e I I .

T a b l e  I I .  V a r i a n c e s  o f  o b s e r v e d  c o o r d i n a t e  d i f f e r e n c e s  a t

d i f f e r e n t  p o s i t i o n s

P o i n t s
6 ' x

(m2 )

4
(m2 )

6 »Z

(m2 )Ф A h

4° 4° 500 m 4 7 . 7 9 4 7 . 7 9 5 2 . 3

0° 7° 500 m 6 9 . 2 9 4 2 . 9 9 4 0 . 8

14° 14° 500 m 486 .1 8 5 5 . 2 9 0 4 . 7

14° 14° 0 m 483 .1 8 5 5 . 2 903 .1

14° 4° 0 m 96.1 9 2 8 . 3 9 0 4 . 4

4° 14° 0 m 9 7 . 2 9 0 0 . 5 9 5 4 . 0
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2 .  NUMERICAL INVESTIGATIONS

The e s t i m a t i o n  o f  t h e  t r a n s f o r m a t i o n  p a r a m e t e r s  i n  t h e  

g e o d e t i c  da tum  d e t e r m i n a t i o n  i s  i n  a c e r t a i n  sense  an i l l - p o s e d  

p r o b l e m .  Some o f  t h e  p a r a m e t e r s  a r e  c o r r e l a t e d .  C o n s e q u e n t l y ,  a 

u n i q u e  d e t e r m i n a t i o n  o f  t h e  i n d i v i d u a l  c o m p o n e n t s  may be d i f ­

f i c u l t  t o  a c h i e v e .  The s o l u t i o n  i s  i n  g e n e r a l  n o t  s t a b l e .  D i f ­

f e r e n t  m o d e l l i n g  t e c h n i q u e s  t o  a c h i e v e  a r e a s o n a b l e  d e g r e e  o f  

s t a b i l i t y  w i l l  be a t t e m p t e d  h e r e .  I n  d e t e r m i n i n g  t h e  t r a n s f o r ­

m a t i o n  p a r a m e t e r s ,  Eq.  ( 8 )  o r  Eq. ( 1 0 )  i s  s o l v e d  f o r  t h e  c o r ­

r e c t i o n s  t o  t h e  a p p r o x i m a t e  p a r a m e t e r s .  The a p p l i c a t i o n  o f  t h e  

e s t i m a t e d  c o r r e c t i o n s  t o  t h e  a p p r o x i m a t e  v a l u e s  y i e l d s  t h e  d e ­

s i r e d  p a r a m e t e r s .  A number  o f  i t e r a t i v e  s t e p s  a r e  t a k e n  t o  a r ­

r i v e  a t  any p a r t i c u l a r  s o l u t i o n .

I n  a r r i v i n g  a t  a s p e c i f i c  c h o i c e  o f  t h e  p a r a m e t e r s ,  t h e  

f o l l o w i n g  m o d e l s  a r e  c o n s i d e r e d .

a )  O b s e r v a t i o n s  a r e  c o n s i d e r e d  t o  be o f  e q u a l  w e i g h t .

b )  O b s e r v a t i o n s  a r e  w e i g h t e d  on t h e  b a s i s  o f  Eq. ( 1 2 )  w i t h  t h e  

f u n c t i o n s  e v a l u a t e d  a t  t h e  mean p o s i t i o n  o f  t h e  o b s e r v a t i o n  

a r e a .

c )  O b s e r v a t i o n s  a r e  w e i g h t e d  on t h e  b a s i s  o f  Eq. ( 1 2 ) ,  b u t  t h e  

f u n c t i o n s  a r e  e v a l u a t e d  a t  t h e  e x a c t  p o s i t i o n s .

d )  The a p r i o r i  v a r i a n c e s  o f  t h e  p a r a m e t e r s  w h i c h  a re  d e r i v e d  

f r o m  p r e l i m i n a r y  a d j u s t m e n t  a r e  i n c o r p o r a t e d  i n t o  s o l u t i o n

( c ) .

e )  The c o n f i g u r a t i o n  and t h e  number  o f  o b s e r v a t i o n s  a r e  v a r i e d .

f )  The number  and t y p e  o f  p a r a m e t e r s  i n  t h e  t r a n s f o r m a t i o n  

e q u a t i o n s  a r e  a l s o  v a r i e d .

g )  The c o n v e r g e n c e  o f  t h e  i t e r a t e d  s o l u t i o n s  i n  a l l  t h e  c a s e s  

above i s  i n v e s t i g a t e d .

I n  a l l ,  e x c e p t  a ) ,  t h e  a p r i o r i  v a r i a n c e s  o f  t h e  p a r a m e t e r s  a r e  

i n c o r p o r a t e d .

3 .  RESULTS AND ANALYSIS OF RESULTS

3.1 R e s u l t s

I n  T a b l e  I I I  t o  V I I ,  t h e  e s t i m a t e d  p a r a m e t e r s  f o r  t h e
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v a r i o u s  m ode l s  c o n s i d e r e d  i n  S e c t i o n  2 .1  a re  p r e s e n t e d .  T a b l e  

I I I  show s t h e  e s t i m a t e s  u s i n g  u n i f o r m  w e i g h t  f o r  t h e  o b s e r v a ­

t i o n s  as w e l l  as t h e  r e s u l t s  o b t a i n e d  when t h e  w e i g h t  f u n c t i o n s  

o f  Eq .  ( 1 2 )  a r e  e v a l u a t e d  a t  t h e  mean p o s i t i o n  o f  t h e  a r e a .  

T a b l e  I V  compares  t h e  e s t i m a t e s  w hen:  a )  t h e  w e i g h t  f u n c t i o n s  

a r e  e v a l u a t e d  a t  t h e  mean p o s i t i o n ,  and b )  when t h e y  a r e  e v a l u ­

a t e d  a t  t h e  e x a c t  p o s i t i o n s .

T a b l e  I I I .  E s t i m a t i o n  o f  s even  p a r a m e t e r s  u s i n g  d i f f e r e n t

w e i g h t i n g  s y s t e m s

^ P a r a m e t e r s

Weigh t ing

Xo
(m)

Y0
(m)

Zo
(m)

£x
(sec)

Ey
(sec) (sec)

к

Uni form -345.8 -51.6 -73.0 2.1 5.1 3.6 1.00004

Weight +6.3 +7.6 +10.5 +0.2 +0.3 +0.2 + 0 . 9 6 X 10-6

Non-uni form -167.2 -88.7 43.8 0.1 1 .9 1 .3 1.00001

Weight +2.7 +2.8 +4.4 +0.1 +0.1 +0.1 +0.4 X H f 6

T a b l e  I V .  E s t i m a t e s  u s i n g  s e v e n  o b s e r v a t i o n s  ( w e i g h t  i s  

e v a l u a t e d ) :  a)  a t  mean p o s i t i o n ,  b )  a t  e x a c t  p o s i t i o n

-79.5 -96.6 65.1 0.1 1 .7 0.7

+0.9 +2.7 +4.3 +0.1 +0.1 +0.1

-76.2 -107.7 56.1 0.1 2.0 0.3

+0.9 +2.6 +4.2 +0.1 +0.1 +0.1



DOPPLER-DATUM FOR N IG E R IA 4 0 7

T a b l e  V. V a r i a t i o n  o f  p r e c i s i o n  o f  ф and \  . S i x  p a r a m e t e r s  

a r e  e s t i m a t e d  and w e i g h t  f u n c t i o n  e v a l u a t e d  a t  i n d i v i d u a l

p o i n t s ( б 2 - 36 m2 , II

CSIID

2 . 2 5 m2 )

Parameters

Prec is ion  
ф and Л

X0
(m)

Y0
(m)

Zo
(m) (sec)

£y
(sec)

£z
(sec)

-80.6 -77.7 55.7 - 0 . 1 2.0 1 .3

II

f<II

-e-

+1 .0 +3.2 +5.0 +0.1 +0.2 +0.1

-76.2 -107.7 56.1 -0.1 2.0 0.3
ф = À = 2"

+0.9 +2.6 +4.2 +0.1 +0.1 +0.1
—

T a b l e  V I .  O b s e r v a t i o n s  v a r i e d  ( w e i g h t  f u n c t i o n  e v a l u a t e d  a t

mean p o s i t i o n )

No. of Xo
(m)

Y0
(m)

Z0
(m)

Ex
(sec)

Ey
(sec)

^ Z

(sec)

-89.3 -60.5 113.2 0.4 0.3 1.8
+17.8 +138.8 +58.0 +2.3 + 1.8 +4.5

s -82.0 -60.0 67.6 0.2 1.6 1 .9
+2.7 +0.6 + 0 . 6 +2.6 +0.3 +0.4

-98.3 -32.6 113.7 0 . 0 0 .1 2.7
+0.8 +2.4 +3.4 +0.1 +0.1 +0.1

-79.5 -96.6 65.1 0 . 1 1.7 0.7
+0.9 +2.7 +4.3 +0.1 +0.1 +0.1

D -81 .7 -69.0 51 .9 2.9 2.6 1 .7
+ 1 .2 +3.4 +5.5 +0.1 +0.2 +0.1

The r e s u l t s  o f  t h e  i n v e s t i g a t i o n s  show t h a t  t h e  e r r o r
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i n t r o d u c e d  i n  t h e  e s t i m a t e s  by t h e  n e g l e c t i o n  o f  t h e  u n d u l a t i o n  

v a l u e s  i n  t h e  c o m p u t a t i o n  o f  t h e  g e o d e t i c  h e i g h t  a f f e c t s  m a i n l y  

t h e  x - c o m p o n e n t  o f  t h e  s h i f t  p a r a m e t e r s .  The v a l u e s  o f  t h e  x -  

- c o m p o n e n t  cha n g e d  by a p p r o x i m a t e l y  t h e  same amount  ( 6 . 0  m ) ,  

w h i l e  t h e  v a l u e s  o f  t h e  o t h e r  c o m p o n e n t s  d i d  n o t  change  a p ­

p r e c i a b l y .  These  r e s u l t s  ag ree  w i t h  t h o s e  o b t a i n e d  by E z e i g b o  

( 1 9 8 4 ) .  There  i t  was s t a t e d  t h a t  t h e  v a r i a t i o n s  i n  t h e  u n d u l a ­

t i o n s  a f f e c t  t h e  x - c o m p o n e n t  more t h a n  any  o t h e r  c o m p o n e n t s  o f  

t h e  s h i f t  p a r a m e t e r s  when datums i n  a l o w  l a t i t u d e  r e g i o n  a r e  

d e t e r m i n e d .

From t h e  a s t r o g e o d e t i c  g e o i d  c o m p u t e d  by N w i l o  ( 1 9 8 0 ) ,  a 

maximum u n d u l a t i o n  o f  6 . 0  m i s  e s t i m a t e d .  S i n c e  we do n o t  know 

t h e  u n d u l a t i o n s  a t  t h e  o b s e r v a t i o n  p o i n t s ,  we a d o p t e d  t h e

o r t h o m e t r i c  h e i g h t s  a t  t h o s e  p o i n t s  as  t h e i r  g e o d e t i c  h e i g h t s2
and  a s s i g n e d  an a p r i o r i  v a r i a n c e  o f  36 m t o  them.

I n  T a b le  V I I ,  t h e  e s t i m a t e d  p a r a m e t e r s ,  when v a r i a n c e s  o f  
2 21 s e c  and 4 sec  a r e  a s s i g n e d  t o  t h e  d e r i v e d  g e o d e t i c  l a t i t u d e  

and  l o n g i t u d e ,  a r e  p r e s e n t e d .  I t  i s  o b s e r v e d  t h a t  a r e d u c t i o n

T a b l e  V I I .  V a r y i n g  c o n f i g u r a t i o n s  o f  f o u r  o b s e r v a t i o n  p o i n t s :

a )  f o u r  c o r n e r  p o i n t s ,  b) w e s t  l o c a t e d  p o i n t s ,  c )  e a s t  

l o c a t e d  p o i n t s ,  d) s o u t h  l o c a t e d  p o i n t s

Conf igu rat ion Xo
(m)

Y0
(m)

Z0
(m) (sec)

Ey
(sec) (sec)

-108.6 -180.6 -8.1 -1 .8 3.8 9.5
+2.0 +0.6 +0.8 +1 .3 +0.2 +0.2

-11 .9 -111.7 -321 .5 -1 .4 14.3 0.0
+0.8 +0.3 +0.2 +0.6 +0.1 +0.1

-82 .2 -99.8 111.3 0.1 0.2 0.5
+3.0 +9.4 +14.4 +0.3 +0.5 +0.3

-87 .0 -47.9 70.0 0.5 1 .4 2.2
+1 .0 +3.8 +4.9 +0.1 +0.2 +0.1

i n  t h e  w e i g h t  a s s i g n e d  t o  th e  g e o d e t i c  c o o r d i n a t e s  ( ф , Л. )
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a f f e c t s  t h e  e s t i m a t e d  v a l u e s  o f  t h e  x -  and у -c o m p o n e n t s  o f  t h e  

s h i f t  p a r a m e t e r s  as w e l l  as t h e  z - c o m p o n e n t s  o f  t h e  r o t a t i o n  

p a r a m e t e r s  a p p r e c i a b l y .  On t h e  c o n t r a r y ,  t h e r e  a r e  no a p p r e c i a ­

b l e  c h a n g e s  i n  t h e  e s t i m a t e d  v a l u e s  o f  t h e  Z - com ponen t  o f  t h e  

s h i f t  p a r a m e t e r  as w e l l  as o f  t h e  X -  and  Y - c o m ponen ts  o f  t h e  

r o t a t i o n  p a r a m e t e r s .  The r e s u l t s  a l s o  show t h a t  i f  t h e  s h i f t  

p a r a m e t e r s  a l o n e  a r e  e s t i m a t e d ,  t h e  v a r i a t i o n  i n  t h e  w e i g h t s  o f  

t h e  g e o d e t i c  c o o r d i n a t e s  ( ф , X  ) do e s  n o t  a f f e c t  t h e  e s t i m a t e s .  

I n  T a b l e  V I I ,  t h e  e s t i m a t e s  f o r  d i f f e r e n t  c o n f i g u r a t i o n s  ( F i g .  

2 )  a r e  p r e s e n t e d .

Л Д

Д Д
Even distribution

Д
Д Д

Д
c ) More observations 

to the East

Л
Л Л 

Л
b ) More observations 

to  the West

Д

Д Д Д
d j More observations 

to  the South

F ig .  2. V a r i a t i o n  i n  co n f i g u ra t io n s  o f  f o u r  observat ion p o i n t s

T a b l e  V I I I  shows t h e  e s t i m a t e s  f o r  f o u r  d i f f e r e n t  m o d e l s :  

a )  t h e  o r i g i n a l  e s t i m a t e s  o f  t h e  s h i f t  and r o t a t i o n  p a r a m e t e r s  

as i n  T a b l e s  IV and V, b )  t h e  e s t i m a t e s  w i t h  th e  r o t a t i o n s  o b ­

t a i n e d  i n  a )  deduce d  f r o m  t h e  g e o d e t i c  c o o r d i n a t e s  ( ф , X  ) o f  

t h e  l o c a l  s y s t e m .

The d e d u c t i o n  o f  t h e  e s t i m a t e d  r o t a t i o n  f r o m  t h e  l a t i t u d e s  

and l o n g i t u d e s  o f  t h e  o b s e r v a t i o n  p o i n t s  seems t o  have  r e d u c e d  

t h e  d i s c r e p a n c i e s  b e tw e e n  t h e  e s t i m a t e d  s h i f t  com p o n e n t s
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T a b l e  V I I I .  C o m p a r i s o n  o f  e s t i m a t e s  w i t h  and w i t h o u t  c o m p u t e d  

r o t a t i o n  d e d u c t e d  ( = 36 m2 , 6  2 = 2 . 2 3  m2 , 6 "ф = Б х  = 2 " )

Parameters Xo
(m)

Y0
(m)

Z0
(m)

£x
(sec)

Ey
(sec) (sec)

I n i t i a l  
est imates of  
s i x  parameters

-76.2
+0.9

-107.7
+2.6

56.1
+4.1

0.1
+0.1

2.0
+0.1

0.3
+0.1

Est imates of  
s i x  parameters 
a f t e r  the 
deduct ion

-76.1
+0.9

-108.1
+2.6

56.2
+4.2

0.4
+0.1

0.0
+0.1

0.6
+0.1

I n i t i a l  
est imates of  
th ree  para­
meters

-85.3
+0.5

-116.2
+0.5

116.0 
+0.6 - - -

Est imates of  
th r ee  para­
meters a f t e r  
the  deduct ion

-73.7
+0.4

-123.7
+0.5

55.3
+0.5 - - -

o b t a i n e d  when e i t h e r  s i x  o r  t h r e e  p a r a m e t e r s  a re  e s t i m a t e d .  The 

e s t i m a t i o n  o f  t h e  s h i f t  and r o t a t i o n  p a r a m e t e r s ,  e x h i b i t s  

g r e a t e r  s t a b i l i t y  t h a n  t h e  e s t i m a t i o n  o f  t h e  s h i f t  p a r a m e t e r s  

a l o n e ,  when t h e  e s t i m a t e d  r o t a t i o n  i s  d e d u c e d .  I n  t h e  v a l i d a ­

t i o n  C a r t e s i a n  c o o r d i n a t e s  o f  t h e  s e v e n t h  s a t e l l i t e  s t a t i o n  a r e  

c o m p a r e d  w i t h  t h e  t r a n s f o r m e d  C a r t e s i a n  c o o f d i n a t e s  o f  t h e  same 

s t a t i o n  on t h e  s a t e l l i t e  ( g e o c e n t r i c )  d a t u m ,  u s i n g  t h e  e s t i m a t e d  

p a r a m e t e r s .  The r e s u l t s  o b t a i n e d  show d e v i a t i o n s  o f  4 .1  m,

2 .1  m i n  t h e  x - ,  y -  and  z - c o o r d i n a t e s , r e s p e c t i v e l y .  When f i v e  

o b s e r v a t i o n  p o i n t s  a r e  u s e d ,  t h e  c o r r e s p o n d i n g  d e v i a t i o n s  a r e

0 . 6  m, 3 .1  m and 2 .1  m. C o n s i d e r i n g  t h e  a c c u r a c i e s  o f  t h e  

e s t i m a t e s ,  t h e  g e n e r a l  i n s t a b i l i t y  i n h e r e n t  i n  datum d e t e r m i n a ­

t i o n  p r o b l e m s  and t h e  l a r g e  s e p a r a t i o n  b e tw e e n  t h e  p o i n t s ,  t h e  

a g r e e m e n t  can be c o n s i d e r e d  r e a s o n a b l e .  I n  f a c t  t h e  l a r g e  d i s ­

c r e p a n c i e s  be tw e e n  t h e  e s t i m a t e d  p a r a m e t e r s  when s i x  and f i v e  

o b s e r v a t i o n s  a r e  used  do n o t  show up s u f f i c i e n t l y  i n  t h e  e s t i ­

m a t e d  c o o r d i n a t e s .  T h i s  i n d i c a t e s  t h a t  d i f f e r e n t  s e t s  o f  e s t i ­

m a t e s  may be u t i l i z e d  t o  o b t a i n  c o m p a r a b l e  r e s u l t s .
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3 . 2  A n a l y s i s  o f  t h e  r e s u l t s

I n  T a b l e  I I I ,  t h e  e s t i m a t i o n  o f  s e v e n  p a r a m e t e r s ,  i r r e ­

s p e c t i v e  o f  t h e  w e i g h t i n g  p r o c e d u r e ,  l e a d s  t o  l a r g e  d i s t o r i o n .  

The r e s u l t s  d i f f e r  g r e a t l y  f r o m  any  o t h e r  e s t i m a t e s .  The i t e ­

r a t i o n  s t e p s  do n o t  c o n v e r g e  t o  any  s p e c i f i c  v a l u e s .  The d i s ­

t o r t i o n  and i n s t a b i l i t y  a r e  more n o t i c e a b l e  w i t h  u n i f o r m  

w e i g h t s ,  t h a n  w i t h  t h e  n o n - u n i f o r m  w e i g h t s .  However ,  t h e  e s t i ­

m a t i o n  o f  t h e  s h i f t  p a r a m e t e r s  a l o n e  i s  n o t  s e n s i t i v e  t o  t h e  

w e i g h t i n g  s y s t e m .  I n  f a c t ,  t h e  s i m p l e  mean o f  t h e  co m p u t e d  

s h i f t  ( g e o c e n t r i c  m in us  l o c a l  C a r t e s i a n  c o o r d i n a t e s )  a g r e e s  

w i t h  t h e  l e a s t  s q u a r e s  e s t i m a t e s .  The T a b l e  a l s o  shows t h a t  t h e  

x - c o m p o n e n t  o f  t h e  s h i f t  i s  t h e  mos t  b a d l y  a f f e c t e d  e s t i m a t e  

when t h e  s c a l e  p a r a m e t e r s  i s  i n c o r p o r a t e d  i n  t h e  e s t i m a t i o n .  

T h i s  i s  p r o b a b l y  due t o  t h e  h i g h  c o r r e l a t i o n  be tween x - c o m p o -  

n e n t  o f  t h e  s h i f t  and t h e  s c a l e  p a r a m e t e r  i n  t h e  low  l a t i t u d e  

r e g i o n .  I n  T a b l e  I V ,  we compare  t h e  r e s u l t s  o b t a i n e d  when t h e  

w e i g h t  f u n c t i o n s  a r e  e v a l u a t e d  a t  t h e  mean and e x a c t  p o s i t i o n s ,  

r e s p e c t i v e l y .  W h i l e  t h e  r o t a t i o n  p a r a m e t e r s  re m a in  u n c h a n g e d ,  

t h e  s h i f t  p a r a m e t e r s  change  a p p r e c i a b l y .

