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ENERGY BALANCE OF UNDERGROUND GAS STORAGE 

Gy Z o l t á n ^

Mining Chemical Research Laboratory of the Hungarian Academy o f  Sc iences, 
H-3515 M isko lc ,  Egyetemváros, РОВ 2, Hungary-

[^Manuscript rece ived September 12, 1984]

Mass and s ta te  o f  a porous re s e rv o ir  determ ine the energy con ten t o f  
the system. However, according to  the p r in c ip le s  o f  thermodynamics the  abso­
lu te  value o f  the  energy con ten t o f  a system cannot be ca lcu la ted  and 
changes o f  the mass and s ta te  o f  a system can o n ly  charac te r ize  the d i r e c ­
t i o n  and ra te  o f  the change o f  energy con ten t .  The paper analyzes the  energy 
o f  the  r e s e r v o i r  and the energy stored as fu n c t io n s  o f  the s ta te  o f  r e s e r ­
v o i r .  The s p e c i f i c  energy o f  the sa tu ra t io n  i s  determined as a fu n c t io n  o f  
volume. Apparent energy optimum o f  underground gas storage is  d e a l t  w i t h .
I t  i s  proved th a t  the s p e c i f i c  energy o f  s to rage  i s  independent o f  the  
s t r u c tu re  o f  the re s e rv o i r .  F in a l l y ,  the o rd e r  and p roport ions o f  the  com­
ponents o f  the  f u l l  energy content in  f l u i d - b e a r in g  rese rvo irs  i s  d e te r ­
mined.

Keywords: c a p i l l a r y  p ressure; c o m p r e s s ib i l i t y ;  f lu id -b e a r in g  porous r e ­
s e rv o i r ;  fo rm a tion  pressure; fo rm ation  w ater; energy o f  storage; " h ig h - e n e r ­
gy" pore space; i n t e r f a c ia l  p ro p e r t ie s ;  p o r o s i t y ;  sa tu ra t io n ;  s p e c i f i c  ene r­
gy o f  s torage

SYMBOLS

A surface  area, i n t e r f a c i a l  area
Ac c a p i l l a r y  c ro ss -se c t io n
ASg s o l id -g a s  i n t e r f a c i a l  area
d c a p i l l a r y  diameter
F fo rce
Fc c a p i l l a r y  res is tance
g' a cc e le ra t io n  due to  g ra v i t y
h h e igh t
i  number o f  observa t ion  (s u b s c r ip t )
J J(S
К K(S
n mol
p pressure
Pg gas pressure = pw + Pc
pw water pressure, constant (= 2, 4, 6 , 8, 10 MPa)
Pc c a p i l l a r y  pressure = Pc (Sg) = Pè(Sg)
г  c a p i l l a r y  rad ius
R gas constan t
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g) = (Pg/Z)Sg 
e number
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sa tu ra t io n  
gas s a tu ra t io n  
water s a tu r a t io n  
re s id u a l  water sa tu ra t io n
gas s a tu r a t io n  a t  the po in t o f  i n f l e x i o n  o f  func t ion  Pc(Sg)
temperature
normal temperature
volume
volume, n o n -v a r ia b le  
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E ne rgy  r e s o u r c e s  n e a r  a g g lo m e r a t io n s  o f  c i v i l i z a t i o n  ha ve  

m o s t l y  been e x h a u s t e d ,  th e  d i s t a n c e  b e tw e e n  e n e rg y - c o n s u m in g  

a r e a s  and n e w ly  d e v e lo p e d  e n e rg y  r e s o u r c e s  ( e . g .  o i l  and gas  

f i e l d s  i n  S i b e r i a  and A la s k a )  i s  r a p i d l y  i n c r e a s i n g .  T h e r e f o r e  

t r a n s p o r t  o f  o i l ,  gas  and c o a l  i s  b e c o m in g  a more d i f f i c u l t  

t e c h n i c a l  and e c o n o m ic  t a s k  and ,  i n  many c a s e s ,  r e q u i r e s  t h e  

u t m o s t  s k i l l  o f  s c i e n t i s t s  and e n g i n e e r s .

I n t e r e s t s  o f  co n su m e rs  and p r o d u c e r s  a re  common as t o  m eet 

e n e r g y  demands u n d e r  a c c e p ta b le  c o n d i t i o n s ,  i . e .  r e a s o n a b le  

p r i c e s  and s u f f i c i e n t  p r o f i t s .  L o s s e s  t h a t  do n o t  c o s t  money on 

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

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

no means d e l i b e r a t e  a n d ,  s e e m in g ly ,  o n e  does n o t  pay f o r  i t .

A l l  th e s e  l o s s e s  w i l l ,  u n d o u b t e d l y ,  be m easured i n  t h e  n e a r  

f u t u r e  and a t t e n t i o n  w i l l  be p a id  t o  a l l  k in d s  o f  e n e rg y  

c h a n g e s  and l o s s e s  s i n c e  m ank ind  w i l l  depend  on a p o s i t i v e  e n ­

e r g y  b a la n c e  f o r  i t s  e x i s t e n c e .
As one o f  t h e  m os t advanced m e a s u re s  o f  e n e rg y  m anagem ent
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i n  th e  l a s t  d e c a d e s ,  th e  u n d e r g r o u n d  gas  s t o r a g e  was i n t r o d u c e d  

t o  e l i m i n a t e  t h e  gap be tw een  th e  c h a r a c t e r i s t i c s  o f  gas p r o d u c ­

t i o n  and th e  r e q u i r e m e n t s  o f  th e  c o n s u m e r s .  A b u f f e r  s y s te m  was 

needed  b e tw een  p r o d u c e r s  and co n su m e rs  t o  m a i n t a i n  p r o d u c t i o n  

a t  i t s  op t im um  w h i l e  m e e t in g  e x c e s s i v e l y  v a r y i n g  needs o f  c o n ­

s u m e rs .  T h is  seems t o  s u f f i c i e n t l y  u n d e r l i n e  th e  n e c e s s i t y  o f  

e s t a b l i s h i n g  s t o r a g e  s y s te m s .  U n d e rg ro u n d  gas s to r a g e  s o l v e s  

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

e s p e c i a l l y  a d v a n ta g e o u s  f e a t u r e s  c o n c e r n i n g  eco n o m ics  due t o  

i t s  l a r g e  s t o r a g e  c a p a c i t y :  s p e c i f i c  o p e r a t i n g  c o s t s  a re  much 

l o w e r  th a n  th o s e  o f  c o n v e n t i o n a l  s u r f a c e  s t o r a g e .  Though th e  

o p e r a t i o n  o f  t h e s e  s t o r a g e  s y s te m s  has  t o  fa c e  a l l  th e  p ro b le m s  

r e s e r v o i r  e n g i n e e r i n g  i s  e n c o u n te r e d  i n  c o n t r o l l i n g  ch a n g e s  o f  

s t a t e  i n  th e  r e s e r v o i r ,  adva n ce d  t e c h n i q u e s  and methods use d  i n  

o i l  and gas p r o d u c t i o n  can p r o v i d e  a t t r a c t i v e  s o l u t i o n s  f o r  

th e s e  d i f f i c u l t  t e c h n i c a l - e c o n o m i c  t a s k s .

1 . ENERGY OF THE RESERVOIR AND ENERGY STORED AS FUNCTIONS OF 

THE STATE OF RESERVOIR

A l t h o u g h  u n d e rg ro u n d  gas  s t o r a g e  seems a p u r e l y  t e c h n i c a l  

a c t i v i t y  a t  f i r s t  s i g h t ,  i f  a l l  t h i n g s  a r e  c o n s id e r e d  i t  i s  an 

e c o n o m ic  u n d e r t a k i n g :  e n e rg y  i s  s t o r e d  a t  an " e n e rg y  p r i c e " .  I t  

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

c e s s  i n  te rm s  o f  e n e rg y  used  t o  c a r r y  o u t  th e  v e ry  p r o c e s s ,  b u t  

i n  t h i s  s p e c i a l  case  i t  seems t o  be t h e  m os t s u i t a b l e  way o f  

t r e a t m e n t .

A p r e v i o u s  e q u a t i o n  ( Z o l t á n  1986 b ,  Eq. 7 ) d e s c r i b e s  

changes  i n  t h e  s t a t e  o f  e n e rg y  r e l a t e d  t o  p l a c e  and t a s k ,  th e  

change  b e in g  a con se q u e n ce  o f  an i n t e r f e r e n c e  w i t h  th e  mass o f  

th e  s y s te m .  L e t  us now r e w r i t e  t h i s  e q u a t i o n  t o  e x p re s s  t h e  

change  o f  e n e r g y  i n  te rm s  o f  th e  g e o m e t r i c a l  vo lum es  i n  w h ic h  

th e  change has  ta k e n  p l a c e .  I t  h o ld s  f o r  a l l  s t a t e s  o f  th e  

s y s te m  t h a t

Vpk Sg

hence
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dV
g pk dS9

U s in g  th e s e  e x p r e s s i o n s ,  Eq. ( 7 )  i n  Z o l t á n  (1 9 8 6 b )  can  be r e ­

w r i t t e n  as

Pk
p dS + V . g pk J P dS + V , dp + V , c g  gk I Mg pk S dp

g g

go

z

= V
gk

J dZ + V
pk

go

K dZ + V
gk

go

Z dJ + V

go

go

pk Z dK .

( 1 )

E q u a t io n  ( 7 )  i n  Z o l t á n  (1 9 8 6 b )  and Eq. ( 1 )  h e re  e x p r e s s  

t h e  change  o f  e n e r g y  c o n t e n t  e q u i v a l e n t  t o  th e  change  o f  mass 

and  s t a t e  o f  th e  e x p e r i m e n t a l  s y s te m .  To a c h ie v e  th e  h i g h e s t  

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

h a v e  been e x p re s s e d  i n  C G S - u n i t s ,  b u t  i n  o r d e r  t o  make them  

m ore  a c c e s s i b le  f o r  e n g i n e e r s  t h e y  ha ve  been c o n v e r t e d  i n t o  S I -  

- u n i t s  t o o .  I n s t e a d  o f  d i s p l a y i n g  n u m e r i c a l  v a l u e s ,  m ore  p l a u ­

s i b l e  d ia g ra m s  a re  u s e d  t o  show th e  c h a n g e s  o f  e n e rg y  c o n t e n t  

i n  v o lu m e s  Vgk and Vpk  due to  c h a n g e s  o f  s t a t e  as a f u n c t i o n  o f  

t h e  s t a t e  o f  s a t u r a t i o n  i n  th e  s y s te m .  F o rm a t io n  p r e s s u r e  i n  

t h e  r e s e r v o i r  i s  r e p r e s e n t e d  by w a t e r  p r e s s u r e s  2 ,  4 ,  6 ,  8 and 

10 MPa. The c u r v e s  g i v e  th e  change  o f  e n e rg y  c o n t e n t  p e r  u n i t  

v o lu m e  (1 m3 ) o f  Vg k t  and Vp k t

and

Z dO

AW I I : I I  Vpk Z dK

( 2 )

( 3 )

w i t h  t h e  a f o r e m e n t i o n e d  f o r m a t i o n  p r e s s u r e s  as p a r a m e t e r s .  C j 

and  Cj j  a re  c o e f f i c i e n t s  used t o  c o n v e r t  e n e rg y  v a lu e s  o f  th e
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F ig .  1. Energy o f  s torage as a fu n c t io n  o f  re s e rv o ir  s ta te  in  terms of 
u n i ts  o f  pore volumes V p ^  and V g ^  a t  dVg = -dVw

t o t a l  c o n s t a n t  gas  vo lum e V ^ and th e  l i k e w i s e  c o n s t a n t  p o re

v o lu m e  V . e x p r e s s e d  i n  te r m s  o f  C G S -u n i t s  i n t o  S i - u n i t s  f o r
p К -,

u n i t  vo lum e (1 m ) o f  t h e  r e s e r v o i r .  F i g u r e s  1 t o  4 e x p r e s s  th e  

same i n  te r m s  o f  n u m e r i c a l  v a lu e s  g i v e n  e a r l i e r  i n  Eq. ( 2 3 )  by 

Z o l t á n  (1 9 8 6 b )  u s i n g  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 .  As n o te d ,

dWi(Sgi )  < dWn (Sg i )

h o ld s  f o r  th e  ch a n g e s  o f  e n e rg y  c o n t e n t  i n  u n i t  v o lu m e  o f  th e  

r e s e r v o i r  i f  i  > 1 , and th e  e q u i v a l e n t  s t a t e  i s  0 < < ' * ^ w re s '

I f  th e  change  o f  e n e rg y  c o n t e n t  i n  u n i t  v o lu m e s  o f  V . and Vp^ 

t a k e s  p la c e  w i t h i n  t h i s  s a t u r a t i o n  i n t e r v a l  a c c o r d i n g  t o  Eq. (23)
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F ig .  2. Energy o f  s torage as a fu n c t io n  o f re s e r v o i r  s ta te  in  terms o f 
u n i ts  o f volumes Vp^-t and o f  a "h igh  energy pore space" 
a t  dVg = -dVw

( Z o l t á n  1986b) th e n  t h e  sum o f  th e s e  e l e m e n t a l  e n e rg y  components 

m u s t  c o i n c i d e  w i t h  th o s e  i n  F ig s  1 to  4.

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

i n  v o lu m e s  V g ^  and V ^  i t  i s  o f  i n t e r e s t  t o  know th e  amount 

o f  e n e r g y  s t o r e d  i n  th e s e  v o lu m e s .  The " p r i c e "  o f  s t o r a g e  o f  

t h i s  e n e r g y  i s  th e  e n e r g y  r e q u i r e m e n t  o f  t h e  ch a n g e  o f  s t a t e .  

The a m o u n t  o f  e n e rg y  s t o r e d  i s  i l l u s t r a t e d  i n  F i g s  5 t o  8 w h ic h  

i n d i c a t e  how th e  s t o r e d  e n e r g y  depends on th e  s t a t e  o f  th e  

s y s te m  and  th e  p a ra m e te rs  o f  s t a t e .



F ig .  3 . The same as F ig .  1 a t  dVg = - d V ^ - d V ^ F ig . 4 . The same as F ig .  2 a t  dVg = -dVwk-dVw^ MD
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2 .  SPECIFIC  ENERGY OF THE SATURATION AS A FUNCTION OF VOLUME.

APPARENT ENERGY OPTIMUM OF UNDERGROUND GAS STORAGE

E q u a t i o n s  ( 8 ) ,  ( 1 0 )  and (1 1 )  ( Z o l t á n  1986b) d e s c r i b e  th e  

s t a t e  o f  e n e rg y  o f  t h e  f l u i d - b e a r i n g  r e s e r v o i r  i . e .  t h e  e n e r g y  

o f  s t o r a g e  needed  t o  c e r t a i n  change  o f  s t a t e .  U s in g  t h e s e  e q u a ­

t i o n s  one g e t s :

l u s t r a t e d  i n  F i g .  2 ( Z o l t á n  1986b) r e f e r r i n g  t o  a l a b o r a t o r y

dW t a k e  p l a c e ,  a re  i n v o l v e d .  T h e r e f o r e  t h e s e  vo lum es i n f l u e n c e

a c t e r  s i n c e  t h e y  o n l y  have t o  be d i v i d e d  by a c o n s t a n t .  F ig u r e s  

9 t o  14 show e n e rg y  ch a n g e s  dW^, d W j j  and dWj + d W jj  = dW as 

f u n c t i o n s  o f  s a t u r a t i o n .

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

One o f  th e  m ost i n t e r e s t i n g  q u e s t i o n s  i n  t h i s  a n a l y s i s  i s  t o  

f i n d  t h e  s p e c i f i c  e n e rg y  r e q u i r e m e n t  o f  s a t u r a t i o n  ch a n g e s  as a

c h a n g e s  b e tw e e n  99 /1  and 1 /9 9 .

The r e s u l t s  p r o v i d e  t o o l s  t o  o p e r a t e  th e  u n d e rg ro u n d  gas

dW (Sg ) = dW: (S ) + dWn (S ) = Vgk Z dJ + Vpk Z dK . ( 4 )

s y s te m .  O n ly  d W j(S g ) o f  th e  two te r m s  o f  dW(Sg ) p o s s e s s e s  a 

m in im um  w h i l e  dW-j-j-(Sg ) i n c r e a s e s  s t r i c t l y  monoton as a f u n c t i o n  

o f  s a t u r a t i o n .  I n  Eq. ( 4 )  o f  dW(Sg ) d e s c r i b i n g  th e  l a b o r a t o r y  

s y s t e m ,  g e o m e t r i c a l  v o lu m e s  Vgk and Vg ^ w here  e le m e n ta l  c h a n g e s

f u n c t i o n  o f  th e  r a t i o  o f  V . . t o  V . . as th e s e  vo lum es ch a n g e

b e tw e e n  t h e i r  maxima and m in im a .  W i th

( 5 )

th e  r a t i o ( 6 )
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F ig .  9. Energy elements dWj in  terms o f  u n i t  volumes 
(= 1 cm-5) o f  the experimental system in  la b ­
o ra to ry  as a fu n c t io n  o f  re s e rv o i r  s ta te  a t 
dVg = -dVw
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F ig . 10. Energy elements dWjj in  the same terms 
as in  F ig .  9
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i g .  11. Energy elements dWj in  terms o f  u n i t  volumes 
(.= 1 сггк) o f  the experimental system in  la b ­
o ra to ry  as a fu n c t io n  o f  the s ta te  o f  the
high energy pore space" a t  dVn = -dV,,у w
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Eig. 12. Energy elements dWjj in  the same terms 
as in  F ig . ] l
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F ig . 13. Elementary energy components dW = dWj + dWjj 
as fu n c t io n s  o f  the parameters o f  s ta te  in  
F igs 9 and 10
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F ig . 14. The same as F ig .  13 f o r  the parameters 
o f  s ta te  in  Figs 11 and 12

UNDERGROUND GAS STORAGE



GY ZOLTÁN1 6

r e s e r v o i r  a ro u n d  i t s  e n e rg y  o p t im u m . N u m e r ic a l  v a lu e s  o f  dW v s .  

Sg a r e  i l l u s t r a t e d  i n  F ig s  15 t o  16 .  F o r m a t io n  p r e s s u r e  has 

b e e n  ch osen  i n  2 and 10 MPa. The c u r v e  w i t h  th e  h i g h e s t  r a t i o  

o f  V g k t / V p k t  e x h i - t ) i t s  m o s t  c l e a r l y  t h e  minimum i n  th e  s p e c i f i c  

e n e r g y  o f  th e  change  o f  s a t u r a t i o n .  W i th  i n c r e a s i n g  V i . e .

w i t h  d e c r e a s in g  r a t i o  V k - j / ^ p k t »  h o w e v e r ,  th e  minimum becomes 

h a r d l y  n o t i c e a b l e .  A n d ,  f i n a l l y ,  n u m e r i c a l  v a lu e s  o f  t h e  c u r v e  

w i t h  r a t i o  V g k t /V p k - t  = 1 /9 9  f a i l  t o  show th e  s i g n s  o f  t h e  m i n i ­

mum. T h is  phenomenon o b s e rv e d  a t  b o th  f o r m a t i o n  p r e s s u r e s  2 and 

10 MPa i n d i c a t e s  t h a t  t h e  i n i t i a l  s a t u r a t i o n  may i n f l u e n c e  th e  

e n e r g y  r e q u i r e m e n t  o f  gas i n j e c t i o n .

F ig u r e s  17 and 18 show a t o t a l l y  d i f f e r e n t  p i c t u r e  f r o m  

t h o s e  o f  F ig s  15 and 1 6 .  A l t h o u g h  t h e  p r i n c i p l e s  a re  s i m i l a r ,  

F i g s  17 and 18 r e f e r  t o  " h i g h - e n e r g y "  r e s e r v o i r s .  As Z o l t á n  

( 1 9 8 6 b )  has shown i n  F i g .  3 th e  s p e c i f i c  e n e rg y  o f  th e  " h i g h -  

- e n e r g y "  c a p i l l a r y  s y s te m  i n  th e  e x p e r i m e n t a l  r e s e r v o i r  shows a 

s t r i c t l y  monoton t e n d e n c y  w i t h  i n c r e a s i n g  gas s a t u r a t i o n .  Here  

no t r a c e  o f  a m in im um can  be fo u n d  and th e  "e n e r g y  p r i c e "  o f  

u n i t  change  o f  s a t u r a t i o n  i s  p l o t t e d  i n  F i g .  17 f o r  2 MPa f o r ­

m a t i o n  p r e s s u r e  and i n  F i g .  18 f o r  10 MPa.

The minimum o f  f u n c t i o n  dW(Sg) i s  d e te r m in e d  by th e  p o i n t

o f  i n f l e x i o n  o f  f u n c t i o n  P (S ) .  F u n c t i o n  P (S ) i s  t h e  mea-c g c v g '
s u r a b l e  r e s u l t a n t  o f  i n t e r f a c i a l  and s t r u c t u r a l  p r o p e r t i e s  o f

t h e  p o r e s .  Here th e  f u n c t i o n  v a lu e  c h a n g e s  as a f u n c t i o n  o f  th e

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

s a t u r a t i o n  u n d e r  th e  e f f e c t  o f  n a t u r a l  f a c t o r s .  The n a t u r a l

f a c t o r s  may be such  t h a t  th e  i n f l e x i o n  o f  f u n c t i o n  P (S ) l i e sc g
a t  a s m a l l  gas s a t u r a t i o n  o r  n e a r  S = 1 .a w

E n e r g e t i c a l  c o n s i d e r a t i o n s  s u g g e s t  t h a t  th e  m ost a d v a n t a ­

g e o u s  s t a t e  o f  s a t u r a t i o n  o f  th e  r e s e r v o i r  i s  th e  v a lu e  c o r ­

r e s p o n d i n g  t o  th e  p o i n t  o f  i n f l e x i o n  o f  f u n c t i o n  P (S ) ,  because
c 9

e n e r g y  r e q u i r e m e n t  o f  change  o f  s a t u r a t i o n  i s  minimum i n  t h i s  

r a n g e ,  i . e .  t h i s  v a l u e  o f  s a t u r a t i o n  can  be m a in t a in e d  a t  m i n i ­

mum w o r k .  C o n s e q u e n t l y ,  i f  consum er demands and n a t u r a l  p r o p e r ­

t i e s  o f  th e  u n d e r g r o u n d  gas r e s e r v o i r ,  v i z .  a b s o lu t e  v a l u e  o f  

c o n s u m p t io n  and i t s  d i s t r i b u t i o n  i n  t i m e  as w e l l  as r e s e r v o i r  

c a p a c i t y  e n a b le  us t o  m a i n t a i n  t h e  s t a t e  o f  th e  r e s e r v o i r  a t
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F ig .  1

1 7

5. dW (S g) as a function  o f Vgkt/Vpkt in  a reservo ir
volume a t 2 MPa formation pressure

o f 10^ m^



F ig . 16. The same as Fig-. 15 a t 10 MPa form ation pressure
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7. dW (S g ) as a fu n c t io n  o f V g^^/V p^ t in  a r e s e r v o ir  o f 10^ m3 vo lum e
w ith  "h ig h  en e rg y" po re  space a t 2 MPa fo rm a tio n  p ressure
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minimum dW, t h e n  th e  s y s te m  i s  i d e a l  f r o m  th e  e n e r g e t i c a l

p o i n t  o f  v i e w ,  i . e .  th e  c o s t  o f  e n e rg y  i s  m in im um . B u t  i f  th e

r e s e r v o i r  has t h e  c h a r a c t e r i s t i c s  m e n t io n e d  i n  t h e  p r e v i o u s

p a r a g r a p h ,  i . e .  t h e  p o i n t  o f  i n f l e x i o n  o f  t h e  f u n c t i o n  P (S )
c 9

i s  d i s a d v a n t a g e o u s ,  th e  r e s e r v o i r  has t o  be o p e r a t e d  u n d e r  u n ­

e c o n o m ic a l  c o n d i t i o n s .  I n  t h i s  case  a s t a t e  o f  s a t u r a t i o n  can 

o n l y  meet t h e  s i z e  and d i s t r i b u t i o n  o f  c o n s u m p t io n  t h a t  can be 

m a in t a i n e d  i n  e n e r g e t i c a l l y  u n f a v o u r a b le  c o n d i t i o n s .

T h is  c o n t r a d i c t i o n ,  h o w e v e r ,  i s  a p p a r e n t  o n l y ,  as th e  

" e n e r g y  p r i c e "  o f  changes  i n  th e  s t a t e  o f  s a t u r a t i o n  i s  o n l y  

one o f  th e  i m p o r t a n t  p a r a m e t e r s .  I f  n o t  o n l y  th e  w ork needed 

f o r  th e  ch ange  o f  s t a t e  i s  ta k e n  i n t o  a c c o u n t  b u t  th e  e n e rg y  

c o s t s  a re  r e g a r d e d  as t h e  " s i n e  qua n o n "  c o n d i t i o n  o f  s t o r a g e ,  

a f u l l y  new v ie w  w i l l  e m e rg e .  Our f o l l o w i n g  d i s c u s s i o n  i s  m ean t 

t o  p ro v e  t h i s  s t a t e m e n t .  The op t im um  s t a t e  o f  e n e rg y  c h a r a c t e r ­

i z e d  by th e  s a t u r a t i o n  v a lu e  o f  th e  p o i n t  o f  i n f l e x i o n  o f  th e

f u n c t i o n  P (S ) i s  an a p p a r e n t  op t im um  o n l y  i f  t h e  e n e rg y  o f  
c 9

s t o r a g e  i s  r e g a r d e d  as th e  s p e c i f i c  e n e r g y  o f  s t o r a g e  and n o t  

as th e  e n e rg y  r e q u i r e m e n t .  The e n e rg y  o p t im u m  b e a rs  o n l y  e x c e p ­

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

s i b i l i t i e s .

3 . INDEPENDENCE OF SPECIFIC ENERGY OF STORAGE ON THE STRUCTURE 

OF THE RESERVOIR

An e v a l u a t i o n  o f  c o m p u te r  d a ta  o f  l a b o r a t o r y  e x p e r im e n t s  

has s u g g e s te d  t h a t  th e  r a t i o  o f  t h e  e n e r g y  s t o r e d  ( t h e  e n e rg y  

r e p r e s e n t e d  by th e  v a r i a b l e  gas mass s t o r e d  i n  th e  r e s e r v o i r )  

t o  t h e  e n e r g y  o f  s t o r a g e  ( e n e r g y  needed  t o  change  th e  mass o f  

g a s )  i s  in d e p e n d e n t  o f  t h e  s t r u c t u r e  o f  t h e  r e s e r v o i r :

AW

"AW
s t o r e d  ( I  ) __

s t o r a g e ( I )

AWs t o r e d ( I I )

Л Ws t o r a g e ( 1 1  )
( 7 )

w he re  i n d i c e s  I  and I I  r e f e r  t o  r e s e r v o i r s  o f  b a s i c a l l y  d i f f e r ­

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

i l l u s t r a t e d  i n  F ig s  19 t o  22 a t  v a r i o u s  f o r m a t i o n  p r e s s u r e s .  To 

a c h ie v e  th e  h i g h e s t  p o s s i b l e  a c c u r a c y ,  d i f f e r e n t  d ia g ra m s  r e f e r
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re s e rv o ir  s ta te  a t  dVg = -dVw
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и д -
го. Ratio of energy stored to tha t o f  storage as a function  o f 

reservoir state in a "high energy" pore space at dVg = -dVw
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t o  t h e  cases

dV -dV

and

dV
9

-dV , -  dV „  , wk w/3 ’

w h i l e  "common" and " h i g h - e n e r g y "  pore s p a c e s  a r e  a l s o  d i s t i n ­

g u i s h e d .

The d i f f e r e n c e  b e tw e e n  L . H . S .  and R . H . S .  o f  Eq. ( 7 )  i s  so 

s m a l l  t h a t  i t  c a n n o t  be i l l u s t r a t e d  i n  F i g s  19 t o  2 2 .  A c o m p a r ­

i s o n  o f  n u m e r i c a l  v a l u e s  o f  ( s t o r e d )  and A W ^  ( s t o r a g e )

f o r  r e s e r v o i r s  o f  d i f f e r e n t  s t r u c t u r e s  has shown t h a t  t h e y  a re  

f u l l y  d i f f e r e n t .  The r a t i o s  ^ ws t d ^ Ws t g ’ h o w e v e r ,  w ere  t h e  
same f o r  d i f f e r e n t  r e s e r v o i r s  and t h e y  h a r d l y  showed any change  

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

n u m e r i c a l  v a l u e s  c o r r e s p o n d i n g  t o  s a t u r a t i o n  v a l u e s  = 0.1 

and  Sg = 0 .5  a r e  p l a c e d  n e a r  t h e  c u r v e s ,  e . g .  i n  F i g .  19 f o r  

r e s e r v o i r  I I :  3 1 5 . 7 0 2  and 3 1 5 .7 1 4  a t  2 MPa f o r m a t i o n  p r e s s u r e .  

S i n c e  F i g s  1 t o  8 i l l u s t r a t i n g  t h e  c u r v e s  o f  e n e r g y  s t o r e d  and 

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

r e g u l a r i t y  i n  Eq.  ( 7 )  has  a random c h a r a c t e r  o r  r e p r e s e n t s  some 

l a w ,  an a t t e m p t  has  been  made t o  p r o v e  o r  d i s p r o v e  t h e m .  T h i s  

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

E q .  ( 7 )  g i v e s  t h e  s p e c i f i c  e n e r g y  o f  s t o r a g e ,  i . e .  t h e  w o rk  

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

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

t h e  same o r  d i f f e r e n t  i n  d i f f e r e n t  k i n d s  o f  r e s e r v o i r s .

F i g u r e  23 i l l u s t r a t e s  t h e  r e s e r v o i r  used  t o  c a r r y  o u t  ou r  

m e n t a l  e x p e r i m e n t .  G a s - w a t e r  i n t e r f a c e  p r i o r  t o  o b s e r v a t i o n  i s  

d e n o t e d  by -S-. Above t h i s  i n t e r f a c e  i n  t h e  gas a space  vo lu m e  

V g k t >  be lo w  t h e  i n t e r f a c e  a p o re  v o l u m e  V ^  a r e  c o n s i d e r e d .  I t  

h o l d s  f o r  t h e s e  v o l u m e s :  V ^  -  V ^.j., a n d ,  w a t e r  s a t u r a t i o n  o f  

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

w a t e r  s a t u r a t i o n  S . T h i s  y i e l d s  V . . = V ' . . (1  - S ) w h i l e  t h e  

v o l u m e  Vp^^. i s  p e r f e c t l y  s a t u r a t e d  w i t h  w a t e r .  The vo l u m e  V ^  

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

p o r e  space  o f  a p o r o u s  r o c k  b u t  i t  s t i l l  e q u a l s  t h e  p o r e  vo lume
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F ig .  23. Theore t i ca l  exper imental  r e s e r v o i r  w i th  the parameters o f  s ta t e

V p k t  s a t u r a t e d  w i t h  w a t e r .  Gas i n j e c t i o n  t a k e s  c o n t i n u o u s l y  

p l a c e  and f o r  t h e  b e g i n n i n g  o f  o b s e r v a t i o n  we choose  t h e  i n ­

s t a n t  when t h e  g a s - w a t e r  i n t e r f a c e  r e a c h e s  p o re  space  V . i - e - 

when t h e  s t a t e  o f  s a t u r a t i o n  i n  t h i s  sp ace  s t a r t s  c h a n g i n g .  The

o b s e r v e d  v a l u e  a t  t h i s  i n s t a n t  i s  p . A t  t h e  l a s t  i n s t a n t  o fgo
an a r b i t r a r y  t i m e  i n t e r v a l ,  i n  t h e  i - t h  s t a t e  o f  t h e  r e s e r v o i r  

we f i n i s h  o u r  o b s e r v a t i o n :  t h e  p r e s s u r e  o f  t h e  r e s e r v o i r  now 

e q u a l s  p U s in g  e l e m e n t a r y  l a w s  o f  p h y s i c s ,  mass c h a n g e s  o f  

t h e  o b s e r v e d  vo lu m e s  e n a b l e  us t o  d e t e r m i n e  th e  c h a n g e s  o f  n o r ­

ma l  v o l u m e s  o f  t h e  gas masses f r o m  s t a t e  i = 0  t o  s t a t e  i  b e i n g  

t h e  end o f  o b s e r v a t i o n .  S u b s t i t u t i n g  p r e s s u r e ,  c o m p r e s s i b i l i t y  

and s a t u r a t i o n  v a l u e s  i n t o  Eq.  ( 7 ) ,  we o b t a i n

^  ^  < &  Sg i  -  ^  Sgo
1  о < 1 a о a

i  > ГZ dJ Z dK

( 8 )

L . H . S .  o f  Eq.  ( 8 )  r e f e r s  t o  v o l u m e  V ^  w h i l e  R . H . S .  t o  

Vp k t . Z o l t á n  ( 1 9 8 6 a ,  b )  has shown t h a t  f u n c t i o n s  c h a r a c t e r i z i n g
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t h e  gas  mass i n  t h e  r e s e r v o i r  a re  a v a i l a b l e  i n  fo rm o f  d i s t i n c t  

m eas u r e m e n t  p o i n t s  o n l y .  T h e r e f o r e ,  n u m e r i c a l  methods have  t o  

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

E q .  ( 8 )  i n  o r d e r  t o  e x p r e s s  th e  change  o f  e n e r g y  c o n t e n t  o f  t h e  

g a s - b e a r i n g  r e s e r v o i r  c o m p r i s i n g  r e s e r v o i r  s p a c e ,  f o r m a t i o n  

f l u i d s  and s t a t e  o f  r e s e r v o i r .  The i n t e g r a l s  can be w r i t t e n :

h
Z dd = Z i ( j 1J 1_ 1) + z i _ 1 ( 3 i _ 1 - J i _ 2 ) + . . .

J
Ü

• • • + Z2 ( J 2- J 1 ) + Z 1 ( J 1 - J o ) ,

w h e r e

S i m i l a r l y ,

K.l

Z dK Î  Z j CKj - K , . , )  .  .

and

. . .  + z 2 ( k 2 - k 1) + Z1 ( k 1 - k o ) .

As e a r l i e r  m e n t i o n e d  ( Z o l t á n  1 9 8 6 a ,  b )

= 3
Zi  1

= 1Z оо

ySA s . = K.
g i  1

^  s = к z0 go о
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S u b s t i t u t i n g  t h e  a p p r o x i m a t e  v a l u e s  f o r  t h e  i n t e g r a l s  o f  

Eq.  ( 8 ) ,  one g e t s

J i  -  J o
and

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

t o r s ,  we can add and s u b t r a c t  t h e  same q u a n t i t i e s  3 j ,  , 0 ^ _ 2 > 

. . ,  J 2  > y i e l d i n g

J r J i - l  + J i - l " J i - 2  + J i - 2  J i - 3  + J i - 3  • • •

• •  ■ -  0  ^  +  3 3 2  +  ^ 2~^1  +  ^ 1  J o  ’

( 9 )

and s i m i l a r l y :

Ki - Ki - 1  + K i - r K i - 2  + Ki - 2 " Ki - 3  + Ki - 3 ' - -

. . .  - K ,  + K , - K „  + K0 -K ,  + K, -K . 3 3 2 2 1 1 о

( 10 )

P l o t t i n g  f u n c t i o n s

3 = 3 ( S g ) and К = K ( S g )

i n  a c o - o r d i n a t e  s y s t e m  3 - S g anc' K -S g F i g .  24 on t h e  a b ­

sc issa Sg one can f i n d  i n t e r v a l s

AS • = S . -  S . , 
g i  g i  g i - i

f o r  w h i c h

3 . - 3 0 . „  = 0 , - 0i  i -1 i - 1  i - 2  1 0

and

h o l d .

К . - K . K; , - K . „  = K , - K .i  i - 1  i - 1  i - 2  1 0

Thus Eq. ( 8 )  can  be w r i t t e n  as
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F ig .  24. Funct ions J(Sg) and K(Sg) i n  the exper imenta l  r e s e r v o i r  in 
laboratory

П

' W P  I  2 i
i  = 0

<
>

n < V Ki - i >
П

( K i - K j . , )  Y_ z ,

i  = 0

( 1 1 )

T h i s  e x p r e s s i o n  d o e s  n o t  e x c l u d e  t h e  p o s s i b i l i t y  t h a t  t h e  

tw o  s i d e s  a re  e q u a l  b u t  do e s  n o t  p r o v e  i t  e i t h e r .  O b v i o u s l y ,

f o r  f u n c t i o n s  j ( S g )  and  K ( S g ) one can a l w a y s  f i n d  d i f f e r e n c e s

A I L  and ДК^ w h ic h  a r e  s t r i c t l y  e q u a l .  B u t  s i n c e  J ( S g )  and

K ( S g )  a r e  n o t  p a r a l l e l ,  o r  d i f f e r e n t i a l  q u o t i e n t s  o f  f u n c t i o n s

0 ( S g )  and K(Sg) a r e  e q u a l  f o r  a s i n g l e  v a l u e  o f  Sg o n l y  and 

n o w h e r e  e l s e ,  we may c h o o s e  ALL and ДК^  a n y w h e r e ,  t h e  c o r ­

r e s p o n d i n g  AS , - s  a r e  n o t  e q u a l  t h u s  end p o i n t s  S . and S . , g i  p g i  g i - 1
a r e  n o t  t h e  same f o r  t h e m  e i t h e r .  T h e r e f o r e ,  t e r m s  Z. g i v e n  by 

f u n c t i o n
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i n  t h e  sum o f  Eq. ( 1 1 )  a r e  n o t  t h e  same, t h u s  t h e  c o r r e c t  f o r m  

o f  Eq.  ( 1 1 )  has t o  be w r i t t e n  as

n n
n n

У Z- f 2 !
L  1 L 1

i  = 0 i  = 0

( 1 2 )

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

f e r e n c e s  AJ and ДК a r e  i n v o l v e d  i n  t h e  c a l c u l a t i o n ,  t h e  sums 

o f  d i f f e r e n t  c o m p r e s s i b i l i t y  f a c t o r s  and  Z |  may happen  t o  be 

e q u a l  o r  n e a r l y  e q u a l .  T h i s  was t h e  c a s e  w i t h  o u r  o b s e r v a t i o n  

i n  c o n n e c t i o n  w i t h  Eq.  ( 7 ) .

H o w e v e r ,  c o n s i d e r i n g  e q u a t i o n

l
Z dJ

,Ki
dK

Ki
Z dK

( 1 3 )

w i t h  t h e  same p h y s i c a l  c o n t e n t  as t h a t  o f  Eq.  ( 8 )  b u t  e x p r e s s e d  

i n  a more e x a c t  f o r m ,  t h e  i n e q u a l i t y  w i l l  be r e p l a c e d  by an 

e q u a l i t y  s i n c e  t h e  more t h e  number n o f  e q u a l  d i f f e r e n c e s  

J i - J i _ 1 and K^-K^_. |  i n c r e a s e s ,  t h e  more  h o l d s  t h a t  AJ •* dű 

and ЛК -» dK. D i f f e r e n t i a l s  dJ and dK r e q u i r e  d i f f e r e n t i a l  

c h a n g e s  dS, t h e r e f o r e  e l e m e n t s  Z^ and Z |  t o  be su m m ar iz ed  i n  

Eq. ( 1 2 )  d i f f e r  by d i f f e r e n t i a l  a m o u n t s  o n l y ,  t h u s  Eqs ( 7 )  and 

( 8 )  can  be w r i t t e n  as a s t r i c t  e q u a l i t y

AWs t d ( I )  = AWs t d ( I I )  ( 1 4 )

AWs t g ( I )  AWs t g ( I I )

The f a c t  t h a t  Eq.  ( 7 )  has shown a n e a r - e q u a l i t y ,  can  be 

e x p l a i n e d  by t h e  g r e a t  number  o f  p o i n t s  o f  o b s e r v a t i o n  i n  t h e  

s a t u r a t i o n  i n t e r v a l  Sg = 0 t o  Sg=0 .5  w i t h  d i f f e r e n c e s  A S g = 0 . 0 0 5 .  

T h i s  r e s u l t e d  i n  a h i g h  a c c u r a c y  o f  t h e  r e s u l t s  -  a t  t h e  e x ­
p e nse  o f  a l a b o u r o u s  e v a l u a t i o n .  The d i f f e r e n c e  be tw e e n  t h e  two
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s i d e s  o f  Eq. ( 7 )  g i v i n g  t h e  t o t a l  ch a n g e  o f  e n e r g y  c o n t e n t  was 

l e s s  t h a n  5 - 1 0  e r g s  w h i l e  t h e  t o t a l  c hange  o f  e n e r g y  c o n t e n t  

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

S i m i l a r l y  t o  Eq.  ( 1 4 )  a new r e s u l t  can be o b t a i n e d  by r e ­

s t r i c t i n g  t h e  a n a l y s i s  t o  t h e  s a t u r a t i o n  i n t e r v a l  Sg = 0 t o  

S = 1 ~Sw r - L e t  us c o n s i d e r  s a t u r a t i o n  d i f f e r e n c e

AS
g i g i g i - i

and  w r i t e  Eq. ( 8 )  u s i n g t h i s  d i f f e r e n c e :

P • P • 1 s i  HS1-1 pg i  p g i - i
z.1 Z i - 1 < Z i  “ 91 V l s g i  - 1

h
Z dJ > fK i Z dK

L — 1 V ,

Hence

2 < 2 ( K i - Ki _ i )
( z i + z i - l )  ( V J i - l > > < V z i - i > ( К Г Кi - l

I t  can  now be w r i t t e n  i n  fo r m  o f  an e q u a l i t y

Zi +Z i - 1 Zi + Z i - 1
( 1 5 )

S i n c e  Eq. ( 1 5 )  has  been o b t a i n e d  f r o m  Eq. ( 7 )  t h e  p h y s i c a l  

m e a n i n g  o f  Eq. ( 1 5 )  i s  o b v i o u s .  The same r e f e r s  t o  t h e  r e c i p r o ­

c a l  o f  Eq.  ( 1 5 ) ,  i . e .

Z . + Z .  .l  i - l Z i + Z i - 1 ( 1 6 )

From t h e  r e s u l t s  o f  o u r  a n a l y s e s  o f  gas s t o r a g e  t h e  f i n a l  

c o n c l u s i o n  can be d raw n t h a t  t h e  r a t i o  o f  t h e  en e rg y  s t o r e d  t o  

t h a t  o f  s t o r a g e  does  n o t  depend  on t h e  s t r u c t u r e  o f  t h e  r e s e r ­

v o i r  o r  c o n t a i n e r .  O r ,  v i c e  v e r s a :  t h e  s p e c i f i c  e n e rg y  o f
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s t o r a g e ,  i . e .  t h e  w o r k  needed  t o  s t o r e  u n i t  e n e r g y  i s  i n d e p e n ­

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

e r ,  u n d e r g r o u n d  e x c a v a t i o n  o r  p o r o u s  r e s e r v o i r  w he re  t h e  i n ­

j e c t e d  gas  has t o  f i r s t  d i s p l a c e  f o r m a t i o n  w a t e r  p r i m a r i l y  s a t ­

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

S i n c e  f u n c t i o n  p ^ C S ^ )  s t r i c t l y  mono ton  i n c r e a s e s  as a 

f u n c t i o n  o f  t h e  i n d e p e n d e n t  v a r i a b l e  S ^ ,  and Z ( S g )  i s  a s t r i c t ­

l y  m ono to n  d e c r e a s i n g  f u n c t i o n  o f  gas  s a t u r a t i o n ,  i t  f o l l o w s  

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

g r e a t e r  t h e  e n e r g y  r e q u i r e m e n t  o f  gas s t o r a g e  i s .  T h i s  s t a t e ­

ment  i s  v a l i d  f o r  t h e  i n t e r v a l  S „  < S „ I 7 , .
9 g 1 z min

I n  p r o v i n g  t h e  i n d e p e n d e n c e  o f  t h e  s p e c i f i c  e n e r g y  o f  

s t o r a g e  t h e  l i m i t i n g  c o n d i t i o n  V ^  has been  a p p l i e d

w he re  V ^  d e n o t e s  t h e  p a r t  o f  t h e  r e s e r v o i r  p o r e  s p a c e  t h a t  i s  

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

be r e g a r d e d  as a c o n s t a n t  g e o m e t r i c  v o l u m e .  D u r i n g  gas  i n j e c ­

t i o n  o n l y  t h e  mass o f  gas  changes  i n  t h i s  space  and t h e  mass 

ch ange  i s  n e c e s s a r i l y  a c c o m p a n i e d  w i t h  a change  o f  gas  p r e s s u r e .  

On t h e  o t h e r  ha n d ,  V ^  i s  t h e  p a r t  o f  t h e  p o r e  s p a c e  whose 

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

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

g a s .  T h e r e f o r e  t h e  amo un t  o f  gas s t e a d i l y  i n c r e a s e s  i n  t h i s  

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

ch ange  o f  s t a t e  o f  s a t u r a t i o n .  A t  any t i m e  o f  t h e  p r o c e s s  and 

f o r  t h e  w h o le  p o r e  s p a c e  o f  t h e  r e s e r v o i r  i t  h o l d s  t h a t

Vg t  "  Vg k t g v t ( 1 7 )

i . e .  t h e  w ho le  p o r e  s p a c e  f i l l e d  w i t h  gas i s  c o n s i d e r e d  as t o  

be made up by t h e  i n i t i a l  vo lume V ^  w h i c h  i s  c o n s t a n t  and by 

t h e  i n c r e a s i n g  o r  d e c r e a s i n g  vo lume V .j. w h i c h  k e e p s  c h a n g i n g  

d u r i n g  t h e  o b s e r v a t i o n .

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

e q u a l i t y  o f  vo lu m e s  V ^  and n e v e r  met i n  n a t u r e  and

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

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

age has  t o  be g e n e r a l i z e d  f o r  n a t u r a l  c o n d i t i o n s  when i t  i s  n o t
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l i m i t e d  by g i v e n  v o l u m e t r i c  r a t i o s  and t h e  l a w  i s  v a l i d  f o r  t h e  

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

L e t  th e  w ho le  v o l u m e  o f  t h e  g e o l o g i c a l  s t r u c t u r e  s u i t a b l e  

f o r  ga s  s t o r a g e  be V and  i t s  p o r o s i t y  $ , t h u s  t h e  e f f e c t i v e

p o r e  space  i s  V$  . L e t  us  c o n s i d e r  r e s e r v o i r  p a r a m e t e r s  o f  t h e  

( i - l ) t h  and i - t h  o b s e r v a t i o n s :

( i - 1  ) :

sg Sg ( i - 1 )  ”  s gk (=  i n i t i a l )

pg : p = p ( S )
g g g p g ( i - 1 ) ‘  p gk

z : Z = Z [ p  (S ) ]  
Hg g J Z ( i - l )  = Zk

vg : vn = v$ so g g Vg ( i - 1 )  = V *  Sg ( i - 1 )  = ^  Sgk

n
,n ( i - l )  = Пк

T : T = c o n s t a n t T-

T a k i n g  a c c o u n t  o f  t h e  p a r a m e t e r s  o f  s t a t e  i n  t h e  ( i - 1 ) t h  s t a g e

Pg ( i - 1 )  v g ( i - 1  ) = n ( i - i )  Z ( i  — 1 ) RT •

Th e  s t a t e  o f  t h e  gas  w i l l  be changed w h i l e  i t s  mass r e m a i n s  

c o n s t a n t ,  and t h e  new s t a t e  i s  r e g a r d e d  as t h e  n o r m a l  s t a t e :

pg norm Vg norm "  n ( i - 1 )  Znorm R^ n o r m .

V g n o rm  anp ^norm r e ^ e r  t h e  p h y s i c a l  n o r m a l  s t a t e  w h i l e
p '  „ „ „ „  i s  c a l c u l a t e d  f r o m  t h e s e  two v a l u e s  be ca u se  t h e  qas ' g  n o rm  a
c a n n o t  be c o n s i d e r e d  i d e a l .  From t h e  l a s t  t w o  e q u a t i o n s ,  i f

V
g ( i  -1 ) v i  Sg ( i  -1 ) ■ 5 gk  -  Vgk

a n d  V „  = n , .  .4  V „  , a r e  t a k e n  i n t o  a c c o u n t ,  t h e  n o r m a lg norm ( l - l j  mo l  ’
v o l u m e  o f  th e  gas mass i n  t h e  g e o m e t r i c a l  v o l u m e  V . , i s  o b -gK t
t a i n e d :

n. V -, к mol

Z ’ T norm norm
“ p"1 Г "p g norm

V$ Ssk z.
p gk _ ( 1 8 )
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L e t  us now t a k e  t h e  n e x t  s e t  o f  p a r a m e t e r s  o f  s t a t e  and 

w r i t e  t h e  e q u a t i o n  o f  t h e  i - t h  s t a t e :

Pg ( k l  ) V  = n ( k l )  Z ( k 1 )  RT ’

w he re  i n d e x  k l  r e f e r s  t o  t h e  f i r s t  s e t  o f  d a t a  a f t e r  b e g i n n i n g  

t h e  o b s e r v a t i o n .  C o r r e s p o n d i n g l y ,

nk l  ^m o l
Znorm 7norm ,  e pg k l  
— 1------------- Г  v *  Sgk 77 — ( 1 9 )

g norm ' k l

From Eqs ( 1 8 )  and ( 1 9 )

nk l  ^mo l

Z'  Tnorm norm «■ » p i -1
" P n  "n 'n V m "T '' $ gk k l  ag norm a 1

( 2 0 )

E q u a t i o n  ( 2 0 )  g i v e s  t h e  change  o f  gas mass i n  vo lume V ^  f o r  

t h e  i n t e r v a l  b e tw e e n  o b s e r v a t i o n s  ( i - 1 )  and i  i n  t e r m s  o f  n o r m a l  

v o l u m e .  T a k i n g  i n t o  a c c o u n t  t h e  c a l o r i f i c  v a l u e  and h e a t - w o r k  

e q u i v a l e n c e ,  t h e  c h a n g e  o f  e n e rg y  c o n t e n t  ^ ^ s t d ( V  ) pue 
c hange  o f  t h e  gas  mass can be w r i t t e n : 9 k '

AW
std(Vgk)

10 6 • c ■ 426.9 • 9.80665 Z™rm Tnorm s ^ f j  j
*д norm ^ I

[ n mj (21)

w he re  C d e n o t e s  c a l o r i f i c  v a l u e .  The w o r k  o f  s t o r a g e  need ed  f o r  

t h i s  c hange  i s

AW

= V

kl

stg(Vgk)

Zk+Zkl
gk J 1 dJ ~  V $ Sgk 2 | Jk r Jk

к

10"7 [N m] . ( 2 2 )

D i v i d i n g  Eq. ( 2 1 )  by Eq.  ( 2 2 )  and d e n o t i n g  a l l  c o n s t a n s  by
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N,  we g e t  f o r  t h e  r a t i o  o f  t h e  e n e r g y  s t o r e d  t o  t h a t  o f  s t o r a g e  

i n  vo lu m e  Vg k t :

AW

Ж
std
s t g < v ' к  1

( 2 3 )

The  r e c i p r o c a l  o f  t h e  e x p r e s s i o n  i n  Eq .  ( 2 3 )  g i v e s  t h e  s p e c i f i c  

e n e r g y  o f  s t o r a g e ,  i . e .  t h e  work n eeded  t o  s t o r e  u n i t  e n e r g y :

s tg
s t d < v =zk + zk l ( 2 4 )

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

c h a n g e s  i n  vo lume V .j. ( s .  Eq. ( 1 7 ) ) .  Our b a s i c  e q u a t i o n s  o f  

t h e  k - t h  and k ^ - t h  o b s e r v a t i o n s  f u r n i s h  t h e  change o f  gas  mass 

i n  vo lu m e  Vg v .̂ f r o m  w h i c h  t h e  change  o f  e n e r g y  c o n t e n t  ca n  be 

c a l c u l a t e d  i n  v o l u m e  Vg v t :

AW
std(Vgv)

= 10~6 - C ■ 426.9 • 9.80663 Л?г|?-— IPS?- V $ Í k. . - к Л  [ N m ] .  (25)
"n  nnrm < Jr g norm

" E n e r g y  p r i c e "  o f  t h i s  change  becomes

Wstg(Vgy )

kl

vpk Z dK — V$  Zk 2 Zk1 (Kk l -Kk ) 10 [N  m] ( 2 6 )

F ro m Eqs ( 2 5 )  and ( 2 6 )

AWs t d

s t gAW^ n  ( V } = Zk + Zk l
( 2 7 )

E q u a t i o n s  ( 2 1 )  t o  ( 2 7 )  e x p r e s s  e n e r g y  changes  a c c o m p a n y i n g
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c h a n g e s  i n  t h e  s a t u r a t i o n  i n t e r v a l

g i
-  S

g i - 1
= A S .

g i

i . e .  t h e  r a t i o  o f  t h e  e n e r g y  s t o r e d  t o  t h a t  o f  s t o r a g e  a n d ,  i n

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

t h e  same m a t h e m a t i c a l  and p h y s i c a l  p r i n c i p l e s ,  a n u m e r i c a l

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

s a t u r a t i o n  i n t e r v a l  f r o m  S = 0 t o  S = S . The c o n c l u s i o n s  o fg g gn
t h e  a n a l y s e s  can  be summed up as

<
AW

Ж
s t d

s t g (V Т Гi - l

s t d

s t g ' V

and

AW
т я Н :  ( Vs t g

= < "  < W

I k « 1 * 4 - , )  < V 4 - , >

= <
N ( К г К к )

I k (Z i  + Zi - 1> (K i - Ki - l >

= <
AWs t d

s t g <V

4 .  PROPORTIONS OF COMPONENTS OF THE FULL ENERGY CONTENT IN 

FLUID-BEARING POROUS RESERVOIRS

Any change o f  t h e  gas  mass i n  an u n d e r g r o u n d  r e s e r v o i r  

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

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

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

t h e  ch a n g e s  o f  s t a t e  o f  e n e r g y  can be f o l l o w e d :  e n e r g y  needed  

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

p r o d u c e  a new s t a t e  o f  t h e  r e s e r v o i r  i f  t h e  gas mass d e c r e a s e s .

As e a r l i e r  m e n t i o n e d ,  com p o n e n t s  o f  t h e  change  o f  e n e r g y  

can  s e p a r a t e l y  be a n a l y s e d  e n s u r i n g  an a s s e s s m e n t  o f  u n d e r g r o u n d

I
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g a s  s t o r a g e .  C o m p a r i n g  v a r i o u s  com ponen ts  o f  e n e r g y ,  d i s a d v a n ­

t a g e o u s  p a r t s  can be s p o t t e d  and more s u i t a b l e  o p e r a t i n g  c o n ­

d i t i o n s  can be p r o v i d e d .  Components  o f  e n e r g y  a r e  used  t o  d e ­

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

s e r v o i r  and t o ' a s s e s s  t h e  e f f e c t i v i t y  o f  m e a s u r e s  t a k e n .

The components  o f  e n e r g y  a re  as f o l l o w s  ( s e e  d e t a i l s  i n  • 

T a b l e  I ) :

a )  E n e r g y  needed t o  p r o d u c e  changes o f  s t a t e ,  i . e .  t o  i n j e c t  

g a s  i n t o  t h e  r e s e r v o i r ,  i s  e q u a l  t o  t h e  w o rk  done a g a i n s t  

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

b )  The  s e c o n d - l a r g e s t  co m p o n e n t  i s  t h e  e n e r g y  r e q u i r e m e n t  o f  

i n t e r f a c i a l  c h a n g e s ,  i . e .  work  t o  be done  a g a i n s t  c a p i l l a r y  

r e s i s t a n c e .

c )  C o m p r e s s i o n  w o rk  o f  t h e  gas mass i n j e c t e d  i n t o  t h e  r e s e r v o i r

d )  E n e r g y  r e q u i r e m e n t  o f  i n c r e a s 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  

g a s  mass i s  t h e  l a s t  com ponent  o f  e n e r g y .

e )  E n e r g y  needed t o  p r o d u c e  e l a s t i c ‘ ch a n g e  o f  vo lu me  o f  t h e  

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

a c c o u n t .

The f i g u r e s  o f  T a b l e  I I  are c h a r a c t e r i s t i c  o f  ch a n g e s  o f

e n e r g y  c o n t e n t  i n  t e r m s  o f  Vp k t = 1 m o f  t h e  v a r y i n g  gas space

i . e .  t h e y  g i v e  t h e  l i m i t s  o f  changes o f  e n e r g y  c o n t e n t  c o r r e ­

s p o n d i n g  t o  t h e  s a t u r a t i o n  i n t e r v a l  b e t w e e n  S = 0 .1  and S =
9 9

= 0 . 3 .  Changes o f  s t a t e  a r e  i n d e p e n d e n t  o f  e x t e r n a l  a c t i o n s

w i t h i n  t h e  volume V o n l y  gv  y
d i t i o n s  o f  change .  V o lu m e  V

gv

because  t h e r e  d o m i n a t e  n a t u r a l  c o n -  

can be c h o s e n  u n d e r  a c e r t a i n  i n ­

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

c h a n g e  a c c o r d i n g  t o  o u r  i n f l u e n c e ,  t h e r e f o r e  t h e y  have  n o t  been 

d e t e r m i n e d  i n  t e r m s  o f  V ^ ^ .  F i g u r e s  25 t o  32 show t h e  p e r c e n t ­

a g e s  o f  th e  e n e rg y  c o m p o n e n t s  as f u n c t i o n s  o f  t h e  s a t u r a t i o n  o f  

t h e  r e s e r v o i r  f o r  maximum and minimum f o r m a t i o n  p r e s s u r e s .  

V a l u e s  f o r  p r e s s u r e s  o t h e r  th a n  2 and 10 MPa have  been  o m i t t e d  

i n  t h e  f i g u r e s .  The d i f f e r e n c e  be tween t h e  i l l u s t r a t e d  two  

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

a d d i t i o n a l  i n f o r m a t i o n .

F i g u r e s  33 t o  40 i l l u s t r a t i n g  t h e  c h a n g e s  o f  s t a t e  i n  t h e  

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

a g e .  The show f o r m a t i o n  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 ,



/,

F ig .  25. Components o f  t o t a l  energy re q u ire m e n t in  gas
volume VgV a t  2 MPa fo rm a tio n  p re ssu re

F ig .  26. The same as F ig .  25 a t  10 MPa fo rm a tio n
p re ssu re VO

UNDERGROUND GAS 
STORAGE
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оTable I .  Energy o f  s to rage  (= s ta te  o f  energy) in  the porous f l u i d  r e s e r v o i r  in  terms 

o f  u n i t s  o f pore volumes V ^  and V ^  as a fu n c t io n  o f  r e s e r v o i r  s ta te

P u s z t a -
f ö l d v á r

H ig h
e n e r g y

P u s z t a -  H ig h  
f ö l d v á r  e n e r g y

P u s z t a -
f ö l d v á r

H ig h
e n e r g y

P u s z t a -  H ig h  
f ö l d v á r  e n e r g y

dV9
= -dV w dV = - d V \  -dV „  g wk vifi d v g

-dV w dV = - d V ' u -dV „  g wk y ß

i
s g i Ws t g ( I ) ‘  Vg k t

3
(

1 dJ 

J o

Nm

, n 3 „ Ws t g ( I I )  = V

К

p k t  1 

Ko

dK \ Щ  
. m

2 MPa

0 0 . 0 0 0 0 . 0 0 0 0 . 0 0 0 0 . 0 0 0 0 . 0 0 0 0 . 0 0 0 0 . 0 0 0 0 . 0 0 0 0 . 0 0 0
1 0 . 0 0 0 1 .854 1 .854 1 .854 1 .854 0 . 0 0 0 0 . 0 0 0 2 2

2 0 . 0 0 5 2 . 1 0 0 1 .855 2 . 1 0 0 1 .855 1 .0 3 0 1 .029 1 .031 1 .030
6 025 2 .221 1 .871 2 .221 1 .871 5 .1 5 3 5 .1 4 5 5 .1 5 5 5 . 1 4 6

1 1 050 2 . 3 0 2 1 .922 2 . 3 0 2 1 .922 10 .3 1 0 1 0 .2 9 2 1 0 . 3 1 2 10 .2 9 3
1 6 0 . 0 7 5 2 . 3 8 0 2 . 0 0 7 2 . 3 8 0 2 .0 0 7 15 .471 15 .4 4 4 1 5 .4 7 3 15 .4 4 5

21 0 . 1 0 0 2 . 4 5 0 2 . 1 2 6 2 . 4 5 0 2 .1 2 6 2 0 .6 3 5 2 0 . 6 0 4 2 0 . 6 3 7 2 0 . 6 0 5
26 1 25 2 . 5 0 8 2 . 2 8 0 2 . 5 0 8 2 .2 8 0 25 .801 2 5 . 7 7 3 2 5 . 8 0 3 2 5 . 7 7 5
31 150 2 . 5 5 8 2 . 4 6 7 2 . 5 5 8 2 .4 6 7 3 0 . 9 6 9 3 0 . 9 5 6 30 .97 1 3 0 . 9 5 8
36 175 2 . 5 9 8 2 . 6 8 8 2 . 5 9 8 2 . 6 8 8 3 6 . 1 3 7 3 6 .1 5 4 3 6 . 1 3 9 3 6 . 1 5 6
41 0 . 2 0 0 2 . 6 2 9 2 . 9 4 4 2 . 6 2 9 2 .9 4 4 41 .306 41 .370 4 1 . 3 0 8 41 .372
46 225 2 .6 5 7 3 . 2 3 3 2 . 6 5 7 3 .2 3 3 4 6 . 4 7 5 4 6 . 6 0 5 4 6 . 4 7 7 4 6 . 6 0 8
51 250 2 . 6 8 2 3 .5 5 7 3 .5 5 7 51 .646 51 .864 5 1 . 8 6 7

GY 
ZO

LTÁN



56 275 2..709 3..914 2..709 3..91 4 56..817 57..148 56 ..819 57.. 151

61 0..300 2..740 4 ,.306 2..741 4 ,.306 61 ..992 62. .461 61 ..994 62..463

66 0..325 2,.778 4 ,.731 2..778 4,.731 67,.170 67..803 67..172 67..806

71 350 2..834 5..191 2..834 5.. 191 72..356 73..179 72..358 73,.182

76 375 5..685 2..905 5 ,.685 78..590 77..553 78..593

01 0..400 2 ,.998 6 ,.21 3 2..998 6 ..21 3 82..758 84 ..039 82..760 84 ,.042

86 425 3 ,.114 6 ..775 3,.114 6 ..775 87,.980 09,.529 87 ..981 89 ..532

91 450 3,.263 7,.371 3..263 7..371 93,.222 95 ,.062 93,.223 95,.066

96. 475 3,.441 8..001 3 ,.441 8..001 98..485 100,.641 98,.487 100,.644

101 0..500 3 ..673 8,.666 3 ..673 8..666 103,.784 106..268 103..786 106,.272

106 0..525 4 ,.007 9,.364 4 ..007 9..364 109,. 1 48 111..946 109,. 1 50 111,.950

11 1 550 7 ,.237 10..096 7 ..237 10..097 116,. 1 21 117,.677 116.. 1 24 117..681

112 0..553 10,.384 10..384 10..384 10,.384 118,.495 118,.477 118,.499 118..482

10 MPa

0 0..000 0..000 0..000 0,.000 0,.000 0,.000 0,.000 0..000 0,.000

1 0..000 1 ..986 1 ..986 1 ,.986 1 ,.986 0,.000 0..000 8 8

2 0..005 2 ..250 1 ..987 2 ,.250 1 ,.987 5..109 5..108 5..118 5..116

6 025 2..380 2..005 2,.380 2,.005 25..548 25..539 25..557 25 ,.547

11 050 2'..467 2..059 2,.467 2,.059 51 ,.099 51 ,.080 51 ,.109 . 51 ,.088

16 0,.075 2..550 2 ,.150 2,.550 2,. 151 76 ,.655 76 ,.627 76 ,.665 76,.635

21 0,.100 2..625 2,.278 2 .625 2,.278 102,.214 ■102,.182 102,.223 102,.190

26 125 2,.687 2,.442 2 .687 2,.442 127,.775 127,.748 127,.784 127,.756

31 150 2,.740 2,.643 2 .740 2 .643 153,.337 153,.326 153,.346 153 .336

36 175 2..784 2,.880 2 .784 2 .880 170,.900 178,.921 178,.910 178,.931

UNDERGROUND GAS STORAGE



T ab le  I  ( c o n td . )

P usz ta -  High Puszta - High Puszta - High
fö ld v á r  energy f ö ld v á r  energy f ö ld v á r  energy

dV = -d V dV - d V \ - d V  wk w/î dV = -dV

Puszta- High 
fö ld v á r  energy

dV. = - d V ' .  -dVwk w/ 3

41 0 . 2 0 0

46 225

51 250

56 275

61 0 . 3 0 0

66 325

71 350

76 375

31 0 . 4 0 0

86 0 . 4 2 5
91 450

96 475

101 0 . 5 0 0

106 0 . 5 2 5

1 1 1 550

112 0 . 5 5 3

Ws t g ( I )  = Vg k t

2 . 8 1 7 3 . 1 5 4

. 2 . 8 4 7 3 . 4 6 4

2 . 8 7 4 3 . 8 1 0

2 . 9 0 3 4 . 1 9 3

2 . 9 3 6 4 . 6 1 3

2 . 9 7 6 5 .0 6 9

3 . 0 3 6 5 . 5 6 2

3 . 1 1 2 6 .09 1

3 . 2 1 2 6 . 6 5 6

3 . 3 3 6 7 .2 5 8

3 . 4 9 6 7 .8 9 7

3 . 6 8 7 8 . 5 7 2

3 . 9 3 5 9 . 2 8 4

4 . 2 9 3 10 .0 3 2

7 . 7 5 3 10 .8 1 7

11 .125 11 .1 2 5

Л

Z d0 

J 0

Nm

. n 3 .

2 . 8 1 7 3 .1 5 4

2 . 8 4 7 3 . 4 6 4

3 .8 7 4 3 . 8 1 0

2 . 9 0 3 4 . 1 9 3

2 . 9 3 6 4 . 6 1 3

2 . 9 7 6 5 . 0 6 9

3 .0 3 6 5 . 5 6 2

3 . 1 1 2 6 .091

3 .2 1 2 6 . 6 5 6

3 .3 3 7 7 . 2 5 9

3 .4 9 6 7 .8 9 7

3 .6 8 7 8 .5 7 2

3 .9 3 5 9 . 2 8 4

4 . 2 9 3 1 0 .0 3 2

7 .7 5 3 1 0 .8 1 7

11 .1 2 5 1 1 ,1 2 5

Ws t g ( I I )

2 0 4 . 4 6 4 2 0 4 .5 3 5

2 3 0 . 0 2 8 2 3 0 .1 6 9

2 5 5 . 5 9 3 2 5 5 .8 2 8

281 .159 2 8 1 .5 1 3
3 0 6 . 7 2 9 3 0 7 .2 2 7

3 3 2 . 3 0 2 3 3 2 .9 7 4

3 5 7 . 8 8 4 3 5 8 .7 5 5

3 8 3 . 4 7 5 3 8 4 .5 73

4 0 9 . 0 7 9 410 .431

4 3 4 . 6 9 8 4 3 6 .3 3 2
4 6 0 . 3 3 9 4 6 2 .2 7 8

4 8 6 . 0 0 3 4 8 8 .2 7 2

511 .704 514 .3 1 6

5 3 7 . 4 7 5 5 4 0 .4 1 4

5 6 4 .9 6 8 5 6 6 .5 6 8

5 6 9 . 9 1 2 5 6 9 .8 2 7

К

Z dK Nm
3

К
_Q________

[_ m J

2 0 4 .4 7 3 2 0 4 . 5 4 5

2 3 0 .0 3 7 2 3 0 . 1 8 0

255.601 2 5 5 . 8 3 9

281 .1 6 8 281 .525
306 .7 3 7 3 0 7 . 2 4 0

332 .3 1 0 3 3 2 . 9 8 8

3 5 7 .8 9 2 3 5 8 . 7 6 9

3 8 3 .4 8 3 3 8 4 . 5 8 8

4 0 9 .0 8 7 4 1 0 . 4 4 7

4 3 4 .7 0 6 4 3 6 . 3 4 9

4 6 0 .3 4 7 4 6 2 . 2 9 5

486.011 4 8 8 . 2 9 0

51 1 .712 5 1 4 . 3 3 5

5 3 7 .4 8 3 5 4 0 . 4 3 3

5 6 4 .9 8 2 5 6 6 . 5 8 7

5 6 9 .9 3 3 5 6 9 . 8 4 7

■P-
14)
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T a b l e  I I .  P e r c e n t a g e s  o f  c o m ponen ts  o f  e n e r g y  change  i n  p o r o u s  f l u i d  r e s e r v o i r s  a t  f o r m a t i o n  

p r e s s u r e s  10 and 2 MPa and a t  s a t u r a t i o n  v a l u e s  S^ = 0.1 and Sg=0 .5  i n  t h e  vo lume V p ^

F o r m a t i o n

p r e s s u r e

dVg = ~dVw c h a r a c t e r i z i n g  

t h e  change  o f  s t a t e  o f  t h e  s y s te m s

P u s z t a f ö l d v á r  H ig h  e n e r g y

MPa

E n e rg y  r e q u i r e m e n t  o f  t h e  r e s i s t a n c e  10

o f  t h e  f o r m a t i o n  p r e s s u r e  p w 2

E n e r g y  r e q u i r e m e n t  o f  ch a n g e s  i n  10

t h e  i n t e r f a c i a l  s u r f a c e s  Pc 2

E n e r g y  r e q u i r e m e n t  o f  gas 10

c o m p r e s s i o n  dp 2

Change o f  t h e  i n t e r n a l  e n e r g y  10

o f  t h e  gas mass dZ 2

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

ch ange  o f  vo lu me  o f  t h e  w e t t i n g  

phase  wß

s g
= 0.. 1 0 . 5 0 .1 0 .5

99,.763 1 99.,639 3 99 . 794 0 99 . 1 33 2

98,.832 4 98 ..253 8 98 . 984 6 95 . 957 3

0,.219 9 0 ,.262 1 0. 1 87 0 0 . 393 8

1 ,.089 2 1 ,.292 2 0. 927 3 1 . 906 1

0,.015 6 0..090 4 0. 017 4 0. 433 5

0 .077 0 0 ..445 9 0 . 086 5 2. 098 0

0 .001 4 0 ,.008 2 0 . 001 6 0. 039 5

0 .001 4 0 ,.008 1 0 . 001 6 0. 038 6

100,.000 0 100,.000 0 100 . 000 0 100 . 000 0

100 .000 0 100,.000 0 100 . 000 0 100 . 000 0

UNDERGROUND GAS STORAGE



T ab le  I I  (c o rv td .) •P-

F o r m a t i o n

p r e s s u r e

dVg = - d V wk- d V w c h a r a c t e r i z i n g  

t h e  change  o f  s t a t e  o f  t h e  s y s te m s

P u s z t a f ö l d v á r  H ig h  e n e r g y

MPa

E n e r g y  r e q u i r e m e n t  o f  t h e  r e s i s t a n c e  10

o f  t h e  f o r m a t i o n  p r e s s u r e  pw 2

E n e r g y  r e q u i r e m e n t  o f  ch a n g e s  i n  10

t h e  i n t e r f a c i a l  s u r f a c e  Pc 2

E n e r g y  r e q u i r e m e n t  o f  gas 10

c o m p r e s s i o n  dp 2

Change o f  t h e  i n t e r n a l  e n e r g y  10

o f  t h e  gas mass dZ 2

E n e r g y  r e q u i r e m e n t  o f  t h e  e l a s t i c  10

ch ange  o f  vo lu me  o f  t h e  w e t t i n g

phase  w/3 2

s g
= 0,. 1 0 . 5 0.1 0 . 5

99..752 8 99 .636 6 99 .785 1 99 .127 8

98,.822 0 98 .251 1 98 .976 0 95 .952 1

0,.219 9 0 .262 1 0 .187 0 0 .393 8

1 ..089 3 1 .292 2 0 .927 4 1 .906 0

0..01 5 6 0 .090 4 0 .017 4 0 .433 5

0,.077 0 0 .445 9 0 .086 4 2 .098 1

0,.001 4 0 .008 2 0 .001 6 0 .039 5

0,.001 5 0 .008 1 0 .001 5 0 .038 6

0..010 3 0 .002 7 0 .008 9 0 .005 4

0,.010 2 0 .002 7 0 .008 7 0 .005 3

100..000 0 1 00 .000 0 1 00 .000 0 100 .000 0

100..000 0 100 .000 0 1 00 .000 0 1 00 .000 0

GY ZOLTÁN



F ig . 27. Components o f t o t a l  energy resu irem ent in  gas 
volume VgV o f "h ig h  energy" pore space a t 
2 MPa fo rm a tion  pressure

F ig .  28. The same as F ig .  27 a t  10 MPa fo rm a tio n
p re ssu re

UNDERGROUND GAS STORAGE
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F ig . 29. Components o f t o t a l  energy requirem ent in  gas 

volume a t 2 MPa fo rm a tion  pressure ta k in g
account o f e la s t ic  c o m p re s s ib ility  o f forma­
t io n  water

F ig .  30. The same as F ig .  29 a t  10 MPa fo rm a tio n
p re ssu re

GY ZOLTÁN



F ig . 31. Components o f t o t a l  energy requirem ent in  gas 
volume Vgv a t 2 MPa fo rm a tion  pressure in  a 
"h ig h  energy" pore space ta k in g  account o f 
e la s t ic  c o m p re s s ib ility  o f fo rm a tion  water

A»dV  pc dV /R , 
Vpk/ZdK

F ig .  32. The same as F ig .  31 a t  10 MPa fo rm a tio n
p re ssu re

UNDERGROUND GAS STORAGE



F ig . 33. F u n c tio n s  Pc = Pc ( S g )  and pg = P g (S g )
i n  th e  P u s z ta fö ld v á r  system

F ig .  3 4 .  F u n c tio n  Z = Z ( S g )  in  the  P u s z ta fö ld v á r
system

GV ZOLTÁN



F ig .  35. F u n c tio n  J = J ( S g )  in  the  P u s z ta fö ld v á r
system

609.635870

F ig .  3 6 .  F u n c tio n  К = K (S g )  in  the  P u s z ta fö ld v á r
system

UNDERGROUND GAS STORAGE



F ig .  37. F u n c tio n s  Pc = Pc ( S g )  and Pg = P g (S g )
in  th e  "h ig h  energy”  system

F ig .  3 8 .  F u n c tio n  Z = Z ( S g )  in  th e  "h ig h  energy"
system

GY 
ZOLTÁN



1102415680

-1090 512730

0.1 0.2 0.3 0.4

S„-----►
0.5 0553

F ig .  3 9 .  F u n c tio n  J  = J ( S g )  in  th e  "h ig h  ene rgy"
system

F ig .  40. F u n c tio n  К = K ( S g )  in  th e  "h ig h  ene rgy"
system

UNDERGROUND GAS STORAGE
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g a s  p r e s s u r e  and f u r t h e r  q u a n t i t i e s  d e f i n e d  e a r l i e r  as f u n c ­

t i o n s  o f  gas s a t u r a t i o n .  F i g u r e  41 g i v e s  a l a y o u t  o f  t h e  h i g h -  

- p r e s s u r e ,  h i g h - t e m p e r a t u r e  e x p e r i m e n t a l  a p p a r a t u s  used  i n  

l a b o r a t o r y .