T a b l e  V shows t h a t  a s i g n i f i c a n t  v a r i a t i o n  i n  t h e  v a r i ­

ances  o f  l a t i t u d e  and l o n g i t u d e  a f f e c t s  o n l y  t h e  Z - c o m p o n e n t  o f  

t h e  r o t a t i o n  and t h e  X- and Y - c o m p o n e n t s  o f  t h e  s h i f t .  A l t h o u g h  

i t  i s  n o t  o b v i o u s  why t h e  i n c r e a s e  i n  t h e  v a r i a n c e s  o f  l a t i ­

t u d e s  and l o n g i t u d e s  c a u s e s  s u b s t a n t i a l  v a r i a t i o n  i n  t h e  Z - c o m -  

p o n e n t  o f  t h e  r o t a t i o n  and n o t  i n  t h e  o t h e r  tw o ,  t h e  v a r i a t i o n s  

i n  t h e  X- and Y - c o m p o n e n t s  o f  t h e  s h i f t  c o r r e s p o n d i n g  t o  v a r i a ­

t i o n  i n  t h e  Z - c o m p o n e n t  o f  r o t a t i o n  a r e  s e l f - e v i d e n t .  H o w e v e r ,  

t h e  h i g h e r  v a r i a n c e  o f  t h e  o b s e r v a t i o n s  ( T a b l e  I I )  i n  t h e  Z -  

- d i r e c t i o n  may be r e s p o n s i b l e  f o r  t h e  s e n s i t i v i t y  o f  t h e  Z - c o m ­

p o n e n t  o f  t h e  r o t a t i o n  t o  v a r i a t i o n  i n  t h e  v a r i a n c e s  o f  t h e  

l a t u t i d e  and l o n g i t u d e  o f  t h e  p o i n t s .  B o t h  t h e  v a r i a t i o n  i n  t h e  

number o f  o b s e r v a t i o n s  and t h e  v a r i a t i o n  i n  t h e  c o n f i g u r a t i o n  

o f  t h e  o b s e r v a t i o n  p o i n t s  a f f e c t  t h e  r e s u l t s  o f  t h e  e s t i m a t e s  

s i g n i f i c a n t l y .  I t  i s ,  h o w e v e r ,  a p p a r e n t  t h a t  t h e  v a r i a t i o n  i n  

t h e  c o n f i g u r a t i o n s  a f f e c t s  t h e  r e s u l t s  o f  t h e  e s t i m a t i o n  m or e  

t h a n  t h e  v a r i a t i o n ,  i n  t h e  number  o f  o b s e r v a t i o n .  T h i s  a g a i n  may 
be due t o  t h e  g e n e r a l  i n s t a b i l i t y  a s s o c i a t e d  w i t h  t h e  d a t u m
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d e t e r m i n a t i o n  p r o b l e m .  G e n e r a l l y ,  t h e  amount  by w h ic h  t h e  u n d u ­

l a t i o n  changed  i s  a l m o s t  t h e  amount  by  w h i c h  t h e  X - c o m p o n e n t  o f  

t h e  s h i f t  c h a n g e d .  The o t h e r  c o m p o n e n t s  h a r d l y  ch a n g e d .  The 

l a c k  o f  t h e  i n f o r m a t i o n  on t h e  u n d u l a t i o n  v a l u e s  a t  o b s e r v a ­

t i o n  p o i n t s  w i l l  i n  g e n e r a l  a f f e c t  m a i n l y  t h e  a c c u r a c y  o f  t h e  

e s t i m a t e d  X - c o m p o n e n t  o f  t h e  s h i f t .  T h i s  i s  a g a i n  due t o  t h e  

h i g h  c o r r e l a t i o n  b e t w e e n  t h e  u n d u l a t i o n  v a l u e s  and t h e  X - c o m ­

p o n e n t  o f  t h e  s h i f t  p a r a m e t e r s  i n  t h e  l o w  l a t i t u d e  r e g i o n .

4 .  CONCLUSIONS

We have t r i e d  t o  d e r i v e  a " b e s t "  d a tu m  f o r  N i g e r i a ,  u s i n g  

t h e  a v a i l a b l e  D o p p l e r  o b s e r v a t i o n s .  T h i s  we d i d  by i n v e s t i g a t ­

i n g  t h e  e f f e c t s  o f  t h e  number o f  o b s e r v a t i o n s ,  t h e  c o n f i g u r a ­

t i o n  o f  t h e  o b s e r v a t i o n  p o i n t s ,  and t h e  w e i g h t i n g  s y s te m  

a d o p t e d ,  on t h e  e s t i m a t e s .  We a l s o  c o n s i d e r e d  t h e  number  and 

t y p e  o f  p a r a m e t e r s  t h a t  may be mo s t  r e a s o n a b l y  e s t i m a t e d .  The 

b e s t  way t o  t r e a t  t h e  o b s e r v a t i o n s  t o  be i n c o r p o r a t e d  i n  t h e  

o b s e r v a t i o n  e q u a t i o n s  i n  th e  e s t i m a t i o n  was c o n s i d e r e d .  We have  

a r r i v e d  a t  t h e  f o l l o w i n g  c o n c l u s i o n s  b a s e d  on t h e  a n a l y s i s  o f  

t h e  r e s u l t s  i n  S e c t i o n  3 . 2 .

a )  The i n c l u s i o n  o f  s c a l e  p a r a m e t e r  i n  th e  da tum d e t e r m i ­

n a t i o n  i n  N i g e r i a  c o u l d  l e a d  t o  l a r g e  d i s t o r t i o n  o f  r e s u l t s .

b )  The s h i f t  p a r a m e t e r s ,  w h i c h  a r e  n o t  v e r y  s e n s i t i v e  t o  

t h e  w e i g h t i n g  s y s t e m  and t h e  mode l  o f  e s t i m a t i o n  a r e  t h e  b e s t  

c o m p o n e n t s  t o  be e s t i m a t e d .  H o w e v e r ,  s i n c e  t h e r e  i s  e v i d e n c e  o f  

r o t a t i o n  i n  t h e  N i g e r i a n  g e o d e t i c  n e t w o r k  t h e  e s t i m a t i o n  o f  t h e  

s h i f t  and r o t a t i o n  p a r a m e t e r s  i s  d e s i r a b l e .

c )  S i n c e  t h e  d i f f e r e n t  s e t s  o f  t h e  e s t i m a t e d  p a r a m e t e r s  

( s h i f t  and r o t a t i o n )  may be used t o  a c h i e v e  f a i r l y  t h e  same 

r e s u l t s ,  no p a r t i c u l a r  s e t  may be c o n s i d e r e d  t h e  b e s t  a t  t h e  

m o m e n t .

d )  More o b s e r v a t i o n s  have t o  be i n c o r p o r a t e d  i n  t h e  e s t i ­

m a t i o n  b e f o r e  a u n i q u e  c h o i c e  can be made.
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As i t  i s  known, i n  the geodesy the weigh t  i s  f i r s t  o f  a l l  a term o f  
r e l i a b i l i t y  by d e f i n i t i o n ,  however, at  p resent  i n  the computations the re  
have gene ra l l y  been app l ied  weight fa c to rs  deduced exc lu s ive ly  under geo­
met r i c  cons idera t ion  f o r  determinat ion o f  p o i n t s .

The author se ts  out  from the a p r i o r i  s tandard e r r o r  o f  the p o i n t  de­
te rmi na t io n  i n  quest ion ,  choosing the r e c i p r o c a l  o f  i t s  square as a we igh t ,  
which consequent ly con ta ins  al ready the s tandard e r r o r  o f  the c o n t r o l  po in ts  
used and o f  the measurements res pec t i ve ly .

The weights o f  d i r e c t i o n  are f i r s t l y  d e a l t  w i t h ,  separately  t r e a t i n g  
the weight  o f  the o r i e n t a t i o n  d i r e c t io n s  and the determining ones, as to  
the l a t t e r  d i s t i n g u i s h i n g  the cases o f  angular  and distance c o r r e c t i o n .

Keywords: d i r e c t i o n  measurement; o r i e n t a t i o n  d i r e c t i o n ;  p o in t  e r r o r ,  
s tandard e r r o r

As i t  i s  known t h e  a d j u s t m e n t  made by t h e  l e a s t  s q u a r e s  

meth od  a i ms  a t  t h e  d e t e r m i n a t i o n  o f  c o r r e c t i o n s  v^ w h i c h  y i e l d  

i n  c ase  o f  i n d e p e n d e n t  measu rem en ts  w i t h  e q u a l  w e i g h t s ,  t h e  

m inimum o f  [ v ^ v ^ ]  , and i n  case o f  m e a s u r e m e n t s  w i t h  d i f f e r e n t  

r e l i a b i l i t y ,  i . e .  o f  d i f f e r e n t  w e i g h t s  p ^ ,  t h e  minimum o f

[ p i v i v i ] .

Though t h e  w e i g h t  i s  i n  t h e  p r e s e n t  ca se  a c c o r d i n g  t o  

d e f i n i t i o n  a n o t i o n  o f  t h e  c h a r a c t e r  o f  r e l i a b i l i t y ,  i t  i s  a t  

p r e s e n t  u s u a l  t o  a d o p t  w e i g h t s  ded u c e d  f r o m  p u r e l y  g e o m e t r i c a l  

c o n s i d e r a t i o n s .

Thus  I  c o n s i d e r e d  w o r t h  s t u d y i n g  t h e  q u e s t i o n  how w e i g h t s  

c o u l d  be i n t r o d u c e d  by s t r i c t l y  k e e p i n g  t h e  c o r r e s p o n d i n g  p r i n ­

c i p l e s  so t h a t  t h e y  be f u n c t i o n s  n o t  o n l y  o f  t h e  g e o m e t r y ,  b u t  

a l s o  o f  t h e  r e l i a b i l i t y  o f  g e o d e t i c  d a t a  and m e a s u r e m e n ts .

F o r  t h i s  p u r p o s e  I  s h a l l  a t  f i r s t  d e a l  w i t h  a m ix ed

Acta Geod. Geoph. Mont. Hung. 25, 1990 
Akadémiai Kiadó, Budapest
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h o r i z o n t a l  n e t w o r k  and deduce  w e i g h t s  f o r  d i r e c t i o n s ,  t h e n  

p o i n t  w e i g h t s  t o  be use d  i n  b a s i c  d e t e r m i n a t i o n s ,  s t a r t i n g  i n  

e a c h  c a s e  f r o m  t h e  a p r i o r i  mean s q u a r e  e r r o r  o f  t h e  used  p o i n t  

d e t e r m i n a t i o n .

1 . WEIGHT OF A DIRECTION

I f  a p o i n t  i s  d e t e r m i n e d  i n  s u r v e y i n g ,  g e n e r a l l y  tw o  k i n d s  

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

u s e d  i m m e d i a t e l y  f o r  t h e  d e t e r m i n a t i o n  o f  t h e  p o i n t ,  an o t h e r  

g r o u p  o f  t h e  d i r e c t i o n s ,  f o r  t h e  o r i e n t a t i o n  o f  t h e  d i r e c t i o n s  

i n  t h e  f i r s t  g r o u p .  The two  g r o u p s  d i f f e r ,  ho w e v e r ,  n o t  o n l y  i n  

t h e i r  r o l e ,  b u t  a l s o  i n  t h e i r  c h a r a c t e r - e s p e c i a l l y  c o n c e r n i n g  

t h e  w e i g h t s .

I n  case  o f  d i r e c t i o n s  f o r  o r i e n t a t i o n ,  b o t h  end p o i n t s  a r e  

k n o w n ,  and f r o m  one end  p o i n t  o f  t h e  d i r e c t i o n ,  t h e  o t h e r  end 

p o i n t  can  be d i r e c t l y  p o i n t e d  by t h e  i n s t r u m e n t .  I n  c a s e  o f  

d e t e r m i n i n g  d i r e c t i o n s ,  h o w e v e r ,  o n l y  one end p o i n t  i s  known 

an d  t h e  d i r e c t i o n  can  be o n l y  f o u n d  by u s i n g  o r i e n t a t i o n  d i r e c ­

t i o n s  and  m e a s u r e m e n t s .  ( S o - c a l l e d  r e s e c t i o n  d i r e c t i o n s  a r e  n o t  

d e a l t  w i t h  h e r e . )

I n  t h e  f i r s t  c a s e  t h e  w e i g h t  o f  t h e  d i r e c t i o n  i n c r e a s e s  

w i t h  t h e  l e n g t h  o f  t h e  d i r e c t i o n ,  i n  t h e  second  case -  i n  a d ­

d i t i o n  t o  g e o m e t r i c a l  c o n d i t i o n s  -  t h e  w e i g h t  o f  t h e  d i r e c t i o n  

d e p e n d s  on t h e  k i n d  o f  c o r r e c t i o n  w h i c h  i s  t o  be used  f o r  t h e  

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

w e i g h t s  o f  d i r e c t i o n s  f o l l o w  d i f f e r e n t  l a w s  i f  t h e  a d j u s t m e n t  

i s  made on t h e  b a s i s  o f  t h e  minimum o f  a n g l e  c o r r e c t i o n s  and o f  

d i s t a n c e  c o r r e c t i o n s ,  r e s p e c t i v e l y .

1.1 W e i g h t  o f  t h e  o r i e n t a t i o n  d i r e c t i o n

The  r e l i a b i l i t y  o f  a d i r e c t i o n  u s e d  f o r  t h e  d e t e r m i n a t i o n  

o f  a p o i n t  depends  s t r o n g l y  on t h e  r e l i a b i l i t y  o f  t h e  o r i e n t a ­

t i o n  d i r e c t i o n .  B u t  i t  i s  i m m e d i a t e l y  e v i d e n t ,  t o o ,  t h a t  t h e  

w e i g h t s  o f  t h e s e  d i r e c t i o n s  depend i n  a d d i t i o n  t o  t h e  l e n g t h s  

on t h e  l o c a t i o n  e r r o r  o f  t h e  s t a t i o n  and  o f  t h e  p o i n t  b e i n g  

p o i n t e d .  I n  case  o f  c a r e f u l  m e a s u r e m e n t s  o t h e r  e r r o r s  can  be
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n e g l e c t e d  as t h e y  a r e  g e n e r a l l y  much l e s s  t h a n  t h e  l o c a t i o n  e r ­

r o r s  o f  t h e  end p o i n t s .

Be t h e  mean s q u a r e  e r r o r s  o f  t h e  c o o r d i n a t e s  o f  p o i n t  A 

/ j Ay and М д х > and t h o s e  o f  p o i n t  В t o  be p o i n t e d ,  and

yUgx . I n  t h e  c a l c u l a t i o n  o f  t h e  w i e i g h t s  t h e  a v e ra g e  c o o r d i n a t e  

e r r o r s  o f  t h e  p o i n t s  can be used  w h i c h  a r e  d e f i n e d  a c c o r d i n g  t o  

H o m o ró d i  ( 1 9 5 6 )  as

7 and M BK

Thus t h e  a p r i o r i  mean s q u a r e  d i r e c t i o n  e r r o r  o f  an o r i e n t a t i o n  

d i r e c t i o n  i s :

Л1
V a

ABi
^A K  + ^B K

T]AB

and t h e  w e i g h t  o f  an o r i e n t a t i o n  d i r e c t i o n :

ABi
^ A B i

"AB 

+ ^ B K

(1 )

( 2 )

The a v e r a g e  c o o r d i n a t e  e r r o r s  o f  t h e  p o i n t s  a r e  n a t u r a l l y  

i n  mo s t  c a s e s  n o t  e x a c t l y  known.  B u t  eve n  i f  t h e s e  e r r o r s  a r e  

t a k e n  a p p r o x i m a t i v e l y  i n t o  a c c o u n t ,  -  e . g .  u n i f o r m l y  f o r  d i f ­

f e r e n t  t y p e s  o f  t h e  p o i n t s  -  t h e  r e s u l t  w i l l  be more r e l i a b l e ,  

t h a n  i f  t h e y  w o u l d  be f u l l y  n e g l e c t e d .

I n  H u n g a r i a n  c o n d i t i o n s ,  t h e  p o i n t s  can  be s e p a r a t e d  i n t o  

t h r e e  ma in  g r o u p s  f r o m  t h e  p r e s e n t  p o i n t  o f  v i e w :

1 .  P o i n t s  o f  t h e  f i l l i n g  o r  К - n e t w o r k  o f  t h e  c o u n t r y ;  a 

r e l a t i v e l y  s m a l l  amount  o f  1 s t  o r d e r  p o i n t s  a re  a l s o  i n c l u d e d  

h e r e .

2 .  P o i n t s  o f  t h e  t y p e  В w i t h i n  t h e  « - n e t w o r k ,  and

3 .  I V t h  o r d e r  p o i n t s  and o t h e r  E - t y p e  p o i n t s  o f  t h e  same o r d e r .

The a v e r a g e  mean s q u a r e  c o o r d i n a t e  e r r o r  i s  su p p o s e d  t o  be 

+_ 0 . 0 4  m i n  g r o u p  « ,  +_ 0 . 0 5  m i n  g r o u p  B,  + 0 . 1 0  m i n  g r o u p  E.
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Thus e . g .  i f  t h e  s t a t i o n  i s  o f  t h e  t y p e  E, and a p o i n t  o f  

t h e  t y p e  В a t  a d i s t a n c e  o f  3 . 0  km i s  b e i n g  p o i n t e d  t o ,  t h a n  

t h e  w e i g h t  o f  t h e  o r i e n t a t i o n  d i r e c t i o n  i s  a c c o r d i n g  t o  Eq.  ( 2 ) :

PAB i
9_______

0 . 0 4 2 + 0 . 0 5 2
2195 •

F o r  c o n v e n i e n c e ,  t h i s  v a l u e  i s  d i v i d e d  by 100 ,  and t h e  r e s u l t ­

i n g  w e i g h t  i s

pABi  ' 21 .95  ~ 22 •

W e i g h t s  f o r  some o t h e r  cases  c o m p u t e d  by t h e  same m e th od  

a r e  f o u n d  i n  T a b l e  I .

T a b l e  I .  W e i g h t  o f  an o r i e n t i n g  d i r e c t i o n

S ta t io n К В Е

Pointed
s t a t i o n

К В E К В Е К В Е

t= 0 .5  km 0.78 0.60 0.40 0.6 0 .5 0.35 0.4 0.34 0.3

1 .0 3.13 2.95 1.5 2.5 2 .0 1 .40 1 .5 1.35 1 .0

2.0 12.25 9 .8 6.2 12.5 8 .0 5.4 6.2 5.4 4.1

3.0 28.2 22.0 13.8 22.0 18.0 12.2 13.8 12.2 9.2

4.0 50.0 39.0 24.6 39.0 32.0

5.0 78.0 61 .5 38.5

6.0 113.0 88.0 55.5

I t  i s  n a t u r a l l y  p o s s i b l e  t o  use  an o t h e r  g r o u p i n g  f o r  t h e  

c o n t r o l  p o i n t s  o r  t h e  a c t u a l  a v e r a g e  c o o r d i n a t e  e r r o r s  can  a l s o  

be  u s e d  f o r  t h e  c a l c u l a t i o n ,  b u t  t h e s e  p o s s i b i l i t i e s  do n o t  

c h a n g e  t h e  p r i n c i p l e .

I f  f r o m  a p o i n t  A,  n known p o i n t s  a r e  p o i n t e d  f o r  t h e  

o r i e n t a t i o n  o f  t h e  d i r e c t i o n  t o  p o i n t  P t o  be d e t e r m i n e d ,  

f u r t h e r  t h e  d i r e c t i o n  a n g l e  o f  t h e  i - t h  d i r e c t i o n  i s  <5д^, and 

t h e  c o r r e s p o n d i n g  r e a d i n g  on t h e  l i m b  i s  1 д ^ ,  th e n  t h e  a n g l e
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o f  o r i e n t a t i o n  i s :

ZA i  = ’“’ A i  ”  XA i  •

The mean o r i e n t a t i o n  a n g l e  o f  t h e  d i r e c t i o n  t o  be d e t e r ­

m in ed  one g e t s  by u s i n g  t h e  weight  v a l u e s  f r o m  T a b le  I  a s :

LZA i  PA i ] 

[PA i ]
( 3 )

F i n a l l y  t h e  mean s q u a r e  e r r o r  o f  t h i s  d i r e c t i o n  i s  i f  t h e  
c o r r e c t i o n  v f t i  = z -  z i s  known:

^ z 'AP ( 4 )

w here

I f  t h e  b a s i c  p o i n t s  use d  i n  t h e  d e t e r m i n a t i o n  a re  s u p p o s e d  t o  
be o f  t h e  same r e l i a b i l i t y ,  t h e n  Eq.  ( 2 )  g e t s  t h e  f o r m :

PABi  = k t AB

w he re

к 1
--------7  •
2 m 2k

F u r t h e r  i f  t h e  mean s q u a r e  c o o r d i n a t e  e r r o r s  o f  t h e  f i x  p o i n t s  
a r e  n e g l e c t e d ,  t h e n

2
PAB = t AB

and t h i s  v a l u e  d i f f e r s  c o n s i d e r a b l y  f r o m  t h a t  g i v e n  by  Eq .  ( 2 ) ,  
as i t  i s  a b e t t e r  a p p r o x i m a t i o n .

1 .2  W e i g h t  o f  t h e  d e t e r m i n i n g  d i r e c t i o n

B e f o r e  c o n s i d e r i n g  f u r t h e r  d e t a i l s ,  l e t  us see t h e  p r o b l e m  
o f  t h e  w e i g h t  o f  a d i r e c t i o n  i n  a more  g e n e r a l  f o r m .

I t  i s  known t h a t  t h e  l o c a t i o n  o f  a p o i n t  can be d e t e r m i n e d  
by d i r e c t i o n s  u s i n g  two  d i f f e r e n t  k i n d s  o f  minimum c o n d i t i o n s .
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I f  t h e  l i n e a r  c o r r e c t i o n s  a re  d e n o t e d  by e ^ ,  and t h e  a n g u l a r  

c o r r e c t i o n s  by v ^ ,  t h e n  d i r e c t i o n s  h a v e  t o  f u l f i l  e i t h e r  t h e  

m i n im um  c o n d i t i o n  o f  Гр . e . e . l  o r  t h e  m in imum c o n d i t i o n  o f  

fp . v . v - ~I ,  each  w i t h  a g i v e n  s y s te m  o f  w e i g h t s  p and p . As*- V1 1 1J c v
t h e  tw o  s y s te m s  o f  c o r r e c t i o n s  a r e  r e l a t e d  as :

( 6 )

t h e  c o r r e s p o n d i n g  w e i g h t s  a r e  r e l a t e d  as

(7)

T h i s  can be g i v e n  i n  a g e n e r a l  f o r m  f o r  th e  case o f  F i g .  1 

f o r  t w o  d e t e r m i n i n g  d i r e c t i o n s :

t p e i e i e i l  = pA e A + p B ( s ~ eA )2 ( 8 )

and i f

PB = c p A ( 9 )

( w h e r e  c i s  a p o s i t i v e  n u m b e r ) ,  t h e n  Eq .  ( 8 )  can be w r i t t e n  a s :

[ P i e i e i ]  = PA eA + c p A ( s _ e A )2 • ( 1 0 )

Fig.  1. Role o f  two d i r e c t io n s  i n  the p o i n t  determinat ion
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As t h e  f i r s t  d e r i v a t e  o f  Eq .  ( 1 0 )  i s :

ед -  c ( 5 - е д ) = 0

t h e  se co nd  d e r i v a t e  i s  a p o s i t i v e  n u m b e r ,  meaning t h a t  Eq .  ( 1 0 )  

has  a minimum a t

i f  Eq .  ( 9 )  i s  v a l i d  f o r  t h e  w e i g h t s ,  i . e .  i f :

I t  f o l l o w s  t h a t  f o r  any s y s t e m  o f  c o r r e c t i o n s  a w e i g h t  

s y s t e m  can be n a t u r a l l y  f o u n d  f o r  w h i c h  Eq. ( 1 0 )  ha s  a m in im um .

L e t  us c o n s i d e r  now t h e  sums and tP j . v i v i3  f ° r

d i f f e r e n t  w e i g h t s .

A c c o r d i n g  t o  Eq .  ( 8 ) :

c s - e , A

[ p ^ e j  = p e 2 *  PB ( s - e A ) 2 .

The sum [ p ^ e ^ e ^ J  i s  minimum a t

А р д + p B ( 1 1 )

The sum Cp ^ v ^ v ^ ]  has  i n case  o f  F i g .  1 t h e  fo r m :

( 12 )

T h i s  i s  min imum a t

( 1 3 )

w h e re  р д and Рц a r e  d e f i n e d  by Eq .  ( 7 ) .
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1 . 2 1  Weight o f  t h e  d e t e r m i n i n g  d i r e c t i o n  on a g e o m e t r i c a l  b a s i s

I n  c o n n e c t i o n  w i t h  t h e  p u r e l y  g e o m e t r i c a l  w e i g h t s  o n l y  a 

f e w  comments s h o u l d  be  made h e r e .

The v a l u e  o f  ед i s  t o  be i n v e s t i g a t e d  on t h e  b a s i s  o f  Eq.  

( 1 1 )  f o r  t h e  l e n g t h  c o r r e c t i o n s  and o f  E q .  ( 1 3 )  f o r  t h e  a n g u l a r  

c o r r e c t i o n s ,  i f  t h e  w e i g h t s  a re  t h e  l e n g t h s  o f  t h e  d e t e r m i n i n g  

d i r e c t i o n s ,  i n c l u d i n g  t h e  case w i t h o u t  w e i g h t s ,  t o o .  A c c o r d i n g  

t o  E q . ( 1 1 ) .

PB

A " PA + Pß '

L e t  us now c o n s i d e r  t h e  f o l l o w i n g  c a s e s :

1 _ _ 1 : _ г___ n _ г J.
' i  

t .

1 • P a = ^  and P B = * b e - [Pie ie i3 = £ t 7 e ie i]-

Thus
t A + 4

2 .  p. 72 and P B = - 4 -  . i - e .  [ Р М Н 4 е л ] = [ уЛ ]

4

I n  such  a case

3 .  F i n a l l y  i f ,  pA 

t h e n

= 1 , i . e .  [  p i e i e 1]  = [ e . e . ]

2 s

( 1 4 )

( 1 3 )

( 1 6 )

The f o l l o w i n g  c o n n e c t i o n s  a re  v a l i d  among a d j u s t m e n t s  w i t h  

l e n g t h  c o r r e c t i o n s  and  w i t h  a n g u l a r  c o r r e c t i o n s :

! > i e i e i ^ = [ e . e . ]  = [ t 2 V i V i ] ( 1 7 )

T ~  e i e i = r t i v i v i ] ( 1 8 )
L 1 J

. 7 7  e i e i = r V i V i l - ( 1 9 )
i
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Thus Eq. ( 1 7 )  e x p r e s s e s  t h e  case  o f  t h e  l e n g t h  c o r r e c t i o n s  

w i t h o u t  w e i g h t s ,  Eq.  ( 1 9 )  t h e  case o f  a n g u l a r  c o r r e c t i o n s  

w i t h o u t  w e i g h t s ,  and Eq.  ( 1 8 )  -  as shown by Eq. ( 1 4 )  ( F i g .  1 )  -  

c o r r e s p o n d s  t o :

t h a t  means

V a + V b = 3 t A

t A ( s ' eA) = eA t B

f i n a l l y

e .  s - e .  e.
T— = —г —  = - r i  = V ( c o n s t . )  ( 2 0 )
XA XB x i

T h a t  means t h a t  t h i s  a d j u s t m e n t  r e s u l t s  i n  a g e n e r a l  c a s e  

i n  e q u a l  a n g l e  c o r r e c t i o n s .

1 . 2 2  D i r e c t i o n  w e i g h t  d e p e n d i n g  on t h e  r e l i a b i l i t y  o f  t h e  

d i r e c t i o n

The r e l i a b i l i t y  o f  a d i r e c t i o n  use d  f o r  t h e  d e t e r m i n a t i o n  

o f  a p o i n t  depends  g e n e r a l l y  on two  f a c t o r s .  The f i r s t  i s  t h e  

e r r o r  o f  t h e  c o o r d i n a t e s  o f  t h e  s t a t i o n ,  t h e  second  i s  t h e  

a n g u l a r  u n c e r t a i n t y  o f  t h e  d i r e c t i o n .

The f o r m e r  i s  g i v e n  a p r i o r i  and i t  i s  i n d e p e n d e n t  o f  t h e  

o b s e r v e r .  The l a t t e r  c o n t a i n s  t h e  u n c e r t a i n t y  o f  t h e  s t a t i o n  

and o f  t h e  o r i e n t a t i o n  p o i n t s  -  i . e .  o f  t h e  p o i n t e d  ones  -  and 

e r r o r s  d e p e n d i n g  on t h e  o b s e r v e r  and on e x t e r n a l  c o n d i t i o n s .

The w e i g h t  o f  t h e  d i r e c t i o n  i s  d e t e r m i n e d  by t h e  common 

e f f e c t  o f  t h e s e  f a c t o r s .  The c r o s s - e r r o r  due t o  t h e  u n c e r t a i n t y  

o f  t h e  d i r e c t i o n  can  be c o m p u t e d .

The c r o s s - e r r o r  i s  w r i t t e n  w i t h  t h e  s y m b o l s  o f  F i g .  2 ,  a s :

л е = ^  AK + M A i  t A (21 )

w he re
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2 2
2 M Ay MAx 

^■AK *“ 2 ( 2 2 )

a nd М д .  i s  t h e  mean s q u a r e  e r r o r  o f  t h e  d i r e c t i o n  AP,  d i s c u s ­

s e d  i n  S e c t i o n  1 1 ,  and  d e f i n e d  by Eqs ( 4 )  and ( 5 )  r e s p e c t i v e l y .

О
У

F ig .  2.  Coordinate e r r o r  o f  a po la r  point

U s in g  t h e  v a l u e  o f  Д е , t h e  e x p e c t e d  r e s u l t i n g  d i r e c t i o n  

e r r o r  can be c o m p u t e d  as :

Д
V

( 2 3 )

S i n c e  t h e  a d j u s t e d  p o i n t  l o c a t i o n  can  be o b t a i n e d  by two  

k i n d s  o f  c o r r e c t i o n s ,  two  k i n d s  o f  w e i g h t s  can be o b t a i n e d ,
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t o o ,  a c c o r d i n g  t o  t h e  b a s i s  f o r  t h e  c o m p u t a t i o n  o f  t h e  l o c a ­

t i o n  o f  t h e  p o i n t ,  i . e .  by l e n g t h  c o r r e c t i o n s  o r  by a n g u l a r  

c o r r e c t i o n s .

The w e i g h t  o f  t h e  a n g u l a r  c o r r e c t i o n  i s :

t2
_ 1 _ АР

p v i  - — 7 --------2------------- T ~ T  ( 2 4 )
Av ^ A K  /UA i t AP

and t h e  w e i g h t  o f  t h e  l e n g t h  c o r r e c t i o n  e ^ :

e i 2
M AK

1
-------T ~ r  ■

/UA i t AP

( 2 5 )

The f i r s t  c a s e  c o r r e s p o n d s  t o  t h e  d e t e r m i n a t i o n  o f  t h e

p o i n t  l o c a t i o n  by t h e  minimum o f  Cp v ^ v í v ^ ] )  t h e  s e c o n d  by t h e

min imum o f f  p . e . e . l .L r e i  l  i J

1.221 Weight o f  a d i r e c t i o n  i n  case o f  angular  c o r r ec t i ons

I n  t h i s  c a s e  Eq.  ( 2 4 )  o f  t h e  d i r e c t i o n  w e i g h t  i s  i n  an 

a l g e b r a i c  s y s t e m  o f  c o o r d i n a t e s :

У
b

( 2 6 )

T h i s  i s  a se c o n d  o r d e r  f r a c t u r e  f u n c t i o n  w h i c h  c r o s s e s  t h e  

o r i g i n  o f  t h e  c o o r d i n a t e  s y s t e m  and has  as a s y m p t o t e  a l i n e  

p a r a l l e l  w i t h  t h e  X - a x i s  a t  a d i s t a n c e  o f

У pKmax

( F i g .  3 ) .

T h i s  c u r v e  has  an i n f l e x i o n  p o i n t  a t

X =  0 . 6  о
]_
a

and t h e  w e i g h t  c u r v e  has i n f l e x i o n  a t
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F i g .  3. Weight curves o f  the determining and o r i e n t i n g  d i r e c t i o n s

t о 0 . 6 1

A t  l a s t  l e t  us c o n s i d e r  t h e  case  i f  t h e  e r r o r  o f  t h e  s t a ­

t i o n  i s  n e g l e c t e d ,  i . e .  i t  i s  supposed  t o  be e r r o r f r e e .  I n  

t h i s  c a s e  /Од« = t h e r e f o r e  t h e  w e i g h t  f u n c t i o n  has t h e  

f o r m  :

AP
AP

~ 2 -------2 ~yU>
AP i  TAP

max
APi

The w e i g h t  o f  t h e  d i r e c t i o n s ,  Eq.  ( 2 4 )  can be used  i n  t h e  

s o l u t i o n  o f  t h e  n o r m a l  e q u a t i o n s  as f o l l o w s :

Р1а1а1 = 0.1 9 - 2
2  „ 2  cos 6' i  o j 2  s "2  2

^  K i  + ^  Ы

2 —  cos 5’i

s i n 2 6 \? "? —  -1 
P i b i b i  = 0.12 9

A i K i  ♦ A i t t t

9 "9
0 . Г  9 1 _2 г

2 a2 ° iД t  1
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2 2
2 „ 2  s i n  cos £7 _o i 2 g "2

2 2 2  
M  £ .  + /u ^ t z 
'  Ki  ' l l

A

t .  cos 5■ о и
_ o . r  s«-----------LO.

^—  s in  cos 5  ^

Д f  P 1

n ,2 "2 t i  Sin , - O . l V 2 ,
Pi biwi  = - 0 J  9 ~ 2 -------7 X 2 w i  = ----- X T "  ( V yi )uJi

^ K i  + ' l  l  i

w he re  i s  t h e  p r e l i m i n a r y  d i r e c t i o n  a n g l e  and

u o . = 5 .  -  1.  .i l l

The v a l u e s  A ^  a r e  f o u n d  i n  T a b l e  I I .

2
T a b l e  I I .  V a l u e s  A t' i n  t h e  w e i g h t  f o r m u l a

К В E

Lkm +2" +3" +5" +3" +5" +7" +5" +7" + 10"

1 0.17 0.18 0.22 0.27 0.31 0.37 0.55 0.61 0.74

2 0.20 0.25 0.41 0.34 0.50 0.84 0.74 0.98 1 .49

3 0.25 0.36 0.72 0.45 0.81 1.35 1.05 1 .59 2.74

4 0.32 0.52 1.16 0.61 1.25 2.25 1.49 2.45 4.49

5 0.41 0.72 1.72 0.81 1.81 3.31 2.05 3.55 6.74

6 0.52 0.96 2.41 1.06 2.50 4.66 2.74 4.90 9.49

1 .222 D i r e c t i o n  weight  in  case o f  l e ng th  co r r e c t i o n s  

E q u a t i o n  ( 2 5 )  i s  i n  an a l g e b r a i c  f o r m :

1
У = — 5---------

ax + b
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and i t  i n t e r s e c t s  t h e  Y - a x i s  a t

t h a t  means a t

e i

and  i t  a p p r o x i m a t e s  a s y m t o t i c a l l y  t h e  X - a x i s  ( F i g .  3 ) .

2 .  WEIGHT OF A POINT

2.1  G e n e r a l  a s p e c t s

I f  t h e  s e m i - m a j o r  and s e m i - m i n o r  a x e s  o f  t h e  e r r o r  e l l i p s e  

a r e  d e n o t e d  by a and b ,  t h e  two c o n j u g a t e d  s e m i - d i a m e t e r s  by a^ 

and  b.| , f u r t h e r  t h e  e r r o r s  o f  t h e  c o o r d i n a t e s  o f  t h e  d e t e r m i n e d  

p o i n t  by Mpy and M p x > t h e n  t h e  f o l l o w i n g  c o n n e c t i o n s  a r e  

v a l i d  f o r  t h e  mean c o o r d i n a t e  e r r o r s :

^ P K  * " T
M Px 2 2 a z + b z ( 2 7 )

and  a c c o r d i n g  t o  A p o l l o n i u s :

a? + b?
^ P K ( 2 0 )

Thus i t  i s  p o s s i b l e  t o  d e t e r m i n e  t h e  a p r i o r i  p o i n t  e r ­

r o r s  f o r  t h e  d e t e r m i n i n g  d i r e c t i o n s  a t  l e a s t  w i t h  an a c c u r a c y  

w h i c h  i s  needed f o r  t h e  w e i g h t s .

When k n o w i n g  t h e  e x p e c t e d  a v e r a g e  mean s q u a r e  e r r o r s  o f  

t h e  c o o r d i n a t e s ,  t h e  w e i g h t  o f  t h e  p o i n t  i s  e x p r e s s e d  b y :

2
b7  • 

1
P ( 2 9 )
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I f  t h e  w e i g h t s  a r e  known,  w e i g h t e d  a l g e b r a i c  means o f  t h e  

p o i n t  c o o r d i n a t e s  co m p u t e d  i n  d i f f e r e n t  c o m b i n a t i o n s  l e a d  t o  

t h e  c o o r d i n a t e s  o f  t h e  a d j u s t e d  l o c a t i o n  o f  t h e  p o i n t  a c c o r d i n g  

t o  J a k o b i ' s  p r i n c i p l e .

I f  t h e  c o o r d i n a t e s  o b t a i n e d  i n  d i f f e r e n t  c o m b i n a t i o n s  a r e  

y1 , y2, y3, ••• yn and X .J , x 2 , x - j , . . .  x n , r e s p e c t i v e l y ,  and 

t h e  w e i g h t s  o f  t h e s e  p o i n t s  a r e  p ^ , p 2 , P3 , • • •  Pn , t h e n  t h e  

c o o r d i n a t e s  o f  t h e  a d j u s t e d  p o i n t  can  be computed  as a w e i g h t e d  

a v e r a g e  a s :

[ P V i ]

T P Ï Ï
and

C P i x i ]

W ( 3 0 )

The w e i g h t s  o f  t h e  p o i n t s  a r e  a f t e r  J a k o b i :

'1 2

s i n

T
OJ 1 2

S i n  CO 23
23 —5— Tt ^  t z T2 T3

( 3 0

w here  t ^  , t 2 , t - j ,  . . .  t n a r e  t h e  l e n g t h s  o f  t h e  d e t e r m i n i n g  

d i r e c t i o n s ,  and u j 1 2 , ^ г З ’ a r e  t h e  i n 'l;e r s e c t i o n  a n g l e s  o f

t h e  d i r e c t i o n s  1 - 2 ,  2 - 3  . . . .

J a k o b i ' s  mean s q u a r e  e r r o r ,  Eq.  ( 3 1 )  i s ,  h o w e v e r ,  i n  no 

a c c o r d a n c e  w i t h  t h e  w e i g h t  o f  t h e  p o i n t  deduced  f r o m  t h e  mean 

s q u a r e  e r r o r  o f  t h e  p o i n t  as a c c e p t e d  i n  g e o d e s y .  I t  i s  known 

nam e ly  t h a t  t h e  mean s q u a r e  e r r o r  o f  a p o i n t  d e t e r m i n e d  by two  

d i r e c t i o n s  i s :

M = [aa ] g .I .b b l M o  ( 3 2 )

w here  a i o i s  t h e  mean s q u a r e  e r r o r  o f  a measur ement  r e s u l t  

and t h e  o t h e r  f a c t o r s  a r e  i n  case  o f  t w o  d i r e c t i o n s  t h e  f o l ­

l o w i n g  :

[a a]  + [ b b ]  = —i  + —i  ( 3 3 )
t z t ^T 1 x 2

s i n 2 CO . „
and

( 3 4 )
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r e s p e c t i v e l y .  T a k i n g  a l l  t h e s e  f o r m u l a s  i n t o  a c c o u n t  one o b ­

t a i n s  :

M2
1 2

*? * *2
. 2s i n  2

( 3 5 )

a n d  f r o m  t h i s ,  t h e  w e i g h t  o f  t h e  p o i n t  c o o r d i n a t e s  i s  i n  c o n ­

t r a s t  t o  J a k o b i ' s  p o i n t  w e i g h t  g i v e n  by Eq. ( 3 1 ) ,  t h e  f o l l o w ­

i n g  :

p 12

. 2
s i n  g j  .J 2

~ T 7 1  272
A V i  M ' - t 'l o “ 2

( 3 6 )

I t  s h o u l d  be m e n t i o n e d  h e re  t h a t  H a z a y ' s  s t a t i c  a d j u s t m e n t  

( 1 9 3 8 )  i s  s u p p o r t e d  by t h e  f a c t  t h a t  t h e  sum [ p \ \ ]  i s  f u l l y  

a n a l o g o u s  w i t h  t h e  s e c o n d  o r d e r  i n t e r t i a l  moment.

The sys tem o f  f o r c e s  p ^ , P2 , . . .  p p c o n s i s t s  o f  t h e  f o r c e s  

i n  t h e  p l a n e  o f  F i g .  4 b e i n g  p a r a l l e l  w i t h  each o t h e r ;  t h e  

r e s u l t a n t  f o r c e  P i s  i n  a d i s t a n c e  o f  l p f r o m  an a r b i t r a r y  

s t r a i g h t  l i n e  0 - 0  and  t h e  d i s t a n c e s  o f  t h e  f o r c e s  f r o m  t h e  

same l i n e  a re  1  ̂ , 1 2  > • • •  1R. I n  c a s e  o f  an e q u i l i b r i u m  i t  i s
e v i d e n t l y  :

r i i p i ]  *

a n d  t h e  l o c a t i o n  o f  t h e  r e s u l t a n t  i s :

F i / ]

‘ p ■ • ( 3 7 )

L e t  us d e n o te  t h e  d i s t a n c e  o f  t h e  f o r c e s  f r o m  t h e  r e s u l t a n t
b y :

Ai = 1p " 1 i > A2 = i p  x 2> • • •  An = i p - i p  •

S u p p o s i n g  t h a t  t h e s e  d i s t a n c e s  a r e  c o r r e c t i o n s ,  i t  can

be w r i t t e n  f o r m a l l y  i n  a c c o r d a n c e  w i t h  t h e  p r i n c i p l e  o f  l e a s t  

s q u a r e s ,  as a second  o r d e r  e q u a t i o n  o f  moment :
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0

F ig .  4. Weight f a c to r s  as forces

[ Р А Л ]  = P 1 ( l p - l 1 ) 2 + P2 ( l p - 1 2 ) 2 + . . .  + Pn ( l p - l n ) 2 .

A f t e r  s i m p l i f i c a t i o n  one g e ts  t h e  g e n e r a l  fo r m :

[ Р Л А ]  = [  Р±1р ]  -  2 [ P i l i l p]  + [ l ^ ]  . ( 3 8 )

The m inimum o f  E g . ( 3 8 )  i s

d [ P A \ ]  = 2 [ P i 3 l p -  2 [ P i l i ]  = 0

and

, CVil 
‘p ' ТТГ

as
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d 2Ç ^ j -  = 2 Гр . ]  > о .
[ d 2 l p ]

T h i s  fo r m u la  c o r r e s p o n d s  t o  t h a t  o b t a i n e d  f ro m  th e  s t a t i c  

c o o r d i n a t e  a d j u s t m e n t .

2 . 2  B a s ic  ca s e s  o f  t h e  h o r i z o n t a l  p o i n t  d e t e r m i n a t i o n

The d e t e r m i n a t i o n  o f  t h e  c o o r d i n a t e s  o f  h o r i z o n t a l  c o n t r o l  

p o i n t s  can  be re d u c e d  t o  t h e  f o l l o w i n g  c a s e s :

1 . M e a s u re m e n t  o f  d i r e c t i o n  and l e n g t h  f r o m  a s i n g l e  known 

p o i n t

2 .  M e a s u re m e n t  o f  d i r e c t i o n  f r o m  tw o  known p o i n t s  ( i n t e r s e c t i o n  

b y  d i r e c t i o n s )

3 .  D i s t a n c e  m easu rem en t f r o m  two known p o i n t s  ( i n t e r s e c t i o n  by 

l e n g t h s ) .

I n  th e  p r a c t i c e  c o m b i n a t i o n s  o f  t h e s e  m ethods o c c u r ,  t o o ,  

o r  t h e  same method can  a l s o  be r e p e a t e d  s e v e r a l  t im e s .  Thus 

t r a v e r s e s  can be s u p p o s e d  as r e p e a t e d  u t i l i z a t i o n  o f  th e  f i r s t  

m e t h o d ,  t r i a n g u l a t i o n  as  t h a t  o f  t h e  s e c o n d ,  and t r i l a t é r a t i o n  

as t h a t  o f  th e  t h i r d ,  a t  l e a s t  f r o m  th e  p o i n t  o f  v ie w  o f  t h e  

p r e s e n t  i n v e s t i g a t i o n .  A l l  t h e  t h r e e  m e th o d s  h a v e ,  h o w e v e r ,  i n  

common t h a t  th e y  f u l f i l  an e le m e n t a r y  c o n d i t i o n  as f o l l o w s :

F o r  th e  d e t e r m i n a t i o n  o f  an unknown p o i n t  i n  an a r b i t r a r y  

s y s t e m  o f  c o o r d i n a t e s  a t  l e a s t  one c o n t r o l  p o i n t ,  t h e  d i s t a n c e  

o f  tw o  p o i n t s  and th e  d i r e c t i o n  o f  t h e  l i n e  be tw een  them a r e  

n e c e s s a r y .

T h i s  c o n d i t i o n  i s  f u l f i l l e d  i n  a d i r e c t  way by th e  f i r s t  

m e t h o d .  I n  case o f  t h e  o t h e r  o n e s ,  tw o  c o n t r o l  p o i n t s  a re  

n e e d e d ,  and th e  d i s t a n c e  ( i n  case  o f  i n t e r s e c t i o n  by d i r e c ­

t i o n s )  -  o r  th e  d i r e c t i o n  ( i n  case o f  i n t e r s e c t i o n  by l e n g t h s )  

i s  i n d i r e c t l y  o b t a i n e d .