20

F ig . 41

SUMMARY

The most  g e n e r a l  independent v a r i a b l e  o f  t h e  s y s t e m  i s  t h e  

mass o f  t h e  s y s t e m .  The g e o m e tr ic a l v o l u m e  o f  a g e o l o g i c a l  s t r u c ­

t u r e  s u i t a b l e  f o r  f l u i d  s t o r a g e  w h e r e  ch a n g e s  caused  by e x t e r n a l  

e f f e c t s  t a k e  p l a c e ,  i s  r e g a r d e d  as a s y s t e m .

Energy  c o m p o n e n t s  making  up t h e  ch a n g e  o f  e n e r g y  c o n t e n t  

w h i c h  i s  e q u i v a l e n t  t o  t h e  change o f  s t a t e  due t o  c h a n g e s  o f  a 

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

c h a r a c t e r .

I f  t h e  v o l u m e t r i c  e l e m e n t s  o f  t h e  s y s te m  and t h e  d i r e c t i o n  

and  measure o f  t h e  i n t e n d e d  c h a n g e s  a r e  known,  t h e  amount  o f  

e n e r g y  needed f o r  t h e  change can be p r e d i c t e d ,  e i t h e r  w o rk  i s  

done  on t h e  s y s t e m  o r  i t  a r r i v e s  a t  a f u r t h e r  s t a t e  t h r o u g h  

s p o n t a n e o u s  c h a n g e s  o f  s t a t e .

I f  would be d i f f i c u l t  t o  h a n d l e  t h e  change  o f  s t a t e  o f  t h e
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s y s t e m  as a f u n c t i o n  o f  t h e  mass o f  t h e  s y s t e m .  T h e r e f o r e  t h e  

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

o f  t h e  mass o f  t h e  s y s t e m .

The s p e c i f i c  e n e r g y  o f  t h e  c hange  o f  t h e  s t a t e  o f  s a t u r a ­

t i o n ,  i . e .  w ork  needed t o  p r o d u c e  u n i t  change  o f  s a t u r a t i o n  has  

a m in im u m .  T h i s  m inim um  i s  d e t e r m i n e d  by t h e  p o i n t  o f  i n f l e x i o n  

o f  t h e  f u n c t i o n  P (S )  d e p e n d i n g  on t h e  i n t e r f a c i a l  p r o p e r t i e s  

and t h e  s t a t e  o f  t h e  p o r e s  o f  t h e  s y s t e m .

The t o t a l  vo lu m e  o f  t h e  r e s e r v o i r  c o n s i s t s  o f  a c o n s t a n t  

v o lu m e  and a v a r y i n g  v o lu m e  V . The e l e m e n t a r y  e n e r g y  com­

p o n e n t s  o f  vo lu me  change  t h r o u g h  a m in im um  w h i l e  t h o s e  o f  

v o l u m e  Vv show a s t r i c t l y  m ono to n  i n c r e a s e .  For  t h e  t o t a l  s y s ­

tem + Vv = V t h e  t o t a l  e l e m e n t a r y  change

dW(S) = d W j ( S )  + d W j jC S )

has a m in imum.

The r e s e r v o i r  e n g i n e e r  has  t o  know t h e  m inim um o f  f u n c t i o n  

dW(S) i f  he i n t e n d s  t o  c a r r y  o u t  c h a n g e s  i n  t h e  s t a t e  o f  t h e  

r e s e r v o i r  t h a t  r e q u i r e  w o rk  t o  be done  on t h e  s y s t e m .

The a p p a r e n t  e n e r g y  op t i m u m  o f  t h e  change  o f  s t a t e  o f  t h e  

s y s t e m  i s  d e t e r m i n e d  by t h e  m in im um  o f  f u n c t i o n  dW(S) .  The w o r k  

needed  t o  change  t h e  s a t u r a t i o n  and t h e  mass o f  t h e  s y s t e m  i s  

min imum a r o u n d  t h i s  s a t u r a t i o n  and t h i s  s t a t e  can be m a i n t a i n e d  

a t  t h e  exp e n se  o f  m inim um  w o r k .  The e n e r g y  op t imum i s  a p p a r e n t  

b e c a u s e  i t  means an op t i mu m o n l y  i f  t h e  v a l u e  o f  t h e  ch a n g e  o f  

s a t u r a t i o n  i s  compared  t o  t h e  e n e r g y  r e q u i r e m e n t  o f  t h i s  c h a n g e .  

I n  a n o t h e r  a s p e c t  i t  i s  no o p t i m u m .

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

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

same ch a n g e  o f  s t a t e  i n  u n i t  vo lu m e  (1 cm-*) o f  r e q u i r e s  l e s s  

e n e r g y  t h a n  i n  u n i t  vo lu m e  o f  Vk : t h u s  r a t i o n a l i t y  and n e c e s ­

s i t y  o f  e n e r g y  management  may become c o n t r o v e r s i a l .

I n  o r d e r  t o  c o m pr om is e  n a t u r a l  c o n d i t i o n s  and t e c h n i c a l  

a i m s ,  o p e r a t i o n a l  p a r a m e t e r s  have  t o  be ch o s e n  w i t h  r e g a r d  t o  

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

have  shown t h a t  f u n c t i o n  P ( S) d e t e r m i n e d  by i n t e r f a c i a l
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p r o p e r t i e s  and t h e  p o r e  s t r u c t u r e  p l a y  a c h a r a c t e r i s t i c  r o l e  i n  

f o r m i n g  t h e  e n e r g y  p a t t e r n  o f  t h e  s y s t e m .

I n  c a p i l l a r y  s y s t e m s  w i t h  f u n c t i o n s  PC(S )  l a c k i n g  t h e  

p o i n t  o f  i n f l e x i o n ,  e n e r g y  v a r i e s  s t r i c t l y  mo no to n .  Thus t h e  

e l e m e n t a r y  c o m p o n e n t s  o f  en e rg y  f a i l  t o  show any min imum,  and 

t h e r e  i s  no a p p a r e n t  e n e r g y  o p t i m u m  e i t h e r .  The e l e m e n t a r y  

e n e r g y  comp onen ts  show a monoton i n c r e a s i n g  o r  d e c r e a s i n g  t e n ­

dency d e p e n d in g  on t h e  d i r e c t i o n  o f  t h e  c hange  o f  gas mass.

These c a p i l l a r y  s y s te m s  a r b i t r a r i l y  c a l l e d  " h i g h - e n e r g y "  

s y s t e m s  a re  r a t h e r  r a r e  i n  n a t u r e .  S t r i c t l y  s p e a k i n g  t h e r e  i s  

no f u n c t i o n  P ( S ) - w h i c h  p e r f e c t l y  l a c k s  t h e  p o i n t  o f  i n f l e x ­

i o n ,  because t h a t  w o u l d  mean t h a t  t h e  c u r v e  o f  t h e  f u n c t i o n

w o u l d  t o u c h  t h e  a b s c i s s a  a x i s  a t  S = 1 .  S i n c e  n a t u r a l  f l u i d -w
- b e a r i n g  r e s e r v o i r s  have  t h e  t e n d e n c y  t o  r e t a r d  th e  w e t t i n g  

f l u i d  ph ase ,  i . e .  t h e y  p r o h i b i t  a z e r o  t h r e s h o l d  p r e s s u r e ,  a 

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

a c t e r  i s  n o t  p o s s i b l e .

The r a t i o  o f  t h e  e n e r g y  s t o r e d  t o  t h a t  o f  s t o r a g e  does  n o t  

d epend  on t h e  s t r u c t u r e  o f  t h e  r e s e r v o i r .  T h e r e f o r e  t h e  s p e c i f i c  

e n e r g y  o f  s t o r a g e ,  i . e .  t h e  work  n e e d e d  t o  s t o r e  u n i t  e n e r g y  i s  

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

g r o u n d  e x c a v a t i o n  o r  a po ro u s  r o c k  i s  used  t o  s t o r e  t h e  gas 

f r o m  w h ic h  l a t t e r  t h e  gas f i r s t  has  t o  d i s p l a c e  t h e  f o r m a t i o n  

w a t e r  p r i m a r i l y  s a t u r a t i n g  i t .

The s p e c i f i c  e n e r g y  o f  s t o r a g e ,  a p a r t  f r o m  b e i n g  i n d e p e n ­

d e n t  o f  t h e  s t r u c t u r e  o f  t h e  r e s e r v o i r ,  does  n o t  depend on t h e  

r a t i o  o f  t h e  volume V. t o  V e i t h e r .  Thus  f o r  any r a t i o  o f  

t h e s e  vo lumes  t h e  s p e c i f i c  e n e r g y  o f  s t o r a g e  AWg .j. /  i s

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

a b o v e  m e n t i o n e d  p a r t s  o f  t h e  r e s e r v o i r .  T h i s  the o r e m  s o l v e s  t h e  

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

by  t h e  p h y s i c a l  s t a t e  o f  " e n e r g y  o p t i m u m " ,  i . e .  be tw een r a t i o ­

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

m in im um  o f  dW(Sg)  .

The h i g h e r  t h e  e n e r g y  r e q u i r e m e n t  o f  s t o r a g e ,  t h e  s m a l l e r  

t h e  s p e c i f i c  e n e r g y .

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



UNDERGROUND GAS STORAGE 55

by t h e  s t o r a g e  o f  gas i n c r e a s e s  mor e  r a p i d l y ,  th a n  t h e  e n e r g y  

r e q u i r e m e n t  o f  t h e  t e c h n i c a l  o p e r a t i o n .

The o r d e r  o f  t h e  c o m p o n e n t s  o f  t h e  change o f  e n e r g y  c o n ­

t e n t  a c c o m p a n y i n g  changes  o f  mass and s t a t e  i n  t h e  p o r o u s  

f l u i d - b e a r i n g  s y s te m  can be g i v e n  as f o l l o w s :

1.  E n e r g y  o f  f o r m a t i o n  p r e s s u r e .

2 .  E n e r g y  o f  i n t e r f a c i a l  p r o p e r t i e s .

3.  E n e r g y  c o n n e c t e d  t o  t h e  s t a t e  o f  t h e  w e t t i n g  ph a s e s  w h i c h  

a l s o  i n c l u d e s  e n e r g y  needed t o  c h a n g e  i n t e r a c t i o n s  among t h e  

s m a l l e s t  p a r t s  o f  m a t t e r ,  i . e .  m o l e c u l e s .

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

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

b u t  t h e i r  o r d e r  r e m a i n s  t h e  same.
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EFFECT OF LONGWALL DIMENSIONS ON MINE FIRE HAZARD

F Kovács

Technical  U n iv e rs i t y  f o r  Heavy Indus t ry ,  H-3515 Misko lc ,  Egyetemváros,
Hungary

(^Manuscript  received A p r i l  3, 1985]

Frequency o f  endogenous mine f i r e s  i s  analysed as a f u n c t io n  o f  work­
ing  dimensions in  lo ngwa l l s  o f  the Mecsek Coal Mines in  Southern Hungary.

With inc reasing  face  leng th  o f  the workings the average r a t e  o f  ad­
vance decreases and the expected f requency o f  f i r e s  increases.

An increase o f  panel  dimensions along the s t r i k e  and o f  the l i f e  o f  
face s u b s t a n t i a l l y  increase  the frequency o f  f i r e s .  Mine f i r e  hazard i n ­
creases w i t h  the l i f e  o f  face more r a p i d ly  i n  advancing workings than i n  
r e t r e a t i n g  opera t ions.  The reason f o r  t h i s  i s  i n  a l l  p r o b a b i l i t y  the d i f ­
fe r e n t  v e n t i l a t i o n  p a t t e r n  due to  the d i r e c t i o n  o f  advance.

With inc reasing  ex t r a c te d  seam th ickness  and th ickness o f  caved top 
coal  the ra t e  o f  advance decreases, coal  l oss  increases and the f requency 
o f  f i r e s  becomes g rea te r .

A fo re cas t  method has been es tabl i shed to  est imate frequency o f  mine 
f i r e s  on the basis o f  connec t ion between working dimensions, r a t e  o f  ad­
vance and coal  l oss .  The expected measure o f  mine f i r e  hazard i s  g iven as a 
fu n c t io n  o f  face length  and ex t rac ted  seam th ickness .

Frequency number est imated on the basis o f  n a tu r a l  and te c h n i c a l  para­
meters can be used to  decide about the method o f  f i r e  p r o t e c t i o n  and the 
increase o f  p r o t e c t i o n  i n t e n s i t y .

Keywords: advancing work ing ;  coal  l os s ;  endogenous hea t ings ;  ex t r ac ted  
seam th ickness ;  face l e n g th ;  frequency number; l i f e  o f  face ;  mine f i r e  
hazard; panel  dimensions; r a t e  o f  advance; r e t r e a t i n g  working;  th i c kness  of  
caved top coal

SYMBOLS

Dv est imated e r r o r  o f  the r a t e  o f  advance
H length  o f  face
К l i f e  o f  face
M ex t rac ted  seam th i ckness  
M0 open (suppor ted) h e ig h t  o f  workings 
M' th ickness o f  caved top coal
p f requency number
г  c o r r e l a t i o n  f a c t o r
V ra te  o f advance
V working loss 
X = 2 .4 -v  mpd

Acta Geod. Geoph. Mont. Hung. 24, 1989 
Akadémiai  Kiadó,  Budapest



58 F KOVÁCS

V = V percent
Z = f (X,Y)  reg ress ion  fu n c t io n  
v _ 2.4 -  y

1.15 
V

y 10.4
z = f ( x , y )  reg ress ion  fu n c t io n

SUBSCRIPTS

c r i t  c r i t i c a l  
max maximum

Endogenous m i n e  f i r e s  r e q u i r e  t h r e e  c o n d i t i o n s  t o  be met 

( L i n d e n a u  1977,  V e s e l o v s k y  1 9 7 5 ) :  s u f f i c i e n t  amount  o f  o x i d a b l e  

m a t e r i a l  w i t h  s u i t a b l e  g r a i n  s i z e  c h a r a c t e r i s t i c  w h i c h  i s  u s u ­

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

a b l e  oxygen  i n  t h e  v a r i o u s  phases  o f  o x i d a t i o n ;  t h e  h e a t  p r o ­

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

t h e  o x i d a b l e  m a t e r i a l  and i t s  s u r r o u n d i n g s .  L a t t e r  c o n d i t i o n  i s  

m e t  i f  th e  a i r  f l o w i n g  t h r o u g h  t h e  gob do e s  n o t  e x e r t  an i n t e n ­

s i v e  c o o l i n g  e f f e c t .

A n a l y s i n g  t h e  f r e q u e n c y  o f  f i r e s  i t  has  been f o u n d  t h a t  

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

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

d u c i n g  f i r e s .  An i n v e s t i g a t i o n  o f  s t a t i s t i c a l  d a t a  has a l s o  

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

f l u e n c e d  by t h e  d i m e n s i o n s  o f  w o r k i n g s .  The i n d i r e c t  e f f e c t  o f  

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

d i r e c t  e f f e c t  on f i r e  h a z a r d ,  v i z .  l o s s ,  r a t e  o f  advance  and 

v e n t i l a t i o n  p a t t e r n  ( D e p t .  M i n i n g  Engng .  T e c h n .  U n i v .  Heavy 

I n d .  1 904 , 1 9 8 5 ) .

L e n g t h  o f  f a c e  H, l i f e  o f  f a c e  К and e x t r a c t e d  seam t h i c k ­

n e s s  M have been r e g a r d e d  as t h e  t h r e e  p r i n c i p a l  d i m e n s i o n s  o f  

l o n g w a l l s  i n  t h e  a n a l y s i s .  The d a t a  used  i n  t h e  i n v e s t i g a t i o n  

w e r e  t a k e n  f r om  t h e  M e c s e k  c o a l  b a s i n  i n  S o u t h e r n  H u n g a r y ,  and 

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

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

f a c e  e q u a l s  t h e  s t r i k i n g  d i m e n s i o n .  E x t r a c t e d  seam t h i c k n e s s  

e q u a l s  t h e  open ( s u p p o r t e d )  h e i g h t  MQ o f  w o r k i n g s  i n  t h i n  l a y ­

e r s  and  i n  s l i c i n g  o f  t h i c k  l a y e r s  and i t  i s  e q u a l  t o  M = Mo+M'
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i n  t o p  c o a l  c a v i n g s  w h e re  M' d e n o t e s  t h e  t h i c k n e s s  o f  t h e  caved  

t o p  c o a l .  The v o lu m e  Hx K x  M g i v e s  t h e  o u t p u t  o f  t h e  w o r k i n g -  

- t a k i n g  a c c o u n t  o f  w o r k i n g  l o s s  and c o a l  d e n s i t y .

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  s u g g e s t  t h a t  t h e  a v e r a g e  r a t e  

o f  adva nce  depends  on t h e  l e n g t h  o f  f a c e  o f  t h e  w o r k i n g s ,  t h e  

l i f e  o f  f a c e  has p r i m a r i l y  an e f f e c t  on t h e  p a r a m e t e r s  o f  v e n ­

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

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

due t o  p r o b l e m s  i n  c a v i n g  c o n t r o l .  H o w e v e r ,  i t  has t o  be t a k e n  

i n t o  a c c o u n t  t h a t  t h e  e f f e c t  o f  each  p a r a m e t e r  on t h e  f i r e  h a z ­

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

t h e  d e p o s 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  o f  t h e  l a y e r s  and  ad ­

j a c e n t  r o c k s )  d e t e r m i n e  t h e  p a r a m e t e r s  o f  ro adwa y  m a i n t e n a n c e ,  

c a v i n g  e t c .  t o  a l a r g e  e x t e n t .

The e f f e c t  o f  t h e  p a r a m e t e r s  o f  w o r k i n g s  on t h e  f r e q u e n c y  

o f  m i ne  f i r e s  has been  a n a l y s e d  u s i n g  t h e  d a t a  o f  l o n g w a l l s  o f  

t h e  Mecsek Coa l  M i n e s  w o rk e d  be tween 1979 and 1983 .  The d a t a  o f  

208 w o r k i n g s  have  been  a n a l y s e d  a l t o g e t h e r .  T he re  were  o p e r a t ­

i n g  74 w o r k i n g s  i n  P é c s b á n y a ,  12 i n  Vasas  M i n e ,  50 i n  K o s s u t h  

M ine  and 72 i n  Zobák Mi ne  i n  t h e  t i m e  i n t e r v a l  i n v e s t i g a t e d .

T h i n  l a y e r s  were m i n e d  by 98 w o r k i n g s ,  s l i c i n g  i n  t h i c k  l a y e r s  

was used  i n  59 w o r k i n g s  and 51 w o r k i n g s  a p p l i e d  t o p  c o a l  c a v i n g .  

29 p e r c e n t  o f  t h e  t o t a l  were  a d v a n c i n g ,  63 p e r c e n t  r e t r e a t i n g  

and 16 w o r k i n g s  w e re  p a r t l y  a d v a n c i n g  p a r t l y  r e t r e a t i n g .  Da ta  

o f  t h e  w o r k i n g s  w e re  p r o v i d e d  by t h e  Mecsek  Co a l  M i n e s  ( D e p t ,  

o f  M i n i n g  Engng .  T e c h .  U n i v .  o f  Heavy I n d .  1 9 8 5 ) .

The measure  o f  f i r e  h a z a r d  i s  c h a r a c t e r i z e d  by t h e  f r e ­

qu e n c y  o f  e n d ogenous  h e a t i n g s  and f i r e s .  F r e q u e n c y  p a r a m e t e r  p 

i s  o b t a i n e d  by d i v i d i n g  t h e  number o f  f i r e s  by t h e  number  o f  

w o r k i n g s .

The f r e q u e n c y  o f  f i r e s  has been f i r s t  i n v e s t i g a t e d  as a 

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

t h e  f r e q u e n c y  o f  f i r e s  t h e  r a t e  o f  a d v a n c e  has a l s o  been  l o o k e d  

i n t o .  S i m i l a r  t e n d e n c i e s  have  been f o u n d  f r o m  t h e  d a t a  o f  P é c s ­

b á n y a ,  K o s s u t h  and Zobák M i n e s .  The f r e q u e n c y  o f  f i r e s  r i s e s  

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

d e c r e a s e s .  F i g u r e  1 shows d i a g r a m s  b ased  on d a t a  o f  Z obák  M i n e ,
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F i g .  1 . Frequency o f  f i r e s  and ra t e  of  advance as func t ions  o f  the length 
o f  face i n  Zobák Mine

w h i l e  F i g .  2 i l l u s t r a t e s  t h o s e  o f  a l l  f o u r  m i n e s .  I n c r e a s i n g  

t h e  p i t c h  t o  40 m t h e  b a r  c h a r t s  become more  r e g u l a r .  U s i n g  t h i s  

u n i t  i n  F i g .  3,  d a t a  o f  t h e  f o u r  m ines  i n d i c a t e  a c o n t i n u o u s  

l i n e a r  change f o r  t h e  f r e q u e n c y  o f  f i r e s  as a f u n c t i o n  o f  t h e  

l e n g t h  o f  f a c e .  W h i l e  t h e  e x p e c t e d  f r e q u e n c y  i s  p = 0 . 1 0  f o r  an 

8 0 -m  l e n g t h  o f  f a c e  i n d i c a t i n g  f i r e s  t o  be e x p e c t e d  i n  e v e r y  

t e n t h  w o r k i n g ,  t h e  f r e q u e n c y  mounts t o  p = 0 . 2 0  t o  0 . 2 2  i n
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Length of face H,m

F ig .  2. Frequency o f  f i r e s  and ra t e  o f  advance as func t ions o f  the l e n g th  
o f  face (Pécsbánya, Vasas, Kossuth and Zobák Mines)

w o r k i n g s  w i t h  160 m l o n g  f a c e s  f o r e c a s t i n g  f i r e s  o r  h e a t i n g s  i n  

e v e r y  f i f t h  w o r k i n g .

The e f f e c t  o f  t h e  f a c e  l e n g t h  on t h e  i n c r e a s e  o f  f i r e  h a z ­

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

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

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

A l o n g e r  f a c e  h a s ,  o f  c o u r s e ,  o t h e r  e f f e c t s  as w e l l ,  e . g .  

g r e a t e r  a i r  l o s s  due t o  g r e a t e r  d e p r e s s i o n .
From t h e  d a t a  used  i n  t h e  l o w e r  d i a g r a m  o f  F i g .  3 t h e
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Length of face H,m

F ig .  3. Frequency o f  f i r e s  and rate of  advance as func t ions  of  the length  
of  face (Pécsbánya, Vasas, Kossuth and Zobák Mines)

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

t w e e n  t h e  r a t e  o f  a d v a n c e  v and t h e  l e n g t h  o f  f a c e  H:

V = 1 .8 6  -  0 . 0 0 7 1 2  H г  = 91 % D = 15 % .v

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

o f  t h e  l e n g t h  o f  f a c e .  Fo r  an 80-m l o n g  f a c e  a r a t e  o f  a d v a n c e  

v = 1 . 2  t o  1 .4  mpd c a n  be e xp e c te d  w h i l e  f o r  160 m o n l y  0 . 6  t o
0 . 8  mpd.
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A n a l y s i n g  t h e  e f f e c t  o f  t h e  l i f e  o f  f a c e ,  f r e q u e n c y  v a l u e s  

f o r  t h e  i n d i v i d u a l  m i n e s  have  been f i r s t  d e t e r m i n e d .  The t e n ­

d e n c i e s  o b t a i n e d  were  t h e  same f o r  P é c s b á n y a ,  K o s s u t h  and Z obák  

M i n é s .  F i g u r e  4 i l l u s t r a t e s  t h e  d a t a  o f  P é c s b á n y a ,  w h i l e  F i g .  5 

shows t h o s e  o f  Zobák m i n e .  The b a r  c h a r t  o f  F i g .  4 i n d i c a t e s  a 

s t e e p e r  i n c r e a s e .  F i g u r e  6 d i s p l a y s  f r e q u e n c y  v a l u e s  as a f u n c ­

t i o n  o f  t h e  l i f e  o f  f a c e  b ased  on t h e  d a t a  o f  a l l  m i n e s .  D e f i ­

n i t e  i n c r e a s i n g  t e n d e n c y  has  been o b s e r v e d  i n  a l l  c a s e s .

F ig .  4. Frequency o f  f i r e s
as a fu n c t io n  o f  the 
l i f e  o f  face i n  
Pécsbánya Mine

F ig .  5. Frequency o f  f i r e s
as a fu n c t io n  o f  the 
l i f e  o f  face i n  
Zobák Mine
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Life of face K,m

F ig .  6. Frequency o f  f i r e s  as a func t ion  o f  the  l i f e  of  face (Pécsbánya, 
Vasas, Kossuth and Zobák Mines)

A c o m p a r is o n  o f  F i g s  4 and 5 s u g g e s t s  t h a t  t h e  d i a g r a m  

b a s e d  on t h e  P é c s b á n y a  d a t a  i s  s t e e p e r ,  i . e .  h i g h e r  f r e q u e n c i e s  

o c c u r  a t  s m a l l e r  v a l u e s  o f  l i f e  o f  f a c e .  T h e r e f o r e ,  t o  p e r f o r m  

a more d i f f e r e n t i a t e d  a n a l y s i s  o f  t h e  e f f e c t  o f  t h e  l i f e  o f  

f a c e ,  th e  f r e q u e n c y  o f  f i r e s  has been  i n v e s t i g a t e d  a c c o r d i n g  t o  

t h e  d i r e c t i o n  o f  a d v a n c e .  For a d v a n c i n g  w o r k i n g s  t h e  d a t a  o f  

P é cs bánya  M in e ,  f o r  r e t r e a t i n g  d i r e c t i o n  t h o s e  o f  P é c s b á n y a ,  

K o s s u t h  and Zobák  M i n e s  have been u sed  i n  t h e  s t a t i s t i c a l  a n a ­

l y s i s .  F i g u r e  7 i l l u s t r a t e s  f r e q u e n c i e s  f o r  v a r i o u s  d i r e c t i o n s  

o f  advance i n  t h e  d i f f e r e n t  m ines as f u n c t i o n s  o f  t h e  l i f e  o f  

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

m o r e  s t e e p l y  i n  a d v a n c i n g  w o r k i n g s .  P r a c t i c a l l y  t h e  same i s  i l ­

l u s t r a t e d  by F i g .  8 u s i n g  t h e  d a t a  o f  a l l  m i n e s .  Fo r  a d v a n c i n g  

w o r k i n g s  th e  r a t e  o f  i n c r e a s e  o f  t h e  f r e q u e n c y  o f  f i r e s  ( t h e  

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

i n g  w o r k i n g s .

The d i s a d v a n t a g e o u s  t e n d e n c y  o f  f i r e  h a z a r d  as a f u n c t i o n  

o f  t h e  l i f e  o f  f a c e  c a n  a l s o  be e x p e r i e n c e d  i n  t h e  p r a c t i c e  o f  

a d v a n c i n g  w o r k i n g s .  Among 61 a d v a n c i n g  w o r k i n g s  t h e  l i f e  o f  f a c e
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F ig .  7. Frequency o f  f i r e s  as a fu nc t io n  o f  the l i f e  of  face in  va r ious  
mines

e x c e e d e d  200 m i n  8 c a s e s  o n l y ,  t h e r e  was no w o r k i n g  w i t h  a l i f e  

o f  f a c e  o f  300 m. Among r e t r e a t i n g  w o r k i n g s  t h e r e  were  some w i t h  

500 t o  700 m l i f e  o f  f a c e ,  a l t h o u g h  t h e  f r e q u e n c y  o f  f i r e s  was 

h e r e  r a t h e r  h i g h :  p = 0 . 5 0 .  I h e  a v e r a g e  l i f e  o f  f a c e  o f  t h e  a d ­

v a n c i n g  w o r k i n g s  was 99 m w h i l e  t h a t  o f  r e t r e a t i n g  ones  139 m. 

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

s a f e  a t  s h o r t e r  l i f e  o f  f a c e  o n l y .  A more  d e t a i l e d  a n a l y s i s  has 

a l s o  shown t h a t  t h e  f r e q u e n c y  o f  f i r e  i n  r e t r e a t i n g  w o r k i n g s
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F i g .  8.  Frequency o f  f i r e s  as a fu n c t io n  o f  the l i f e  o f  face (Pécsbánya, 
Vasas, Kossuth and Zobák Mines)

was 3 t o  4 t i m e s  t h a t  o f  a d v a n c i n g  w o r k i n g s .

I t  has  a l s o  been a n a l y s e d  t h r o u g h  w h i c h  p a r a m e t e r s  t h e  

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

ha s  show n  t h a t  t h e  r a t e  o f  ad va n ce  and a i r  v e l o c i t y  a t  t h e  f a c e  

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

B ase d  on o b s e r v a t i o n s  a b o u t  t h e  o r i g i n  o f  endogenous  m i n e  

f i r e s  i t  can  be assumed t h a t  t h e  l i f e  o f  f a c e  e x e r t s  i t s  e f f e c t  

on t h e  f i r e  h a z a r d  p a r t l y  t h r o u g h  t h e  c o a l  i n  t h e  gob w h i c h  e x ­

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

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

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

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

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

O u r  r e s u l t s  s u g g e s t  t h a t  r e t r e a t i n g  d i r e c t i o n  i s  more 

s u i t a b l e  t o  choose -  e s p e c i a l l y  f o r  l o n g e r  l i f e  o f  f a c e .  How­

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



MINE FIRE HAZARD 67

a s p e c t s  ( l o n g w a l l  i n s t a l l a t i o n ,  b e g i n n i n g  o f  w o r k i n g ) ,  t h e r e ­

f o r e  o t h e r  means have  t o  be s e l e c t e d  t o  r e d u c e  f i r e  h a z a r d .

F i r e  h a z a r d  can be r e d u c e d  by i n c r e a s i n g  t h e  r a t e  o f  a d v a n c e ,  

m o d e r a t i n g  c o a l  l o s s e s  and o p t i m i z i n g  v e n t i l a t i o n  p a r a m e t e r s  

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

v i e w  o f  f i r e d a m p  h a z a r d ) .  I n  a d d i t i o n ,  p e r f e c t  c a v i n g  on t h e  

i n t a k e  s i d e  and t h e  s e a l i n g  o f  t h e  gob i n  r e t r e a t i n g  w o r k i n g s ,  

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

s i d e r a b l y  re d u c e  p o t e n t i a l  h a z a r d .

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

e x t r a c t e d  seam t h i c k n e s s .  I n  t h i n  l a y e r s  t h i s  p a r a m e t e r  i s  

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

t o  3 t o  3.5m a c c o r d i n g  t o  t h e  t e c h n o l o g y  a p p l i e d .  The t h i c k ­

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

m e t h o d s .  Top c o a l  c a v i n g ,  h o w e v e r ,  has s e v e r a l  d i s a d v a n t a g e s  

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

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

i s  l o w  be ca use  o f  t h e  c o m p l i c a t e d  t e c h n o l o g y ,  t i m e  needed  t o  

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

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

U s i n g  d a t a  o f  t h e  Mecsek  c o a l  b a s i n ,  c o a l  l o s s  and r a t e  

o f  a d v a n c e  have been a n a l y s e d  as f u n c t i o n s  o f  t h e  seam t h i c k ­

n e s s .  The s t a t i s t i c a l  a n a l y s i s  has shown each  f o r  V a s a s ,

K o s s u t h  and Zobák m i n e s  t h a t  w i t h  i n c r e a s i n g  caved  t o p  c o a l  

t h i c k n e s s  M' and e x t r a c t e d  seam t h i c k n e s s  M t h e  w o r k i n g  l o s s  V 

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

V d e c r e a s e s .  F i g u r e  9 shows t h e  w o r k i n g  l o s s  i n  Vasas  M i n e ,

F i g .  10 i l l u s t r a t e s  t h e  r a t e  o f  advance  i n  Zobák Mi ne  as f u n c ­

t i o n s  o f  t h e  t h i c k n e s s  o f  t h e  caved  t o p  c o a l .  S i n c e  h i g h e r  l o s ­

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

e x t r a c t e d  seam t h i c k n e s s  i n c r e a s e s  t h e  f r e q u e n c y  o f  e n d o g e n o u s  

m in e  f i r e s .

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

o f  f a c e  and e x t r a c t e d  seam t h i c k n e s s ,  as w e l l  as f r e q u e n c y  o f  

m in e  f i r e s  e n a b l e  us t o  d e v e l o p  a f o r e c a s t  method  t o  p r e d i c t  

t h e  e x p e c t e d  measure o f  f i r e  h a z a r d .

As a f i r s t  s t e p  f r e q u e n c i e s  o f  f i r e s  and h e a t i n g s  have
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F i g .  9. Working loss  as a fu n c t io n  of  the th i ckness  o f  the caved top coal  
(Vasas Mine)

F i g .  10. Rate of  advance vs the thickness o f  the  caved top coal  (Zobák Mine)

bee n  d e t e r m i n e d  f o r  v a r i o u s  ra n g e s  o f  l o s s  and r a t e .  From t h e  

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

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

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

v a r i a b l e  X = 2 . 4  -  v has  been i n t r o d u c e d  w h i l e  t h e  o t h e r  i n d e ­

p e n d e n t  v a r i a b l e  was Y = V ( i n  p e r c e n t a g e ) .
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The t w o - v a r i a b l e  r e g r e s s i o n  f u n c t i o n  w i t h  g e n e r a l  e x p o ­

n e n t s  has  t h e  f o r m :

Z = 0 .0 0 0 0 2  X3 ' 95 Y2 ' 87 , 1 = 7 1  p e r c e n t

o r

p = 0.0002 ( 2 . 4 - v ) 3 ' 95 V2 ' 8 7 , I  = 71 p e r c e n t .

From t h e  s e t  o f  p o i n t s  . 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  

p l a n e  has  been c a l c u l a t e d :

Z = 0 . 1 8 6 5  X + 0 . 0 2 0 4  Y -  0 . 2 2 7 1 ,  I  = 72 p e r c e n t  

o r

p = 0 .1 8 6 5  ( 2 . 4 - v )  + 0 . 0 2 0 4  Y -  0 . 2 2 7 1 ,  I  = 72 p e r c e n t .

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

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

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

n a t e s  o f  t h e  c e n t r e  o f  g r a v i t y ,  w h i c h  a r e

V = 1 .1 5  mpd and V = 1 0 . 4  p e r c e n t .

The new d i m e n s i o n l e s s  v a r i a b l e s  become

X = ?" T .  1 3 “  and y = t Ä  •

The 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  can be w r i t t e n  as

z = 0 . 0 2 0 3  X4 - 53 y 2 ' 81 , I  = 73 p e r c e n t

o r

p = 0 . 0 2 0 3  ( 2 j 4^ ) 4 ' 53 ( у ё Р д ) 2 ' 81 1 = 73 p e r c e n t  .

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

F i g .  11.

U s i n g  t h e  e q u a t i o n s  o f  t h e  r e g r e s s i o n  p l a n e  and t h e  g e n ­

e r a l  s u r f a c e ,  t h e  f r e q u e n c y  o f  f i r e s  can  be i l l u s t r a t e d  i n  a 

v - V  c o - o r d i n a t e  s y s t e m .  The l i n e  o f  i n t e r s e c t i o n  o f  t h e  r e g r e s ­
s i o n  p l a n e  w i t h  p l a n e  p=0 g i v e s  t h e  l i n e  o f  f r e q u e n c y  p = 0 .  I n
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F ig .  11. Frequency o f  f i r e s  as a fu nc t io n  o f  the working loss V and the 
rate o f  advance v

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

i n d i c a t i n g  t h a t  no h e a t i n g  o r  f i r e  can  be e x p e c t e d .  The l i n e s  

and  a r e a s  o f  v a r i o u s  f r e q u e n c i e s  a r e  d e t e r m i n e d  by t h e  p r o j e c ­

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

t h e  p l a n e s  p = 0 . 1 ;  0 . 2 ;  . . . ;  0 . 9 ;  1 . 0  on t h e  v - V  p l a n e  ( F i g .  12 ) .  

F rom t h e  f i g u r e  i t  ca n  be seen t h a t  f o r  v = 1 . 5  mpd r a t e  o f  a d ­

v a n c e  and 2 7 .5  p e r c e n t  l o s s  th e  f r e q u e n c y  o f  h e a t i n g s  and f i r e s  

i s  p = 0 . 5  i . e .  i t s  p r o b a b i l i t y  50 p e r c e n t .  D a ta  o f  t h e  i n v e s t i ­

g a t e d  f i r e s  v , V  h ave  been  p l o t t e d  on t h e  d i a g r a m .  R e a l i t y  o f  

t h e  d i a g r a m  i s  p r o v e d  by t h e  f a c t  t h a t  h e a t i n g  o r  f i r e  can be 

o b s e r v e d  i n  t h e  f i e l d  o f  p r o b a b i l i t y  h i g h e r  t h a n  p = 0 . 0 5  o n l y  

and  t h a t  no w o r k i n g  t o o k  p l a c e  i n  t h e  f i e l d  o f  p r o b a b i l i t y  

h i g h e r  th a n  50 p e r c e n t .  The e q u a t i o n  o f  t h e  r e g r e s s i o n  p l a n e  

c a n  be used f o r  f o r e c a s t  p u r p o s e s  i n  t h o s e  f i e l d s  o f  t h e  v - V
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F ig .  12. Frequency ( p r o b a b i l i t y  p) o f  endogenous heatings and f i r e s  as 
fu nc t io ns  o f  the ra t e  o f  advance and working loss

p l a n e  w he re  t h e  d a t a  o f  t h e  i n v e s t i g a t e d  w o r k i n g s  can be f o u n d .  

T h i s  f i e l d  i s  i n d i c a t e d  by d o t t e d  l i n e s  i n  F i g .  12.

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

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

ed i n  F i g .  13 .  The f i e l d  o f  z e r o  f r e q u e n c y  i s  bounded by t h e  

l i n e s  V=0 and v = 2 . 4 .  The shape o f  t h e  f r e q u e n c y  p a r a m e t e r  l i n e s  

r e f l e c t s  t h e  h i g h  e x p o n e n t s  4 . 5 3  and 2 .8 1  o f  b o t h  v a r i a b l e s  v 

and V. A t  c e r t a i n  p a r a m e t e r  v a l u e s  -  b e l o w  v = 1 .6 t o  1 . 5  mpd
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F ig .  13. Frequency ( p r o b a b i l i t y  p) o f  endogenous heatings and f i r e s  as 
fu n c t io n s  o f  the ra te  of advance and working loss

and  above  V =9 t o  10 p e r c e n t  -  t h e  p a r a m e t e r  o f  h a z a rd  shows an 

a b r u p t  i n c r e a s e .  P o i n t s  c o r r e s p o n d i n g  t o  a c t u a l  f i r e s  have  a l s o  

be e n  p l o t t e d  i n  t h e  d i a g r a m .  M a j o r i t y  o f  t h e  f i r e s  l i e  i n  t h e  

f i e l d  be tween  t h e  p r o b a b i l i t y  l i m i t s  1 t o  50 p e r c e n t .  I n  t h e  

f i e l d  be lo w  z e r o  p r o b a b i l i t y  n e i t h e r  h e a t i n g  nor  f i r e  t o o k  

p l a c e  w h ic h  p r o v e s  t h e  f e a s i b i l i t y  o f  a f o r e c a s t  method  b a s e d  

on t h e  f u n c t i o n  d e t e r m i n e d .  There was one  w o r k i n g  w i t h  h e a t i n g  

i n  Vasas  Mine  o n l y  t h a t  f e l l  i n t o  t h e  f i e l d  above 50 p e r c e n t
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( V = 0 .51 mpd and V= 1 3 .2  p e r c e n t ) .  A p a r t  f r o m  t h a t ,  t h e  d a t a  o f  

t h r e e  w o r k i n g s  f e l l  beyond  t h e  l i n e  p = 0 . 5 .

The f u n c t i o n  w i t h  g e n e r a l  e x p o n e n t s  i l l u s t r a t e d  i n  F i g .  13 

can  b e t t e r  r e f l e c t  t h e  e f f e c t s  o f  t h e  p a r a m e t e r s  and t h e i r  d i f - *  

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

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

t h e  pow er  f u n c t i o n  show t h a t  t h e  h a z a r d  a b r u p t l y  i n c r e a s e s  

b e l o w  a c e r t a i n  r a t e  o f  advance  when t h e  c o a l  i n  t h e  g o a f  has 

c o n t a c t  w i t h  oxy gen  f o r  a t i m e  l o n g e r  t h a n  t h e  i n c u b a t i o n  t i m e .  

F i g u r e  13 a l s o  p r o v e s  t h a t  b e l o w  a c o a l  l o s s  o f  3 t o  5 p e r c e n t  

f i r e  h a z a r d  i s  minimum and t h a t  f i r e s  have  n o t  t o  be e x p e c t e d  

above  t h e  r a t e  o f  ad va nce  1 . 7  t o  2 . 0  mpd because t h e  c o a l  i n  

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

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

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

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

P 0 . 0 2 0 3  ( 2 . 4 - v s 
1 . 1 5 ;

4 . 3 3
1 0 . 4 '

2.81

as

p = 0 . 00015= 0 . 0 1 5  X f o r v=2 mpd and V=10 X,

p = 0 .3 108  =31 .08 X f o r v = 1 . 0  mpd and V = 20 %,

p = 0 .9 7 1 3  = 9 7 . 1 3  X f o r v = l .0 mpd and

2*ОII
>

N a t u r a l l y ,  t h e  c o e f f i c i e n t  and t h e  e x p o n e n t 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  may be d i f f e r e n t  u n d e r  d i f f e r e n t  n a t u r a l  c o n d i ­

t i o n s .  A l s o ,  i f  t h e  number o f  d a t a  a v a i l a b l e  i n c r e a s e s  o r  b a s i ­

c a l l y  new 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 y  have t o  be d e t e r m i n e d  

a n e w .

The se co nd  s t e p  o f  t h e  f o r e c a s t  m et hod  may be t h e  e s t i m a ­

t i o n  o f  t h e  f r e q u e n c y  as a f u n c t i o n  o f  t h e  l e n g t h  o f  f a c e  H and 

t h e  e x t r a c t e d  seam t h i c k n e s s  u s i n g  t h e  f u n c t i o n s  r a t e  o f  advance 

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

and r a t e  o f  advance  v s .  e x t r a c t e d  seam t h i c k n e s s .  From t h e  d a t a  

d i s p l a y e d  i n  F i g s  1 t o  3 and 9 t o  10 r e g r e s s i o n  f u n c t i o n s

V = f ( m ,  H) and V = f  (M)

can  be d e t e r m i n e d .  On s u b s t i t u t i o n  i n  f u n c t i o n  p = f ( v , V )  t h e
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e x p e c t e d  f r e q u e n c y  ca n  be e x p r e s s e d  as a f u n c t i o n  o f  H and  M.

F u n c t i o n s  v = f ( M , H )  and V = f ( M )  ca n  be d e t e r m i n e d  f o r  c e r ­

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

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

f o r  each  mine o r  e a c h  m i n i n g  m e th o d .

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

m e t h o d  and t h e  d a t a  o f  f o u r  m ines  ( P é c s b á n y a ,  Vasas ,  K o s s u t h  

and  Z o b á k ) ,  t h e  f u n c t i o n s  can be w r i t t e n :

V = - 0 . 0 5 6 7  M -  0 .0 045  H + 1 . 8 4  mpd

V = 2 . 0 8 7 3  M + 3 .6 0  p e r c e n t

w h e r e  M and H have  been  s u b s t i t u t e d  i n  m e t r e .

Fo r  t h e  s l i c i n g  w o r k i n g s  o f  Zobák  M i n e  h o l d

V = - 0 . 2 1 7 4  M -  0 .00 30  H + 2 . 1 4  ,

V = 1 . 3 6 4 0  M + 5 . 3 4 .

F o r  th e  w o r k i n g s  o f  Zobák Mine  u s i n g  t o p  c o a l  c a v i n g  

m e t h o d  we have

V = 0 . 0 5 5 2  M -  0 .0 066  H + 1 . 9 0  ,

V = 1 .8191 M + 4 . 0 4 .

F o r  a l l  w o r k i n g s  o f  Zobák Mine w i t h  any o f  th e  a f o r e m e n ­

t i o n e d  two t e c h n o l o g i e s  h o l d

V = - 0 . 1 0 2 2  M -  0 .0 044  H + 1 . 9 7

V = 1 .3331  M + 5 . 9 3 .

The v a l u e  o f  M c a n  v a r y  w i t h i n  1 .5  t o  3 . 5  m f o r  w o r k i n g s  

w i t h  s l i c i n g  and w i t h i n  2 . 5  t o  1 0 .0  m f o r  t o p  c o a l  c a v i n g .  The 

l e n g t h  o f  f a c e  H o f  t h e  w o r k i n g s  i s  b e t w e e n  20 and 200 m.

F u n c t i o n  c o n s t a n t s  c a l c u l a t e d  can  o n l y  be used f o r  f o r e ­

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

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

r e g r e s s i o n  c o n s t a n t s  come f r o m .  Thus c o n d i t i o n s  o f  u s i n g  t h e  

f u n c t i o n s  a r e :  i d e n t i c a l  o r  s i m i l a r
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-  n a t u r a l  c i r c u m s t a n c e s  (seam and a d j a c e n t  s t r a t a  p r o p e r t i e s ) ,

-  t e c h n o l o g i c a l  p r o p e r t i e s  ( s u p p o r t ,  c u t t i n g ,  v e n t i l a t i o n  e t c . ) ,

-  p r o t e c t i o n  method  ( c h e m i c a l s ,  s a n d f i l l  e t c . ) .

The t h e o r e t i c a l  b a c k g r o u n d  o f  t h e  f o r e c a s t  method  i s  t h e  

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

o f  s u i t a b l y  c h a r a c t e r i z i n g  t h e  m easu re  o f  f i r e  h a z a r d ,  a n d ,  a t  

t h e  same t i m e ,  r a t e  o f  adva nce  i s  a f u n c t i o n  o f  t h e  l e n g t h  o f  

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

pends  on t h e  ca ved  t h i c k n e s s  -  g i v e n  t h e  same t e c h n o l o g y  and 

s u p p o r t .

L e t  us now have  a few e x a m p l e s  o f  a p p l i c a t i o n  f o r  Z obák

M i n e .

F o r  s l i c i n g  l e t  be M = 2 . 5  m and H = 70 m. Then v = l .3 9  mpd 

and V= 8 . 7 5  p e r c e n t .  From 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  p l a n e  

we have  f o r  t h e  e x p e c t e d  f r e q u e n c y  p = 0 . 14 = 14 p e r c e n t .  A t  t h e  

same t h i c k n e s s  b u t  w i t h  d o u b l e  l e n g t h  o f  f a c e ,  i . e .  H = 140 m 

t h e  r a t e  o f  advance  becomes v = 1 . 1 8  mpd and t h e  l o s s  V = 8 . 7 5  p e r ­

c e n t .  The e x p e c t e d  f r e q u e n c y  w i l l  be p = 0 . 18=18 p e r c e n t .  D o u b l ­

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

p = 0 . 1 4  t o  p = 0 . 1 8  i . e .  by 4 p e r c e n t .

F o r  t o p  c o a l  c a v i n g  l e t  us f i r s t  have  M = 5 m and H = 75 m. 

We now f i n d  v = 1 . 1 3  mpd and V=1 3 .5  p e r c e n t .  The e x p e c t e d  f r e ­

q u e n c y  i s  p = 0 . 29 = 29 p e r c e n t .  The l o s s  V = 1 3 . 5  p e r c e n t  f o r  t h e  

e x t r a c t e d  seam t h i c k n e s s  o f  5 m (M'  ”=" 2 . 5  m) f o r e c a s t  a h i g h  

f r e q u e n c y  f o r  even medium l e n g t h  o f  f a c e :  h e a t i n g  o r  f i r e  can  

be e x p e c t e d  i n  e v e r y  t h i r d  w o r k i n g .  I f  t h e  l e n g t h  o f  f a c e  d o u ­

b l e s  ( a t  i d e n t i c a l  seam d i p  t h e  h e i g h t  o f  l e v e l  becomes t w i c e  

as much i . e .  H = 150 m) ,  t h e  r a t e  o f  advance  d e c r e a s e s  t o  v= 

=0.63 mpd w h i l e  t h e  e x p e c t e d  f r e q u e n c y  o f  f i r e s  i n c r e a s e s  t o  

p "= 0 . 3 8  = 38 p e r c e n t .

H a v i n g  t h e  same p i t c h  o f  l e v e l ,  i . e .  a l e n g t h  o f  f a c e  

H = 150 m and a seam o f  M = 10 m t h i c k n e s s  (M'  ~  7 . 5  m) i s  

w o r k e d  w i t h  t o p  c o a l  c a v i n g  t h e n  t h e  l o s s  becomes V = 23 p e r ­

c e n t  and t h e  e x p e c t e d  f r e q u e n c y  o f  f i r e s  p = 0 . 57=57 p e r c e n t  wh ich  

i n d i c a t e s  t h a t  t h e  f r e q u e n c y  f o r  t h e  case  o f  M = 5 m and H = 75 

has  d o u b l e d .  Thus ,  i n  e v e r y  second  w o r k i n g  a h e a t i n g  -  w h i c h  i s  

d i f f i c u l t  t o  l o c a l i s e  i n  t o p  c o a l  c a v i n g  -  o r  a f i r e  can  be
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e x p e c t e d .

Fo r  t h e  p a r a m e t e r s  M = 10 m and H = 150 m t h e  f u n c t i o n  

w i t h  g e n e r a l  e x p o n e n t s  i l l u s t r a t e d  i n  F i g .  13 f o r e c a s t s  a f r e ­

q u e n c y  p > 1 . 0  w h i c h  i n d i c a t e s  t h a t  a p p l y i n g  c h e m i c a l s  o n l y ,  

h e a t i n g  o r  f i r e  c a n n o t  be p r e v e n t e d  a t  v = 0 . 6 3  mpd and V = 23 p e r ­

c e n t .

F u r t h e r  r e s e a r c h  can p r o v i d e  an e c o n o m i c  a s sessm en t  t e c h ­

n i q u e  w h ic h  c o u l d  be used  i n  s e l e c t i n g  t h e  s u i t a b l e  method  o f  

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

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

c o a l  c a v i n g  o f  t h e  10 m t h i c k  seam i n  tw o  p a r t s ,  5 m t h i c k  

e a c h .  T h i s  met hod  r e d u c e s  t h e  f r e q u e n c y  o f  f i r e s  f r om  57 p e r ­

c e n t  t o  38 p e r c e n t .  A n o t h e r  p o s s i b i l i t y  i s  t o  re d u c e  t h e  p i t c h  

o f  l e v e l  t o  i t s  h a l f  ( b y  a p p l y i n g  a u x i l i a r y  l e v e l s  o r  s u b l e v ­

e l s ) ,  i . e .  t o  w o r k  t h e  seam w i t h  a l e n g t h  o f  f a c e  o f  H = 75 m 

and a t  M = 10 m. The e x p e c t e d  f r e q u e n c y  i s  p = 0 .4789 = 0 . 4 8  = 48 

p e r c e n t  i n  t h i s  c a s e ,  t h u s  t h i s  m e a su r e  r e d u c e s  f i r e  f r e q u e n c y  

by 9 p e r c e n t  o n l y .  The t h i r d  p o s s i b i l i t y  i s  t o  a p p l y  s l i c i n g  

w i t h  150 m l o n g  f a c e s ,  i . e .  t o  wo rk  t h e  same seam i n  f o u r  

s l i c e s  2 .5  m t h i c k  e a c h .  The r a t e  o f  a d v a n c e  now i s  v = 1 .15  mpd, 

w o r k i n g  l o s s  V = 8 . 7 5  p e r c e n t  and t h e  e x p e c t e d  f r e q u e n c y  p = 18 

p e r c e n t .  T h i s  m e t h o d  may re d u ce  f i r e  h a z a r d  t o  one t h i r d ,  i . e .  

f r o m  57 p e r c e n t  t o  18 p e r c e n t  w h i c h  e n s u r e s  a r e a s o n a b l e  s i t u a ­

t i o n .

A change i n  t e c h n o l o g y  k e e p i n g  M and  H unchanged  b u t  i n ­

c r e a s i n g  t h e  r a t e  o f  ad va nce  and r e d u c i n g  w o r k i n g  l o s s e s ,  may 

d e c r e a s e  f i r e  h a z a r d .  The measure o f  f i r e  h a z a r d  can a l s o  be 

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

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

Changes  i n  t e c h n o l o g y  o r  b a s i c a l l y  new p r o t e c t i o n  methods a r e  

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

m e t e r s .

An e c o nom ic  a s s e s s m e n t  can d e c i d e  w h e t h e r  t h e  h a z a rd  

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

f o r  t h e  t e c h n o l o g y  and  e q u i pm e n t  a p p l i e d ,  o r  more i n t e n s i v e  

and  r e l i a b l e  f i r e  p r o t e c t i o n  has t o  be i n t r o d u c e d  i n  o r d e r  t o  

r e d u c e  h a z a r d .  Based  on economic  c o n s i d e r a t i o n s  a c r i t i c a l  o r
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l i m i t i n g  f r e q u e n c y  p o r  p can be d e t e r m i n e d  t a k i n g  i n t o

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

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

e t c .  I f  a h a z a r d  h i g h e r  t h a n  t h a t  i s  f o r e c a s t  t h e n  by c h a n g i n g  

t h e  p a r a m e t e r s  o f  w o r k i n g  o r  i n t e n s i f y i n g  p r o t e c t i o n ,  t h e  e x ­

p e c t e d  meas ure  o f  h a z a r d  can be l o w e r e d  b e l o w  t h e  p e r m i t t e d  

l e v e l .

I n  c h o o s i n g  be tw een s l i c i n g  o r  t o p  c o a l  c a v i n g  m e t h o d s ,  

one o f  t h e  a s p e c t s  can be t h e  e x p e c t e d  meas ure  o f  f i r e  h a z a r d  

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

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

c h o i c e  i s  t o  c o n s i d e r  t h e  e c o nom ic  a d v a n t a g e s  o f  t h e  t o p  c o a l  

c a v i n g  method  ( o u t p u t ,  p r o d u c t i v i t y ,  d r i v a g e  r e q u i r e m e n t ,  s p e ­

c i f i c  c o s t s ) .

REFERENCES

D e p a r t m e n t  o f  M i n i n g  E n g i n e e r i n g ,  l e c h n i c a l  U n i v e r s i t y  f o r
Heavy  I n d u s t r y  1984 :  C r i t i c a l  a n a l y s i s  o f  to p  c o a l  c a v i n g  
m e t h o d s  and f i r e d a m p p r o o f  b l a s t s  i n  t h e  Mecsek C o a l  M i n e s  
P r o p o s a l s  t o  i n c r e a s e  s a f e t y  ( i n  H u n g a r i a n ) .  R e s e a r c h  Re­
p o r t  f o r  t h e  M i n i s t r y  o f  I n d u s t r y ,  M i s k o l c

D e p a r t m e n t  o f  M i n i n g  E n g i n e e r i n g ,  l e c h n i c a l  U n i v e r s i t y  f o r
Heavy  I n d u s t r y  1985 :  C o n n e c t i o n  o f  m i ne  f i r e  h a z a r d  w i t h  
n a t u r a l  and t e c h n i c a l  p a r a m e t e r s  u s i n g  l o n g w a l l  d a t a  i n  
t h e  Mecsek Coa l  M i n e s  ( i n  H u n g a r i a n ) .  Research R e p o r t  f o r  
t h e  Mecsek C oa l  M i n e s ,  M i s k o l c

L i n d e n a u  N I  1977 :  O r i g i n ,  p r e v e n t i o n  and e x t i n g u i s h m e n t  o f  
end o g e n o u s  mine f i r e s  ( i n  R u s s i a n ) .  P u b l i s h e r  " N e d r a " ,  
Moscow

V e s e l o v s k y  V S 1975 :  F o r e c a s t  and p r e v e n t i o n  o f  e n d ogenous  
f i r e s  ( i n  R u s s i a n ) .  P u b l i s h e r  " N a u k a " ,  Moscow





A cta  Geod. Geoph. M ont. H ung ., V o l.  24 ( 1 - 2 ) ,  pp. 79 -86  (1989 )

ON THE CONNECTION BETWEEN QUALITY PARAMETERS DETERMINING 
THE CALORIFIC VALUE OF COAL
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Energy content  o f  coal  expressed i n  terms o f  c a l o r i f i c  value i s  a l i n ­
ear f u n c t i o n  o f  the c a l o r i f i c  value o f  the combust ib le pure coal  w i t h o u t  ash 
and mo is tu r e ,  as we l l  as ash con ten t ,  heat o f  bu rn ing ,  moisture con ten t  and 
heat o f  evapora t ion .  A l l  these parameters,  i n c lu d i n g  heat of  bu rn ing ,  which 
i s  d i f f e r e n t  f o r  var ious coal  t ypes , can be determined from the r e s u l t s  o f  
analyses c a r r i e d  out by the mining companies, i f  the mathematical  methods o f  
the s tudy  are app l ied .  Analysing Hungarian coa l  t ypes,  the authors have 
found t h a t  not  only t h e i r  ash and moisture con ten ts  but  the c a l o r i f i c  value 
o f  the pure coa l  w i thou t  ash and moisture,  as w e l l  as the heat o f  bu rn ing  o f  
ash p roducing minerals are d i f f e r e n t  (Pethô e t  a l .  1972). The authors in tend  
to  take account o f  the r e s u l t s  o f  the paper i n  t h e i r  suggest ions f o r  a new 
coal  p r i c e  system.

Keywords: ash conten t ;  ash producing m in era ls ;  c a l o r i f i c  va lue;  com­
b u s t i b l e  pure coa l ;  heat o f  burn ing;  heat o f  evapora t ion ;  moisture con ten t

Symbols: a ash content
A cons tant ,  explained by Eq. (7)
b heat o f  burning
В cons tant ,  explained by Eq. (6)
c c a l o r i f i c  value o f  coal
co c a l o r i f i c  value o f  coal  w i t h o u t  ash and moisture con tent
D c o e f f i c i e n t  o f  moisture con ten t ,  see Eq. (11)
g mass r a t i o  o f  ash producing minera ls to  ash
m moisture content

1.  CALCULATION OF QUALITY PARAMETERS DETERMINING CALORIFIC VALUE

To c a l c u l a t e  c a l o r i f i c  v a l u e  o f  c o a l  w i t h  ash c o n t e n t  a 

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

e q u a t i o n  :

C 100 -  (a  
100 C -  2 4 . 6 2  m. ( 1 )о

Acta Geod. Geoph. Mont. Hung. 23, 1988 
Akadémiai Kiadó, Budapest
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I n  Eq .  ( 1 )  CQ d e n o t e s  t h e  c a l o r i f i c  v a l u e  o f  c o a l  w i t h o u t  ash  

and  m o i s t u r e  c o n t e n t .  2 , 4 6 2  k J / k g  i s  t h e  h e a t  o f  e v a p o r a t i o n  o f  

t h e  w a t e r  and 2 4 . 6 2  i s  i t s  one h u n d r e d t h  p a r t  s i n c e  m and a a r e  

e x p r e s s e d  i n  t e r m s  o f  mass p e r c e n t a g e .

E q u a t i o n  ( 1 )  f a i l s ,  ho w e v e r ,  t o  t a k e  a c c o u n t  o f  t h e  h e a t  

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

i n t o  a s h .  t h e r e f o r e ,  i n s t e a d  o f  Eq.  ( 1 ) ,  t h e  f o l l o w i n g  e q u a t i o n  

i s  s u g g e s t e d  t o  r e f l e c t  n a t u r a l  c i r c u m s t a n c e s  ( t a r j á n  1 9 7 4 ) :

C = 100 10Ú '~' a '  Co ”  2 4 - 62 m "  Sab. ( 2 )

I n  Eq .  ( 2 )  g d e n o t e s  t h e  r a t i o  o f  t h e  mass o f  t h e  ash p r o d u c i n g  

m i n e r a l s  i n  t h e  c o a l  t o  t h a t  o f  a s h ,  g = 1;  b s t a n d s  f o r  t h e  

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

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

d i m e n s i o n  o f  k J / 0 . 0 1  k g .

S i n c e  t h e  m i n e r a l  c o n t e n t  and g a r e  r a t h e r  d i f f i c u l t  t o  

d e t e r m i n e ,  a s s u m p t i o n  g = 1 w i l l  be u s e d  i n  Eq. ( 2 ) :

C = 1-° °  -7nn --3 C -  2 4 . 6 2  m -  ab.  ( 3 )1UU о

I n  Eq.  ( 3 )  a l l  v a r i a b l e s ,  among them as h  c o n t e n t  a r e  l i n e a r  

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

C = В -  Aa ( 4 )

h o l d s  ( P e t h ő  1 9 8 1 ) .  В and A a re  c o n s t a n t s  c h a r a c t e r i s t i c  o f  t h e  

c o a l  t y p e s .

R e a r r a n g i n g  Eq .  ( 3 )  a c c o r d i n g  t o  Eq .  ( 4 )  g i v e s

C 2 4 . 6 2  m ( 3 )

A c o m p a r i s o n  o f  Eqs ( 4 )  and ( 5 )  e n a b l e s  us t o  e x p r e s s  c o n s t a n t s  

В and  A as



CALORIFIC VALUE OF COAL 81

В 2 4 . 6 2  m, ( 6 )

A + b . ( 7 )

C o n s t a n t  В as e x p r e s s e d  by ( 6 )  g i v e s  t h e  c a l o r i f i c  v a l u e  o f  t h e  

c o a l  w i t h o u t  a s h ,  and A i n  Eq. ( 7 )  s t a n d s  f o r  t h e  ch a n g e  o f  

c a l o r i f i c  v a l u e  due t o  a o n e - p e r c e n t  c h a n g e  o f  ash c o n t e n t  a t  

c o n s t a n t  m o i s t u r e  c o n t e n t .

B o t h  c o n s t a n t s  a r e  l i n e a r  f u n c t i o n s  o f  C . I n  a d d i t i o n ,  

c o n s t a n t  В i s  l i n e a r l y  p r o p o r t i o n a l  t o  t h e  m o i s t u r e  c o n t e n t  and 

t h e  h e a t  o f  e v a p o r a t i o n  o f  t h e  w a t e r .  A p a r t  f r om  C , c o n s t a n t  

A a l s o  depends  on b .  F o r  endo g e n e o u s  m i n e r a l s  b i s  p o s i t i v e ,  

w h i l e  f o r  e n d o t h e r m  ones  i t  i s  n e g a t i v e .  Fo r  ex a m p le ,  l i m e s t o n e  

i s  an e n dogeneous  m i n e r a l ,  p y r i t e  i s  e n d o t h e r m .

T a b l e  I  c o n t a i n s  t h e  n u m e r i c a l  v a l u e s  o f  c o n s t a n t s  В and A 

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

f o r  H u n g a r i a n  L i a s s i c ,  Eocene ,  C r e t a c e o u s  and Miocene  c o a l s ,  as 

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

m o i s t u r e  c o n t e n t s  a r e ,  i n  t h e  above  s e q u e n c e ,  8;  16 ;  2 2 ;  26 and 

46 p e r c e n t .  As Eq. ( 5 )  i n d i c a t e s ,  c a l o r i f i c  v a l u e  o f  c o a l  i s  a 

l i n e a r  f u n c t i o n  o f  t h e  ash c o n t e n t  a t  c o n s t a n t  m o i s t u r e  c o n t e n t .

T a b l e  I .  F u n c t i o n  c o n s t a n t s  o f  v a r i o u s  c o a l  t y p e s  
a t  a v e r a g e  m o i s t u r e  c o n t e n t s

C o a l  t y p e s

L i a s s i c E o c e n e C r e t a c e o u s M i o c e n e L i g n i t e

A v e r a g e  m o i s t u r e  c o n t e n t  

m ,  %
0 1 6 2 2 2 6 4 6

F u n c t i o n  c o n s t a n t s  

B ,  k j / k g  

A ,  k J / 0 . 0 1  k g

3 1 , 6 6 3

3 8 1

2 4 , 2 4 4

3 3 5

2 3 , 6 7 2

4 3 0

1 9 , 3 8 6

2 8 2

1 2 , 3 2 5

2 6 0

C o r r e l a t i o n  c o e f f i c i e n t
0 . 9 9 9 0 . 9 9 1 0 . 9 9 3 0 . 9 9 6 0 . 9 9 6
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В and  A a r e  t h e  p a r a m e t e r s  o f  t h e  s t r a i g h t  l i n e s .  The l a s t  

row  o f  T a b l e  I  d i s p l a y s  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 s  i n d i ­

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

o r i f i c  v a l u e  and ash  c o n t e n t .  The v a l u e  o f  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  e x c e e d s  0 . 9 9  f o r  a l l  t y p e s  o f  c o a l  w h ic h  i n d i c a t e s  a 

f u n c t i o n a l  c o n n e c t i o n .  -  L i n e a r  c o n n e c t i o n  be tween  c a l o r i f i c  

v a l u e  and ash c o n t e n t  i s  r e g a r d e d  as a f u n c t i o n a l  one b o t h  i n  

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

S i n c e  c o n s t a n t s  i n  Eqs ( 6 )  and ( 7 )  ca n  a n a l y t i c a l l y  be d e ­

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

b a s i n s  a r e  know n,  C and b can be d e t e r m i n e d  f r o m  t h e  two  ’ о
e q u a t i o n s  :

Cо
В 2 4 . 6 2  m

m
+ 100

and

( 8 )

( 9 )

E q u a t i o n  ( 5 )  can  a l s o  be r e a r r a n g e d  as f o l l o w s :

C = Co 2 4 . 6 2 m . ( 1 0 )

I n  Eq .  ( 1 0 )  a and m a r e  v a r i a b l e s ,  t h e i r  c o e f f i c i e n t s  b e i n g  

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

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

D 2 4 . 6 2 ( 1 1 )

g i v e s  t h e  change  o f  c a l o r i f i c  v a l u e  due  t o  a o n e - p e r c e n t  ch a n g e  

o f  m o i s t u r e  c o n t e n t  a t  c o n s t a n t  ash c o n t e n t .  T a k in g  a c c o u n t  o f  

Eqs ( 7 )  and ( 1 1 ) ,  Eq.  ( 1 0 )  can be s i m p l i f i e d  as

С = C -  Aa -  Dm .о ( 1 2 )

I t  can be s een  t h a t  t h e  c a l o r i f i c  v a l u e  i s  a l i n e a r
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f u n c t i o n  o f  ash  and m o i s t u r e  c o n t e n t s .  The c o e f f i c i e n t s  i n  Eq.