2 .2 1  The w e ig h t  o f  t h e  p o i n t  i n  ca se  o f  p o i n t  d e t e r m i n a t i o n s  

by  d i r e c t i o n  and d i s t a n c e  m e a s u re m e n ts

I n  t h e  p r e s e n t  c a s e  t h e  c o o r d i n a t e s  o f  th e  s t a t i o n  a re  

g i v e n  and  th e  d i r e c t i o n  o f  t h e  l i n e  t o  p o i n t  P t o  be d e t e r m i n e d
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F ig .  5. E rro r  e l l i p s e  o f  a p o la r  po in t

as w e l l  as t h e  d i s t a n c e  AP a re  known ( F i g .  5 ) .  The c o o r d i n a t e s  

o f  p o i n t  P t o  be d e t e r m in e d  a re  t h e n :

УР = УА + *AP s i n *AP

XP = XA + *AP c o s ^AP

e r r o r s o f  t h e  c o o r d i n a t e s  a r e :

= м 1 у  s i n 2 б д р + A12 t 2 l  AP
9

cos б д р

= M Ax + M T cos2  5 AP + Д1 2 t 2 l  AP s i n 2 5дР

( 3 9 )

( 4 0 )

w h e re  Л±ду and Д1дх a re  th e  c o o r d i n a t e  e r r o r s  o f  th e  c o n t r o l  

p o i n t ,  д ь  i s  t h e  e r r o r  o f  t h e  d i r e c t i o n  and дх^ th e  e r r o r  o f  

t h e  d i s t a n c e

Thus th e  mean c o o r d i n a t e  e r r o r  o f  t h e  p o i n t  i s :
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2 M Ру + /u Px ^ А у  + ^ А х  + /U T + M i t AP 
^  РК 2

L e t  us i n t r o d u c e  th e  mean c o o r d i n a t e  e r r o r

M
M AK

h i
+ M Ax

( 4 1  )

i n  c a s e  o f  p o i n t  A , t o o ,  and th e  e r r o r  o f  th e  d i s t a n c e  be 

d e d u c e d  f ro m  th e  e r r o r  o f  th e  u n i t  l e n g t h  / i c , th u s  i f

= aV ap

t h e n  Eq. ( 4 1 )  can  be w r i t t e n  as :

2 2^ K  + w o ^ P  + ^ A p
PK 2 ( 4 2 )

T he  n o m in a to r  o f  t h e  f r a c t u r e  can be s p l i t  i n t o  two p a r t s  i n  

t h e  f o l l o w i n g  f o r m :

2
b 2

w h e re

a2 =a í 2 k + M 2 t 2 p and b 2 = ^ 2K + M 2 t 2p - ( 4 3 )

The v a lu e s  a and b i n  Eq. ( 4 3 )  a r e  e v i d e n t l y  th e  com po ­

n e n t s  o f  th e  p o i n t  e r r o r  p e r p e n d i c u l a r  t o  th e  d i r e c t i o n  AP and 

p a r a l l e l  w i t h  i t ,  r e s p e c t i v e l y ,  and t h e s e  a re  th e  s e m i - m a j o r  

and  s e m i - m in o r  a x e s  o f  th e  e r r o r  e l l i p s e  o f  p o i n t  P.

The w e ig h t  o f  p o i n t  P i s  t h e n :

Pp ( 4 4 )

2 . 2 2  W e ig h t  o f  a p o i n t  d e te r m in e d  by d i r e c t i o n  i n t e r s e c t i o n

I n  th e  p r e s e n t  c a s e  th e  unknown p o i n t  P i s  d e t e r m in e d  by



WEIGHT COEFFIC IENTS 4 3 5

d i r e c t i o n  m e a su re m e n ts  a t  tw o  known p o i n t s ,  A and В as t h e  i n ­

t e r s e c t i o n  o f  tw o  o r i e n t e d  d i r e c t i o n s  ( F i g .  6 ) .

F ig .  6. E r ro r  e l l i p s e  o f  a p o in t  determined by d i r e c t io n  in te r s e c t io n

I t  i s  c h a r a c t e r i s t i c  f o r  t h i s  m e th o d  o f  th e  p o i n t  d e t e r m i ­

n a t i o n  t h a t  th e  a n g u la r  e r r o r  o f  t h e  tw o  d i r e c t i o n s  s e p a r a t e l y  

c a u s e s  a d i s t a n c e  e r r o r  i n  th e  o t h e r  d i r e c t i o n  and th e s e  tw o  

d i s t a n c e  e r r o r s  g i v e  a t  t h e  same t im e  a c o n ju g a t e d  p a i r  o f  d i a ­

m e te rs  o f  t h e  e r r o r  e l l i p s e  i n  p o i n t  P.

The c r o s s - e r r o r  c a u s e d  by t h e  d e t e r m i n i n g  d i r e c t i o n s  i s  

w i t h  t h e  s y m b o ls  o f  F i g .  6 t h e  f o l l o w i n g :

ДАР

ДАР

A
<-

( 4 5 )
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w h e re  /и . . .  and /и aLr a r e  th e  mean c o o r d i n a t e  e r r o r s  o f  t h e  
AK ÜK

c o n t r o l  p o i n t s ,  f u r t h e r  Л<др| and ^ g P i  a re  th e  an9u l a r  mean 
s q u a r e  e r r o r s  o f  th e  d e t e r m i n in g  d i r e c t i o n s .  From th e  c r o s s - e r ­

r o r s  i n  Eq. ( 1 )  a c o n j u g a t e d  p a i r  o f  d i a m e t e r s  o f  th e  e r r o r  e l ­

l i p s e  can be e x p r e s s e d :

^A P
S in  OJ and

AJBP

AB SinOJ AB
( 4 6 )

A c c o r d i n g  t o  Eq. ( 2 8 )  i n  S e c t i o n  2 . 1 :

a? + b? =/u 2
PK

t h e r e f o r e  th e  w e ig h t  o f  t h e  p o i n t  i s :

2 s i n  иj AB 2 s i n  ш AB

AJ PK JAP
2
BP

( 4 7 )

w h e re

2
AKАд =AJ + A1 A P i t Áp and Дд в К + AJ в р ^ В Р ( 4 8 )

The v a lu e s  i n  E q . ( 4 8 )  can be ta k e n  f r o m  T a b le  I I .

I f  t h e  c o n t r o l  p o i n t s  a re  c o n s i d e r e d  as e r r o r f r e e ,  t h e n :

2 s i n  oo AB

V  t 2 + /U 2 t 2APi AP ^  B P i BP

( 4 9 )

f u r t h e r  i f  t h e  d i r e c t i o n s  a re  c o n s i d e r e d  as o f  th e  same a c c u r a c y  

i  . e . i f  :

^ A P i  = A 'B P i  = M  i

t h e n  t h e  w e ig h t  o f  t h e  p o i n t  i s  as f o l l o w s :
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( 5 0 )

2 .2 3  The w e ig h t  o f  a p o i n t  d e t e r m in e d  by d i s t a n c e  i n t e r s e c t i o n

I n  c a s e  o f  t h i s  p o i n t  d e t e r m i n a t i o n  th e  unknown p o i n t  P i s  

o b t a i n e d  by two d i s t a n c e  m e a su re m e n ts  f r o m  two c o n t r o l  p o i n t s ,  

e s s e n t i a l l y  as th e  i n t e r s e c t i o n  o f  tw o  c i r c l e s  ( F i g .  7 ) .

F ig .  7. E rro r  e l l i p s e  o f  a p o in t  determined by distance in te r s e c t io n

I n  t h i s  case  tw o  c o n j u g a t e d  d i a m e t e r s  o f  th e  e r r o r  e l l i p s e  

f i t  t o  c i r c u l a r  a r c s  t h r o u g h  p o i n t  P -  and due to  t h e  b i g  

r a d i u s  and t o  th e  s m a l l  l e n g t h s  o f  t h e  a r c s  -  t o  s t r a i g h t  

l i n e s  b e in g  p e r p e n d i c u l a r  t o  th e  d i r e c t i o n s ,  r e s p e c t i v e l y .  I n  

t h i s  c a s e  a d i s t a n c e  e r r o r  i n  one o f  t h e  l e n g t h s  c a u s e s  a 

d i r e c t i o n  e r r o r  i n  t h e  o t h e r  d i r e c t i o n  and v i c e  v e r s a .

The f u l l  d i s t a n c e  e r r o r  o f  t h e  l e g  i s  th e n  t h e  f o l l o w i n g :
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Ai дР =\ /AJ­AK - H a I

and ( 5 1 )

А»,BP
. /~2 2 .2

" V ^ B K  + - Н В * В

The v a lu e s  /идк and /и ßK be low  th e  r o o t  a r e  th e  mean c o o r d i n a t e  

e r r o r s  o f  th e  c o n t r o l  p o i n t s ,  M  and Ai a re  th e  m ea su re m e n t 

e r r o r s  o f  th e  d i s t a n c e s .

The c o n j u g a t e d  s e m i - d i a m e t e r s  a r e  t h e  f o l l o w i n g :

A1AP
1 s i n  OO

and

AB 

/U Bp
1 s i n  COAB

( 5 2 )

w h e re  w . n i s  t h e  a n g l e  be tween th e  tw o  d i r e c t i o n s .  
Ad

Thus th e  mean c o o r d i n a t e  e r r o r  o f  p o i n t  P i s :

2 2 2 2 2 2 
/дхдк + AiHAt Ap + А1 в« + A i HBt BP

PK ---- 2
2 s i n  oo AB

( 5 3 )

and  th e  w e ig h t  o f  p o i n t  P:

2 s i n 2 oo

A* PK - I k + — hAt  AP + - B K  + — hB^BP
T J

AB

ST X T 2 "  ' ( 5 4 )

I f  th e  c o n t r o l  p o i n t s  a re  c o n s i d e r e d  as e r r o r f r e e  and 

d i s t a n c e  m e a s u re m e n ts  as o f  e q u a l  a c c u r a c y ,  i . e .  i f

- h A  = - h B  = A i H

t h e n  th e  w e ig h t  o f  t h e  p o i n t  i s :

P d  =

?
2 s i n  oo AB ( 5 5 )
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3 .  SUMMARY OF THE RESULTS

The i n v e s t i g a t i o n s  p r e s e n t e d  i n  t h i s  p a p e r  i n c l u d e  tw o  

p a r t s .  The f i r s t  p a r t  d e a l s  w i t h  d i r e c t i o n  w e i g h t s ,  t h e  se cond  

w i t h  p o i n t  w e i g h t s ,  i n  b o th  c a s e s  w i t h  t h e  new id e a  t h a t  

w e ig h t s  a re  deduced  f r o m  a p r i o r i  e r r o r  e s t i m a t e s .  R e s u l t s  

o b t a i n e d  so a re  co m p a re d  w i t h  p r e s e n t  m e thods  o f  w e i g h t i n g .

The r e s u l t s  a b o u t  d i r e c t i o n  w e ig h t s  can be s u m m a r iz e d  as 

f o l l o w s .

The w e ig h t  o f  an o r i e n t i n g  d i r e c t i o n  i s :

AB ~ T
^A K

AB

Я BK

(5 6 )

The w e ig h t  o f  a d e t e r m i n i n g  d i r e c t i o n  w i t h  a n g u l a r  c o r ­

r e c t i o n  :

AP
AP

----- 5— T ~
( 5 7 )

The w e ig h t  o f  a d e t e r m i n i n g  d i r e c t i o n  w i t h  d i s t a n c e  c o r ­

r e c t i o n  :

AP
M AK

— 2— T ~
M A i t AP

(5 8 )

F ig u r e  8 shows t h e  c u r v e s  o f  t h e  d i r e c t i o n  w e i g h t s  i n  th e  

tw o  ca s e s  s u p p o s in g  t h a t  i n  th e  one case  th e  mean c o o r d i n a t e  

e r r o r  o f  t h e  s t a t i o n  i s  ^ 0 . 0 5  cm, i n  th e  o t h e r  c a s e  0 .1 5  cm. 

The e r r o r  o f  th e  d i r e c t i o n  i s  i n  th e  same cases  +J 0 and +_15 

s e c o n d s  o f  a r c ,  r e s p e c t i v e l y .  The w e ig h t  c u rv e  w i t h o u t  t a k i n g  

t h e s e  e r r o r s  i n t o  a c c o u n t  i s  a l s o  show n:

PAP = (5 9 )

The f i g u r e  shows t h a t  i n  th e  l a t t e r  case  t h e  e r r o r  i s  

r e p r e s e n t e d  by a s i n g l e  l i n e ,  w h i l e  i n  ca se  o f  t h e  c o n s e q u e n t
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a p p l i c a t i o n  o f  t h e  r e l i a b i l i t y  p a r a m e te r s  t h e  w e ig h t  can be 

a n y w h e r e  i n  an a re a  b e tw e e n  th e  two c u r v e s .  T h i s  w e ig h t  r e ­

f l e c t s  th e  r e a l i t y  c l o s e r ,  as i t  i s  i n f l u e n c e d  n o t  o n l y  by th e  

g e o m e t r y ,  b u t  a l s o  by t h e  r e l i a b i l i t y  o f  t h e  n e tw o r k  and o f  th e  

m e a s u r e m e n ts .

F ig .  8 . Curves o f the weight fa c to r s

The w e ig h t  o f  t h e  p o i n t  i s  a l s o  t h e  r e c i p r o c a l  s q u a re  o f  

t h e  a p r i o r i  p o i n t  mean s q u a re  e r r o r  and o f  t h e  mean c o o r d i n a t e  

e r r o r ,  r e s p e c t i v e l y  -  t h e  l a t t e r  can be a d v a n t a g e o u s l y  used 

h e r e .  One has t h e n :

W e ig h t  o f  a p o l a r  p o i n t :

Pp = — о---------- 5— Ц ----------- 5—s— ( 6 0 )
^ A K  + /uA P i t AP + M o t AP

W e ig h t  o f  a p o i n t  f r o m  i n t e r s e c t i o n  by  d i r e c t i o n s :

2 sin4 B
Pp = —2---------- 5--------5-----------5----------- 5-------5—

^ A K  + / U A P i t AP +/U BK + M B P i t BP

( 6 1  )

W e ig h t  o f  a p o i n t  f r o m  i n t e r s e c t i o n  by d i s t a n c e s :
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Pp

. 2 S in  0 0

“ 5---------- 2 2
^ A K  +A JAt AP

AB 
-, 2 +2 

+ /^ BKt BP + f j
T
BK

(6 2 )

Hazay ( 1 9 5 8 )  gave  th e  w e ig h t  o f  a p o i n t ,  deduced  f r o m  th e  mean 

s q u a re  e r r o r  M d e t e r m in e d  by two d i r e c t i o n s :

1 = s 1п оОд в

M7  ^ c  ( t A + t B)

and J a k o b i ' s  p o i n t  w e ig h t :

s i n 2 uoAB
~ T ~ Tt ^ t zXAXB

( 6 3 )

(6 4 )

B o th  f o r m u l a s  have  th e  common d i s a d v a n t a g e  t h a t  -  among o t h e r s  

-  t h e  c o o r d i n a t e  e r r o r s  o f  th e  c o n t r o l  p o i n t s  do n o t  a p p e a r  i n  

t h e m .

F i n a l l y ,  i t  i s  t o  be re m a rk e d  t h a t  t h e  f o r m u l a s  f o r  th e  

p o i n t  w e ig h t  show c l e a r l y  th e  u n i f o r m i t y  o f  th e s e  p o i n t  d e t e r ­

m i n a t i o n s .  T h is  u n i f o r m i t y  i s  p ro v e d  by th e  f a c t  t h a t  f o r  th e  

d e t e r m i n a t i o n  o f  a p o i n t  i n  each ca se  tw o  b a s i c  p o i n t s  and two 

d i r e c t i o n s  and d i s t a n c e s ,  r e s p e c t i v e l y ,  a re  n e c e s s a r y .  Even th e  

p o l a r  d e t e r m i n a t i o n  o f  a p o i n t  i s  no e x c e p t i o n  f r o m  t h i s  r u l e ,  

as th o u g h  h e re  one has o n l y  one c o n t r o l  p o i n t ,  b u t  i t  a p p e a rs  

i n  tw o  r o l e s ,  f i r s t  i n  th e  a n g le  m e a s u re m e n t ,  t h e n  i n  t h e  

d i s t a n c e  m easu rem en t ( t h a t  i s  why t h e  f a c t o r  2 ^ ^  a p p e a rs  i n  

th e  d e n o m in a to r  o f  t h e  e x p r e s s i o n ) .

F u r t h e r  i t  can  be sup p o se d  t h a t  h e re  one has  tw o  d i r e c ­

t i o n s ,  t o o ,  th e  s e co n d  im a g in a r y  one i n t e r s e c t i n g  th e  f i r s t  one
?

p e r p e n d i c u l a r l y  (a n d  th e  f a c t o r  s i n  иодд does n o t  a p p e a r  i n  th e  

d e n o m in a to r  o n l y  as i t  i s  e q u a l  1 ) .

The in d e p e n d e n c e  o f  t h e  e le m e n ts  can  be su p p o s e d  i n  o p e r a ­

t i o n s  c o n n e c te d  w i t h  t h e  mean s q u a re  e r r o r s ,  b u t  i t  was n o t  

n e c e s s a r y  t o  i n v e s t i g a t e  th e m , as t h e  d educed  mean s q u a r e  e r ­

r o r s  a r e  used  o n l y  f o r  t h e  d e t e r m i n a t i o n  o f  th e  w e ig h t s  and i t  

i s  s u f f i c i e n t  t o  e n s u re  t h e  c o r r e c t  r a t i o  o f  t h e  w e i g h t  f a c t o r s .
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T h a t  i s  why th e  a p p r o x i m a t i o n  i s  a l l o w e d  t h a t  th e  r e l i a b i l i t y  

o f  t h e  d i f f e r e n t  p o i n t s  has  been q u a l i f i e d  u n i f o r m l y  i n  p o i n t  

t y p e s .
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In the paper some re s u l t s  o f the e lec trom agne t ic  s tud ies  obta ined in  a 
t e s t  f i e l d  near Frunze are presented. Time v a r ia t io n s  o f r e s i s t i v i t y  
records are shown to  be re la te d  f i r s t  o f  a l l  to  deformationa l processes. 
A c t ive  deformations in  the uppermost sec t ion  are not always accompanied by 
earthquakes. P r io r  to  earthquakes low-frequency r e s i s t i v i t y  decrease was 
observed a t s i te s  c lose  to  the ep icen tre .

Keywords: earthquake p re d ic t io n ;  e lec trom agne t ic  sounding; MHD-
genera to r; t e s t - f i e l d  a t Frunze

INTRODUCTION

E le c t r o m a g n e t i c  m ethods by u s i n g  a r t i f i c i a l  c u r r e n t  

s o u r c e s  have been e x t e n s i v e l y  used f o r  e a r t h q u a k e  p r e d i c t i o n  a t  

a number o f  t e s t - f i e l d s  i n  th e  S o v i e t  U n io n  (B a rs u k o v  1970 , 

A vag im ov  e t  a l .  1 9 8 4 ,  S h a n o tko  e t  a l .  1 9 8 6 ,  Y akovenko  1 9 5 8 ) .  

One such  p la c e  i s  th e  " F r u n z e "  t e s t - f i e l d ,  l y i n g  w i t h i n  th e  

N o r t h e r n  T ie n  Shan s e is m o g e n ic  r e g i o n  a t  a d i s t a n c e  30 km s o u th  

o f  F ru n z e  th e  c a p i t a l  o f  K i r g h i z i a .  P o w e r f u l  c u r r e n t  s o u rc e s  

su ch  as M H D - g e n e ra to r  and c u r r e n t  i m p u ls e  g e n e r a t i n g  s y s te m s  

a re  used t h e r e .  B e s id e s  r e s i s t i v i t y  m e a s u re m e n ts  th e  h o r i z o n t a l  

m ovem ents o f  t h e  u p p e r  c r u s t  a re  s t u d i e d  by u s in g  l a s e r  

d i s t a n c e  m e t e r s ;  v a r i a t i o n s  o f  th e  t o t a l  g e o m a g n e t ic  v e c t o r ,  

t h e  ra d o n  c o n c e n t r a t i o n  i n  th e  s o i l ,  a i r  and th e  i n c l i n a t i o n  a re  

a l s o  o b s e r v e d .  S e i s m o lo g i c a l  o b s e r v a t i o n s  a re  c a r r i e d  o u t  by 

t h e  S e i s m o lo g i c a l  I n s t i t u t e  o f  th e  K i r g h i z  Academy o f  S c ie n c e s .  

I n  t h i s  a r e a ,  a t  th e  G e o p h y s ic a l  O b s e r v a t o r y  o f  th e  

S e i s m o l o g i c a l  I n s t i t u t e  v a r i o u s  complex o b s e r v a t i o n s ,  i n c l u d i n g  

s t r a i n  and i n c l i n a t i o n  m easu rem en ts  a re  c a r r i e d  o u t .  In

Acta Geod. Geoph. Mont. Hung. 25, 1990 
Akadémiai Kiadó, Budapest
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a d d i t i o n ,  s e v e r a l  o t h e r  i n s t i t u t i o n s  m easure  th e  g r o u n d w a te r  

l e v e l  f l u c t u a t i o n s  i n  b o r e h o le s  and th e  v e r t i c a l  m ovem ents  o f  

t h e  g ro u n d  s u r f a c e .  T h e re  a re  s e v e r a l  h y d r o m e t e o r o l o g i c a l  

s t a t i o n s  a t  th e  i n v e s t i g a t e d  a r e a ,  t o o .

O w ing to  w id e  v a r i e t y  o f  m e th o d s  i n v o l v e d  i t  i s  p o s s i b l e  

t o  a n a l y z e  th e  c o m p le x  d a ta  s e t ,  t a k i n g  i n t o  a c c o u n t  p o s s i b l e  

h y d r o m e t e o r o l o g i c a l  and h y d r o g e o l o g i c a l  e f f e c t s .

E l e c t r o m a g n e t i c  s t u d i e s  a t  th e  t e s t - f i e l d  w ere  i n i t i a t e d  

i n  1 9 8 2 .  Nowadays a l a r g e  vo lum e  o f  e x p e r i m e n t a l  d a ta  i s  

a v a i l a b l e ,  w h ich  w o u ld  be th e  s u b j e c t  o f  f u t u r e  p u b l i c a t i o n s .

O ur pa p e r  d e a l s  w i t h  s e v e r a l  c h a r a c t e r i s t i c s  o f  r o c k  

r e s i s t i v i t y  c h a n g e s ,  r e c o r d e d  d u r i n g  1 9 8 6 -1 9 8 7 .  They p r o v i d e  

e v i d e n c e  o f  t h e i r  p o s s i b l e  r e l a t i o n  t o  d e f o r m a t i o n  and e a r t h ­

q u a k e  g e n e r a t i o n  p r o c e s s .