( 1 2 ) ,  w h i c h  a r e  c o n s t a n t  f o r  t h e  same t y p e  o f  c o a l ,  g i v e  t h e  

ch ange  o f  c a l o r i f i c  v a l u e  due t o  o n e - p e r c e n t  changes  i n  t h e  ash  

and m o i s t u r e  c o n t e n t s .

2.  ANALYSIS OF QUALITY PARAMETERS DETERMINING CALORIFIC VALUE 

OF HUNGARIAN COAL TYPES

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

v a l u e s  o f  CQ c a l c u l a t e d  by Eq. ( 8 )  and b a c c o r d i n g  t o  Eq .  ( 9 ) ,  

as w e l l  as b / 2 4 . 6 2  i . e .  t h e  r a t i o  o f  t h e  h e a t  o f  b u r n i n g  t o  t h e  

h e a t  o f  e v a p o r a t i o n  and ,  f i n a l l y ,  c o n s t a n t s  A and B, t h e i r  d i f ­

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

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

C o a l  t y p e s

P a r a m e t e r s  ----------------------------------------------------------------------------------------------------

L i a s s i c E o c e n e C r e t a c e o u s M i o c e n e L i g n i t e

C o ,  k J / k g 3 4 , 6 3 0 2 9 , 3 3 1 3 1 , 0 4 3 2 7 , 0 6 2 2 4 , 9 2 1

b ,  k J / 0 . 0 1  k g 3 5 4 2 1 2 0 1 1 1 1

b / 2 4 . 6 2 1 . 4 1 . 7 4 . 9 0 . 4 5 0 . 4 5

A ,  k J / 0 . 0 1  k g 3 8 1 3 3 5 4 3 0 2 8 2 2 6 0

D ,  k J / 0 . 0 1  k g 3 7 1 3 1 8 3 3 5 2 9 5 2 7 4

A - D 1 0 1 7 9 5 - 1 3 - 1 4

A / D 1 . 0 2 7 1 . 0 5 3 1 . 2 8 4 0 . 9 5 6 0 . 9 4 9

U s i n g  above e q u a t i o n s  and t h e  n u m e r i c a l  v a l u e s  o f  p a r a ­

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

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

q u a l i t y  p a r a m e t e r s  v i z .  ash  and m o i s t u r e  c o n t e n t s  on t h e  c h a n g e  

o f  e n e r g y  c o n t e n t  i n  g e n e r a l  f o r m ,  a n d ,  n u m e r i c a l l y ,  f o r  

H u n g a r i a n  c o a l  t y p e s .
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En e rg y  c o n t e n t  e x p r e s s e d  i n  t e r m s  o f  c a l o r i f i c  v a l u e  C i s  

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

p u r e  c o a l  w i t h o u t  ash  and m o i s t u r e  CQ, a s h  c o n t e n t  a and h e a t  

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

r a t i o n  2 4 . 6 2  k J / 0 . 0 1  k g .  I f  t h e  ash c o n t e n t  cha n g e s ,  e n e r g y  

c o n t e n t  o f  c o a l  v a r i e s  as a f u n c t i o n  o f  c a l o r i f i c  v a l u e  C and
О

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

I f  m o i s t u r e  c o n t e n t  c h a n g e s ,  e n e r g y  c o n t e n t  changes as a f u n c ­

t i o n  o f  d i f f e r e n t  CQ and c o n s t a n t  h e a t  o f  e v a p o r a t i o n  o f  t h e  

w a t e r .

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

b l e  c o a l  i s  maximum f o r  L i a s s i c  c o a l s  among H u n g a r i a n  c o a l  

t y p e s ;  t h e  f u r t h e r  o r d e r  i s  C r e t a c e o u s ,  Eo ce ne ,  M i ocene  and 

l i g n i t e .  CQ o f  L i a s s i c  and C r e t a c e o u s  c o a l s  exceeds  3 0 , 0 0 0  kJ /k g ,  

t h e  d i f f e r e n c e  b e t w e e n  CQ o f  L i a s s i c  c o a l s  and t h a t  o f  l i g n i t e s  

( 3 4 , 6 3 0 - 2 4 , 9 2 1  = 9 , 7 0 9 )  i s  a l m o s t  as h i g h  as 10 ,000  k J / k g .  -  

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

t h u s  ash p r o d u c i n g  m i n e r a l s  and r o c k s  a r e  e n d o th e r m .  T h e r e  a r e ,  

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

ash  p r o d u c i n g  m i n e r a l s  and r o c k s  o f  v a r i o u s  t y p e s  o f  c o a l .  H ea t  

o f  b u r n i n g  i s  t h e  g r e a t e s t  f o r  C r e t a c e o u s  c o a l  t y p e s  w i t h  120 

k J / k g :  t h i s  v a l u e  i s  4 . 9 - f o l d  o f  t h e  h e a t  o f  e v a p o r a t i o n .  F o r  

E oce ne  c o a l s ,  h e a t  o f  b u r n i n g  i s  1 . 7  t i m e s  t h e  h e a t  o f  e v a p o r a ­

t i o n ,  w h i l e  t h a t  o f  L i a s s i c  c o a l  t y p e s  i s  1 . 4 - f o l d  o f  t h e  h e a t  

o f  e v a p o r a t i o n .  M i o c e n e  c o a l s  and l i g n i t e s  ha v e ,  h o w e v e r ,  a 

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

b o t h  t y p e s  o n l y  0 . 4 5  t i m e s  t h e  h e a t  o f  e v a p o r a t i o n .

S i n c e  h e a t  a b s o r p t i o n  caused  by one  mass p e r c e n t  o f  ash 

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

430  k J / 0 . 0 1  kg i s  maximum f o r  C r e t a c e o u s  c o a l s .  For  L i a s s i c  

c o a l s  t h i s  c o n s t a n t  i s  by 50 k J / 0 . 0 1  kg  l e s s  w h i l e  f o r  Eocene  

and Mi oce ne  ones  by 100 and 150 k J / 0 . 0 1  k g .  L i g n i t e s  have  t h e  

s m a l l e s t  c o n s t a n t  A:  260 k J / 0 . 0 1  k g .  -  H e a t  a b s o r p t i o n  c a u s e d  

by  one mass p e r c e n t  o f  m o i s t u r e  c o n t e n t  i s  p r o p o r t i o n a l  t o  Cq 

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

s t a n t  h e a t  o f  e v a p o r a t i o n ;  t h e r e f o r e  t h e  o r d e r  o f  c o n s t a n s  D 

c o i n c i d e s  w i t h  t h a t  o f  t h e  v a l u e s  o f  C . T h i s  c o n s t a n t  i s
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maximum f o r  L i a s s i c  c o a l s  w i t h  371 k J / 0 . 0 1  kg and min imum 

f o r  l i g n i t e s  w i t h  274 k J / 0 . 0 1  k g ,  t h e  d i f f e r e n c e  b e i n g  a l m o s t  

100 k J / 0 . 0 1  k g .  -  t h e  d a t a  o f  T a b l e  I I  i n d i c a t e  t h a t  f o r  

C r e t a c e o u s ,  Eocene and L i a s s i c  c o a l s  c o n s t a n t  A o f  ash c o n t e n t  

i s  g r e a t e r  w h i l e  f o r  M i o c e n e  c o a l s  and l i g n i t e s  c o e f f i c i e n t  D 

o f  m o i s t u r e  c o n t e n t  e x c e e d s  t h e  o t h e r  o n e .  From ou r  f i n d i n g s  

t h e  c o n c l u s i o n  can be d rawn t h a t  f o r  C r e t a c e o u s ,  Eocene and 

L i a s s i c  c o a l s  t h e  r e d u c t i o n  o f  ash c o n t e n t ,  w h i l e  f o r  M i o c e n e  

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

e f f i c i e n t  i n  i n c r e a s i n g  e n e r g y  c o n t e n t  -  assumi ng  a s e p a r a t i o n  

w i t h o u t  h e a t  l o s s .  D i f f e r e n c e  and r a t i o  o f  t h e  two c o n s t a n t s  

a r e  e s p e c i a l l y  g r e a t  f o r  C r e t a c e o u s  c o a l s :  95 k J / 0 . 0 1  kg  and 

1 . 2 8 4 .  T h e r e f o r e ,  r e d u c t i o n  o f  ash c o n t e n t  o f  C r e t a c e o u s  c o a l s  

ca n  be e x p e c t e d  t o  p r o d u c e  a more s i g n i f i c a n t  i n c r e a s e  o f  e n e r ­

gy c o n t e n t ,  i f  com pa re d  w i t h  o t h e r  F l u n g a r i a n  c o a l  t y p e s .

3 .  FURTHER ASPECTS OF ANALYSIS

The r e s u l t s  a c h i e v e d  so f a r  show t h a t  t h e  H u n g a r i a n  c o a l  

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

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

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

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

t h e  a u t h o r s .  Q u a l i t y  p a r a m e t e r s  o f  s i n g l e  m ines o r  l a y e r s  may 

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

To mos t  e f f e c t i v e l y  u t i l i z e  c o a l  t y p e s  i n  H u n g a r y ,  i t  

seems n e c e s s a r y  t o  i n v e s t i g a t e  t h e  r a t e  o f  i n c r e a s e  o f  c a l o r i f ­

i c  v a l u e  t o  be a c h i e v e d  by r e d u c i n g  m o i s t u r e  and ash c o n t e n t s .  

The r e s u l t s  o b t a i n e d  so f a r  e n a b l e  us t o  d e t e r m i n e  t h e  r a t e  o f  

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

t u r e  c o n t e n t .  To be a b l e  t o  c a l c u l a t e  t h e  i n c r e a s e  o f  c a l o r i f i c  

v a l u e  due t o  t h e  r e d u c t i o n  o f  ash c o n t e n t ,  one has t o  d e t e r m i n e  

t h e  c o e f f i c i e n t  g f o r  each  t y p e  o f  c o a l ,  r o c k  and m i n e r a l .  To 

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

s i s  i s  r e q u i r e d .
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NUMERICAL EXAMINATION OF LAWS OF MOTION OF A BODY MOVING 
VERTICALLY IN A STATIONARY MEDIUM

Sz Pe thő^  , Z S z a r k a ^ ,  M Ács'*

1 Technical  U n i v e r s i t y  f o r  Heavy Ind us t ry ,  M inera l  Dressing Department, 
H-3515 Miskolc,  Hungary

2
Technical  U n i v e r s i t y  f o r  Heavy In d u s t r y ,  Mathematical  I n s t i t u t e ,  

H-3515 Miskolc,  Hungary

^Technical  U n i v e r s i t y  fo r  Heavy In d u s t r y ,  Facu l t y  of  Mechanical  
Engineer ing,  H-3515 Mi sk o lc ,  Hungary

[ [Manuscr ipt  received March 13, 19863

Consider ing the g ra i n  motions occur r ing  d u r i ng  the processes o f  miner ­
a l  dress ing ,  only  those o f  downwards d i r e c t i o n  have been studied so f a r .  A 
common fea tu re  o f  the  examinat ions performed so f a r  i s  tha t  the phoronomic 
fu n c t io n s  descr ib ing  the  laws o f  mot ion are determined by a n a l y t i c a l  meth­
ods, they are o f  a c losed  form but are only v a l i d  on the concerning range 
o f  the Reynolds number.

I f  a g ra in  i s  thrown up w i th  a f a i r l y  h igh  v e l o c i t y ,  i t s  mot ion i s  
f i r s t  tu r b u le n t ,  then laminar f i n a l l y  sometimes t u r b u le n t  again. Thus the  
Reynolds number decreases from a very high va lue  (e . g .  from 200000) to  
almost zero then i t  s t a r t s  to  r i s e  again. I f  the  values of  the re s i s ta nce  
o f  the medium are g iven on t h i s  whole range, the  s o l u t i o n  o f  the d i f f e r e n ­
t i a l  equat ion desc r i b in g  the motion i s  v a l i d  a long the f u l l  range o f  v e l o c ­
i t y .  However, t h i s  s o l u t i o n  can only be found w i t h  numeric methods.

By means o f  a programme f o r  a Commodore-64 computer, the d i f f e r e n t i a l  
equat ion o f  the v e l o c i t y  can be solved w i th  se ve ra l  numerical  methods and 
the acce l e ra t io n  and the  path o f  the g ra in  are a lso  obtained.

Keywords: g ra in  mot ion v e r t i c a l l y  upwards; minera l  dressing;  r e s i s ­
tance o f  the medium; Reynolds number

1 . DIFFERENTIAL EQUATION OF VERTICAL MOVEMENT

The movement  o f  a body o f  m mass t h r o w n  o f f  v e r t i c a l l y

w i t h  an i n i t i a l  v e l o c i t y  v i n  a medium a t  r e s t  can be d e -’  о
s c r i b e d  w i t h  t h e  d i f f e r e n t i a l  e q u a t i o n  ( F i n k e y  1924)

m d t  = mgo + F (1 )

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

body  i n  t h e  medium and F t h e  f o r c e  r e s u l t i n g  f r o m  t h e

Acta Geod. Geoph. Mont. Hung. 24, 1989 
Akadémiai Kiadó, Budapest
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r e s i s t a n c e  o f  medium.

I f  t h e  d e n s i t y  o f  t h e  body  ( g r a i n )  i s  f  , and t h e  d e n s i t y  

o f  t h e  medium g ,

gо ( 2 )

w h e r e  g i s  t h e  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 .  A c c e l e r a t i o n  g Q has 

b e e n  p r o p o s e d  by P e t h o  and S z a r k a  ( 1 9 8 5 )  t o  be c a l l e d  F i n k e y ' s  

n u m b e r ,  mg i s  t h e  w e i g h t  f o r c e  i n  t h e  medium.

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

t h e  f o r c e  F r e s u l t i n g  f r o m  t h e  r e s i s t a n c e  o f  medium a c t i n g  

a g a i n s t  t h e  movement  i s :

F = - c  sgn V . ( 3 )

Н е г е  c i s  t h e  f a c t o r  o f  r e s i s t a n c e  o f  t h e  medium ( P e t h o  and 

S z a r k a  1 9 8 5 ) .  The down wards  d i r e c t i o n  o f  t h e  f o r c e  o f  g r a v i t y ,  

i s  s e l e c t e d  t o  be p o s i t i v e  ( F i n k e y  1 9 2 4 ,  T a r j á n  1954 ,  F e j e s  and 

T a r j á n  1 9 7 3 ) .

As t h e  f o r c e  r e s u l t i n g  f r o m  t h e  r e s i s t a n c e  o f  t h e  med ium 

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

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

o r  l o w e r  t h a n  t h e  d e n s i t y  o f  t h e  med ium b u t  i t  can a l s o  be 

e q u a l  t o  i t .

The r e s i s t a n c e  f a c t o r  o f  t h e  medium o f  convex  b o d i e s  b o r ­

d e r e d  by s m o o th ,  a r c h e d  s u r f a c e s  i s  o n l y  a f u n c t i o n  o f  R e y n o l d s  

n u m b e r  :

c = c ( R e )  , ( 4 )

and  Re, R e y n o ld s  number  i s

Re = I V I , ( 5 )

w h e r e  " i  i s  t h e  d y n a m i c  v i s c o s i t y  o f  t h e  medium.

The s o l u t i o n  o f  d i f f e r e n t i a l  e q u a t i o n  ( 1 )  f u l f i l l i n g  t h e  

i n i t i a l  c o n d i t i o n  o f  v ( 0 )  = v q p r o v i d e s  t h e  v e l o c i t y  o f  t h e  

g r a i n  t h r o w n  away v e r t i c a l l y  w i t h  S t a r t i n g  v e l o c i t y  v q i n  t h e
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f u n c t i o n  o f  t i m e .  A c c o r d i n g  t o  t h e  above  s e l e c t i o n ,  t h e  

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

o f  a g r a i n  g o i n g  dow nw ard s  i s  p o s i t i v e .  The f i r s t  d e r i v a t i v e  

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

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

t i m e .

So f a r  an a n a l y t i c a l  s o l u t i o n  o f  d i f f e r e n t i a l  e q u a t i o n

( 1 )  was l o o k e d  f o r  w i t h  c l a s s i c a l  m e t h o d s .  Due t o  t h e  n a t u r e  o f  

t h e  e m p i r i c a l  f u n c t i o n  c = c ( R e ) ,  h o w e v e r ,  t h e  p o s s i b i l i t y  o f  

f i n d i n g  an a n a l y t i c a l  s o l u t i o n  i s  e x c l u d e d  w h i c h  can c h a r a c t e r ­

i z e  t h e  m o t i o n  w i t h  b o t h  h i g h  and low v e l o c i t i e s .  T h e r e f o r e  i t  

has  been  a p r a c t i c e  so f a r  t h a t  f u n c t i o n  c = c ( R e )  has been  a p ­

p r o x i m a t e d  i n  some p a r t s  o f  i t s  ran ge  by a f u n c t i o n  o f  r e l a ­

t i v e l y  easy h a n d l i n g  w h i c h  has a l l o w e d  t h e  a n a l y t i c a l  s o l u t i o n  

o f  d i f f e r e n t i a l  e q u a t i o n  ( 1 ) .  Fo r  c e r t a i n  t h e o r e t i c a l  s t u d i e s  

t h i s  method  i s  used  a t  p r e s e n t  as w e l l .  The f o l l o w i n g  t h r e e  a p ­

p r o x i m a t i o n s  a r e  g e n e r a l l y  use d :

I n  S t o k e s '  l a m i n a r  r a n g e  o f  f l o w

c = , Ü < Re -  1 , ( 6 )

i n  t h e  t r a n s i t i o n a l  s e c t i o n  examined by  A l l e n

c = , 30 = Re = 300 , ( 7 )
VRe

w h i l e  i n  N e w t o n ' s  t u r b u l e n t  f l o w  r a n g e :

c = 0 . 4 3  , 600 = Re = 200000 . ( 8 )

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

s i s t a n c e  o f  medium i s

- i h  l V I
JL

sgn V , ( 9 )

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

f l o w  a r e ,  s u c c e s s i v e l y  1,  1 . 5 ,  2,  w h i l e  t h e  v a l u e s  o f  ß  a r e :

3 j L ^ d ;  1 .25JL ( " I  9 ) 1 / 2 d3 / 2 ; 0 . 5 3 7 5 J L 9 d 2 .
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On t h e  b a s i s  f o  Eq .  ( 5 ) ,  a r a n g e  o f  v e l o c i t y  c o r r e s p o n d s  

t o  e ach  f l o w  r a n g e  w h i c h  depends  on t h e  d e n s i t y  and v i s c o s i t y  

o f  t h e  medium as w e l l  as on t h e  g r a i n  s i z e .  Th u s ,  t h e  r a n g e  o f  

v e l o c i t y  c o r r e s p o n d i n g  t o  ra n g e  0 <C Re = 1 can be e . g .  v e r y  

l a r g e  i f  th e  d i a m e t e r  o f  t h e  g r a i n  i s  v e r y  s m a l l .  So i t  may 

h a p p e n  t h a t  t h e  f l o w ,  even  i n  case  o f  a r e l a t i v e l y  h i g h  v e l o c i ­

t y ,  r e m a i n s  s t i l l  l a m i n a r  o r  w i t h  a v e r y  lo w  v e l o c i t y  i t  may 

become  t u r b u l e n t .

By u s i n g  a p p r o x i m a t i o n s  o f  Eqs ( 6 ) ,  ( 7 )  and ( 8 ) ,  t h e  s o l u ­

t i o n  o f  d i f f e r e n t i a l  e q u a t i o n  ( 1 )  i s  w e l l  a p p l i c a b l e  i n  t h e  

p r o p e r  ra n g e s  o f  v e l o c i t y .  H ow ever ,  d u r i n g  i t s  m o t i o n ,  a g r a i n  

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

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

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

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

i n  o r d e r  t h a t  t h e  m o t i o n  be c h a r a c t e r i z e d  a c c e p t a b l y .  T h i s  i s  

n o t  p o s s i b l e ,  b e c a u s e  w i t h  a p p r o x i m a t i o n s  ( 6 ) ,  ( 7 )  and ( 8 ) ,  

e v e n  t h e  ra n g e s  t h e m s e l v e s  do n o t  j o i n  each  o t h e r .  B u t  e v e n  i f  

t h e s e  r a n g e s  a re  e x t e n d e d  t o  meet each  o t h e r ,  a smooth  c o n n e c ­

t i o n  i s  n o t  p o s s i b l e .

I n  a d d i t i o n  t o  t h e s e  a p p r o x i m a t i o n s ,  a v e r y  l a r g e  number 

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

and  t h e  ra n g e s  o f  t h e  R e y n o l d s  number  w h i c h  t h e y  a p p r o x i m a t e  

( T a r j á n  1954,  F e j e s  and  T a r j á n  1973 ,  S c h u b e r t  1975)  a r e  w i d e r  

t h a n  t h e  p r e v i o u s  o n e s .  B u t  n o t  even  w i t h  t h e s e  can a sm o o t h  

t r a n s i t i o n  be e n s u r e d  on t h e  b o u n d a r y  o f  t h e  r a n g e s .

So i t  i s  h o p e l e s s  t o  a p p r o a c h  c = c ( R e )  by a f u n c t i o n  i n  

s u c h  a way t h a t  i t  s h o u l d  a p p r o x i m a t e  i n  t h e  r a n g e  0 <C Re =

= 2 0 0 0 0 0  o c c u r r i n g  i n  t h e  p r a c t i c e  o f  m i n e r a l  d r e s s i n g  and  a t  

t h e  same t i m e ,  i t  s h o u l d  a l l o w  an a n a l y t i c a l  s o l u t i o n  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 .

2 .  NUMERICAL DETERMINATION OF THE ACCELERATION, VELOCITY AND 

PATH

Now a n u m e r i c a l  s o l u t i o n  o f  d i f f e r e n t i a l  e q u a t i o n  ( 1 )  seems 

t o  be  o b v i o u s .  When u s i n g  t h e s e  m e t h o d s ,  f u n c t i o n  c = c ( R e )  can
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be o f  any shape o n l y  t h e  a c t u a l  v a l u e  o f  c s h o u l d  be c o m p u t a b l e  

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

T he re  a re  s e v e r a l  m e th ods  f o r  t h e  c o m p u t e r i z e d  n u m e r i c a l  

s o l u t i o n  o f  d i f f e r e n t i a l  e q u a t i o n s .  T y p i c a l  o f  t h o s e  t o  be a p ­

p l i e d  h e r e  i s  t h a t  s t a r t i n g  f r o m  v a l u e  v q g i v e n  a t  t i m e  t  = 0 ,  

t h e  v a l u e  o f  t h e  v e l o c i t y  i s  c a l c u l a t e d  a t  A t  ( A t  > 0 ) ;  when 

t h i s  i s  known,  a d v a n c i n g  f u r t h e r  w i t h  a s t e p  A t  a t  t i m e  2 A t  

t h e n  a t  3 A t ,  e t c .  L e t  v ^ , v v ^ ,  . . .  i n d i c a t e  t h e  v e l o c i t y  

v a l u e s  o b t a i n e d  i n  t h i s  way.

The n u m e r i c a l  s o l u t i o n  o f  d i f f e r e n t i a l  e q u a t i o n  ( 1 )  was 

c a r r i e d  o u t  by t h r e e  s i m p l e  m et hods  w h i c h ,  h o w e v e r ,  me e t  t h e  

demands o f  p r a c t i c e :  by t h e  E u l e r ,  s e c o n d - o r d e r  R u n g e - K u t t a  and 

P l - C l  p r e d i c t o r - c o r r e c t o r  metho ds  ( R a l s t o n  1 9 6 9 ) .  F o r  t h e  com­

p u t e r - t y p e  s o l u t i o n  t o  be d e s c r i b e d  h e r e ,  any o f  t h e s e  can  be 

used  and t h u s  t h e  r e s u l t s  can be comp ar ed  t o o .

S i m u l t a n e o u s l y  w i t h  t h e  p o i n t - b y - p o i n t  c a l c u l a t i o n  o f  

v e l o c i t y ,  t h e  a c c e l e r a t i o n

a dv _ _ 
d t  ^o ( 1 0 )

t o  be o b t a i n e d  f r o m  Eq.  ( 1 )  has a l s o  been c a l c u l a t e d  a t  t h e  

p r e v i o u s  t i m e s  КД t  ( k  = 0 ;  1;  2 ;  3 ;  . . . ) •

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

t e g r a l

t

s = s ( t )  I  v ( T )  dT ( 1 1 )

о

w i t h  t h e  a p p r o x i m a t i o n

s k + l  = 3 ( ( k + 1 )  A t  ) = s ( k  A t )  + 1  ( v R+1+ v k ) ( 1 2 )

as s ( 0 )  = 0.
F o r  t h e  s o l u t i o n  t h e  f u n c t i o n  c = c ( R e )  o r  i t s  a c c e p t a b l e  

a p p r o x i m a t i o n  s h o u l d  be g i v e n .  From t h e  l a r g e  number  o f  r e l a ­

t i o n s  i n  t h e  l i t e r a t u r e ,  t h e  a p p r o x i m a t e  f u n c t i o n
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24 4 . 5 6 5  0.491 n n rm „ t  о чc = —  + — r = — -  — j= r~  (1 -  t h  0 . 0 0 0 2 5  Re) +
Re 3vRe \ /Re ( 1 3 )

+ 0 . 4 2  t h  0 . 0 0 0 2 5  Re + 0 . 0 2 t h  0 .0 0 0 0 1  Re

h a s  been  s e l e c t 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  shows a 

g o o d  a p p r o x i m a t i o n  i n  t h e  r a n g e

0 < Re = 200000

( I d e l c h i k  1975) as v e r i f i e d  w i t h  t e s t  c a l c u l a t i o n s .  I t  i s  as 

s u i t a b l e  f o r  c o m p u t e r s  as  any f o r m a l l y  s i m p l e r  f u n c t i o n .

The p r o c e s s  o f  t h e  s o l u t i o n  i s  as f o l l o w s :

1 . F o r  t h e  i n i t i a l  v a l u e  v t h e  v a l u e  o f  Re i s  c a l c u l a t e d  by 

means o f  Eq . ( 5 ) .

2 .  F rom Re, on t h e  b a s i s  o f  Eq. (13) ,  t h e  v a l u e  o f  c i s  c a l c u ­

l a t e d  .

3 .  F rom c and v = v , t h e  f o r c e  F r e s u l t i n g  f r o m  t h e  r e s i s t a n c e  

o f  t h e  medium i s  c a l c u l a t e d  w i t h  Eq.  ( 3 ) .

4 .  By means o f  Eq.  ( 1 0 ) ,  a c c e l e r a t i o n  a Q i s  c a l c u l a t e d .

5 .  By u s i n g  d i f f e r e n t i a l  e q u a t i o n  ( 1 ) ,  t h e  v a l u e  o f  v,  i s  c a l ­

c u l a t e d  .

6 .  W i t h  Eq. ( 1 2 ) ,  t h e  p a t h  s^ i s  c a l c u l a t e d .

A f t e r  t h a t ,  t h e  p r e v i o u s  s i x - s t e p  c y c l e  i s  r e p e a t e d  so t h a t  v^

i s  u s e d  f o r  t h e  c a l c u l a t i o n  i n s t e a d  o f  v . Thus t h e  v a l u e s  o fо
a . ,  v „  and s 9 a r e  o b t a i n e d .  The c a l c u l a t i o n  i s  r e p e a t e d  w i t h  

t  hv 2 * A f t e r  th e  к r e p e t i t i o n ,  v a l u e s  a ^ ,  and w i l l  be

o b t a i n e d .

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

A t ,  t h e  R e yno ld s  n u m b e r  b e l o n g i n g  t o  t h e  r e l e v a n t  v e l o c i t y ,  

i . e .  i t  e l i m i n a t e s  t h e  i n f l e x i b i l i t y  o f  t h e  a n a l y t i c  m et hods  

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

o f  t h e  r a n g e s .  The n u m e r i c a l  s o l u t i o n  o b t a i n e d  i n  t h i s  way can 

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

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

R e y n o l d s  number .
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3.  THE COMPUTER PROGRAM

The c a l c u l a t i o n s  have  been p e r f o r m e d  by means o f  a p r o g r a m ­

me w r i t t e n  f o r  a Commodore-64 t y p e  c o m p u t e r  (Ács  1 9 8 3 ) .

The p rogra mme  i s  c o n s t r u c t e d  so  t h a t  f o r  t h e  a p p r o x i m a t i o n  

o f  f u n c t i o n  c = c ( R e ) ,  any o f  t h e  f u n c t i o n s  o f  Eqs ( 6 ) ,  ( 7 ) ,

( 8 )  o r  ( 1 3 )  can  be a p p l i e d .  A l l  t h e  a l t e r n a t i v e s  o f  t h e  c a l c u ­

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

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

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

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

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

be d i s p l a y e d ,  p l o t t e d  and w r i t t e n  a g a i n .

The i n p u t  d a t a  a r e  as f o l l o w s :

-  d e n s i t y  ( 9 )  and  d y n a m i c a l  v i s c o s i t y  ( ^ )  o f  t h e  med ium;

-  d i a m e t e r  ( d )  and  d e n s i t y  ( t  ) o f  t h e  g r a i n ;

-  i n i t i a l  v e l o c i t y  ( v q ) ;

-  l e n g t h  and number  o f  t h e  s t e p  i n t e r v a l s  (max.  3 2 0 ) .

W i t h i n  r e a s o n a b l e  l i m i t s ,  t h e  d a t a  s h o u l d  be g i v e n  i n  S I  

d i m e n s i o n s .  F o r  i n s t a n c e ,  t h e  d e n s i t y  o f  t h e  medium mus t  n o t  be 

n e g a t i v e  and h i g h e r  t h a n  10000 k g / m ^ ,  s i m i l a r l y ,  th e  d e n s i t y  o f  

g r a i n  mus t  n o t  be n e g a t i v e  and e x c e e d  20000 k g / m ^ ,  e t c .

The t i m e  r e q u i r e d  f o r  a p r o b l e m  i s  2 - 5  m i n u t e s .  D u r i n g  

t h i s  t i m e ,  t h e  c o m p u t e r  c a l c u l a t e s  i n  8 0 - 1 0 0  p o i n t s  t h e  v e l o c i ­

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

on s c r e e n .  I n  fe w  a d d i t i o n a l  m i n u t e s ,  i t  w r i t e s  th e  r e s u l t s  on 

p a p e r  t a b u l a r l y  and p l o t s  t h e  d i a g r a m m e s .

I n  case  o f  320 p o i n t s ,  t h e  p l o t t e d  d iagrammes a p p e a r  p r a c ­

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

f e r e n t i a l  e q u a t i o n  ( 1 ) ,  a p p r o x i m a t i o n s  Eqs ( 6 ) ,  ( 7 )  and ( 8 )  

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

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

t i o n  s i n c e  a f t e r  t h e  p r o p e r  m o d i f i c a t i o n  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 ,  one o f  i t s  p a r a m e t e r s  i s  j u s t  v m- A p p r o x i m a t i o n  ( 1 3 )  

o r  t h e  t a b u l a r  p r e s e n t a t i o n  o f  f u n c t i o n  c = c ( R e )  w o u ld  n o t  a l ­

lo w  t h i s .  B u t  f o r  t h e  n u m e r i c a l  s o l u t i o n ,  t h i s  i s  n o t  r e q u i r e d .  

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

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

f a l l i n g  v e l o c i t y  w h i c h  g e t s  soon v i s i b l e  on t h e  s c r e e n .  I t  i s  

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

t h e  s t e p  i n t e r v a l s  n so t h a t  t h e  v e l o c i t y  be p r a c t i c a l l y  c o n ­

s t a n t  even  b e f o r e  t h e  n t h  s t e p .  A f t e r  t h a t ,  i t  i s  n o t  w o r t h  

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

s e l e c t e d  w e l l ,  i t  i s  t o  be changed  i m m e d i a t e l y  a f t e r  t h e  i n t e r ­

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

p ro g r a m m e  be r u n  a g a i n .

The p rogramme i s  h i g h l y  f l e x i b l e  i n  t h e  sense t h a t  d a t a  

can  be changed  by p u s h i n g  a b u t t o n  and  t h u s  t h e  d i f f e r e n t  a l ­

t e r n a t i v e s  can be r u n  w i t h i n  m i n u t e s  and  t h e  r e s u l t s  can be 

c o m p a r e d  i m m e d i a t e l y .  B e s i d e s ,  t h a t  p a r t  o f  t h e  p rogramme t h a t  

s o l v e s  t h e  d i f f e r e n t i a l  e q u a t i o n  can be r e p l a c e d  by a s u b - p r o ­

g ra m  o f  h i g h e r  a c c u r a c y .

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  f a c i l i t a t e d  by c l e a r  a r ­

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

i n s e r t i o n  o f  e x p l a n a t o r y  o r  s u p p l e m e n t a r y  words  ( t e x t s )  a n d ,  

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

t h e  VDU s c r e e n .

4 .  \  NUMERICAL EXAMPLE

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

g r a i n  o f  a d i a m e t e r  o f  d = 0 . 0 5  m and a d e n s i t y  o f  X = 7500 kg/m^

i s  t h r o w n  up w i t h  a v e l o c i t y  o f  v = - 2  m / s .  D e n s i t y  o f  t h e
3 0me d iu m  i s  g =  1000 k g /m  , v i s c o s i t y  i s  ^  = 0.001 k g / m s .

V a l u e s  o f  t h e  v e l o c i t y ,  a c c e l e r a t i o n  and  p a t h  have been c a l c u ­

l a t e d  i n  85 p o i n t s  i n  s t e p s  o f  A t  = 0 . 0 1 2  s.

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

t h e  med ium has been r e g a r d e d  f o r  by r e l a t i o n  ( 1 3 ) .  The 1 s t  

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

c o l u m n s  2 ,  3 and 4 c o n t a i n  t h e  v a l u e s  o f  p a t h ,  v e l o c i t y  and 

a c c e l e r a t i o n .  The c a l c u l a t i o n  has been  made w i t h  t h e  P l - C l  

m e t h o d .

The r e s u l t s  o f  T a b l e  I I  have  a l s o  been  c a l c u l a t e d  w i t h  t h e



LAWS OF MOTION 95

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

i f  c i s  f r o m  E q . ( 1 3 )

N o . cn I—
1 

3 1_1 < 1--
-1 3 СЛ 1_1 a [ "m/s^J

1 0 . 0 0 0 0 0 0 - 2 . 0 0 0 0 0 0 12 .02 2000

2 - 0 . 0 2 3 1 5 2 -1 .85861  6 1 1 .541 920

3 - 0 . 0 4 4 6 3 9 -1 .7 2 2 6 8 4 11 .1135 22

4 - 0 . 0 6 4 5 2 5 -1 .5 9 1 6 1 5 10 .7312 49

1 7 - 0 . 1 9 5 6 0 0 - 0 . 1 4 4 4 8 8 8 .5 19644

1 8 - 0 . 1  96721 - 0 . 0 4 2 3 5 0 8 .5 03404

1 9 - 0 . 1 9 6 6 1 7 0 . 0 5 9 6 6 6 8 .4 99240

20 - 0 . 1 9 5 2 8 9 0 . 1 6 1 5 4 0 8 .4 79735

35 - 0 . 0 3 6 2 0 6 1 .5 4 2 4 6 4 6 .4 08308

36 - 0 . 0 1 7 2 4 2 1 .6 1 8 1 0 2 6 .1 97937

37 0 .0 0 2 6 1 3 1 .691 200 5 .98 5062

38 0.0 23331 1 .761 735 5 .7 70737

54 0 . 4 4 7 5 9 6 2 . 5 6 0 0 7 0 2 .7 34516

55 0 . 4 7 8 5 0 8 2 . 5 9 2 0 1 5 2 .5 89682

82 1 .40441 0 3 . 0 1 4 1 0 6 0 .5 07344

83 1 .44061 5 3 .0 2 0 0 0 7 0 .4 76013

84 1 . 4 7 6 8 8 8 3 . 0 2 5 5 4 2 0 .4 46563

85 1 . 5 1 3 2 2 6 3 .0 3 0 7 3 5 0 .4 18888

P l - C l  m e th od  a s s u m i n g  t h a t  c = 0 .4 3  t h a t  i s ,  by N e w t o n 's  l a w  o f  

r e s i s t a n c e  o f  t h e  medium.

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

v e l o c i t y  and a c c e l e r a t i o n  v a l i d  i f  c = 0 . 4 3  b u t  t h e y  have  been  

c a l c u l a t e d  by p h o r o n o m i c a l  f u n c t i o n s  ( P e t h ő  and Sza rk a  1 9 8 5 )  

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

( 1 ) .
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T a b l e  I I .  V a l u e s  o f  t h e  p a t h  v e l o c i t y  and a c c e l e r a t i o n

i f  c = 0 . 4 3

N o . s [m ] СЛE
1__1> a [ m/ s^  ]

1 0 .0 0 0 0 0 0 - 2 . 0 0 0 0 0 0 1 1 .942000

2 - 0 . 0 2 3 1 5 7 -1 . 8 5 9 4 9 4 1 1 .475638

3 - 0 . 0 4 4 6 6 0 -1 . 7 2 4 2 8 7 1 1 .058921

4 - 0 . 0 6 4 5 6 8 -1 .5 9 3 8 1  3 10 .68 6607

1 7 - 0 . 1 9 6 2 2 4 - 0 . 1 4 8 6 2 7 8 . 5 2 0 9 9 7

1 8 - 0 . 1 9 7 3 9 5 - 0 . 0 4 6 4 7 8 8 . 5038 58

1 9 - 0 . 1 9 7 3 4 0 0 . 0 5 5 5 4 1 8 . 4 9 9 3 4 7

20 - 0 . 1 9 6 0 6 3 0 . 1 5 7 4 2 1 8 . 4 8 0 6 8 8

35 - 0 . 0 3 7 4 9 1 1 . 5 4 2 3 6 0 6 .4 5 6 1 6 7

36 - 0 . 0 1 8 5 2 5 1 . 6 1 8 5 9 1 6 .2 48940

37 0 .0 01341 1 . 6 9 2 3 1 9 6 .0 3 9 0 0 9

38 0 .0 2 2 0 7 6 1 . 7 6 3 5 1 7 5 .8 27406

54 0 .4 4 7 8 8 2 2 . 5 7 4 6 5 0 2 .8 0 1 2 1 4

55 0 . 4 7 8 9 7 4 2 . 6 0 7 3 8 9 2 .655311

82 1 .41 2594 3 . 0 4 4 1  09 0 .5 3 2 7 2 2

83 1 .449161 3 . 0 5 0 3 0 7 0 .5 0 0 2 3 7

84 1 . 4 8 5 7 9 9 3 . 0 5 6 1 2 7 0 .4 6 9 6 7 5

85 1 . 5 2 2 5 0 6 3 .0 6 1 5 9 1 0 .4 4 0 9 2 9

So t h e  r e s u l t s  o f  T a b le s  I I  and  I I I  can be c o m p a r e d .  They 

a r e  i n  a s u r p r i s i n g l y  good a c c o r d a n c e .  I n  T a b le  I I I  t h e  v a l u e s  

h a v e  been c a l c u l a t e d  i n  100 p o i n t s  i n s t e a d  o f  85.  Thus a com­

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

t h e o r e t i c a l  v m = 3 . 1 4 4 3  m/s f a l l i n g  f i n a l  v e l o c i t y  and  f o r  

t h e  d e g r e e  o f  a p p r o x i m a t i o n  p o s s i b l e  by  i n c r e a s i n g  t h e  number
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T a b l e  I I I .  V a l u e s  o f  t h e  p a t h ,  v e l o c i t y  and a c c e l e r a t i o n

c a l c u l a t e d  b y  m eans o f  p h o r o n o m i c  f u n c t i o n s  i f  c = 0 . 4 3

N o . s [ m ] < 1--
-1 3 cn a [ m / s 2 ]

1 0 . 0 0 0 0 0 0 - 2 . 0 0 0 0 0 0 11 .94 2000

2 - 0 . 0 2 3 1 5 2 -1 . 8 5 9 5 4 6 11 .47 5803

3 - 0 . 0 4 4 6 5 0 -1 . 7 2 4 3 8 2 11 .05 9206

4 - 0 . 0 6 4 5 5 6 -1 . 593947 10 .68 6975

1 7 - 0 . 1  96230 - 0 . 1 4 9 0 3 0 8 .521101

1 8 - 0 . 1  97406 - 0 . 0 4 6 8 9 8 8 .5 0 3 8 9 2
1 9 - 0 . 1 9 7 3 5 6 0 . 0 5 5 1 3 5 8 .5 0 4 6 1 4
20 - 0 . 1 9 6 0 8 3 0 . 1 5 7 0 2 3 8 .4 8 0 7 9 6

35 - 0 . 0 3 7 5 3 5 1 . 5 4 2 2 0 3 6 .4 5 6 5 8 5

36 - 0 . 0 1 8 5 6 8 1 . 6 1 8 4 4 2 6 .2 4 9 3 5 6
37 0 . 0 0 1 2 9 8 1 . 6 9 2 1 7 6 6 .0 3 9 4 2 4

38 0 . 0 2 2 0 3 4 1 .7 6 3 3 8 1 5 .8 2 7 8 1 9

54 0 . 4 4 7 8 5 4 2 . 5 7 4 5 3 6 2 .8 0 1 7 1 7

55 0 . 4 7 8 9 4 7 2 . 6 0 7 2 7 5 2 .6 5 5 8 1 9

82 1.412561 3 . 0 4 4 0 3 9 0 .533091

83 1 .4 4 9 1 2 7 3 . 0 5 0 2 3 9 0 .5 0 0 5 9 5
84 1 .4 8 5 7 6 5 3 . 0 5 6 0 6 1 0 .4 7 0 0 2 3

85 1.522471 3 . 0 6 1 5 2 7 0 .4 4 1 2 6 5

99 2 . 0 4 1 5 3 6 3 . 1 1 0 6 1 5 0 .1 8 0 7 0 3

1 00 2 . 0 7 8 8 7 6 3 . 1 1 2 7 1 5 0 .1 6 9 4 6 2

o f  p o i n t s .

I t  i s  w o r t h  m e n t i o n i n g  t h a t  t h e  r e s u l t s  o f  l a b l e s  I  and  I I
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show a f a i r l y  good a c c o r d a n c e ,  t o o .
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In the es t i ma t i on  o f  hydrocarbon reserves,  the  degree of  u n c e r t a in t y  
i s  the f u n c t io n  o f  the qu a n t i t y  and accuracy o f  the data ava i lab le .  U t i l i z ­
ing an ac tu a l  Hungarian example and applying the  p r o b a b i l i t y  curve o f  the  
reserve determined by the Monte-Carlo method, the  authors analyse the e f ­
f e c t  o f  the parameters se rv ing  as bases o f  reserve  determinat ion to  d e f i n e  
the e f f i c i e n c y  o f  the reserve est imates.

Keywords: gas reserve es t imat ion ;  g e o lo g ic a l  reserve f i e l d ;  Monte- 
-Car lo method; Sarkadkeresztur  hydrocarbon

SYMBOLS

G Geo log ica l  gas reserve
Gp Reserve recovered up to  pressure P
Bg Seam vo lumet r i c  f a c t o r  o f  the gas 
Bgi The i n i t i a l  gas seam vo lumetr i c  fa c t o r  
Bw The seam vo lumet r i c  f a c t o r  o f  the water 
We Degree o f  water i n t r u s i o n
Wp The amount o f  water produced w i th  the gas up to  pressure P 
z The de v i a t i on  f a c t o r  o f  the gas
Zi  The i n i t i a l  d e v i a t i on  fa c t o r  o f  the gas 
T Temperature
Tn Temperature o f  the normal cond i t i on  (1 5 . 6 ° )
Pi  The i n i t i a l  format ion  pressure o f  the seam stud ied  
Pn Normal pressure (1.013 bar)
AME m a t e r i a l  balance equat ion

INTRODUCTION

The n a t i o n a l  e c o n o m i c  demand on t h e  r a t i o n a l  e x p l o i t a t i o n

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

t h e  seams i n t o  p r o d u c t i o n  as soon as p o s s i b l e ,  has made i t

Acta Geod. Geoph. Mont. Hung. 24, 1989 
Akadémiai Kiadó, Budapest
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u n a v o i d a b l e  t o  c o n n e c t  t h e  e x p l o r a t i o n  and e x p l o i t a t i o n  p h a s e s .  

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

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

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

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

s i d e r a b l e  d i f f e r e n c e s  can be o b s e r v e d  be tw een  t h e  d a t a  o f  t h e  

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

b a l a n c e  e s t i m a t e s .

The above m e n t i o n e d  d i f f e r e n c e s  make th e  c o m p a r a t i v e  e x ­

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

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

t y  m e t a m o r p h i c  r e s e r v o i r s .  The w e l l  known r e s e r v e  c a l c u l a t i o n  

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

e f f e c t  o f  t h e  " p e r s o n a l  ego"  w h i c h  a f f e c t  t h e  c a l c u l a t i o n  o r  

r e s e r v e s  a re  n a t u r a l  and n e c e s s a r y  as t h e  r e s u l t s  o f  c a l c u l a ­

t i o n s  a r e  e x p e c t e d  t o  be p r o v i d e d  by t h e  r e s e r v o i r  e n g i n e e r  

when h a r d l y  more t h a n  t h e  d a t a  o f  some w e l l s  a re  a v a i l a b l e .  

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

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

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

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

c a n  o n l y  be c a t e g o r i z e d  i n t o  t h e  f o l l o w i n g  g r o u p s :  " c e r t a i n " ,  

" p r o b a b l e "  and " p o s s i b l e " .  W i t h  r e g a r d  t o  a p a r t i c u l a r  seam,  

t h e  q u a n t i t y  o f  t h e  r e s e r v e s  c o n s i d e r e d  as " c e r t a i n " ,  " p r o b a b l e "  

and  " p o s s i b l e "  n a t u r a l l y  c a n n o t  be u n e q u i v o c a l l y  f o r m u l a t e d  t h e  

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

g o r i z a t i o n  :

a )  O n l y  o b s e r v a t i o n s  and m e a s u r e m e n ts  c o n n e c t e d  t o  t h e  t e s t  

w e l l s  a r e  t a k e n  as a b a s i s  o f  t h e  e v a l u a t i o n  o f  t h e  p r o b a b l e  

and p o s s i b l e  r e s e r v e s .

b )  The p a r a m e t e r s  a r e  t a k e n  i n t o  a c c o u n t  w i t h  t h e i r  a v e r a g e  and 

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

met hod  o f  d e t e r m i n a t i o n  ( l a b o r a t o r y - g e o p h y s i c s ) .

I n d i v i d u a l  r e s e r v e  c a l c u l a t i o n  d a t a  c o n t a i n  a l a r g e  number 

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

a r e  a n c i e n t  p r o b l e m s  o f  n a t u r a l  s c i e n c e .  The q u e s t i o n  was asked  

a l o n g  t i m e  ago :  "how i s  i t  p o s s i b l e  t o  e q u a l i z e  t h e  u n a v o i d a b l e
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e r r o r s  o f  m e a s u r e m e n t s ,  o b s e r v a t i o n s  so t h a t  t h e  most  p r o b a b l e  

v a l u e s  be o b t a i n e d ? "  A p o s s i b l e  a n s w e r  t o  t h e  q u e s t i o n  i s  g i v e n  

by t h e  metho d  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 s .  I t  s h o u l d  o n l y  be 

m e n t i o n e d  i n  b r i e f  t h a t  t h e  b a s i c  i d e a  comes f r o m  Jacob 

B e r n o u i l l i - ,  P a s c a l  a p p l i e d  i t  i n  p r a c t i c e  i n  case o f  games.

I t s  f u r t h e r  d e v e l o p m e n t  i s  f o u n d  i n  G a u s s ' s  m a t h e m a t i c a l  s t u d ­

i e s ,  h i s  b e s t  known f o r m u l a t i o n s  a r e  t h e  " G a u s s i a n  c u r v e "  and 

t h e  " n o r m a l  c u r v e  o f  e r r o r  f r e q u e n c y " .  The above  methods  w h i c h  

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

when t h e  s y s t e m  does  n o t  a l l o w  an a c c u r a t e  o b s e r v a t i o n  o f  t h e  

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

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

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

o f  t h e  h y d r o c a r b o n  r e s e r v e  o f  t h e  S a r k a d k e r e s z t u r  f i e l d  i s  d e ­

s c r i b e d  w i t h  a method  w h i c h  t a k e s  i n t o  c o n s i d e r a t i o n  t h e  p r o b ­

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

b l e  i n  t h e  r e s e r v e  e s t i m a t i o n  r e s u l t i n g  f r o m  t h e  e r r o r  made.

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

r e g i o n  o f  S a r k a d k e r e s z t u r  s t a r t e d  i n  1 9 7 6 .  The r e c o n n a i s s a n c e  

s u r v e y  r e p o r t  made on t h e  b a s i s  o f  t h e  r e s u l t s  o f  e x p l o r a t i o n  

d e t e r m i n e d  a C, c a t e g o r y  c a p -  and d i s s o l v e d  gas r e s e r v e  o f  1 0 . 2
3 *

b i l l i o n  m . The f i e l d  i s  l o c a t e d  a t  t h e  R o u m a n i a n - H u n g a r i a n  

b o u n d a r y  s t r i k i n g  i n  E a s t - W e s t  d i r e c t i o n ,  i t  i s  11 km l o n g ,

2 km w i d e .  The e t a g e  h e i g h t  o f  t h e  seam i s  360 m. I t s  r e g i o n a l  

l o c a t i o n  and g e o l o g i c a l  s e c t i o n  and p r o f i l e  a r e  shown i n  F i g s  1 

and 2 .

F ig .  1. S t r u c t u r a l  map on top o f  the Sarkadkeresztur seam
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Fig.  2. Sarkadkeresztur  -  Ou t l i ned  geo logica l  p r o f i l e

1 .  DETERMINATION OF THE GEOLOGICAL RESERVE

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

a h y d r o c a r b o n  f i e l d .  F i g u r e  3 shows t h e  r e s e r v e  d e t e r m i n a t i o n  

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

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

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

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

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

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

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

a c c u r a t e  r e s e r v e  d e t e r m i n a t i o n  as t h e  numbers  o f  t h e  d a t a  i n ­

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

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

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

I r r e s p e c t i v e  o f  t h e  method  o f  r e s e r v e  d e t e r m i n a t i o n ,  i t  i s  

e v i d e n t  t h a t  each  o f  t h e  b a s i c  d a t a  ha s  e r r o r s  t o  some d e g r e e .  

The e f f e c t  o f  u n c e r t a i n t y  o f  t h e  b a s i c  p a r a m e t e r  on t h e  r e s e r v e  

d e t e r m i n a t i o n  can be e x p r e s s e d  w i t h  a s o - c a l l e d  " r e s e r v e  p r o b ­

a b i l i t y  c u r v e "  ( M a y e r - G ü r r  1976)  ( F i g .  4 ) .

The p r o b a b i l i t y  c u r v e  can be d e t e r m i n e d  w i t h  t h e  Monte -Car lo  

m e t h o d .

2 .  APPLICATION OF THE MONTE-CARLO METHOD

The r e l i a b i l i t y  o f  t h e  i n d i v i d u a l  d a t a  u t i l i z e d  f o r  t h e



ESTIMATE OF GAS RESERVE 1 03

Fig. 3.

Fig.  4.

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

w i t h  i t s  d i s t r i b u t i o n  a ro u n d  an e x p e c t e d  v a l u e .  The more u n ­

c e r t a i n  a b a s i c  d a t a  i s ,  t h e  " s m o o t h e r "  i s  t h e  d i s t r i b u t i o n  

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

d a t a  ( p o r o s i t y ,  a v e r a g e  p r e s s u r e , s e a m - v o l u m e t r i c  f a c t o r ) ,  t h e i r  

mo s t  p r o b a b l e  min imum and maximum v a l u e s  can  be e s t i m a t e d  by 

t h e  r e s e r v o i r  e n g i n e e r i n g  p r a c t i c e  o r ,  i n  c e r t a i n  c a s e s ,  i n  

p o s s e s s i o n  o f  t h e  r e q u i r e d  number o f  d a t a  t h e y  can be d e t e r m i n e d .



R DRÁGOSSY e t  a l .1 04

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

s e r v e  can  be p e r f o r m e d  by t h e  M o n t e - C a r l o  method .  The b a s i s  o f  

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

i n  t h e  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  and th e  " e r r o n e o u s "  d a t a  

a r e  u s e d  f o r  t h e  r e s e r v e  d e t e r m i n a t i o n .  I f  th e  method i s  r e ­

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

t h e  r e s e r v e  w i l l  be o b t a i n e d ;  t h e i r  d i s t r i b u t i o n  depends  on t h e  

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

t h e  r e l a t i o n s  a p p l i e d .

W a l s t r o m  and M u e l l e r  ( 1 9 6 7 )  recommend t h e  a p p l i c a t i o n  o f  

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

t h e  r e s e r v o i r - e n g i n e e r i n g  p r o b l e m s  w i t h  t h e  M o n t e - C a r l o  m e t h o d  

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

g e n e r a t i o n  o f  t h e  rand om numbers o f  u n i f o r m  d i s t r i b u t i o n  com­

p u t e r s  have  b u i l t - i n  f u n c t i o n  and g e n e r a t e  R^ random numb er  i n  

t h e  r a n g e  be tw een 0 -  1.

By d e n o t i n g  t h e  v a l u e  ra nge  o f  an y  o f  t h e  p a r a m e t e r s  w i t h  

X • , X , t h e  e x p e c t e d  v a l u e  w i t h  X „ , , „ „ ,  t h e  t r i a n g u l a r  d i s -

t r i b u t i o n  f o r  t h e  g i v e n  v a l u e  r a n g e  ca n  be o b t a i n e d  f r o m  t h e  

u n i f o r m  d i s t r i b u t i o n  b e tw e e n  0-1 w i t h  t h e  f o l l o w i n g  f u n c t i o n s :

X i  = ^ 2Ri - ] )  ( X a v e r - Xmin> + Xav e r^ i f  Ri  > 0 .5

and CO

* i  ■ < '  -  a n - V )  *  * a v e r ’ l f  Ri  ■= ° - 5 •

The r e s e r v e  p r o b a b i l i t y  c u r v e  c a n  be o b t a i n e d  by a r r a n g i n g  

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

t h e i r  s u b s e q u e n t  i l l u s t r a t i o n .  The s m o o t h e r  t h e  c u r v e  o b t a i n e d  

i s ,  t h e  more u n c e r t a i n  i s  t h e  v a l u e  o f  t h e  r e s e r v e ,  i n  a t h e o ­

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

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

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

r e s e r v e  o f  t h e  f i e l d  can  be re a d  o f f  d i r e c t l y  w i t h  t h e  50 % 

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

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

i n t e g r a t e d  a v e r a g e  can  be a p p r o x i m a t e d  w i t h  a s u f f i c i e n t  a c ­

c u r a c y  as t h e  a r i t h m e t i c a l  a v e r a g e  o f  t h e  v a l u e s  b e l o n g i n g  t o
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t h e  10,  3 0 ,  50,  70 and 90 p e r c e n t  p r o b a b i l i t i e s ,  t h a t  i s

G10 *  G30 *  G50 *  G70 + G90 m
Ge s t i m a t e d  5

3. BASIC DATA

The rang e  o f  t h e  b a s i c  d a t a  a v a i l a b l e  f o r  t h e  r e s e r v e  e s ­

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

m e n t .  A f t e r  t h e  d e l i m i t a t i n g  b o r e h o l e s  have  been d r i l l e d ,  t h e  

g e o l o g i c a l - g e o p h y s i c a l  d a t a  as w e l l  as t h e  o b s e r v a t i o n  c o n c e r n ­

i n g  t h e  p o s s i b l e  g a s - w a t e r  boundary a l lows the de te rminat ion o f  t h e  

r o c k  v o lu m e  c o n t a i n i n g  t h e  g e o l o g i c a l  r e s e r v e .  S i n c e  t h e  p o s i ­

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

t h e  a c c u r a c y  o f  t h e  r o c k  vo lume i s  i n  c ase  o f  seams w i t h  w a t e r  

phase  t h e  f u n c t i o n  o f  t h e  a c c u r a c y  o f  t h e  g a s - w a t e r  b o u n d a r y .

I n  case  o f  t h e  f i e l d  S a r k a d k e r e s z t u r , t h e  i n i t i a l  g a s - w a ­

t e r  b o u n d a r y  was f o u n d  i n  2846 m, t h e  r o c k  vo lu m e  b e l o n g i n g  t o  

i t  i s  2 . 0 7 7  X 10^ m^. An e r r o r  o f  +2 m i n  t h e  g a s - w a t e r  b o u n d a r y  

p o s i t i o n  r e s u l t s  i n  a r o c k  vo lume e r r o r  o f  +J . 3 p e r c e n t  on t h e  

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

The d e t e r m i n a t i o n  o f  p o r o s i t y  i s  made on t h e  b a s i s  o f  l a b ­

o r a t o r y  and g e o p h y s i c a l  d a t a .  B e f o r e  S e p t e m b e r  1979 l a b o r a t o r y  

t e s t s  w ere  p e r f o r m e d  on 35 c o r e  s a m p l e s ,  t h e  v a l u e s  measu re d  

r a n g e d  f r o m  0 . 7 8  t o  8 . 3  p e r c e n t  w i t h  an a r i t h m e t i c a l  mean o f  

1 . 9  p e r c e n t .

On t h e  b a s i s  o f  t h e  i n t e r p r e t a t i o n  o f  w e l l - l o g g i n g  r e s u l t s ,  

t h e  w e i g h t e d  a v e r a g e  v a l u e  o f  t h e  p o r o s i t y  i s  5 .11 p e r c e n t .

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

r a t o r y  me asu re m en ts  f r o m  2 2 . 9  t o  9 3 . 4  p e r c e n t ,  on t h e  a v e r a g e

6 8 . 2  p e r c e n t  -  w h i l e  t h e  w e i g h t e d  a v e r a g e  on t h e  b a s i s  o f  t h e  

w e l l - l o g g i n g  m e a s u r e m e n ts  i s  50 p e r c e n t .

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

p e r f o r m e d  on t h e  b a s i s  o f  t h e  m ea su r e m e n ts  by NKFV ( P e t r o l e u m  

and N a t u r a l  Gas P r o d u c t i o n  Company N a g y a l f ö l d )  and by OGIL 

( R e s e a r c h  L a b o r a t o r y  f o r  O i l  and Gas I n d u s t r y ) .  The l o w e s t  

v a l u e  measured was 3 0 5 . 8  b a r ,  t h e  l a r g e s t  one 3 2 4 . 0  b a r .  The
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m e a s u r e d  v a l u e s  t a k e n  i n t o  c o n s i d e r 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  ave ra ge  p r e s s u r e  r a n g e  f r o m  3 2 1 . 0  t o  3 2 4 . 2  b a r  ( t h e  

a v e r a g e  v a l u e  was 3 2 2 . 2  b a r  a t  2846 m ) .

Due t o  t h e  g r e a t  e t a g e  h e i g h t ,  t h e  v a l u e  o f  t h e  f o r m a t i o n  

t e m p e r a t u r e  v a r i e s ,  t h e  a v e r a g e  v a l u e  i s  152°C.

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

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

t h e  m o i s t u r e  c o n t e n t .  The p r o c e s s i n g  showed t h a t  t h e  c o m p o s i ­

t i o n  r e s u l t i n g  f r o m  t h e  f o r m a t i o n  m e a su r em en t  and t h e  m o i s t u r e  

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

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

p l o i t a t i o n  d a t a .

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

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

v o l u m e  f a c t o r  В , r a n g e s  be tw een 0 .0 0 4 6 6 6  m'’ /т '1 and 0 .0 0 4 7 1  8 
3 3 9 1

m /m what means an e r r o r  o f  + 0 .5  % p e r c e n t  b e i n g  n e g l i g i b l e .

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

a v a i l a b l e  i n  a d d i t i o n  t o  t h e  d a t a  u t i l i z e d  f o r  t h e  i n i t i a l  r e ­

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

s u r e  measured a n n u a l l y ,  d a t a  o f  w a t e r  s a t u r a t i o n  m easu re d  p e r i ­

o d i c a l l y .

4 .  CHANGE OF THE PROBABILITY CURVE ON THE BASIS OF VOLUMETRIC 

RESERVE ESTIMATE

F o r  th e  v o l u m e t r i c  r e s e r v e  e s t i m a t e  o f  t h e  S a r k a d k e r e s z t u r  

f i e l d ,  t h e  f o l l o w i n g  d a t a  have  been a p p l i e d :  

r o c k  vo lume:  2 . 0 7 7  • 10^ m3 _+l . 3 p e r c e n t

p o r o s i t y :  l a b o r a t o r y :  0 . 7 8  p e r c e n t  -  1 . 9  p e r c e n t  -  8 .3 1  p e r ­

c e n t

g e o p h y s i c s :  0 . 7 8  p e r c e n t  -  5 .11  p e r c e n t  -  8 .31 

p e r c e n t

w a t e r  s a t u r a t i o n :  l a b o r a t o r y :  2 2 .9  p e r c e n t  -  6 8 . 2  p e r c e n t  -

-  9 3 . 4  p e r c e n t

g e o p h y s i c s :  2 2 . 9  p e r c e n t  -  50 p e r c e n t  -

-  9 3 . 4  p e r c e n t

i n i t i a l  s e a m - v o l u m e t r i c  f a c t o r :  0 . 0 0 4 6 6 6  m'Vm'5 -
-  0 . 0 0 4 7 1 8  m3/ m 3 .
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The l i m i t i n g  v a l u e s  o f  t h e  p o r o s i t y  and w a t e r  s a t u r a t i o n  

m easur ed  i n  l a b o r a t o r y  were t a k e n  i n t o  a c c o u n t  t o g e t h e r

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

f o r m  d i s t r i b u t i o n  has  been a t t r i b u t e d  t o  t h e  i n i t i a l  s e a m - v o l ­

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

p o se d  t o  be o f  t r i a n g u l a r  d i s t r i b u t i o n .  The r e s e r v e  p r o b a b i l i t y  

c u r v e  has been d e t e r m i n e d  on t h e  b a s i s  o f  25 0 0 -2 5 0 0  c a l c u l a ­

t i o n s  each u s i n g  on t h e  one hand t h e  g e o p h y s i c a l ,  on t h e  o t h e r  

hand  t h e  l a b o r a t o r y  d a t a  a p p l y i n g  i n  b o t h  cases  t h e  same e r r o r  

t o  t h e  r o c k - v o l u m e t r i c  and t h e  s e a m - v o l u m e t r i c  f a c t o r s .  The r e ­

s e r v e  p r o b a b i l i t y  c u r v e  t h u s  o b t a i n e d  i s  shown i n  F i g .  5.

F ig .  5.

T he re  i s  a c o n s i d e r a b l e  d i f f e r e n c e  be tw een  t h e  f a l l i n g  

edges  o f  t h e  two  c u r v e s  i f  l a b o r a t o r y  o r  g e o p h y s i c a l  d a t a  a r e  

a p p l i e d .

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

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

4 . 2  X 1 09 m5 , w h i l e
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t h e  same v a l u e  d e t e r m i n e d  on t h e  b a s i s  o f  g e o p h y s i c a l  d a t a  i s

1 0 . 2  X 1o9 m3 .

Thus  b o t h  c u r v e s  show a v e r y  g r e a t  r e s e r v e  u n c e r t a i n t y .

C o n s i d e r i n g  t h a t  t h e  b e a r i n g  r o c k  i s  w e a t h e r e d  and t h e  

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

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

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

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

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

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

i n  F i g .  3.

5 .  DETERMINATION OF THE GEOLOGICAL RESERVE WITH THE MATERIAL-  

-BALANCE METHOD

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

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

h e r e n t  w a t e r  and t h e  p o r e - s p a c e ,  can be w r i t t e n  i n  t h e  f o l l o w ­

i n g ,  s i m p l e  f o r m :

■ W  * ( ! )

S u b s t i t u t i n g  t h e  r e l a t i o n  f o r  t h e  seam vo lume f a c t o r :

В
9

a z ■ T 
P

( w h e r e  a = — ) 
n

and u s i n g  th e  a p p r o x i m a t i o n  В = 1, Eq.  ( 3 )  g e t s  t h e  f o l l o w i n g  

f o r m  :

£  = 
z z • 1

W -W_ „_£__£ £
G - a -T z ( 4 )

Assum in g  a c l o s e d  r e s e r v o i r  t h e  e q u a t i o n  i n  t h e  c o o r d i n a t e  

s y s t e m  p / z  = f ( G  ) y i e l d s  a s t r a i g h t - l i n e  t h e  i n t e r s e c t i o n  

p o i n t  o f  w h ic h  w i t h  t h e  h o r i z o n t a l  a x i s  p r o v i d e s  t h e  i n i t i a l  
r e s e r v e  v a l u e .
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I f  t h e  r e s e r v o i r  i s  n o t  c l o s e d ,  i . e .  i f  t h e r e  i s  a w a t e r  

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

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

The H a v le n a - O d e h  f o r m  o f  t h e  m a t e r i a l - b a l a n c e  e q u a t i o n  

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

s e r v e  and t h e  d e g r e e  o f  w a t e r  i n f l o w ,  w h i c h  r e a r r a n g i n g  Eq .  ( 3 )  

and by t h e  a s s u m p t i o n  Bw = 1 w i t h  t h e  p r o p e r l y  s e l e c t e d  w a t e r -  

- b o d y  p a r a m e t e r s  g e t s  t h e  f o r m :

9 g i
G

g i
( 5 )

i . e .  a s t r a i g h t  l i n e .

Fo r  t h e  e v a l u a t i o n  o f  t h e  p o s i t i o n  o f  m i n i n g  o f  t h e  S a r -  

k a d k e r e s z t u r  f i e l d  p e r f o r m e d  a t  t h e  D e p a r t m e n t  o f  P e t r o l e u m  

R e c o v e r y  i n  1985 ,  Eq.  ( 5 )  has been a p p l i e d  a f t e r  r e a r r a n g i n g :

G +
W -  W 

e P 
В -  В .

g g i
( 6 )

w h i c h  fo r m  h i n t s  a t  t h e  f o l l o w i n g  f u n c t i o n  r e l a t i o n :

G • В
__ E____2_ = )
В -  В . I l -b p ;

g g i
( 7 )

As t h e  se co nd  t e r m  on t h e  r i g h t  s i d e  o f  Eq. ( 6 )  b e f o r e  

s t a r t i n g  p r o d u c t i o n  e q u a l s  z e r o ,  s i n c e  t h e n  no w a t e r  c o u l d  f l o w  

i n t o  t h e  seam (Wg = 0 ) ,  and w a t e r  c a n n o t  be p r o d u c e d  e i t h e r  

(Wp = 0 )  t h e r e f o r e  i f  t h e  r e l a t i o n  w r i t t e n  on t h e  l e f t  s i d e  o f  

Eq.  ( 7 )  i s  e x t r a p o l a t e d  b a c k w a r d s  up t o  Gp = 0 ,  t h e  v a l u e  o f  G 

i s  o b t a i n e d  as t h e  l i m i t  v a l u e  o f  Eq.  ( 6 ) .

I n  t h e  f o r t h c o m i n g ,  we r e v i e w  t h e  g e o l o g i c a l  r e s e r v e  va lues  

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

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

o f  t h e  p r o d u c e d  gas o u t p u t  ( F i g s  6 ,  7 ) .

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

e r r o r  i n  t h e  d e t e r m i n a t i o n  o f  t h e  v a l u e s  o f  t h e  r e s e r v e  w h i c h
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Fig. 6.

F ig.  7.

i s  p r o b a b l e  on t h e  b a s i s  o f  t h e  p r e s e n t  k n o w l e d g e .  Flere we r e ­

f e r  b a c k  t o  the  c u r v e s  sh o w n  i n  F i g .  5 w h i c h  have  been d rawn 

on t h e  b a s i s  o f  t h e  d a t a  known i n  1977 .  On t h e  b a s i s  o f  F i g s  

6 - 7 ,  a c c o r d i n g  t o  t h e  p r e s e n t  k n o w le d g e ,  a g a s  r e s e r v e  o f  

4 . 3 - 4 . 9  b i l l i o n  i s  p o s s i b l e  wh ich  c o m p a r e d  w i t h  th e  1 977 d a t a  
p r o v e s  t h e  a s s u m p t i o n  t h a t  l a b o r a t o r y  d a t a  r e s u l t e d  i n  t h e
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u n d e r e s t i m a t i o n ,  g e o p h y s i c a l  d a t a  i n  t h e  o v e r e s t i m a t i o n  o f  t h e  

a c t u a l  r e s e r v e .  C o n s i d e r i n g  t h e  m easu re me nts  p e r f o r m e d  on n o t  

more  t h a n  35 c o re  s a m p l e s ,  i t  i s  p o s s i b l y  a c o i n c i d e n c e ,  n e v e r ­

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

l a b o r a t o r y  d a t a  has much l e s s  e r r o r  t h a n  t h a t  d e t e r m i n e d  w i t h  

t h e  g e o p h y s i c a l  d a t a .

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

m i n a t i o n ,  i t  i s  p o s s i b l e  t o  use  t h e  M o n t e - C a r l o  s i m u l a t i o n  

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

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

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

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

i n  r e s e r v e  d e t e r m i n a t i o n  can  be exami ned  i n  t h e  f u n c t i o n  o f  t h e  

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

f o r m a t i o n  a v a i l a b l e .

O m i t t i n g  f r om  Eq.  ( 4 )  t h e  Wg t e r m  r e p r e s e n t i n g  w a t e r  i n ­

f l o w  one ha s :

P • 1 W
£  = —  i -  1 ( G  + .z z i  G p Bg '

The above  fo r m  o f  t h e  e q u a t i o n  has been  used  t o  s t u d y  t h e  

e f f e c t  o f  t h e  e r r o r  made i n  t h e  r e s e r v e  e s t i m a t e .  U s i n g  t h e  

same 2500 c a l c u l a t i o n s  a p p l i e d  f o r  t h e  v o l u m e t r i c  e s t i m a t e ,  t h e  

f o l l o w i n g  a l t e r n a t i v e s  have  been e x a m i n e d :

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

t i o n  p r e s s u r e  m e a s u r e m e n t s  i s  +_2 b a r ,  t h e  m e a s u r i n g  a c c u r a c y  

o f  t h e  vo lu me s  r e c o v e r e d :  _+2 p e r c e n t .

b )  E r r o r  o f  t h e  a v e r a g e  p r e s s u r e  i s  _+l b a r ,  t h e  m e a s u r i n g  a c ­

c u r a c y  o f  t h e  am oun ts  r e c o v e r e d :  +1 p e r c e n t .