ELECTROMAGNETIC RESULTS

Among v a r i e t y  o f  e l e c t r o m a g n e t i c  m e thods  i n v o l v e d  

f r e q u e n c y  s o u n d in g  (F S )  i s  th e  m os t s i g n i f i c a n t .  C u r r e n t  

s o u r c e s  a re  th e  M H D - g e n e ra to r  " P a m i r  2 "  ( " h o t  s h o t " )  and th e  

c a p a c i t y  banks o f  t h e  MHD p r i m a r y  e x c i t a t i o n  s y s te m  ( " c o l d  

s h o t " ) .  The d u r a t i o n  o f  t h e  " h o t "  impulse i s  10 s e c ,  t h e  c u r r e n t  

a m p l i t u d e  i s  up t o  2 . 6  k A . " C o ld "  o n e ' s  d u r a t i o n  i s  0 . 4  sec , and 

t h e  c u r r e n t  a m p l i t u d e  re a c h e s  5 kA . The lo a d  i s  an e l e c t r i c  

d i p o l e  h a v in g  a l e n g t h  o f  4.2 km and an e l e c t r i c  r e s i s t a n c e  o f

0 . 4  Ohm. The " h o t "  o p e r a t i o n  i s  made once i n  a m o n th ;  th e  

" c o l d "  one s e v e r a l  t i m e s  a d a y .  B e s id e s  th e s e  tw o  s y s te m s ,  

s o u n d i n g s  a re  made a l s o  by u s in g  an e l e c t r i c  im p u ls e  g e n e r a t i n g  

s y s t e m ,  s u p p l ie d  w i t h  e l e c t r i c  pow er l i n e s .  T h is  t h i r d  s y s te m  

i s  a b l e  to  s u p p l y  i n t o  th e  c u r r e n t  d i p o l e  a s e r i e s  o f  

h e t e r o p o l a r  im p u ls e s  o f  c o n t r o l l e d  d u r a t i o n ,  h a v in g  an 

a m p l i t u d e  o f  800 A.

R e s i s t i v i t y  v a r i a t i o n s  a re  r e c o r d e d  a t  5 p e rm a n e n t  s t a ­

t i o n s  and s e v e r a l  o t h e r  s i t e s ,  e q u ip p e d  w i t h  p o r t a b l e  m e a s u r in g  

i n s t r u m e n t a t i o n .  The num ber o f  t e m p o r a r y  m e a s u r in g  s i t e s  and 

t h e i r  p o s i t i o n  depend  on th e  t y p e  o f  s u r v e y  u s e d .  F i g u r e  1 

s h o w s  th e  a r r a n g e m e n t  o f  th e  c u r r e n t  d i p o l e  and th e  m e a s u r in g  

s i t e s  d u r i n g  1 9 8 6 -1 9 8 7 .
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F ig .  1. E lec trom agnet ic  network in  the T e s t -F ie ld  a t  Frunze. Earthquake 
e p ic e n t re s ,  in d ica te d  by c i r c l e s ,  a re  based on data o f  the Seismo- 
l o g i c a l  I n s t i t u t e  o f  the K irg h iz  Academy o f  Sciences (KAS). 1. Pre- 
mesozoic basement outcrop ; 2. o b s e rv a t io n a l  s i t e s ;  3. Geophysical 
Observatory, Se ism olog ica l I n s t i t u t e ,  KAS; 4. cu rren t d ip o le

E l e c t r i c  d i p o l e s  o r i e n t e d  m e r i d i o n a l l y  w i t h  a l e n g t h  

f r o m  s e v e r a l  h u n d re d  m e te rs  t o  one k i l o m e t e r  were used  as r e ­

c e i v e r s .  The c u r r e n t  i n  th e  c u r r e n t  d i p o l e  and th e  v o l t a g e  i n  

t h e  r e c e i v i n g  d i p o l e s  a re  m e a su re d  by means o f  s p e c i a l l y - d e ­

s i g n e d  d i g i t a l  i n s t r u m e n t s .

I n  t h i s  p a p e r  th e  v a r i a t i o n a l  p a t t e r n  a t  s i t e  3 ,  11 km 

s o u t h - w e s t  w a rd  f r o m  th e  c u r r e n t  d i p o l e  i s  d i s c u s s e d .  R e s i s t i v ­

i t y  c u r v e s  a re  dem ons tra ted  i n  F i g .  2 .  The r e s i s t i v i t y  m e a s u r e ­

m ent e r r o r  can be e s t i m a t e d  f r o m  F i g .  3 , w h ic h  show s " 2 6  " 

c h a n g e s  i n  p e r c e n t s  v e r s u s  f r e q u e n c y .  A c c o r d in g  t o  F i g .  3 

w i t h i n  th e  f r e q u e n c y  ra n g e  1 -8  Hz t h e  v a l u e  2 6  does n o t  e x c e e d  

2 p . c .  o f  g a , and i n  th e  ra n g e  0 . 1 - 1  Hz and 9 -1 0  Hz -  3 p . c .  

o f  9 a •
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F ig .  2. AL deformations recorded at the Observatory [дтИ and ga r e s i s ­
t i v i t y  records observed a t several d i f f e r e n t  frequencies a t  s i t e  3

R e s i s t i v i t y  v a r i a t i o n s  a t  s i t e  3 a re  c h a r a c t e r i z e d  by a 

s u d d e n  i n c r e a s e  w i t h i n  th e  f r e q u e n c y  r a n g e  1 -10  Hz, r e c o r d e d  i n  

M a r c h ,  1987. I t  was p re c e e d e d  by a l o n g - t e r m  r e s i s t i v i t y  d e ­

c r e a s e .  The s h a r p e s t  r e s i s t i v i t y  i n c r e a s e s  a re  o b s e rv e d  a t  h i g h  

f r e q u e n c i e s ,  and i t s  a m p l i t u d e  d e c r e a s e s  w i t h  th e  f r e q u e n c y .  I t  

was a p p a r e n t l y  i n d u c e d  by a c e r t a i n  p r o c e s s  i n  th e  u p p e r  s e c ­

t i o n ,  p r o p a g a t i n g  d o w n w a rd .
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F ig .  3. R e s is t i v i t y  measurement e r ro r  2 6 vs. frequency a t  s i t e  3

A t  th e  same t im e  no s i g n i f i c a n t  s e i s m ic  a c t i v i t y  was o b ­

s e r v e d .  The e a r t h q u a k e  i n t e n s i t y  i n  e n e r g e t i c  s c a le  (K = lg E O  ) 

was n o t  h i g h e r  th a n  9 - 1 0 .  A c c o r d i n g  t o  F i g .  1 ( w i t h  e x c e p t i o n  

o f  an e a r t h q u a k e  К = 7 .6  J u l y  2 3 ,  1 9 8 6 )  a l l  o t h e r  e a r t h q u a k e s  

w e re  a t  a c o n s i d e r a b l e  d i s t a n c e  f r o m  s i t e  3 .  The n um ber o f  

e a r t h q u a k e s  i n c r e a s e d  to w a rd  th e  end o f  1985 , 1986 . The s t e p ­

l i k e  r e s i s t i v i t y  i n c r e a s e  was o b s e r v e d  d u r i n g  a s e i s m i c  g a p ,  

and i t  was n o t  a c c o m p a n ie d  by h y d r o m e t e o r o l o g i c a l  and g r o u n d -  

w a t e r  a n o m a l ie s .

The r e s u l t s  o f  d e f o r m a t i o n a l  and i n c l i n a t i o n  o b s e r v a t i o n s  

i n  a g e o p h y s i c a l  o b s e r v a t o r y  10 km w e s tw a rd  f ro m  s i t e  3 were  

p u b l i s h e d  by th e  S e i s m o l o g i c a l  I n s t i t u t e  o f  th e  K i r g h i z  Academy 

o f  S c ie n c e s  (Y a k o v e n k o  1 9 8 8 ) .  S t r a i n  was m easured by means o f  a 

r o d  s t r a i n  m e te r  (RS) h a v in g  a base  o f  30 m, p la c e d  i n  an a d i t .  

The d e f o r m a t i o n a l  c u r v e s  f o r  M arch and A p r i l  1987 shown i n  F i g .  

2 i n d i c a t e  a s h a r p  change i n  t h e  g ro u n d  s u r f a c e  d e f o r m a t i o n  

w h ic h  i s  a c c o m p a n ié d  by h ig h  a m p l i t u d e  i n c l i n a t i o n  c h a n g e s .  

These  s u b s u r f a c e  d e f o r m a t i o n a l  ch a n g e s  w ere  o b s e r v e d  

s i m u l t a n e o u s l y  w i t h  th e  s t e p - l i k e  r e s i s t i v i t y  i n c r e a s e  a t  s i t e  

3 .  I t  i s  assumed t h a t  th e  same d e f o r m a t i o n a l  c h a n g e s  a r e  r e ­

s p o n s i b l e  f o r  b o th  phenomena. H e n c e ,  f r o m  c u r v e s  i n  F i g .  2 i t  

i s  e v i d e n t ,  t h a t

-  as th e  r e s i s t i v i t y  v a r i a t i o n s  a r e  c a u se d  by d e f o r m a t i o n a l  

c h a n g e s ,  r e s i s t i v i t y  r e c o r d s  a t  v a r i o u s  f r e q u e n c i e s  h e l p  to  

f o l l o w  th e  p r o p a g a t i o n  o f  th e  d e f o r m a t i o n  w i t h  d e p t h ;

-  d e f o r m a t i o n a l  ch a n g e s  i n  th e  O b s e r v a t o r y  r e f l e c t  t h e  d e f o r ­

m a t i o n a l  p r o c e s s e s  i n  th e  u p p e rm o s t  s e c t i o n ;

-  e x t r a p o l a t i o n  o f  d e f o r m a t i o n a l  c h a n g e s  to  g r e a t e r  d e p t h s  i s
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i m p o s s i b l e  w i t h o u t  c e r t a i n  a d d i t i o n a l  m e a s u re m e n ts ,  i n  

p a r t i c u l a r  w i t h o u t  e l e c t r o m a g n e t i c  s o u n d in g s ;

-  f o r  e a r th q u a k e  p r e d i c t i o n s  i t  m ust be t a k e n  i n t o  a c c o u n t  t h a t  

t h e  v e r y  a c t i v e  d e f o r m a t i o n a l  c h a n g e s  i n  th e  u p p e rm o s t  s e c ­

t i o n  a re  n o t  a c c o m p a n ie d  by e a r t h q u a k e s .  S im u l t a n e o u s  

a n o m a l i e s  o f  d i f f e r e n t  g e o p h y s ic a l  and g e o d e t i c a l  p a r a m e t e r s ,  

r e l a t e d  to  l o c a l  d e f o r m a t i o n s  a re  s o m e t im e s  e r r o n e o u s l y  c o n ­

n e c t e d  w i t h  d i s t a n t  e a r t h q u a k e s ;

-  p r o g n o s t i c  a b i l i t i e s  o f  s h a l l o w - d e p t h  s o u n d in g s ,  e . g .  v e r t i ­

c a l  e l e c t r o m a g n e t i c  s o u n d in g s  a re  l i m i t e d .

I t  i s  n e c e s s a r y  t c  m e n t io n  one f u r t h e r  c h a r a c t e r i s t i c  o f  

r e s i s t i v i t y  r e c o r d s  a t  s i t e  3 . I n  June 1986, a t  l o w e r  

f r e q u e n c i e s ,  f i r s t  o f  a l l  a t  1 -2  Hz, t h e  r e s i s t i v i t y  d e c r e a s e d  

by 1 5 - 3 0  p . c .  ( t h e  p a r a m e te r  2 6 was o n l y  2 p . c . ) ,  and by t h e  

end  o f  J u l y  th e  r e s i s t i v i t y  r e t u r n e d  t o  i t s  i n i t i a l  l e v e l .  The 

g r o u n d  s u r f a c e  d e f o r m a t i o n  d i d  n o t  have any a n o m a lo u s  

b e h a v i o u r ,  w h ich  r e f e r s  t o  th e  deep o r i g i n  o f  th e  r e s i s t i v i t y  

a n o m a l y .  T h is  r e s i s t i v i t y  anom aly  was o b s e r v e d  p r i o r  th e  e v e n t  

J u l y  2 3 ,  1986 (K = 7 . 6 )  be tw een  s i t e  3 and th e  c u r r e n t  d i p o l e .  

The r e s i s t i v i t y  r e c o r d s  were  n o t  i n f l u e n c e d  by e a r t h q u a k e s  a t  

g r e a t e r  d i s t a n c e s .  F i g u r e  4 shows th e  t im e  e v o l u t i o n  o f  t h e  

r e s i s t i v i t y  v a r i a t i o n  as a f u n c t i o n  o f  f r e q u e n c y .  As i t  can  be 

s e e n ,  t h e  r e s i s t i v i t y  began to  d e c r e a s e  i n  th e  m id d le  o f  Ju n e  

a t  f i r s t  a t  f r e q u e n c i e s  1 -2  Hz and l a t e r  i t  e x te n d e d  to w a r d  

l o w e r  f r e q u e n c i e s .  A bove  4 Hz th e  v a r i a t i o n s  re m a in  i s n i g n i f i -  

c a n t .  By J u l y  20 t h e  r e s i s t i v i t y  v a l u e  a t  1 Hz d e c re a s e d  f r o m  

70 Ohm-m to  50 Ohm m, i . e .  a lm o s t  by 30 p . c .  Im m e d ia te l y  a f t e r  

t h e  e a r t h q u a k e  a s h a rp  r e s i s t i v i t y  i n c r e a s e  was r e c o r d e d .

F o r  c o m p a r is o n ,  i n  F i g .  5 a t im e  e v o l u t i o n  based on d i u r ­

n a l  d a t a ,  r e c o r d e d  a t  s i t e  3 e v e ry  h o u r  d u r i n g  th e  s e i s m ic  gap 

i s  s h o w n .

S i m i l a r  r e s i s t i v i t y  v a r i a t i o n s  w e re  o b s e rv e d  o n l y  a t  s i t e  

1 9 ,  l o c a t e d  to  th e  n o r t h - w e s t  o f  t h e  c u r r e n t  d i p o l e .  I n  t h a t  

c a s e ,  t h e  e a r th q u a k e  e p i c e n t r e  was a l s o  b e tw e e n  th e  c u r r e n t  and 

t h e  r e c e i v i n g  d i p o l e s .  A t  s i t e  19 o n l y  DC r e s i s t i v i t y  v a r i a ­

t i o n s  w e re  m easured  by u s in g  an e l e c t r i c a l  im p u ls e  g e n e r a t i n g  

s y s te m  as a c u r r e n t  s o u r c e .  The r e s i s t i v i t y  m easurem en t e r r o r  

a t  t h i s  s i t e  was a b o u t  ± 1 .6  p . c .  The r e s i s t i v i t y  r e c o r d  i s
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K= 7.6

F ig .  4. T im e-evo lu t ion  o f  r e s i s t i v i t y  v a r ia t io n s  a t  s i t e  3 in  June and
Ju ly  1986, on bas is  o f  frequency sounding re s u l ts .  The seismic 
moment o f the event Ju ly  23, 1986 i s  shown by arrow

shown in  F i g .  6 .  B e f o r e  th e  e a r t h q u a k e  a r e s i s t i v i t y  i n c r e a s e  

and th e n  a r a p i d  r e s i s t i v i t y  d e c re a s e  was o b s e r v e d .  A f t e r  th e  

s e i s m i c  e v e n t  th e  r e s i s t i v i t y  v a lu e s  r e t u r n e d  to  t h e i r  i n i t i a l  

l e v e l .
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F ig .  5. R e s is t iv i t y - t im e - e v o lu t io n  of frequency sounding re s u l t s  on basis 
o f d iu rna l data a t  s i t e  3 recorded w ith  a sampling time o f  one hour 
during a seism ic gap

SUMMARY

R e s i s t i v i t y  v a r i a t i o n s  o f  s i m i l a r  p a t t e r n  and a m p l i t u d e  

w e re  o b s e rv e d  o n l y  a t  s i t e s  3 and 19 ,  w h ic h  a re  th e  c l o s e s t  to  

t h e  e p i c e n t r e  o f  t h e  e v e n t  J u l y  2 3 ,  1 9 8 6 .  I t  i s  assumed t h a t  

t h e y  a re  in d u c e d  by d e f o r m a t i o n  p r o c e s s e s  r e s u l t i n g  i n  t h i s  

e a r t h q u a k e .  T h e i r  a p p e a ra n c e  a t  l o w e r  f r e q u e n c i e s  r e f e r s  to  

t h e i r  deep o r i g i n  and th e  f a c t  t h a t  t h e y  were  o b s e rv e d  o n l y  a t



TE S T -F IE LD  FRUNZE 451

Рк Ohm-m

F ig .  6. R e s is t i v i t y  v a r ia t io n s  based on d i r e c t  c u r re n t  measurements a t  s i t e  
19. Seismic moments o f  the event J u ly  23, 1986, K-7,6 are in d ic a te d  
by an arrow

3 and 19 s u p p o r t s  t h e i r  l o c a l  c h a r a c t e r .  I n  t h i s  case  i t  i s  a s ­

sumed t h a t  r e s i s t i v i t y  d e c re a s e  a t  s i t e s  3 and 19 was a r e s u l t  

o f  some a c t i v i t y ,  t a k i n g  p la c e  t o  th e  w e s t  o f  c u r r e n t  d i p o l e ,

i . e .  c l o s e  t o  th e  e p i c e n t r e .
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The le a s t  squares method y ie ld s  an unbiased ( l in e a r )  e s t im a t io n  w ith  
minimum s c a t te r  i f  the d i s t r i b u t i o n  o f  the  measurement re s u l ts  i s  normal. 
Th is method has gained p o p u la r i t y  due to  i t s  comfortab le  use and wide f i e l d  
o f  a p p l ic a t io n .  The weights enable us to  in t ro d u ce  a p r i o r i  in fo rm a t io n  
i n to  the processing, thus open new ways f o r  improving the r e s u l ts .  I n v e s t i ­
ga t ions  c a r r ie d  out in  recent years confirm ed a setback o f  the method, 
namely th a t  i f  the d i s t r i b u t i o n  o f the e r r o r s  d i f f e r s  s l i g h t l y  from the 
normal one, the r e s u l t s  dev ia te  from the  optimum ones, even more i f  the 
measurement re s u l t s  con ta in  o u t l in e r s .  For the e l im in a t io n  o f  these d is ­
advantages severa l robus t es t im at ion  methods have been developed.

Keywords: a n a ly t i c a l  o r ie n ta t io n ;  Hampel's es t im a t ion ;  Huber's est ima­
t i o n ;  robust es t im a t ion

R o b u s t  m e th o d s  i n c l u d e  two b i g  g r o u p s :  th e  f i r s t  g ro u p  

use s  Lp ( 1 ^  p ^  2 )  norm i n  th e  a d j u s t m e n t  ( t h e  l e a s t  s q u a re s  

m e th o d ,  as L 2 - n o r m ,  b e lo n g s  t o  t h i s  g r o u p ,  t o o ) .  The se cond  

g ro u p  c o n t a i n s  e s t i m a t i o n s  o f  th e  maximum l i k e l i h o o d  t y p e  ( t h e  

l e a s t  s q u a re s  m e thod  can be i n c l u d e d  i n  t h i s  g ro u p ,  t o o ,  as i t  

y i e l d s  th e  maximum l i k e l i h o o d  e s t i m a t i o n  o f  a random v a r i a b l e  

w i t h  n o rm a l  d i s t r i b u t i o n ) .  The l a t t e r  g ro u p  c o n t a i n s  t h e  d i f ­

f e r e n t  w e i g h t i n g  a l g o r i t h m s ,  t o o ,  one o f  them i s  t h e  D a n is h  

m e thod  when a w e ig h t e d  l e a s t  s q u a re s  a d j u s t m e n t  i s  made i n  each 

s t e p  and w e ig h t s  a re  d e r i v e d  f ro m  t h e  d e v i a t i o n s  i n  t h e  p r e v i ­

ous i t e r a t i o n  s t e p  ( i n i t i a l  w e ig h t s  have  n a t u r a l l y  t h e  v a lu e  

1 ) .  The w e ig h t  f u n c t i o n  i s  to  be d e t e r m i n e d  s e p a r a t e l y  f o r  each 

a d j u s t m e n t  p r o b le m ,  i . e .  no " i d e a l " ,  a lw a y s  v a l i d  w e ig h t  f u n c ­

t i o n  e x i s t s  ( K u b i k  e t  a l .  1 9 8 7 ) .

The p r e s e n t  p a p e r  d e s c r i b e s  a programme f o r  th e  r o b u s t  

a d j u s t m e n t  o f  a n a l y t i c  r e l a t i v e  o r i e n t a t i o n  based on H u b e r 's

Acta Geod. Geoph. Mont. Hung. 25, 1990 
Akadémiai Kiadó, Budapest
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( 1 9 6 4 )  and H a m p e l ' s  ( 1 9 7 3 )  e s t i m a t i o n  t h e o r i e s .  The e s t i m a t i o n s  

a r e  o f  t h e  maximum l i k e l i h o o d  t y p e  as t h e  t a r g e t  f u n c t i o n s  сап 

be e s s e n t i a l l y  c o n s i d e r e d  as t h e  i n v e r s e  o f  t h e  l o g a r i t h m  l i k e ­

l i h o o d  f u n c t i o n  o f  a c e r t a i n  t y p e  o f  ran dom d i s t r i b u t i o n s .

The t a r g e t  f u n c t i o n s  a r e  t h e  f o l l o w i n g :

H u b e r ' s  m e t h o d :

Vj^/2 i f  ! I < a

<K v )  =

a ( I v ^ I  -  a / 2 ) e l s e .

Hampel  ' s method  :

Vj_2 / 2  i f  I V i  I < a 

a ( I v ± ! -  a / 2 )  i f  a <  lv-^1 < b

Ф(у)  =
a E(c -  1 у ^ 1 ) 2 / ( Ь - с )  + ( b + c - a ) D / 2  i f  b ^  I v ^ l  < c 

a ( b + c - a ) / 2  e l s e .