I n  b o t h  cases  we e x a m i n e d  t h e  e f f e c t  o f  t h e  i n c r e a s i n g  

numb er  o f  d a t a  on t h e  shape  o f  t h e  r e s e r v e  p r o b a b i l i t y  c u r v e ,

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

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

1 9 7 9 ,  t o g e t h e r  w i t h  t h e  r e l e v a n t  p r o d u c t i o n  d a t a ,

1 9 7 9 - 8 0 ,

1 9 7 9 - 8 2 ,
1 9 7 9 - 8 4 ,
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T a b le  I

Time Gas o u tp u t Calculated reserve Method o f  de te r -

(year) (10y m3 ) CIO9 m3) minat ion

1977 0 10.2 (KV) vo lumet r ic

December 1978 0.073 8.98 (KV) vo lumet r ic

September 1979 0.255 7-7.5 (NKFV) M a te r i a l  balance 
We = 0 f e l t

August 1980 0.468
Reserve m o d i f i c a ­
t i o n  not  j u s t i f i e d  

(SZKFI)

Ma te r i a l  balance 
We 0

4.3 (NME) Ma te r i a l  balance 
We 0

September 1982 1 .63 4.9 (SZKFI) Ma te r i a l  balance 
We 0

November 1983 2 .43 4.3 (NKFV) M a te r i a l  balance 
We

October 1985 3.256 4.9 (NME) L i m i t  value of  
AME

KV -  Petroleum Company
NKFV -  Petroleum and N a tu ra l  Gas Product ion Company Nagyal fö ld 
SZKFI -  Research and Development I n s t i t u t e  f o r  Hydrocarbons 
NME -  Technical  U n i v e r s i t y  fo r  Heavy In d u s t ry

Th e  r e s u l t s  o b t a i n e d  a r e  p r e s e n t e d  i n  F i g s  8 - 9 .

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

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

i t  i s  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  t h e  t e n d e n c i e s .  W i t h  

t h e  advancement  o f  t i m e  and p r o d u c t i o n  t h e  u n c e r t a i n t y  o f  t h e  

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

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

I n  F i g s  8-9 f r o m  t h e  p r o b a b i l i t y  c u r v e s  made by u s i n g  t h e  1979 

d a t a ,  t h e  r e s e r v e  maximum e s t i m a t e d  a c c o r d i n g  t o  Eq. ( 2 )  i s  

5 . 7  b i l l i o n  m3 -  and  s i n c e  t h e  f a c t  o f  t h e  w a t e r  i n f l o w  i s  

k n o w n ,  i . e .  t h e  a c t u a l  r e s e r v e  can o n l y  be s m a l l e r  t h a n  t h a t  -  

e v e n  f r om  t h e s e  d a t a  i t  c o u l d  have been  s u g g e s t e d  t h a t  t h e  r e ­

s e r v e  e s t i m a t e s  a t  t h a t  t i m e  were o v e r o p t i m i s t i c . The s h i f t  o f  

t h e  c u r v e  r e f e r r i n g  t o  l a t e r  t i m e s  t o w a r d s  g r e a t e r  r e s e r v e  i s
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F ig .  8.

F ig .  9.

due t o  t h e  i n c r e a s e d  q u a n t i t y  o f  t h e  w a t e r  i n f l o w .
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6 .  SUMMARY

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

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

t h e  r e s e r v e  d i s c o v e r e d .  I n  t h e  p r e s e n t  s t u d y  we have t r i e d  t o  

a n s w e r  t h e  q u e s t i o n  t o  w h a t  deg re e  t h i s  u n c e r t a i n t y  i s  n e c e s ­

s a r y  and u n a v o i d a b l e  and w h e t h e r  i t  can  be r e d u c e d .  By u s i n g  

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

t i c e ,  we i l l u s t r a t e d  w i t h  t h e  examp le  o f  t h e  S a r k a d k e r e s z t u r  

n a t u r a l  gas f i e l d  t h a t  even  i n  case  o f  c a r e f u l  and p r e c i s e  e n ­

g i n e e r ' s  w o r k ,  t h e  u n c e r t a i n t y  o f  t h e  i n i t i a l  e s t i m a t e s  i s  u n ­

a v o i d a b l e ,  a t  t h e  same t i m e  we p r o v e d  t h a t  by u s i n g  t h e  p r o b a ­

b i l i t y  c u r v e ,  t h e  d e g r e e  o f  u n c e r t a i n t y  ca n  be e s t i m a t e d  and by 

u s i n g  c a r e f u l l y  t h e  d a t a  a v a i l a b l e ,  i t  can  even  be r e d u c e d .
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Forecas t ing o f  dangers has been a s u b s t a n t i a l  problem o f  mining f o r  
ce n tu r ie s .  Automat ic fo recas t i ng  using measurement data associated w i t h  mine 
dangers i s  a new p o s s i b i l i t y  enabled by the widespread use o f  computers.
This paper p rovides a perspec t ive  o f  fo r e c a s t i n g  through examples o f  methane 
emission es t ima t io n .  A f t e r  a shor t  i n t r o d u c t i o n  d e f i n in g  the basic n o t i o n s  
o f  danger,  fo re c a s t i n g ,  and computer t h e i r  r e l a t i o n  i s  examined. The use o f  
d i f f e r e n t i a l  equat ions f o r  methane emission a na ly s is  ié  b r i e f l y  rev iewed and 
a p r o p o s i t i o n  i s  o u t l i n ed  f o r  a new fo rm u la t i on  o f  the product ion schedu l ing  
problem f o r  gassy coal  mines. This fo rm u la t i on  has been used i n  the genera­
t i o n  o f  l ong-term emission fo r ecas ts ,  and i t  r e f l e c t s  i n te ra c t io n s  w i t h  
o ther  mine dangers (e . g .  gas ou tburs ts  o r endogenous f i r e s )  through e x t r a  
c o n s t r a in t s  o r  sequencing i n  model fo rm u la t i on  and so lu t i on  on computers.
The methane fo r eca s t i ng  i s  suggested to  be performed through coopera t ion  o f  
separa te ly  developed models. Separat ion i s  p o ss i b le  because o f  l a rg e  d i f ­
ferences i n  emission dynamics, due to  d i f f e r e n t  mining processes which ac­
company the emission o f  methane. The s t r u c t u r e  o f  a mine f i e l d  i s  used i n  
long- te rm,  the f a i l u r e  o f  rocks and p roduc t ion  dynamics in  medium-term, and 
the coal  clearance and v e n t i l a t i o n  parameters i n  short - te rm fo r e c a s t i n g .
Data genera t ion  problems and comparison o f  fo recas ted  var iab les  w i t h  a c tu a l  
data through examples are discussed.

Keywords: coal  mines; danger; endogenous f i r e s ;  forecas t ing ;  gas o u t ­
b u rs t ;  methane emission

1.  DANGERS, FORECASTS AND COMPUTERS

D anger  i s  d e f i n e d  as a s u b s p a c e  o f  s t a t e - v a r i a b l e s  i n  t h e  

s t a t e - s p a c e  o f  mine w o r k i n g s .  The s u b s p a c e  i s  c o n s t r u c t e d  by 

r u l e s  on t h e  s t a t e  v a r i a b l e s .  Mos t  common ru les  a re  d e f i n e d  by 

i n t e r v a l s  on t h e  v a r i a b l e s .  F o r e c a s t i n g  i s  used  i n  t h i s  p a p e r  

i n  s uch  c a s e s ,  when mos t  o f  t h e  v a r i a b l e s  a r e  measured a u t o m a t ­

i c a l l y  and f o r  s t a t e  e s t i m a t i o n  a m a t h e m a t i c a l  model  has been  

d e v e l o p e d .  F o r e c a s t i n g  by c o m p u t e r s  means t h a t  e s t i m a t i o n  o f

Acta Geod. Geoph. Mont. Hung. 24, 1989 
Akadémiai Kiadó, Budapest
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f u t u r e  s t a t e s  can  be done a u t o m a t i c a l l y  and w i t h i n  a s h o r t  t i m e  

p e r i o d .  C o m p u te r s  f o r  f o r e c a s t i n g  m i n i n g  p r o c e s s e s  have  t o  be 

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

A more s o p h i s t i c a t e d  method f o r  a n a l y s i s  o f  mine d a n g e r s  

ca n  be p e r f o r m e d  u s i n g  n o t i o n s  o f  s a f e t y  and r e l i a b i l i t y  a n a l y ­

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

a n a l y s i s  s a f e t y ,  s e c u r i t y  and a v a i l a b i l i t y  a re  t h e  mos t  b a s i c  

on e s  and t h e y  ha ve  t o  be d e s c r i b e d  i n  more  d e t a i l .  T h e i r  d e f i n i ­

t i o n s  a c c o r d i n g  t o  t h e  " E u ro pean  P u r d u e  W orks hop"  TC " S a f e t y  

and S e c u r i t y "  ( F r e y  1 9 7 9 ) :

S a f e t y :  a v o i d a n c e  o f  o r  p r o t e c t i o n  a g a i n s t ,  d a n g e r  t o  l i f e  

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

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

e r  a c c i d e n t a l  o r  d e l i b e r a t e  t o  an i n s t a l l a t i o n  o r  t o  t h e  p l a n t  

w h i c h  i t  c o n t r o l s .

R e l i a b i l i t y :  t h e  a b i l i t y  o f  an i t e m  t o  p e r f o r m  a r e q u i r e d  

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

By u s i n g  t h e s e  d e f i n i t i o n s  we can  s t a t e  t h a t  o u r  g o a l  i n  

m i n e  management  i s  t o  a s s u r e  r e l i a b l e  m i n i n g  o p e r a t i o n s  p r o ­

t e c t i n g  a g a i n s t  m i n e  d a n g e r s  by m a i n t a i n i n g  s e c u r i t y  m e a s u r e s  

( S z i r t e s  1 9 8 6 a ) .  B e s i d e s  some h a r d w a r e d  schemes c o s t  e f f e c t i v e  

s e c u r i t y  can be a s s u r e d  by c o m p u t e r - a i d e d  f o r e c a s t i n g  o f  m i ne  

d a n g e r s  u s i n g  b o t h  m i ne  s u r v e y  and m e a s u r e m e n t  d a t a  and f o r e ­

c a s t i n g  s o f t w a r e .

The mos t  i m p o r t a n t  f a c t o r s  i n  f o r e c a s t i n g  model  s e l e c t i o n  

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

-  The t i m e  h o r i z o n  f o r  d e c i s i o n  m a k i n g :  i m m e d i a t e - ,  s h o r t - ,  

med ium-  and l o n g - t e r m .

- T h e  p a t t e r n  o f  d a t a :  s e a s o n a l ,  h o r i z o n t a l ,  t r e n d  ( n o n - s t a t i o n -  

a r y ) ,  c y c l i c a l ,  o r  random.

-  The t y p e  o f  m o d e l  d e s i r e d :  t i m e  s e r i e s  o r  c a u s a l .

-  The v a l u e  o f  t h e  f o r e c a s t ,  and t h u s  t h e  amount  o f  t i m e  and 

money t h a t  can  be s p e n t  i n  o b t a i n i n g  i t .

-  The a c c u r a c y  t h a t  i s  r e q u i r e d  and j u s t i f i e d .

-  The c o m p l e x i t y  t h a t  can be t o l e r a t e d .

-  The a v a i l a b i l i t y  o f  h i s t o r i c a l  d a t a .

The c e n t r a l  theme o f  q u a n t i t a t i v e  t e c h n i q u e s  o f  f o r e c a s t ­

i n g  i s  t h a t  t h e  f u t u r e  can be p r e d i c t e d  by d i s c o v e r i n g  t h e
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p a t t e r n s  i n  t h e  p a s t .  Such p a t t e r n s  a r e  g e n e r a l l y  assumed t o  

t a k e  one o f  two  f o r m s :  f i r s t ,  i s  a p a t t e r n  t h a t  i s  d e t e r m i n e d  

s o l e l y  as a f u n c t i o n  o f  t i m e .  Such a p a t t e r n  can be i d e n t i f i e d  

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

and r e l a t e d  v a r i a b l e s .  T ime s e r i e s  f o r e c a s t i n g  t e c h n i q u e s  a s ­

sume t h a t  t h e  p a t t e r n  i s  o f  such  a n a t u r e .  The a l t e r n a t i v e  p a t ­

t e r n  t h a t  i s  o f t e n  assumed t o  e x i s t  c o n s i s t s  o f  a r e l a t i o n s h i p  

b e t w e e n  two  o r  more v a r i a b l e s .  M u l t i p l e  r e g r e s s i o n  assume t h i s  

t y p e  o f  p a t t e r n .

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

sumed t o  be c o n s t a n t  o v e r  a t  l e a s t  two  s u b s e q u e n t  s e t s  o f  t i m e  

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

and a n a l y z e d  t o  i d e n t i f y  t h e  p a t t e r n  and t h e  second b e i n g  t h a t  

t i m e  i n  t h e  f u t u r e  when t h e  i d e n t i f i e d  p a t t e r n  w i l l  be u s e d  as 

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

o f  m o d e l l i n g  d e s c r i b e d  i n  t e x t b o o k s  on f o r e c a s t i n g  m ode l  d e v e l ­

op me n t  i s  n o t  an easy  and s t r a i g h t f o r w a r d  t a s k  i n  mo s t  c a s e s .  

A f t e r  f o r m u l a t i n g  t h e  i n i t i a l  mode l  i m p r o v e m e n t s  a r e  u s u a l l y  

r e q u i r e d  by i t e r a t i o n s  i n  mo de l  b u i l d i n g  and mak ing  t h e  n e c e s ­

s a r y  c o r r e c t i o n s  on t h e  m o d e l s .

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

p u t e r  p ro g r a m s  i s  r e q u i r e d  and a s s u r e d  on mos t  m a c h i n e s .  Be ­

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

d a t a  s e r i e s  m a n i p u l a t i o n ,  and some m a t r i x  o p e r a t i o n s  t h e  b a s i c  

p r o c e d u r e s  r e q u i r e d  -  and g e n e r a l l y  a v a i l a b l e  -  on mode rn  com­

p u t e r s  f o r  t i m e - s e r i e s  a n a l y s i s  a r e :

-  E l e m e n t a r y  o p e r a t i o n s  i n  t i m e  o r  f r e q u e n c y  d o m a i n .  A d d i t i o n ,  

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

s e r i e s .

-  C o r r e l a t i o n ,  c r o s s - c o r r e l a t i o n ,  c o n v o l u t i o n  o f  t i m e  s e r i e s .

-  F i l t e r i n g  and w i n d o w i n g  i n  t i m e  o r  f r e q u e n c y  d o m a i n .

-  S t a t i s t i c s  o f  t i m e  s e r i e s ,  p r o b a b i l i t y  c u r v e s ,  maxima and  

m i n im a  d i s t r i b u t i o n s .

-  L e a s t - s q u a r e  e s t i m a t i o n ,  ARIMA m o d e l s ,  h y p o t h e s i s  t e s t s .

I n  t h e  d e v e l o p m e n t  o f  c a s u a l  m o d e ls  s o f t w a r e  p a c k a g e s  f o r  m u l ­

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

l e a s t  s q u a r e  e s t i m a t i o n  a r e  g e n e r a l l y  p r o v i d e d .
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F o r e c a s t i n g  o f  m i n e  d a n g e rs  can be p e r f o r m e d  on c o m p u t e r s  

i n  g e n e r a l  use i n  c o a l  m i n e s .  F i r s t  e x p e r i m e n t s  f o r  s h o r t - t e r m  

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

t e m s .  S t a t e  o f  t h e  a r t  m i n i  and m i c r o  c o m p u t e r s  i n  c o m p u t e r  

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

f o r e c a s t i n g .  P e r s o n a l  c o m p u t e r s  i n  l o c a l - a r e a  n e t w o r k s  can be 

u s e d  e f f e c t i v e l y  e v e n  on mine l e v e l .

2 .  THE USE OF DIFFERENTIAL EQUATIONS FOR FORECASTING OF MINE 

DANGERS

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

e n e r g y  t r a n s p o r t  i n  m i n i n g  sys te m s have been  s o l v e d  f o r  t h e  most  

w i d e l y  used m i n i n g  t e c h n o l o g i e s .  S p e c i a l  i m p o r t a n c e  was d e v o t e d  

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

A l t h o u g h  s o l u t i o n  o f  t h e s e  e q u a t i o n s  i s  p o s s i b l e  even on c o n ­

t e m p o r a r y  m i n i - c i m p u t e r s  a c q u i s i t i o n  o f  e q u a t i o n  p a r a m e t e r s  i s  

c o m p l i c a t e d  i n  m o s t  c a s e s .

The f l o w  e q u a t i o n s  used f o r  s i m u l a t i o n  o f  methane e m i s s i o n  

a r e  second  o r d e r  n o n - l i n e a r  p a r t i a l  d i f f e r e n t i a l  e q u a t i o n s  

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

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

f i n e  t h e  model  s i z e ,  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 ,  i n ­

c l u d 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 ,  p r o p e r t i e s  o f  t h e  c o a l  seams 

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

p e r t i e s  o f  t h e  f l o w i n g  g a s .  These p r o g r a m s  u s u a l l y  t e r m i n a t e  

when t h e  f l o w  e q u a t i o n s  have  been s o l v e d  o r  when t h e  r e q u i r e d  

n u m be r  o f  i t e r a t i o n s  ha ve  been made. The o u t p u t  g i v e s  t h e  p r e ­

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

t i m e  b a s i s  ( e . g .  m ^ / d ) ,  e t c .  ( M anu la  e t  a l .  1 9 8 4 ) .  F i g u r e  1 

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

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

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

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

s y s t e m s )  t h a t  i s  t h e y  can  n o t  be used  f o r  a u t o m a t i c  f o r e c a s t i n g  

o f  m in e  d a n g e r s .
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I .  M in ing technology

1. No ad ja cen t seam
a) lo n g w a ll,  t h in  seam
b) lo n g w a ll,  th ic k  seam (more s l id e s )
c ) room and p i l l a r
d) d r iva g e  in  th in  seam
e) d r iva g e  in  th ic k  seam

2. Methane is  re leased  from adjacent seams and s t ra ta

I I .  Type o f n o n - l in e a r i ty

1. A n iso tropy  in  d ir e c t io n  o f advance o n ly

2. A n iso tropy  in  bo th  d ire c t io n s  o f advance and a long the face

I I I .  Dynamics o f gas em iss ion

1. Advance ra te  ( lo n g w a ll s tand ing , c o n s ta n t ra te  o f advance, 
v a r ia b le  ra te  o f  advance)

2. Methane em iss ion  d u rin g  coa l c learance cons idered

3. Dynamics due to  r o c k - fa i lu r e  considered

F ig .  1. Main engineer ing parameters of  methane emission models using s o lu ­
t i o n s  o f  p a r t i a l  d i f f e r e n t i a l  equat ions

3 .  PROPOSED SYSTEM OF METHANE EMISSION FORECASTING

B o th  p r o d u c t i o n  c o n t r o l  and mine  s a f e t y  need e f f i c i e n t  and 

r e l i a b l e  methane  e m i s s i o n  f o r e c a s t s  i n  l o n g w a l l  f a c e s  o f  g a s s y  

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

f o r m e d  on t h r e e  t i m e  s c a l e s  ( S z i r t e s  1 9 8 6 b ) ,  r e f l e c t i n g  t h r e e  

a s p e c t s  o f  p r o d u c t i o n  and a d j a c e n t  seam and r o c k  s t r a t a  i n t e r ­

a c t i o n  ( F i g .  2 ) :

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

o f  gas e m i s s i o n .  A l l  g a s s y  c o a l  seams and s t r a t a  l y i n g  w i t h i n  

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

made f o r  a y e a r  a h e a d .  P r e d i c t i o n s  a r e  made f o r  a w h o l e  m i ne  

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

t i o n s  a r e  f o r m u l a t e d .

-  M e d i u m - t e r m  f o r e c a s t i n g  p r o d u c e s  e s t i m a t e s  o f  gas e m i s s i o n  on 

a m o n t h l y  o r  w e e k l y  b a s i s .  F o r e c a s t i n g  m o d e l s  on b o t h  t i m e -  

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

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

t i o n  be tw een  w o r k i n g  d ays  c o n s i d e r e d .  M e d i u m - t e r m  f o r e c a s t s  

a r e  used  f o r  v e n t i l a t i o n  and p r o d u c t i o n  c o n t r o l .
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-  S h o r t - t e r m  f o r e c a s t i n g  i s  based on r e a l - t i m e  me asu re m en t  o f  

m e th ane  c o n c e n t r a t i o n  and o f  some v e n t i l a t i o n  p a r a m e t e r s .  

F o r e c a s t s  a re  made f o r  some m i n u t e s / h o u r s . D i r e c t  use  i n  

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

B o t h  f o r e c a s t i n g  m ode l  s t r u c t u r e  needed  and f o r e c a s t i n g  

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

m i n i n g  metho ds  used  i n  a g i v e n  c o a l  m i n e .  I n  F i g .  2 Xc s t a n d s  

f o r  t h e  s t a t e - v a r i a b l e  v e c t o r  o f  a mine w o r k i n g  and i t s  e n v i ­

r o n m e n t .  F i l t e r e d  v a l u e s  o f  Xc a re  used  f o r  mode l  i d e n t i f i c a ­

t i o n  and model  u p d a t e .  T h r e e  f i l t e r s  a r e  used  f o r  t h e  t h r e e  

t i m e - s c a l e s .  E s t i m a t e s  o f  f u t u r e  v a l u e s  o f  m et hane  e m i s s i o n  a r e  

g e n e r a t e d  by t h e  m o d e l s  on t h e  t h r e e  t i m e - s c a l e s .  F i g u r e  2 i l ­

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

i n  o r d e r  t o  g e t  b e t t e r  f o r e c a s t s  o f  t h e  s t a t e - v a r i a b l e s  ( S z i r ­

t e s  1 9 8 1 ) .

M e th ane  f o r e c a s t i n g  m ode l s  used on t h e  t h r e e  t i m e - s c a l e s  

have  d i f f e r e n t  d y n a m i c  p r o p e r t i e s .  Re sponse  c h a r a c t e r i s t i c s  t o  

p r o d u c t i o n  ' s t e p s '  o f  t h e  t h r e e  mo de ls  a r e  i l l u s t r a t e d  i n  F i g .

3.  L o n g - t e r m  f o r e c a s t i n g  mode ls  make s t a t i c  f o r e c a s t s  o f  e m i s ­

s i o n ;  t h e y  can be used  f o r  d e t e r m i n a t i o n  o f  t h e  b e s t  l o n g - t e r m  

mean meth ane  e m i s s i o n .  M e d i u m - t e r m  f o r e c a s t i n g  m ode ls  r e f l e c t  

' d y n a m i c '  b e h a v i o r  o f  m et hane  e m i s s i o n .  S h o r t - t e r m  m o d e l s  have  

a v e r y  c l e a r  s t o c h a s t i c  b e h a v i o r  w h i c h  has  t o  be f i l t e r e d  f o r  

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

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

be use d  f o r  f o r e c a s t i n g  o t h e r  mine d a n g e r s  as w e l l .  T h i s  s t r u c ­

t u r e  can  be used f o r  a l l  d a n g e r s ,  where t h e  i n t e r a c t i o n  o f  two  

o r  more  m i n i n g  ( g e o t e c h n i c a l ,  v e n t i l a t i o n ,  e t c . )  p r o c e s s e s  w i t h  

d i f f e r e n t  dy nami c  p r o p e r t i e s  t a k e  p l a c e .

4.  CHARACTERISTICS OF LONG-TERM METHANE EMISSION MODELS

G e n e r a l  c h a r a c t e r i s t i c s

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

f o r m e d  f o r  a l m o s t  e v e r y  g a s s y  c o a l  m i n e .  The m et hods  used  f o r  

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

f e r e n c e s  among c o a l  b a s i n s .  Some b a s i c  p a r a m e t e r s  a r e  used  i n
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a l m o s t  e v e r y  metho d  ( C u r l  1978 ,  UN Eco n o m ie  and S o c i a l  C o u n c i l ,  

ECU, C oa l  C omm i t te e  1 9 8 2 ) :

1 . t h e  s t r a t i g r a p h y  a b o v e  and be low t h e  w o rk e d  seam,

2 . t h e  d e s o r b a b l e  ga s  c o n t e n t  ( п г / t )  o f  t h e  w o rk ed  c o a l  seam 

a n d ,  i f  p o s s i b l e ,  o f  a d j a c e n t  seams and s t r a t a ,

3 .  t h e  zone o f  gas e m i s s i o n  i n  b o t h  t h e  r o o f  and f l o o r  s t r a t a ,

F ig .  3. Response c h a r a c t e r i s t i c s  o f  methane fo r eca s t i ng  models
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4 .  t h e  deg re e  o f  gas  e m i s s i o n  f r o m  a d j a c e n t  seams and s t r a t a .

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

s t r a t a  s u r r o u n d i n g  t h e  w o rk ed  c o a l  seam i s  e s s e n t i a l  f o r  a l l  

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

t o  be c o n s i d e r e d  d e p e n d s  on t h e  h e i g h t  and  d e p t h  .o f  t h e  zone  o f  

gas  e m i s s i o n .  T h i s  zone  i s  t h e  t h r e e  d i m e n s i o n a l  a re a  s u r r o u n d ­

i n g  t h e  w o r k i n g s  f r o m  w h i c h  gas i s  r e l e a s e d  as a r e s u l t  o f  m i n ­

i n g  and f l o w s  i n t o  t h e  m i ne  w o r k i n g s  o r  t h e  methane  d r a i n a g e  

s y s t e m .  No t  a l l  t h e  gas  i n  t h e  e m i s s i o n  zone  i s  n e c e s s a r i l y  r e ­

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

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

t o  t h e  w o r k i n g s .

The p ro p o s e d  m ode l

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

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

o f  gas  e m i s s i o n  and t h e  assumed v a r i a t i o n  o f  t h e  d e g r e e  o f  gas 

e m i s s i o n  w i t h i n  t h e  zone  was use d .  These  f u n c t i o n s  a r e  d i f f e r ­

e n t  f o r  v a r i o u s  c o a l  b a s i n s .  Because e a c h  d i s c r e t e  seam o r  bed  

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

l a r g e  d a t a  m a t r i c e s  a r e  used  i n  t h e  c a l c u l a t i o n s  ( S z i r t e s  1 9 8 2 ) .

The d i s t a n c e  o f  t h e  seam o r  bed o f  s t r a t a  f r o m  t h e  w o r k e d  

seam i s  a p p l i e d  t o  a r e l a t i o n s h i p  b e t w e e n  t h e  d e g re e  o f  gas 

e m i s s i o n  and t h e  d i s t a n c e  f r o m  t h e  w o r k e d  seam. T h i s  r e l a t i o n ­

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

e m i s s i o n  i s  g i v e n  f o r  e v e r y  10 m i n  r o o f  and f l o o r  d i r e c t i o n  

and a l i n e a r  i n t e r p o l a t i o n  i s  used f o r  d i s t a n c e s  be tw e e n  p o i n t s  

on t h e  g r a p h .  No d i r e c t  use  o f  t h e  so c a l l e d  r e l a t i v e  t h i c k n e s s  

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

ance  f r o m  t h e  w o r k i n g  d i s t r i c t  i s  n o t  c o n s i d e r e d  i n  t h e  mo de l  

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

The l o n g - t e r m  e m i s s i o n  f o r e c a s t i n g  mo de l  can  be used f o r  p r o ­

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

s c h e d u l i n g  a re  i l l u s t r a t e d  i n  F i g .  4 .  L o n g - t e r m  f o r e c a s t i n g  

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

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

l i n e a r  p r o g r a m m i n g  ( S z i r t e s  1 9 8 4 ) .
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F i g .  4 .  F l o w c h a r t  o f  p r o d u c t i o n  s c h e d u l i n g  f o r  g a s s y  c o a l  m i n e s
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I n  l i n e a r  p r o g r a m m i n g  we m a x i m i z e

n
z

f C x l ...........ХП) = Cj Xj
( 1 )

s u b j e c t  t o  t h e  c o n s t r a i n t s

n < f o r  i =  1 , . . . ,m ( 2 )

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

f o r  j  = l , .  . . , n . ( 3 )

T h i s  p r o b l e m  has  n unknowns and m c o n s t r a i n t s .  C o n s e q u e n t l y ,  th e  

l i n e a r  p r o g r a m m i n g  p r o b l e m  can be c h a r a c t e r i z e d  by t h e  f o l l o w ­

i n g  e s s e n t i a l  p a r t s :  O p t i m i z e  ( m a x i m i z e  o r  m i n i m i z e )  a l i n e a r  

o b j e c t i v e  f u n c t i o n ,  o f t e n  c a l l e d  c r i t e r i o n  f u n c t i o n ,  s u b j e c t  t o

a )  a s e t  o f  l i n e a r  c o n s t r a i n t s  w h i c h  may be e x p r e s s e d  as e q u a l ­

i t i e s  o r  i n e q u a l i t i e s  ( o r  >  ) ,

b)  a s e t  o f  n o n n e g a t i v e  r e s t r i c t i o n s  f o r  t h e  unknown s  o f  t h e

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

s c h e d u l i n g  p r o b l e m  a l i n e a r  p r o g r a m m i n g  model  w i t h  3 • n+m+1 

c o n s t r a i n t s  was used  a c c o r d i n g  t o  t h e  5 c o n s t r a i n t  t y p e s  ( p r o ­

d u c t i o n  g o a l  f o r  a m i ne  f i e l d ,  p r o d u c t i o n  maxima and m i n im a  f o r  

a l l  f a c e s ,  m a x i m a l  CH^ c o n c e n t r a t i o n s  i n  t h e  r e t u r n  a i r  o f  t h e  

f a c e s ,  m a x i m a l  CH^ c o n c e n t r a t i o n  a l l o w e d  i n  r e t u r n  a i r  f o r  a 

g r o u p  o f  f a c e s  (n  i s  t h e  number  o f  f a c e s ,  m i s  t h e  numbe r  o f  

g r o u p s  o f  f a c e s  ) ) .

The e f f e c t  o f  gas  d r a i n a g e  can be a n a l y s e d  i n  an i n t e r ­

a c t i v e  m a n - c o m p u t e r  d i a l o g u e .  S i m u l a t i o n  o f  l o n g - t e r m  methane  

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

s i b l e  f o r  mode l  e v a l u a t i o n .  S i m u l a t i o n  i s  p e r f o r m e d  w i t h i n  t ime-  

- i n t e r v a l s  w he re  ma in  c h a r a c t e r i s t i c s  o f  mine w o r k i n g s  a r e  c o n ­

s i d e r e d  t o  be c o n s t a n t .  D i s t i n c t  ch a n g e s  i n  p a r a m e t e r s  o f  t h e  

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

m e n t s .  Changes i n  p a r a m e t e r s  can be p e r f o r m e d  e i t h e r  i n t e r a c ­

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

p r o b l e m .
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m i n e  d a n g e r s  can be c o n s i d e r e d  i n  one p r o d u c t i o n  s c h e d u l i n g  

m o d e l  ( e g .  f o r  gas e m i s s i o n  and f i r e s ) ,  and m i n i n g  s e quence s  

a c c o m p l i s h i n g  r e l i e v i n g  seam m i n i n g  can be r e a l i s e d .  S t o c h a s t i c  

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

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

S h o r t  d e s c r i p t i o n  o f  th e  Mecsek c o a l  b a s i n

P a r a m e t r i z a t i o n  and  v e r i f i c a t i o n  o f  f o r e c a s t i n g  p r o p e r t i e s  

o f  t h e  p ro p o s e d  mode l  was p e r f o r m e d  u s i n g  d a t a  f r o m  t h e  Mecsek 

c o a l  b a s i n  l o c a t e d  i n  S o u t h - H u n g a r y . Ma in  c h a r a c t e r i s t i c s  o f  

t h i s  b a s i n  a re  t h e  f o l l o w i n g  ( B á n h e g y i  and Rado 1 9 8 4 ) :  I n  t h e  

b a s i n  b l a c k  c o a l  i s  p r o d u c e d .  The c o a l  b e a r i n g  s t r a t a  a r e  300 

t o  500  m t h i c k  and a r e  o f  L i a s s i c  age .  The u n d e r l y i n g  r o c k  i s  

made up o f  T r i a s s i c  l i m e s t o n e  and R h a e t i a n  s a n d s t o n e ,  t h e  seams 

b e i n g  o v e r l a i n  w i t h  s h a l e s ,  s a n d s t o n e  and l i m e s t o n e .  Some 170 

c o a l  seams a re  t h i c k e r  t h a n  0 . 2  m, a l t h o u g h  o n l y  10 -1 5  seams 

a r e  m i n e a b l e .  The t h i c k n e s s  o f  t h e  e c o n o m i c a l l y  m i n e a b l e  seams 

i s  1 . 5 - 1 2  m and t h e  d i r t  b a n d s  be tween t h e  seams c o n t a i n  s h a l e  

and  s a n d s t o n e .  T he re  a r e  c o n s i d e r a b l e  g e o l o g i c  d i s t u r b a n c e s .

The  many f a u l t s ,  d i s t u r b i n g  t h e  seam c o n t i n u i t y ,  and f o l d i n g s  

r e s u l t  i n  a w ide r a n g e  o f  d i p s ,  w h ic h  v a r y  f r o m  10 t o  70 degrees 

( c h a r a c t e r i s t i c  v a l u e  i s  b e tw e e n  4 0 -4 5  d e g r e e s ) .  S i x  m ines  a r e  

o p e r a t e d  i n  th e  b a s i n  w i t h  500 t o  2500 t  d a i l y  p r o d u c t i o n s .  To­

t a l  a n n u a l  p r o d u c t i o n  o f  t h e  s i x  m ines  i s  3 ■ 10^  t .  The methane  

e n t e r i n g  t h e  ro adw ays  f r o m  t h e  c o a l  b e i n g  m i n e d  and t h e  a d j a ­

c e n t  s t r a t a  a v e r a g e s  2 0 - 3 0  m / t  o f  c o a l ,  w h e r e a s  4 0 -1 0 0  m ^ / t  

may be  r e l e a s e d  i n  i n d i v i d u a l  f a c e s .  Gäs o u t b u r s t s  a r e  common 

i n  t h e  m i n e s .

O u t p u t  o f  th e  l o n g - t e r m  methane  e m i s s i o n  f o r e c a s t i n g  p r o g r a m

O u t p u t  o f  a c o m p u t e r  p r o g r a m  g e n e r a t i n g  l o n g - t e r m  methane  

e m i s s i o n  f o r e c a s t s  can  be se e n  on F i g .  5 .  E m i s s i o n  i s  f o r e c a s t ­

ed f o r  V - t h  l e v e l ,  1 - s t  m i n e  f i e l d  E as t  o f  I s t v á n  s h a f t  o f  Me­

c s e k  C o a l  M in e s .  The o u t p u t  on F i g .  5 was used  f o r  s i m u l a t i o n  

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

c o m p u t e r  p rogr am can be r u n  on PDP-11 m i n i - c o m p u t e r s  w i d e l y  

u s e d  i n  H u n g a r ia n  c o a l  m i n e s .
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Report № 3

R esu lts  o f long term fo re c a s tin g

Seam P roduction

(T/D)

Methane cone.

(X)
A ir  volume 

(m3/m in )

25 100 115 600

Seam № И S lid e  № 0 Concluded

240.7 • TO3 m3Methane em ission 

Coal p ro d u c tio n  

E lapsed tim e 

S p e c if ic  gas em ission

2 .7  • 103 t  

64 (2 5 ) day 

92.1 m3/ t

T o ta l methane em iss ion  and p roduc tio n : 430 • 1U3 m3 4.75 • 103 t

F ig .  5. Computer outpu t  o f  l ong- te rm fo r e c a s t i n g  model

5.  CHARACTERISTICS OF MEDIUM-TERM METHANE EMISSION

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

p l a n n i n g ,  t h e  n a t u r e  o f  r o c k  f a i l u r e ,  and  so t h e  d y nam ic s  o f  

gas e m i s s i o n  can  n o t  be e s t i m a t e d  by t h e s e  m e t h o d s .  A c o m b i n e d  

method  i s  s u g g e s t e d  f o r  m o n t h l y  f o r e c a s t i n g ,  where  t h e  gas d y ­

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

d u c t i o n  r a t e  a t  t h e  f a c e .  S te p s  o f  t h i s  c o m b i n e d  method :

1. U s i n g  i n f o r m a t i o n  on g e o l o g y  ( s t r a t i g r a p h y ) ,  g e o m e t r y ,  and 

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

mode l  s t r u c t u r e .

2 .  Mode l  p a r a m e t e r s  a r e  e s t i m a t e d  u s i n g  s t a t i s t i c a l l y  c o n t r o l ­

l e d  m e a su r em en t  d a t a .  E . g .  m o n t h l y  a v e r a g e  methane c o n c e n t ­

r a t i o n  and a v e r a g e  p r o d u c t i o n  r a t e  d a t a  as t i m e  s e r i e s  can 

be used  f o r  o r d i n a r y  l e a s t - s q u a r e  e s t i m a t i o n  o f  model  p a r a ­

m e t e r s  .

3.  S t e p s  1 and 2 a r e  r e p e a t e d  u n t i l  m i n i m a l  d e g r e e  model  i s  a t ­

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

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

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

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

c i a l  i m p o r t a n c e .  We s u p p o s e  t h a t  p a i r s  o f  o b s e r v a t i o n s  ( X ^ , Y^ )  
a r e  a v a i l a b l e  a t  e q u i s p a c e d  i n t e r v a l s  o f  t i m e  o f  an i n p u t  X and
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ап o u t p u t  Y f r o m  some d yn a m ic  s y s t e m  (Box  and J e n k i n s  1 9 7 0 ) .  We 

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

t h e  i n p u t  i s  h e l d  a t  some f i x e d  v a l u e .  By t h i s  we mean t h e  

v a l u e  Y co (X )  a t  w h i c h  t h e  d i s c r e t e  o u t p u t  f r o m  a s t a b l e  s y s t e m  

e v e n t u a l l y  comes t o  e q u i l i b r i u m  when t h e  i n p u t  i s  h e l d  a t  t h e  

f i x e d  l e v e l  X. V e ry  o f t e n ,  o v e r  t h e  r a n g e  o f  i n t e r e s t ,  t h e  r e ­

l a t i o n s h i p  be tw een  Y qoCX) and X w i l l  be a p p r o x i m a t e l y  l i n e a r .  

H e n c e ,  i f  we use  Y and X t o  d e n o t e  d e v i a t i o n s  f r o m  c o n v e n i e n t  

o r i g i n s ,  we can w r i t e  t h e  s t e a d y  s t a t e  r e l a t i o n s h i p  as

Y = gX ( 4 )

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

t h a t  Y i s  a f u n c t i o n  o f  X.

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

t h a t  X^ and Y^ r e p r e s e n t  d e v i a t i o n s  a t  t i m e  t  f r o m  e q u i l i b r i u m .  

Then  i t  f r e q u e n t l y  happens  t h a t ,  t o  an ad e q u a te  a p p r o x i m a t i o n ,  

t h e  i n e r t i a  o f  t h e  s y s te m  can be r e p r e s e n t e d  by a l i n e a r  f i l t e r  

o f  t h e  fo r m

Yt V X. + V,  X , . + v 0X. 0 + . . .о t  1 t - 1  2 t - 2

( v  + v^B + V2B^ + . . . )  X^ 

v ( B ) X t

( 5 )

i n  w h i c h  t h e  o u t p u t  d e v i a t i o n  a t  some t i m e  t  i s  r e p r e s e n t e d  as 

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

o p e r a t o r  v ( B )  i s  c a l l e d  t h e  t r a n s f e r  f u n c t i o n  o f  t h e  f i l t e r .

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

r e g r e s s i o n  p a r a m e t e r s  o f  X on Y. The r e g r e s s i o n  p a r a m e t e r s  used  

f o r  m e d i u m - t e r m  methane  e m i s s i o n  f o r e c a s t i n g  were  c o m p u t e d  by 

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

c o m p u t e r  p r o g r a m  pa cka g e  RATS.

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

f i v e  m e d i u m - t e r m  methane  f o r e c a s t i n g  mo de ls  ( F i g .  6 ) .  The f i g ­

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

l i n e a r  r e g r e s s i o n  m o d e ls  o f  t h e  t y p e - p r o d  0 2;  - p r o d  0 2 

p r o d  2 0 2 ;  -prod 0 2 - l t e f  0 2 ;  - p r o d  0 3;  - p r o d  0 4 .  The 1 - s t ,
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4 - t h  and 5 - t h  r e g r e s s i o n  mode ls  a r e  o f  a u t o r e g r e s i v e  n a t u r e .

F ig.  6. Summary o f  cumulated absolute f o r e c a s t i n g  e r r o r  fo r  medium-term 
methane emission fo recas t ing  models

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

- s e r i e s  a n a l y s i s .  P ro d  s t a n d s  f o r  p r o d u c t i o n ,  p ro d  2 f o r  squared 

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

m ode l  ( m a rk e d  w i t h  G on F i g .  6 ) was c h o s e n  f o r  m e d i u m - t e r m  f o r e ­

c a s t i n g  be ca u se  i t s  r e l a t i v e l y  s m a l l  e r r o r  and low o r d e r .  L e t ­

t e r  E i n  t h e  1 2 - t h  month  r e p r e s e n t s  c u m u l a t i v e  a b s o l u t e  f o r e ­

c a s t i n g  e r r o r  o f  2 . 5  E5 m^ methane  f o r  t h e  l o n g w a l l  f a c e  a t  

I s t v á n  s h a f t  m e n t i o n e d  i n  C h a p t e r  4 .  I n  m e d i u m - t e rm  f o r e c a s t i n g  

d e s e a s o n a l i s a t i o n  ( r e m o v i n g  d a i l y  and w e e k l y  c y c l e s )  i s  o f t e n  

used i n  t h e  m o d e l - b u i l d i n g  p r o c e s s .

6.  PROBLEMS OF DATA ACQUISITION IN MODEL-BUILDING

W i t h  so many c l a s s e s  o f  model  a v a i l a b l e  one must  s e a r c h  

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

t i v e  a p p r o a c h .  I t  i s  g e n e r a l l y  a c c e p t e d  t h a t ,  no " b e s t "  approach 

e x i s t s .  C o n s e q u e n t l y ,  q u e s t i o n s  o f  d a t a  q u a l i t y  and a v a i l a b i l i ­

t y ,  m ode l  c o m p l e x i t y ,  and t h e  p o s s i b l e  e f f e c t  o f  s e l e c t i n g  t h e  

wrong  m ode l  have  t o  be used t o  l i m i t  t h e  s e a r c h  t o  p l a u s i b l e  

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

d a t a  on w h i c h  i t  i s  b a s e d ,  i t  mus t  be use d  c i r c u m s p e c t l y ,  s i n c e
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t h e  m a g n i t u d e  and c o n s i s t e n c y  o f  d a t a  e r r o r s  re m a in s  u n k n o w n .  

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

w i t h i n  t h e  m o d e l l i n g  p r o c e s s  can c o r r e c t  t h e m .  Data q u a l i t y  i s  

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

s e a r c h e r s  pay  g r e a t  a t t e n t i o n  t o  d a t a  p r o b l e m s  and have d e v e l ­

oped  names and c a t e g o r i e s  f o r  t h e  mos t  f r e q u e n t l y  o c c u r r i n g  

o n e s  ( I n t r i l i g a t o r  1 9 7 2 ) :  Among t h e  more  i m p o r t a n t  p r o b l e m s  a r e  

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

p r o b l e m ) ;  t h a t  t h e  d a t a  t e n d  t o  be b u n c h e d  t o g e t h e r  ( t h e  m u l t i -  

c o l l i n e a r i t y  p r o b l e m ) ; t h a t  because  c h a n g e s  o c c u r  s l o w l y  o v e r  

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

i l a r  ( t h e  s e r i a l  c o r r e l a t i o n  p r o b l e m ) ;  t h a t  t h e r e  may be a d i s ­

c o n t i n u o u s  change  i n  t h e  r e a l  w o r l d  so t h a t  t h e  d a t a  r e f e r  t o  

d i f f e r e n t  p o p u l a t i o n s  ( t h e  s t r u c t u r a l  c h a n g e  p r o b l e m ) ;  and t h a t  

t h e r e  a r e  many i n a c c u r a c i e s  and b i a s e s  i n  m e a s u r i n g  v a r i a b l e s  

( t h e  e r r o r s  o f  m e a s u r e m e n t  p r o b l e m ) .

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

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

e r r o r s  o f  mea su re me nt  p r o b l e m s  a r e  o f  g r e a t  i m p o r t a n c e .

E n g i n e e r s  d e t e r m i n e  t h e  v a l i d i t y  o f  t h e i r  mode ls  by t h e  

use  o f  s t a t i s t i c a l  t e s t s  o f  model  g e n e r a t e d  d a t a  a g a i n s t  r e a l -  

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

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

a b l e s .

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

i n g  m o d e l  b u i l d i n g  p r o c e s s  can be v e r y  t i m e  consuming  b e c a u s e  

d a t a  c o l l e c t i o n  can be p e r f o r m e d  u s i n g  d a t a  bases o f  v a r i o u s  

m i n e  d e p a r t m e n t s  and s e r v i c e s .  P r o d u c t i o n  and mine g e o m e t r y  

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

v e n t i l a t i o n  and gas d r a i n a g e  d a t a  f r o m  t h e  v e n t i l a t i o n  s e r v i c e .  

F o r  t h e  l o n g - t e r m  m e t h a n e  f o r e c a s t i n g  p r o g r a m  c a l l e d  SIMUL 28 

k i n d  o f  d a t a  i s  n e e d e d .  12 o f  them d e s c r i b e  g e o m e t r i c a l  and 

p h y s i c a l ,  9 t e c h n o l o g i c a l ,  6 v e n t i l a t i o n  p a r a m e t e r s .  F o r  a 

l a r g e r  m ode l  d e s c r i b i n g  30 c o a l - s e a m s  and  l a y e r s  some 5000  i n ­

p u t  d a t a  has t o  be d e l i v e r e d  f o r  c o m p l i c a t e d  t e c h n o l o g y .  T hese  

d a t a  a r e  p a r t l y  r e d u n d a n t .  Many d a t a  u s e d  i n  d a i l y  w o rk  o f  

v a r i o u s  m i ne  s e r v i c e s  can  n o t  be d i r e c t l y  r e a d  i n t o  f o r e c a s t i n g
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m o d e l s .  L o n g - t e r m  f o r e c a s t i n g  mo de ls  u s e  d a t a  w h ic h  a r e  s u p ­

p osed  t o  be c h a r a c t e r i s t i c  f o r  a g i v e n  r e g i o n  i n  th e  m i n e .  The 

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

p r i n c i p l e s  m e n t i o n e d  i n  S e c t i o n  2 f o r  p a r a m e t r i z a t i o n  o f  d i f ­

f e r e n t i a l  e q u a t i o n s .  F o r  m a t h e m a t i c a l l y  c o r r e c t  e s t i m a t i o n  o f  

s y s t e m  p a r a m e t e r s  f o r  v a r i o u s  r e g i o n s  g e o s t a t i s t i c s  can be a p ­

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

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

o f  d a t a .  F o r  i n p u t  d a t a  g e n e r a t i o n  o f  l o n g - t e r m  e m i s s i o n  f o r e ­

c a s t i n g  m ode ls  t h e  m i c r o c o m p u t e r  s o f t w a r e  package  " M i n i n g  G eo ­

m e t r y "  d e v e l o p e d  i n  H ungar y  was used  i n  e x a m p l e s  o f  t h i s  p a p e r  

( S z i r t e s  1 9 8 5 ) .  T h i s  pac k a g e  p e r f o r m e d  d e t e r m i n a t i o n  o f  e q u i v ­

a l e n t  s e a m - t h i c k n e s s  e . g .  t h i c k n e s s  o f  a seam m o d e l le d  by a 

p a r a l e l l e p i p e d o n  w i t h  e q u a l  vo lume as t h e  o r i g i n a l  seam m i n e d .

A t t e n t i o n  has  t o  be d e v o t e d  t o  p r e l i m i n a r y  da ta  a n a l y s i s  

by s h o r t - t e r m  f o r e c a s t i n g  as w e l l .  M i s s i n g  d a t a  i n  t i m e - s e r i e s  

have  t o  be s u b s t i t u t e d .  Da ta  s u b s t i t u t i o n  can  be p e r f o r m e d  w i t h  

r e p e t i t i o n  o f  t h e  l a s t  measur ed  d a t a ,  w i t h  t h e  mean o f  t h e  

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

t i o n  i s  a l s o  p o s s i b l e .  C o r r e c t e d  t i m e - s e r i e s  have t o  be f i l ­

t e r e d  i n  mos t  c a s e s .  R e s u l t s  o f  raw m e t h a n e  measurement  d a t a ,  

i t s  c o r r e c t e d  and f i l t e r e d  v a l u e s  u s i n g  a 10 e l e m e n t  m o v i n g -  

- a v e r a g e  f i l t e r  w i t h  e q u a l  w e i g h t s  c a n  be seen on F i g .  7 .  S t a ­

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

c o r r e c t e d  o r  c o r r e c t e d  and f i l t e r e d  s e r i e s .  S ta n d a r d  d e v i a t i o n  

o f  ra w  d a t a  o f  F i g .  7 i s  more th a n  10 t i m e s  l a r g e r  th e n  f o r  t h e  

c o r r e c t e d  d a t a .

7 .  SCHORT-TERM FORECASTING

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

o f  s a f e t y  l e v e l  v i o l a t i o n s .  L i n e a r  f o r e c a s t s  ( e x t r a p o l a t i o n s )  

o f  m e th ane  e m i s s i o n  d a t a  can be used f o r  t h i s  p u r p o s e .  The m a i n  

p r o b l e m  w i t h  e x t r a p o l a t i o n s  i s  t h a t  t h e y  depend  v e r y  h e a v i l y  on 

t h e  b e g i n n i n g  and l e n g t h  o f  t h e  i n t e r v a l  f r o m  w h ic h  t h e  e x t r a ­

p o l a t i o n  was d e t e r m i n e d .  O r d i n a r y  l e a s t  s q u a r e  e s t i m a t e s  o f  

t i m e - s e r i e s  can be used  f o r  d e t e r m i n a t i o n  o f  t h e  t i m e  i n t e r v a l
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F ig .  7. Raw, co r rec ted  and f i l t e r e d  methane t i m e - se r i e s  fo r  s h o r t - t e r m  f o r e ­
casts

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

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

f o r e c a s t i n g  i n t e r v a l s  i s  i l l u s t r a t e d  on F i g .  8.
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F ig .  8. Dependence o f  ex t r apo la t i ons  on beg inn ing and length o f  fo re cas t i ng  
i n t e r v a l

I n  p r a c t i c a l  m i n i n g  s i t u a t i o n s  n o n l i n e a r  e x t r a p o l a t i o n s



1 34 L SZIRTES

may o u t p e r f o r m  l i n e a r  ones  f o r  s e v e r a l  r e a s o n s .  E . g .  c o n v e x  n a ­

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

s a f e t y  bounds may h i n d e r  many f a l s e  a l a r m s .  W i t h  a u t o m a t i c  d e ­

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

f a l l s )  i n  methane c o n c e n t r a t i o n  t i m e  s e r i e s  t h e  q u a l i t y  o f  

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

8 .  COMPARISON OF METHANE EMISSION FORECASTS

On F i g .  9 r e s u l t s  o f  v a r i o u s  f o r e c a s t i n g  mo de ls  a r e  p r e ­

s e n t e d  f o r  methane  e m i s s i o n  i n  I s t v á n  s h a f t .  C o r r e c t e d  m e t h a n e  

e m i s s i o n  d a t a  were use d  be ca u se  o f  g a s - d r a i n a g e  f r o m  t h e  n e i g h ­

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

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

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

t i m e - s p a n  o f  c o m p a r i s o n .  The abse nce  o f  f o r e c a s t s  f o r  t h e  f i r s t  

t h r e e  month i s  e x p l a i n e d  by t h e  a u t o r e g r e s s i v e  n a t u r e  o f  t h e  

f o r e c a s t i n g  model  ( F i g .  1 0 ) .

9 .  SUMMARY OF MATHEMATICAL METHODS OF FORECASTING

The ra nge  o f  e x i s t i n g  f o r e c a s t i n g  m e t h o d o l o g i e s  can  be d e ­

s c r i b e d  by c o n s i d e r i n g  t h e i r  c l a s s i f i c a t i o n .  One o f  t h e  s i m ­

p l e s t  c l a s s i f i c a t i o n  i s  s u m m a r i z e d  i n  T a b l e  I  ( M a k r i d a k i s  and 

W h e e l w r i g h t  1 9 7 9 ) .

T h i s  f r a m e w o r k  e m p l o y s  two  d i m e n s i o n s  f o r  d e s c r i b i n g  f o r e ­

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

t y p e  o f  i n f o r m a t i o n  a v a i l a b l e .  The u p p e r  l e f t - h a n d  q u a d r a n t  o f  

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

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

a b l e  and where  i t  i s  a n t i c i p a t e d  t h a t  t h e  h i s t o r i c a l  p a t t e r n  

w i l l  c o n t i n u e  i n t o  t h e  f u t u r e .  The l o w e r  l e f t - h a n d  q u a d r a n t  r e ­

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

-  b a s e d  on q u a n t i t a t i v e  h i s t o r i c a l  d a t a  -  a r e  a p p r o p r i a t e ,  

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

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

b o t h  u p p e r  and l o w e r  l e f t - h a n d  q u a d r a n t s  assume a c o n t i n u a t i o n
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F i g .  10. Schematics o f  medium-term (auto regress ive )  fo recas t i ng  model

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

v a r i a b l e s  used i n  i d e n t i f y i n g  and p r e d i c t i n g  t h a t  p a t t e r n  i s  

d i f f e r e n t  f o r  t h e  two  q u a d r a n t s .

The uppe r  r i g h t - h a n d  q u a d r a n t  o f  T a b l e  I  p r e s e n t s  t h o s e  

m e t h o d s  commonly r e f e r r e d  t o  as e x p l o r a t o r y ,  t h e  l o w e r  r i g h t -  

- h a n d  q u a d r a n t  shows t h o s e  n o r m a t i v e  m e t h o d o l o g i e s  w h i c h ,  w h i l e  

b a s e d  on q u a l i t a t i v e  o r  s u b j e c t i v e  d a t a ,  c o n s i d e r  t h e  i m p a c t  o f  

f a c t o r s  chosen by management  on t h e  f u t u r e  ou tcome o f  s p e c i f i c  

e v e n t .

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

T a b l e  I  a re  o f  mos t  i n t e r e s t  and were  used  t h r o u g h o u t  e x a m p l e s  

o f  t h i s  p a p e r .

1 0 .  FORECASTING OF METHANE EMISSION IS A REALITY

C om par i son  o f  f o r e c a s t s  w i t h  a c t u a l  e m i s s i o n  d a t a  f o r  I s t ­

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

c o n t r o l  and mine d e s i g n .  No m a t h e m a t i c a l  o r  c o m p u t i n g  p r o b l e m  

h i n d e r s  w id e s p r e a d  use  o f  t h e s e  m et hods  i n  c o a l  m i n e s .  B ecause  

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

l y  i n  c o a l  m ines  b u t  fe w  o f  them a r e  used  f o r  e n g i n e e r i n g  a n a l ­

y s i s  o f  mine s t a t e .  M o d e l i n g  o f  methane  e m i s s i o n  r e q u i r e s  a 

v e r y  sound  d a t a - a c q u i s i t i o n  and a n a l y s i s  b u t  good f o r e c a s t s  can 

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

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

o f  t i m e  s e r i e s  o f  m e a s u r e d  d a t a  a u t o m a t i c  d e t e c t i o n  o f  s a f e t y
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d e g r a d a t i o n  can  be re a c h e d  f o r  some m i n i n g  p r o c e s s e s .

T a b l e  I .  C l a s s i f i c a t i o n  o f  f o r e c a s t i n g  t e c h n i q u e s

Type of Type o f  i n fo r m a t i o n  ava i lab le

p a t t e rn Quant i ta t i ve Q ua l i ta t i v e  or t e c h n o l o g ic a l

H is t o ry  repeats Time ser ies  methods Exploratory method
i t s e l f Exponent ial  smoothing 

Decomposit ion/census I I  
F i l t e r s
Autoregressive/moving average 
Leading in d ica to rs  
Var ious forms of

t rend e x t r apo la t i ons

An t i c ip a to ry  surveys 
Catastrophe theory 
Delphi
H i s t o r i c a l  analogies 
L i f e - c y c l e  ana lys is  
Morphological  research 
Jury of  execut ive o p i n io n  
Sales force composi te

Exte rna l  f a c ­
t o r s  determine 
events

Explanatory methods 
Repression 
Econometr ic models 
M u l t i v a r i a t e  ARMA 
In p u t /o u tp u t

Normative methods 
Cross-impact mat r i ces  
Relevance t rees 
Delphi
System dynamics 
Market research
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DETERMINATION OF WATER SATURATION IN ROCKS WITH DIELECTRIC
METHODS

К Bauer  and Z M o s o n y i

Research Laboratory f o r  Mining Chemistry o f  the Hungarian Academy o f  
Sciences, H-3515 Miskolc,  U n i v e r s i t y  Campus, POB 2 , ' Hungary

[M anuscr i p t  received November 17, 1986]

In  course of  model l i ng a t  the pressure and temperature o f  the  re s e r ­
v o i r  the  water sa tu r a t i o n  can be determined i n  the s implest  way and w i t h  
the lowes t  costs by means o f  the d i e l e c t r i c  methods. For t h i s  purpose,  how­
ever,  a c e r t a in  amount o f  cons is ten t  in fo rm a t i o n  would be needed about the 
area.  In  t h i s  paper the r e s u l t s  o f  s tu d ie s  are discussed which were c a r r i e d  
out  i n  n a tu r a l  and a r t i f i c i a l  rocks w i t h  condensers having both i n s u la t e d  
and un insula ted armatures. These s tu d ie s  had the aim to overcome the  lack 
o f  i n fo rm a t i on  ment ioned.

On the basis o f  the re s u l t s  authors conclude tha t  an unambiguous and 
w e l l  de f ined  fu n c t io n a l  connect ion e x i s t s  between water s a tu r a t i o n  and 
p e r m i t t i v i t y  in  the frequency range where the frequency dependence o f  the 
rock sa tu ra ted  t o t a l l y  o r p a r t i a l l y  w i t h  water  can al ready be neg lec ted .  
This frequency range changes in  f u n c t io n  o f  the c h a r a c t e r i s t i c s  o f  the 
porous system as we l l  as o f  the s a l t  con ten t  o f  the model wa te r.

For the p r e d i c t i o n  o f  the fu n c t i o n a l  connect ion I ( S W) Odelevsky 's 
s t a t i s t i c a l  method has been appl ied.

Keywords: d i e l e c t r i c  method; f requency dependence of  d i e l e c t r i c i t y ;  
p e r m e t t i v i t y ; water sa tu r a t i o n
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concerning f requency
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K BAUER and Z MOSONYI

INTRODUCTION

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

o f  b o t h  t h e  new m e t h o d s  o f  c ru d e  o i l  r e c o v e r y  and o f  t h o s e  

w h i c h  a r e  more e f f i c i e n t  t h a n  t h e  t r a d i t i o n a l  ones .  I n  a d d i t i o n  

t o  t h e  l i n e a r  m o d e l s ,  a r e a l  and v o l u m e t r i c  mo de ls  a re  a l s o  a p ­

p l i e d  as t h e i r  s y s t e m  o f  c o n d i t i o n s  can be b e t t e r  a d j u s t e d  t o  

, h e  r e a l  c o n d i t i o n s .  I n  a l l  c a s e s ,  i t  i s  a l s o  n e c e s s a r y  t o  be 

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

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

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

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

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

a v a i l a b l e  (U h lm an  1 9 7 2 ) .  The m a j o r i t y  o f  t h e s e  r e q u i r e  h i g h  e x ­

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

s u i t a b l e  f o r  m e a s u r i n g  a v e r a g e  s a t u r a t i o n  o f  samp les  o f  s m a l l  

s i z e  ( H o r n y o s  1 973 )  u n d e r  n e a r l y  a t m o s p h e r i c  p r e s s u r e  and t e m ­

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

e x p e n d i t u r e .

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

p r o x i m a t i n g  t h e  r e s e r v o i r  d i e l e c t r i c  m e t h o d s  w ou ld  be r e l a t i v e ­

l y  l e s s  c o s t - i n t e n s i v e ,  w h ic h  b e l o n g  t o  t h e  n o n - t r a c i n g ,  d i r e c t  

m e a s u r i n g  m et hods  and have  been used  f o r  a f a i r l y  l o n g  t i m e  t o  

t h e  f a s t  c o n t r o l  and measur ement  o f  t h e  m o i s t u r e  c o n t e n t  o f  

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

1 9 6 0 ,  K r i t c h e v s k o v o  1980 ,  S t u c h l y  and S t u c h l y  1 9 8 3 ) .  They a l s o  

h a v e  t r a d i t i o n s  i n  r e s e r v o i r - m e c h a n i c a l  t e s t s  (D u n la p  e t  a l .  

1 9 4 9 ,  S im andoux  1 9 6 3 ,  C s e rn y á k  1 9 6 4 ) .  H o w e v e r ,  t h e i r  w i d e r  a p ­

p l i c a t i o n  has been  and i s  a g g r a v a t e d  by t h e  f a c t  t h a t  i n  many 

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

T h e r e f o r e ,  k e e p i n g  i n  mind t h e  t a s k  o f  " i n  s i t u "  m e a s u r e ­

me n t  o f  w a t e r  s a t u r a t i o n  v a l u e s  i n  t h e  r o c k  model  as w e l l ,  

t e s t s  have  been c o n d u c t e d  on n a t u r a l  and a r t i f i c i a l  r o c k s  t o  

g a i n  i n f o r m a t i o n  on t h e i r  p e r m i t t i v i t y  and  f r e q u e n c y - d e p e n d e n c e  

as w e l l  a s ,  k n o w i n g  t h e i r  p e r m i t t i v i t y ,  on t h e  degre e  t o  w h i c h  

t h e i r  w a t e r  s a t u r a t i o n  can be f o r e c a s t .

1 40
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INSTRUMENTS AND MATERIALS USED FOR THE TESTS

F o r  t h e  t e s t s ,  4775A t y p e ,  H e w l e t t - P a c k a r d  LCR m e t e r  has 

been  a p p l i e d .  W i t h  t h e  LCR m e t e r ,  t h e  c a p a c i t y  and c o n d u c t i v i t y  

o f  t h e  c o n d e n s e r s  o u t l i n e d  i n  F i g .  1 w ere  s i m u l t a n e o u s l y  mea­

s u r e d  i n  t h e  f r e q u e n c y  band o f  10 KHz < f  < 1 0  MHz.

F ig .  1. S t r u c t u ra l  b u i l d  o f  the measuring condensers used f o r  the te s t s ,  
w i th  i nsu la ted  (a)  and uninsulated e le c t r ode  connect ions ( b , c ) .
A -  p l a s t i c  covered w i th  copper f o i l ,  В -  epoxy re s i n ,  C -  rock,  
D -  s t a i n l e s s  s t e e l  pipe

The d i e l e c t r i c  medium o f  t h e  above  c o n d e n s e r s  have  been 

f o r m e d  f r o m  t h e  f o l l o w i n g  n a t u r a l  and a r t i f i c i a l  r o c k s .  A rma­

t u r e s  o f  t h e  c o n d e n s e r s  a g a i n s t  t h e  r o c k  have  been e i t h e r  i n ­

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

c o u l d  n o t  be moved.

The n a t u r a l  r o c k  used  i n  t h e  t e s t :  s a n d s t o n e  f r o m  w a t e r -

- c o n t a i n i n g  zone o f  a h y d r o c a r b o n  seam ( T r a n s d a n u b i a , K i s c s e -
-3  2 2h i ) .  The p e r m e a b i l i t y  ranged f r o m  10 / jm and 1 длп , i t s  p o r o s ­

i t y  f r o m  0 . 0 6  t o  0 . 2 5 .

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

r e s i n o u s  bond ,  T i p o x  r e s i n  has been a p p l i e d  t o  ceme nt  t h e  

g r a i n s  o f  t h e  washed sand  f r o m  M i s k o l c .  The s p e c i f i c  r e s i n  c o n ­

s u m p t i o n  c a l c u l a t e d  f o r  t h e  n o n - c o n s o l i d a t e d  sand  vo lu m e  has

had a r a t i o  o f  0 . 0 5 - 0 . 1 6 .  T h e i r  p o r o s i t y  r a n g e d  f r o m  0 . 2  t o
2 20 . 3 6 ,  p e r m e a b i l i t y  f r o m  0 .01 /Jm t o  10 /Jm .

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

c o n s i s t e d  o f  washed sand f r o m  F e h é r v á r c s u r g ó .  F o r  b i n d i n g  o f
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t h e  s a n d  g r a i n s ,  t h e  m i x  o f  g l a s s  g r i t s  o f  g r a i n  s i z e s  b e l o w  

45 /Urn and c a l c i u m  f l u o r i d e  has  been a p p l i e d .  The w e i g h t  o f  t h e  

c a l c i u m  f l u o r i d e  has  b e e n  0 . 0 0 5 - 0 . 0 2  t i m e s  l o w e r  t h a n  t h a t  o f  

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

c o u n t e d  f o r  0 . 03  t o  0 . 1 4  o f  t h e  pow der  b e d .  A f t e r  t h e  s i n t e r i n g

o f  t h e  sand mixed  w i t h  b i n d e r ,  t h e  r o c k  m a t e r i a l  had a p o r o s i t y
2 2o f  0 . 3 5 - 0 . 4 6  and a p e r m e a b i l i t y  o f  0.1 /jm -30/Jm . Fo r  w a t e r  

s a t u r a t i o n  o f  t h e  r o c k s ,  d i s t i l l e d  w a t e r  has  been a p p l i e d .  I n  

some c a s e s ,  r o c k s  s a t u r a t e d  w i t h  e t h y l  a l c o h o l  a n d / o r  a c e t o n e  

h a v e  a l s o  been t e s t e d .

RESULTS AND THEIR INTERPRETATION

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

g e n e r a l  f r e q u e n c y - d e p e n d e n c e  o f  t h e  r e s u l t s ,  Cx /C ^ g  and G ^ g /G x 

d i m e n s i o n l e s s  p a r a m e t e r s  have  been a p p l i e d .  C o n s i d e r i n g  t h e s e  

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

c o n s t a n t s ,  c o n d u c t i v i t i e s  o f  t h e  s p e c i f i c  c o n d u c t i v i t i e s  o f  t h e  

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

u r a t e d  c o n d i t i o n  o f  t h e  r o c k  -  f o r  n a t u r a l  r o c k s  -  can be seen 

i n  F i g s  2 and 5,  t h o s e  c o n c e r n i n g  t h e  s i l i c a t e  bonded t y p e  a r ­

t i f i c i a l  r o c k s  i n  F i g s  3 and 6 as w e l l  as t h o s e  o f  t h e  r e s i n  

b o n d  t y p e  a r t i f i c i a l  r o c k s  i n  F i g s  4 and 7.

The t r e n d  t o  be o b s e r v e d  w i t h i n  t h e  i n d i v i d u a l  t y p e s  o f  

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

c h a r a c t e r i z e d  by t h e  maximum and minimum v a l u e s  i n d i c a t e d  on 

t h e  c u r v e s  o f  t h e  a bove  f i g u r e s ,  can a l s o  be o b s e r v e d  be tw e e n  

t h e  d i f f e r e n t  t y p e s  o f  r o c k s .

The  l a t t e r  s i m i l a r i t y  i s  r e f l e c t e d  i n  t h e  f r e q u e n c y  c u r v e s  

o f  t h e  comp le x  p e r m e t t i v i t y  o f  t h e  r o c k s  s t u d i e d ,  t o o ,  as can 

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

as  w e l l ,  on t h e  b a s i s  o f  F i g s  8 and 9 .  The o n l y  d i f f e r e n c e  o b ­

s e r v e d  i s  be tween t h e  v a l u e s  o f  t h e s e  p a r a m e t e r s .  Fo r  i n s t a n c e ,  

r e g a r d i n g  t h e  d i e l e c t r i c  p e r m e a b i l i t i e s  shown i n  F i g .  8 ,  on 

f r e q u e n c i e s  be low  10 KHz ,  t h a t  o f  t h e  a r t i f i c i a l - r e s i n  bonded  

r o c k  i s  minimum c o m p a r e d  t o  t h e  n a t u r a l  s a n d s t o n e .  T h i s  i n  i t ­

s e l f ,  h o w e v e r ,  can s t i l l  be o f  a c o n s i d e r a b l e  v a l u e  h a v i n g
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F ig .  2. In dry c o n d i t i o n  o f  na tu ra l  sandstones, change o f  the reduced 
capaci t y and c o n d u c t i v i t y  in  the f u n c t i o n  o f  frequency

F ig .  3. With the s i l i c a t e - b o n d  type a r t i f i c a l  rocks in  dry c o nd i t i o n ,  
the change o f  the  reduced capaci ty  and c o n d u c t i v i t y  i n  the 
func t ion  o f  f requency
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F i g .  4.  In  the dry c o n d i t i o n  o f  s yn th e t i c  re s in  bonded a r t i f i c i a l  rocks,  
change o f  reduced capac i t y  and c o n d u c t i v i t y  according to  the  
frequency

F i g .  5.  In  wa ter -sa tu ra ted c o n d i t i o n  of  n a tu r a l  sandstones, change o f  the 
reduced capac i ty  and c o n d u c t i v i t y  according to the f requency
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F ig .  6. Wi th the s i l i ca te -bonded  a r t i f i c i a l  rocks in wa te r - sa tu ra ted  con­
d i t i o n ,  change o f  the reduced capac i t y  and c o n d u c t i v i t y  i n  the 
f u n c t io n  o f  f requency

F ig .  7. Wi th the syn th e t i c  re s i n  bonded a r t i f i c i a l  rocks in  w a te r -s a tu ra t ed  
c o n d i t i on ,  change o f  the reduced capac i t y  and c o n d u c t i v i t y  accord­
ing  to  the frequency
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F i g .  8. Change o f  the d i e l e c t r i c  permeab i l i t y  o f  n a t u r a l  and a r t i f i c i a l  
rocks in  the f u n c t i o n  o f  frequency, о -  n a t u r a l  sandstone ( K i s ­
cseh i ) ,  + -  l o w - p o r o s i t y  a r t i f i c i a l  rock  ( o f  s i l i c a t e  b i n d in g ) ,  
Д , •  -  h i g h - p o r o s i t y  a r t i f i c i a l  rock ( o f  s i l i c a t e  b ind ing) ,
▲ - a r t i f i c i a l  ro c k  o f  syn the t i c  r e s i n  b i nd in g

F ig .  9. For the rocks shown i n  Fig.  8, change o f  the d i e l e c t r i c  loss  
the fu n c t io n  o f  f requency
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C q u a r t z - s a n d  ~ ’ ' ' w a t e r  “  '
I n  t h e  u n i n s u l a t e d  a r m a t u r e  t y p e  t e s t s  o f  w a t e r  s a t u r a t e d

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

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

f r e q u e n c i e s .  An exa m p le  o f  t h i s  can be seen  i n  F i g .  10 ,  m a k i n g  

use  o f  t h e  r e s u l t s  by Sen ( 1 9 8 0 ) .  The p e r m e t t i v i t y  ch a n g e  i n  

ca se  o f  a n a r r o w  f r e q u e n c y  band  i s  p r i m a r i l y  e x p e c t e d  f o r  r o c k s  

o f  g r a n u l a r  s t r u c t u r e  s i m i l a r  t o  t h o s e  i n  F i g .  11.  The c o n s i d ­

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

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

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

o f  p o r e - f i l l i n g  w a t e r .

I n  o u r  own t e s t s ,  t h i s  t r a n s i t i o n a l  z o n e ,  as shown i n  

F i g .  8 ,  has been h i g h l y  d i s p l a c e d  t o  t h e  l e f t ,  i n t o  t h e  d i r e c ­

t i o n  o f  t h e  KHz f r e q u e n c y  v a l u e s .  The d i s p l a c e m e n t  t o  t h i s  d i ­
r e c t i o n  o f  t h e  t r a n s i t i o n a l  z ones  i s  assumed t o  have r e s u l t e d  
f r o m  t h e  lo w  c o n d u c t i v i t y  o f  t h e  d i s t i l l e d  w a t e r  app l ie d  f o r  the

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

t h e  w a t e r  w h ic h  i s  o n e  o f  i t s  c o m p o n e n t s  ( £  . = 3 :r e s i n  ’

F ig .  10. Change o f  the d i e l e c t r i c  pe rm eab i l i t y  o f  wa te r-sa tu ra ted sandstone 
w i th  g r a i n -s i z e  s i m i l a r  to  t h a t  schemat ica l l y  shown in  F ig .  11 in  
the fun c t io n  o f  the frequency o f  the e l e c t r i c  f i e l d  perpe nd icu la r  
to  the s t r a t i f i c a t i o n  Sen (1980).  a -  = 1 mho/m; b -  = 10 mho/m
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F ig .  11. Schematic drawing of  rock co n ta i n in g  lam inar l y  f l a t ,  d i sc - fo rm 
g ra ins too ,  where the d i e l e c t r i c  cons tan t  can be o f  p a r t i c a r l y  
high value as w e l l  i f  the e l e c t r i c  f i e l d  i s  perpendicular  to  
the s t r a t i f i c a t i o n  Sen (1980)

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

c r e a s e  o f  t h e  w a t e r  c o n d u c t i v i t y  h e r e  ha ve  been t h e  i o n s  o f  t h e  

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

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

J w a t e r  i n  case o f  t h e  s i l i c a t e  bonded  t y p e  a r t i f i c i a l  r o c k s .

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

o f  r o c k s ,  t a k i n g  some g i v e n  f r e q u e n c y  as  a b a s i s ,  can a l s o  be 

r e f l e c t e d  i n  t h e  d i e l e c t r i c  l o s s e s  shown i n  F i g .  9 .  C o n s e q u e n t ­

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

d e t e r m i n e d  t h e  l o c a t i o n  o f  t h e  t r a n s i t i o n a l  zones compared  t o  

one  a n o t h e r .  The t r a n s i t i o n a l  zone much w i d e r  t h a n  t h a t  i n  F i g .  

1 0 ,  c o v e r i n g  f r e q u e n c i e s  o f  even 0 .1  KHz < f  < 100 KHz can  a l s o  

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

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

t o  be seen i n  F i g .  11 a r e  l a c k i n g .

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

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

i t y  changes can be l i m i t e d  i f  t h e  m e t a l  e l e c t r o d e s  o f  t h e  c o n ­

d e n s e r  a re  c o n n e c t e d  t o  th e  r o c k  by t h e  i n s e r t i o n  o f  a l o s s -  

- f r e e  d i e l e c t r i c  med ium ( i n s u l a t o r ) .

T h i s ,  h o w e v e r ,  can  r e s u l t  i n  t h e  f r e q u e n c y  dependence
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F ig .  12. When a measuring condenser w i t h  i n s u l a t e d  armament i s  a pp l ie d ,
change o f  parameters C* and G*/  ou p r o p o r t i o n a l  to the d i e l e c t r i c  
p ro p e r t i es  i n  the func t ion  o f  f requency f o r  syn the t i c  r e s i n  
bonded a r t i f i c i a l  rocks sa tura ted  w i t h  water (o ) ,  acetone ( • )  
and/or  e t h y l  a lcoho l  (Д)

shown i n  F i g .  12 i n  case  o f  t h e  c o m p o n e n t  o f  t h e  co m p le x  p e r ­

m i t t i v i t y  and o f  t h e  v a l u e s  p r o p o r t i o n a l  t o  them,  a l s o ,  i t  means 

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

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

Such a f r e q u e n c y  dependence h a v i n g  been  measu red ,  e . g . ,  

f o r  t h e  c o n d i t i o n s  o f  s y n t h e t i c  r e s i n  bond  t y p e  sand s a t u r a t e d  

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

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

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

s u c h ,  i t  can a l s o  be i n t e r p r e t e d  as one  o f  t h e  cases  o f  

M a x w e l l ' s  s u r f a c e  e f f e c t s .  T h i s  phenomenon  has a l r e a d y  been  

s t u d i e d  by S im andoux  ( 1 9 7 3 ) ,  i n  c o n n e c t i o n  w i t h  th e  d e t e r m i n a ­

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

He has p o i n t e d  o u t  t h a t  i n  t h e  t e s t s  u s i n g  i n s u l a t e d  e l e c t r o d e s ,  

t h e  d i e l e c t r i c  l o s s  i n  c o n n e c t i o n  w i t h  t h e  r o c k  c o n d u c t i v i t y
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d i s t o r t s  t h e  v a l u e s  m e a s u r e d ,  s i m i l a r l y  t o  t h e  case when a 

s e p a r a t i n g  c o n d e n s e r  i s  i n s e r t e d  i n t o  t h e  m e a s u r in g  c i r c l e ,  as 

i t  i s  p r o v e d  b'y t h e  t e s t s  c o n d u c t e d  by C s e r n y á k  (1 9 6 4 ) ,  t o o .

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

t r i c  p a r a m e t e r s  can  a l s o  r e s u l t  f r o m  t h e  m i c r o  and s e m i - m i c r o  

( i n t r a - s t r a t i f i c a t i o n )  h e t e r o g e n e i t y  o f  t h e  r o c k  s t r u c t u r e  and 

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

p o l a r i z a t i o n s  o c c u r r i n g  i n  t h e  m i c r o ,  s e m i - m i c r o  and m a c r o ­

s c o p i c  r e g i o n s  o f  t h e  s e p a r a t i n g  s u r f a c e s  be tween t h e  w a t e r  as 

i o n i c  f l u i d  and t h e  s o l i d  phase as an i n s u l a t o r  can r e s u l t  i n  

M a x w e l l - W a g n e r  e f f e c t s  o f  d i f f e r e n t  o r i g i n s ,  c o n s e q u e n t l y ,  t h e  

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

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

i t s  vo lu m e  can be c o n s i d e r a b l y  c h a n g e d  ( A l v a r e z  1 9 7 3 ) .  W i t h  

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

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

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

s u r i n g  c o n d e n s e r s  h a v e  been a p p l i e d .  As can be seen i n  F i g s  5 - 9 ,  

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

c o n s t a n t  has been n e g l i g i b l e  above  1 MHz. Thus ,  on t h e  b a s i s  o f  

t h e  t e s t s  c o n d u c t e d  a t  10 MHz, r e l a t i o n  Sw ( E1 ) can c h a n g e  a c ­

c o r d i n g  t o  F i g .  13 f o r  t h e  d i f f e r e n t  r o c k  t y p e s .  Fo r  t h e  n u m e r ­

i c a l  f o r e c a s t  o f  r e l a t i o n  Sw ( £ '  ) ,  O d e l e v s k y ' s  ( 1 9 5 1 )  s t a t i s t i ­

c a l  mo de l  w i t h  s e v e r a l  c o m ponen ts  ha ve  been  a p p l i e d .  The o n l y  

m o d i f i c a t i o n  we have  p e r f o r m e d  i n  t h e  l a t t e r  i s  t h a t  we ha ve  

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

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

p o i n t s ,  t h e  a v e r a g e  d e p o l a r i z a t i o n  f a c t o r  has ra nged  f r o m  0 .1  

t o  0 . 2 .  A l t h o u g h  t h e  f r e q u e n c y  d e p e n d e n c e  o f  t h e  v a l u e s  mea su re d  

i s  n o t  c o n s i d e r a b l y  any  mor e ,  t h e  r e l a t i o n  be tween w a t e r  s a t u r a ­

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

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

i s  v e r y  low  -  Ф < 0 .1  -  o r  v e r y  h i g h :  ф > 0 . 5 ,  as w e l l  as i f  

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

£s > 15.  The l a t t e r  r e s u l t s  u n e q u i v o c a l l y  f o l l o w  f r o m  t h e  g e n ­

e r a l i z a t i o n s  t o  be made w i t h  t h e  m a t h e m a t i c a l  model  a d a p t e d  t o  

t h e  m e a s u r i n g  r e s u l t s . -
What we c o u l d  a l s o  o b s e r v e  d u r i n g  t h e  t e s t s  i s  t h a t  i n  t h e
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F ig .  13. Curves showing the r e l a t i o n  between the  water sa tu ra t i on  and the 
d i e l e c t r i c  p e r m eab i l i t y  a t  10 MHz f requency on the basis o f  t e s t s  
conducted w i t h  un insulated  e lec t rode  type measuring condenser.
1. Na tu ra l  sandstone (K is cse h i ) ,  2. S i l i c a t e  bond type a r t i f i c i a l  
rock,  3. S yn th e t i c  res i n  bonded a r t i f i c i a l  rock

f i e l d s  o f  t h e  d i e l e c t r i c  c o n s t a n t s  w h i c h  h i g h l y  depend on f r e ­

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

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

r e l a t i o n  be tw een t h e  w a t e r  s a t u r a t i o n  and  t h e  a p p a r e n t  d i e l e c ­

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

10 MHz, h o w e v e r ,  a w e l l  r e p r o d u c a b l e  r e l a t i o n  c o u l d  be o u t l i n e d  

f o r  a l l  t h r e e  t y p e s  o f  r o c k s .  N a t u r a l l y ,  i n  case o f  t h e s e  r o c k s  

as w e l l ,  i f  t h e  w a t e r  has a c o n s i d e r a b l e  e l e c t r o l i t e  c o n t e n t ,  

t h e  f r e q u e n c y  o f  t h e  m easu re me nts  s h o u l d  be i n c r e a s e d .  G e n e r a l ­

l y  t h i s  i s  p o s s i b l e  up t o  a b t .  500 MHz as above t h i s ,  t h e  e f ­

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

b e g i n n i n g  t o  be f e l t .  T h i s  f r e q u e n c y  i s  a t  t h e  same t i m e ,  t h e  
u p p e r  f r e q u e n c y  l i m i t  o f  t h e  a p p l i c a b i l i t y  o f  c o n d u c t i o n  t y p e
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d i e l e c t r i c  m e a s u r i n g  m e t h o d s .

CONCLUSIONS

1 . The n u m e r i c a l  f o r e c a s t  o f  t h e  r e l a t i o n s  be tw een t h e  

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

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

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

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

c o n s i d e r a t i o n  i n  t h e  O d e l e v s k y - C s e r n y ák m o d e l .

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

f r e q u e n c y  r a n g e  i n  w h i c h  a c l e a r ,  w e l l - d e f i n a b l e  r e l a t i o n  can  

be  assumed be tween  t h e  w a t e r  s a t u r a t i o n  and t h e  d i e l e c t r i c  c o n ­

s t a n t  o f  t h e  r o c k  c a n n o t  be d e t e r m i n e d ,  t h e r e f o r e ,  c o n c e r n i n g  

t h e  p o r o u s  s y s te m s  o f  t h e  w o u l d - b e  r o c k  mode l  o f  t h e  l a b o r a t o r y  

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

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

u r a t i o n ,  t h a t  f r e q u e n c y  r a n g e  i n  w h i c h  t h e  f r e q u e n c y - d e p e n d e n c e  

o f  t h e  d i e l e c t r i c  p e r m e a b i l i t y  o f  t h e  r o c k  f u l l y  o r  p a r t i a l l y  

s a t u r a t e d  w i t h  w a t e r  i s  n e g l i g i b l e .  T h i s  f r e q u e n c y  r a n g e  can  

v a r y  a c c o r d i n g  t o  t h e  p r o p e r t i e s  o f  t h e  p o r o u s  sys tem  and t h e  

s a l t  c o n t e n t  o f  t h e  m o d e l  w a t e r  t o o .
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The study contains  the fu nc t io ns  descr ib ing  the change o f  ash- and b a l ­
l a s t  contents vs. moisture con ten t  o f  coals as we l l  as the changes o f  mass 
recovery ,  c a l o r i f i c  va lue ,  t o t a l  enprgy and s p e c i f i c  b a l l a s t  and a d is cus ­
s ion  o f  them. By means o f  the r e l a t i o n s  and parameters deduced, the  domest ic 
types o f  coals are analyzed i n  d e t a i l s .

The re l a t i o n s  deduced i n  t h i s  paper and the ru le s  determined by them 
are v a l i d  i f ,  dur ing the change in  moisture con ten t ,  the e x t r a c t  con ten t  of  
coa l  does not undergo any phys i ca l  or chemical  change and i f  the mass o f  the 
d ry  coa l  mate r ia l  remains the same. This a lso  means th a t  the o th e r  product  
o f  dewater ing w i l l  be pure wa te r.

The study has been made w i t h  the suppor t  o f  the Nat ional  S c i e n t i f i c  
Research Foundation o f  the Hungarian Academy o f  Sciences.

Keywords: ash con ten t ;  b a l l a s t ;  c a l o r i f i c  value of  coals ;  combust ib le 
co n te n t ;  moisture content

1. INTRODUCTION

T a b l e  I  shows t h e  c o m m e r c i a l  a s h -  and m o i s t u r e  c o n t e n t s  Aг
and Wr  o f  H u n g a r i a n  c o a l s  o f  easy  d i s t i n c t i o n  b o t h  g e o l o g i c a l l y

and a c c o r d i n g  t o  t h e  q u a l i t y  p a r a m e t e r  v a l u e s  as w e l l  as t h e

b a l l a s t  c o n t e n t s  b = A + W and c o m b u s t i b l e  c o n t e n t s  e = г  г  г  г
= 100 -  b w h ic h  can  be d i r e c t l y  c a l c u l a t e d  f r o m  t h e m .  L i a s s i c ,  г
E o c e n e ,  C r e t a c e o u s  and M i o c e n e  c o a l s  as w e l l  as l i g n i t e s  have  

been  d i s t i n g u i s h e d .  The d a t a  o f  t h e  t a b l e  a r e  f r o m  O s v á t h  and 

P e t h ô  ( 1 9 8 5 )  where t h e  dependence  o f  t h e  c a l o r i f i c  v a l u e  on t h e  

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

r e l a t i o n  o f  two  v a r i a b l e s .

V a l u e s  a ,  w and Qq c o n t a i n e d  i n  t h e  o t h e r  p a r t s  o f  T a b l e  I  

a r e  a l s o  t a k e n  f r o m  t h e  same p a p e r ,  a means t h e  c hange  i n  c a l o ­

r i f i c  v a l u e  r e s u l t i n g  f r o m  a 1 % c h a n g e  o f  ash c o n t e n t  and w
Acta Geod. Geoph. Mont. Hung. 24, 1989 

Akadémiai Kiadó,  Budapest



Table I .  Some q u a l i t y  parameters o f  the d i f f e r e n t  types o f  coals in  Hungary

Type o f  coal \ wr b =А+1л/ г  г  г е =100-Ь г  г а W Qo Qr к \ г ' ° 4
\

Qr
h 10* Ar +Wr
Ьг Г  10 Qr

L i a s s ic 42 8 50 50 381 371 34630 15660 34.70 26.82 31.93

Eocene 27 16 43 57 335 318 29331 15198 41.69 17.77 28.29

Cretaceous 23 22 45 55 430 335 31043 13783 119.57 16.69 32.65

Miocene 26 26 52 48 282 295 27062 12060 11.38 21 .56 43.12

L i g n i t e 22 46 68 32 260 274 24921 6597 10.79 33.35 103.08

156 
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means t h a t  r e s u l t i n g  f r o m  a 1 % ch a n g e  o f  m o i s t u r e  c o n t e n t .  Qq 

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

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

Qr  i s  a f u n c t i o n  o f  two  v a r i a b l e s  r e f e r r i n g  t o  t h e  com­

m e r c i a l  h e a t i n g  v a l u e

Qr  = Qo -  aAr  -  wWr  • ( 1 )

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

p r e t a t i o n  :

I Q \ Q
a yog- + к I g and w = yyg- + 2 4 .6 2  , ( 2 )

w he re  к means t h e  c o m b u s t i o n  h e a t ,  i . e .  t h e  h e a t  r e q u i r e d  t o  

b u r n  t h e  w as t e  m i n e r a l s  and r o c k s  c o n t a i n e d  i n  t h e  c o a l  i n t o  

a s h ;  2 4 . 6 2  i s  t h e  e v a p o r a t i o n  h e a t .  The d i m e n s i o n  o f  b o t h  t h e  

c o m b u s t i o n  and t h e  e v a p o r a t i o n  h e a t s  i s  k J / 0 . 0 1  k g .  E q u a t i o n

( 2 )  a l s o  i n c l u d e s  t h e  m i n e r a l  raw m a t e r i a l  f a c t o r  g w h i c h  i s  

t h e  q u o t i e n t  o f  t h e  mass o f  m i n e r a l s  and r o c k s  i n  t h e  c o a l  and 

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

The s i g n  o f  c o m b u s t i o n  h e a t  к i s  p o s i t i v e  i f  t h e  w a s t e  

c o n s i s t s  o f  m i n e r a l s  and r o c k s  o f  e n d o t h e r m a l  p r o p e r t i e s .  L i m e ­

s t o n e  i s  a m i n e r a l  o f  e n d o t h e r m a l  p r o p e r t y .  When w a s t e  o f  e x o ­

t h e r m a l  p r o p e r t i e s  i s  b u r n e d ,  к has  a n e g a t i v e  s i g n  i n  Eq .  ( 2 ) .  

P y r i t e  i s  a m i n e r a l  o f  e x o t h e r m a l  p r o p e r t y .

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

w i n  Eq. ( 1 )  by means o f  m a t h e m a t i c a l  s t a t i s t i c  m e t h o d s  f o r  

each  c o a l  seam and mine  b a s i n .  T h e n ,  by d e t e r m i n i n g  Qr  and  Ar , 

t h e  c a l o r i f i c  v a l u e  Qr  can be c a l c u l a t e d  and comp ar ed  w i t h  t h e  

m e a s u r i n g  r e s u l t .

The l a s t  two  co lu m n s  o f  t h e  t a b l e  show th e  s p e c i f i c  a s h -  

and s p e c i f i c  b a l l a s t  v a l u e s .  B o t h  a r e  g i v e n  i n  g / 1 0 0 0  k J .  The 

s p e c i f i c  ash Ar f  i s  t h e  ash -  g -  p e r  1000 kO w h i l e  s p e c i f i c  ba l ­
l a s t  b r i  i s  t h e  j o i n t  mass i n  g o f  ash  and w a t e r  p e r  1000  k J .

The r e l a t i o n s  and r u l e s  d e t e r m i n e d  i n  t h e  s t u d y  a r e  v a l i d  

f o r  t h e  m e c h a n i c a l  d e w a t e r i n g  p r o c e s s .  I t  means t h a t  d u r i n g  de ­

w a t e r i n g ,  t h e r e  i s  no p h y s i c a l  and c h e m i c a l  change i n  t h e  c o a l .  

I t  i s  a l s o  assumed t h a t  t h e  w a t e r  removed  does n o t  c o n t a i n



s o l i d  m a t e r i a l .

2 .  CHANGE OF ASH- AND BALLAST CONTENTS OF COALS AND OF MASS 

EXTRACTION IN FUNCTION OF MOISTURE CONTENT

I n  t h e  f u n c t i o n  o f  m o i s t u r e  c o n t e n t  W, t h e  change o f  ash

c o n t e n t  A can be c a l c u l a t e d  w i t h  t h e  f o l l o w i n g  r e l a t i o n  i f  t h e

t e s t  v a l u e s  W„ and A „  m e n t i o n e d  a re  known г  r

100-W TOO Ar  Af  A^
A = 100-W Aг  = 100-W 100-W W = Ad TSÏÏ W •г  г  г

A c c o r d i n g  t o  t h e  t r a n s p o s e d  e q u a t i o n ,  t h e  c h a n g e  o f  ash c o n t e n t

i n  f u n c t i o n  o f  m o i s t u r e  c o n te n t  W can be e x p r e s s e d  w i t h  a

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

w h i c h  i s  d r y  a s h - c o n t e n t  A^ and th e  d i m e n s i o n  o f  t h e  d i r e c t i o n

f a c t o r  i s  one h u n d r e d t h  o f  t h i s  d r y  ash  c o n t e n t .

B a l l a s t  c o n t e n t  b i s  th e  sum o f  t h e  a s h - c o n t e n t  and г
m o i s t u r e  c o n t e n t :  b = A + W . The c h a n g e  o f  t h i s  i n  t h e  f u n c -г  г  г  a
t i o n  o f  t h e  m o i s t u r e  c o n t e n t :

b = 100-W л
100-W г  г

100 Aы _____ г
1 00-Wг

ШО -  (A +W ) e .

10 0 -W W '  Ad + Too W •
Г

( 4 )

So t h e  change o f  b b a l l a s t  c o n t e n t  v s .  m o i s t u r e  c o n t e n t  can be

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

у o f  w h i c h  i s  a l s o  t h e  d r y  ash c o n t e n t  and  t h e  v a l u e  o f  t h e

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

As a r e s u l t  o f  t h e  change  i n  m o i s t u r e  c o n t e n t ,  t h e  mass 

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

l o w s  :

100 - wr
mh = 100 -  W '

A c c o r d i n g  t o  t h e  e q u a t i o n ,  t h e  c h a n g e  o f  mass e x t r a c t i o n  i s  

d e s c r i b e d  by an e q u i l a t e r a l  h y p e r b o l a .  W i t h  a m o i s t u r e  c o n t e n t  

o f  W = 0 ,  = (1 00  -  Wr ) / 1 0 0  where i s  mass r e c o v e r y  o f
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t h e  e x t r a c t  c o n t e n t .  I t  f o l l o w s  f r o m  a c o m p a r i s o n  o f  Eqs ( 3 )  

and ( 5 )  t h a t  t h e  r e l a t i o n  be tw een  t h e  ash  c o n t e n t  and t h e  mass 

r e c o v e r y  i s :

m. A = A „  ( 6 )h r

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

i n g  m o i s t u r e  c o n t e n t  and t h e  ash c o n t e n t  e q u a l s  t o  t h e  t e s t  ash  

c o n t e n t  t o  be c o s i d e r e d  as c o n s t a n t .

3.  CHANGE OF THE CALORIFIC VALUE IN THE FUNCTION OF MOISTURE 

CONTENT

I n  a d d i t i o n  t o  t h e  t e s t  v a l u e s ,  t h e  h e a t i n g  v a l u e  Qr  o f  

t h e  c o a l s  has  been g i v e n  w i t h  Eq.  ( 1 ) ,  t h e  v a l u e s  o f  a an d  w 

i n c l u d e d  i n  i t  w i t h  Eq. ( 2 ) .  W i t h  a v i e w  t o  d e t e r m i n e  t h e  c a l o ­

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

t o r s  a r e  n e e d e d .

I f  t h e  m o i s t u r e  c o n t e n t  o f  t h e  c o a l  changes  f r o m  Wr  t o  W 

a n d ,  t o g e t h e r  w i t h  t h i s ,  t h e  ash c o n t e n t  changes  f r o m  Ar  t o  A,  

h e a t i n g  v a l u e  Q v a l i d  f o r  t h e  l a t t e r  c a s e  can be c a l c u l a t e d  by 

s u b s t i t u t i n g  Eq. ( 3 )  i n t o  Eq.  ( 1 ) :

100 a A /  a A \

Q = Qo '  100 -  Wr  '  [  w " 100-Wr  J W = Q0 - a A d - w ' W ‘ ( 7 )

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

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

t i o n  f a c t o r  t h e  o r d i n a t e  i n t e r c e p t  o f  w h i c h  i s  t h e  f i r s t  tw o  

t e r m s  o f  Eq.  ( 7 ) ,  c a l o r i f i c  v a l u e  Qd o f  t h e  m o i s t u r e - f r e e  c o a l .  

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

Eq.  ( 2 )  i s  as f o l l o w s :

100 a A 100 -  (g A +W ) 100 g A

Qd = Qo "  100 -  W = 40 10Û -  ЫГ "  1Û0 - W k ‘ ( 8 )г  г г

I n  Eq.  ( 7 ) ,  m u l t i p l i e r  w ’ o f  t h e  m o i s t u r e  c o n t e n t  W means t h e  

ch ange  i n  c a l o r i f i c  v a l u e  r e s u l t i n g  f r o m  a 1 % change o f  m o i s ­

t u r e  c o n t e n t .  T h i s  w'  m u l t i p l i e r ,  by t h e  s u b s t i t u t i o n  o f  a and 
w , i s
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a A Q 100 -  (g A +W ) g A

w' = w " 100-W = Т0Й" 100 -  W 100-W k + 2 4-62  'г  г г
( 9 )

I n  t h e  p r e v i o u s  tw o  e q u a t i o n s  t h e  m u l t i p l i e r  o f  Qq and QQ/ 100

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

t h e  e x t r a c t  c o n t e n t  and t h i s  i s  d e n o t e d  by e .. I n  t h e  samegd
e q u a t i o n s  t h e  m u l t i p l i e r  o f  к i s  t h e  w a s t e  c o n t e n t  o f  t h e  d r y  

c o a l  m a t e r i a l :  g A ^ .  W i t h  r e g a r d  t o  t h e s e  q u a l i t y  p a r a m e t e r s  

s u b s t i t u t i n g  Eqs ( 8 )  and ( 9 )  i n t o  Eq .  ( 7 )  i n  f u n c t i o n  o f  t h e  

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

l o w s

e .
= SÉ n _

100 uo g a , к
e , Q gd wo
100 100

g Ad 
100 к + 24.62 W = Qd ' 100 24.62 W .

( 10)

The change  o f  Q c a l o r i f i c  v a l u e  v s .  m o i s t u r e  c o n t e n t  W a c ­

c o r d i n g  t o  Eq. ( 1 )  can  be d e s c r i b e d  w i t h  a s t r a i g h t  l i n e  o f  

n e g a t i v e  d i r e c t i o n  f a c t o r  t h e  i n t e r c e p t  у o f  wh ich  i s  h e a t i n g  

v a l u e  o f  t h e  m o i s t u r e - f r e e  (W = 0 )  c o a l  m a t e r i a l ,  t h e  v a l u e  

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

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

c o a l  m a t e r i a l  c o n s i s t s  o f  two p a r t s :  e ^ c o m b u s t i b l e  m a t e r i a l  

and  g A^ w a s te  c o n t e n t .  The sum o f  t h e s e  i s  100 %. The t h e r m a l  

e n e r g y  e ^ QQ/ 100 r e p r e s e n t e d  by t h e  c o m b u s t i b l e  m a t e r i a l  i s  

r e d u c e d  by g A ^ k ,  t h a t  i s ,  t h e  t h e r m a l  e n e r g y  n e c e s s a r y  t o  b u r n  

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

p r o c e s s .

4 .  CHANGE OF TOTAL ENERGY IN THE FUNCTION OF MOISTURE CONTENT

E q u a t i o n s  ( 7 )  and ( 1 0 )  e x p r e s s  t h e  t h e r m a l  e n e rg y  o f  t h e  

m a t e r i a l  o f  u n i t  m ass .  However ,  when t h e  m o i s t u r e  c o n t e n t  

c h a n g e s ,  t h e  mass a l s o  changes and t h u s  t h e  a b s o l u t e  v a l u e  o f  

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

mass e x t r a c t i o n  and t h e  c a l o r i f i c  v a l u e .  T o t a l  e n e rg y  I Q  o f  

t h e  c o a l  o f  1 kg  mass and Wr  m o i s t u r e  c o n t e n t  can be w r i t t e n  by 

u s i n g  Eqs ( 5 ) ,  ( 7 )  and  ( 1 0 )  i f  i t s  m o i s t u r e  c o n t e n t  c h a n g e s  t o  

W and t h e r e f o r e  i t s  mass a l s o  c h a n g e s :
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1 OO-W 100 a A a A
= mh U = 1 00-W % - 1 00-W г 100

100-Wr / Qd \
100-W Qd - (-Ш Т  + 2 4 . 6 2  I W

( 1 1 )

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

e x p r e s s e d  by a g e n e r a l  h y p e r b o l a .  B e s i d e s ,  i t s  vo lu m e  i s  a l s o  

a f f e c t e d  by m o i s t u r e  Wr  and c a l o r i f i c  v a l u e s  Qd i n  a way t o  be 

d e t e r m i n e d  by means o f  Eq. ( 1 1 ) .  I n  c a s e  o f  a m o i s t u r e  c o n t e n t  

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

1 00-W

EQd = 100 Qd = mhd Qd > ( 1 2 )

t h a t  i s ,  th e  p r o d u c t  o f  t h e  mass r e c o v e r y  and c a l o r i f i c  v a l u e  

o f  t h e  e x t r a c t  c o n t e n t .

By means o f  Eq.  ( 1 0 )  and w i t h  r e g a r d  t o  Q = 0 ,  i n  c a s e  o f  

a m o i s t u r e  c o n t e n t  o f

1 00 + 2 4 . 6 2

( 1 3 )

t h e  c a l o r i f i c  v a l u e  i s  z e r o .

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

s u l t s  f r o m  a 1 % change  o f  t h e  m o i s t u r e  c o n t e n t  i s :

I Q ’
d I Q  

dW

2462 (100-W ) 

( 1 0 0 - W ) 2
( 1 4 )

IQ has  a n e g a t i v e  s i g n .  So t h e  shape  o f  f u n c t i o n  ( 1 1 )  e x p r e s s ­

i n g  t h e  t o t a l  e n e r g y  change  b e tw e e n  m o i s t u r e  c o n t e n t s  0 and W . 

i s  c o n v e x  f r o m  a b o v e ,  so w i t h  a d e c r e a s i n g  m o i s t u r e  c o n t e n t ,  

t h e  s p e c i f i c  e n e r g y  change  g e t s  s m a l l e r  and s m a l l e r .  I Q '  i s  

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

The e n e r g y  change  i s  t h e  g r e a t e s t  i n  case o f  a m o i s t u r e  

c o n t e n t  W a c c o r d i n g  t o  Eq.  ( 1 3 )

I Q '  = Qd
Tiïïï + 2 4 . 6 2

2 100-Wj. 
2462 0 5 )
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W i t h  a t e s t  m o i s t u r e  c o n t e n t  W = W , t h e  v a l u e  o f  t h e  s p e c i f i c  

c h a n g e  i s

I Q '
2462

100-W ‘г
( 1 6 )

A c c o r d i n g  t o  t h i s  e q u a t i o n ,  a t  t h e  b e g i n n i n g  o f  t h e  d e w a t e r i n g

p r o c e s s ,  t h e  h i g h e r  t h e  m o i s t u r e  c o n t e n t  o f  t h e  r u n - o f - m i n e

c o a l  i s ,  t h e  h i g h e r  i s  t h e  v a l u e  o f  t h e  s p e c i f i c  change .  The

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

W > 0 .  г

I Q '  = -  Щ г -  О О О - W )  . ( 1 7 )
104 r

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

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

W . I n  case  o f  m o i s t u r e  c o n t e n t s  o f  z e r o  o r  lo w  v a l u e s ,  t h e  

s p e c i f i c  v a l u e  o f  t h e  t o t a l  e n e rg y  ch a n g e  i s  a t  t h e  same t i m e  

l o w e r  t h a n  t h e  e v a p o r a t i o n  h e a t  i f  W > 0 .  Because  o f  a l l  t h e s e

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

w h e r e  t h e  c o n c e r n i n g  s p e c i f i c  e n e r g y  ch a n g e  i s  e x a c t l y  t h e  same 

as t h e  e v a p o r a t i o n  h e a t .  S u b s t i t u t i n g  XQ ' = 2 4 .6 2  i n t o  Eq.

( 1 4 )
2462 (1 00 -W  )

2 4 . 6 2  = ------------------------- t~—  . ( 1 8 )
(100-W )

I n  t h i s  e q u a t i o n  Wp i s  t h e  m o i s t u r e  c o n t e n t  where t h u s  t h e  

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

Wp = 100 -  1 0 \ J ]  00 -Wr  . ( 1 9 )

As t h i s  l a t t e r  f u n c t i o n  shows,  = 0 and i n  case o f  i t s  

100 % v a l u e  W = Wr ; w i t h  0 < Wr  < 1 0 0  %, Wp < Wr .

The most  i m p o r t a n t  r u l e s  o f  e n e r g y  change  can be summarized 

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

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

s p e c i f i c  change c o n t i n u o u s l y  d e c r e a s e s .  A l t h o u g h  th e  a b s o l u t e  

v a l u e  o f  t h e  e n e r g y  i s  i n  a l i n e a r  c o n n e c t i o n  w i t h  t h e
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c a l o r i f i c  v a l u e  Q and o f  t h e  c o a l ,  t h e  d e g r e e  o f  c hange  i s  

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

t h e  i n i t i a l  and t h e  m o m e n ta ry  m o i s t u r e  c o n t e n t s .

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

t h e  s p e c i f i c  change e q u a l s  t o  t h e  e v a p o r a t i o n  heat - .  I n  case  o f  

a Tower  m o i s t u r e  c o n t e n t ,  t h e  e n e r g y  c hange  i s  l e s s  t h a n  t h e  

e v a p o r a t i o n  h e a t .

3.  CONNECTION BETWEEN THE SPECIFIC BALLAST AND THE MOISTURE 

CONTENT

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

e x p r e s s e d  w i t h  t h e  s p e c i f i c  ash v a l u e .  S p e c i f i c  a s h ,  as men­

t i o n e d ,  means t h e  ash  mass i n  g p e r  1000 k J .  The w h o l e s a l e  

p r i c e  o f  t h e r m a l  c o a l s ,  i n  a way r e g u l a t e d  by Taw, i s  s p e c i f i e d  

i n  f u n c t i o n  o f  t h e  s p e c i f i c  ash v a l u e .

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

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

l a s t  b j  can be d e s c r i b e d  as f o l l o w s

b r f  = 10

z W.

A -  w W г  г
( 2 0 )

The t e s t  m o i s t u r e  c o n t e n t  W i n  t h e  n u m e r a t o r  a p p e a r s  i n  a p r o -  
< r  <d u c t  w i t h  z , 0 = z = 1.  I f  z = 0,  t h e  s p e c i f i c  ash  v a l u e  i s  

c o n s i d e r e d .  I f  z = 1,  t h e  a c t u a l  s p e c i f i c  b a l l a s t  can be d e t e r ­

m i n e d ,  t h a t  i s ,  t h e  j o i n t  mass i n  g o f  t h e  ash and w a t e r  p e r  

1000 k J , b j  as Eq. ( 2 0 )  shows i s  c a l l e d  m o d i f i e d  s p e c i f i c  b a l ­

l a s t  ( O s v á t h  and P e t h ő  1 9 8 5 ) .  The d e n o m i n a t o r  o f  t h e  r e l a t i o n  

c o n c e r n e d  i s  t h e  c a l o r i f i c  v a l u e  Qr  a c c o r d i n g  t o  Eq.  ( 1 ) .

I f  t h e  m o i s t u r e  c o n t e n t  o f  t h e  c o a l  c h a n g e s ,  i . e . ,  i t  has 

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

t o  Eq.  ( 3 ) ,  i t s  c a l o r i f i c  v a l u e  i s  t h a t  a c c o r d i n g  t o  Eqs ( 7 )  

and ( 1 0 ) .  W i t h  r e g a r d  t o  t h e s e  f a c t s , t h e  d e p endence  o f  t h e  

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

sed w i t h  t h e  f o l l o w i n g  e q u a t i o n :
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b f

^ A  + fz--A_ w100-W l 100-W _______г  '__________ r_>______
100 a Ar  ! a Ar  \

Qo “  ioo-wr  “  \ w '  100-wr j  W

Z W

^d_
100 + 24.62 W

( 21)

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

a c c o r d i n g  to  a g e n e r a l  h y p e r b o l a .  I n  Eq. ( 2 1 )  Z = z - A r / (  100-W^, ) . 

The  v a l u e  o f  t h e  f u n c t i o n ,  w i t h  a m o i s t u r e  c o n t e n t  o f  W = 0 ,  i s  

g i v e n  by th e  q u o t i e n t  o f  t h e  d r y  ash c o n t e n t  and t h e  h e a t i n g  

v a l u e  r e f e r r i n g  t o  t h e  e x t r a c t  c o n t e n t ,  t h u s  b ^  = 10 4 A ^ / Q ^ .  

W i t h  t h e  m o i s t u r e  c o n t e n t  g i v e n  by Eq. ( 3 )  b e l o n g i n g  t o  Q = 0,  

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

D i r e c t i o n  f a c t o r  b ^ ,  o f  Eq. ( 2 1 )  p r o v i d e s  t h e  s p e c i f i c  

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

c o n t e n t

b f
Z Qr

=  10 1 00 2 4 .6 2  A

1 00 + 2 4 . 6 2  W

( 2 2 )

W i t h  t h e  m o i s t u r e  c o n t e n t s  p o s s i b l e  i n  p r a c t i c e  (0  = W = Wq ) 

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

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

on t h e  m o i s t u r e  c o n t e n t .

I f  th e  m o i s t u r e  c o n t e n t  i s  W = 0 ,  t h e  d i r e c t i o n a l  t a n g e n t

i  s

b '
f

2 4 .6 2
( 2 3 )

W i t h  m o i s t u r e  WQ t h e  v a l u e  o f  b^ a p p r o a c h e s  i n f i n i t y  where  t h e  

d i r e c t i o n a l  t a n g e n t  i s  b^. = со by s u b s t i t u t i n g  t h e  m o i s t u r e  c o n ­

t e n t  a c c o r d i n g  t o  Eq.  ( 1 3 )  i n t o  Eq. ( 2 2 ) .  The shape o f  f u n c t i o n  

b f  i n  t h e  m o i s t u r e  r a n g e  o f  0 = W = WQ i s  f r o m  above  c o n c a v e .

6 .  DETAILED STUDY OF HUNGARIAN TYPES OF COAL

I n  t h i s  s e c t i o n  H u n g a r i a n  c o a l  t y p e s  c h a r a c t e r i z e d  w i t h
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d a t a  o f  T a b l e  I  w i l l  be c o n s i d e r e d  i n  more d e t a i l s .

Table I I .  Values o f  the parameters in  connect ion w i th  the change 

in  moisture con ten t

Type o f  coal Ad
er

ed 100-Wr 100 mhd a Ad Qd=Qo"aAd
^d

w'TÜÜ + 24-62

L i a s s ic 45.65 54.35 0.92 17393 17237 197.0

Eocene 32.14 67.86 0.84 10767 18564 210.3

Cretaceous 29.49 70.51 0.78 12681 18362 208.2

Miocene 35.14 64.86 0.74 9909 17153 196.1

L i g n i t e 40.74 59.26 0.54 10592 14329 167.9

T a b l e  I I  c o n t a i n s  t h e  p a r a m e t e r s  c o n n e c t e d  t o  t h e  c h a n g e  

o f  a s h -  and b a l l a s t  c o n t e n t s  as w e l l  as o f  th e  c a l o r i f i c  v a l u e ,  

s u c h  as A . ash c o n t e n t s  r e f e r r e d  t o  t h e  e x t r a c t  c o n t e n t ,  e . 

c o m b u s t i b l e  c o n t e n t s  and m ^  mass e x t r a c t i o n ,  b e s i d e s ,  t h e  p r o ­

d u c t s  ( a - A ^ ) ,  c a l o r i f i c  v a l u e  o f  t h e  d r y  c o a l  m a t e r i a l  and 

f i n a l l y  d i r e c t i o n a l  t a n g e n t s  w' = Q ^ / 1 0 0  + 2 4 . 6 2 .  The sum o f  

v a l u e s  A^ and e^ i s  100 %. The C r e t a c e o u s  c o a l s  o f  A j k a  have  

t h e  h i g h e s t  d r y  c o m b u s t i b l e  c o n t e n t s ,  because  o f  t h e  h i g h  ash 

c o n t e n t ,  e^ v a l u e  o f  t h e  L i a s s i c  c o a l s  i s  t h e  l o w e s t .  A p a r t  

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

o f  H u n g a r y  r a n g e s  f r o m  60 t o  70 %. Due t o  th e  h i g h  m o i s t u r e  

c o n t e n t ,  mhd mass r e c o v e r y  o f  l i g n i t e s  i s  t h e  l o w e s t .  The h e a t  

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

a A^ r e f e r r e d  t o  t h e  d r y  ash c o n t e n t .  Due t o  t h e  h i g h  ash  c o n ­

t e n t ,  t h i s  i s  f a r  t h e  h i g h e s t  f o r  t h e  L i a s s i c  c o a l s  w h i c h ,  b e ­

c a u s e  o f  t h e  g r e a t  a p a r a m e t e r ,  a r e  f o l l o w e d  by t h e  C r e t a c e o u s  

c o a l s .  A l t h o u g h  t h e  m o i s t u r e -  and a s h - f r e e  c o a l  m a t e r i a l  o f  t h e  

same c o a l s  has t h e  h i g h e s t  Qq c a l o r i f i c  v a l u e ,  due t o  t h e  g r e a t  

h e a t  e x t r a c t i o n  o f  t h e  w a s te  r o c k s ,  i t  i s  s t i l l  t h e  E ocene  

c o a l s  w h i c h  have t h e  h i g h e s t  h e a t i n g  v a l u e  (18 564  k J / k g ) .

The o t h e r s  i n  s u c c e s s i o n  a r e :  C r e t a c e o u s ,  L i a s s i c ,  M i o c e n e  

c o a l s  and l i g n i t e s .  The o r d e r  o f  s u c c e s s i o n  o f  t h e  c h a n g e  o f  w' 

c a l o r i f i c  v a l u e  b e l o n g i n g  t o  1 % ch a n g e  i n  t h e  m o i s t u r e  c o n t e n t
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as p r o v e d  i s  t h e  same as t h a t  o f  c a l o r i f i c  v a l u e s .  The va lues  

o f  w'  i n  case o f  t h e  H u n g a r i a n  c o a l s  r a n g e  f r o m  210 t o  196 

k J / 0 . 0 1  k g ,  t h i s  v a l u e  f o r  l i g n i t e s  i s  168 k J / 0 . 0 1  kg .

The e ^ and g v a l u e s  i n  Eq. ( 1 0 )  ( t h e  sum o f  t h e s e  i s  

a l s o  100 %) have  n o t  been  d e t e r m i n e d  b e c a u s e  o f  t h e  u n c e r t a i n t y  

o f  t h e  f a c t o r s  g ( T a k á c s  1 985 ) .

I n  F i g .  1 t h e  s t r a i g h t  l i n e s  r e f e r r i n g  t o  t h e  change  o f  

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

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

mass  r e c o v e r y  can be s e e n .  I n t e r c e p t  y o f  b o t h  s t r a i g h t s  i s  

4 0 . 7 4  %, t h e  d r y  as h  c o n t e n t  o f  l i g n i t e s .  W i t h  any v a l u e  o f  

m o i s t u r e  c o n t e n t  c o n t e n t  t o  be 100 %, the  combust ible c o n t e n t  can 

be d e t e r m i n e d  by s u p p l e m e n t i n g  t h e  b a l l a s t .  Mass r e c o v e r y  m ^  

o f  t h e  e x t r a c t  c o n t e n t  .s 0 . 5 4 .

1 66

F ig .  1. Ash- and b a l l a s t  contents as w e l l  as the  mass recovery f o r  
l i g n i t e s  vs .  moisture content

F i g u r e s  2 and 3 show t h e  s t r a i g h t  l i n e s  r e f e r r i n g  t o  t h e
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F ig .  2. C a l o r i f i c  value and mass recovery o f  l i g n i t e s  of  d i f f e r e n t  ash 
contents v s . moisture content

c h a n g e  i n  c a l o r i f i c  v a l u e .  Bo th  f i g u r e s  show two  s t r a i g h t  l i n e s .  

I n  F i g .  2 ,  one o f  them has been p l o t t e d  w i t h  t h e  o r i g i n a l  s e l l ­

i n g  p r o p e r t i e s  o f  t h e  l i g n i t e :  = 46 %, = 22 % and Qr  =

= 6597 k J / k g .  The s o - c a l l e d  t e s t  v a l u e s  o f  t h e  o t h e r  s t r a i g h t  

l i n e  a r e :  W = 46 %, A^ = 14 % and Qr  = 8677  k J / k g ,  t h a t  i s  t h e  

raw m a t e r i a l  i s  o f  an 8 % l o w e r  ash c o n t e n t  and o f  a 2080 k J / k g  

h i g h e r  c a l o r i f i c  v a l u e .  F i g u r e  3 shows t h e  change  o f  c a l o r i f i c  

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

c e o u s  c o a l s .  One s t r a i g h t  l i n e  has a l s o  been  d rawn w i t h  t h e  

m a r k e t i n g  d a t a  i n c l u d e d  i n  T a b le  I :  Wr  = 22 %, Ar  = 23 % and
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F i g .  3. Heating value and mass recovery o f  Cretaceous coals w i t h  d i f f e r e n t  
ash contents vs.  mois tu re  content

Qr  = 13781 k J / k g .  I n  t h e  same f i g u r e  t h e  second  s t r a i g h t  l i n e  

h a s  a l s o  been p l o t t e d  w i t h  the a s s u m p t i o n  o f  a raw m a t e r i a l  o f  

an 8 % l o w e r  ash c o n t e n t .  Thus t h e  t e s t i n g  c a l o r i f i c  v a l u e  

b e l o n g i n g  t o  m o i s t u r e  Wr  = 22 % and ash  c o n t e n t  A = 15 % i s  

1 7 2 2 2  k J / k g ,  by 3441 k J / k g  h i g h e r  t h a n  t h e  p r e v i o u s  v a l u e .  As 

i t  c a n  be p o i n t e d  o u t  by means o f  r e l a t i o n  ( 1 0 )  as w e l l ,  w i t h  

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

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

c h a n g e  o f  t h e  h i g h e r  q u a l i t y  raw m a t e r i a l s  i s  l a r g e r .  I f  t h e  

b u r n i n g  h e a t  к i s  g r e a t ,  s uch  a s ,  e . g .  f o r  t h e  H u n g a r i a n  C r e t a ­

c e o u s  c o a l s  shown i n  F i g .  3 ,  by s e p a r a t i n g  t h e  w a s te  c o n t e n t  i n  

a d v a n c e ,  t h e  m o i s t u r e  c o n t e n t  can be r e d u c e d  more e f f e c t i v e l y .  

B o t h  f i g u r e s  i n d i c a t e  t h e  change  i n  mass r e c o v e r i e s  as w e l l  and
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t h e  n u m e r i c a l  v a l u e s  o f  mass r e c o v e r i e s  w h e re  t h e  c a l o r i f i c  

v a l u e  i s  z e r o .

T a b l e  I I I  shows a l l  t h e  p a r a m e t e r s  i n  c o n n e c t i o n  w i t h  t h e  

e n e r g y  change  f o r  t h e  t y p e s  o f  c o a l s  c o n s i d e r e d  so f a r .  These  

a r e  e n e r g i e s  ( m ^  ' Q^)  b e l o n g i n g  t o  t h e  z e r o  m o i s t u r e  c o n t e n t ,  

m o i s t u r e  c o n t e n t s  WQ b e l o n g i n g  t o  z e r o  h e a t i n g  v a l u e ,  t h e  

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

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

t e n t s  Wp where  t h e  a b s o l u t e  v a l u e  o f  t h e  e n e r g y  change i s  

e x a c t l y  t h e  same as t h e  e v a p o r a t i o n  h e a t .  -  A c c o r d i n g  t o  t h e  

T a b l e ,  i f  t h e  m o i s t u r e  c o n t e n t  i s  z e r o ,  t h e  L i a s s i c  c o a l s  have  

t h e  g r e a t e s t  t h e r m a l  e n e r g y  ( m ^ -  = 1 5859  k J ) .  The Eocene  and

C r e t a c e o u s  c o a l s  have  h a r d l y  l o w e r  e n e r g i e s  t h a n  t h a t  and l i g ­

n i t e s  have  t h e  l o w e s t  t h e r m a l  e n e r g y  ( 7 7 3 7  k J ) .  S in c e  l i g n i t e s  

have  t h e  h i g h e s t  t e s t  m o i s t u r e  c o n t e n t ,  i t  i s  t h i s  t y p e  o f  

c o a l  w h i c h  has t h e  h i g h e s t  i n i t i a l  e n e r g y  change  -  t h a t  a c c o r d ­

i n g  t o  Eq.  ( 1 6 )  -  on t h e  o t h e r  h a n d ,  w i t h  a m o i s t u r e  c o n t e n t  o f  

z e r o ,  i n  ca se  o f  t h e  same c o a l  t h e  s p e c i f i c  change c a l c u l a b l e  

w i t h  Eq. ( 1 7 )  i s  t h e  l e a s t .

Table I I I .  Values o f parameters in  co n nec tion  w ith  the energy change

Type o f  coa l "hd Qd Wo -  (100-W ) 
104 Г

/  0H \2 100-W„ 2462 W
PV loo  + z4 .6г /  Ш 2 100-Wг

L ia s s ic 15859 87.50 -22.65 -1450 -26.76 4.08

Eocene 15594 88.27 -20.68 -1508 -29.31 8.35

Cretaceous 14322 88.19 -19.20 -1374 -31.56 11.68

Miocene 12692 87.47 -18.22 -1156 -33.27 13.98

L ig n ite 7737 85.34 -13.29 -  618 -45.59 26.52

F i g u r e  4 shows a l l  t h e  e n e r g y  c h a n g e s  f o r  t h e  t y p e s  o f  

c o a l s  a l s o  c o n s i d e r e d  i n  F i g s  2 and 3 i n  f u n c t i o n  o f  t h e  m o i s ­

t u r e  c o n t e n t .  The f u n c t i o n s  1 and 2 r e l a t e  t o  t h e  two l i g n i t e s  

w h i l e  c u r v e s  3 and 4 r e f e r  t o  C r e t a c e o u s  c o a l s .  The t y p e s  o f  

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

m a i n t a i n  t h e  d i f f e r e n c e s  i n  th e  c a l o r i f i c  v a l u e s  d u r i n g  t h e
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F ig .  4. Total  thermal  energy of  l i g n i t e s  and Cretaceous coals vs.  
moisture con ten t

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

c a l o r i f i c  v a l u e s  o f  C r e t a c e o u s  c o a l s  w i t h  15 and 23 X a sh  c o n ­

t e n t s  and o f  22 % m o i s t u r e  c o n t e n t  i s  3441 k 3 / k g .  I f  t h e  m o i s ­

t u r e  c o n t e n t  i s  h i g h e r  o r  l o w e r  t h a n  t h i s ,  th e  t h e r m a l  e n e r g y  

d i f f e r e n c e  re m a in s  t h e  same.

I n  case  o f  l i g n i t e s ,  t h e  t h e r m a l  e n e r g y  i n c r e a s e  i s  r e l a ­

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

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

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

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

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

e n e r g y  i n c r e a s e  i s  a l s o  c o n s i d e r a b l e .
F i g u r e  5 shows f o r  l i g n i t e s  o f  22 and 14 % ash c o n t e n t s ,
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F ig .  5. Mod i f ied  s p e c i f i c  b a l la s t  vs. mo is ture  content  f o r  l i g n i t e s  of  
d i f f e r e n t  ash contents

F i g .  6 .  f o r  C r e t a c e o u s  c o a l s  o f  23 and 15 % ash c o n t e n t s ,  t h e  

ch ange  o f  b^ m o d i f i e d  s p e c i f i c  b a l l a s t  v s .  m o i s t u r e  c o n t e n t .

F o r  p l o t t i n g  t h e  c u r v e s ,  Z t o  be f o u n d  i n  Eq. ( 2 1 )  has  been  

ch o s e n  t o  be z e r o ,  t h e r e f o r e  i n  t h e  same r e l a t i o n ,  z t h e  m u l t i ­

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

z 100-WT
( 2 4 )

i s  one hundred th  o f  t h e  d r y  ash c o n t e n t .  The c u r v e s  i n  F i g s  5 

and 6 c o r r e s p o n d  t o  f u n c t i o n

b 10

2 4 . 6 2  W

( 2 5 )
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F i g .  6. Modi f ied s p e c i f i c  b a l l a s t  vs. mois tu re  content  in  case o f  
Cretaceous c oa ls  o f  d i f f e r e n t  ash conten ts

w h i c h  means t h e y  a r e  e q u i l a t e r a l  h y p e r b o l a s  v s .  m o i s t u r e  c o n ­

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

o f  a s h  c o n t e n t  on t h e  m o d i f i e d  s p e c i f i c  b a l l a s t  as Eq. ( 2 5 ) .  

E . g . ,  i f  = 46 %, t h e  m o d i f i e d  s p e c i f i c  b a l l a s t  o£ t h e  l i g ­

n i t e s  w i t h  two d i f f e r e n t  ash  c o n t e n t s  w i l l  be 6 1 .7 6  and 2 9 . 8 8  

r e s p e c t i v e l y ;  t h e  same v a l u e s  i n  d r y  c o n d i t i o n  a re  2 8 . 4 3  and 

1 4 . 2 6 .

7 .  SUMMARY OF THE BASIC RELATIONS AND RULES IN CONNECTION WITH 

THE CHANGE OF MOISTURE CONTENT OF COALS

I n  f u n c t i o n  o f  t h e  m o is t u r e  c o n t e n t ,  t h e  a sh  c o n t e n t  o f

c o a l s  c h a n g e s  a c c o r d in g  t o  a s t r a i g h t  l i n e  o f  n e g a t iv e
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i n c l i n a t i o n  w h i l e  t h e  b a l l a s t  c o n t e n t ,  t h a t  i s  t h e  sum o f  t h e  

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

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

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

t i o n a l  f a c t o r  o f  t h e  s t r a i g h t  T in e  r e l a t i n g  t o  t h e  ash c o n t e n t  

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

s t r a i g h t  T i n e  d e s c r i b i n g  t h e  change  i n  b a l l a s t  c o n t e n t  i s  one 

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

-  The mass r e c o v e r y  changes  v s .  m o i s t u r e  c o n t e n t  a c c o r d i n g  t o  

an e q u i l a t e r a l  h y p e r b o l a .

I n  c o n n e c t i o n  w i t h  t h e  change o f  c a l o r i f i c  v a l u e  and t h e  

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

l o w s  :

The ch ange  i n  c a l o r i f i c  v a l u e  v s .  m o i s t u r e  c o n t e n t  i s  d e ­

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

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

- f r e e  c o a l  w h i l e  t h e  i n c l i n a t i o n  i s  t h e  sum o f  one h u n d r e d t h  o f  

t h i s  c a l o r i f i c  v a l u e  and t h e  e v a p o r a t i o n  h e a t  ( 2 4 . 6 2  k J / 0 . 0 1  kg) .

The p r o d u c t  o f  t h e  mass r e c o v e r y  and  t h e  c a l o r i f i c  v a l u e  

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

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

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

I t s  v a l u e  depends on t h e  m o i s t u r e  c o n t e n t  o b t a i n e d  d u r i n g  t h e  

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

m a t e r i a l  as w e l l  as on t h e  c a l o r i f i c  v a l u e  o f  t h e  d r y  c o a l  ma­

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

e n e r g y  ch ange  i s  i n d e p e n d e n t  o f  t h e  h e a t i n g  v a l u e  o f  t h e  d r y  

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

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

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

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

p r o c e s s .  H o w e v e r ,  t h i s  s p e c i f i c  ch a n g e  g r a d u a l l y  d e c r e a s e s  as 

t h e  m o i s t u r e  c o n t e n t  d e c r e a s e s ;  a t  a g i v e n  m o i s t u r e  c o n t e n t  i t  

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

z e r o ,  i t  i s  g e n e r a l l y  much l o w e r  t h a n  t h e  e v a p o r a t i o n  h e a t .

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

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



On t h e  b a s i s  o f  t h e  ab o ve ,  q u a l i t y  im p r o v e m e n t  by r e d u c i n g  

t h e  m o i s t u r e  c o n t e n t  ( d e w a t e r i n g ,  d r y i n g  i n  h e a t ,  d e h y d r a t i o n )  

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

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

a l s o  h i g h  and t h i s  d r y  c o a l  m a t e r i a l  ha s  a t  t h e  same t i m e  a 

h i g h  c a l o r i f i c  v a l u e .  I f  t h e  c o a l  has  h i g h  was te  c o n t e n t  o r  t h e  

b u r n i n g  h e a t  к o f  t h e  w a s te  i s  h i g h ,  w i t h  t h e  p r e l i m i n a r y  r e ­

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

The r e l a t i o n s  deduced  i n  t h i s  p a p e r  and t h e  r u l e s  d e t e r ­

m i n e d  by means o f  them r e f e r  t o  a m e c h a n i c a l  w a t e r  r e m o v a l .  As 

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

a f t e r  d e h y d r a t i o n  a r e  b e t t e r ,  when d r y i n g  i n  h e a t  t h e y  a r e  b e ­

h i n d  t h e  r e s u l t s  a c h i e v e d  w i t h  m e c h a n i c a l  d e w a t e r i n g .
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The present  paper gives exper imental  data on the e f f e c t  o f  d i f f e r e n t  
p a t t e rn s  o f  pressure ap p l i c a t i o n  on the r h e o l o g ic a l  p rop er t ies  o f  non- 
-Newtonian crude o i l s .

The eva lua t ion  o f  the changes i n  r h e o l o g ic a l  behaviour was based on 
measurements c a r r ie d  out  w i th  r o t a t i o n a l  v i scometers.

Keywords: barot reatment ;  changes; depress ur i z ing ;  non-Newtonian crude 
o i l s ;  rh e o l o g ic a l  p ro pe r t ies ;  p r e ssu r i z in g

1.  INTRODUCTION

One way o f  i n c r e a s i n g  t h e  t e c h n o l o g i c a l  e f f i c i e n c y  o f  o i l  

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

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

l o g i c a l  p r o p e r t i e s  can be r e a c h e d  by u s i n g  methods  as t h e r m a l  

t r e a t m e n t ,  b a r o t r e a t m e n t ,  p r e h e a t i n g ,  pump ing  o v e r  i n  h o t  c o n ­

d i t i o n s  and o t h e r s  ( M i r z a d j a n z a d e  1 9 7 6 ,  1977 ,  M i r z a d j a n z a d e  e t  

a l .  1 9 7 3 ,  1984 ,  1985 ,  S z i l a s  1 9 8 5 ,  1 9 8 6 ,  Mamedzade and Makhmud-  

- I l - B a t a n a u n i  1 9 8 2 ) .

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

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

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

p r e s s u r e  i n c r e a s e  and d e c r e a s e  ( M i r z a d j a n z a d e  e t  a l .  1 9 8 5 ) .

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

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

Acta Geod. Geoph. Mont. Hung. 24, 1989 
Akadémiai Kiadó,  Budapest
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t h r o u g h  w h ic h  a c e r t a i n  p r e s s u r e  d r o p  i n  t h e  s ys te m  t a k e s  p l a c e ;  

on t h e  o t h e r  s i d e  w i t h  s i t u a t i o n s  when t h e  w e l l  i s  s t a r t i n g  

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

2 .  EXPERIMENTAL RESULTS

An e x p e r i m e n t a l  i n s t a l l a t i o n  was s e t  up c o n s i s t i n g  o f  a 

h i g h  p r e s s u r e  bomb ( p V T )  -  2,  a l i q u i d  c o n t a i n e r  -  1,  a hand 

pump -  3 ,  p r e s s u r e  g a g e s  -  4 ,  n e e d l e  v a l v e s  -  5 ,  a t h e r m o s t a t  -  

-  6 ,  a g l y c o l  c o n t a i n e r  -  7 ,  and a vacuum pump -  8 ( F i g .  1 ) .

F ig .  1. Schematic exper imental  setup

O i l s  f r o m  M i s h o v d a g  and K y u r s a n g y a  O i l  F i e l d s  ( O i l  D e p a r t ­

m e n t  o f  A z e r b a i d j a n - U S S R  , S h i r v a n n e f t ) ,  w i t h  r e m a r k a b l e  h i g h  

c o n t e n t s  o f  b i t u m e n  ( c o r r e s p o n d i n g l y  up t o  1 6 . 3  % and 7 . 5 6  %),  

and  a s p h a l t e n e s  (u p  t o  4 . 5 6  % and 3 .91 %) and p a r a f i n e s  (up  t o  

3 . 9 8  % and 3 . 5 4  %) ,  w e re  used i n  t h e  e x p e r i m e n t s .

W i t h  t h e  a im o f  e l i m i n a t i n g  t h e  i n f l u e n c e  o f  gas and a i r
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on t h e  b a r o t r e a t m e n t  p r o c e s s ,  t h e  o i l s  w e re  c a r e f u l l y  vacuumed 

i n  t h e  bomb pVT-2 f o r  o v e r  2 h o u r s .

T h i s  p r o c e s s  was f o l l o w e d  by t h e r m o s t a t i o n  o f  t h e  w h o le  

s y s t e m  a t  t  = ' 2 9 5  K.

The p r e s s u r e  i n  t h e  s y s te m  was c r e a t e d  by n e a r l y  momen- 

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

a h y d r a u l i c  pump.

The p r e s s u r e  was r e c o r d e d  i n  t h e  s y s t e m  by a h i g h  a c c u r a c y
_ 2

gage  w i t h  an u p p e r  l i m i t  10 MPa and a s c a l e  p o i n t  3 . 3 3 -  10 

MPa.

H a v i n g  r e a c h e d  t h e  p r e s s u r e  o f  10 MPa i n  pVT-2 i t s  l o w e r  

bomb v a l v e  was c l o s e d  and g a g e -5  showed some p r e s s u r e - f a l l  

P = P ( t )  w i t h i n  660 s e c .  W i t h o u t  w a i t i n g  f o r  t h e  p r e s s u r e  t o  

s t a b i l i z e ,  t h e  s y s t e m  was p r e s s u r i z e d  up t o  10 MPa f o r  t h e  

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

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

A f t e r  a c e r t a i n  c y c l e  ( i n  o u r  case  a f t e r  t h e  8 t h ) ,  no 

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

t o  be b a r o t r e a t e d .

I n  F i g .  2 t h e  r e s u l t s  o f  p r e s s u r e  t r e a t m e n t  a r e  g i v e n  f o r  

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

; I '- .
4  I 

\  1

i \

\ |  N

I s .
1 X  
1
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f*"* У///~ ~ 
___

• j

20 A 0 60 80 100 120 U 0  160
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F ig .  2. Pressure changes a f t e r  consecut ive p re s s u r i z in g  o f  o i l  from the 
Mishovdag f i e l d
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The o i l  samp le  was t h e n  b a r o t r e a t e d  by d e c r e a s i n g  t h e  

p r e s s u r e  i n  pV T- 2 .  I n  t h i s  c ase  t h e  e x p e r i m e n t a l  c o n d i t i o n  

( i . e .  o i l  t h e r m o s t a t i n g  and v a c u u m i n g )  w e re  t h e  same as p r e v i ­

o u s l y .

The p r e s s u r e  i n  t h e  bomb pVT-2  was i n  t h i s  case  t h e  same 

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

te m  was d e p r e s s u r i z e d  t o  a c e r t a i n  p o i n t  w i t h i n  a few  s e c o n d s ,  

a t  l a s t  v a l v e - 6  was c l o s e d .

G age -5  r e c o r d e d  an i n c r e a s e  i n  t h e  p r e s s u r e  f o r  s e v e r a l  

m i n u t e s .  L a t e r  on t h e  s y s t e m  was a g a i n  d e p r e s s u r i z e d  t o  a c e r ­

t a i n  p o i n t  and t h e  p r e s s u r e  cha n g e s  w e re  a g a i n  r e c o r d e d .

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

m i n i m u m  p r e s s u r e  v a l u e  ( F i g .  3 ) .

10

в

6
о
CL

^  A

2

20 AO 60 80 100 120 1A0 160 180 2 00

t /6 0 .s

F i g .  3.  Pressure changes a f t e r  consecut i ve depressur i z ing  o f  o i l  f rom the 
Mishovdag f i e l d

S e v e r a l  s e r i e s  o f  e x p e r i m e n t s  were  c a r r i e d  o u t  on t h e  

r h e o l o g i c a l  p r o p e r t i e s  o f  n o n - N e w t o n i a n  o i l s .  F i g u r e s  4 and 5 

g i v e  r e s u l t s  o b t a i n e d  w i t h  t h e  r o t a t i o n  v i s c o s i m e t e r  R h e o t e s t - 2 .  

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

i s t i c s  ( c u r v e  3)  t o  a g r e a t e r  e x t e n t  t h e n  p r e s s u r i z i n g  ( c u r v e  2 ).

The changes o f  v i s c o e l a s t i c  p r o p e r t i e s  o f  t h e  s y s t e m  were 

e s t i m a t e d  by C r o s s '  m e t h o d  ( 1 9 6 8 ) .  The e f f e c t i v e  v i s c o s i t y  i s
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8 16 24

T.10  S'1

F ig .  4. Funct ion T  = X  ( -j~) f o r  Mishovdag O i l

o b t a i n e d  by ^  e f  ~ ^ \ 2 ^  T " vs> s h e a r  r a t e  f  i n  t h e  f o r m

1/2
. T Í ,  1

' I t  = " l e t  1 4 G

w he re  G i s  t h e  m o d u l u s  o f  l i q u i d  e l a s t i c i t y .  I n  an o t h e r  f o r m :

2
e f

t  2
1 12 

2 +  n 2 ~  2 '"1 .  ^ 4 G ^

The f o r m u l a  shows t h a t  t h e  r e s u l t s  o f  r h e o l o g i c a l  s t u d i e s
2 2

i n  c o o r d i n a t e s  1 / ^  e f  -  2  c o r r e s P ° ncl t o  s t r a i g h t  l i n e s ,  f r o m
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2 A 6
y .  102S'1

Fig.  5. Func t ion  X  -  -T ( ÿ )  f o r  Kyursangya O i l

w h i c h  t h e  v i s c o s i t y  f a c t o r  \  ^ and t h e  e l a s t i c i t y  m o d u l u s  G can 

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

l i n e a r  v i s c o e l a s t i c  l i q u i d  mo de l .  The r e s u l t s  a r e  g i v e n  i n  F i g s  

6 and  7.  The s y s t e m  r e v e a l e d  a f t e r  b a r o t r e a t m e n t  by p r e s s u r i z ­

i n g  m a i n l y  N e w t o n i a n  p r o p e r t i e s  ( c u r v e  2 ,  F i g s  6 and 7 ) ,  w h i l e  

a f t e r  b a r o t r e a t m e n t  by d e p r e s s u r i z i n g ,  p r o p e r t i e s  were  b e t t e r  

a n d  o n l y  th e  n o n l i n e a r  v i s c o e l a s t i c i t y  was k e p t  ( c u r v e  3 ,  F i g s  

6 and  7 ) .  I n  t h e  same way r e l a x a t i o n  p e r i o d s  o f  t h e s e  o i l s  

b e f o r e  and a f t e r  b a r o t r e a t m e n t  were  e s t i m a t e d .

The r e l a x a t i o n  p e r i o d  ( 0 )  was d e t e r m i n e d  by M u k u k ' s  ( 1 9 8 0 )  

m e t h o d .  The r e s u l t s  a r e  g i v e n  i n  T a b l e  I .  They  show t h a t  t h e  

s y s t e m  can be b a r o t r e a t e d  by p r e s s u r i z i n g  o r  d e p r e s s u r i z i n g .  

H e r e  a q u e s t i o n  a r i s e s :  does  b a r o t r e a t m e n t  t a k e  p l a c e  by i t s e l f  

o r  o n l y  w h i l e  o p e r a t i n g  t h e  o i l  pump? T h i s  q u e s t i o n  can be a n s ­

w e r e d  by c o m p a r i n g  t h e  r a t e s  o f  p r e s s u r e  c h a n g e s  i n  t h e
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F ig .  6. Resul ts obtained by Cross'  method in  the v i scosimeter  f o r  the 
Mishovdag o i l f i e l d .  1 -  before baro t rea tment ,  2 -  a f t e r  p res­
s u r i z i n g ,  3 -  a f t e r  depressur i z ing

X *  103 Pa2

F ig .  7. Resul ts obta ined  by Cross'  method i n  the v i scosimeter  f o r  the 
Kyursangya o i l f i e l d .  1 -  before baro t reatment ,  2 -  a f t e r  p res­
s u r i z i n g ,  3 -  a f t e r  depressur i z ing
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T a b l e  I

C r u d e  t y p e s B e f o r e t r e a t m e n t

A f t e r

b a r o t r e a t m e n t  

b y  p r e s s u r i z i n g

A f t e r

b a r o t r e a t m e n t  

b y  d e p r e s s u r i z i n g

% G 0
* * t

G 0 G  0

P a  s P a 1 0 ~ 2 s P a  s P a 1 0 ~ 2 s P a  s P a  1 0 ~ 2 s

K y u r s a n g y a  

O i l  F i e l d
0 . 8 1 7 3 7 . 5 2 . 2 0 . 3 5 6 9 8 . 8 0 . 4 0 . 4 2 3 5 9 . 2  0 . 8

M i s h o v d a g  

O i l  F i e l d
0 . 9 1 3 3 0 . 0 3 . 0 0 . 5 7 7 7 6 . 0 0 . 8 0 . 6 0 3 5 4 . 7  1 . 1

Length of Diameter Flow Flow O i l Rey- Л. P
t h e  p ipe- o f  the ra t e ve lo - den- nolds

l i n e p i p e l i n e c i t y s i t y number

TO3 m m m3/ s m/s kg/m3 MPa

222 1.020 0.452 0.553 830 3902 0.04 1.106

The t i m e  o f  p r e s s u r e  changes  i n  t h e  p r e s s u r e  bomb and i n  

t h e  p i p e l i n e  were  c a l c u l a t e d  by t h e  e q u a t i o n :

The  r e s u l t s  f o r  t h e  o i l  p i p e l i n e  a r e :

ЙЕ =
d t

1 . 1 0 6
5 0 .5 5 3 0 . 2 7 6  • 10 5 MPa/s

2. 22  •  10

e x p e r i m e n t a l  p r e s s u r e  bomb and i n  a c t u a l  t r a n s p o r t a t i o n .