A s o l u t i o n  based on t h e  minimum c o n d i t i o n  I  <ф ( v ^ ) i s  l o o k e d  f o r  

b e i n g  e q u i v a l e n t  t o  t h e  s o l u t i o n  o f :

I f  t h e  e r r o r  f u n c t i o n  v ( j t ) i s  l i n e a r  ( o r  i t  can be made l i n e a r )  

i . e .  i f  y  = A t  -  1 ,  t h e n  c o n d i t i o n  f o r  z e r o  p a r t i a l  d é r i v â t e s  

y i e l d s  a l i n e a r  s y s t e m  o f  e q u a t i o n s  h a v i n g  t h e  f o r m  B t  = d ,  

w h e r e  В = A^P A and P i s  a d i a g o n a l  w e i g h t  m a t r i x  i n  w h i c h

and  d = A^P JL -  a A^Q s i g n  v ,

w h e r e  Q i s  a f u r t h e r  d i a g o n a l  w e i g h t  m a t r i x  i n  w h ic h
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1 i f  a I v^  I < b 

4 ü  = c / ( c - b )  i f  b ^  ! V i l < c 

О e l s e .

The f o r m u la s  r e f e r  t o  H a m p e l 's  e s t i m a t i o n ,  b u t  H u b e r 's  m ethod  

i s  a s p e c i a l  ca se  (b  = c = ° ° )  o f  i t .  The f o r m u l a s  c o n t a i n  as 

s p e c i a l  case th e  l e a s t  s q u a re s  m e th o d ,  t o o ,  as i n  t h a t  case  a = 

b = c = °o , th u s  В = ATA, d = AT 1 . Some f u r t h e r ,  t h e o r e t i c a l l y  

i n t e r e s t i n g  c a s e s  can be deduced f r o m  H a m p e l 's  m e thod  by 

s e l e c t i n g  a p p r o p r i a t e  l i m i t s  o f  t h e  i n t e r v a l s  a ,  b ,  c .  F o r  

e xa m p le  a = b = c g i v e s  a r o b u s t  e s t i m a t i o n  i f  " g o o d "  m e a s u re ­

m en ts  a re  a d j u s t e d  a c c o r d i n g  to  th e  l e a s t  s q u a re s  m e th o d ,  " b a d "  

ones a re  s im p ly  o m i t t e d .  The cases  a = b o r  b = c c o r r e s p o n d  to  

t h e  d e l e t i o n  o f  t h e  r e l e v a n t  row i n  th e  t a r g e t  f u n c t i o n .  The 

c o m p u t a t i o n  o f  th e  r o b u s t  Hampel e s t i m a t i o n  i s  m os t a d v a n t a ­

g e o u s ly  s t a r t e d  w i t h  th e  p a r a m e te r s  b = 2 a ,  c = 2 b ,  and th e  

v a l u e  o f  th e  p a r a m e te r  a depends on th e  a c t u a l  t a s k  t o  be 

s o l v e d  ( i n  th e  r e l a t i v e  o r i e n t a t i o n  e . g .  a p a r a l l a x  e r r o r  o f  

a = 10 Д1 has been u s e d ) .

Due to  r a p i d  d e v e lo p m e n t  o f  t h e  t e c h n i c a l  a i d s  ( d i g i t a l  

d a ta  p r o c e s s i n g ,  re m o te  s e n s in g ,  c o m p u te r  t e c h n i c s ) ,  a n a l y t i c  

p h o to g r a m m e t r y  g e t s  more and more i m p o r t a n t  i n  th e  i n t e r p r e t a ­

t i o n  o f  a e r i a l  and s p a ce  im a g e s .  W i th  t h e  i n c r e a s e  o f  th e  w ork  

and w i t h  th e  s p r e a d  o f  a u t o m a t i z a t i o n ,  t h e  n e c e s s i t y  f o r  f i l ­

t e r i n g  g ro s s  e r r o r s  g e t s  i m p e r a t i v e .  The use o f  r o b u s t  

e s t i m a t e s  in  g e o d e s y  has been d i s c u s s e d  s e v e r a l  t im e s  ( B ő r r e  e t  

a l .  1983 , C a r u s io  1 9 8 2 ,  Somogyi and K a lm á r  1 9 8 8 ) ,  i n  t h i s  p a p e r  

a r o b u s t  s o l u t i o n  i s  g iv e n  f o r  th e  a n a l y t i c  r e l a t i v e  

o r i e n t a t i o n .

The m a t h e m a t i c a l  p r i n c i p l e s  o f  a n a l y t i c  r e l a t i v e  o r i e n t a ­

t i o n  a re  su m m a r ize d  a f t e r  Somogyi ( 1 9 6 6 ) .  Be x ,  y th e  c o o r d i ­

n a te s  o f  a p o i n t  P on th e  l e f t  p h o to  ( w i t h  th e  o r i g i n  i n  th e  

m a in  p r i n c i p a l  p o i n t  o f  th e  im a g e )  and x ' ,  y '  a re  t h e  c o o r d i ­

n a te s  o f  th e  same p o i n t  on th e  r i g h t - s i d e  p h o t o .  I f  t h e  o r i g i n s  

a re  s h i f t e d  to  th e  p r o j e c t i o n  c e n t r e s  and th e  c o o r d i n a t e  s y s te m  

o f  th e  r i g h t - s i d e  p h o to  i s  r o t a t e d  i n t o  p a r a l l e l  p o s i t i o n  w i t h  

t h a t  o f  th e  l e f t - s i d e  p h o t o ,  th e n  th e  im age  c o o r d i n a t e s  a re  i n  

t h i s  s y s te m :
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X X  X ' X 1

y = y y '  = H y '

z f  z '  f

w h e r e  f  i s  th e  ca m e ra  c o n s t a n t  ( f o c a l  d i s t a n c e ) ,  and H th e  

r o t a t i o n  m a t r i x .  I f  t h e  r o t a t i o n  a n g le s  o f  th e  axes  a re  c j , f  

a n d  X , then  ( s u p p o s i n g  s m a l l  a n g l e s )  th e  r o t a t i o n  m a t r i x  has 

t h e  fo r m :

1 -X  f
H = X  1 -  ú j

- f  UJ 1

I f  t h e  c o o r d i n a t e s  o f  t h e  p r o j e c t i o n  c e n t r e  o f  t h e  r i g h t - s i d e  

im a g e  a re  in  a c o o r d i n a t e  s y s te m  c o i n c i d i n g  w i t h  t h e  p r o j e c t i o n  

c e n t r e  o f  the  r i g h t - s i d e  p h o to  b x , b y ,  b z th e n  a c c o r d i n g  to  

t h e  c o n d i t i o n  o f  c o m p l a n a r i t y :

bx ( y z ' - y ' z )  + by ( x ' z - x z 1) + b z ( x y ' - y x 1) = 0 .

S u p p o s in g  t h a t  bx i s  k n o w n , by,  bz and th e  o r i e n t a t i o n  pa ra m ­

e t e r s  as a p p r o x i m a t e l y  known ( t h e y  a re  t o  be c o r r e c t e d ) ,  th e  

c o r r e c t i o n  e q u a t i o n s  a r e  f ro m  a l i n e a r i z a t i o n  o f  th e  p r e v i o u s  

s y s t e m  o f  e q u a t i o n s :

C b x ( y y ' + z z ' )  + b y  ( - x y 1 )  + С
Г

N /'"
N 1 X N l—

J

A UO +

C b x 1 *< X + С
Г ( X X ' + z z ' )  + b z  ( - y z ' ) j A  f  +

C b x 1 N X + СГ
<

( - z y  ' ) + b z ( x x ' + y y ' ) j A  X +

( z x ' - x z  ' ) A b y  + ( x y ' - y x 1 )  A b z +

b x ( y z ' - y ' z )  + b y  ( z x ' - x z ' ) + b z  ( x y  ' - X ' y )  =

w h e r e  th e  i n i t i a l  v a l u e s  f o r  by , bz , uo , y3 and x  a re  s u p ­

p o s e d  t o  be z e r o .

U s in g  f i v e  p o i n t s  f o r  f i t t i n g ,  c o r r e c t i o n s  can be com pu ted  

f r o m  th e s e  e q u a t i o n s  f o r  th e  o r i e n t a t i o n  p a r a m e t e r s ,  i n  ca se  o f  

m o re  th a n  f i v e  p o i n t s ,  an a d ju s tm e n t  i s  t o  be c a r r i e d  o u t  f o r  

t h e  d e t e r m i n a t i o n  o f  t h e  o r i e n t a t i o n  p a r a m e t e r s .  A fe w  i n i t i a l  

s t e p s  a re  made w i t h  th e  t r a d i t i o n a l  l e a s t  s q u a re s  m e thod  as
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l o n g  as a p p r o x im a te  o r i e n t a t i o n  p a r a m e te r s  re a c h  th e  n e c e s s a r y  

a c c u r a c y .  A f t e r  t h a t ,  th e  r o b u s t  e s t i m a t i o n  i s  used  f o r  th e  

e l i m i n a t i o n  o f  g r o s s  e r r o r s .  The p a r a m e te r  v e c t o r

t  = < д oo , a  f  , a x  , Aby Abz > T

i s  to  be s u b s t i t u t e d  i n t o  th e  g e n e r a l  f o r m u la s  o f  t h e  r o b u s t  

e s t i m a t i o n ,  th e  row v e c t o r s  o f  m a t r i x  A c o n t a i n  t h e  c o e f f i ­

c i e n t s  o f  th e  c o r r e c t i o n  e q u a t i o n s ,  th e  co lum n v e c t o r  1 

c o n t a i n s  th e  f r e e  te rm s  o f  t h e  e q u a t i o n s  ( c o n d i t i o n  o f  corn- 

p l a n a r i t y )  .

The e f f i c i e n c y  o f  r o b u s t  e s t i m a t i o n s  i s  shown by a n u m e r i ­

c a l  e xam p le  ( T a b le  I ) .  The t a b l e  c o n t a i n s  th e  image c o o r d i n a t e s

T a b le  I .  A N u m e r i c a l  exam p le

L e f t  s ide photo R igh t s ide photo P a ra l la x  
I d e n t i f i e r  image image

X y X y L2 Hampel Huber

main p o in t 119 .534 120,.668 120 .312 121,.817

9114 23,.184 188,.647 106 .366 192,.821 -5 0 1

9113 24,.441 97,.611 107 .472 101 ,.502 1 -4 0

9033 25,.236 37,.405 107 .909 41 ,.024 3 -2 0

9032 79 .021 73,.574 162..23 77,.162 -17 -24 -20

9031 116,.425 120,.199 200 .163 123,.863 -2 -9 -4

9030 138,.327 169,.47 222,.285 173,.299 4 1 4

9039 64..565 170,.136 147,.917 174,.13 15 15 17

341 107,.023 23,.741 190,.451 26..865 5 -3 1

331 117,.225 225..452 201 ..159 229..566 -5 1 -1

o f  th e  p o i n t s  and th e  p a r a l l a x  e r r o r s  a f t e r  a d j u s t m e n t s  w i t h  

d i f f e r e n t  m e th o d s .  The t a b l e  does n o t  c o n t a i n  th e  c o m p u te d  

m ode l c o o r d i n a t e s  as i n  th e  c o m p a r is o n  o f  th e  d i f f e r e n t  m e thods  

t h e y  do n o t  g i v e  new i n f o r m a t i o n .  The d a ta  o f  th e  e x a m p le  a re  

n o t  s i m u la t e d  o n e s ,  th e  a c c u ra c y  o f  t h e  m easurem en ts  was +_ 2 yu.
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R o b u s t  e s t i m a t i o n s  e n h a n ce  th e  e r r o r s  i n  p o i n t s  9032 and 9039 

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

p o i n t s .  H u b e r 's  m e thod  i s  th e  m os t s t a b l e  one , b u t  H a m p e l 's  

m e th o d  seems a ls o  t o  be more a d v a n ta g e o u s  th a n  th e  l e a s t  

s q u a r e s  m e thod . The e f f e c t i v i t y  o f  t h e  d i f f e r e n t  m ethods c a n n o t  

be j u d g e d  from  a s i n g l e  e x a m p le ,  as on t h e  one hand th e  c h o i c e  

o f  t h e  l i m i t s  a, b ,  c i n f l u e n c e s  s i g n i f i c a n t l y  th e  r e s u l t s ,  on 

t h e  o t h e r  c o r r e c t  p r o o f  c o u ld  be o b t a i n e d  f ro m  a s t a t i s t i c a l  

s a m p le  when th e  m e a su re m e n t e r r o r s  a r e  p ro d u c e d  e . g .  by M onte  

C a r l o - s i m u l a t i o n .  N e v e r t h e l e s s ,  th e  a d v a n ta g e  o f  th e  r o b u s t  

e s t i m a t i o n  i s  shown by t h i s  e x a m p le ,  t o o .
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E BAUMANN: Vermessungskunde. Lehr- und Übungsbuch fü r  Ingenieure. Band 1-2. 
Dümmler-Verlag, Bonn, 1988, 1989. 213 pp. 121 f i g s ,  269 pp, 154 f i g s

Th is  book i s  a rev ised  and extended e d i t i o n  o f the textbook from 1986 
fo l lo w in g  the up - to -da te  c la im s. I t  g ives  a basic d e s c r ip t io n  o f  the 
problems o f  survey ing . Volume 1 con ta ins  12 chapters w ith  the fo l lo w in g  
to p ic s :

g ives a b r i e f  view about the surveying, 
summarizes the basis o f  su rvey ing , 
describes the d i r e c t  d is tance  measurement, 
deals w ith  the angle measurement, 
t r e a ts  the s e t t in g  out problems, 
deals w ith  p la n im e t r ic  survey.
summarizes the computations connected to the measurements, 
deals w ith  the c a lc u la t io n  o f  areas, 
t r e a ts  the s e t t in g  out o f  c i r c u la r  curves.

Chapter 10 summarizes the problem o f  e r r o r  theory, 
describes the l e v e l l i n g  methods, 

lap ter 12 deals w ith  the ground survey ing .
Volume 2 conta ins 10 chapters w ith  the fo l lo w in g  top ics :

Chapter 13 g ives a b r i e f  d e s c r ip t io n  about l in e a r  adjustment.
Chapter 14 t r e a ts  the angle and d i r e c t i o n  measurements.
Chapter 15 deals w ith  o p t i c a l  d is tance  measurements.
Chapter 16 g ives a review about the tacheom etric  survey.
Chapter 17 describes the e le c t ro n ic  d is tance  measurements.
Chapter 18 deals w ith  i n d i r e c t  measurements.
Chapter 19 t r e a ts  the t rave rses .
Chapter 20 summarizes the t r ig o n o m e t r ic  h e igh t ing .
Chapter 21 t r e a ts  the t ra c in g  w i th  c lo th o id e .
Chapter 22 summarizes the two d imensional t rans fo rm ation .
Chapter 23 g ives a b r i e f  view o f  the p o in t  determ ination by t r i l a t é r a ­

t io n  and t r ia n g u la t io n .
The book is  c le a r ly  w r i t te n  and w i l l  he lp  a l l  geodesists both who are 

young and p r a c t i t io n e r s .

Chapter 1
Chapter 2
Chapter 5
Chapter 4
Chapter 5
Chapter 6
Chapter 7
Chapter 8
Chapter 9
Chapter 10
Chapter 11
Chapter 12

J Somogyi

T J BLACHUT and R BURKHARD: H is t o r i c a l  Development of Photogrammetr ic 
Methods and Instruments . American S oc ie ty  f o r  Photogrammetry and Remote 
Sensing, 1989. 157 pp, 84 f i g s ,  8 ta b le s

Th is  book deals w ith  the h is to ry  o f  the development o f the photogram­
m e tr ic  d i s c ip l in e .  The knowledge o f  the past i s  very im portan t f o r  the 
fu t u r e .  Many o f the h i s t o r i c a l  d e ta i l s  are contained in  o ld p u b l ic a t io n s  of 
va r ious  languages. This book summarizes the h is to r y  of photogrammetry.

Chapter 1 deals w ith  the e a r ly  days o f  photogrammetry, p r i o r  to  the 
a p p l ic a t io n  o f a i rp lanes .
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Chapter 2 g ive s  a very comprehensive overv iew  o f analogue methods and 
ins trum ents .

0 Somogyi

E GROTEN, R STRAUSS eds: GPS-Techniques A pp l ie d  to  Geodesy and Surveying. 
Lec tu re  Notes in  E a rth  Sciences 19. S p r in g e r -V e r la g ,  B e r l in ,  H e ide lbe rg , 
1988. 532 pp, 163 f i g s ,  106 tab les

This book c o n ta in s  the proceedings o f  the  In te rn a t io n a l  GPS-Workshop 
Darmstadt, A p r i l  10 to  13, 1988. The a r t i c l e s  j o i n  the fo l lo w in g  sessions:
1. General Aspects
2. A p p l ic a t io n  o f GPS
3. GPS-Campaigns
4. Kinematic A p p l ic a t io n s
5. Software
6. Geodynamics
7. Specia l A p p l ic a t io n s  and O rb its

Session 1 c o n ta in s  4 lec tu res  w i th  the fo l lo w in g  to p ics :  Geodetic  
A p p l ic a t io n s  w i th  GPS, GPS Geodesy w ith  C en t im ete r  Accuracy, R e l a t i v i s t i c  
E f fe c ts  in  GPS.

Session 2 c o l l e c t s  5 le c tu re s  about the d i f f e r e n t  app l ica t io n s  o f  GPS. 
12 le c tu re s  dea l w i th  the GPS campaigns. The session K inematic

A p p l ic a t io n s  comprises 9 le c tu re s  w ith  the fo l l o w in g  top ics :  S ta tus o f  Dual 
Frequency GPS Development, Kinematic Surveying.

The session S oftware  c o l le c ts  4 l e c tu r e s  w ith  d i f f e r e n t  program
developments.

The session Geodynamics give 5 le c tu r e s  about the geodynamical
a p p l ic a t io n s .

The session S p e c ia l  A pp l ica t ions  and O r b i t s  contains 6 le c tu re s  w ith  
the  to p ics  o f  D e te rm ina t ion  o f Azimuths from GPS. European T rack ing
Network. World Geodetic  System.

At the end o f  the book one can f in d  a b r i e f  summary of the panel d i s ­
cuss ion  and the recommendations.

The book i s  an u p - to -d a te  work and g ives  a u se fu l  help to  the readers 
in vo lve d  in  these s u b je c ts .

3 Somogyi

S HEITZ: Coordinates in  Geodesy. S p r in g e r -V e r la g ,  B e r l in ,  Heide lberg , New 
York, London, P a r is ,  Tokyo, 1988. 255 pp, 20 f i g s

The po in ts  o f  the  e a r th 's  surface are  represented in  e a r th - f i x e d  
th ree-d im ens iona l c o o rd in a te  systems, so they p la y  an important r o le  in  the 
geodesy. This k in d  o f  coord inate systems are genera l ly  r e la te d  to  a 
re fe rence  surface, which rough ly  represents e q u ip o te n t ia l  surfaces near the 
e a r t h 's  surface. The book deals w ith  the  geometric p r in c ip le s  o f  the 
coord ina tes  of t h i s  c o o rd in a te  systems.

Chapter 1 as i n t r o d u c t io n  gives a genera l view about the re g io n a l  and 
g lo b a l  rep re se n ta t io n  o f  po in t  f i e l d s  o f  the  earth surface in  th ree  
d imensional c u r v i l i n e a r  coord ina tes .

Chapter 2 dea ls  w i th  the general fundamentals o f surface coo rd ina tes . 
The d e f i n i t i o n  and c o n s t ru c t io n  o f su r face  coord ina te  systems are the 
fundamental problems in  the theory o f su r faces  the re fo re  i t  i s  presented
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the bases o f  t h i s  theory.
Chapter 3 deals w ith  the a p p l ic a t io n  o f  power se r ies  rep re se n t in g  the 

t ra n s fo rm a t io n  equations between surface  coo rd ina tes . I t  g ives a rev iew  on 
c o n s t ru c t in g  surface coo rd ina tes ,  rep resen t ing  power s e r ie s  and 
t ra n s fo rm a t io n  between d i f f e r e n t  geodetic  coord ina tes  and a r b i t r a r y  su rface  
coo rd ina tes .

Surface coord inates on e l l i p s o id s  o f  re v o lu t io n  are d e a l t  w i th  in  
Chapter 4. Beside a d e s c r ip t io n  o f  the general p r in c ip le s ,  nea r ly  a l l  the 
in te r e s t in g  p o s s i b i l i t i e s  f o r  a p p l ic a t io n  in  p r a c t ic a l  geodetic  survey ing  
are inc luded .

Chapter 5 deals w ith  th ree-d im ens iona l coord inates in  Euclidean 
spaces, f i r s t  in  general form, then s p e c ia l ize d  to  su rface-norm al 
coo rd ina tes .

F in a l l y  the book ends by re ferences and index.
The book i s  an E ng lish  t r a n s la t io n  o f the o r ig in a l  German e d i t io n  

Koordinaten auf geodaetischen Bezugsflaechen w ith  c e r ta in  changes.
The book i s  an o p - to -d a te ,  w e l l  compiled, c le a r ly  w r i t t e n  work. I t  

g ives  u se fu l  help to  s c ie n t i s t s  who are in te re s te d  in  th i s  problem.

3 Somogyi

H M KARARA ed .- i n - C h ie f : Non-Topographic Photogrammetry. American Soc ie ty  
f o r  Photogrammetry and Remote Sensing, second e d i t io n  1989. 443 pp, 457 
f i g s ,  17 p la te s ,  16 tab les

Th is  book i s  the f i r s t  in  the new "Science and Engineering Se r ies "  
from the  American Soc ie ty  f o r  Photogrammetry and Remote Sensing. As 
compared to  the f i r s t  e d i t i o n  (1979) the scope is  g re a t ly  expanded, 
r e f l e c t i n g  many new devices and techniques developed since 1979.

Chapter 1 (au tho r:  H M Karara) g ives a sho r t  in t ro d u c t io n  to  non-
topograph ic  photogrammetry.

Chapter 2 (au tho r:  E M M ik h a i l )  deals w ith  metrology concepts.
Chapter 3 (au tho r:  К В A tk inson) summarizes the in s t ru m e n ta t io n  fo r

non-topograph ic  photogrammetry.
Chapter 4 (au tho r:  3 C McGlone) inc ludes the a n a ly t ic  d a ta - re d u c t io n  

schemes in  non-topographic photogrammetry.
Chapter 5 (au tho r:  3 G F ryger) i s  focussed on problems o f  camera

c a l i b r a t i o n .
Chapter 6 (au tho r:  W Faig) deals w ith  non-metric and sem i-m e tr ic

cameras: data reduc t ion .
Chapter 7 (au tho r:  К 3 Tor lega rd )  t r e a ts  the theory o f  image

coo rd ina te  e r ro rs .
The to p ic  o f  Chapter 8 (a u th o r :  C S Fraser) i s  the o p t im a l iz a t io n  o f 

networks in  non-topographic photogrammetry.
Chapter 9 (au tho r:  V K ra tky) deals w ith  o n - l in e  non-topographic photo­

grammetry.
Chapter 10 (au tho r:  H Ruther) g ives an overview of so ftware .
Chapter 11 (au tho r:  I  Newton) summarizes the problems o f  underwater

photogrammetry.
Chapter 12 (au tho r:  S A Veres) t r e a ts  the X-ray photogrammetry,

systems and a p p l ic a t io n s .
Chapter 13 (au tho r:  S К Ghosh) g ives a d e ta i le d  d e s c r ip t io n  of

e le c t ro n  microscopy: systems and a p p l ic a t io n s .
Chapter 14 (au tho r:  R 3 P ryp u tn ie w i tz )  deals w ith  hologrammetry:

systems and a p p l ic a t io n s .
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Chapter 15 (c o -a u th o rs :  J R Pekelsky, M C Van W ijk)  g ives a b r i e f  
account on Moire topography: systems and a p p l ic a t io n s .