T a b l e  I I  c o n t a i n s  d a t a  measu re d  i n  an o p e r a t i n g  p i p e l i n e .
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f o r  t h e  p r e s s u r e  bomb i n  case  o f  p r e s s u r i z i n g :

ät = тайпт = °-560 • 10-3 MPa/s

and f o r  t h e  p r e s s u r e  bomb i n  ca se  o f  d e p r e s s u r i z i n g :

Ü f  = 2 Ô Ï Ï ^ Ï Ï  = ° - 170 • 10' 3 MPa/s •

Thus t h e  p r e s s u r e  i n  t h e  p r e s s u r e  bomb and i n  t h e  p i p e l i n e  

d i f f e r  by two  o r  more o r d e r s  o f  m a g n i t u d e .

R e s u l t s  f o r  an o i l  f r o m  S á v o l y  ( H u n g a r y )  a r e  g i v e n  i n  F i g .

8 .  I n  t h i s  case  me asu re m en ts  were  c a r r i e d  o u t  w i t h  a r o t a t i o n a l  

v i s c o m e t e r  "HAAKE R V - 1 1 " .

F ig .  8. Funct ion 'E=T(D)  f o r  Sávoly O i l .  1 -  before baro t rea tmen t , 
2 -  a f t e r  barot reatment



T SH SALAVATOV e t  a l .1 84

3 .  CONCLUSIONS

The p r e s e n t  r e s u l t s  s u g g e s t  t o  use  an o i l  t r a n s p o r t  t e c h ­

n o l o g y  w h ic h  a s s u r e s  t h e  r e q u i r e d  b a r o t r e a t m e n t  o f  th e  t r a n s ­

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

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

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

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

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

t h e  r e s u l t s  w i l l  l a t e r  be p u b l i s h e d .
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REDOX POTENTIAL MEASUREMENTS AS A METHOD FOR THE 
INVESTIGATION OF THE STATE OF CARBONIZATION
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[[Manuscr ipt  received October 15, 1987 ]

The th e o r e t i c a l  bases and the p r a c t i c a l  method o f  the redox p o t e n t i a l  
measurements had been summarized by J M i l l e y  (1985) in c lu d in g  the general  
f i e l d s  o f  the a p p l i c a b i l i t y .

In  t h i s  work spec ia l  a t t e n t i o n  was paid to  the i n v e s t i g a t i o n  o f  the 
degree o f  ca rbonizat ion .  For t h i s  reason the most c h a r a c t e r i s t i c  va lues o f  
the redox p o te n t ia l  curves were compared w i t h  the re s u l t s  o f  Rock-Eval  mea­
surements, and coal  p e t r o l o g i c a l  data (humini te  or  v i t r i n i t e  r e f l e c t i o n )
-  these values are gene ra l l y  accepted f o r  the determinat ion o f  the  s t a t e  o f  
ca rb on iz a t i on  -  to  g ive evidence f o r  the a p p l i c a b i l i t y  o f  t h i s  method f o r  
coal -geochemical  i n v e s t i g a t i o n s .

Keywords: ca rbon iza t io n ;  coal  pe t ro logy ;  humini te;  redox p o t e n t i a l ;  
v i t r i n i t e

SYMBOLS

A i n t e g r a l  value o f  the redox p o t e n t i a l  curves,  IrmV 
E redox p o t e n t i a l ,  mV
tj^ t ime o f  the i n f l e c t i o n  p o i n t  i n  the redox p o t e n t i a l  cu rves,  min 
Tmax temperature o f  maximum o f  hydrocarbon generat ion dur ing  p y r o l y s i s  in  

Rock-Eval measurements, °C
Aa ash content ,  w %
Wa humidi t y con ten t ,  w %
Ca organic carbon con ten t ,  w %
Ha hydrogen con ten t ,  w %
9 s p e c i f i c  g r a v i t y ,  g/cm-5
Rm % mean humini te or  v i t r i n i t e  r e f l e c t i o n
t  t ime ,  min or h

R e c e n t l y  a l o t  o f  e f f o r t s  have  been  made t o  r e p l a c e  t h e  

v e r y  t e d i o u s  and o f t e n  t i m e  co n s u m in g  a n a l y s e s  o f  c o a l s  ( C ,  H, 

S,  0 a n a l y s i s ,  d e t e r m i n a t i o n  o f  v o l a t i l e s ,  ash and h u m i d i t y  

c o n t e n t ,  measur ement  o f  t h e  r e f l e c t i o n s  o f  t h e  c o a l  m i n e r a l s ,  

e t c . )  by modern m e t h o d s  f o r  c l a s s i f y i n g ,  q u a l i f y i n g ,  r a n k i n g  o f

Acta Geod. Geoph. Mont. Hung. 24, 1989 
Akadémiai Kiadó,  Budapest
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c o a l s ,  and d e t e r m i n a t i o n  o f  t h e i r  d e g r e e  o f  c a r b o n i z a t i o n .

T h e s e  methods ,  h o w e v e r ,  u s u a l l y  r e q u i r e  e x p e n s i v e  i n s t r u m e n t a ­

t i o n  ( R o c k - E v a l  a p p a r a t u s )  and s o m e t i m e s  s e r i o u s  p r e p a r a t i v e  

w o r k  (V e r h e y e n  e t  a l .  1 9 8 4 ) .

Mea surements  o f  t h e  re d o x  p o t e n t i a l  t o  d e t e r m i n e  r o c k  c h a r -  

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

K r u m b e i n  and G a r r e l s  ( 1 9 4 8 ) .  Somewhat l a t e r  a R u s s i a n  s c h o o l  

was e s t a b l i s h e d  f o r  t h i s  method ,  e s p e c i a l l y  P u s t o v a l o v  and 

S o k o l o v a  ( 1 9 5 7 ) .  The g e n e r a l  o f  t h e s e  m e a s u r e m e n ts  i s  N e r n s t ' s  

l a w .  For  t h e  m e a s u r e m e n t s  Pt  o r  Au w e re  used  as m e a s u r i n g  e l e c ­

t r o d e s ,  and c a l o m e l  as a r e f e r e n c e  o n e .  They were  p u t  i n t o  t h e  

w e t t e d  r o c k  p o w d e r s ,  and  t h e  change o f  t h e  r e d o x  p o t e n t i a l  was 

m e a s u r e d  v s .  t i m e ,  u n t i l  e q u i l i b r i u m  was r e a c h e d .

Bod and B á r d o s s y  ( 1 9 5 9 )  i n t r o d u c e d  i n  H ungar y  a new method  

u s i n g  an aqueous s o l u t i o n  o f  a s t r o n g  o x i d i z i n g  a g e n t ,  and f r o m  

t h e  change o f  t h e  r e d o x  p o t e n t i a l  o f  t h e  s o l u t i o n  i n  t i m e ,  a 

g e n e r a l  i d ea  a b o u t  t h e  o x i d i z i n g  p r o c e s s  c o u l d  be o b t a i n e d .

T h i s  method was a p p l i e d  f o r  c o a l s  by K o s s u t h  ( 1 9 8 2 ) .  The 

r e d o x  p o t e n t i a l  m e a s u r e m e n t s  were d e v e l o p e d  and t h e  m e a s u r i n g  

t e c h n i q u e  was i m p r o v e d  and r e f i n e d  i n  o u r  l a b o r a t o r y  ( M i l l e y  

1 9 8 5 ) ,  so t h a t  i t  became a p p l i c a b l e  f o r  t h e  g e n e r a l  q u a l i f i c a ­

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

a c c u r a c y  and r e p r o d u c i b i l i t y  have been  i n c r e a s e d  so t h a t  c h e m i ­

c a l l y  a n d / o r  p h y s i c a l l y  t r e a t e d  c o a l  s a m p l e s  can be d i s t i n ­

g u i s h e d  even i f  t h e y  o r i g i n a t e d  f r o m  t h e  same s o u r c e  and had 

t h e  same m a t u r i t y .

EXPERIMENTAL

Fo r  red ox  p o t e n t i a l  measur eme nts  an aqueous  s o l u t i o n  o f  

K 2 C r 2 Ü ^ / H 2 S0 ^ was u s e d  as o x i d i z i n g  a g e n t ,  and t h e y  were c a r ­

r i e d  o u t  w i t h  on 0 P - 2 0 8 / 1  P r e c i s i o n  D i g i t a l  pH M e t e r  ( R a d e l k i s ) .  

The d a t a  were p r i n t e d  b y  a d a ta  logger .  S a t u r a t e d  c a l o m e l  and PT 

e l e c t r o d e s  were used  as  r e f e r e n c e  and m e a s u r i n g  o n e s ,  r e s p e c ­

t i v e l y .  The m e a s u r e m e n t s  were made i n  a t h e r m o s t a t e d , c l o s e d  

v e s s e l  w h ic h  had two  t u b e  co n n e c t i o n s  f o r  t h e  e l e c t r o d e s  and one 

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

1 86



STATE DF CARBONIZATION 1 87

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

u s e d .

B e f o r e  t h e  m e asu r em en ts  t h e  c o a l  s a m p l e s  were g r o u n d  and 

s i e v e d .  Because  t h e  r e d o x  p o t e n t i a l  c u r v e s  a r e  d i f f e r e n t  f o r  

d i f f e r e n t  p a r t i c l e  s i z e s ,  t h e  same f r a c t i o n  o f  p a r . t i c l e  s i z e s  

was used  d u r i n g  one r u n  o f  m e a s u r e m e n t s .

A G i r d e  Type R o c k - E v a l  a p p a r a t u s  was a p p l i e d  f o r  t h e  p y r o ­

l y s i s  o f  t h e  c o a l s .  I h e  sa m p le s  w e re  p u t  i n t o  t h e  b o a t  w i t h o u t  

any  p r e p a r a t i o n ,  e x c e p t  s i e v i n g ,  p a r t i c l e  s i z e  < 6 3 / u m .  I h e  

m e a s u r e m e n ts  were p e r f o r m e d  u n d e r  t h e  same c o n d i t i o n s  d e s c r i b e d  

by V e r h e y e n  e t  a l .  ( 1 9 8 4 ) .  I h e  o n l y  d i f f e r e n c e  was t h a t  t h e  C02 

t r a p  was c l o s e d  a t  390 °C.

The C and H a n a l y s e s  needed t o  t h e  R o c k - E v a l  i n v e s t i g a ­

t i o n s  w ere  made on a H e w l e t t - P a c k a r d  C, H, N a n a l y s e r  Type  

183 B.

The c o a l  p e t r o l o g i c a l  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 

p o l i s h e d  m i c r o s e c t i o n  w i t h  c o a l  m a t e r i a l  g ro u n d  t o  1 mm p a r t i ­

c l e  s i z e  u s i n g  a R e i c h e r t  Z e to p a n  l y p e  M i c r o p h o t o m e t r i c  M i c r o ­

s c o p e  m a g n i f i e d  4 0 0 - 6 0 0  t i m e s .

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

RESULTS AND DISCUSSION

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

t e n t i a l  c u r v e s  a r e :  1.  t h e  t i m e  ( i n  m i n u t e s )  a t  w h ic h  t h e  i n ­

f l e c t i o n  p o i n t  i s  r e a c h e d ;  2 .  t h e  i n t e g r a l  v a l u e  o f  t h e  c u r v e s .

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

c a r b o n i z a t i o n  s t a t e s  a r e  g i v e n  i n  F i g s  1 - 3  and i n  T a b l e s  I  — 1 1 , 

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

c u r v e s  w i t h  t h e  r e s u l t s  o f  R o c k - E v a l  p y r o l y s i s  (T ) .  F i g u r e  1 

shows t h a t  w i t h  i n c r e a s i n g  d e g re e  o f  c a r b o n i z a t i o n  t h e  i n f l e c ­

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

t i m e s .  I n  F i g .  2 t h e  r e l a t i o n s h i p  b e t w e e n  t h e  t i m e  o f  i n f l e c t i o n  

and Tmax i s  shown,  w h i l e  i n  F i g .  3 t h e  r e l a t i o n s h i p  b e t w e e n  

t h e  i n t e g r a l  v a l u e s  o f  c u r v e s  and Tmgx f r o m  t h e  R o c k - E v a l  mea­

s u r e m e n t s  i s  i n d i c a t e d .

The n u m e r i c a l  d a t a  t o  F i g s  2 - 3  a r e  summ ar ized  i n  T a b l e  I .
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F i g .  1. Redox p o t e n t i a l  curves o f  coals o f  d i f f e r e n t  geo log ica l  age. Curve 
1: l i g n i t e  from Gyöngyösvisonta, P l io cene ;  Curve 2: brown coa l  
from Lyuko, Miocene; Curve 3: brown coa l  from Tatabánya, Eocene; 
Curve 4: b lack  coa l  from Pécs, J u r a s s i c .  The curves were measured 
on p a r t i c l e  s i z e  below 71 дли

F ig .  2 . R e la t io n s h ip  between t ^  and F ig .  3 . R e la t io n s h ip  between A and
Tmax Tmax
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T a b l e  I .  C h a r a c t e r i s t i c  v a l u e s  o f  t h e  r e d o x  p o t e n t i a l  c u r v e s  

and t h e  v a l u e s  o f  t h e  R o c k - E v a l  m e a s u r e m e n ts  f o r  t h e  s a m p l e s

o f  F i g . 1

Age o f  sa mp le s A , h • mV t , min T ° cmax ’

1 . P l i o c e n e 960 20 385

2. Mi oce ne 1617 90 395

3. Eocene 2987 1 50 41 7

4 . J u r a s s i c 54100 3700 446

T a b l e  I I .  A n a l y t i c a l  v a l u e s  f o r  t h e  s a m p l e s ,  used i n  F i g .  1

Age o f  sa m p le s Aa , % Wa , X Ca , % Ha , % g,  g / c m 3

1 . P l i o c e n e 1 7 .3 1 1 . 0 5 0 . 4 4 .7 1 . 5 4 6 7

2 . M io ce n e 9 . 2 8 . 0 5 8 . 2 4 .5 1 . 5 2 1 6

3 . Eocene 20 .1 1 1 . 5 4 9 . 6 3 .7 1 . 5 0 9 3

4 . J u r a s s i c 21 .4 1 .5 6 0 . 9 3 .7 1 . 5 0 5 7

T a b l e  I I  c o n t a i n s  some a n a l y t i c a l  d a t a  o f  c o a l s  r e g a r d i n g  t o  

F i g .  1 .

From F i g s  1 -3  and f r o m  T a b l e  I  a d e f i n i t e  r e l a t i o n s h i p  b e ­

tw een  t h e  v a l u e s  o f  t h e  r e d o x  p o t e n t i a l  c u r v e s  and t h e  d a t a  o f  

R o c k - E v a l  p y r o l y s i s  (T ) can be s e e n ,  b u t  t h e  d a t a  i n  T a b l e  I I  

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

r e d o x '  p o t e n t i a l  c u r v e s .

From t h e s e  f a c t s  i t  can be seen  t h a t  t h e  main c h a r a c t e r  o f  

t h e  c o a l s  a f f e c t i n g  t h e  p l a c e  ( i n  t i m e )  o f  th e  r e d o x  p o t e n t i a l  

c u r v e s  i s  t h e  s t a t e  o f  c a r b o n i z a t i o n .

T h i s  r u n  o f  m e asu r em en ts  was made w i t h  a p a r t i c l e  s i z e  

< 63 yum. I n  a n o t h e r  i n v e s t i g a t i o n  t h e  r e s u l t s  o f  c o a l  p e t r o ­

l o g i c a l  m e asu r em en ts  were  compared  w i t h  t h e  c h a r a c t e r  o f  t h e  

r e d o x  p o t e n t i a l  c u r v e s .  A s h o r t  d e s c r i p t i o n  o f  t h e  c o a l  p e t r o ­
l o g i c a l  c h a r a c t e r i s t i c :
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1.  L i g n i t e  f r o m  G y ö n g y ö s v i s o n t a : b i t u m i n o u s  wood, e a r t h y ,

s o f t  c o a l  o f  P l i o c e n e  age ,  w i t h  f r a c t i o n s  o f  d e t r i t a l  t e x t u r e .

Med ium q u a n t i t y  o f  wooden t e l i t e  i s  p r e s e n t  i n  t h e  f o r m  o f

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

r e f l e c t i o n  was m e a s u r e d  on h u m o t e l i t e  and h u m o c o l l i n i t e

R = 0 . 2 7  %. m
2 .  C oa l  f r o m  B o r s o d  d i s t r i c t  o f  M i o c e n e  age:  l u s t r e l e s s ,  

h a r d  b rown c o a l  w i t h  b i t u m i n o u s  wood ( x i l i t o l )  m i x t u r e s .  The 

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

o f  g e o t e l i t e  and m e d i o t e l i t e ,  r u b b e d  d e t r i t e .  The h u m i n i t e  r e ­

f l e c t i o n :  R = 0 . 3 5  %.m
3.  Co a l  f r o m  N ó g r á d  d i s t r i c t :  l u s t r o u s  brown c o a l  o f

M i o c e n e  age .  C o n t a i n s  dunn bass  and q u a r t z  and c a r b o m i n e r i t e .

The ma in  c o a l  m i n e r a l s :  t e l o g e l i t e ,  g e l i t e  and d e t r i t e .  The

v i t r i n i t e  r e f l e c t i o n :  R = 0 . 4 5  %.m
4 .  C oa l  f r o m  D o r o g  d i s t r i c t :  l u s t r o u s  b rown c o a l  o f  Eocene

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

c l a r i t e .  The v i t r i n i t e  r e f l e c t i o n :  R = 0 . 4 6  %.m
5 .  Co a l  f r o m  Mec sek  d i s t r i c t :  b l a c k  ( b i t u m i n o u s )  c o a l ,

n e p h e l i t e  t y p e  o f  J u r a s s i c  age .  C o n s t i t u t e s  m a i n l y  v i t r i n i t e ,

b u t  some c a r b o m i n e r i t e  and c l a y  a r e  p r e s e n t ,  t o o  as w e l l  as

h a l f - c o k e  and c o k e .  The v i t r i n i t e  r e f l e c t i o n :  R = 1 .4 6  %.m
The h u m i n i t e  and v i t r i n i t e  r e f l e c t i o n  v a l u e s  were c h o o s e n  

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

p o t e n t i a l  c u r v e s .  The r e s u l t s  a r e  s u m m a r i z e d  i n  F i g s  4 - 6  and 

T a b l e s  I I I - I V .

F i g u r e  7 shows t h e  r e p r o d u c i b i l i t y  o f  t h e  re d o x  p o t e n t i a l  

m e a s u r e m e n t s ,  w h e re  tw o  r e d o x  p o t e n t i a l  c u r v e s  o f  t h e  same c o a l  

s a m p l e  a r e  g i v e n .

SUMMARY

R o c k - E v a l  p y r o l y s i s  and p e t r o l o g i c a l  i n v e s t i g a t i o n s  ( r e ­

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

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

o f  c o a l s .

On t h e  b a s i s  o f  t h e  good c o r r e l a t i o n s  shown i n  F i g u r e s  and
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F ig .  4. Redox p o t e n t i a l  curves of  coals from d i f f e r e n t  ages and sources.
Curve 1: l i g n i t e  from Gyöngyösvisonta, Pl iocene; Curve 2: brown 
coal  from Borsod d i s t r i c t ,  Miocene; Curve 3: brown coal  f rom Nóg- 
rád d i s t r i c t ,  Miocene; Curve 4: brown coal  from Dorog d i s t r i c t ,  
Eocene; Curve 5: b lack  coal  f rom Mecsek d i s t r i c t ,  Ourassic.  The 
curves were made on p a r t i c l e  s i z e  below 200 /jm

F ig .  5. Rpp vs. t ;  r e l a t i o n s h i p  f o r  
d i f f e r e n t  coals
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F ig .  6. Re la t ionsh ip  between A and humin i te  o r  v i t r i n i t e  r e f l e c t i o n

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

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

sa m p le s  o f  F i g .  4

Age o f  s a m p l e s A , h •mV t , m in R ,  %

1 . P l i o c e n e 6636 1 1 5 0 .27

2. M i o c e n e 6967 1 40 0 .35

3. M io ce n e 8208 360 0.45

4 . Eocene 1 0391 620 0 .4 6

5. J u r a s s i c 1 4768 4550 1 .46

T a b le  I V .  A n a l y t i c a l  da ta  f o r  s a m p l e s  i n  F i g .  4

Age o f  samp les

CD<

w a , % c a , % Ha , % 9 , g / c m 3

1 . P l i o c e n e 4 3 . 1 1 1 . 0 2 9 . 7 2 .7 1 .7053

2 .  M iocene 3 9 . 5 7 .5 3 5 . 0 3 .3 1 .6992

3 .  M iocene 4 0 . 4 9 .7 3 2 . 4 2 . 6 1 .7224

4 .  Eocene 3 9 . 2 6 . 1 3 6 . 7 4 . 0 1 .9 2 9 9

5 .  J u r a s s i c 1 1 . 8 0.9 77 . 7 4 . 0 1 .4820
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F ig .  7. R e p ro d u c ib i l i t y  o f  the redox p o te n t ia l  measurements

T a b l e s  b e tw e e n  t h e  mos t  c h a r a c t e r i s t i c  v a l u e s  o f  t h e  r e d o x  p o ­

t e n t i a l  c u r v e s  and t h e  r e s u l t s  o f  R o c k - E v a l  p y r o l y s i s  as w e l l  

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

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

m a i n l y  t h e  d e g r e e  o f  c a r b o n i z a t i o n  o f  t h e  c o a l s ,  and can  be 

used  as a new method  f o r  i t s  d e t e r m i n a t i o n .

The a d v a n t a g e s  o f  t h e  m e t h o d :  1 .  R e q u i r e s  s i m p l e  i n s t r u m e n ­

t a t i o n ;  2 :  P r e l i m i n a r y  p r e p a r a t i v e  w o r k  i s  n o t  n e c e s s a r y  ( e x c e p t  

g r i n d i n g  and s i e v i n g ) ;  3 .  The r e p r o d u c i b i l i t y  i s  v e r y  h i g h ;

4 .  The method  i s  a p p l i c a b l e  t o  f o l l o w  any change i n  t h e  s t a t e  

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

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

t i o n ,  e t c . ) .

The t i m e  o f  mea su re men t  i s  r a t h e r  l o n g ,  b u t  i n v e s t i g a t i o n s  

t o  d e c r e a s e  i t  a r e  a l r e a d y  g o i n g  o n .
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OUTLINES OF HISTORICAL EVOLUTION AND INSTITUTIONAL SYSTEM OF 
THE TECHNICAL-SCIENTIF IC RESEARCH OF HUNGARIAN MINING

G F a l l e r

H-1014 Budapest, Dísz t é r  8,  Hungary 

[Manuscr ip t  received Dune 5, 1988 ]

In  i n t e r a c t i o n  w i t h  the severa l  thousand years o ld  mining i n  the  Car­
pa th ian  Basin, s c i e n t i f i c  research and h igher  educat ion came i n t o  being 
nea r l y  a t  the same t im e.  The f i r s t  pa r t  o f  t h i s  paper presents seme events ,  
r e s u l t s  and p e r s o n a l i t i e s  from t h i s  process. The second p a r t  g i ves  a rev iew 
o f  Hungarian research i n s t i t u t i o n s  ou ts ide  o f  the u n i v e r s i t y :  Hungar ian 
S tate  I n s t i t u t e  o f  Geology, Eötvös Loránd Geophysical  I n s t i t u t e ,  Geodet ica l  
and Geophysical  Research I n s t i t u t e  and Mining Chemical Research Labora to ry 
o f  the Hungarian Academy o f  Sciences, Research Centre o f  the Mecsek Coal 
Mines, Pro je c t in g  and Research I n s t i t u t e  o f  the  Aluminium In d u s t r y ,  Hungar i ­
an Research-Development I n s t i t u t e  o f  the Hydrocarbon Indus t ry  and C en t ra l  
I n s t i t u t e  o f  Mining Development. Then i t  h i n t s  a t  the a c t i v i t y  o f  th e  Hun­
ga r i an  Nat ional  Assoc ia t ion  o f  Mining and M e ta l lu rg y  and o f  severa l  bodies 
o f  the  Hungarian Academy o f  Sciences and enumerates p e r i o d ic a l s  which pub­
l i s h  the r e s u l t s  o f  research and developments.

Keywords: b l a s t i n g ;  Hungarian mining;  mining h i s t o r y ;  mining research ;  
Selmec academy

I n  t h e  f i r s t  p a r t  o f  t h i s  pape r^  some e v e n t s  o f  t h e  h i s t o ­

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

w i l l  be p r e s e n t e d  w h i c h  a r e  -  i n  my o p i n i o n  -  s i g n i f i c a n t  on an 

i n t e r n a t i o n a l  s c a l e .  I n  t h e  second  p a r t  t h e  p r e s e n t  i n s t i t u ­

t i o n a l  s y s t e m  o f  t h i s  a c t i v i t y  w i l l  be summed up .

I t  c a n n o t  be t h e  o b j e c t i v e  o f  t h i s  p a p e r  t o  g i v e  a f u l l  

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

f e w ,  m o s t l y  w e l l - k n o w n  f a c t s  a r e  m e n t i o n e d ,  as f o l l o w s .  R e g a r d ­

i n g  t h e  v e r y  b e g i n n i n g  o f  H u n g a r i a n  m i n i n g ,  t h e  H u n g a r i a n s

Paper presented a t  the N in th  Session o f  Meet ing o f  D i rec to r s  o f  N a t i o n a l  
Mining Research I n s t i t u t e s  i n  the framework o f  the United Nat ions European 
Economical  Committee's Coal Committee on A p r i l  18, 1988.

Acta Geod. Geoph. Mont. Hung. 24, 1989 
Akadémiai Kiadó,  Budapest
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( 8 9 5  A . D )  s e t t l e d  down w i t h  d e f i n i t e  k n o w l e d g e  o f  m i n i n g  t e c h ­

n i c s  i n  t h e  C a r p a t h i a n  B a s i n  where m i n i n g  o p e r a t i o n s  were c a r ­

r i e d  o u t  d u r i n g  t h e  e r a  o f  t h e  Roman i m p e r i u m ,  t o o .  The k n o w ­

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

m e t a l s  a re  w i t n e s s e d  by  t h e  c o i n s  o f  t h e  f i r s t  k i n g  S t .  S te p h e n  

( 9 7 6 / 9 7 7 7 - 1 0 3 8 )  and o f  h i s  s u c c e s s o r s .  The p e r f e c t i o n  o f  t h e  

m i n i n g  o f  t h e  H u n g a r i a n  t e r r i t o r y  i n  t h e  1 3 t h  c e n t u r y  i s  d o c u ­

m e n t e d  by t h e  Se lm ec  m i n e r ' s  code o f  l a w  i s s u e d  i n  1245 by K in g  

B é l a  t h e  F o u r t h  ( 1 2 0 6 - 1 2 7 0 ) .  T i l l  t h e  d i s c o v e r y  o f  A m e r i c a  t h e  

E u r o p e a n  money m a r k e t  was r u l e d  by g o l d  and  s i l v e r  c o i n s  m i n t e d  

i n  t h e  H u n g a r i a n  K i n g d o m .  I n  t h e  1 3 t h  c e n t u r y  t h e  H u n g a r i a n  

m i n i n g  has p r o d u c e d  2 0 - 2 5  % o f  t h e  g o l d  p r o d u c t i o n  o f  E u ro pe  

and  o f  th e  t e r r i t o r i e s  b e i n g  i n  an e c o n o m i c a l  c o n n e c t i o n  w i t h  

i  t .

The H u n g a r i a n  K in g d o m  had a c o n s i d e r a b l e  i r o n  o r e ,  c o p p e r  

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

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

a m i n e  a d i t  has be e n  c a r r i e d  o u t  on F e b r u a r y  8 ,  1627 by Gá sp á r  

W e i n d l  i n  th e  a d i t  F e l s ő - B i b e r ,  b e l o n g i n g  t o  Se lmecbánya  

( B a n s k a  S t i a v n i c a )  a t  p r e s e n t  i n  C z e c h o s l o v a k i a ) .  A t  t h e  same 

p l a c e  a huge w a t e r - p o w e r  sys tem composed  o f  16 l a k e s  has been 

c o n s t r u c t e d  i n  1699 on t h e  b a s i c  i d e a  o f  Máté  K o r n é l  H e l l  

( 1 6 5 0 - 1 7 4 3 ) .  T h i s  s y s t e m  a c t u a t e d  t h e  w a t e r - d r i v e n  m i n i n g  

m a c h i n e r y  o f  E u r o p e a n  r e p u t a t i o n  o f  J ó z s e f  K á r o l y  H e l l  ( 1 7 1 3 -  

- 1 7 8 9 ) .  The f i r s t  s o - c a l l e d  f i r e  e n g i n e  i n  t h e  m i n i n g  o f  t h e  

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

p r e s u m a b l y  i n  Ú j b á n y a  (Nova Bana i n  C z e c h o s l o v a k i a )  i n  1 7 2 2 .

I n  t h i s  p a p e r  n e i t h e r  t h e  e s s e n t i a l  c o n t e n t  n o r  t h e  c h r o ­

n o l o g y  can be p r e s e n t e d  how t h e  m i n i n g  s c i e n c e  d e v e l o p e d  f r o m  

t h e  m i n i n g  s k i l l  i n h e r i t e d  by t h e  s o n s  f r o m  t h e  f a t h e r s .  I n  a 

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

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

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

I n  t h e  i m p o r t a n t  and advanced  m i n i n g  o f  t h e  C a r p a t h i a n  

B a s i n ,  th e  n e c e s s i t y  o f  u n i v e r s i t y  e d u c a t i o n  emerged r e l a t i v e l y  

e a r l y :  K in g  C h a r l e s  t h e  T h i r d  ( 1 6 8 5 - 1 7 4 0 )  e s t a b l i s h e d  a S c h o o l  

o f  O f f i c e r s  o f  M i n e s  ( B e r g s c h u l e )  i n  1735  a t  S e lm e c b án y a .  I n
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1763 Queen M a r i a  T h e r e s i a  ( 1 7 1 7 - 1 7 8 0 )  d e c r e e d  t o  e s t a b l i s h  on 

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

and m e t a l l u r g y  w i t h  s e v e r a l  p r o f e s s o r a t e s .  T i l l  1770 t h r e e  o f  

them have  been e s t a b l i s h e d .  H ere by  an e f f e c t i v e  u n i v e r s i t y  

e d u c a t i o n a l  o r g a n i z a t i o n :  t h e  M i n i n g  Academy ( B e r g a k a d e m i e )  was 

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

t i o n s  o f  t h e  w o r l d  ( F r e i b e r g ,  S k t . P e t e r s b u r g  now L e n i n g r a d e  and 

M e x i c o  C i t y ) .  I t s  h i s t o r y  was c o m p i l e d  ( 1 8 7 1 )  by my g r e a t - g r e a t  

f a t h e r ,  G u s z t á v  F a l l e r  ( 1 8 1 6 - 1 8 8 1 ) .  The f i r s t  p r o f e s s o r s  w e r e  

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

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

m i n i n g  s c h o o l  was Samuel  M i k o v i n y  ( 1 7 0 0 - 1 7 5 0 )  b o r n  i n  H u n g a r y  

who s t u d i e d  m a t h e m a t i c s  and n a t u r a l  s c i e n c e s  a t  t h e  u n i v e r s i t y  

o f  A l t d o r f  n e a r  N ü r n b e r g  i n  17 21 -2 3  and  a t  t h e  u n i v e r s i t y  o f  

Jena  i n  1 7 2 3 - 2 5 .  As he g o t  h i s  p r o f e s s o r a t e  i n  Se lm ecbán ya  he 

was t h e  e n g i n e e r  o f  t h e  c o u n t y  Poz s o n y  ( B r a t i s l a w a ) , f u r t h e r  o f  

t h e  C o u r t  Chamber o f  V i e n n a ,  b e i n g  a t  t h e  same t i m e  m a j o r  o f  

t h e  e n g i n e e r  c o r p s .  Numerous t e c h n i c a l  c o n s t r u c t i o n s  a r e  b o und  

t o  h i s  name. He i s  t h e  f o u n d e r  o f  t h e  H u n g a r i a n  s c i e n t i f i c  c a r ­

t o g r a p h y  (among o t h e r  w o r k s ,  49 o f  h i s  maps a r e  k n o w n ) .  He was 

e l e c t e d  member o f  t h e  P r u s s i a n  R o y a l  S c i e n t i f i c  A s s o c i a t i o n  

( 1 7 3 3 - 3 4 )  ( t h e  Academy o f  S c i e n c e s  i n  B e r l i n )  m a i n 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  L u d o l p h - n u m b e r  w i t h  more d e c i m a l s  as p r e ­

v i o u s l y  known.

The o t h e r  p r o f e s s o r s  were a l s o  s c i e n t i s t s  o f  Eu ro p e a n  r e ­

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

gy -  w h i c h  was e s t a b l i s h e d  as t h e  f i r s t  one i n  1763 -  we f i n d  

b a r o n  N i k o l a u s  J o s e f  J a c q u i n  ( 1 7 2 7 - 1 8 1 7 )  and i n  t h e  p r o f e s s o r ­

a t e  m a t h e m a t i c s - p h y s i c s - m e c h a n i c s  -  t h e  se c o n d  one e s t a b l i s h e d  

i n  1765 -  M i k l ó s  Poda ( 1 7 2 3 - 1 7 9 8 ) .  The t h i r d  m i n i n g  p r o f e s s o r ­

a t e  o r g a n i z e d  i n  1770 had as i t s  f i r s t  p r o f e s s o r  K r i s t ó f  D e l i u s  

T r a u g o t t  ( 1 7 2 8 - 1 7 7 9 )  who s t u d i e d  m a t h e m a t i c s  and n a t u r a l  s c i ­

ences  a t  W i t t e n b e r g  and m i n i n g  and m e t a l l u r g y  a t  S e l m e c b á n y a .

I n  h i s  book  " A n l e i t u n g  zu d e r  B e r g b a u k u n s t . . . "  ( 1 7 7 3 )  he sum­

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

p r a c t i c a l  m i n i n g  k n o w l e d g e  o f  t h e  s e c o n d  h a l f  o f  t h e  1 8 t h  c e n ­

t u r y ,  c r e a t i n g  a t e x t b o o k  w h ic h  c o m p i l e d  g e o l o g y ,  m i n i n g ,



m i n e r a l  p r o c e s s i n g  and m i n i n g  eco n o m y .  T h i s  book was f o r  many 

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

m i n i n g .  I n  H u n g a r i a n  t h e  A p p e n d ix  has  been  i s s u e d  f i r s t ,  t r a n s ­

l a t e d  by  János  M i h a l o v i t s ,  t h e  f u l l  w o r k  has been p u b l i s h e d  

-  w i t h o u t  t h e  A p p e n d i x  m e n t i o n e d  -  i n  t h e  p r e c i s e  and e n j o y a b l e  

t r a n s l a t i o n  o f  Gábo r  Boday  ( 1 9 7 2 ) .

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

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

- s c i e n t i f i c  a s s o c i a t i o n  o f  t h e  w o r l d ,  t h a t  o f  t h e  " S o c i e t ä t  d e r  

B e r g b a u k u n d e " ,  i n  S z k l e n o  n e a r  S e l m e c b á n y a  where t h e  b e s t  e x ­

p e r t s  f r o m  Euro pe  and A m e r i c a  met t o  s t u d y  I g n á c  B o r n ' s  ( 1 7 4 2 — 

- 1 7 9 1 )  a m a l g a m a t i o n  p r o c e s s  ( t h a t  t i m e  G l a s h ü t t e ,  now S k l e n é  

T e p l i c e  i n  C z e c h o s l o v a k i a )  as d e s c r i b e d  by my f a t h e r ,  Jenő  

F a l l e r  (-1 975)  (1 894 -1  9 6 6 ) .  T h i s  g r o u p  e s t a b l i s h e d  an a s s o c i a ­

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

W o r l d  M i n i n g  C o n g r e s s .  The f o u n d a t i o n  o f  t h i s  a s s o c i a t i o n  has  

b e e n  a d e q u a t e l y  commemora ted a t  t h e  s e s s i o n s  o f  t h e  C o m i t t e e  

i n  1986  ( S e s s i o n  5 8 :  C l a u s t h a l - Z e l l e r f e l d ,  S e s s i o n  59 :  W i e n ) .

A c o m p r e h e n s i v e  b i b l i o g r a p h y  on B o r n  was p u b l i s h e d  a t  t h i s  o c ­

c a s i o n  ( M o l n á r  1 9 8 6 ) .

The t e c h n i c a l - s c i e n t i f i c  r e s e a r c h  w o rk  on t h e  f i e l d  o f  

m i n i n g  a t  t h e  academy o f  Se lm ecbán ya  ha s  a c h i e v e d  i n t e r n a t i o n a l  

p u b l i c i t y  i n  t h e  s e c o n d  h a l f  o f  t h e  1 9 t h  c e n t u r y  when t h e  

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

t h e  common p r o f e s s i o n a l - s c i e n t i f i c  y e a r b o o k s  o f  t h e  i n s t i t u ­

t i o n s  a t  Leoben and P r i b r a m ,  and c o n t i n u e d  i t  t i l l  19 0 4 .  T h a t  

was t h e  " B e r g -  und H ü t t e n m ä n n i s c h e s  J a h r b u c h "  ( M i n i n g  and 

M e t a l l u r g i c a l  Y e a r b o o k )  (BuHJ)  w h i c h  was d i s c u s s e d  by J F a l l e r  

( 1 9 7 1 )  i n c l u d i n g  t h e  r o l e  o f  G u s z t á v  F a l l e r .  A c c o r d i n g  t o  t h a t  

t h e  BuHJ was a c t u a l l y  t h e  c o n t i n u a t i o n  o f  t h e  p e r i o d i c a l  

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

s t a r t e d  i n  1842 .  The f i r s t  vo lu me  came o u t  i n  1851 ( B e r g -  und  

H ü t t e n m ä n n i s c h e s  J a h r b u c h  d e r  K a i s e r l .  K ö n i g l .  M o n t a n l e h r a n ­

s t a l t  zu L e o ben .  I .  Band .  A l s  F o r t s e t z u n g  d e r  v o r m a l s  s t e i e r .  

s t a n d .  L e h r a n s t a l t  zu V o r d e r n b e r g  d e r  I V .  Band.  R e d a k t e u r :  

D i r e k t o r  T u n n e r ,  W i e n .  I n  C o m m i s s io n  b e i  T a n d l e r  und C o m p a g n ie .  

1 8 5 1 . )  F o l l o w i n g  t h e  f i r s t  one ,  t h e  v o l u m e s  e d i t e d  a l t e r n a t e l y
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i n  L eoben  ( r e d . :  P e t e r  T u n n e r )  and i n  P r i b r a m  ( r e d . :  J o h a n n  

Gr imm)  c o n t a i n e d  numerous  s t u d i e s  by  H u n g a r i a n  s p e c i a l i s t s ,  b u t  

t h e  Academy o f  S e lm ecbánya  g o t  i n v o l v e d  i n  t h e  e d i t i n g  w o r k  

o n l y  a f t e r  8 y e a r s ,  t h a n k s  t o  t h e  a c t i v i t y  o f  G u s z t á v  F a l l e r .

I n  h i s  e d i t i o n  v o l u m e s  1 858 /1  8 5 9 / V I I I , 1 8 6 1 / 1 8 6 2 / X ,  1864/1865 /XV 

and 18 6 7 / 1 8 6 8 / X V I I  o f  t h e  y e a r b o o k  w e r e  p u b l i s h e d  u n d e r  t h e  

t i t l e  "BuHJ d e r  к . к .  S c h e m n i t z e r  B e r g a k a d e m i e  und d e r  к . к .  Mon­

t a n l e h r a n s t a l t e n  zu Leoben  und P r i b r a m . . . "  ( M i n i n g  and M e t a l ­

l u r g i c a l  Y e a r b o o k  o f  t h e  I m p e r i a l ,  R o y a l  M i n i n g  Academy a t  

S c h e m n i t z  and o f  t h e  I m p e r i a l ,  R o y a l  M i n i n g  T e c h n i c a l  S c h o o l s  

a t  L eoben  and P r i b r a m . . . ) .  I n  t h i s  v o l u m e s  he p u b l i s h e d  d u r i n g  

10 y e a r s  21 s t u d i e s .  I n  t h i s  wo rk  he was s u p p o r t e d  by I g n á c  

C u r t e r  ( 1 8 1 2 - 1 8 9 3 ) ,  p r o f e s s o r  o f  m e t a l l u r g y  and c h e m i s t r y  who 

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

The i n s t i t u t i o n  d e v e l o p e d  i n  1867  t o  an Academy o f  M i n i n g  

and F o r e s t r y .  I t  moved a f t e r  t h e  F i r s t  W o r l d  War t o  S o p r o n .  

L a t e r  t h e  Academy pass ed  t h r o u g h  many c h a n g e s ,  be tween  1952  and 

1959 t h e  f a c u l t i e s  o f  m i n i n g  and m e t a l l u r g y  moved as f a c u l t i e s  

o f  t h e  T e c h n i c a l  U n i v e r s i t y  f o r  Heav y  I n d u s t r y  ( e s t a b l i s h e d  i n  

1 9 4 9 )  t o  M i s k o l c  where  i n  1980 an I n s t i t u t e  o f  Law has be e n  

added  as f o u r t h  f a c u l t y .  No t  a l o n g  t i m e  ago an I n s t i t u t e  o f  

E c o n o m i c s  has  been  f o u n d e d ,  f r o m  w h i c h  t h e  f i f t h  f a c u l t y ,  t h e  

F a c u l t y  o f  E c o n o m i c s  i s  t o  d e v e l o p .

I n  t h e  m e a n t im e  t h e  p r o d u c t i o n  s t r u c t u r e  o f  t h e  H u n g a r i a n  

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

h i s t o r y  o f  c o a l  m i n i n g  s t a r t e d  i n  1 7 5 3 ,  t h e  b a u x i t e - p r o d u c t i o n  

i n  1 9 2 6 .  H u n g a r i a n  e x p e r t s  who a c h i e v e d  c o n s i d e r a b l e  s u c c e s s e s  

i n  N e a r  E a s t  and e l s e w h e r e  i n  t h e  o i l  e x p l o r a t i o n ,  opened  t h e  

f i r s t  p r o d u c t i o n  w e l l s  i n  H ungar y  i n  1 9 3 7 .  Uran ium o r e  m i n i n g  

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

p r o d u c t i o n  o f  t h e  H u n g a r i a n  m i n i n g  a r e  c h a r a c t e r i z e d  by t h e  f o l ­

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

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

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

p r e s e n t  l e v e l  o f  p r o d u c t i o n ) :

-  b l a c k  c o a l  2 . 3  Mt  (more  th a n  100 y e a r s )

-  b ro w n  c o a l  1 3 . 9  Mt  (5 4  y e a r s )

-  l i g n i t e s  6 . 9  Mt (more  th a n  100 y e a r s )
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-  c r o u d e  o i l 2 . 0 Mt (1 5  y e a r s )
-  n a t u r a l  gas 7 . 3 Gm3 (15  y e a r s )
-  b a u x i t e 3 . 0 Mt (26  y e a r s )
-  man ganese  o r e
-  r a w  m a t e r i a l  f o r  t h e

0 .1 Mt (11 y e a r s )

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

8 . 2 Mt (more  t h a n 1 00 y e a r s  )

d e c o r a t i o n 9 .1 Mt (more  th an 1 00 y e a r s )
-  s a n d  and g r a v e l  f o r  t h e

b u i l d i n g  i n d u s t r y 3 2 . 5 Mt (30  y e a r s )
-  r a w  m a t e r i a l  f o r  t h e  f i n e

and  raw p o t t e r y  i n d u s t r y 6 . 3 Mt (more  t h a n 1 00 y e a r s )
-  d i f f e r e n t  n o n - m e t a l l i c

m i n e r a l s 5 . 7 Mt (more  t h a n 1 00 y e a r s )

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

r e s o u r c e s  have  n o t  been  t a k e n  i n t o  c a l c u l a t i o n .  A t  t h e  moment  

t h e  d e v e l o p m e n t  w o r k s  o f  an a b o u t  200 Mt  c a p a c i t y  p o l i m e t a l l i c  

( f i r s t  o f  a l l  c o p p e r )  o c c u r r e n c e  a r e  s u s p e n d e d ,  b a s i c a l l y  due 

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

s o n a n c e  w i t h  t h e  p rog ra mm e t o  b u i l d  n u c l e a r  power  s t a t i o n s .

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

an m i n i n g  i s  t h e  M i n i n g  F a c u l t y  o f  t h e  T e c h n i c a l  U n i v e r s i t y  f o r  

H e a v y  I n d u s t r y .  From t h e  v e r y  r i c h  s c i e n t i f i c  p a s t  o f  t h i s  

f a c u l t y  o n l y  two  p e r s o n s  s h o u l d  be h i g h l i g h t e d  here  due t o  

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

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

( F a l l e r  1974)  J ó z s e f  F i n k e y  ( 1 8 8 9 - 1 9 4 1 ) ,  and t h a t  o f  t h e  

H u n g a r i a n  s c h o o l  o f  t h e  r o c k  m e c h a n i c s  ( P a t v a r o s  1979)  P é t e r  

E s z t ó  ( 1 8 8 5 - 1 9 6 5 )  and R i c h a r d  R i c h t e r  ( 1 9 2 0 - 1 9 7 9 ) .  (Th e  r e ­

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

A c c o r d i n g  t o  t h e  H u n g a r i a n  s c i e n t i f i c  co m m u n i t y ,  t h e  m i n ­

i n g  s h o u l d  be h a n d l e d  i n  a p r o p e r  s y s t e m  (K apo l y i  1981 ,  1 9 8 9 )  

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

a l  r e s o u r c e s  t o  u t i l i z a t i o n .  T a k i n g  i n t o  a c c o u n t  t h i s  a s p e c t  a 

f e w  s c i e n t i f i c  i n s t i t u t i o n s  s h o u l d  be a l s o  m e n t io n e d  w h i c h  do 

n o t  d e a l  ( o r  do n o t  o n l y  d e a l )  d i r e c t l y  w i t h  t h e  p r o d u c t i o n  o f  

s o l i d  m i n e r a l s .  T h i s  w i l l  be f o l l o w e d  by t h e  p r e s e n t a t i o n  o f  

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

I n s t i t u t e  f o r  M i n i n g  D e v e l o p m e n t .  A l l  t h e s e  i n s t i t u t i o n s  a r e  

d a t i n g  b ack  d i r e c t l y  o r  i n d i r e c t l y  t o  t h e  S c i e n t i f i c  S c h o o l  o f  

S e l m e c b á n y a - S o p r o n - M i s k o l c .

The H u n g a r i a n  S t a t e  I n s t i t u t e  o f  G e o l o g y  ( B u d a p e s t )  was 

e s t a b l i s h e d  1869 by K i n g  F e re n c  J ó z s e f  t h e  F i r s t  ( 1 8 3 0 - 1 9 1 6 )  as 

H u n g a r i a n  R o y a l  I n s t i t u t e  o f  G e o l o g y .  M i k s a  H an tke n  ( 1 8 2 1 - 1 8 9 3 )  

was a p p o i n t e d  d i r e c t o r  who s t a r t e d  h i s  s t u d i e s  i n  V i e n n a  and  

f i n a l i z e d  a t  t h e  Academy o f  S e lm ecb án ya  be tw een  1843 and 1 8 4 6 .  

T h i s  i n s t i t u t e  d e a l s  w i t h  s y s t e m a t i c  g e o l o g i c a l  mapp ing  o f  t h e  

c o u n t r y ,  i s  e l a b o r a t i n g  r e g i o n a l  r o w - m a t e r i a l  p r o g n o s e s  and  has 

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

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

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

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

f o u n d a t i o n  g e o l o g i c a l  e x p e d i t i o n s  have  been  s e n t  a b r o a d ,  i t  i s  

t a k i n g  p a r t  i n  i n t e r n a t i o n a l  c o o p e r a t i v e  p r o j e c t s  as i n  p a l e o -  

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

The L o r á n d  E ö t v ö s  G e o p h y s i c a l  I n s t i t u t e  ( B u d a p e s t )  e s t a b ­

l i s h e d  i n  1919 i s  t h e  o ldes t  r e s e a r c h  i n s t i t u t e  o f  t h e  w o r l d  

d e a l i n g  w i t h  a p p l i e d  g e o p h y s i c s .  The i n s t i t u t e ' s  name came f r o m  

L o r á n d  E ö t v ö s  ( 1 8 4 8 - 1 9 1 9 )  who became w o r l d  known by t h e  t o r s i o n  

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

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

i c a l  i n s t r u m e n t s  and methods and has  w i d e - s p r e a d  i n t e r n a t i o n a l  

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

a r e a s  o f  c o a l  e x p l o r a t i o n .  These a r e :  e x p l a n a t i o n  o f  s t r a t a  and 

t e c t o n i c  c o n d i t i o n s ,  d e t e r m i n a t i o n  o f  c o a l  seam q u a l i t y ,  g e o -  

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

t e r m i n a t i o n  o f  g e o l o g i c a l  c o r r e l a t i o n s  u s i n g  s e i s m i c  l o g g i n g .  

Among i n - m i n e  g e o p h y s i c a l  methods  t h e  i n s t i t u t e  a p p l i e s  and  

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

The G e o d e t i c a l  and G e o p h y s i c a l  R e s e a r c 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  ( S o p r o n )  has  been e s t a b l i s h e d  

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

s t a f f  o f  t h e  two  r e l e v a n t  u n i v e r s i t y  c h a i r s  o f  t h e  M i n i n g  

F a c u l t y  w o r k i n g  t h a t  t i m e  i n  S o p r o n .  The i n s t i t u t e  i t s e l f  has
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b e e n  f o u n d e d  by t h e  f u s i o n  o f  t h e s e  l a b o r a t o r i e s ;  i n  1971 an 

O b s e r v a t o r y  o f  s e i s m o l o g y  ( B u d a p e s t )  has  been added u n d e r  t h e  

d i r e c t o r a t e  o f  A n t a l  T á r c z y - H o r n o c h  ( 1 9 0 0 - 1 9 8 6 )  who was w e l l -  

- k n o w n  s p e c i a l i s t  o f  t h i s  a rea  o f  s c i e n c e s ,  b e i n g  D o c t o r  

H o n o r i s  Causa o f  many u n i v e r s i t i e s  and  h o n o r a r y  member o f  s e v ­

e r a l  a c a d e m i e s  a b r o a d  (Somogyi 19 8 6 ,  M o l n á r  1986 ,  1 9 8 8 ) .  T h u s ,  

t h e  i n s t i t u t e  became an i n t e r n a t i o n a l l y  r e c o g n i z e d  r e s e a r c h  

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

-  i n  t h e  f i e l d  o f  g e o d e s y  

e l a b o r a t i o n  o f  a d j u s t m e n t  methods  

g e o d e t i c  n e t w o r k s  

p h o t o g r a m m e t r i c  b l o c k s

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

o f  i n s t r u m e n t s  

t i d a l  r e s e a r c h ,

-  r e g a r d i n g  g e o p h y s i c s

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

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

and  m a g n e t o t e l l u r i c s

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

f i e l d s

i n v e s t i g a t i o n  o f  t h e  i o n o s p h e r e  and a tm o s p h e r e  

d e t e r m i n a t i o n s  o f  e a r t h q u a k e  r i s k .

F ro m  t h e  p o i n t  o f  v i e w  o f  m i n i n g ,  i n t e g r a t e d  geodynami c  i n v e s ­

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

m e t e r s  a r e  o f  i n t e r e s t .  The i n s t i t u t e  i s  t a k i n g  p a r t  i n  t h e  

w o r k  o f  t h e  I n t e r n a t i o n a l  U n io n  o f  G e odesy  and G e o p h y s i c s ,  t h e y  

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

i s h  p a r t n e r  i n s t i t u t i o n s .

The O i l  M i n i n g  D e p a r t m e n t  o f  t h e  f o r m e r  M i n i n g  R e s e a r c h  

I n s t i t u t e  ( B u d a p e s t )  c o n t i n u e d  i t s  w o r k  f r o m  December 1 ,  1957 

as t h e  O i l  M i n i n g  R e s e a r c h  L a b o r a t o r y  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  ( M a r t o s  1 9 6 9 ,  1974)  ( i n  S o p r o n  and l a t e r  i n  M i s k o l c )  

and  g o t  M i n i n g  C h e m i c a l  R e s e a rc h  L a b o r a t o r y  o f  t h e  H u n g a r i a n  

Ac adem y o f  S c i e n c e s .  A t  t h e  v e r y  b e g i n n i n g  t h e y  were en g a g e d  i n  

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

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

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

r i a l s ,  f i r s t  o f  a l l  o f  c o a l .  Among o t h e r s  u p - t o - d a t e ,  c o m p u t e r  

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

have  been  d e v e l o p e d  i n  t h e  l a b o r a t o r y  ( P V T - s y s t e m s , edge  p l a n e  

s t r e s s  m e a su r em en t  be tw een d i f f e r e n t  s t r a t a  c o n d i t i o n s ,  v i s c o s ­

i t y  m e a s u r e m e n t s ,  e t c . )  w h i c h  a r e  a l s o  used  abroad  ( A u s t r i a ,  

I n d i a ,  P o l a n d ) .

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

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

R e s e a r c h  C e n t r e  o f  t h e  Mecsek  C o a l  M in es  ( P é c s ) .  The 

C e n t r e  has  been  c a r r y i n g  o u t  i t s  s c i e n t i f i c  r e s e a r c h  and  t e c h ­

n i c a l  s e r v i c e  a c t i v i t y  s i n c e  35 y e a r s .  They i n v o l v e  t h e  p r e ­

v e n t i o n  and f i g h t i n g  down o f  n a t u r a l  h a z a r d s  and h e a l t h  damages 

As b a s i c  meth od  o f  r e g i o n a l  p r o t e c t i o n  a g a i n s t  gas o u t b u r s t  

h a z a r d s ,  p r o t e c t i v e  seam e x p l o i t a t i o n  has  been d e v e l o p e d ,  b e ­

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

d e c r e a s i n g  d r i l l i n g ,  p r o v o k i n g  s h o t  f i r i n g .  T h e i r  l o c a l  gas 

o u t b u r s t  p r o g n o s e s  a r e  based  on l a b o r a t o r y  c o a l  s t r u c t u r e  i n ­

v e s t i g a t i o n s ,  on " i n  s i t u "  m e a s u r e m e n t s ;  t h e  q u a l i f i c a t i o n  o f  

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

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

n a r y  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  o f  m i n i n g  o p e r a t i o n s  and o f  

t h e  c h a n g e  o f  c o n d i t i o n s  due t o  e x p l o i t a t i o n ,  i n - s e a m  wave 

s e i s m i c  l o g g i n g  and s e i s m i c  t o m o g r a p h y  r e s p .  a re  u s e d .  T h e i r  

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

i n  t h e  m e a su r em en t  o f  t h e  e f f e c t s  o f  d u s t  e m i s s i o n s  and  o f  harm 

f u l  n o i s e  s o u r c e s .  T h e i r  d u s t - p r o t e c t i v e  measures a im t o  r e d u c e  

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

p r o t e c t i o n  a g a i n s t  s i l i c o s i s - h a z a r d s  t h e  above  m easur es  a r e  sup 

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

p r o t e c t i o n  -  b e s i d e s  t r a d i t i o n a l  means -  a r e  s u p p o r t e d  by  h a r d ­
e n i n g  p l a s t i c  foam and foam g e n e r a t i n g  e q u i p m e n t s  b o t h  d e v e l ­
oped  i n  t h e  R e s e a r c h  C e n t r e .  The r e s e a r c h  and d e v e l o p m e n t  a c ­

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

I n  t h e  H u n g a r i a n  A l u m i n i u m  T r u s t  e s t a b l i s h e d  i n  1963  t e c h ­

n i c a l  r e s e a r c h  w o rk  i s  c o o r d i n a t e d  by t h e  s t a f f  o f  t h e  d i r e c t o r
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o f  m i n i n g  u s i n g  t h e  a i d  o f  numerous  i n s t i t u t i o n s .  They w o r k  

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

c a n c e  t h a t  b a u x i t e  m i n i n g  -  as w e l l  as c o a l  m i n i n g  i n  t h e  a r e a  

-  h a v e  an i n f l u e n c e  on t h e  k a r s t i c  w a t e r  r e s e r v o i r  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  M o u n t a i n s .  I n  t h e  d i r e c t l y  c o n n e c t e d  m i n ­

i n g  -  k a r s t i c  w a t e r  s y s t e m  t h e  o p t i m a l  co m p r o m is e  i s  t o  be e n ­

s u r e d  c o n t i n u o u s l y  ( b y  means o f  a s y s t e m a t i c  w a t e r  l e v e l  o b ­

s e r v i n g  n e t w o r k  and o f  t h e  m o d e l l i n g  o f  t h e  r e s e r v o i r ) .  B e s i d e s  

o t h e r  r e s e a r c h  s t a t i o n s  an e s s e n t i a l  r o l e  i s  p l a y e d  i n  t h i s  

w o r k  by t h e  P r o j e c t i n g  and R e se a rc h  I n s t i t u t e  o f  th e  A l u m i n i u m  

I n d u s t r y  ( ALU TERV -F K I , B u d a p e s t ) ;  i t s  f o r e g o e r  has been e s t a b ­

l i s h e d  e a r l i e r  t h a n  t h e  T r u s t  i t s e l f .

I n  t h e  f r a m e  o f  t h e  N a t i o n a l  O i l  and  Gas T r u s t  t h e  H u n g a r i ­

an R e s e a r c h - D e v e l o p m e n t  I n s t i t u t e  o f . t h e  H y d r o c a r b o n e  I n d u s t r y  

( S Z K F I ,  B u d a p e s t )  has  been e s t a b l i s h e d  1980  f r om  th e  f u s i o n  o f  

t h r e e  e a r l i e r  r e s e a r c h  s t a t i o n s  ( H i g h  P r e s s u r e  Rese arch  I n s t i ­

t u t e ,  N AK I ;  I n d u s t r i a l  R esea rch  L a b o r a t o r i e s  o f  O i l  and Gas 

M i n i n g ,  OGIL;  G a s t e c h n i c a l  R e s e a rc h  and  T e s t i n g  S t a t i o n ,  GKVA). 

The h e a d q u a r t e r s  o f  SZKFI  a r e  i n  S z á z h a l o m b a t t a  w i t h  b r a n c h  

i n s t i t u t e s  i n  B u d a p e s t ,  N a g y k a n i z s a ,  S z o l n o k  and Szeged.

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

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

c i a l l y  i n  t h e  f i e l d  o f  g e o l o g i c a l  r a w - m a t e r i a l  e x p l o r a t i o n ,  

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

p e t r o l c h e m i s t r y . They  a r e  a l s o  engaged  i n  t h e  p r o d u c t - d e v e l o p ­

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

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

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

s t r u c t u r a l  m a t e r i a l s  used  i n  gas s u p p l y ,  e n v i r o n m e n t a l  p r o t e c ­

t i o n  and p r o t e c t i o n  a g a i n s t  c o r r o s i o n .  The  i n s t i t u t e  has 

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

me n t  o f  p u r p o s e - o r i e n t e d  c o m p u t e r  t e c h n i c s .

The i n s t i t u t e  has  c o o p e r a t i o n  a g r e e m e n t s  w i t h  most  s i m i l a r  

i n s t i t u t i o n s  o f  t h e  E a s t - E u r o p e a n  c o u n t r i e s .  From w i d e - s p r e a d  

i n t e r n a t i o n a l  c o n n e c t i o n s ,  c o l l a b o r a t i o n s  w i t h  Canad ian  

(AOSTRA, SEFEL) and F r e n c h  ( I F P ,  P e t r o f r a n c e )  compa n ie s  a r e  t o
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be m e n t i o n e d .  S t a f f  members o f  t h e  i n s t i t u t e  a re  w o r k i n g  as e x ­

p e r t s  and l e c t u r e r s  a b r o a d ,  m o s t l y  i n  L y b i a .

The SZKFI i s  a member o f  t h e  H u n g a r i a n - S o v i e t  ENERGOTECHNO 

L t d  w h i c h  has  been f o u n d e d  t o  s o l v e  t a s k s  i n  t h e  f i e l d  o f  e n e r ­

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

n e e r i n g .  As soon as t h e  w o rk  o f  a p r e p a r a t o r y  team ,  comp osed  o f  

H u n g a r i a n  and US e x p e r t s  w i l l  be f i n a l i z e d  i n  1988 ,  a j o i n t  

v e n t u r e  o f f i c e  OXY-SZKFI s h o u l d  be e s t a b l i s h e d  f o r  d i f f e r e n t  

k i n d s  o f  s e r v i c e s .

The mos t  s i g n i f i c a n t  i n s t i t u t i o n  engaged  i n  t h e  r e s e a r c h  

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

t h e  C e n t r a l  I n s t i t u t e  o f  M i n i n g  D e v e l o p m e n t  (K B F I )  w h i c h  has 

been  f o u n d e d  1979 w i t h  t h e  f u s i o n  o f  t h e  e a r l i e r  M i n i n g  Re­

s e a r c h  I n s t i t u t e  and M i n i n g  P r o j e c t i n g  I n s t i t u t e  (S i m o n  1 9 7 9 ) .  

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

war  f o l l o w i n g  t h e  n a t i o n a l i z a t i o n  o f  m i n i n g .

As t h e  f i r s t  s t e p s  o f  t h e  c e n t r a l i z a t i o n  o f  t h e  m i n i n g  

p r o j e c t i n g  w o r k ,  a M i n i n g  M a c h i n e r y  D e s i g n i n g  O f f i c e  ( 1 9 4 9 )  and 

a M i ne  P r o j e c t i n g  O f f i c e  ( 1 9 5 0 )  have  been  e s t a b l i s h e d .  They  

were  am a lg am ate d  i n  1952 as M i n i n g  P r o j e c t i n g  I n s t i t u t e  ( B e r ­

c s é n y i  1 9 6 2 ) .  I t s  t a s k  has  been d e f i n e d  v e r y  s i m p l y  i n  i t s  

f o u n d i n g  r e s o l u t i o n :  " . . .  d e s i g n  o f  g r o u n d  b r e a k i n g ,  a l l  p l a n ­

n ing ,  p r o j e c t i n g ,  d e s i g n  w o rk s  o f  any  k i n d  o f  m ines  and m i n i n g  

p r o j e c t s  . . . " .  I n  1958 t h e s e  t a s k s  w e re  e x t e n d e d ,  and t h e  e x ­

t e n s i o n  d i d  n o t  b r i n g  new t a s k s ,  b u t  t h e  d e f i n i t i o n  i s  more  d e ­

t a i l e d :  " S t u d i e s  and g e n e r a l  p r o j e c t i n g  w o rk s  o f  m i n i n g  p r o ­

j e c t s ,  m i n i n g  p l a n t s ,  p r e p a r a t i o n  p l a n t s ,  c o n c e n t r a t i o n s  ( w i t h ­

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

e x t e n s i o n s ) ;  t e c h n o l o g i c a l  d e s i g n  o f  e s t a b l i s h m e n t s  o f  m i n i n g  

i n v e s t m e n t s ;  d e t a i l e d  d e s i g n  o f  b u i l d i n g s  o f  t h e  m i n i n g  i n ­

d u s t r y  e x c e p t  o f  d e s i g n  o f  t h e  p u b l i c  s e r v i c e s " .

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

( i n d e p e n d e n t  f r o m  t h e  u n i v e r s i t i e s )  has  been based  on a g o v e r n ­

ment  o r d e r  i n  1949 r e g a r d i n g  t h e  o r g a n i z a t i o n  o f  i n d u s t r i a l  r e ­

s e a r c h .  T h i s  o r d e r  c a l l e d  i n t o  l i f e  -  b e s i d e s  t h e  e x i s t i n g  f i v e  

r e s e a r c h  i n s t i t u t e s  (among them t h e  m e n t i o n e d  I n s t i t u t e  o f  

G e o l o g y ,  I n s t i t u t e  o f  G e o p h y s i c s ,  I n s t i t u t e  o f  O i l  and  Gas
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E x p e r i m e n t s ,  A l u m i n i u m  and L i g h t  M e t a l  R e s e a r c h  I n s t i t u t e )  -  

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

r i e s  and n i n e  s o - c a l l e d  r e s e a r c h  c o m m i t t e e s ,  among t h e  l a t t e r  

t h e  C o a l  M i n i n g  I n d u s t r i a l  R e se a rc h  C o m m i t t e e  ( M a r t o s  19 6 9 ,  

1 9 7 4 ) .  As a r e s u l t  o f  t h e  q u i c k  o r g a n i s a t o r y  wo rk  o f  t h e  com­

m i t t e e ,  t h e  C e n t r a l  R e s e a r c h  L a b o r a t o r y  o f  t h e  Coa l  M i n i n g  

I n d u s t r y  has been f o u n d e d  i n  t h e  same y e a r  f r o m  w h ic h  -  a f t e r  

one  y e a r  -  t h e  M i n i n g  R e s e a rc h  I n s t i t u t e  has  been e s t a b l i s h e d .  

( I n  t h e  mea nt im e i t s  o r g a n i z a t i o n  c h a n g e d  many t i m e s ,  e . g .  some 

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

M i n e  S a f e t y  and B l a s t i n g  T e c h n i c s  w h i c h  e x i s t e d  be tween 1950 

and 1966  were  a m a l g a m a t e d ,  some o f  i t s  d e p a r t m e n t s  became p a r t s  

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

i n  1954  t o  t h e  T e s t i n g  and R esea rch  I n s t i t u t e  f o r  t h e  A p p l i c a ­

t i o n  o f  M i n i n g  M a c h i n e r y  -  f o u n d e d  i n  1952  - ,  t h e  l a t t e r  i n ­

s t i t u t e  has been c o m p l e t e l y  am a lg am a te d  w i t h  t h e  M i n i n g  Re­

s e a r c h  I n s t i t u t e  i n  1 9 5 5 . )

The b a s i c  a im o f  t h e  p r e s e n t  C e n t r a l  I n s t i t u t e  f o r  M i n i n g  

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

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

d e s i g n  and e x p e r t  a c t i v i t y  i s  i n  many a s p e c t s  o u t r a n g i n g  t h e  

m i n i n g  i t s e l f .  The i n s t i t u t e  has a l s o  s e r v i c i n g  a c t i v i t i e s ,  as 

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

q u a r t e r s  a r e  i n  B u d a p e s t ,  b r a n c h  e s t a b l i s h m e n t s  a re  i n  Tokod and 

T a t a b á n y a ;  t h e  C e n t r a l  M i n i n g  Museum, o p e n e d  i n  1957 b e l o n g s  t o  

t h e  i n s t i t u t e  ( F a l l e r  J 1958)  and i t  i s  t h e  c e n t e r  o f  m i n i n g -  

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

d e a l t  w i t h  h e r e .

When s p e a k i n g  a b o u t  t h e  p r e s e n t  i n s t i t u t i o n a l  s y s te m  o f  

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

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

e n g i n e e r s  and m i n i n g  t e c h n i c i a n s :  t h e  N a t i o n a l  H u n g a r i a n  A s ­

s o c i a t i o n  o f  M i n i n g  and  M e t a l l u r g y  ( F a l l e r  J 1958) w h i c h  s u p ­

p o r t s  ( e . g .  by t e c h n i c a l  p e r i o d i c a l s ,  e t c . )  t h e  t e c h n i c a l  

d e v e l o p m e n t  o f  t h e  m i n i n g ;

-  t h e  c o r p o r a t i v e - s c i e n t i f i c  a c t i v i t y  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  i n  t h e  f i e l d  o f  m i n i n g  c a r r i e d  o u t  i n  S e c t i o n  X,
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E a r t h  S c i e n c e s  and M i n i n g  and o f  i t s  M i n i n g  S c i e n t i f i c  Com­

m i t t e e  and i n  i t s  p r o f e s s i o n a l  and r e g i o n a l  c o m m i t t e e s ;  and 

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

s u l t s  a r e  p u b l i s h e d .

Among t h e  13 o r d i n a r y  members o f  t h e  S e c t i o n  X, E a r t h  

S c i e n c e s  and M i n i n g  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 e r e  

a r e  4 m i n i n g  e n g i n e e r s  and among t h e  4 c o r r e s p o n d i n g  members 

t h e r e  i s  1 m i n i n g  e n g i n e e r .  I h e  o r d i n a r y  members a r e :  L á s z l ó  

Kapolyi  ( s y s t e m  t h e o r y  i n  m i n i n g ,  r o c k  m e c h a n i c s ,  economy o f  

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

u t i l i z a t i o n  o f  e n e r g y  c a r r y i n g  m e d i a ) ,  F e r e n c  M a r t o s  ( m i n i n g ,  

r o c k  m e c h a n i c s ) ,  G u s z t á v  l a r j á n  ( m i n e r a l  p r o c e s s i n g ) ,  and J ános  

Zambó ( m i n i n g ) ,  c o r r e s p o n d i n g  member:  F e r e n c  Kovács  ( m i n e - l o c a ­

t i o n ,  economy o f  m i n i n g ,  m i n i n g  t e c h n o l o g i e s  and mine  s a f e t y ) .

I  hope t h a t  w i t h  t h i s  m o s a i c - l i k e  p i c t u r e  i t  can be shown 

t h a t  i t  has been  c h a r a c t e r i s t i c  f o r  t h e  t e c h n i c a l - s c i e n t i f i c  

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

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

l i f e .  l o d a y  i t  i s  a l s o  t h e  aim o f  t h e  t e c h n i c a l - s c i e n t i f i c  r e ­

s e a r c h  t o  s e r v e  t h e  H u n g a r i a n  m i n i n g  so t h a t  t h i s  wo rk  s h o u l d  

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

m i n i n g  s c i e n c e .  I h i s  i s  t h e  i n t e n t i o n  o f  t h e  H u n g a r i a n  e x p e r t s  

and i n s t i t u t i o n s  when t h e y  t a k e  p a r t  i n  t h e  w o rk  o f  i n t e r n a ­

t i o n a l  o r g a n i z a t i o n s  as t h e  W o r l d  M i n i n g  C o n g r e s s ,  t h e  Perma­

n e n t  C oa l  M i n i n g  C o m m i t t e e  o f  t h e  COMECON, t h e  C oa l  C o m m i t t e e  

o f  t h e  E u ro p e a n  Eco n o m ic  and S o c i a l  C o u n c i l  o f  t h e  U n i t e d  

N a t i o n s .
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Ferenc M artos 70 yea rs

Ferenc MARTOS, mining engineer ,  o r d i n a r y  member of  the Flungarian 
Academy o f  Sciences, r e t i r e d  deputy managing d i r e c t o r  of  the C e n t r a l  I n s t i ­
t u t e  f o r  Mining Development celebra ted h i s  70th b i r thday  in  1988.