Chapter 16 (a u th o r :  E H ie rho lze r)  t r e a t s  the ra s te r  photogrammetry.
Chapter 17 (c o -a u th o rs :  S F El-Hakim, A Bruner and R R Real) deals 

w i th  video technology and re a l - t im e  photogrammetry.
Chapter 18 (a u th o r :  G R Robertson) c o l l e c t s  the problems o f  u l t ra s o n ic  

techno logy: systems and a p p l ic a t io n s .
Chapter 19 (a u th o r :  M Carbonnel) g ives  a survey o f a r c h i te c tu r a l

photogrammetry.
Chapter 20 (a u th o r :  L P Adams) deals w i th  i n d u s t r i a l  photogrammetry.
Chapter 21 (c o -a u th o rs :  □ В S he ffe r  and R E i t te r r o n )  g ives  a b r i e f  

v iew about b io s te re o m e tr ic s .
Chapter 22 (a u th o r :  D C Brown) analyses the  emerging trends in  non-

topograph ic  photogrammetry.
Chapter 23 (a u th o r :  W Wester-Ehlinghaus) d iscusses the trends in  non- 

topograph ic  photogrammetrie systems.
Appendix A (c o -a u th o rs :  J W h i tn a l l ,  F H M o f f i t )  t r e a ts  the reverse 

p r o je c t io n  technique in  fo re n s ic  photogrammetry.
Appendix В (c o -a u th o rs :  3 R Pekelsky, M C Van W ijk)  g ives a d e ta i le d  

a n a ly s is  of Moire topography: systems and a p p l ic a t io n s .
The te x t  book i s  a c le a r ly  e d i te d  up - to -d a te  work. One can f i n d  

d e ta i le d  b ib l io g ra p h y  and reference a t the end o f  the chapters.

J Somogyi

I  I  MUELLER, S ZERBINI eds: The I n t e r d i s c ip l i n a r y  Role o f Space Geodesy. 
S p r inge r -V e r lag , B e r l i n ,  Heidelberg, New York, London, P a r is ,  Tokyo, 
Hongkong, 1988. 300 pp, 51 f i g s ,  27 tab les

This book i s  V o l.  22 o f Lecture Notes in  Earth Sciences and c o l le c t s  
the  proceedings o f  an In te rn a t io n a l  Workshop he ld  a t In te rn a t io n a l  School 
o f  Geodesy, I t a l y ,  J u ly  23-29, 1988.

The purpose o f  the  workshop was to  recommend geodetic and geomagnetic 
programs and m iss ions , and the development o f  methods and ins trum en ta t ion  
f o r  t h e i r  im p lem enta t ion . The le c tu re s  have been grouped under the next 
main top ics .

Chapter 1 In t r o d u c t io n  gives a b r i e f  summary of the E a r th 's  r o ta t io n  
and core-mantle i n t e r a c t io n ,  mantle conve c t io n ,  reg iona l  te c to n ic s  and 
earthquakes, ocean dynamics and Venus-Earth d i f fe re n c e s .

Chapter 2 Short-Term Dynamics of the S o l id  Earth inc ludes the f o l lo w ­
in g  themes. Precession and nu ta t io n ,  p o la r  motion, a x ia l  ra te  o f sp in  of 
the  e a r th ,  earth t id e s  and time v a r ia t io n  in  the g ra v i t y  f i e l d .

Chapter 3 deals  w i th  the Long-Term Dynamics o f  the S o lid  Earth in v o lv ­
in g  the  fo l lo w in g  t o p ic s .  Im p l ic a t io n  o f  p re c ise  p o s i t io n in g ,  g ra v i t y  and 
g eo id ,  topography and bathymetry.

Chapter 4 I n t e r a c t io n  w ith  o the r d i s c ip l i n e s  and programs inc ludes 
geodynamics, earth  s t r u c tu r e ,  ocean phys ics , atmosphere and c l im a te ,  exten­
s io n  to  the p lanets  and fundamental phys ics .

Chapter 5 summarizes the in s tru m e n ta t io n  re la te d  to  the problems. 
There are discussed the  s c i e n t i f i c  and measurement requirements, la se r  
rang ing  techniques, microwave techniques, topograph ic  mapping techniques, 
p o te n t ia l  f i e l d  measurement systems, data management systems, conclus ions 
and recommendations.

Chapter 6 c o l l e c t s  the  problem o f data a n a ly s is .
Chapter 7 dea ls  w i th  the Reference Coord ina te  Systems. One can read
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about C onventional I n e r t ia l  Systems (C IS ), C onventional T e r re s t r ia l  Systems 
(CTS), Reference Frame T ie s , Reference Frame Requirements.

Chapter 8 g ives s h o rt in fo rm a tio n  about education .
A t the end o f the  book the appendices conta in  use fu l in fo rm a tio n . 

Among o thers  in fo rm a tio n  about the E a rth  Observation A c t iv i t ie s  o f the 
European Space Agency, ro le  o f NASA in  geodynamics research, th e  Glonass 
S a te l ite  N aviga tion  System, space geodesy in  France, the Lageos I I  program 
and the Wegener programme.

Every chapter ends w ith  re fe re n ce s . I t  is  w e ll compiled and g ive s  a 
u se fu l help to  s c ie n t is ts  who are in te re s te d  in  the problems o f d i f f e r e n t  
areas o f geosciences.

J Somogyi

Photogrammetry. Volume 1. B a ltim o re , M aryland, A p r i l  2 -7 , 243 pp, 74 f ig s ,  
45 ta b le s

Th is  book is  the  f i r s t  volume o f the  Proceedings o f the  T echn ica l 
Sessions o f the 1989 Annual Convention o f the American S o c ie ty  fo r  
Photogrammetry and Remote Sensing and the  American Congress on Surveying 
and Mapping held in  B a lt im o re , Maryland.

The book c o lle c ts  the papers presented on photogrammetry.
There are 8 papers on the to p ic  o f photogrammetric system s, among 

o the rs  a PC based v e rs io n  o f the planicom p a n a ly t ic a l p lo t t e r ,  a modern 
a n a ly t ic a l  s te re o p lo t te r  in te g ra te d  in  a GIS, d ig i t a l  m onop lo tting .

The second to p ic  was focussed on the  problem o f photogram m etric 
c o n tro l extens ions. There are seve ra l papers on the problem o f robus t 
e s tim a tio n .

The th i r d  to p ic  d e a lt w ith  c lose  range photogrammetry focussed on 
eng inee ring  problems.

Some papers d e a lt w ith  general in fo rm a tio n , data processing  and ACID 
d e p o s it io n .

The proceedings are w e ll-e d ite d  and the  papers re fe r  to  ve ry  a c tu a l 
problems.

J Somogyi

Image Data P rocessing. Volume 2. B a lt im o re , Maryland. 171 pp, 76 f ig s ,  14 
ta b le s

Th is  book is  the second Proceedings o f the Technical Sessions o f the 
1989 Annual Convention o f the American S oc ie ty  fo r  Photogrammetry and 
Remote Sensing and the American Congress on Surveying and Mapping he ld  in  
B a lt im o re , Maryland.

The book c o l le c ts  the papers on image data processing w ith  the  f o l ­
low ing to p ic :
A) S p a tia l Processing and A p p lic a tio n s
B) Image Transforms
C) Data D isp lay
D) Computer Aided Mapping
E) D ig i ta l  Imaging Systems.

The c o lle c te d  16 papers deal w ith  the  a c tu a l problems o f image data
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p rocess ing  and cou ld  be ve ry  use fu l who are in te re s te d  on th is  to p ic .

0 Somogyi

Remote Sensing. Volume 3 . B a ltim o re , M aryland, A p r i l  2 -7 , 437 pp, 129 f ig s ,  
59 ta b le s

The book is  the  t h i r d  volume o f the Proceedings o f the T echn ica l 
Session o f the 1989 Annual Convention o f the  American S oc ie ty  fo r  
Photogrammetry and Remote Sensing and the American Congress on S urveying 
and Mapping held in  B a lt im o re , Maryland.

Th is  volume c o n ta in s  the papers d e a lin g  w ith  remote sensing d iv id e d  
in to  the fo llo w in g  to p ic s :

I .  Ground Processing w ith  11 papers
I I .  P lan t Sciences w ith  7 papers

I I I .  Environmental Management w ith  3 papers
IV . Thermal In fra re d : H is to ry  and A p p lic a tio n  w ith  7 papers

V. Knowledge Based E xp e rt Systems w ith  4 papers
V I.  Coastal Environments w ith  7 papers

V I I .  Geology and E ng inee ring  w ith  5 papers.
The Proceedings g iv e  a very in fo rm a tiv e  summary about the remote 

sens ing  problems in  USA.

J Somogyi

G IS /L IS . Volume 4. B a lt im o re , Maryland, A p r i l  2 -7 . 292 pp, 75 f ig s ,  22 
ta b le s

The book is  the  fo u r th  volume o f the Proceedings o f the T echn ica l 
Session o f the 1989 Annual Convention o f th e  American S oc ie ty  fo r  
Photogrammetry and Remote Sensing and the  American Congress on Surveying 
and Mapping held in  B a lt im o re , Maryland. I t  c o l le c ts  the papers d e a lin g  
w ith  Geographic In fo rm a tio n  Systems and Land In fo rm a tion  Systems. The 
re a d e r gets in fo rm a tio n  about the GIS techn iques and a p p lic a tio n s , G IS /LIS  
and geodetic  c o n tro l,  GIS development d e s ig ns , data s tru c tu re s  and data 
bases, GIS/LIS in  the  m i l i t a r y ,  a LIS netw ork j o in t  p a rtne rsh ip  between 
lo c a l ,  s ta te , re g io n a l and fe d e ra l governments and the p r iv a te  s e c to r , and 
about the Land In fo rm a tio n s  Systems.

The proceedings c o n ta in  39 papers from the  l is t e d  to p ics .

J Somogyi

S urvey ing  and C a rtog raphy. Volume 5. B a lt im o re , Maryland, A p r i l  2 -7 , 369 
pp, 64 f ig s ,  43 ta b le s

The book is  the  f i f t h  volume o f the  Proceedings o f the T echn ica l 
S ession o f the 1989 Annual Convention o f th e  American S oc ie ty  fo r  
Photogrammetry and Remote Sensing and the  American Congress on Surveying 
and Mapping held in  B a lt im o re , Maryland. The to p ic s  o f the papers are the 
fo l lo w in g :

1 . T ra in in g , Education and P r iv a t iz a t io n : A Look a t the Agenda fo r  the  
90 ' s.

2 . AM/FM Automated M a p p in g -F a c il it ie s  Management
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3. Cartography and A r t i f i c i a l  In te ll ig e n c e
4. M ultipu rpose  C adastra l Systems
5. C artography, Mapping and Graphics in  T ra n s it io n
6. The Proposed D ig i ta l  C artographic Data Standard and Results o f T e s tin g
7. E ng ineering , Land Surveys and Adjustm ents
8. T ra n sp o rta tio n  Surveys
9. Workshop: Understanding Modern T o ta l S ta t io n  use

10. Recent R esu lts  in  the Mapping Sciences a t the  Ohio State U n iv e rs ity
11. C harting  the Coast and Coastal Waters
12. Concerns o f the Legal P rofession in  regard  to  Surveying Procedures, 

P ra c tice s  and Standards.
The proceedings con ta in  56 papers from  the l is te d  to p ic s . The papers 

dea l w ith  very in te re s t in g  u p -to -da te  g e o d e tic  problems.

J Somogyi

Auto-C arto  9, Proceedings, N in th  In te rn a t io n a l Symposium on Computer- 
A ss is ted  C artography. B a ltim o re , M aryland, A p r i l  2 -7 . Sponsored by American 
S oc ie ty  fo r  Photogrammetry and Remote Sensing, American Congress on 
Surveying and Mapping. 1989. 879 pp, 280 f ig s ,  44 tab les

This book co n ta in s  papers from the N in th  In te rn a t io n a l Symposium on 
Com puter-Assisted Cartography held in  B a lt im o re , Maryland.

The to p ic  o f the papers are the fo l lo w in g :  Advanced Data D is p la y , Data 
Bases, GIS Education and T ra in in g , G e n e ra liz a tio n , Data S tru c tu re s  and 
P a ra l le l  P rocessing, Data S tru c tu re s  and Post-Processing f o r  D ig i ta l  
T e rra in , Topics in  GIS and Automated C artography, AGIS C u rricu lu m  fo r  
U n iv e rs it ie s ,  Automated Names Placement, D ig i ta l  T e rra in , GIS Design: 
Examing the A lte rn a t iv e s , A lgo rithm s, Three Dimensional GIS, Data Capture 
Techniques, Environm ental A p p lic a tio n s  o f GIS, Data S truc tu res  and S p a tia l 
Query Techniques, S tru c tu r in g  Large S p a tia l Data Bases, GIS A p p lic a t io n s , 
In te rn a t io n a l P e rspec tives , Q u a lity  C o n tro l Issues, S p a tia l R e la t io n s  and 
Data Base Models, O b jec t-O rien ted  Approaches to  GIS, Educational T oo ls  fo r  
GIS, Challenges fo r  the Fu tu re , Automated Mapping A p p lic a tio n s , S tandards 
and T he ir Use, GIS: D ire c t io n  fo r  the  F u tu re , GIS Performance, System 
Design, AM/FM and GIS, D isp lays fo r  S p a tia l Data.

In  the la s t  few years the GIS has p layed a very im portan t r o le  in  geo­
sc iences. The Proceedings summarize the  p resen t day s itu a t io n  and g ive s  a 
ve ry  u se fu l help to  people who are w orking in  th is  f ie ld .

J Somogyi

NAVGRAV N aviga tion  and G rav im e tric  Experim ent a t the North Sea. N e therlands 
Geodetic Commission. P u b lic a tio n  on Geodesy. New S eries, Number 32, 1988. 
135 pp, 83 f ig s ,  8 ta b le s

The p u b lic a t io n  con ta ins  f iv e  papers which summarize the  r e s u lts  o f 
te s t  measurements. The experiment was c a r r ie d  ou t w ith  the aim o f g e tt in g  
accura te  g ra v ity  in fo rm a tio n  a t sea. G ra v ity  measurements a t sea are not 
too  easy. I t  i s  com plicated to  separa te  the d is tu rb in g  e f fe c ts  from 
measurements w h ile  moving. Modern g ra v ity m e te rs  la rg e ly  e lim in a te  these 
d is tu rb a n ce s , however, the re  remains an e f fe c t  th a t cannot be e lim in a te d  
in s tru m e n ta lly , the  Eötvös c o rre c t io n . I t  can on ly be determ ined i f  very
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p re c is e  n a v ig a tio n  is  a v a ila b le .  With the G lo b a l P o s it io n in g  System (GPS), 
p re c is e  n a v iga tion  became fe a s ib le .

0 Somogyi

W H CAMPBELL e d .: Q u ie t Day Geomagnetic F ie ld s .  Reprinted from Pure and 
A p p lie d  Geophysics, V o l. 131, No. 3. B irk h ä u s e r, Basel, 1989, 230 pp, many 
f ig s

B irkhäuser has con tinued  w ith  th is  book a most va luab le  s e r ie s  o f 
r e p r in ts  from Pure and A p p lie d  Geophysics. These volumes cover some s m a lle r 
f i e ld s  o f geophysics which can th o ro u g h ly  d iscussed in  a c o l le c t io n  o f 
papers l ik e  th is .  Q uie t day geomagnetic f i e l d  has been a fa v o u r ite  fo r  geo­
m agnetic  research in  the  f i r s t  h a lf  o f t h is  ce n tu ry , as many techn iques 
developed fo r  a n a ly s is  (e .g . sp h e rica l harm onics, F ou rie r tra n s fo rm , 
s p e c ia l methods fo r  lu n a r v a r ia t io n s  e tc . )  co u ld  be very w e ll exe rc ised  on 
t h i s  problem. In  s p ite  o f the very d e ta ile d  in v e s t ig a t io n s , many questions  
rem ained open, not to  m ention else then the  day-to -day  v a r ia b i l i t y  o f the 
fo cu s  p o s it io n  a t lo w - la t i tu d e s .  Thus i t  was re a l ly  time to  summarize 
re c e n t re s u lts  in  t h is  f i e ld  and as the  volume shows i t  was w orth  
sum m arizing.

A f te r  a h is to r ic  in tro d u c t io n  (W C am pbe ll), the se le c tio n  c r i t e r ia  o f 
q u ie t  days is  discussed by Jocelyn and Hruska & Hruska. These papers show 
th a t  the  s e le c tio n  is  fa r  from being unambiguous. S pherica l harmonic 
a n a ly s is  methods are tre a te d  by Kawasaki, M a tsu sh ita  and Cain.

P o la r reg ion Sq problems are the to p ic  o f papers by Xu and K ro e h l. 
They summarize c u rre n t ideas on the d i f f e r e n t  components o f Sq in  p o la r  
re g io n s  which have s p e c ia l s ig n if ic a n c e  in  connection w ith  the  
in te rp la n e ta ry  magnetic f i e l d .

M id - la t itu d e  Sq problems s ta r t  w ith  R ichmond's review on m odeling the 
ionosphere  w ith  wind dynamo, then Fukushima discusses the e f fe c t  o f the 
daw n-to-dusk e le c t r ic  f i e l d  in  the magnetosphere through the d a y /n ig h t 
asymmetry on the S q - f ie ld .  Olson presents a paper on the c o n tr ib u t io n  o f 
m agnetospheric c u rre n ts  to  Sq. Butcher deduces the  abnormal Sq from sm a ll 
a m p litu d e  substorms appearing a t times o u ts id e  the  normal maximum range o f 
Sq. T h is  in te rp re ta t io n  may be p a r t ly  v a l id ,  b u t i f  one looks a t h is  f ig u re  
(p . 464) one asks i f  the  decrease o f the Sq-am plitude is  a lso caused by 
t h is  substorm? And i f  n o t, what is  the cause fo r  the change o f the  Sq 
a m p litu d e  from one day to  the  other? Or what i s  the  cause fo r  the change o f 
the  focus p o s itio n ?  I  th in k  th a t some o th e r in flu e n c e  should be added to  
the  sm a ll substorm.

The e q u a to r ia l e le c t r o je t  is  d iscussed by Reddy and by Onwumechili & 
Ozoemena. As la s t  to p ic s ,  lu n a r d a i ly  v a r ia t io n s  are tre a te d  in  th re e  
papers by Xu, Tschu and Winch. In  the case o f the la s t  paper, the ve ry  
i l l u s t r a t i v e  re p re s e n ta tio n  o f the lu n a r v a r ia t io n ,  more e x a c tly  o f i t s  
e f f e c t  on the s o la r Sq and the separa tion  o f the  27-day so la r ro ta t io n  from 
the  lu n a r  d a ily  v a r ia t io n  are o f spec ia l in te r e s t .

T h is  book g ives  a complete and uptodate rev iew  on problems connected 
to  Sq and thus i t  deserves a tte n tio n  o f a l l  who are in te re s te d  in  geo­
magnetism and magnetospheric physics.

J Verő
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H HOLDER: Kurze Geschichte der Geologie und P a lä o n to lo g ie . E in Lesebuch.
S p rin g e r, B e r l in ,  244 pp, 39 f ig s

Th is is  a most in te re s t in g  book on the  h is to ry  o f geology and 
p a le on to logy , bu t i t  is  a lso  worth reading fo r  o th e r g e o s c ie n tis ts  and even 
fo r  a w ider c i r c le  o f in te re s te d  people. The a u th o r has chosen an ingenuous 
method to  p resent d i f fe r e n t  chapters from the  broad f ie ld  o f geo logy: he 
s ta r ts  from a problem which is  c ru c ia l fo r  the  understanding o f the  process 
or s i tu a t io n ,  then i t  tra ce s  the la te r  h is to r y  evo lv ing  from the g iven 
problem. Such c e n tra l problems are G lo s s o p te r i, shark tee th  which opened 
the way fo r  the c o rre c t o rgan ic  in te rp r e ta t io n  o f fo s s i ls ;  the 
"G re ife n s te in e "  in  the  Saxonian Ore Mts which were supposed w itnesses o f 
the deluge, and la te r  in i t ia t e d  d e ta ile d  in v e s t ig a t io n s  on the o r ig in  o f 
g ra n ite ; the b a s a lt ic  cone o f the Scheibenberg which played a c e n tra l ro le  
in  the d iscuss ions  about the o r ig in  o f b a s a lt ;  G oethe 's ideas on the o r ig in  
o f tra p p -b a s a lts ; fa u l ts  near Lake V ie rw a ld s tä tte r ,  s ta r t in g  p o in t fo r  the 
d iscove ry  o f te c to n ic  events; Escher von der L in th 's  obse rva tion  on the 
G larn o v e rth ru s t; Glen Roads, a p lace where the  g la c ia t io n  in  Europe became 
e v id e n t; s a l t  domes in  N orthern Germany, as example o f a n o n -vo lca n ic  
in t ru s io n ;  Wegener's f i t t i n g  o f the sh o re lin e s  o f A fr ic a  and America as the 
s ta r t in g  p o in t o f p la te  te c to n ic s ; the N ö rd lin g e r R ies, one o f the  f i r s t  
m eteoric  c ra te rs  found on the Earth -  to  l i s t  on ly  a few o f the  many 
s to r ie s  to ld  in  the  book, in  most cases accompanied by o r ig in a l  te x ts ,  
f u l f i l l i n g  what is  promised in  the t i t l e  "Lesebuch". W itty  and ingenious 
draw ings, m ostly  from o r ig in a l  sources he lp  the  understanding o f the te x t ,  
and even add in  many cases to  the jo y  o f re a d in g .