When we appraise the l i f e - w o r k  o f  Ferenc Martos, mining eng ineer and 
s c i e n t i s t  we have to  o u t l i n e  a r i c h ,  and con t inuously  r i s i n g  path o f  l i f e  
o f  a re s o l u te  and d i l i g e n t  man who has been zealous to  put i n t o  p r a c t i c e  h i s  
ideas ,  but  has been a lso ready to  concessions.

He spent h i s  chi ldhood i n  Temesvár, s tu d i ed  at  Bucharest and Temesvár 
(T i m i so a ra ) ,  where he took h i s  diploma i n  mining engineer ing i n  1943. From
1942 to  1944, he worked w i th  coal  mines i n  Transy lvania.

Ferenc Martos had a d i v e r s i f i e d  l i f e ,  s ince  a f t e r  leaving Rumania i n
1943 and a f t e r  the years being p r i soner  o f  war i n  the Soviet Union,  he has 
b u i l t  up h i s  ex is tence a t  the Hungarian S ta t e  Coal Mines, then he worked in  
the M i n i s t r y  o f  Mining and Energy. He d is p la yed  almost a l l  o f  h i s  a c t i v i t y  
i n  the  Research I n s t i t u t e  f o r  Mining,  where he s ta r t ed  to work as an a s p i ­
r a n t  to  Candidate 's degree i n  1931, has been head o f  the Department o f  Mine 
E x p l o i t a t i o n  s ince 1955 and o f  the Main Department o f  Mining s ince  1964. In 
1966 he was appointed to  d i r e c t o r  o f  the reorganized Central  I n s t i t u t e  f o r  
Mining Development u n t i l  1980, when he r e t i r e d  and since then he has helped 
our work as a s c i e n t i f i c  adv ise r .

His knowledge o f  fo r e ig n  languages made him easy to u t i l i z e  th e  newest 
f o r e ig n  r e s u l t s  i n  tec hn ic a l  sciences w i t h i n  h i s  own research work.

He recognized th a t  an i n i t i a l  c o n d i t i o n  both o f  the management o f  
m inera l  resources and o f  the p r o t e c t i o n  o f  bu i ld i n g s  and es tab l i shments  on 
the  su r face  i s  a d e ta i l ed  knowledge o f  the  r e g u l a r i t i e s  of  rock movements 
due to  mining a c t i v i t i e s .  Measurements and observat ions on su r face  and i n  
mines as w e l l  as model experiments c a r r i e d  out  under h is  guidance r e s u l t e d  
i n  connect ions and general ized conclus ions .  These studies have determined 
f o r  severa l  decades the d i r e c t i o n  o f  the  i n v e s t i g a t io n s  of  rock movements 
i n  Hungary. As apprec ia t ion  o f  h i s  a c t i v i t y  and h i s  r esu l t s  i n  ro ck  movement
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research  he was q u a l i f i e d  by the Hungarian Academy o f  Sciences Candidate i n  
1955 and Doctor o f  Techn ical  Science i n  1966. For h i s  un iv e rs i t y  l e c t u r e s  
he was appointed t i t u l a r  u n i v e r s i t y  p ro fessor  i n  1967. He was e lec ted  c o r ­
responding member o f  the  Hungarian Academy o f  Sciences in  1973 and o r d i n a r y  
member i n  1979. Dur ing ten  years (1976-1985) he was chairman of  the Sect ion  
o f  Ear th  and Mining Sciences o f  the Academy. A book on mine working methods 
i n  Hungary publ ished w i t h  him as ed i t o r  i n  1963, f i l l e d  a gap i n  the l i t e r ­
a t u r e ,  a monograph on water  p ro tec t ion  o f  mines publ ished in  1975 met 
i n t e r n a t i o n a l  i n t e r e s t ,  and has helped to  o b t a i n  in format ion w e l l - a p p l i c a b l e  
i n  the  p r a c t i c e .  His handbook on "Damages due t o  Mining"  i s  a basic a id  f o r  
u n i v e r s i t y  educa t ion ,  to o .

He i s  a founding member o f  the I n t e r n a t i o n a l  Bureau of  Rock Mechanics; 
the  Hungarian Sect ion o f  the I n t e rn a t io n a l  S o c ie t y  o f  Rock Mechanics i s  
work ing under h i s  chai rmanship and he has been a c t i v e  in  the Organiz ing 
Committee o f  Mining World Congresses. In  the  Hungar ian Society o f  Mining 
and Met a l lu rgy  he has been a member of  the govern ing  body since 1951, sec­
r e t a r y  general  between 1954 and 1960 and a t  p res en t  he i s  vice-chai rman o f  
th e  s o c i e t y .  In  the e d i t o r i a l  board of  the  m in ing  j ou rn a l  Bányászati  Lapok 
he has played a de te rmin ing  r o l e  since a l onger  t ime .

His a c t i v i t y  i n  commit tees of  the Hungar ian Academy of  Sciences i s  
remarkable,  h i s  work i n  the  e d i t o r i a l  board o f  the  pe r iod ica ls  Acta Geo- 
d a e t i c a  Geophysica e t  Montan is t i ca  and Magyar Tudomány cont r ibuted  to  r a i s e  
t h e i r  s c i e n t i f i c  l e v e l .  He has publ ished a h i gh  number of  papers. His l e c ­
t u r e s  held a t  i n t e r n a t i o n a l  symposia and con fe rences as wel l  as h i s  a c t i v i t y  
i n  the Comecon T e c h n i c a l - S c i e n t i f i c a l  Counci l  o f  Deep-Working are most r e ­
markable.

I t  i s  near l y  t h i r t y  years ago tha t  we became col leagues o f  him and he 
d i r e c t e d ,  tought  and advised us during many y ea rs .  He never made h i s  a u th o r ­
i t y  f e l t  but  ensured wide p o s s i b i l i t i e s  f o r  everybody to unfold h i s  c r e ­
a t i v i t y .

At  h i s  70th b i r t h d a y  he was congra tu la ted i n  the Central  I n s t i t u t e  f o r  
M in ing  Development by h i s  col leagues and f o l l o w e r s  and we wished him a long 
and happy l i f e  i n  good h e a l th  and good luc k !

J Bese and J Bodonyi
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E A BASKOV: The Fundamentals o f  Paleohydrogeology o f  Ore Deposi ts.  Spr in ger  
Ver lag ,  1987, 253 p . ,  F igs  60, Tables 38

This book i s  r e a l l y  an i n t e r d i s c i p l i n a r y  work,  the reader gets a c o l ­
l e c t i o n  o f  r e l a t i o n s h ip s  between hydrogeology and metal logeny t h a t  are 
u su a l l y  no t  i n t e r r e l a t e d .  Experts deal ing w i t h  these two subjects and w i t h  
a l l  problems o f  geochemistry and sedimentary p e t r o lo gy  may have u s e fu l  i n ­
fo rmat ion  when s tudying t h i s  volume.

Chapter I  summarizes the s i g n i f i c a n c e  o f  paleohydrogeological  recon­
s t r u c t i o n  and the h i s t o r y  o f  t h i s  branch o f  sc ience and makes an ou t l ook  to  
show the r e l a t i o n  o f  paleohydrogeology to  o th e r  branches o f  science.
Chapter 2 int roduces the forms o f  occurrence,  the p o s i t i o n  and q u a n t i t y  o f  
water i n  the ear th c r u s t .  Format ion waters developed in  the sediments ov e r -  
l y i n g  the con t in en ta l  c r u s t  are assigned t o  two groups: waters in  p l a t f o r m  
type sediments and waters i n  geosyncl ine type sediments. Based on la r g e  
number o f  references the  composi t i on o f  the  types and the character  o f  i on  
t r a n s p o r t  are discussed here.  Large-scale genera l i zed  p r o f i l e s  serve t o  i l ­
l u s t r a t e  the  p o s i t i o n  o f  fo rmat ion  waters o f  d i f f e r e n t  composi t ion i n  some 
a r t e s ia n  reg ions.  The geo lo g ic a l  processes i n  the  course of  which th e  d i s ­
solved m a t e r i a l  gets the  fo rmat ion  water are reviewed,  the c h a r a c t e r i s t i c  
concen t ra t ions  o f  t r ace  elements are also l i s t e d  and f i n a l l y  some recen t  
ore depos i t s  are ment ioned.

Based on the d isso lved  s a l t  and gas composi t i on,  on the ox id a t i on  
s ta t e  and on the t o t a l  s a l i n i t y  waters are assigned to  seven main t ypes .  In  
t h i s  r e l a t i o n  the genesis and geo logica l  envi ronment o f  each type are sum­
marized.

Chapter 3 deals w i t h  the methodology o f  paleohydrogeology. In  o rd e r  to  
co ns t ru c t  the l i t h o l o g i c a l  maps a spec ia l  p e t r o l o g i c a l  c l a s s i f i c a t i o n  i s  
in t roduced .  Based on t h i s  c l a s s i f i c a t i o n  and ta k i n g  i n t o  account the  s t a t e  
o f  t rans fo rma t ion  o v e r p r i n t i n g  the h y d ro lo g ic a l  fea tu res  of  each fo r m a t i o n ,  
as w e l l  as the te c t o n ic  h i s t o r y ,  the boundar ies o f  the hydrogeological  
landscape u n i t s  o f  a reg ion  can be const ruc ted  to  d i f f e r e n t  geo lo g ic a l  ages. 
Subsequent ly to  the l i t h o l o g i c a l  c l a s s i f i c a t i o n  and the areal  d i s t r i b u t i o n  
the i n t e r p r e t a t i o n  f o l l o w s  t h a t  takes i n t o  cons i der a t i on  both the pa l eo-  
hydrodynamic and the r e s e r v o i r  parameters.  In  t h i s  respect  the changes o f  
p o r o s i t y  and pe rm eab i l i t y  r e l a te d  to the compact ion and l i t h i f i c a t i o n  o f  
the sequence as we l l  as the measure o f  re lease  o f  water are dea l t  w i t h  i n  
p a r t i c u l a r .  By means o f  the discussed pa leohydrogeolog ica l  methods the  p ro ­
cesses o f  water r e l e a s e - m i g r a t i o n - p r e c i p i t a t i o n  t h a t  proceeded i n  the 
course o f  basin evo lu t i on  due t o  d i f f e r e n t  reasons (diagenesis,  c o a l i f i c a -  
t i o n ,  tnetamorphism, vo l c a n ic  a c t i v i t y  e t c . )  can be traced and i n t e r p r e t e d .  
The s i g n i f i c a n c e  o f  t h i s  type o f  i n t e r p r e t a t i o n  i s  emphasized and the  
complete analys is  extending over the m i n e r a l o g ic a l ,  megatectonic and 
c r u s t a l - th e r m a l  environments i s  demonstrated.

Chapter 4 i s  p robably most i n t e r e s t i n g  f o r  geo l og i s ts .  Flere the ion  
movement and metal  concen t ra t ion  dur ing the metal logenesis are in t roduced  
according to  the geo log ica l -p a leo hydro geo log ica l  environments. A l o t  o f  
g e o lo g ic a l  s t r u c tu re  and p r o f i l e  o f  ore depos i t s  are demonstrated and sup­
plemented w i th  the i n t e r p r e t a t i o n  o f  pa leohydrogeolog ica l  aspects.

The book i s  a va luab le  and pragmatic work though the reader f e e l s  
sometimes the lack o f  r e s u l t s  o f  the u p - to -d a te  a n a l y t i c a l  methods, e .g .  
matu rat ion  o f  the o rganic  mat te r ,  s tab le  i so top e  data,  t h i s ,  however, does 
not  d e t e r i o r a t e  the essence o f  the volume. I  do be l ieve  tha t  t h i s  book
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p r ov id es  valuable a id  t o  solve not  only mét a l logén ie  problems but  to  c a r r y  
ou t  more p a r t i c u l a r  geochemical  i n t e r p r e t a t i o n s  i n  the f i e l d  o f  d i f f e r e n t  
g e o l o g i c a l - h y d r o l o g i c a l  phenomena.

Л Dunkl
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A cta  Geod. Geoph. M ont. H unp ., V o l.  24 (3 -4 ), pp. 213-236  (1989 )

ON THE RELATION BETWEEN THE GRAVITY FIELD AND LITHOSPHERIC 
FEATURES IN THE GREEK AREA

M D o u f e x o p o u l o u , P M i l a s ,  В N a k o s ,  A P a p a f i t s o r o u

Higher  Geodesy Laboratory,  Nat ional  Technical  Un ive rs i t y  o f  Athens,  
157 73 Zographou, Heroon Polytechniou 9, Greece

[Manuscr ipt  received February 5, 1987]

The r e s u l t s  o f  s tud ies  o f  the g r a v i t y  f i e l d  i n  the Greek area a re  p re ­
sented and discussed i n  r e l a t i o n  to  the t e c t o n i c  background. The occurrence 
o f  the A f r i c a n  te c t o n ic  p l a te  and i t s  subduc t ion under the Aegean to g e t h e r  
w i t h  the  H e l le n ic  t rench and the A lp ine f o l d ,  d i s tu rb  the g r a v i t y  f i e l d  o f  
the reg ion  a t  a wide range o f  wavelengths. The abrupt Moho depth changes 
i n d i c a t e  among other  fea tu re s  a poss ib le  la ck  o f  i sostasy and the  need of  
mass model ing i n  order to  exp la in  the long wavelength v a r i a t i o n s  o f  the  
g r a v i t y  f i e l d .

The referenced F.A. anomal ies to  GRM3L1 geopoten t ia l  model, t r unca te d  
a t  degree 30 were f u r t h e r  smoothed by a s t a t i s t i c a l l y  est imated complete 
Bouguer redu c t ion  w i th  the use o f  5 V 5' mean topographic he ig h ts .  The r e ­
s u l te d  g r a v i t y  anomaly s ig na l  contains major l i t h o s p h e r i c  in f o r m a t i o n  i n ­
d i ca ted  by the d i r e c t i v i t y  diagrams. S t a t i s t i c a l  evaluat ion o f  the  d i s tance  
dependent Bouguer c o e f f i c i e n t  a t  14<10 b locks ind ica ted the presence o f  * 
d e n s i t i e s  i n  the area between the H e l l e n ic  a rc  and the Alpine f o l d  which 
can be cons iderably  d i f f e r e n t  f rom the one used in  the standard e a r t h  
models.

F u r th e r  research i s  needed w i t h  denser and more extended da ta .

Keywords: g r a v i t y  f i e l d ;  Greece; l i t h o s p h e r i c  s ign a l ;  mode l l i ng

INTRODUCTION

The Greek  a r e a ,  a p a r t  o f  t h e  E a s t e r n  M e d i t e r r a n e a n ,  i s  

one o f  t h e  more i n t e r e s t i n g  a r e a s  i n  E u ro pe  f rom a g e o p h y s i c a l  

p o i n t  o f  v i e w .  T h i s  a r e a  has been t h e  o b j e c t  o f  s e v e r a l  g e o ­

p h y s i c a l  s t u d i e s  ( e . g .  Papazachos  and C o m n in a k i s  19 7 1 ,  W o o d s i d e  

1 9 7 6 ,  M a k r i s  1973 ,  1977)  w h i c h  i n d i c a t e  t h e  p r e s e n c e  o f  a c t i v e  

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

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

The e s t i m a t i o n  o f  t h e  e a r t h ' s  g r a v i t y  f i e l d  i s  t h e  m a i n  

o b j e c t  o f  p h y s i c a l  ge o d e sy  and m e t h o d s  t h a t  d e a l  w i t h  t h i s

Acta Geod. Geoph. Mont. Hung. 24, 1989 
Akadémiai K iadó,  Budapest
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p r o b l e m  i n v o l v e  t h e  g r a v i t y  f i e l d  m o d e l i n g  u n d e r  t h e  a s s u m p t i o n  

t h a t  t h e  anomalous  g r a v i t a t i o n a l  p o t e n t i a l  T f u l f i l l s  L a p l a c e ' s  

e q u a t i o n  VT = 0 ,  a t  l e a s t  o u t s i d e  t h e  s u r f a c e  o f  t h e  e a r t h .  

T h e s e  methods a r e  a p p r o x i m a t i o n - m e t h o d s  f o r  h a r m o n ic  f u n c t i o n s ,  

and  no a s s u m p t io n  i s  made abou t  t h e  d e n s i t y  d i s t r i b u t i o n  w h i c h  

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

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

l e m  w i t h  u n i q u e  s o l u t i o n ,  w h i l e  f o r  g e o p h y s i c s  i t  i s  an i n v e r s e  

p r o b l e m  w i t h o u t  u n i q u e  s o l u t i o n .  I n  g e o p h y s i c a l l y  comp le x  a r e a s  

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

p r o x i m a t i o n ,  i n v o l v i n g  t h e  g e o p h y s i c a l  i n v e r s i o n  w h ic h  i s  n o t  

r e s t r i c t e d  t o  t h e  s h o r t  w a v e le n g th  v a r i a t i o n s  due t o  t e r r a i n ,  

b u t  i t  may be n e e d e d  a l s o  f o r  l o n g e r  w a v e l e n g t h s .  These w a v e ­

l e n g t h s  can be r e l a t e d  t o  th e  t e c t o n i c  f e a t u r e s  o f  t h e  r e g i o n  

an d  may come f r o m  d e e p  mass s o u r c e s .

The g r a v i t y  f i e l d  o f  th e  Greek a r e a ,  a l t h o u g h  m o s t l y  com­

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

( i . e .  r e p r e s e n t a t i o n  o f  an a c c u r a t e  g e o i d ) .  T h i s  i s  p a r t l y  due 

t o  t h e  g r e a t  c o m p l e x i t y  o f  the  a rea  and  p a r t l y  t o  t h e  f a c t  

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

v a r i o u s  o b j e c t i v e s .  T h e r e f o r e ,  a s y s t e m a t i c  s t u d y  o f  an h y b r i d  

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

r a t i o n  o f  a l l  i n s t i t u t i o n s ,  i n  th e  f r a m e  o f  a l o n g  te r m  p r o j e c t .

T h i s  work  i s  an a t t e m p t  t o :

-  d e s c r i b e  th e  d a t a  w h i c h  a re  a v a i l a b l e  a t  t h e  H i g h e r  Geodesy 

L a b o r a t o r y  o f  t h e  N . T . U .  o f  A thens

-  p r e s e n t  p r e v i o u s  r e s u l t s  wh ich  were  o b t a i n e d  u s i n g  a p a r t  o f  

t h e s e  data

-  p r e s e n t  new r e s u l t s  i n  o r d e r  t o  e x t e n d  p r e v i o u s  i n v e s t i g a ­

t i o n s .

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

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

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

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

c e p t e d  use o f  t h e  h i g h  de g re e  and o r d e r  g e o p o t e n t i a l  mo de ls  

( G . M . )  t o  r e f e r  t h e  g r a v i t y  f i e l d  d a t a  i n  m o d e l i n g  p r o b l e m s  

( e . g .  T s c h e r n i n g  1 9 8 3 ,  F o r s b e r g  1984 ,  S c h w a r z  1 9 8 5 ) ,  t h i s  c o n -
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s i d é r a t i o n  i s  n o t  v a l i d  f o r  t h e  Greek a r e a .  As i t  w i l l  be shown 

i n  t h e  f o l l o w i n g ,  i t  seems t h a t  l o c a l  mass m o d e l i n g  w o u l d  be 

more  a p p r o p r i a t e ,  a t  l e a s t  i n  some r e g i o n s ,  i n  o r d e r  t o  r e p l a c e  

t h e  medium w a v e l e n g t h  v a r i a t i o n s  o f  t h e  g r a v i t y  f i e l d .

THEORETICAL CONSIDERATIONS

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

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

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

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

t i o n .  I n  g e o p h y s i c s  i t  i s  an i n v e r s e  p r o b l e m ,  where  t h e  o b ­

s e r v e d  g r a v i t y  f i e l d  m u s t  be g e n e r a t e d  f r o m  an assumed mass 

m o d e l .

The g r a v i t a t i o n a l  d i s t u r b i n g  p o t e n t i a l  T a t  a p o i n t  Р ( г , у> ,  

Л ) i s  g e n e r a t e d  by a d e n s i t y  anoma ly  d i s t r i b u t i o n  A p :

w h e r e  г  i s  t h e  d i s t a n c e  be tw een  P and t h e  c e n t e r  o f  mass o f  t h e  

d i s t u r b i n g  mass e l e m e n t ,  dV i s  th e  v o lu m e  o f  t h i s  e l e m e n t ,  к  i s  

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

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

b u t i o n  w h ic h  g e n e r a t e s  t h e  n o rm a l  p o t e n t i a l  U

Any d e n s i t y  d i s t r i b u t i o n  Ap can s a t i s f y  ( 1 )  b e c a u s e  any 

r a d i a l  s y m m e t r i c  n o r m a l  d e n s i t y  d i s t r i b u t i o n  pQ can g e n e r a t e  

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

(M i s  t h e  mass o f  t h e  E a r t h ) .  So,  p n mus t  be c h o s e n .

The p o t e n t i a l  T can  a l s o  be e x p r e s s e d  by t h e  u s u a l  s p h e r ­

i c a l  h a r m o n i c  e x p a n s i o n :

T(P) = к j dV

V

(1 )

Ap  = P -  P0 ( 2 )

nmax n

T(P) = kM

n=z m=u

( 3 )
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The a p p r o x i m a t i o n  T ( P) i n  ( 3 )  i s  s p l i t  up as s u c c e s s i v e  

a p p r o x i m a t i o n s  w i t h  i n c r e a s i n g  d e g r e e  i n  o f  e x p a n s i o n :

T ( P )  = f 1 + T2 + T3 + . . .  ( 4 )

w h e r e  T ^ , T£ . . .  a r e  t h e  components  r e l a t i v e  t o  t h e  i n c r e a s i n g  

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

d i s t u r b i n g  mass i n  t h e  i n t e r i o r  o f  t h e  e a r t h .

The o b s e r v a b l e  g r a v i t y  f i e l d  q u a n t i t i e s  g ,  N, £, , n ,  e t c .  

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

f u n c t i o n a l s  L ( T )  o f  T and have d i f f e r e n t  " s e n s i t i v i t y "  t o  t h e  

d i s t u r b i n g  mass s o u r c e s .  T h i s  i s  b e c a u s e  t h e  d e p t h  o f  t h e  

s o u r c e  a f f e c t s  d i f f e r e n t l y  each o f  t h e  a b ove  q u a n t i t i e s  ( e . g .  

M e i s s l  1 9 7 1 ) ,  s i n c e  t h e  p h y s i c a l  c h a r a c t e r s  o f  t h e s e  q u a n t i t i e s  

a r e  d i f f e r e n t .

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

c a n  be c o n s i d e r e d  t o  s a t i s f y  a s t a t i s t i c a l  c o l l o c a t i o n  m o d e l :

x = A X + s + n  ( 5 )

w h e r e  x = L ( T ) ,  A X i s  t h e  t r e n d  p a r t ,  s i s  t h e  random s i g n a l  

and  n i s  th e  n o i s e .

L i n e a r i z a t i o n  o f  ( 5 )  can be a p p l i e d  when t h e  t r e n d  p a r t  i s  

p r o p e r l y  e x p r e s s e d :

x - A X = s + n  ( 6 )

However t h e  t r e n d  e l i m i n a t i o n  may be v i e w e d  as a s t r u c t u r a l  

one  i n  w h ic h  t h e  c o m p o n e n t s  o f  t h e  p a r a m e t e r  v e c t o r  X

X = X ( x .J , x j  , . . . )  ( 7 )

a r e  r e l a t e d  t o  g e o p h y s i c a l  c h a r a c t e r i s t i c s .

So ,  t h e  t r a d i t i o n a l  r e f e r e n c e  o f  L ( T )  t o  a g e o p o t e n t i a l  

m o d e l  ( G . M . )

L ( T ) -  L ( T GM) = L ( Л Т ) ( B )
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can  be v i e w e d  as a k i n d  o f  s t r u c t u r a l  t r e n d  e l i m i n a t i o n  f o r  t h e  

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

( s e e  T a b l e  3 .1  i n  Schwa rz  1 9 8 5 ) .  Fo r  t h i s  a s p e c t ,  t h e  c o e f f i c i ­

e n t s  C ,S o f  t h e  s p h e r i c a l  h a r m o n i c  e x p a n s i o n  a re  c o n s i d e r e d  nm’ nm r
t o  be r e l a t e d  t o  t h e  d e p t h  o f  t h e  d i s t u r b i n g  mass s o u r c e s  w h i c h  

g e n e r a t e  t h e  g r a v i t y  f i e l d .

T h i s  c o n s i d e r a t i o n  i s  opposed  t o  t h e  u s u a l  r e f e r e n c e  o f  

L ( T )  t o  h i g h  d e g re e  G.M. (n  = 1 8 0 ) ,  n o t  o n l y  because o f  t h e  e r ­

r o r s  i n  t h e  e s t i m a t i o n  o f  h i g h  d e g r e e  c o e f f i c i e n t s  ( e . g .  Rapp 

1981 )  b u t  a l s o  bec a u s e  t h e  r e l a t i o n  b e t w e e n  t h e  d e p th  o f

s o u r c e s  and t h e  a f f e c t e d  d e g r e e  and o r d e r  o f  c o e f f i c i e n t s  Ca nm
and Snm i s  n o t  w e l l  d e f i n e d .  One may a d o p t  t h a t  f o r  d e g r e e s  

n > 30 t h e  c o e f f i c i e n t s  c o n t a i n  l i t h o s p h e r i c  i n f o r m a t i o n  ( e . g .

8 j e r h a m m a r  1981 ) .

The mos t  i m p o r t a n t  and b e s t  known d e n s i t y  a n o m a l i e s  a r e  i n  

t h e  e a r t h ' s  i n t e r i o r  t h o s e  a s s o c i a t e d  w i t h  t o p o g r a p h y .  They  i n ­

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

ses  ( o r t h o m e t r i c  h e i g h t s ) ,  t h e  b a t h y m e t r y  and t h e  i s o s t a t i c  

c o m p e n s a t i o n .  These e f f e c t s  a c c o u n t  f o r  t h e  m a j o r  p a r t  o f  t h e  , 

g r a v i t y  f i e l d  v a r i a t i o n ,  a t  l e a s t  f o r  w a v e l e n g t h s  К < 1000 km.

I n  a g l o b a l  s t a t i s t i c a l  s t u d y  f o r  t h e  e a r t h ' s  g r a v i t y  f i e l d  

( J o r d a n  1978)  i t  i s  e s t i m a t e d  t h a t  a b o u t  97 % o f  t h e  g r a v i t y  

a n o m a l i e s  a r e  due t o  t h e  l i t h o s p h e r e .  H o w e v e r ,  t h e  g r a v i t y  

a n o m a l i e s  f o r  К = 500 t o  170 km may r e s u l t  f r o m  d e n s i t y  v a r i a ­

t i o n s  b e n e a t h  t h e  l i t h o s p h e r e  ( P a r s o n s  and  D a ly  1 9 8 3 ) ,  w h i l e  

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

f o r  t o p o g r a p h y  ( J o r d a n  1 9 7 8 ) .

I n  g e o p h y s i c a l l y  c o m p l e x  a r e a s  u s u a l  c h a r a c t e r i s t i c s  a r e  

t h e  t h i c k e n i n g  o f  t h e  c r u s t  and phenomena i n  t h e  e a r t h ' s  l o w e r  

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

The i s o s t a t i c  e q u i l i b r i u m  i s  c o n s i d e r e d  as a s t a t i c ,  t h e r m a l  

and k i n e m a t i c  one .  B o th  c h a r a c t e r i s t i c s  ha ve  as s u r f a c e  e x p r e s ­

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

u n i t s  ( i s o s t a t i c  m o t i o n s ,  r o t a t i o n  o f  p l a t e s ) .  T y p i c a l  e x a m p l e s  

o f  d e e p l y  co m p e n sa t e d  r e g i o n s  ( t h r o u g h  a n o m a l o u s  d e n s i t y  v a l u e s  

i n  u p p e r  m a n t l e )  a r e  sea t r e n c h e s .

F o r  su ch  a r e a s  t h e  t a s k  t o  model  a n a l y t i c a l l y  t h e  g r a v i t y
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f i e l d  may be d i f f i c u l t  b ecause :

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

u n i t s  w h i c h  may have  been b r o u g h t  t o  d i f f e r e n t  e l e v a t i o n s  by 

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

t h e  l o w e r  l i t h o s p h e r e

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

t a m i n a t e d  by c r u s t a l  f l e x u r e  and d e n s i t y  c o n t r a s t s  w h i c h  do 

n o t  b e l o n g  t o  t h e  v i s i b l e  m asses .

T h e r e f o r e  t h e  l i n e a r i z a t i o n  o f  t h e  g r a v i t y  f i e l d  m o d e l i n g  

i n v o l v e s  a w i d e  r a n g e  o f  w a v e l e n g t h s - a n d  t h i s  p r o b l e m  may be 

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

i n  t h e  g r a v i t y  f i e l d  f u n c t i o n a l s  L ( T ) .  T h i s  i n f o r m a t i o n  i s  u s e ­

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

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

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

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

-  t h e  r e s o l u t i o n  o f  t h e  d a t a  (m in im u m  d e t e c t a b l e  w a v e l e n g t h )

-  t h e  g e o g r a p h i c a l  c o v e r i n g  o f  t h e  d a t a  (maximum d e t e c t a b l e  

w a v e l e n g t h ) .

The r e s u l t s  o f  t h e  i n v e r s i o n  f o r  medium w a v e l e n g t h s  can  be 

i n t e r p r e t e d  as s t a t i s t i c a l  a v e r a g e s  on w h i c h  t h e  h i g h  f r e q u e n c y  

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

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

t h e  r e l a t i o n  t o  t h e  u n d u l a t i o n  o f  t h e  Moho ( e . g .  D o u f e x o p o u l o u  

1 9 8 4 )  .

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

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

f i e l d .  The two  b a s i c  p a r a m e t e r s ,  t h e  v a r i a n c e  CQ and t h e  c o r ­

r e l a t i o n  d i s t a n c e  £, ( e . g .  M o r i t z  1 9 7 6 )  c o n t r o l  t h e  q u a l i t y  o f

t h e  above  q u a n t i t i e s .

The power  s p e c t r u m  o f  a q u a n t i t y  can  be v i ewe d  as t h e  d e ­

c o m p o s i t i o n  o f  t h e  v a r i a n c e  i n  n a r r o w  bands  o f  f r e q u e n c y .  There ­

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

d i r e c t  meas ure  o f  t h e  power e x i s t i n g  i n  t h e  d a t a  f i e l d ,  f o r  r e ­

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

q u e n c i e s  i n  w h i c h  t h e  power i s  c o n c e n t r a t e d .  A s m a l l  c o r r e l a ­

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



LITHOSPHERE IN GREECE 219

e x p e r i m e n t a l  ( e m p i r i c a l )  c o m p u t a t i o n  o f  t h e  c o v a r i a n c e  f u n c t i o n  

( C . F . )  can  be used  as an a l t e r n a t i v e  t o  t h e  f r e q u e n c y  a n a l y s i s  

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

M o r e o v e r  t h e  c o m p u t a t i o n  o f  t h e  2 -D C . F .  a l l o w s ,  i n  some c a s e s ,  

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

( e . g . Meskó 1 9 7 7 ) .

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

t r o p i c  C . F .  and t h e  o r i e n t a t i o n  o f  a n i s o t r o p y  i s  r e l a t e d  t o  t h e  

t o p o g r a p h y ,  p r o v i d e d  t h a t  no s e r i o u s  g e o l o g i c a l  c h a n g e s  o c c u r  

i n  t h e  a r e a  u n d e r  e x a m i n a t i o n .  F o r  s m a l l  a r e a s ,  t h e  F . A .  anoma­

l i e s  a r e  r e l a t e d  t o  t h e  t o p o g r a p h i c  e l e v a t i o n s :

g FA = a + bh + s ( 9 )

w he re  a and b a r e  c o e f f i c i e n t s  and h i s  t h e  t o p o g r a p h i c  e l e v a ­

t i o n .  The c o e f f i c i e n t  a can be i n t e r p r e t e d  as a mean B o u g u e r  

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

e f f i c i e n t .  F o r  t h e  s t a n d a r d  d e n s i t y  o f  t h e  s u r f a c e  mas ses

2 . 6 7  g r / c m ^ ,  b i s  0 . 1 1 1 9  m g a l / m .  H o w e v e r ,  when t h e  B o u g u e r  с о -
*

e f f i c i e n t  c a n n o t  be assumed as c o n s t a n t ,  b u t  i s  v a r y i n g  w i t h  

t h e  d i s t a n c e ,  i t  can be e s t i m a t e d  as ( H e i s k a n e n  and M o r i t z  

1 9 6 7 ) :

u _ Cov(  Д g , h )  , - , n \
b - C o v ( h T h ) ' ' ( 1 0 )

An i n t e r p r e t a t i o n  o f  t h i s  r e l a t i o n  can be f o u n d  w i t h  t h e  

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

( e . g .  D o u f e x o p o u l o u  1 9 8 5 ) .  F o r  s m a l l  a r e a s  where t h e  f l a t  e a r t h  

a p p r o x i m a t i o n  can  be u s e d ,  t h e  B o u g u e r  c o e f f i c i e n t  i s :

b = 2 JC kph  ( 1 1 )

w he re  p i s  t h e  d e n s i t y  o f  t h e  t o p o g r a p h i c  masses.

T h u s ,  when t h e  B ougue r  c o e f f i c i e n t  i s  e s t i m a t e d  a n a l y t i c a l ­

l y  f o r  a r e g i o n  w i t h  t h e  r e g r e s s i o n  ( 9 ) ,  an e s t i m a t i o n  a b o u t  

t h e  s u r f a c e  mass d e n s i t y  can be o b t a i n e d  u nde r  t h e  e s s e n t i a l  

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

t o p o g r a p h y .  I f  t h e  e s t i m a t e d  v a l u e s  o f  b ( o r  p ) d i f f e r
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c o n s i d e r a b l y  f r o m  t h e  s t a n d a r d  ones ( b  = 0 . 1 1 1 9  m g a l /m ,  p =

= 2 . 6 7  g r / c m 3 ) ,  e i t h e r  t h e  da ta  a r e  n o i s y ,  o r  t h e , d e n s i t y  i s  

n o t  t h e  s t a n d a r d l y  a d o p t e d .  However ,  e v e n  i n  t h e  case o f  n o i s y  

d a t a ,  t h e  v a r i a t i o n  o f  b ( o r  p) a t  v a r i o u s  sample  r e g i o n s  i n  an 

a r e a  i n d i c a t e s  t h e  v a r i a t i o n  o f  s u b s u r f a c e  mass d e n s i t i e s .

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

t h e  t e r r a i n  v a r i a b i l i t y :

c h ( s )  = M I  h ( T )  ■ h ( t  + s ) |  f o r  T  =0 t o  T  max ( 1 2 )

( w h e r e  C * \ s )  i s  t h e  c o v a r i a n c e  e s t i m a t e  f o r  d i s t a n c e  s ,  t  i s  

t h e  s a m p l i n g  i n t e r v a l )  and can be u s e d  f o r  t h e  e s t i m a t i o n  o f  

t h e  o r d e r  o f  t e r r a i n  c o r r e c t i o n s  i n  an a r e a  ( S ü n k e l  1981 )  f r o m  

t h e  f o r m u l a :

r h
T . C .  = 3 X  kp i p  ( 1 3 )

У

w h e r e  Cc3 i s  t h e  v a r i a n c e  o f  th e  t o p o g r a p h i c  e l e v a t i o n s ,  Ç i s  

t h e  c o r r e l a t i o n  d i s t a n c e ,  p i s  t h e  d e n s i t y ,  and T .C.  i s  t h e  

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

The o r d e r  o f  t e r r a i n  c o r r e c t i o n s  o v e r  d i f f e r e n t  s a m p le  

r e g i o n s  w i t h i n  an a r e a  can be used as a n u m e r i c a l  f i l t e r  t o  t h e  

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

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

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

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

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

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

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

The c o m p u t a t i o n  o f  2 -0  C.F.  o f  t h e  " f i l t e r e d "  g r a v i t y  d a t a  

w i l l  g i v e  a z i m u t h  d e p e n d e n t  c o v a r i a n c e  v a l u e s .  These v a l u e s  can  

be used  f o r  t h e  c o n s t r u c t i o n  o f  t h e  d i r e c t i v i t y  d i a g ra m s  (M eskd  

and  K i s  1977)  as f o l l o w i n g :

D ia gra m s a r e  o b t a i n e d  by s u m m at io n  o f  c o v a r i a n c e  v a l u e s  

a l o n g  a z i m u t h s :

R

I r ( a ) = j f ( r  cos a , г  s i n  a ) d r  ( 1 4 )
0
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w h e re  ( a )  i s  t h e  c o n t i n u o u s  c o v a r i a n c e  w i t h  a r g u m e n t s  ( x , y )  e x ­

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

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

a t  d i s t a n c e s  s = i d  and o r i e n t a t i o n s  a .  T h e r e f o r e :

w h e re  y  ( i d , a )  i s  t h e  e x p e r i m e n t a l  v a l u e  o f  t h e  c o v a r i a n c e  o f  

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

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

s u m m a t i o n  n s h o u l d  be a t  l e a s t

w h e re  L i s  t h e  l e n g t h  o f  t h e  d a t a  b l o c k .

The u p p e r  l i m i t  o f  su m m a t i o n  n ac ts  as a p a r a m e t e r  f o r  t h e  

i d e n t i f i c a t i o n  o f  l i n e a r  f e a t u r e s .  The l a r g e  peaks  i n  I R v a l u e s  

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

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

T h i s  g e o p h y s i c a l l y  o r i g i n a t e d  m e th od  can be used  t o  c o n ­

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

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

DESCRIPTION OF DATA

Fo r  s e v e r a l  r e g i o n s  o f  Greece  d a t a  f i l e s  i n c l u d i n g  mean 

h e i g h t  v a l u e s  a r e  a v a i l a b l e  a t  t h e  H i g h e r  Geodesy L a b o r a t o r y  o f  

t h e  N . T . U .  o f  A t h e n s ,  These  v a l u e s  have  been c a l c u l a t e d  a f t e r  

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

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

s i z e  o f  each  f i l e .

The w ho le  p r o c e d u r e  i n c l u d e s  two  p h a s e s .  The f i r s t  one 

c o n c e r n s  t h e  d i g i t i z a t i o n  and a l i n e a r  r e g i s t r a t i o n  m o d e l .  I n  

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

d e v i a t i o n s  a r e  c a l c u l a t e d  t h r ű u g h  an a l g o r i t h m  based on t h e  

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

n

f  ( i d , a ) 0 5 )

i  = 0
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The a v a i l a b l e  d a t a  f i l e s  c o n t a i n i n g  mean h e i g h t s  a r e :

1 .  5 ' x 5 1 g r i d  o f  mean h e i g h t  v a l u e s .  I t  i s  l o c a t e d  i n  W e s t e r n  

G re ece  be tw een  A = 19°  t o  24°  and f  = 36 °  t o  4 2 ° .  As i n i ­

t i a l  s o u r c e  map, t h e  s e r i e s  o f  1 :1 M s c a l e  b a t h y m e t r i c  maps 

o f  M e d i t e r r a n e a n  ( I . O . C .  (Head Department o f  Navigat ion and Ocean­

ography, USSR, 1981)) w i t h  200 m c o n t o u r  l i n e  i n t e r v a l  was used .

2 .  1 'x 1 '  g r i d  o f  mean h e i g h t  v a l u e s .  I t  i s  l o c a t e d  a t  E t o l o a k a r -  

n a n i a  a re a  and c o v e r s  a r e g i o n  o f  1 °  0 . 5 ° .

3 .  1 5 " x 1 5 "  g r i d  o f  mean h e i g h t  v a l u e s .  I t  i s  l o c a t e d  a t  Z a k y n -  

t h o s  i s l a n d  and D e l v i n a k i  a re a  w h i c h  e x t e n d  f r o m  A =  2 0 ° 3 7 '  

t o  2 0 ° 5 7 1 and f  = 3 7 ° 4 0 '  t o  3 7 ° 5 7 '  and f r o m  \ =  2 0 ° 1 5 ’ t o  

2 0 ° 3 5 '  and f  = 3 9 ° 4 5 '  t o  4 0 ° 0 5 ' ,  r e s p e c t i v e l y .

Fo r  b o t h  2 and 3 s e c t i o n s  t h e  s e r i e s  o f  1 :50 К s c a l e  t o ­

p o g r a p h i c  maps o f  HAGS w i t h  20 m c o n t o u r  l i n e  i n t e r v a l  were  

u s e d  as s o u r c e  maps.

The d a ta  f i l e s  c o n t a i n i n g  f r e e  a i r  g r a v i t y  a n o m a l i e s  e x ­

t e n d  f r o m  A= 2 0 °  t o  2 7 °  and f  = 3 5 °  t o  4 1 ° ,  and c o n t a i n  

53 0 0  5 ' x 5 '  mean v a l u e s ,  as w e l l  as 672 1 5 ' x l 5 '  means.  These 

f i l e s  have been c r e a t e d  t h r o u g h  m anua l  d i g i t i z a t i o n  o f  t h e  f r e e  

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

G r e e k  M i l i t a r y  S e r v i c e .  The s c a l e  o f  t h e  map i s  1:1 M w i t h  a 

c o n t o u r  i n t e r v a l  10 m g a l .  The u n c e r t a i n t y  o f  t h e  5 'x 5 '  mean 

v a l u e s  i s  e s t i m a t e d  t o  4 mga ls  ( D o u f e x o p o u l o u  1 9 8 5 ) .  The 

1 5 ' x 15 ' mean v a l u e s  f i l e  i s  p r o d u c e d  f r o m  t h e  5 ' x 5 '  one by 

s i m p l y  a v e r a g i n g  t h e  9 5 ' x 5 '  v a l u e s  w h i c h  o c c u r  w i t h i n  each  

1 5 ' x 15 1 b l o c k .  The u n c e r t a i n t y  o f  t h e  1 5 ' x i 5 ' v a l u e s  i s  1 2 / 9  

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

PREVIOUS AND RECENT ANALYSIS AND RESULTS

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

a p p r o x i m a t i o n  ( D o u f e x o p o u l o u  1985)  i t  was e a r l y  i n d i c a t e d  t h a t  

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

i n  t h e  e m p i r i c a l l y  c o m p u t e d  2-D c o v a r i a n c e  f u n c t i o n s  ( D o u f e x o -  

p o u l o u  1 9 8 2 ) .  I n  a d d i t i o n ,  s t r o n g  i n h o m o g e n e i t i e s  were i n d i c a t ­

ed by a w ide  r a n g e  o f  v a r i a n c e  v a l u e  p a r a m e t e r s  w h ic h  c o u l d  n o t  

pe e x p l a i n e d  by t h e  t e r r a i n .  The v a l u e s  o f  v a r i a n c e  g e n e r a l l y
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showd an i n c r e a s e  t o w a r d s  E a s t  and S o u t h  and t h i s  i n v e s t i g a t i o n  

s u g g e s t e d  t h e  need o f  a more s y s t e m a t i c  s t u d y  o f  t h e - a r e a  f r o m  

a g e o d y n a m i c a l  a s p e c t .

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

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

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

d i c a t e d  t h a t  t h e  r e a s o n s  f o r  t h e  i n t e r p r e t a t i o n  had t o  be 

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

The two  m a j o r  t e c t o n i c  b l o c k s  ( A f r i c a n  and Aegean p l a t e s )  and 

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

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

s i g n a l  i s  masked .  So,  e l i m i n a t i o n  o f  s t r u c t u r a l  t r e n d s  i s  o f  

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

t h e  g r a v i t y  f i e l d .

W i t h  t h e  use o f  t h e  Moho d e p t h  mode l  and o f  a l t i m é t r i e  u n ­

d u l a t i o n s ,  t h e  l i n e a r  c o r r e l a t i o n  b e tw e e n  t h e s e  d a t a  was checked 

o v e r  t h e  A f r i c a n  and Aegean p l a t e s  ( D o u f e x o p o u l o u  1 9 8 4 ) .  T h i s  

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

s t a t i c  c o m p e n s a t i o n  ( e . g .  S a n d w e l l  1 9 8 4 ) .  R e s u l t s  a r e  p r e s e n t e d  

i n  T a b l e  I .  No c o r r e l a t i o n  e x i s t s  o v e r  t h e  Aegean w h i l e  o v e r  

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

con f  i  r m e d .

T a b l e  I .  C o r r e l a t i o n  be tw een  g e o i d  u n d u l a t i o n s  and Moho d e p t h s  

o v e r  t h e  A f r i c a n  t e c t o n i c  p l a t e  ( f r o m  D o u f e x o p o u l o u  1984 )

Geoid undu la t ion Degree o f  harm, 
expansion

C o r r e la t i o n  
c o e f .

GEMI OB 36 0.755

GEMI ОС 180 0.567

A l t i m é t r i e  (Geos 3+Seasat) 360 0.801

Gravimet r i c  (Stokes) 360 0.711

Gravimetr i c  ( c o l l o c a t i o n ) 360 0.814

The g e o i d  can be used  f o r  t h e  medium w a v e l e n g t h s  s t u d y  o f  

t h e  g r a v i t y  f i e l d  b e c a u s e  t h e  u n d u l a t i o n s  N have  s o u r c e s  a t  

deep l i t h o s p h e r i c  f e a t u r e s  ( e . g .  K a u l a  1972, see a lso Schwarz 1985
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T a b l e  3 . 1 ) .  I n  a d d i t i o n ,  t h e  u n d u l a t i o n s  may be c o n s i d e r e d  as

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

The  l o w  f r e q u e n c y  p a r t  o f  t h e  g e o i d  ( d e g r e e s  1 36) can  be w e l l

m o d e l e d  w i t h - t h e  use  o f  G.M. because  t h e  C , S c o e f f i c i e n t snm nm
a r e  w e l l  d e f i n e d  i n  t h o s e  G.M. w h ic h  a l s o  c o n t a i n  a l t i m é t r i e  

d a t a .  I n  a d d i t i o n ,  t h e  s p h e r i c a l  h a r m o n i c  c o e f f i c i e n t s  n < 36 

come m a i n l y  f r o m  l o w e r  l i t h o s p h e r e  and deep  mass l a y e r s .

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

f i e l d  m o d e l in g  c o n c e r n s  t h e  c o m b i n a t i o n  o f  a G.M. and l o c a l  

d a t a .  The G.M. i s  u s e d  as a r e f e r e n c e  f i e l d  f o r  t h e  l o c a l  d a t a .  

The  r e m a i n i n g  r e s i d u a l  g r a v i t y  f i e l d  d a t a  can be c o n s i d e r e d  as 

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

g r e e  and o r d e r  (n  > 1 8 0 )  G.M. may n o t  be s u i t a b l e  f o r  t h i s  

p u r p o s e ,  i n  s p i t e  o f  t h e  a d v a n t a g e s  i t  may o f f e r  ( e . g .  d e c r e a s e  

o f  l o c a l  da ta  c o v e r a g e ,  use  o f  f l a t  a p p r o x i m a t i o n ,  e t c . ) .  These 

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

v e r s i b i l i t y  o f  h i g h  d e g r e e  c o e f f i c i e n t s ,  as w e l l  as t h e  i n ­

c r e a s e  o f  e r r o r s  i n  t h e  c o e f f i c i e n t s  a b o v e  n = 120 (R app  1 9 8 1 ) .

F o r  th e  Greek a r e a  t h e  c h o i c e  o f  a c o n f o r m i n g  r e f e r e n c e  

G . M .  was s t u d i e d  f r o m  t h e  a s p e c t  o f  i t s  g e o p h y s i c a l  " i n v e r s i -  

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

p a n s i o n .  Four  G.M.-s w e r e  s t u d i e d ,  GEM10B, GRIM3B, GRM3L1 ( n = 3 6 )  

a n d  RAPP81 (n = 1 8 0 )  ( D o u f e x o p o u l o u  and P a p a f i t s o r o u  1 9 8 6 ) .  As 

c r i t e r i a  f o r  t h e  c h o i c e  w ere  us ed :

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

d e g r e e s  o f  e x p a n s i o n  o f  t h e  G.M w i t h  t h e  Moho d e p t h s

-  t h e  b e h a v i o u r  o f  t h e  i n d e x  o f  i n h o m o g e n e i t y  f o r  v a r i o u s  r e ­

f e r e n c e  d e g re e s  o f  t h e  l o c a l  15 ' x 15 '  a n o m a l y  d a t a .  As i n d e x  

o f  i n h o m o g e n e i t y  t h e  r a t i o  o f  t h e  h i g h e r  t o  t h e  l o w e r  v a r i a n c e  

o f  r e f e r e n c e d  a n o m a l i e s  was c o n s i d e r e d .  The h i g h e r  and l o w e r  

v a r i a n c e s  r e f e r  t o  t h r e e  s u b r e g i o n s ,  i n t o  w h i c h  t h e  w h o l e  

a r e a  was d i v i d e d ,  i n  o r d e r  t o  i n v e s t i g a t e  t h e  i n h o m o g e n e i t y  

o f  t h e  g r a v i t y  f i e l d

-  t h e  c o n s t r u c t i o n  o f  t h e  v a r i a n c e  s p e c t r a  o f  t h e  g e o i d  u n d u l a ­

t i o n s  f o r  t h e  G.M.

The  d e t a i l s  o f  t h e s e  c o m p u t a t i o n s  can be f o u n d  i n  t h e  above  

m e n t i o n e d  r e f e r e n c e .  S i g n i f i c a n t  c o r r e l a t i o n s  o b t a i n e d  a r e
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p r e s e n t e d  i n  T a b l e  I I .  I n  T a b l e  I I I  t h e  v a r i a n c e s  r e f e r r e d  t o  

G.M. l o c a l  a n o m a l i e s  a r e  shown f o r  t h e  f o u r  m ode ls  and t h r e e  

s u b r e g i o n s .  F i g u r e  1 shows t h e  i n d e x  o f  i n h o m o g e n e i t y  f o r  t h e  

RAPP81 G.M.

T a b l e  I I .  C o r r e l a t i o n  c o e f f i c i e n t  b e t w e e n  comp ute d  c o m ponen ts  

o f  u n d u l a t i o n  f r o m  G.M. and Moho d e p t h s  f o r  A f r i c a n  and 

Aegean t e c t o n i c  p l a t e s

" ' \ G M
R e g i o n s e x p a n . GRM3L1 GRIM3B GEMI OB RAPP81

2 2 - 3 0 0 .1 7 4 0 .20 1 - 0 . 3 0 0

A f r i c a n 3 0 - 3 6 0 . 8 7 6 м 0 . 8 1 9 м 0 . 7 9 4 м 0 . 6 2 3 м

4 5 - 6 0 0 . 6 9 7 м

2 2 - 3 0 0 . 6 4 8 м 0 . 6 4 8 м - 0 . 6 0 4 м
Aegean 3 0 - 3 6 0 .5 5 2 0 . 5 2 9 0 . 8 0 8 м 0 . 8 4 2 м

4 5 - 6 0 0 . 1 7 9

represents s i g n i f i c a n t  (numerical )  c o r r e l a t i o n

T a b l e  I I I .  V a r i a n c e s  o f  A g ( F . A )  r e f e r e n c e d  t o  GM f o r  r e g i o n s  

I ,  I I ,  I I I  ( L o c a l  f i e l d  o f  1 5 ' x 15 '  a n o m a l i e s .  U n i t :  m g a l ^ )

" - l k o d é i
RegiorT~~~-. n GRM3L1 GRIM3B GEMI OB RAPP81

I 30 821 838 - 806

36 669 704 871 678

I I 30 7574 7818 - 7043

36 71 32 6999 7590 6840

I I I 30 882 959 - 800

36 5835 530 941 591

S i n c e  t h e G r eek a r e a  was r e c e n t l y  p a r t l y  c o v e r e d  w i t h

5 ' * 5 '  mean t o p o g r a p h i c  h e i g h t s ( o r  d e p t h s ) ,  a f u r t h e r  a n a l y s i s

o f  t h e  g r a v i t y f i e l d has  been done.  The s t u d i e d  a re a  e x t e n d s

f rom -f = 3 8 °  t o  4 1 ° and f r om л = 2 0 ° t o  23 °  and i  n c l u d e s
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F i g .  1. a) D iv i s io n  o f  Greece in  regions I ,  I I ,  I I I  f o r  s tudying  the  i n ­
homogeneity o f  g r a v i t y  anomaly f i e l d ,  b) Index o f  i nhomogenei ty,  
f o r  the RappBl G.M., o f  the l o c a l  g r a v i t y  anomaly f i e l d .  
(Higher / lower  va r iance  value o f  referenced g r a v i t y  anomal ies f o r  
regions I ,  I I ,  I I I )

p a r t  o f  t h e  A l p i n e  f o l d ,  as w e l l  as m a j o r  t e c t o n i c  f a u l t s  and 

p l a t e  b o u n d a r i e s  ( F i g .  2 ) .  Fo r  t h i s  a r e a  b o t h  5 ' * 5 '  mean f r e e  

a i r  a n o m a l i e s  and t o p o g r a p h y  e x i s t .  The Moho d e p t h s ,  e s t i m a t e d  

f r o m  s e i s m i c  and g r a v i t y  d a t a  ( M a k r i s  1973 )  a r e  p r e s e n t e d  i n  

F i g . 3.

boundary African-Aegean plates 
tectonic faults of microplates 
alpine fold

Fig.  2. Main p a t t e r n  of  the region  in  thn present study

The main p u r p o s e  o f  t h i s  s t u d y  was t.o c r e a t e  a f i l e  o f  

g r a v i t y  a n o m a l i e s  whose m a j o r  v a r i a t i o n s  c o u l d  be a t t r i b u t e d  t o  

t h e  l i t h o s p h e r e  f o r  f u r t h e r  m o d e l i n g .  F o r  t h a t ,  GRM3L1 G . M . ,  

t r u n c a t e d  a t  n - 30 ,  was a t  f i r s t  s u b t r a c t e d  f r om  t h e  mean
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Эбс 20”

F ig .  3. Moho depth values (km)., Makr is 0973)

5 ' x 5 '  f r e e  a i r  an o m a ly  v a l u e s  and t h e  r e f e r e n c e d  5 ' x 5 '  A g r ' s :

Agr = Ag - AgGRM3L1

a r e  c o n s i d e r e d  t o  c o n t a i n  i n f o r m a t i o n  c o m i n g  m a i n l y  f r o m  t h e  

l i t h o s p h e r e  and t h e  t o p o g r a p h y  ( F i g s  4 ,  3 ) .  The t o p o g r a p h y  was 

used  t o  e s t i m a t e  a c r u d e  c o m p l e t e  " B o u g u e r "  r e d u c t i o n  ( p l a t e  

and t e r r a i n  c o r r e c t i o n )  ( F i g .  6 ) .  The s u b t r a c t i o n  o f  t h e s e  r e ­

d u c t i o n s  f r o m  t h e  A g r ' s  ( F i g .  7 ) a c t s  as a low pass f i l t e r  t o  

t h e  r e f e r e n c e d  g r a v i t y  a n o m a l i e s ,  and so t h e  m a j o r  p a r t  o f  th>e 

t e r r a i n  i n f l u e n c e  i s  r e d u c e d .  The p r o c e s s  i s  as f o l l o w s :

I n  each  1° x 10 b l o c k  o f  t h e  s t u d y  a r e a  t h e  mean 1 ^  1 0 

h e i g h t  was s u b t r a c t e d  f r o m  t h e  o r i g i n a l  5 ' x 5 1 mean h e i g h t  

v a l u e s  o f  t h e  b l o c k .  The 1 ° * 1 °  l o c a l  mean t o p o g r a p h y  was p r e ­
f e r r e d  t o  t h e  g l o b a l  I 0* ! 0 v a l u e s  o f  t h e  s p h e r i c a l  h a r m o n i c  e x ­
p a n s i o n  be ca u se  i t  r e p r e s e n t s  b e t t e r  t h e  l o c a l  t o p o g r a p h y  i n  
t h i s  c o m p l e x  a r e a .

A c o v a r i a n c e  and c r o s s  c o v a r i a n c e  c o m p u t a t i o n  f o r  ( A g , h )  
and ( h , h )  was p e r f o r m e d  f o r  each  1^  1° b l o c k  and t h e  c o r r e l a ­
t i o n  d i s t a n c e  Ç and v a r i a n c e  w ere  f o u n d .  Thus ,  t h e  o r d e r  
o f  t h e  t e r r a i n  c o r r e c t i o n  f o r  each  1 °x 10 b l o c k  was co m pu te d  
f r o m  Eq.  ( 1 3 ) .  I n  t h i s  c o m p u t a t i o n  t h e  s t a n d a r d  r o c k  d e n s i t y  
2 . 6 7  g r / c m ^  was u s e d .  Fo r  two  o f  t h e  b l o c k s  t h e  o r d e r  o f  t e r ­
r a i n  c o r r e c t i o n  ( f o r  t h e  s t a n d a r d  d e n s i t y )  i s  l a r g e r  t h a n  t h e  
u n c e r t a i n t y  o f  t h e  d a t a  (7  and 12 m g a l s ) .  The i s o l i n e s  o f  t h e  
so c o m p u t e d  f i l t e r e d  b o u g u e r  map f i t  w e l l  t o  t h e  a n a l y t i c a l l y  
c o m p u t e d  B o u g u e r  a n o m a l i e s  o f  a d e t a i l e d  g r a v i t y  s u r v e y  f o r  
P e l o p o n e s o s  ( M a k r i s  e t  a l .  1 9 7 3 ) .

The r e l a t i o n  ( 1 0 )  was used f o r  an e m p i r i c a l  e s t i m a t i o n  o f  
t h e  B o u g u e r  c o e f f i c i e n t  i n  each b l o c k .  N a t u r a l l y ,  t h e  wavelengts
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F ig .  6. Ter ra in  Reductions (Bouguer p l a te  + Terra in  
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i n t e r v a l  20 mgal)
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e x i s t i n g  i n  t h e  d a t a  t o  n o t  a l l o w  an a b s o l u t e  e s t i m a t i o n  o f  t h e  

c o e f f i c i e n t ,  b u t  i t  was e x p e c t e d  t h a t  some i n f o r m a t i o n  a b o u t  

t h e  d e n s i t y  d i s t u r b a n c e s  c o u l d  be r e c e i v e d  f rom t h e  v a r i a t i o n s  

o f  t h e  s o - c o m p u t e d  b v a l u e s  i n  e a c h  b l o c k .  The r e s u l t s  o f  t h i s  

c o m p u t a t i o n  a r e  p r e s e n t e d  i n  F i g .  8 .  A b r u p t  v a r i a t i o n s  o f  c o e f ­

f i c i e n t  b o c c u r  i n  tw o  b l o c k s ,  w h i l e  i n  one b l o c k  t h e r e  e x i s t s  

a d i s c o n t i n u i t y  f r o m  p o s i t i v e  t o  n e g a t i v e  v a l u e s .  The t h r e e  

b l o c k s  a r e  l o c a t e d  a t  t h e  S o u t h - w e s t e r n  p a r t  o f  t h e  a r e a ,  b e ­

t w e e n  t h e  b o u n d a r y  o f  t h e  A f r i c a n  and  t h e  Aegean p l a t e s  and 

t h e  A l p i n e  f o l d  ( F i g .  8 ) .

F ig .  8. Plots  o f  d i s tance  dependent Bouguer c o e f f i c i e n t s ,  s t a t i s t i c a l l y  
der i ved ,  f o r  a l l  the l ^ l 0 b lo cks .  Shaded blocks i n d i c a t e  pos­
s i b l e  presence o f  d i s tu rb in g  masses, corresponding to  f u l l - l i n e  
Bouguer c o e f f i c i e n t  func t ion  i n  the  F ig .  8

A f t e r  t h e  a p p l i c a t i o n  o f  t h e  h i g h  and low pass " f i l t e r s "  

on t h e  d a t a ,  t h e  a n o m a l i e s  a r e  c o n s i d e r e d  t o  be m a i n l y  l i t h o ­

s p h e r i c  s i g n a l s .  I n  o r d e r  t o  ch e c k  t h i s  c o n s i d e r a t i o n ,  t h e  em­

p i r i c a l  2 - d i m e n s i o n a l  c o v a r i a n c e  f u n c t i o n  o f  t h e  " f i l t e r e d "  

d a t a  was com pu te d  f o r  t h r e e  r e g i o n s  w i t h i n  t h e  a r e a ,  and d i r e c ­
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t i v i t y  d i a g r a m s  w ere  p l o t t e d ,  a c c o r d i n g  t o  Eq.  ( 1 5 ) .  The a z i ­

m u th s  a l o n g  w h i c h  t h e  c o v a r i a n c e  v a l u e s  w e re  c a l c u l a t e d  a r e  a t  

e v e r y  2 2 . 5 ° .
I n  t h e  n o r t h e r n  r e g i o n  ( 2 ° x 2 ° )  t h e  p r e f e r r e d  a z i m u t h  i s  

N o r t h - S o u t h .  F o r  t h e  s o u t h e r n  r e g i o n  ( 3 ° x  3 ° )  t h e  p r e f e r r e d  a z i ­

muth  i s  a t  1 3 5 ° ,  a l m o s t  p a r a l l e l  t o  t h e  b o u n d a r y  o f  t h e  A f r i c a n  

and Aegean t e c t o n i c  p l a t e s .  H owe ve r ,  f o r  t h e  m i d d l e  r e g i o n  

(3°x 3 ° )  t h e  p r e f e r r e d  a z i m u t h  o f  t h e  2 -D  c o v a r i a n c e  f u n c t i o n  i s  

s l i g h t l y  p r o n o u n c e d  a t  1 5 7 . 5 ° ,  w h i l e  t h e  d i r e c t i v i t y  d i a g r a m  

has  an e l l i p t i c a l  shape  w i t h  s m a l l  e c c e n t r i c i t y .  S i n c e  w i t h i n  

t h i s  r e g i o n  t h e  t e c t o n i c  p a t t e r n  i s  more  c o m p l i c a t e d  ( s e e  F i g .

2 )  a r e c o m p u t a t i o n  o f  t h e  d i r e c t i v i t y  d i a g r a m  was done f o r  

e v e r y  1 0 ° ,  i n  o r d e r  t o  d i s t i n g u i s h  o t h e r  i m p o r t a n t  o r i e n t a t i o n s  

w h i c h  c o u l d  be r e l a t e d  t o  t h e  t e c t o n i c  f e a t u r e s .  The d i r e c t i v i t y  

d i a g r a m s  a r e  p r e s e n t e d  i n  F i g .  9.

F ig .  9. D i r e c t i v i t y  f o r  a ( n o r th ) ,  b ( m id d l e ) ,  c (south)  reg ion,  d (as c 
w i th  h igh er  re s o l u t i o n  in  d i r e c t i v i t y  az imuth) .  Arrows p resent  
s i g n i f i c a n t  d i r e c t i o n s  re la ted  t o  l i n e a r  features
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CONCLUSIONS AND DISCUSSION

I t  s h o u l d  be p o i n t e d  o u t  t h a t  t h e  r a t h e r  l a r g e  g r i d  ( 5 ' x 5 ' )  

o f  t h e  mean v a l u e s  i n  g r a v i t y  a n o m a l y  and t o p o g r a p h y  does  n o t  

a l l o w  t h e  s t u d y  o f  t h e  v e r y  s h o r t  w a v e l e n g t h  v a r i a t i o n s  o f  t h e  

g r a v i t y  f i e l d .  S i n c e  t h e s e  v a r i a t i o n s  a r e  due t o  t h e  t e r r a i n ,  

t h e  s t a t i s t i c a l l y  r e d u c e d  g r a v i t y  a n o m a l i e s  can be c o n s i d e r e d  

as  a p a r t l y  f i l t e r e d  l i t h o s p h e r i c  s i g n a l .

I n  s p i t e  o f  t h i s  p r o b l e m  w i t h  t h e  o r i g i n a l  d a t a  f i l e s ,  t h e  

t e c t o n i c  b a c k g r o u n d  o f  t h e  Greek a r e a  g i v e s  s t r o n g  enou gh  s i g ­

n a l  and i t  i s  p o s s i b l e  t o  g e t  s i g n i f i c a n t  i n d i c a t i o n s  on t h e  

o r d e r  o f  w a v e l e n g t h s  w h i c h  d i s t u r b  t h e  r e g i o n a l  g r a v i t y  f i e l d .

From T a b l e  I I  i t  can be o b s e r v e d  t h a t  l o n g e r  w a v e l e n g t h s  

d i s t u r b  t h e  g r a v i t y  f i e l d  i n  t h e  E a s t e r n  p a r t  o f  t h e  c o u n t r y ,  

b u t  t h e  t o t a l  pow er  o f  t h e  g r a v i t y  f i e l d ,  as i n d i c a t e d  by t h e  

v a r i a n c e  v a l u e s  o f  g r a v i t y  a n o m a l i e s  ( T a b l e s  I I I  and I V )  i s  

c o n s i d e r a b l y  l o w e r  t h a n  t h a t  i n  t h e  W e s t e r n  p a r t  ( r e g i o n  I I  i n  

F i g .  1 ) .  T h i s  s u g g e s t s  t h a t  t h e  v a r i a t i o n s  i n  t h e  W e s t e r n  p a r t  

a r e  due t o  s h a l l o w e r  masses  th a n  t h e  o nes  i n  t h e  E a s t e r n  p a r t .

T a b l e  I V .  V a r i a n c e s  o f  A g ( F . A . )  r e f e r e n c e d  t o  RAPP81 f o r

v a r i o u s  d e g r e e s  o f  t r u n c a t i o n  and f o r  r e g i o n s  I ,  I I ,  I I I
2

( u n i t :  mga l  )

RAPP81 30 36 45 60 90 120 150 Local  data

I 806 678 718 768 621 492* 621 1557

I I 7045 6840 5632 4339 2384 1437* 2384 6904
I I I 800 591 499* 726 655 548 586 1545

The v a r i a t i o n s  o f  t h e  i n h o m o g e n e i t y  i n d e x  ( F i g .  1) i n d i ­

c a t e  t h a t  h i g h  i n h o m o g e n e i t y  i s  i n t r o d u c e d  w i t h i n  t h e  w h o l e  

a r e a  when t h e  l o c a l  g r a v i t y  anoma ly  d a t a  a r e  r e f e r r e d  t o  a G.M.  

o f  d e g r e e s  30 ? 90 o f  t h e  h a r m o n i c  e x p a n s i o n .  The c o r r e s p o n d i n g

w a v e l e n g t h s  a r e  1200 ■? 400 km ( f o l l o w i n g  t h e  e m p i r i c a l  r u l e  
18 0
———) .  F o r  d e g r e e s  g r e a t e r  t h a n  90 o f  t h e  r e f e r e n c e  G . M . ,  t h e
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r e s i d u a l  f i e l d  becomes smooth  ( T a b l e  I V )  b u t  w h i t h o u t  any  s i g ­

n i f i c a n c e  f o r  i n v e r s i o n .  H ow ever ,  t h e  v a r i a n c e  o f  t h e  r e f e r ­

enced  g r a v i t y  a n o m a l i e s  i n  r e g i o n  I I  i s  s t i l l  h i g h ,  s u g g e s t i n g  

t h a t  t h e r e  may e x i s t  l o c a l  s o u r c e s .  An o p t i m a l  d e g r e e  o f  t h e  

r e f e r e n c e  G.M i s  30 * 36 d e g r e e s ,  i f  t h e  power  s o u r c e s  o f  t h e  

g r a v i t y  f i e l d  a r e  t o  be s t u d i e d .  From t h e  f o u r  c h e c k e d  G . M - s ,  

t h e  GRM3L1 seems t o  f i t  b e t t e r  i n  t h e  G r eek  a r e a .

The s t a t i s t i c a l l y  e s t i m a t e d  o r d e r  o f  t e r r a i n  c o r r e c t i o n s  

( T a b l e  V) i s  g r e a t e r  t h a n  t h e  u n c e r t a i n t y  o f  t h e  d a t a  i n  t h e  

S o u t h - w e s t e r n  p a r t  o f  t h e  r e g i o n ( r e c e n t  s t u d y )  w i t h i n  t h e  same 

b l o c k s  f o r  w h i c h  t h e  s t a t i s t i c a l  e s t i m a t i o n s  o f  t h e  d i s t a n c e  

v a r y i n g  B ougue r  c o e f f i c i e n t  show a b r u p t  o r  d i s c o n t i n u o u s  

c h a n g e s .  These b l o c k s  ( F i g .  10)  a r e  l o c a t e d  be tw een  t h e  tw o  

ma in  p l a t e s '  b o u n d a r y  and t h e  A l p i n e  f o l d .  A mass mo de l  s h o u l d  

be need ed  t o  i n t e r p r e t  t h e  g r a v i t y  f i e l d  t h e r e .