J Verő

S ca tte rin g  and A tte n u a tio n  o f Seism ic Waves
P art I ,  K E IIT I AKI and RU-SHAN WU eds, R e p rin t from Pure and A pp lied  Geo­

physics (PAGEOPH), V o l. 128, No. 1 /2 , 1988. 447 pp, 168 f ig s ,  16 ta b le s  
P art I I ,  RU-SHAN WU and K E IIT I AKI eds, R e p rin t from Pure and A pp lied  Geo­

physics (PAGEOPH), V o l. 131, No. 4, 1989. 551-739 pp, 53 f ig s ,  6 ta b le s  
P art I I I ,  RU-SHAN WU and K E IIT I AKI eds, R e p rin t from Pure and A pp lied  Geo­

physics (PAGEOPH), V o l. 132, No. 1 /2 , 1990. 437 pp, 170 f ig s ,  26 ta b le s  
B irkhäuser V e rlag , B ase l, Boston, B e r lin

The in te re s t  o f g e o p h ys ic is ts  in  se ism ic  wave s c a tte r in g  and 
a tte n u a tio n  has grown ra p id ly .  This r e f le c t s  the broad a p p lic a tio n s  and 
g rea t p o te n t ia l o f t h is  f i e ld  fo r  many geophys ica l problems, such as the 
lith o s p h e r ic  and m antle h e te ro g e n e it ie s , id e n t i f ic a t io n  and m o n ito r in g  
underground nuc lea r e xp lo s io n s , o i l  and m in e ra l e x p lo ra tio n , earthquake 
p re d ic t io n  and hazard. The three-volum e s p e c ia l issue o f PAGEOPH e n t i t le d  
"S c a tte r in g  and a tte n u a tio n  o f se ism ic waves" con ta ins a t o t a l  o f 18 
in v ite d  review  papers and 28 c o n tr ib u te d  papers, a l l  the c o n tr ib u te d  papers 
in  volumes I  and I I I  most o f the review papers in  volume I I .

The s p e c ia l issue  covers a wide range o f the f ie ld  o f se ism ic  
s c a tte r in g  and a tte n u a tio n . They in c lu d e :
-  e la s t ic  wave p e rtu rb a tio n  theory  and methods fo r  weak s c a tte r in g
-  tim e domain and space domain m u lt ip le  s c a t te r in g  theory
-  h igh frequency asym pto tic  and approximate th e o ry  and methods
-  crack and wedge s c a tte r in g
-  coda g ene ra tion , coda envelope decay and coda Q ( in c lu d in g  lo c a l and 

re g io n a l phases)
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-  phase and am plitude f lu c tu a t io n s  o f tra n s m itte d  waves
-  s c a tte r in g  from the co re -m an tle  boundary
-  1-D s c a tte r in g  and the  s tr a t ig ra p h ic  f i l t e r i n g
-  a r ra y  processing and p o la r iz a t io n  a n a lys is
-  num erica l s im u la tio n  o f se ism ic s c a tte r in g
-  la b o ra to ry  model experim ent on se ism ic s c a tte r in g
-  wave sca tte r in g  in  com posite  media and the  e f fe c t iv e  parameters
-  c ra c k  sca tte r in g  and th e  e f fe c t iv e  a n iso tro p y
-  s c a tte r in g  and n o n l in e a r i ty
-  s c a tte r in g  a tte n u a tio n  and the sepa ra tion  from in t r in s ic  a tte n u a tio n
-  la b o ra to ry  Q measurements o f rock samples
-  a n e la s t ic  a tte n u a tio n  mechanism
-  e la s t ic  medium fu ll-w a v e  in v e rs io n  theo ry  ( in c lu d in g  a tte n u a tio n )
-  t r a v e l  time and am p litude  in v e rs io n .

Gy S z e id o v itz

K R KOCH: Parameter E s tim a tio n  and H ypothesis te s t in g  in  L inear Models. 
S p r in g e r Verlag, B e r l in ,  H e ide lbe rg , New York, London, P a ris , Tokyo, 1988, 
378 pp, 17 f ig s

T h is  is  the E n g lis h  tra n s la t io n  o f the a u th o r 's  book pu b lish e d  in  
German by Dümmlers V e rla g , 1987.

In  Chapter 1 (V e c to r and M a trix  A lgeb ra) and Chapter 2 ( P ro b a b i l i ty ,  
T heo ry ) in tro d u c to ry  knowledge is  d iscussed ra th e r c le a r ly  and a t the  same 
tim e  e x a c tly .

In  Chapter 3 the  parameter e s tim a tio n  in  l in e a r  models based on the 
method o f le a s t squares and m axim um -like lihood is  tre a te d . The a u tho r g ives 
d e f in i t io n  o f the G auss-M arkoff model w ith  f u l l  rank and p resen ts  a 
n u m e rica l computation o f the estim ates and th e i r  covariances. He g ive s  the 
re la t io n s h ip s  o f the  b e s t l in e a r  unbiased e s tim a tio n  in  a Gauss-M arkoff 
model w ith  c o n s tra in ts .

The establishm ent o f  the  Gauss-Markoff model not o f f u l l  ra n k , ju s t  as 
th e  com pletion o f th is  w ith  l in e a r  c o n s tra in ts  makes complete the trea tm en t 
o f  t h i s  theme.

E s p e c ia lly , the a p p lic a t io n  o f the Gauss-M arkoff theory is  dem onstra t­
ed on the example o f p o lyn om ia l in te rp o la t io n .

I f  the unknown param eters are considered as random v a r ia b le s  in  a 
G auss-M arkoff model then  gene ra lized  l in e a r  models are obta ined which go 
o v e r in  spec ia l cases in to  regress ion  models. I f  the e r ro r  v e c to r in  the 
G auss-M arkoff model is  in te rp re te d  by l in e a r  com bination, then one becomes 
th e  mixed model which c o n ta in s  the Gauss-Helmert model, in  p a r t ic u la r .

In  th is  chapter the fundamental form ulas o f the e s tim a tion  o f va riance  
and covariance components are g iven in  the  case of the best in v a r ia n t  
q u a d ra t ic  unbiased e s t im a t io n  and o f lo c a l ly  best e s tim a tio n .

In  course o f the  m u lt iv a r ia te  parameter es tim a tio n  i t  is  d e a lt  w ith  
th e  m u lt iv a r ia te  G auss-M arkoff model. We f in d  the e s tim a tion  o f the  vec to rs  
o f  parameters and th e i r  covariance  m a tr ix .

The t i t l e  o f Chapter 4 i s :  Hypothesis te s t in g ,  in te rv a l e s tim a tio n  and 
t e s t  fo r  o u t l ie rs  in  th e  Gauss-Markoff model. In  connection w ith  th is  
c h a p te r  I  cannot c o n te s t my s u b je c t iv i t y ,  my in te re s t was t o t a l l y  
c a p tiv a te d  by i t .  The obse rva tions  can be g ro ss ly  f a ls i f ie d  by o u t l ie r s .  
Our ta sk  is  to f in d  and e lim in a te  fa ls e  o b se rva tio n s , in  order to  es tim a te  
th e  parameters w ith o u t d is to r t io n .  I  should  l ik e  to  emphasize the 
s t a t i s t i c a l  te s t o f the a u th o r fo r  one o u t l ie r  and the percentage p o in ts  o f
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the  o u t l ie r s .
In  Chapter 5 the  d is c r im in a n t a n a ly s is  is  d e a lt w ith  i f  th e  observa­

t io n s  belong to  d i f f e r e n t  p o p u la tio n s . The goal is  to  c la s s i f y  the 
obse rva tio n s . The au tho r discusses the  Bayes s tra te g y  and g iv e s  the 
c la s s i f ie r  a lg o rith m s  based on the norm al d is t r ib u t io n  w ith  known and 
unknown param eters. The book is  closed w ith  r ic h  re ferences and c o n ta in s  an 
index fo r  the search o f the fre q u e n tly  o c c u rr in g  ideas.

Recently more books have been p u b lish e d  on the f ie ld  o f the  a d ju s t­
ment. However, I  recommend th is  book to  a s e r io u s  researcher o r a s p ira n t ,  I  
ho ld  i t  fo r  the  best s u ita b le  s u b je c t-m a tte r  to  study a po w e rfu l to p ic ,  
fu r th e r  to  master deep te ch n ics .

S tru c tu re , c le a r  s ty le  and c o rre c t d r a f t  o f the book make p r iv a te  
le a rn in g  p o s s ib le . The book su re ly  counts on wide in te re s t among s tu d e n ts , 
eng ineers , and resea rche rs , too .

3 Z á vo ti

S MEIER and W KELLER: G e o s ta t is t ic s . In t ro d u c t io n  to  the theo ry  o f random 
processes. Akademie V e rlag , B e r l in ,  1990, 206 pp, 34 f ig s  ( in  German)

There has been a v a ila b le  a ra th e r sm a ll number o f books on random p ro ­
cesses th a t deal w ith  both one-dim ensional and m u lti-d im e n s io n a l processes 
a cce ss ib le  fo r  p ra c t is in g  g e o p h y s ic is ts . The present volume is  an 
in tro d u c to ry  work fo r  not on ly  g e o p h y s ic is ts  and space re sea rche rs  but 
readers from o th e r f ie ld s .  Examples are from  a t le a s t two geosciences.

To read the book, the usual bas ic  knowledge in  a n a lys is , mathematics 
and m athematical s t a t is t ic s  are assumed.

The f i r s t  chap te r o u tlin e s  the  to p ic  o f random processes in  geo­
sciences as w e ll as a h is to r ic a l  r e f le x io n .

The second chap te r assembles the necessary matematical to o ls  fo r  the 
rem ain ing p a rt ( d is t r ib u t io n s ,  c o r r e la t io n s ,  sp e c ia l fu n c t io n s  and 
tra n s fo rm a tio n s  e t c . ) .  With these means i t  is  poss ib le  to  d e sc rib e  one- 
-d im ens iona l random processes (Chapter 3) e .g . s ta t io n a ry  processes, band 
f i l t e r s .  More im p o rta n t fo r  use are the  processes in  the E uc lidean  space 
and those on the sphere (Chapter 4 ) .

The discussed s p e c ia l problems conce rn ing  M arkoff processes and 
p a r t ia l  d i f f e r e n t ia l  equations are o f s p e c ia l in te re s t  e .g . the  s t a t i s t i c a l  
d e r iv a t io n  o f the heat convection equa tion  o r th a t o f W iener's e q u a tio n .

The la s t  chap te r is  about the  s t a t i s t i c s  o f random processes. The 
concept o f e rg o d ic ity ,  s ig n a l re c o n s tru c t io n  from d ig i t a l  samples and 
d is t in g u is h in g  s ig n a l and noise are u s e fu l fo r  a l l  p ra c t is in g  s p e c ia l is ts .

Ihe  main te x t  is  completed w ith  an appendix o f the discussed models.
The s tru c tu re  o f the te x t is  lo g ic a l ,  the  ra th e r mathem atical approach 

s u b tra c ts  no th ing  from i t s  use fu lness . The book g ives a c le a r ,  b r ie f  
in s ig h t  in to  na tu re  and a p p lic a t io n .

T S te in e r

R A PLUMB and R A VINCENI eds: M iddle Atmosphere. B irkhäuser, B a se l, 1989, 
616 pp, SFR 74

Ih is  volume co n ta in s  papers presented a t workshops held c o n s e c u tiv e ly  
a t the U n iv e rs ity  o f Adela ide in  May 1987 and published now as a s p e c ia l 
issue  o f PAGEOPH (Pure and A pplied G eophysics). Ihe a r t ic le s  dea l w ith  the
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r e s u l ts  o f in v e s tig a t io n s  c a rr ie d  out in  the  framework o f the MAP (M idd le  
Atmosphere Program) subprograms GRATMAP (G ra v ity  Waves and Turbulence) and 
MASH (M idd le  Atmosphere o f the Southern Hem isphere). Thus, the volume can 
be cons idered  as an u p -to -d a te  p ic tu re  o f ou r knowledge concerning these 
two im p o rta n t areas o f the dynamics o f the s tra to s p h e re  and mesosphere.

The s e rie s  o f papers is  in troduced  by a re tro s p e c t by C 0 H ines in  
w hich the  h is to ry  o f g ra v ity  wave research is  o u t l in e d . In  the paper by H R 
P h i l lp o t  some e a r ly  radiosonde tem perature obse rva tions  in  the A n ta rc t ic  
lo w e r s tra to sp h e re  are d iscussed in  connection w ith  the spring tim e warming, 
w hich was more re g u la r in  1959 s im i la r ly  to  the years 1985 and 1986. A 
s tr a to s p h e r ic  c ir c u la t io n  s t a t is t ic s  fo r  the Southern Hemisphere in c lu d in g  
mean f i e ld s ,  t ra n s ie n t eddy s ta t is t ic s ,  E liassen-P a lm  f lu x  d ia g n o s tic s  and 
v o r t i c i t y  f ie ld s  is  p resented by D J K a ro ly . W L Grose and A O 'N e il l  
compare data o f d i f fe r e n t  s a te l l i t e s  and q u a n t i t ie s  derived from them fo r  
the  m idd le  atmosphere o f the Southern Hemisphere fin d in g  s u b s ta n t ia l 
q u a n t i ta t iv e  d iffe re n c e s  in  f ie ld s  o f E liassen-P a lm  f lu x  d ivergence and 
E r t e l 's  p o te n t ia l v o r t i c i t y .  In  the paper o f  0 G Andrews the zonal-mean 
c l im a to lo g ic a l  s ta te , s ta t io n a ry  and t r a n s ie n t  waves o f d i f fe r e n t  typ e s , 
s tr a to s p h e r ic  warmings and p o la r ozon minima in  the Southern and N orthe rn  
Hemispheres are compared. The seasonal c y c le  o f s tra to s p h e ric  p la n e ta ry  
waves i s  discussed by R A Plumb showing th a t  con tra ry  to  the N orthe rn  
Hem isphere, in  the Southern Hemisphere th e re  i s  a m idw inter minimum due to  
the  o p a c ity  to  s ta t io n a ry  wave propagation caused by strong w e s te r lie s . The 
body fo rc e  c ir c u la t io n  problem o f E liassen  is  genera lized to  in c lu d e  the 
e f fe c ts  o f mechanical f r i c t i o n  and Newtonian co o lin g  in  the paper by T J 
D unke rton . The ozone d iffe re n c e s  in  the N o rthe rn  and Southern Hemispheres 
are ana lyzed by means o f s a t e l l i t e  data in  the  paper by M A G e lle r , M F Wu 
and E Nash. They found th a t the in te rh e m is p h e ric  d iffe re n ce s  in  the annual 
v a r ia t io n  o f to ta l  ozone can w e ll be e xp la in e d  by the in te rh e m isp h e ric  
d if fe re n c e s  in  s ta t io n a ry  p la n e ta ry  waves. T H irooka and I  H iro ta  p resen t 
f u r th e r  evidence o f normal mode Rossby waves in  th e ir  paper. M onthly mean 
w inds in  the mesosphere measured a t 78 S are compared w ith  the re s u lts  o f 
s im u ltaneous  measurements a t 44 S by G J F ra se r. A P h il l ip s  and R A V in ce n t 
re p o r t  on radar obse rva tions  o f p re v a ilin g  w inds and waves in  the Southern 
Hemisphere mesosphere and low er thermosphere and compare them w ith  N orthe rn  
Hemisphere data and s a te l l i te - d e r iv e d  c i r c u la t io n  models. G eostrophic and 
n o n lin e a r  balanced winds from  LIMS data are compared in  the paper by T 
M ile s  and W L Grose. G ra v ity  wave s a tu ra tio n  processes, th e ir  e f fe c ts  (on 
wave a m p litu d e , momentum and energy f lu x e s ,  the d if fu s io n  o f heat and 
c o n s t i tu e n ts ,  the es tab lishm en t o f the v e r t ic a l  wave number spectrum) and 
v a r i a b i l i t y  in  the m idd le  atmosphere are d iscussed by D C F r i t t s  and 
s e v e ra l s a tu ra tio n  mechanisms, as w e ll as t h e i r  e ffe c ts  (co n ve c tio n , H 
i n s t a b i l i t y ,  v o r t ic a l  mode, pa ram etric  subharmonic in s t a b i l i t i e s ,  mean flo w  
in te r a c t io n )  by T J D unkerton. A theo ry  o f enhanced s a tu ra tio n  o f the  
g r a v i ty  wave spectrum due to  increases in  atmospheric s t a b i l i t y  are 
expounded in  the paper by Th E van Zandt and D C F r i t t s .  E ffe c ts  o f 
h o r iz o n ta l  re s o lu t io n  on in te rn a l g ra v ity  waves s im ulated by the 40 le v e l  
GFDL "SKYHI" general c ir c u la t io n  model a re  s tu d ie d  by Y Hayashi, D G 
G o ld e r, J D Mahlman and S M iyahara. D P D e l is i  and T J Dunkerton re p o r t on 
la b o ra to ry  observa tions o f g ra v ity  wave c r i t i c a l - la y e r  flow s showing in  the  
e a r ly  e v o lu t io n  tu rb u le n t wavebreaking, as w e ll as mean flow  m o d ific a tio n s  
and in  th e  la te - t im e  c r i t i c a l  la y e r flo w  in te r n a l  m ixing reg ions phase 
lo cked  to  the incoming g ra v ity  wave. S Fukao, M D Yamanaka, H Matsumoto, T 
Sato , T Tsuda and S Kato describe  wind f lu c tu a t io n s  near a co ld  v o r te x -  
tropopause funne l system observed by an MST ra d a r, w h ile  w ave like  w ind 
v a r ia t io n s  in  the lower s tra to sp h e re  are analyzed by M D Yamanaka, S Fukao,
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H Matsumoto, T Sato, T Tsuda and S Kato assuming monochromatic in te rn a l 
in e r t io - g r a v i ty  wave g e n e ra tio n . T Tsuda, Y Masuda, H In u k i,  K Takahasi, T 
Takarni, T Sato, S Fukao and S Kato re p o r t on a high tim e re s o lu t io n  
m o n ito r in g  o f tro p o sp h e ric  tem perature w ith  a ra d io  a co u s tic  sounding 
system. F a ll in g  sphere obse rva tions  o f a n is o tro p ic  g ra v ity  wave m otions in  
the upper s tra tosphe re  over A u s tra lia  are analyzed by S □ Eckermann and R A 
V incen t suggesting th a t the  d is s ip a t io n  o f g ra v ity  waves in  a s ig n i f ic a n t  
source o f momentum re s id u a ls  found in  s tud ies  o f s a t e l l i t e  da ta . A review  
o f im po rtan t c o n s tra in ts  on g ra v ity  wave induced d i f fu s io n  o f m inor 
c o n s titu e n ts  (H^O, CO), heat and momentum is  g iven in  the paper by D F 
S tro b e l. C S id i and F D a laud ie r p u b lish  re s u lts  o f a study o f tem perature 
and heat f lu x  spectra  in  the buoyancy subrange in d ic a t in g  the need fo r  an 
a n is o tro p ic  theory o f buoyancy range o f tu rb u le n ce . In te rp re ta t io n ,  
r e l i a b i l i t y  and accurac ies o f parameters deduced by the spaced antenna 
method in  the m iddle atmosphere are discussed by W К Hocking, P May and 
J R ö ttge r and i t  is  shown th a t the spaced antenna technique g ives  r e l ia b le  
es tim a tes  o f the n e u tra l a i r  m otion enab ling  a lso  the measurement o f 
p a tte rn  sca le , ra te  o f fa d in g  and angle o f a r r iv a l .  F in a l ly ,  in  the  paper 
by M Yamamoto, T Sato, T Tsuda, S Fukao and S Kato a f u l l  c o r re la t io n  
a n a ly s is  o f tu rb u le n t s c a tte r in g  laye rs  in  the mesosphere is  p resented, 
which has been app lied  to  echo power f lu c tu a t io n s  observed by a MST ra d a r.

P Bencze

W SCHRODER ed .: P ast, p resen t and fu tu re  trends  in  geophysica l research . 
In te r d iv is io n a l commission on h is to ry  o f IAGA, Bremen-Roennebeck, 1988

Th is book con ta ins  14 papers presented a t h is to r ic a l  symposia o f the 
Vancouver IUGG General Assembly. A p a rt o f the  papers deal w ith  p u re ly  
h is to r ic a l  to p ic s , e .g . Börner commemorates Ludwig Biermann, the d isco ve re r 
o f the  s o la r wind; W iederkehr re p o rts  on the a c t i v i t y  o f Georg Neumayer, a 
p ioneer o f geomagnetic o b se rva tio n  in  A u s tra lia .  Gadsden p resen ts  some 
remarks on K e p le r 's  atm ospheric phys ics , e lu c id a tin g  the source o f some 
in te re s t in g  ideas by K ep le r.

Brush and Bannerjee g ive  a most comprehensive review  on the h is to ry  o f 
the  th e o r ie s  o f geomagnetic se cu la r v a r ia t io n .  Th is  is  an e x c e lle n t survey 
t i l l  the  very f i r s t  ideas o f the phenomenon o f the secu la r v a r ia t io n  which 
was counted fo r  some tim e as one o f the g re a te s t enigmas o f modern p h ys ics . 
H e ik k ila  describes the  h is to ry  o f magnetic reconnection  a t the 
magnetospheric boundary. I t  is  im portan t to  read th is  s to ry  from one o f the 
p a r t ic ip a n ts  in  the d iscu ss io n .

The second h a lf  o f the book goes over pure h is to ry  and t r ie s  to  use 
h is to r ic a l  data fo r  c o l le c t in g  in fo rm a tio n  on processes being a c t iv e  in  
some f i e ld  o f the E a rth 's  environm ent.

A group o f papers dea ls w ith  h is to r ic a l  au ro ras, m ain ly those observed 
d u rin g  the Maunder minimum, and o the r aspects o f the recen t h is to r y  o f 
s o la r  a c t iv i t y  (Kopecky and K u k lin , R ibes, Ribes and B e r th a lo t,  D ebarbat, 
Legrand and Simon). H ersé 's  paper on b r ig h t  n ig h ts , a n e a rly  fo rg o tte n  
phenomenon concludes th is  s e r ie s .

A very a c tive  I t a l ia n  group presented fo u r papers, p a r t ly  d e a lin g  w ith  
the  methods to  in te rp rè te  h is to r ic a l  p o in t - l ik e  da ta , p a r t ly  they use the 
methods presented here fo r  seve ra l m e te o ro log ica l data s e ts , e .g . on the 
f lo o d s  o f the r iv e rs  Tevere and Tanaro. Due to  the a c t iv i t y  o f t h is  group, 
h is to r ic a l  sources from I t a l y  get more and more access ib le  to  resea rch , a 
fa c t  which is  welcome in  th is  f ie ld  where prim ary data and methods fo r
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t h e i r  processing are o f v i t a l  importance.
The e d ito r  o f th e  book, W Schroder should  be cong ra tu la ted  to  th is  

w id e -ra n g in g  s e le c tio n  o f h is to r ic a l  papers.

J Verő
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