S i n c e  t h e  c r i t i c a l  w a v e l e n g t h s  o f  t h e  g r a v i t y  f i e l d  v a r i a ­

t i o n s  a r e  1200 * 400 km, t h e  " f i l t e r e d "  ( r e f e r e n c e d  t o  GRM3L1 

and B o u g u e r  r e d u c e d )  g r a v i t y  a n o m a l i e s  s h o u l d  c o n t a i n  l i t h o ­

s p h e r i c  s i g n a l .  T h i s  i s  i n d i c a t e d  by t h e  d i r e c t i v i t y  d i a g r a m ^  

( F i g .  9 ) .  The ones  f o r  t h e  m i d d l e  and s o u t h e r n  r e g i o n  g i v e  

s i g n i f i c a n t  a z i m u t h s  w h i c h  a r e  a l m o s t  p a r a l l e l  t o  t h e  b o u n d a r y

direction of directivity 
diagrammes
main tectonic boundaries

ooooooo alpine fold

blocks of unrealistic Bouguer 
coefficient estimation values

F ig .  10. D i r e c t io n  o f  d i r e c t i v i t y  
diagrams and the p a t t e r n  
o f  main te c t o n ic s  on the 
region in  study



T a b l e  V. S t a t i s t i c a l  p a r a m e t e r s  f o r  t o p o g r a p h y ,  1 x 1  b l o c k s ,  5 ' x 5 '  sa m p le s  and v a r i a n c e s

o f  " f i l t e r e d "  g r a v i t y  a n o m a l i e s  ( p r e s e n t  w o r k )

Area,

corner

top l e f t  

l a t ,  long

Mean e leva t ion  

1x1  (m)

Variance

m2

Cor re l a t i on
distance
(arcmin)

Order of  
t e r r a i n  

co r r ec t i on  
(mgal)

Type
of

region

Variance 
" f i l t e r e d "  grav­

i t y  anomalies

Rat io:
Corr .  d i stance 

sampl ing 
i n t e r v a l

41°., 21° 830 87.796 9.69 2 land 5475 mgal2 1 .938

41°,, 22° 688 182.857 13.69 2 land * 711 mgal2 2.738

40°,, 20° 988 253.525 13.46 3 land 9233 mgal2 2.692

40°,: 21° 970 201.344 15.96 2 land 15622 mgal2 3.192

40°., 22° 318 77.185* 6.00 2 land * 1150 mgal2 1 .200

39°,, 20° 334 1247.767 28.48 7 sea 2586 mgal2 5.696

39°,, 21° 819 175.385 19.35 2 land 12836 mgal2 3.870

39°,, 22° 387 372.585 9.97 6 land * 3887 mgal2 1.994

38°,, 20° -860 1508.676 24.24 10 sea 28512 mgal2 4.848

38°,, 21° 381 634.094 28.88 4 sea 4435 mgal2 5.776

38°,, 22° 429 225.715 15.57 2 land * 3365 mgal2 3.114

37°,, 20° -2212 65.786* 12.72 1 sea 23277 mgal2 2.550

37°,, 21° -194 1819.098 25.56 12 sea 14936 mgal2 5.112

37°,, 22° 697 1572.357 21 .16 12 sea * 3567 mgal2 4.232
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o f  t h e  t e c t o n i c  p l a t e s .  The d i a g r a m  f o r  t h e  n o r t h e r n  r e g i o n  

g i v e s  a N-S a z i m u t h ,  f o r  w h i c h  t h e r e  i s  no c l e a r  e x p l a n a t i o n ,  

o r  t h e  o r i g i n  l i e s  w i t h i n  t h e  t h i c k  c r u s t .

The g r a v i t y  f i e l d  o f  t h e  Greek a r e a  i s  s u g g e s t e d  t o  be 

o b j e c t  o f  f u r t h e r  r e s e a r c h ,  p r i o r i t y  g i v e n  t o  t h e  c o m p u t a t i o n  

o f  i s o s t a t i c  g r a v i t y  a n o m a l ie s - ,  as soon  as t h e  c o m p u t a t i o n  o f  

mean h e i g h t s  i s  c o m p l e t e d .  S t a n d a r d  i s o s t a t i c  m o d e ls  ( P r a t t  o r  

A i r y )  a r e  n o t  e x p e c t e d  t o  g i v e  a smooth  g r a v i t y  anom a ly  f i e l d .  

S e i s m i c  i n f o r m a t i o n  t o g e t h e r  w i t h  a mass m ode l  ( c o n s i d e r i n g  

e . g .  t h e  l i t h o s p h e r i c  f l e x u r e )  may g i v e  s a t i s f y i n g  r e s u l t s  i n  

t h e  g r a v i t y  f i e l d  i n t e r p r e t a t i o n .  The i d e n t i f i c a t i o n  o f  t h e  

i s o s t a t i c  o r  t e c t o n i c  o r i g i n  o f  mass d i s t u r b a n c e s  may a s s i s t  

t h e  g e o d y n a m i c a l  i n t e r p r e t a t i o n  o f  t i m e  d e p e n d e n t  c o n t r o l  n e t ­

w o r k s .  C o l l a b o r a t i o n  w i t h  s c i e n t i s t s  f r o m  o t h e r  g e o - s c i e n c e s  i s  

i m p o r t a n t  f o r  t h e  i n v e s t i g a t i o n  o f  t h e  g r a v i t y  f i e l d .
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DETERMINATION OF TRANSFORMATION PARAMETERS WITH THE METHOD OF 
THE LEAST SUM OF ABSOLUTE VALUES
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The paper deals w i t h  the determinat ion o f  t rans fo rmat ion  parameters 
w i t h  the method o f  the l e a s t  sum o f  absolute va lues .  I t  g i ves a s o l u t i o n  f o r  
the th ree  dimensional  t r ans fo rm at i on  and a s o l u t i o n  f o r  the two d imensional  
ve rs ion  compared w i t h  Fuchs'  method.
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1.  INTRODUCTION

The t h e o r y  o f  m a t h e m a t i c a l  s t a t i s t i c s  has been e n r i c h e d  i n  

t h e  l a s t  deca des  w i t h  a new d i r e c t i o n ,  w i t h  t h e  r o b u s t  e s t i -
•

m a t e s .  The a p p e a r a n c e  o f  t h i s  d i r e c t i o n  i s  c o n n e c t e d  w i t h  t h e  

f a c t  t h a t  t h e  c o n d i t i o n s  i n  t h e  p a r a m e t e r  e s t i m a t i o n s  ( e . g .  

G a u s s i a n  d i s t r i b u t i o n ,  l i n e a r i t y ,  i n d e p e n d e n c e )  a r e  s e l d o m  f u l ­

f i l l e d .  M o r e o v e r ,  t h e  s p r e a d  o f  a u t o m a t i z a t i o n  i n v o l v e s  t h e  

d a n g e r  t h a t  g r o s s  e r r o r s  r e m a in  u n d e t e c t e d  wh at  on i t s  t u r n  d e ­

c r e a s e s  t h e  r e l i a b i l i t y  o f  e s t i m a t i o n s  i f  c l a s s i c a l  m e t h o d s  a re  

u s e d .

R o b u s t  e s t i m a t i o n  metho ds  e n a b l e  a u t o m a t i c a l  e x c l u s i o n  o f  

o u t l i e r s ,  f u r t h e r  t h e y  e n a b l e  t o  d e c r e a s e  t h e  e f f e c t  o f  " c o n ­

t a m i n a t e d "  m e a su r em en t  r e s u l t s  on t h e  p a r a m e t e r  e s t i m a t i o n .

E f f o r t s  t o  e x c l u d e  g r o s s  e r r o r s  have  a p p e a re d  s i m u l t a ­

n e o u s l y  w i t h  t h e  a d v e n t  o f  d a t a  p r o c e s s i n g .  T h i s  i s  e s p e c i a l l y  

t r u e  i n  c ase  o f  s u r v e y i n g  where  s a m p l i n g  r e f e r s  t o  s m a l l  d a t a  

s a m p l e s  i n  a s t a t i s t i c a l  sense  o f  t h e  w o r d .  T h i s  makes a c h e c k ­

i n g  o f  d a t a  e a s i e r  b e i n g  a v e r y  i m p o r t a n t  phase  o f  p r o c e s s i n g  

as t h e  g e n e r a l  m e th od  o f  p a r a m e t e r  e s t i m a t i o n ,  t h e  l e a s t  

s q u a r e s  method  r e s u l t i n g  i n  th e  a r i t h m e t i c a l  mean, g e t s
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e r r o n e o u s  i f  t h e r e  a r e  u n d e t e c t e d  e r r o n e o u s  v a l u e s .

As a c o n s e q u e n c e  o f  t h e  r a p i d  d e v e l o p m e n t  o f  m e a su r em en t  

a n d  c o m p u t a t i o n  t e c h n i q u e s ,  th e  demand f o r  a u t o m a t i z e d  d a t a  

p r o c e s s i n g  r e f e r s  t o  s u r v e y i n g , ' t o o . P h o t o g r a m m e t r y  and s p a c e  

m e t h o d s  n e c e s s i t a t e  t h e  p r o c e s s i n g  o f  l a r g e  d a t a  s e t s  w h i c h  

l e d  t o  th e  a p p l i c a t i o n  o f  r o b u s t  e s t i m a t i o n  methods  t o g e t h e r  

w i t h  c l a s s i c a l  d a t a  p r o c e s s i n g  m e t h o d s .  Such  t e n d e n c i e s  do 

e x i s t ,  b u t  t h e i r  s p r e a d  i s  hampered by t h e  a d h e r e n c e  t o  c l a s ­

s i c a l  methods .

The method o f  t h e  l e a s t  sums o f  a b s o l u t e  v a l u e s  ( o r  t h e  

L I - n o r m )  i s  a mos t  e f f e c t i v e  method t o  f i l t e r  g r o s s  e r r o r s .  

T h e r e  were s e v e r a l  e x p e r i m e n t s  t o  i n t r o d u c e  i t  i n t o  s u r v e y i n g  

( e . g .  Fuchs 1982 ,  Hahn  and  B u l l  1984 ,  Ebong  1985 ,  Kampmann 1986 

B u r s t e d d e  and Cremer  1 9 8 6 ) .

I n  th e  f o l l o w i n g  p o s s i b i l i t i e s  a r e  p r e s e n t e d  u s i n g  t h e  

L I - n o r m  f o r  t h e  a d j u s t m e n t  o f  tw o -  and t h r e e - d i m e n s i o n a l  c o ­

o r d i n a t e  t r a n s f o r m a t i o n s  p l a y i n g  an i m p o r t a n t  r o l e  i n  s u r v e y i n g

2 .  PRINCIPLE OF THE LEAST SUM OF ABSOLUTE VALUES

The method i s  k n o w n  f o r  a l o n g  t i m e ,  i t  has been p r o p o s e d  

b y  L a p l a c e  i n  1773 .  Th e  o b j e c t  f u n c t i o n  t o  be m i n i m i z e d  can  be 

g i v e n  i n  th e  f o l l o w i n g  f o r m  ( L l - n o r m ) :

The  minimum i s  f o u n d  b y  p a r t i a l  d e r i v a t i o n  o f  Eq. ( 1 )  by m a k in g  

t h e  o b t a i n e d  c o - f u n c t i o n  eq u a l  t o  z e r o :

T h i s  e q u a t i o n  e s t i m a t e s  t h e  l o c a t i o n  p a r a m e t e r  ( e x p e c t e d  v a l u e )  

b y  t h e  med ian .  I t s  d i s t r i b u t i o n  f u n c t i o n  i s  f l a t t e r  t h a n  t h a t  

o f  t h e  Gauss ian  d i s t r i b u t i o n  th u s  i t  t o l e r a t e s  more o u t l i e r s .  

P a ra m e t e rs  s h o u l d  be d e t e r m i n e d  by l i n e a r  p r o g r a m m i n g ,  b e i n g  

m o r e  c o m p l i c a t e d  t h a n  t h e  u s u a l  c o m p u t a t i o n  a l g o r i t h m s  i n

n
S ( X - X )  = Y I X - -X I = m in  . 

1 = 1  1
( 1 )

i  = l
( 2 )
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s u r v e y i n g .  The d y n a m i c  d e v e l o p m e n t  i n  t h e  f i e l d  o f  c o m p u t a t i o n  

t e c h n i q u e s ,  h o w e v e r ,  w i l l  e n a b l e  t h e  s p r e a d  o f  l i n e a r  p r o g r a m ­

mi ng  i n  t h e  p r a c t i c e  o f  s u r v e y i n g ,  t o o .

3 .  SOLUTION OF THE HELMERT-TRANSFORMATION ON THE BASIS OF THE 

LI-NORM

L e t  us c o n s i d e r  a s e t  o f  p o i n t s  P ( x ^ ,  y ^ ) ,  i  = 1,  2, . . .  n .  

Be t h e  p o i n t s  t o  be t r a n s f o r m e d  Q ( x ^ + d x ^ ,  y ^ + d y ^ ) ,  i  = 1 ,  2 ,  . .  

. .  n ( s u p p o s i n g  t h a t  dx^  and dy^ a re  s m a l l  v a l u e s )  and t h e  c o ­

o r d i n a t e s  a f t e r  t r a n s f o r m a t i o n  be ( x . + v  , y . + v  ).1 X  ̂ y 1 y . '

The f o r m u l a  f o r  t h e  H e l m e r t - t r a n s f o r m a t i o n  i s :

x.+v = ( x . + d x . )  cos df  -  ( y . -+dy- ) s i n  d f  + mx.+c
1 X . X X  X X  X X

1 ( 3 )

y i +vy. = ( x i +dxp  s i n  d f  + (y i +dyi ) cos d f  + my^+Cy

w he re  d f  = t h e  a n g l e  o f  r o t a t i o n ,

m = t h e  s c a l e  f a c t o r ,

c x , Cy = t h e  p a r a m e t e r s  o f  t r a n s l a t i o n .

One has i n  a f i r s t  a p p r o x i m a t i o n :

V = m x .  - d / ’ y.  + c + d x .
X. 1 X 1

i  = 1 , 2 , . . .  n ( 4 )
vy = my i  + d f x i  + Cy + dy i  .

The meas ure  o f  f i t t i n g ,  r ^ ,  s h o u l d  f u l f i l  t h e  f o l l o w i n g  i n ­

e q u a l i t y  on t h e  b a s i s  o f  t h e  c o r r e c t i o n s :

Now t h e  minimum o f  t h e  f o l l o w i n g  t a r g e t  f u n c t i o n  i s  t o  be f o u n d

n
Z  r .  — -  min ( 6 )

i  = 1 1

Equat ions (4 ) ,  (5 ) ,  ( 6 ) de f ine  a n o n - l i n e a r  o p t i m i z a t i o n  p r o b l e m .  I t
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c a n  be s o l v e d  by t h e  a l g o r i t h m  p r o p o s e d  by Fuchs  ( 1 9 8 2 ) .

I t  can be e a s i l y  seen  t h a t  Eq.  ( 5 )  can be a p p r o x i m a t e d  by 

an i n f i n i t e  number  o f  i n e q u a l i t i e s  o f  t h e  f o r m :

V co s cC + V s i n ^  < r .  0 £ oC < 2ÎL . ( 7 )
* i  y i  1

As i n i t i a l  v a l u e s  l e t  us s e l e c t  a f i n i t e  number o f  a n g l e s  a t  

e a c h  p o i n t :

* i j  = ( j - 1  ) f  j  = 1 , 2 ,  3 ,  4 . ( 8 )

W i t h  t h i s ,  t h e  i n i t i a l  p r o b l e m  o f  Eqs ( 4 ) ,  ( 5 ) ,  ( 6 ) can  be r e ­

w r i t t e n  as a l i n e a r  p r o g r a m m i n g  p r o b l e m :

( x i  C O S o C ^  +  y i  s i n o C j ^ ) m +  ( x i
s i n * i j  -  V l

c o s d t ^ ) CL -
6

+  C O S o C  c  +  s i n  ck .  . c  
1 J  X i j  y *  r i  1

- ( d x ^  c o s . .  +  d y . 
i j  y i

s i n  o C ^  J ( 9 )

n

-  Y  г .  — - max 
i = l  1

r ^  >  0

i  =  1 ,  2 , . . .  n j  =  1 :, 2 ,  . . . k .  . 
1

I t  i s  a d v a n t a g e o u s  t o  use  t h e  d u a l  o f  t h i s  l i n e a r  p r o g r a m m i n g
p r o b l e m  :

k .
1

-  I  

j  =  1
* i j  s 1 i  = 1 ,  2 ,  . . .  n

n

-  г

i  =  l

к  i

- ^ 1  J L  i j  
J = 1  J

s i n  o C  . . 
I J

=  0

П

-  I

i  =  l

к .
l

X .  1  i j
C O S  o f  ^  . =  0

n k .
1

-  I

i  =  l Í .
S i n ^ i j  - У 1 e o s ^ i j ^ i j ( 1 0 )
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n к .

Г  I  ( X.  co so C y-  + s i n  ^  , )  Jt  i  . = 0

i= l  j=1

n k i
-  Y  Y  ( d x :  co s  «C j • + dy.  s inoC • • ) 3L — max 

i  = 1 j  = l 1 J J J

° •

Fo r  t h e  s o l u t i o n  o f  t h e  d u a l  l i n e a r  p r o g r a m m i n g  p r o b l e m  we s u g ­

g e s t  t h e  use o f  t h e  t w o - p h a s e  s i m p l e x  m e t h o d ,  as t h i s  t w o - p h a s e  

s i m p l e x  method  can be used  f o r  t h e  s o l u t i o n  o f  any l i n e a r  p r o ­

g ra m ming  t a s k .  The o n l y  c o n d i t i o n  -  n a m e l y  t h a t  t h e  f r e e  t e r m  

be n o n - n e g a t i v e  -  can  be e a s i l y  f u l f i l l e d .  The op t imum  s o l u t i o n  

o f  t h e  p r i m a l  t a s k  i s  o b t a i n e d  f r o m  t h e  d u a l  s o l u t i o n  i f  a t  t h e  

end o f  t h e  f i r s t  phase  a l l  a r t i f i c i a l l y  i n t r o d u c e d  v a r i a b l e s  

a r e  e l i m i n a t e d  f r o m  t h e  s e t  o f  b a s i s  v a r i a b l e s .  The s o l u t i o n  i s  

t h e n  m 1  ̂ , d f ^ \  x ^ \  С у1 "*» E q u a t i o n  ( 4 )  e n a b l e s  t h e

c o m p u t a t i o n  o f  t h e  c o r r e c t i o n s  v ^ ) ,  v ^ ) and f r o m  Eq.  ( 5 )
, x i  V ione g e t s :

A t  p o i n t s  where  t h e  i n e q u a l i t y

( 11 )

( 12 )

does  n o t  h o l d ,  l e t  us d e t e r m i n e  t h e  a n g l e :

T  : a = a rc tan  ( v ^ / v O ) )  i - 1 , 2 , . . . n  ( 1 3 )
J \ y i  XW  k*  = k . + ll  l

These  a n g l e s  add t o  Eq.  ( 9 )  f u r t h e r  i n e q u a l i t i e s .  Thus i t e r a ­

t i o n s  can  be c a r r i e d  o u t  t i l l  t h e  d i f f e r e n c e  o f  t h e  a b s o l u t e  

v a l u e s  o f  two  s u b s e q u e n t  a n g l e s  X co m pu te d  by Eq. ( 1 3 )  i s  i n  

a l l  p o i n t s  l e s s  t h a n  a g i v e n  l o w e r  l i m i t  ( E = 0 . 0 1 ) .
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4 .  DIRECT DETERMINATION OF THE TRANSFORMATION PARAMETERS IN 

THREE DIMENSIONS USING THE L 1-NORM

The g e n e r a l  f o r m  o f  t h e  s i m i l a r i t y  t r a n s f o r m a t i o n  i n  t h r e e  

d i m e n s i o n s  i s :

X = mRx + X • ( 1 4 )

A t  i t  i s  we l l - known t h e  s p a t i a l  t r a n s f o r m a t i o n  i s  composed o f  

t h r e e  phases :  t r a n s l a t i o n ,  s c a l i n g  and r o t a t i o n  a ro und  t h e  

t h r e e  c o o r d i n a t e  a x e s .  From th e  p o i n t  o f  v i e w  o f  m a t h e m a t i c s ,  

t h e  t h i r d  phase i s  t h e  mos t  i n t e r e s t i n g  o n e ,  as t h e  c o e f f i ­

c i e n t s  o f  t h e  o r t h o g o n a l  r o t a t i o n  m a t r i x  ß ,  a r e  n o n - l i n e a i  

f u n c t i o n s  o f  t h r e e  i n d e p e n d e n t  p a r a m e t e r s .  Fo r  t h i s  r e a s o n  

i t e r a t i o n  i s  g e n e r a l l y  used to  d e t e r m i n e  t h e  r o t a t i o n  e l e m e n t s  

w i t h  t h e  a i d  o f  l i n e a r  e q u a t i o n s  d e r i v e d  f r o m  t h e  t r a n s f o r m a ­

t i o n  f o r m u l a s  ( 1 4 )  by  d e r i v a t i o n .  To a v o i d  t h e  i t e r a t i v e  p r o ­

c e d u r e  one can c h o s e  t h e  way o f  d i r e c t  d e t e r m i n a t i o n  o f  t h e  

e l e m e n t s  o f  m a t r i x  w h a t  i s  v e r y  o f t e n  used  i n  p h o t o g r a m m e t r y  

( s e e  e . g .  Thompson 1 9 5 8 - 5 9 ,  Schu t  1 9 5 8 - 5 9 ,  Somogyi  1 9 6 9 ) .

The t r a n s l a t i o n  ca n  be e l i m i n a t e d  w i t h  t h e  r e d u c t i o n  t o  

t h e  g r a v i t y  c e n t r e s  o f  t h e  c o o r d i n a t e  s y s t e m s  and a l s o  t h e  c a l ­

c u l a t i o n  o f  s c a l e  ca n  be e a s i l y  d o n e .  The t h r e e  i n d e p e n d e n t  

p a r a m e t e r s  d e t e r m i n i n g  t h e  e l e m e n t s  a  ̂  ̂ . . .  a ^  o f  m a t r i x  R

s h o u l d  be d e n o t e d  by оc , ß and 7 - .  E q u a t i o n  ( 1 5 )  g i v e s  £  

i n  t e r m s  o f  t h e s e  p a r a m e t e r s .

R =

2 2 21+oC -/3 - r
9 9 9

1 + oC +/3 + 1

2(обЛ + T )
2 2 2

1+flC +/3 + T

2Ut  - ^ )
2 2 2 

1 + oC +fi + T

2(oC/3 - T )
2 2 2

1+oC + /3 + T

1+/3 2-oC2-oC2 

1+оС 2+/з 2+ T 2

2(oC + /3 t )
2 2 2

1 + X  + / 3  + X

2(cC T  + /3)
2 2 2 1+oC +/3 + T

2 ( /3 T ~  oC) 
1+ dC2+ /32+ T2

1 + 7  2-  <Z2-  /32 

1 + oC 2+ A 2+ T 2

( 1 5 )
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The f o l l o w i n g  l i n e a r  e q u a t i o n s  can be w r i t t e n  f o r  t h e  c a l c u l a ­

t i o n  o f  t h e s e  p a r a m e t e r s :

0  + ( Z i + Z i ) ß  -  ( Y i  + y i ) T =  ( X i - X j )

-  ( Z i  + z i ) oC + 0 + ( X i  + x i ) T =  ( У ̂  -  У ) i  = 1,  2 ,  . . .  n ( 1 6 )  

( Y i  + y i ) oC -  ( X i  + x i )/3 + 0 = ( Z z - Z i ) -

Неге  X,  Y and Z mean t h e  c o o r d i n a t e s  i n  t h e  f i r s t  s y s t e m  r e ­

duced  t o  t h e  g r a v i t y  c e n t r e ,  and x ,  y ,  z t h e  c o o r d i n a t e s  i n  t h e  

s y s t e m  t o  be t r a n s f o r m e d  a f t e r  r e d u c t i o n  t o  t h e  g r a v i t y  c e n t r e  

and t o  t h e  c o r r e c t  s c a l e .

The s i m p l e x  t a b l e  i s  d e v e l o p e d  a c c o r d i n g  t o  Eq.  ( 1 6 )  i n  

t h e  f o l l o w i n g  f o r m :

a i , l =
0

a i , 2  = Z i  + z i

a i , 3  = - Y i - Y i

a i  + n , 1 = - Z i ' z i

a i  + n , 2
= 0

a i  + n , 3 = x i + X i

a i + 2 n , 1 = V Y i

a i + 2 n , 2  = " X i * x

a i + 2 n , 3 = 0

b i  = - ( X i - X i )

b i  + n = - ( Y i - V i )

b i  + 2 n = - ( Z i - Z i

i  = 1 , 2  . . . n ( 1 7 )

F o r  t h e  d e t e r m i n a t i o n  o f  t h e  unknowns oC , ß> , qj- f r o m  3n 

o v e r d e t e r m i n e d  e q u a t i o n s ,  B a r r o d a l e  and R o b e r t s '  ( 1 9 7 3 )  a l g o ­

r i t h m  i s  used on t h e  b a s i s  o f  t h e  L l - n o r m .  T h i s  a l g o r i t h m  com­

p u t e s  t h e  v a l u e s  oC , ß  , q f  f o r  w h i c h  t h e  sum o f  t h e  a b s o ­

l u t e  v a l u e s  o f  t h e  r e s i d u a l s  i s  a m in imum:

3n

I
=i

b i  -  a i , *  -  a i  , 2  *  -  a i , 3 T ( 1 8 )
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I n  t h e  n e x t  s t e p  t h e  e l e m e n t s  a ^ . . . a 3 3  o f  t h e  r o t a t i o n  m a t r i x  

a r e  d e t e r m i n e d  u s i n g  t h e  v a l u e s  f o u n d  f o r  oC , /Ъ , .

L a s t l y ,  th e  c o r r e c t i o n s  a r e  o b t a i n e d  f r o m  t h e  f o l l o w i n g  e q u a ­

t i o n s  :

•HX>

= x i -  a 1 1 x i -  a 1 2 y i * a13zi

\ •H
>-II -  а2 1 х А -  a2 2 y i -  a23zi

4
= z. 

1
-  a3 l X i -  a32y i -  a33zi

( 1 9 )

I n  t h e s e  f o r m u l a s ,  c o o r d i n a t e s  r e f e r  t o  t h e  g r a v i t y  c e n t r e s  o f  

t h e  c o r r e s p o n d i n g  s y s t e m s  o f  c o o r d i n a t e s  and  t h e  c o o r d i n a t e s  

x i ’ V i ’ z i> i n c l ude t h e  s c a l e  m. The s c a l e  i s  d e t e r m i n e d  by 
a v e r a g i n g  f rom t h e  d i s t a n c e s  be tween t h e  d i s t a n c e s  t h e  g r a v i t y  

c e n t r e  and t h e  c o o r d i n a t e s  wh ich  a p p e a r  i n  t h e  a d j u s t m e n t .

Gross e r r o r s  i n  t h e  i n i t i a l  d a t a  may i n f l u e n c e  t h e  r e s u l t ­

i n g  s c a l e ,  as t h i s  u n k n o w n  i s  n o t  d e t e r m i n e d  u s i n g  t h e  L l - n o r m .  

The  e f f e c t  o f  t h e  g r o s s  e r r o r s  can be e l i m i n a t e d  f r o m  t h e  s c a l e  

by  p r e s c r i b i n g  an u p p e r  l i m i t  f o r  t h e  d i s c r e p a n c i e s  t h e n  t h e  

e q u a t i o n  sys tem ( 1 6 )  i s  s o l v e d  u s i n g  t h e  L l - n o r m .  I f  t h e  d i s ­

c r e p a n c y  f o r  an a r b i t r a r y  p o i n t  i s  more  t h a n  t h i s  l i m i t ,  t h e  

p r o g r a m m e  r e - s t a r t s  t h e  c o m p u t a t i o n  w i t h o u t  t a k i n g  i n t o  a c ­

c o u n t  a l l  th e  p o i n t s  o u t s i d e  o f  t h e  p r e s c r i b e d  l i m i t .  The i t e r ­

a t i o n  i s  c o n t i n u e d  t i l l  a l l  d i s c r e p a n c i e s  i n  Eqs ( 1 6 )  a r e  l e s s  

t h a n  t h e  p r e s c r i b e d  l i m i t  -  s u p p o s i n g  t h a t  t h e  r e m a i n i n g  p o i n t s  

a r e  s u f f i c i e n 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  unknowns .  ( I n  t h e  

o p p o s i t e  case a l e s s  r i g o r o u s  l i m i t  s h o u l d  be c h o s e n . )

The d i r e c t  d e t e r m i n a t i o n  o f  t h e  e l e m e n t s  o f  th e  r o t a t i o n  

m a t r i x  £  as d e s c r i b e d  h e r e  e n a b l e s  t o  r e d u c e  t h e  s o l u t i o n  o f  

t h e  t h r e e - d i m e n s i o n a l  t r a n s f o r m a t i o n  a c c o r d i n g  t o  t h e  L l - n o r m  

t o  a s i m p l e  l i n e a r  p r o g r a m m i n g .  The n o n - l i n e a r  i n e q u a l i t y  ( 5 )  

o c c u r r i n g  i n  t h e  H e l m e r t - t r a n s f o r m a t i o n  can  be a v o i d e d ;  i t  

w o u l d  r e s u l t  i n  t h e  s o l u t i o n  o f  a c o n v e x  o p t i m i z a t i o n  by i t e r a ­

t i o n s  ( M e i s s l  1 9 6 8 ) .  T h i s  i n e q u a l i t y  i s  i n  case  o f  t h e  t h r e e -  

- d i m e n s i o n a l  t r a n s f o r m a t i o n :
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and i t  r e f e r s  i n  a g e o m e t r i c a l  sense t o  r a d i i  r ^  b e l o n g i n g  t o  

a s p h e r e .  The i t e r a t i v e  s o l u t i o n  o f  such  a con v e x  p rogramme i s  

much more c o m p l i c a t e d ,  as i n s t e a d  o f  a c i r c l e ,  a s p h e r e  i s  t o  

be a p p r o x i m a t e d  by p o l y h e d r o n s .

The programme LTRANS d e v e l o p e d  on t h i s  b a s i s  can be a d ­

v a n t a g e o u s l y  used f o r  t h e  a d j u s t m e n t  o f  s p a t i a l  t r a n s f o r m a t i o n  

p r o b l e m s .  The s o l u t i o n  i s  e q u i v a l e n t  w i t h  o t h e r  r o b u s t  a d j u s t ­

ment m e th ods  ( S om ogy i  1 9 8 7 ) .  The same programme can a l s o  be 

a d o p t e d  f o r  t h e  r o b u s t  a d j u s t m e n t  o f  p l a n a r  s i m i l a r i t y  t r a n s ­

f o r m a t i o n  p a r a m e t e r s  by i n t r o d u c i n g  = 0.  T h i s  p rogramme

i s  e s s e n t i a l l y  q u i c k e r  t h a n  o u r  p rogramme HTRANS based  on t h e  

a l g o r i t h m  d e v e l o p e d  by Fuchs  ( 1 9 8 2 )  w ha t  f o l l o w s  f r o m  t h e  d i f ­

f e r e n c e  o f  t h e  two  p r i n c i p l e s  o f  o p t i m i z a t i o n .

5.  NUMERICAL EXAMPLES FOR DIFFERENT SOLUTIONS

F i n a l l y  some n u m e r i c a l  ex am p le s  w i l l  be g i v e n  f o r  t h e  

s o l u t i o n  o f  p l a n a r  and s p a t i a l  t r a n s f o r m a t i o n  based  on t h e  L l -  

-n o rm  t o  show t h e  e f f e c t  o f  t h e  r o b u s t  m e t h o d .  The s i m u l a t e d  * 

t e s t  n e t  c o n s i s t s  o f  15 p o i n t s  w i t h  t h e  c o o r d i n a t e s  g i v e n  i n  

T a b l e  I ,  t h e i r  p r o j e c t i o n s  on t h e  plane a r e  r e p r e s e n t e d  i n  

F i g .  1 .

C o o r d i n a t e s  x ,  y and z were  o b t a i n e d  by r o t a t i n g  t h e  

s y s te m  X, Y, Z by a v a l u e  o f :

a l l = 0 . 9 9 9 8 3 3
a 2 1 = - 0 . 0 1 2 2 1 3 a 3 1  = - 0 . 0 1 3 5 2 9

3 1 2
= 0 . 0 1 2 0 1 2

a 2 2  = 0 . 9 9 8 8 1 8 a 3 2  = - 0 . 0 1 4 8 0 4

3 1 3 = 0 . 0 1 3 7 0 8 IIР'Л
C

M
CD 0 .1 4 6 3 9 a 3 3  = 0 . 9 9 9 7 9 8

and by m u l t i p l y i n g them w i t h t h e  s c a l e  f a c t o r m = 0 . 7 9 .  P o i n t s
10 and 14 have g r o s s  e r r o r s .  The e r r o r f r e e  v a l u e s  a r e  g i v e n  i n  
p a r a n t h e s e s .  D i s c r e p a n c i e s  a f t e r  t h e  a d j u s t m e n t  a r e  g i v e n  i n  
T a b l e  I I  t o g e t h e r  w i t h  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  r e s u l t i n g  
f r o m  t h e  a d j u s t m e n t .  The r o b u s t  e f f e c t  o f  t h e  L l - n o r m  a d j u s t ­
ment i s  c l e a r l y  v i s i b l e .  E r r o n e o u s  v a l u e s  do n o t  i n f l u e n c e  t h e  
r e l i a b i l i t y  o f  t h e  p a r a m e t e r  e s t i m a t i o n .

T a b l e  I I I  c o n t a i n e s  t h e  t w o - d i m e n s i o n a l  s i m u l a t e d  v e r s i o n  
o f  t h e  p o i n t  f i e l d  o f  F i g .  1 . C o o r d i n a t e s  x and y w ere  o b t a i n e d
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T a b le  I

p X Y Z X У Z

1 1 0 0 600 50 85 .2 22 4 7 3 . 5 2 7 31 .406

2 425 490 1 2 0 34 1 .6 43 3 8 4 . 3 1 7 8 4 . 5 0 8

3 410 700 70 331 .247 5 4 9 . 7 5 3 4 2 . 7 2 0

4 750 640 80 599.341 4 9 9 . 1 9 7 4 7 . 6 8 6

5 575 575 1 30 461 .0 3 8 4 5 0 . 1 2 3 8 9 . 8 0 9

6 830 460 240 662 .5 5 5 358 .1 01 175 .3 11
7 600 400 1 80 47 9 .6 66 3 1 2 . 2 3 5 131 .080
8 770 240 370 6 1 4 . 4 8 3 ' 1 8 6 .4 1 5 2 8 1 . 2 0 4
9 560 1 50 510 44 9 .2 72 1 1 8 .9 7 3 3 9 5 . 0 7 9

1 0 450 250 320
( . 2 7 8 )  

36 1 .7 13
( . 8 2 3 )  

196 .311 2 4 5 . 0 1 6

1 1 340 50 430 27 3 .6 86 41 .185 3 3 5 . 4 1 3

1 2 150 1 0 0 380 123.544 8 1 . 9 3 3 2 9 7 . 3 6 7

1 3 270 2 2 0 270 21 8 .2 76 1 7 4 .2 8 6 2 0 7 . 7 9 8

1 4 225 465 1 50
( . 7 5 7 )

183 .8 72
( . 8 4 7 )  

3 6 6 . 8 9 6
( . 6 3 3 )  

1 1 0 . 6 8 3
1 5 50 300 290 45.481 2 3 9 . 8 2 8 225 .01 1

Fig.  1.
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T a b l e  I I

P v x vy V
Z

Parameters a f t e r  
adjustment

1 0  .. 0 0 0 0 .. 0 0 0 . 0 0 1 0 .99 98339  = a l l
2 0  .. 0 0 1 0  .. 0 0 0 . 0 0 0 0 .01 20130  = a 1 2

3 0 .. 0 0 0 0  .. 0 0 0 . 0 0 0 0 .01 37083  = a 13
4 0  ,. 0 0 0 0  .. 0 0 0 . 0 0 0

5 0  .. 0 0 1 0  .. 0 0 0 . 0 0 0 - 0 .01 22135  =
a 2 1

6 0  ,. 0 0 0 0  .. 0 0 0 . 0 0 0 0 .99 98183  =
a 2 2

7 0  .. 0 0 0 0  ,. 0 0 0 . 0 0 0 0 .01 46382  = a 23
8 0  .. 0 0 0 0  ,. 0 0 0 . 0 0 0

9 0  .. 0 0 1 0  .. 0 0 0 . 0 0 0 - 0 .01 35300  = a 3 1
1 0 - 0 ..558 0 .616 . 0 0 1 - 0 .01 48032  = a 32
1 1 0 .. 0 0 0 0 . 0 0 0 . 0 0 0 0 .99 97989  = a 33
1 2 0 . 0 0 0 0 . 0 0 0 . 0 0 0

1 3 0 . 0 0 0 0 . 0 0 0 . 0 0 0 1/m = 1 . 2 6 5 8 2 3 4

14 - 0 ,.143 0 .063 - . 0 6 6

1 5 0 . 0 0 1 0 . 0 0 0 . 0 0 0

by a r o t a t i o n  by oC = 15°  o f  t h e  s y s t e m  X, Y and by m i l t i p l y -  

i n g  i t  w i t h  t h e  s c a l e  f a c t o r  m = 0 . 7 9 .

O r i g i n a l  c o o r d i n a t e s  o f  t h e  e r r o n e o u s  p o i n t s  10 and 14 a re  

g i v e n  i n  p a r a n t h e s e s .  The a d j u s t m e n t  was c a r r i e d  o u t  by b o t h  

m e t h o d s .  D i s c r e p a n c i e s  a f t e r  t h e  a d j u s t m e n t  a re  f o u n d  i n  T a b l e  

I V .  The two  s o l u t i o n s  g i v e  p r a c t i c a l l y  t h e  same r e s u l t  w i t h  t h e  

d i f f e r e n c e  t h a t  t h e  c o m p u t e r  t i m e s  on t h e  HP 2100 o f  o u r  

I n s t i t u t e  a r e  i n  a r a t i o  1 : 2 5 ;  and t h e  r a t i o  f u r t h e r  d e t e r i o ­

r a t e s  f o r  HTRANS w i t h  r e s p e c t  t o  LTRANS w i t h  t h e  i n c r e a s i n g  

number o f  p o i n t s  i n  t h e  a d j u s t m e n t .
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P

1

2
3
4
5
6
7
8
9

1 О
1 1

1 2

1 3
1 4
1 5

Л SOMOGYI and Л ZÁVOTI

T a b l e  I I I

p X Y X У

1 1 0 0 600 - 4 6 . 3 7 2 4 7 8 .2 9 5
2 425 490 224.1  2 0 4 6 0 .8 0 8
3 410 700 169 .7 36 6 1 9 . 9 8 8
4 750 640 441 .452 641 .722
5 575 575 321 .203 5 5 6 .3 4 0
6 830 460 5 3 9 .3 0 3 5 2 0 .7 2 5
7 600 400 3 7 6 .0 6 2 4 2 7 . 9 1 3
8 770 240 538.501 3 4 0 . 5 7 9
9 560 1 50 3 9 6 .6 5 6 2 2 8 .9 6 4

1 0 450 250
( 2 7 0 )

2 9 2 .7 9 6
( 7 8 0 )

2 8 2 .6 3 8
1 1 340 50 2 4 9 .2 2 4 1 0 7 .6 7 3
1 2 1 50 1 0 0 9 4 .0 1 6 1 0 6 .9 7 8
13 270 2 2 0 161 .049 2 2 3 . 0 8 4

1 4 225 465
( 6 1 6 )

76 .731
( 8 3 8 )  

4 0 0 .8 8 7
1 5 50 300 - 2 3 . 1 8 6 2 3 9 .1 4 8

T a b l e  IV

URANS HTRANS

\ V
У

V
X

V
У

. 0 0 0 . 0 0 0 . 0 0 0 . 0 0 0

. 0 0 1 . 0 0 0 . 0 0 1 . 0 0 0

. 0 0 1 . 0 0 0 . 0 0 1 . 0 0 0

. 0 0 0 . 0 0 0 . 0 0 0 . 0 0 0

. 0 0 1 . 0 0 0 . 0 0 0 . 0 0 0

. 0 0 0 . 0 0 0 . 0 0 0 . 0 0 0

. 0 0 0 . 0 0 0 . 0 0 0 . 0 0 0

- . 0 0 1 . 0 0 0 . 0 0 0 . 0 0 0

- . 0 0 1 . 0 0 0 . 0 0 0 . 0 0 0

- . 5 9 7 .346 -  . 596 .346
. 0 0 0 . 0 0 0 . 0 0 1 . 0 0 0

. 0 0 0 . 0 0 0 . 0 0 0 . 0 0 0

. 0 0 0 . 0 0 0 . 0 0 1 . 0 0 0

- . 1 5 7 - . 0 2 3 - . 1 5 6 - . 0 2 3
. 0 0 0 - . 0 0 1 . 0 0 0 - . 0 0 1

Parameters a f t e r  
adjustment

s i n  cC = .25881 93 
cos  = .9 6 5 9 2 5 7

1 /m = 1 .2658231
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ASYMPTOTIC BEHAVIOUR OF ERROR ESTIMATIONS. NEED FOR A PRACTICE 
IN ERROR ESTIMATION ON NEW BASES

В H a ja g o s  and F S t e i n e r

U n i v e r s i t y  f o r  Heavy Indu s t ry ,  Chai r  o f  Geophysics, H-3515 M i sko lc ,  
Egyetemváros, Hungary

[Manuscr ipt  received January 15, 1987]

The paper discusses the asymptot ic u n c e r t a i n t y  o f  the accuracies de­
termined from the sample standard de v ia t i on  and f rom the s e m i - i n t e r q u a r t i l e  
range o f  the  sample f o r  the supermodel f a( x )  i n t roduced  by Csernyák and 
S te i ne r  (1982) .  The sample standard d e v i a t i o n  (which i s  used a t  p resen t  
predominant l y)  turned out  to  be advantageous on l y  i n  the neighbourhood o f  
the Gaussian d i s t r i b u t i o n  ( i . e .  only f o r  s t e r i l e  d i s t r i b u t i o n s ) .  For a wide 
range o f  d i s t r i b u t i o n s  occurr ing  in  the p r a c t i c e  the sample standard de v i a ­
t i o n  i s  asy m p t o t i c a l l y  unusable ( i t s  r e l a t i v e  e f f i c i e n c y  i s  zero w i t h  r e ­
spect  o f  the e f f i c i e n c y  o f  the s e m i - i n t e r q u a r t i l e  range).  The more and more 
so p h i s t i c a t e d  geophysical  a lgo r i thms nec e s s i ta te ,  however, a more and more 
accurate e r r o r  de te rmina t ion  both w i th  respec t  t o  i npu t  data and t o  the  
comparison o f  a lgo r i thms f o r  the same purpose ( e . g .  f o r  the comparison o f  
sets o f  d e v i a t i o n s ) .  Therefore the authors t h i n k  t h a t  the e n t i r e  e r r o r  
c a l c u l a t i o n  should be developed on new bases. In v e s t ig a t io n s  presented í r  
t h i s  paper show t h a t  such a base should be the  s e m i - i n t e r q u a r t i l e  range.  An 
advantageous s o l u t i o n  seems to  be the q u a n t i t y  U proposed by S te in e r  (1985a)

Keywords: asymptot i c  u n ce r t a in ty ;  e f f i c i e n c y  o f  est imat ion;  i n t e r ­
q u a r t i l e  range; robust  es t imat ions

1. MUTUAL CONVERTIBILITY OF ERROR CHARACTERISTICS FOR SOME 

GIVEN TYPE OF RANDOM DISTRIBUTION

Any m e a su r em en t  o r  any i n d i r e c t  d e t e r m i n a t i o n  made by  t h e  

e n g i n e e r  o r  by t h e  s c i e n t i s t  has some e r r o r  -  t h i s  v e r y  s i m p l e  

f a c t  o r  comm onp lac e  has n e v e r  been d i s p u t e d .  ( T h i s  f a c t  i s  

e m p h a s i z e d  i n  m a t h e m a t i c a l  s t a t i s t i c s  by a c o n s e q u e n t  us e  o f  

t h e  t e r m i n u s  " e s t i m a t e "  i n  a l l  c a s e s  when e n g i n e e r s  s p e a k  g e n e ­

r a l l y  a b o u t  " d e t e r m i n a t i o n s " ) .  I t  i s ,  h o w e v e r ,  much l e s s  e v i ­

d e n t  how t h e  e r r o r ,  t h e  measure  o f  u n c e r t a i n t y  i s  t o  be d e t e r ­

m in ed  ( o r  e s t i m a t e d ) .  T h i s  i s  t r u e  e ve n  i f ,  n e a r l y  a u t o m a t i c a l ­

l y ,  t h e  s q u a r e  r o o t  o f  t h e  q u a n t i t y

Acta Geod. Geoph. Mont. Hung. 24, 1989 
Akadémiai Kiadú, Budapest
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o r  t h a t  o f

n

n

( l a )

( l b )

( b e i n g  a s y m p t o t i c a l l y  t h e  same) i s  c o m p u t e d  as a m easur e  o f  u n ­

c e r t a i n t y ;  t h i s  q u a n t i t y  i s  c a l l e d  s t a n d a r d  d e v i a t i o n  o f  t h e  

s a m p l e ,  o r  sa m p l e  d i s p e r s i o n .  ( I n  Eqs ( l a )  and ( l b )  t h e  d e v i a ­

t i o n s  o b t a i n e d  f r o m  an a d j u s t m e n t  w i t h  an a r b i t r a r y  numb er  o f  

unknowns c o n c e r n i n g  t h e  q u a n t i t y  z ,  a r e  d e n o t e d  by X| , X2 , • • • ,

X . ,  . . . .  X . )
1  ’ ’ n

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  one c o u l d  t h i n k  i n  

t h e  f i r s t  moment t h a t  u s i n g  t h e  s c a l e  p a r a m e t e r  o f  t h e  d e n s i t y  

f u n c t i o n  f ( x ) ,  o r  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  F ( x )  o f  t h e  

g i v e n  t y p e  o f  rand om d i s t r i b u t i o n ,  m u l t i p l i e d  by a w e l l - d e f i n e d  

c o n s t a n t ,  y i e l d s  an a r b i t r a r i l y  d e f i n e d  e r r o r ,  t h u s  i t  i s  

e q u i v a l e n t  t o  c a r r y  o u t  t h e  e r r o r  c o m p u t a t i o n s  f o r  any e r r o r  

c h a r a c t e r i s t i c s ,  as any o f  them can  be t r a n s f o r m e d  i n  a l l  

o t h e r s .  I f  e . g .  one supposes  a G a u s s i a n  d i s t r i b u t i o n  w i t h  t h e  

s c a l e  p a r a m e t e r  f> , and t h e  sym m e t r y  p o i n t  i n  t h e  o r i g i n ,  i . e .  

t h e  d e n s i t y  f u n c t i o n  i s

f G( x ) 1 e(- X 2  /  2  6  2)
б Ш

( 2 )

t h e n  i n  a g e n e r a l  c a s e  t h e  s e m i - i n t e r q u a r t i l e  range  d e f i n e d  by

Q ]_
2 F " 1 ( 0 . 7 5 ) F 1 ( 0 . 2 5 ) ( 3 )

i s  o b t a i n e d  by t h e  p r o d u c t

Q = 0 . 6 7 4 5 6 ( 4 )

The p r o d u c t  ( E q .  4 )  can be n a t u r a l l y  u s e d  i n  t h e  i n v e r s e
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d i r e c t i o n ,  t o o :  R é n y i  ( 1 9 5 4 )  h i n t s  on p .  594 o f  h i s  bo o k  a t  t h e  

p o s s i b i l i t y  t h a t  i n  case  o f  a G a u s s i a n  d i s t r i b u t i o n ,  6  c a n  be 

e s t i m a t e d  f r o m  t h e  sam pl e  by d e t e r m i n i n g  Qemp ( b a ' s i c a l l y  by 

u s i n g  Eq. 3 ) ,  and t h e n  u s i n g  Eq. ( 4 ) .  I t  i s  f u r t h e r  w e l l  known 

t h a t  f o r  a G a u s s i a n  d i s t r i b u t i o n ,  t h e  o c c u r r e n c e  p r o b a b i l i t y  o f  

an e r r o r  b e i n g  g r e a t e r  t h a n  1 .9 6  6  i s  o n l y  5 p e r c e n t  ( t h e  l e v e l  

o f  s i g n i f i c a n c e  b e i n g  95 %),  t h a t  o f  g r e a t e r  th an  2 . 5 8 6 '  , 1 p e r ­

c e n t  ( t h e  l e v e l  o f  s i g n i f i c a n c e  b e i n g  99 %) and t h a t  o f  g r e a t e r  

t h a n  3 6  , 3 p e r  m i l l e .  T h i s  l i s t  c o u l d  be c o n t i n u e d  i n f i n i t e l y  

by l i s t i n g  t h e  c o n s t a n t  m u l t i p l i c a t o r s  f o r  t h e  e r r o r s  c o r r e ­

s p o n d i n g  t o  d i f f e r e n t  l e v e l s  o f  s i g n i f i c a n c e  ( i n  t h e  s e n s e  used  

a b o v e ) .  Even w i t h  such  a l i s t ,  o n l y  t h e  case  o f  th e  G a u s s i a n  

d i s t r i b u t i o n  w o u ld  be e x h a u s t e d :  m u l t i p l i c a t o r s  t r a n s f o r m i n g  

e r r o r s  d e f i n e d  d i f f e r e n t l y  can a l s o  be l i s t e d  f o r  any o t h e r  

t y p e  o f  d i s t r i b u t i o n .

2 .  PUTTING THE QUESTION STATISTICALLY.  THE BASIC CONDITION IS  

AN INCREASE OF THE ACCURACY PROPORTIONALLY WITH \Jn IN THE 

DETERMINATION OF THE ERRORS

The p r o p e r  ( p r a c t i c a l l y  i m p o r t a n t )  p r o b l e m  i s  w h i c h  o f  t h e  

e r r o r  c h a r a c t e r i s t i c s  can be more a c c u r a t e l y  d e t e r m i n e d ,  t h u s  

t h e  p r o b l e m  has more a s t a t i s t i c a l ,  t h a n  a p r o b a b i l i s t i c  c h a r ­

a c t e r .  Namely  i f  6  can be ( i n  p e r c e n t s )  more a c c u r a t e l y  d e t e r ­

m i n e d  t h a n  Q, t h e n  e . q .  Q can a l s o  be d e t e r m i n e d  v i a  6’ emp
more  a c c u r a t e l y  t h a n  i f  Qefnp w o u ld  be i m m e d i a t e l y  d e t e r m i n e d .  

(T he  i n d e x  "emp" r e f e r s  t o  e m p i r i c a l  v a l u e s  coming f r o m  sam­

p l e s . )  And v i c e  v e r s a :  i f  Q i s  more  a c c u r a t e  f o r  a c e r t a i n  r  emp
d i s t r i b u t i o n  t h a n  6  , t h e n  a more  a c c u r a t e  e s t i m a t e  i s  o b -emp ’
t a i n e d  f o r  6  v i a  Q t h a n  i f  6  wou ld  be d i r e c t l y  emp emp emp ’
d e t e r m i n e d .  ( I n  t h i s  case  t h e  e x i s t e n c e  o f  6  s h o u l d  be sup-,  

p o s e d . )  As t h e  r e q u i r e m e n t s  f o r  p r o c e s s i n g  a n d / o r  i n t e r p r e t i n g  

a l g o r i t h m s  a r e  i n c r e a s i n g  i n  e a r t h  s c i e n c e s ,  t o o ,  r o u g h  e s t i ­

m a t e s  f o r  e r r o r  c h a r a c t e r i s t i c s  t o  d e s c r i b e  the  s o - c a l l e d  d e v i ­

a t i o n  s y s t e m s  may be i n s u f f i c i e n t  t o  c h a r a c t e r i z e  b o t h  t h e  d a t a  

s e t  and t h e  r e s u l t s  ( e . g .  t h e  a d j u s t m e n t  r e s u l t s ) .  I t  i s  n a m e l y  

known t h a t  i f  an a l g o r i t h m  y i e l d s  r e s u l t s  w i t h  1 0  p e r c e n t
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e r r o r  s u r p l u s ,  t h e n  t h e  e f f i c i e n c y  d e c r e a s e s  by 2 0  p e r c e n t  w h a t  

i s  h a r d l y  a l l o w e d  i n  case  o f  e x p e n s i v e  d a t a  s e t s  o f  e a r t h  s c i ­

e n c e s .  A d e v i a t i o n  i n  t h e  e r r o r s  by 10 p e r c e n t  can be d e t e c t e d ,  

h o w e v e r ,  o n l y  i f  t h e  e r r o r s  t h e m s e l v e s  a r e  d e t e r m i n e d  w i t h  e r ­

r o r s  n o t  s u r p a s s i n g  1 - 2  p e r c e n t s .  Such  an a c c u r a c y  can be 

r e a c h e d  even f r o m  g r e a t  da ta  s e t s  o n l y  i f  t h e  e r r o r  d e c r e a s e s  

i n  t h e  u s u a l  w a y ,  i . e .  p r o p o r t i o n a l l y  w i t h  1 / \ / n .

E r r o r  f o r m u l a s  i n  t e x t b o o k s  ( C r a m e r  1958)  c o n t a i n  \Лп 

r e a l l y  i n  t h e  d e n o m i n a t o r .  In  t h e  f o l l o w i n g  i t  w i l l  be shown 

t h a t  f o r  c e r t a i n  t y p e s  o f  d i s t r i b u t i o n s  and  f o r  c e r t a i n  t y p e s  

o f  e r r o r  d e f i n i t i o n s  t h i s  i s  p u r e l y  f o r m a l  due to  t h e  d i v e r ­

g e n c e  o f  o t h e r  f a c t o r s  i n  th e s e  f o r m u l a s .

3 .  ERRORS IN THE DETERMINATION OF INTERQUANTILE RANGES ( q ( p ) - s ) .

ADVANTAGES OF THE USE OF THE SEMI- INTERQUARTILE RANGE Q

Fo r  sake o f  s i m p l i c i t y  i n  t h e  f o l l o w i n g  o n l y  cases  w i l l  be 

t r e a t e d  when t h e  d e n s i t y  f u n c t i o n  f ( x )  o f  x i s  u n i m o d a l ,  c o n ­

t i n u o u s  and s y m m e t r i c a l  f o r  the  o r i g i n .  I n  such a case ( s e e

p .  370 a t  Cramér 1 9 5 8 )  t h e  d i s t r i b u t i o n  o f  t h e  Q - s  i s  a s -  r  emp
y m p t o t i c a l l y  G a u s s i a n  w i t h  th e  f o l l o w i n g  s e m i - i n t e r q u a r t i l e  

r a n g e  :

QQemp

1 0 . 6 7 4 5
\fr\ 4- f  ( Q )  • ( 5 a )

I t  i s  more a d v a n t a g e o u s  t o  use i n  c o m p a r i s o n s  th e  r e l a t i v e  e r ­

r o r  :

/Q
emp

1 0 .6 745
\An ' 4 Q ' f ( Q )

Л  n . ( 5 b )

I t  s h o u l d  be r e m a r k e d  t h a t  t h e  i n t e r q u a n t i l e  r a n g e s  can  be 

d e t e r m i n e d  f o r  o t h e r  v a l u e s  o f  p (0  < p < 0 . 5 ) ,  t o o ,  on t h e  

b a s i s  o f  t h e  d e v i a t i o n s  x ^ ,  x ^ ,  . . . ,  x n ; t h e  d e f i n i t i o n  o f  q ( p )  

i s  :

q ( p ) = F_ 1 ( 1  - p ) -  F_ 1 ( p )  , ( 6 )

i . e .  v a l u e s  t o  t h e  l e f t  and t o  t h e  r i g h t  f r o m  a c e n t r a l
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i n t e r v a l  o f  t h e  l e n g t h  q ( p )  have  t h e  same p r o b a b i l i t y  p ( i . e .  

t h e  v a l u e s  s m a l l e r  t h a n  - q ( p ) / 2  and g r e a t e r  t h a n  + q ( p ) / 2  h a v e  

t h e  same p r o b a b i l i t y  p ) .  The p r o b l e m  i s  n a t u r a l l y  i f  any o t h e r  

c h o i c e  s h o u l d  be more a d v a n t a g e o u s  i n s t e a d  o f  Q = q ( 0 . 2 5 ) / 2 ,  

i . e .  any i n c r e a s e  i n  t h e  a c c u r a c y  c o u l d  be re a c h e d  i n  t h i s  w ay .

I n  o r d e r  t o  answe r  t h i s  q u e s t i o n ,  t h e  e r r o r  measured  by 

t h e  s e m i - i n t e r q u a r t i l e  r a n g e  o f  t h e  n u m e r i c a l  d e t e r m i n a t i o n  o f  

q ( p )  s h o u l d  be o b t a i n e d  ( b a s e d  on Cramér  1958 )  a g a i n  i n  a 

r e l a t i v e  s e n s e ,  i . e .  d i v i d e d  by q ( p ) :

Qq(p)emp/4(P) = tfn q(p)  • f ( q ( p ) / 2 ) ^ P ( 0 - 5 -P) = E(p) /^ " *  • ( 7  }

By s u b s t i t u t i n g  p = 1 / 4 ,  Eq. ( 5 )  i s  f o u n d  a g a i n  (and Eg i s

e q u a l  t o  E( 0 .25 ) ) .  emp
The a n a l y t i c a l  f o r m  o f  E ( p )  i s  g i v e n  i n  t h e  f o l l o w i n g  f o r  

some random d i s t r i b u t i o n s .

a )  F o r  u n i f o r m  d i s t r i b u t i o n :

E ( P ) = 0 . 6 7 4 5 ^ 0 - 1 ^  ; (*7a)

b )  F o r  t h e  L a p l a c e - d i s t r i b u t i o n :

E ( p )  =
0 ,6 7 4 5

p • ln h
\ / p ( 0 . 5 - p ) ; ( 7 b )

c )  F o r  t h e  C a u c h y - d i s t r i b u t i o n :

e(p) = Î.°'67,5ta[n'|^ ns[rpS|-5' p):|)2j ; (7 0

d )  f o r  t h e  d i s t r i b u t i o n  f g g ( x )  d e f i n e d  by C se rn yá k  ( 1 9 8 2 ) :

E ( p )
l n  2 0 . 6 7 4 5 - j 1 / 2 p  ̂

Г2  / о 1 / 2 р 3 2 )
2 p • ( 2

\ / p ( 0 . 5 - p )  . ( 7d )

The d i s t r i b u t i o n  f g g ( x )  has t h e  d e n s i t y  f u n c t i o n :

f c s ( x )  = 2  • l n 2

(4 IXI + 2) ■ l n z (4  IXI + 2)
( 8 )
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and  i t  i s  o f  i n f i n i t e  e n t r o p y ,  t h u s  i t  has v e r y  heavy  f l a n k s .  

The p r a c t i c a l l y  o c c u r r i n g  d i s t r i b u t i o n s  c a n n o t  be n a t u r a l l y  s e ­

l e c t e d  i n  t h e  e n g i n e e r i n g  p r a c t i c e ,  t h e r e f o r e ,  i f  i t  i s  n e c e s ­

s a r y ,  Eq. ( 8 ) i s  u s e d  as a model  o f  t h e  d e n s i t y  f u n c t i o n .  N a t u ­

r a l l y  i t  may a l s o  o c c u r  t h a t  one has  a much more a d v a n t a g e o u s  

s i t u a t i o n  and t h e  a c t u a l  d i s t r i b u t i o n  can  be m o d e l l e d  by t h e  

L a p l a c e - d i s t r i b u t i o n ' s d e n s i t y  f u n c t i o n :

f ( x )  = 1  e~ x ( 9 )

( I n  t h i s  case n o t  o n l y  t h e  e n t r o p y ,  b u t  moments o f  any o r d e r  

a r e  f i n i t e , t o o . )

I f  t h e  E ( p ) - c u r v e s  c o r r e s p o n d i n g  t o  Eqs ( 7 a )  and ( 7 b )  a r e  

p l o t t e d ,  cases  a r e  c o n s i d e r e d  w h i c h  a r e  e x t r e m e l y  a d v a n t a g e o u s  

and  d i s a d v a n t a g e o u s ,  r e s p e c t i v e l y .  F i g u r e  1 shows t h a t  E ( p )  o f  

t h e  L a p l a c e - d i s t r i b u t i o n  has a m i n im um a t  a b o u t  p = 0 . 1 ,  i . e .  

i f  t h e  samp les  a r e  f r o m  such a d i s t r i b u t i o n ,  t h e  e r r o r  ( o r  t h e  

s c a l e  p a r a m e t e r )  can  be e s t i m a t e d  m or e  e f f e c t i v e l y  f r o m  an 

i n t e r v a l  w h ic h  c o n t a i n s  abou t  80 p e r c e n t  o f  t h e  d a t a  ( f r o m  a l l  

i n t e r q u a n t i l e  r a n g e s ) ;  i n  such a c a s e  t h e  e r r o r  o f  t h e  e r r o r  

d e t e r m i n a t i o n  can be e s t i m a t e d  f o r  g r e a t  n - s  f r o m  t h e  f o r m u l a  

0 . 8 3 8 / / r i .  I n  c ase  o f  t h e  f ^ g ( x )  d i s t r i b u t i o n  t h e  mos t  e f f e c t i v e  

e s t i m a t i o n  i s  made f r o m  a sample c o n t a i n i n g  t h e  c e n t r a l  t h i r d  

o f  a l l  v a l u e s ,  and i n  t h a t  case t h e  e r r o r  o f  t h e  d e t e r m i n e d  e r ­

r o r  i s  1 . 6 9 3 / \ / n .  T h e r e f o r e  when t h e  e n g i n e e r i n g  p r a c t i c e  uses  

n e a r l y  a l w a y s  t h e  v a l u e  o f  2 Qemp ( i f  an i n t e r q u a n t i l e  r a n g e  i s  

d e t e r m i n e d  and n o t  t h e  most  common m e t h o d ,  t h e  d e t e r m i n a t i o n  o f  

б 'етр  i-s a p p l i e d ) ,  a v e r y  w is e  c h o i c e  i s  made: f o r  a d i s t r i b u ­

t i o n  o f  unknown t y p e ,  t h e  d e t e r m i n a t i o n  i s  made f o r  a p - v a l u e  

o f  0 . 2 5  w h ic h  y i e l d s  b o t h  f o r  v e r y  a d v a n t a g e o u s  and v e r y  d i s ­

a d v a n t a g e o u s  c a s e s  an a c c u r a c y  i n  t h e  d e t e r m i n a t i o n  o f  t h e  e r ­

r o r  n o t  t o o  f a r  f r o m  t h e  op t im um .  ( F o r  t h e  L a p l a c e - d i s t r i b u t i o n  

E ( 0 . 2 5 )  = 0 . 9 7 3 1 ,  t h e  minimum E ( p )  i s  o n l y  by 14 p e r c e n t  l e s s ,  

f o r  t h e  f ç g i x )  d i s t r i b u t i o n  E ( 0 . 2 5 )  = 1 . 8 7 0 1 ,  and t h e  min imum 

i s  i n  t h a t  case  l e s s  o n l y  by 9 . 5  p e r c e n t . )  i s  r e a c h e d  w h i c h  i s .  

I t  s h o u l d  be added t h a t  t h e  C a u c h y - d i s t r i b u t i o n  w h ic h  has  an 
i m p o r t a n t  r o l e  i n  e a r t h  s c i e n c e s ,  has  i t s  minimum j u s t  a t
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F ig .  1. The fu nc t io n  E(p) cha rac te r i z in g  the r e l a t i v e  er rors of  the es t ima­
t i o n  o f  the s e m i - i n te r q u a n t i l e  range q (p )  i n  a "very advantageous" 
and i n  a "very disadvantageous" case. (T h is  e r r o r  i s  computed as 
E ( p ) / / n ,  where n i s  the number o f  elements i n  the sample.) The semi - 
i n t e r q u a r t i l e  range Q can be est imated advantageously in  both cases
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p = 0 . 2 5  ( and i t  i s  s y m m e t r i c a l  a r o u n d  t h i s  p o i n t ,  see t h e  

c u r v e  t o  a=2 on F i g .  5 ,  o r  d i r e c t l y  Eq .  ( 7 c ) ) .

A f u r t h e r  w e l l  known p r a c t i c a l  a d v a n t a g e  o f  t h e  use  o f  Q 

s h o u l d  be m e n t i o n e d  h e r e ,  t o o :  Q i s  t h e  p r o b a b l e  e r r o r  i n  t h e  

s e n s e  t h a t  t h e  a b s o l u t e  v a l u e s  o f  t h e  d e v i a t i o n s  ( i . e .  t h e  e r ­

r o r s )  have v a l u e s  b o t h  g r e a t e r  and l e s s  t h a n  Q w i t h  a p r o b a b i l ­

i t y  o f  0 . 5 .

4 .  ERRORS OF THE DETERMINATIONS OF Q FDR THE DISTRIBUTION TYPES 

OF THE FAMILY f  ( x )
Э

Two k i n d s  o f  E ( 0 . 2 5 )  = En h a v e  been  m en t io n e d  h i t h e r t o ,
wemp

w h e r e b y  t h e  v a l u e  1 .8 701  c o r r e s p o n d i n g  t o  a v e r y  u n f a v o u r a b l e  

c a s e  does  n o t  d i f f e r  by more t h a n  a f a c t o r  o f  two f r o m  t h e  

v a l u e  0 .9731  f o r  a v e r y  f a v o u r a b l e  c a s e .  T h i s  means t h a t  t h e  

e r r o r  i n  t h e  e r r o r  e s t i m a t i o n  i s  r a t h e r  i n s e n s i t i v e  f o r  t h e  

( m o s t l y  unknow n)  t y p e  o f  t h e  d i s t r i b u t i o n .  For  a s y s t e m a t i c  

s t u d y  some known s i n g u l a r  t y p e s  o f  d i s t r i b u t i o n s  a re  n a t u r a l l y  

i n s u f f i c i e n t :  a s u p e r m o d e l  s h o u l d  be u s e d .

On t h e  b a s i s  o f  C s e rn yák  and S t e i n e r  ( 1 9 8 2 ) ,  t h e  d i s t r i b u ­

t i o n  f a m i l y  f  ( x )  s h o u l d  be d e f i n e d  as f o l l o w s :
Э

f a ( x )
1

7 1 7 2
c ( a ) • ( 1 + x 2 )

a > 1 , ( 1 0 )

w h e r e

( 1 0 a)

a=2 y i e l d s  t h e  d e n s i t y  f u n c t i o n  o f  t h e  C a u c h y - d i s t r i b u t i o n ; i n  

c a s e  o f  a oo f g ( x )  —* f g ( x ) .  S t e i n e r  ( 1 9 8 8 )  p r e s e n t e d  t h e  a n a ­

l y t i c a l  f o r m 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  F ( x )  f o r  i n t e g e r  

v a l u e s  o f  a ,  f u r t h e r  c o m f o r t a b l e  t a b l e s  f o r  c ( a )  and Q.

The g e n e r a l  e q u a t i o n  ( 5 )  y i e l d s  e a s i l y  Eg = E ( 0 . 2 5 )  f o r  

t h e  f a m i l y  f  ( x ) :

En = 0 .6 745  • c ( a ) - ( l + Q 2 )
^emp

( i n
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f o r  the  d i s t r i b u t i o n  types o f  theFig.  2. The curves o f  En and of  Ел
4emp emp

supermodel f  ( x ) .  (The e r r o rs  are t o  be computed as E/i/n i n  bo th 
°  1 

cases. )  Eg i s  approximating i n f i n i t y  i f  ( l -а)  tends to  0 .25 ,

i . e . , a tends to  5

En can  be a d v a n t a g e o u s l y  p l o t t e d  v s .  ( a - 1 )  1 (see  F i g .  2 ) :
^  бглр

b e g i n n i n g  w i t h  t h e  G a u s s i a n  d i s t r i b u t i o n  ( i . e .  f rom a = «о , i . e .

from (a—1 ) - ^= 0 ) .  Eq6 i s  m o n o t o n o u s l y  i n c r e a s i n g  f rom 0 . 7 8 6 7  t i l l

1 .3 4 2 6  f o r  f g ( x )  b e l o n g i n g  t o  a = 1 . 6 .  ( I t  i s  c h a r a c t e r i s t i c

f o r  t h e  r a n g e  o f  t h e  v a l u e s  o f  En t h a t  i f  t h e  p e r c e n t u a l  e r -
4emp

r o r  o f  t h e  e s t i m a t e  Qe(r|p w ou ld  be a l w a y s  computed  w i t h  t h e  

f o r m u l a  1 0 0 / ' / n ,  a maximum d i s t o r t i o n  o f  27 p e r c e n t  w o u ld  be 

made i n  t h e  v e r y  w i d e  ra nge  o f  t y p e s  s t u d i e d . )
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5 .  ERRORS OF THE DETERMINATIONS OF 6  IN A GENERAL CASE ANDemp
FOR THE DISTRIBUTION TYPES OF THE FAMILY f  ( x )a

I n  an o v e r w h e l m i n g  m a j o r i t y -  o f  t h e  p r a c t i c a l  c a s e s ,  6 remp

i s  co m pu te d  as m e n t i o n e d  a l r e a d y  s e v e r a l  t i m e s .  The r a t i o

QfT /б" s h o u l d  be s t u d i e d  i n  t h e  f o l l o w i n g  f o r  d i f f e r e n t  t y p e s  
srnp

o f  d i s t r i b u t i o n s .  F o r  t h i s  q u a n t i t y  t h e  n o t a t i o n  Ef> i s  i n -
emp

t r o d u c e d .
2

Cramér ( 1 9 5 8 ,  p .  364)  t e l l s  us t h a t  t h e  q u a n t i t i e s  6 emp 

c o m p u t e d  a c c o r d i n g  t o  Eq.  ( 1 )  have  a s y m p t o t i c a l l y  a G a u s s i a n  

d i s t r i b u t i o n  w i t h  a s e m i - i n t e r q u a r t i l e  r a n g e  o f :

V 2
emp

0 . 6745
Vn

x 4  f ( x )  dx -  6 4 ( 12 )

I f  n i s  r e a l l y  v e r y  b i g ,  th en  Q 9
о

t o  6  , i . e .  t h e  s e m i - i n t e r q u a r t i T e  r a n g e

i s  v e r y  s m a l l  w i t h  r e s p e c t

Qff,emp
o f  t h e  q u a n t i ­

t i e s  C>emp i s  o b t a i n e d  by t h e  d i v i s i o n  o f  th e  e x p r e s s i o n  i n  

Eq .  ( 1 2 )  by 2 ЕГ . The r e l a t i v e  e r r o r  o f  t h e  e r r o r  e s t i m a t i o n  by 

®emp :' 'S ° b t a i n e d  a c c o r d i n g l y  f r o m  t h e  f o l l o w i n g  f o r m u l a :

/  &  =
1 0.6745

emp \П\ 26 "

f ( x )  dx 6 4  s E, /Vn ( 1 3 )
emp

L e t  us c a r r y  o u t  t h e  f o l l o w i n g  i n v e s t i g a t i o n s  on t h e  

d i s t r i b u t i o n  t y p e s  o f  t h e  s u p e r m o d e l  f  ( x ) .

I n t r o d u c t o r i l y  i t  s h o u l d  be r e m a r k e d  t h a t  6  e x i s t s  o n l y  

i f  a > 3,  i t s  v a l u e  i s  i n  such c a s e s  1 / Va -  3 (C se rn yá k  and 

S t e i n e r  1 9 8 2 ) .  I t  i s  s u r p r i s i n g  f o r  t h e  f i r s t  g l a n c e  t h a t  t h e  

i n t e g r a l  i n  Eq.  ( 1 3 )  e x i s t s  o n l y  f o r  a > 5:  t h a t  means t h a t  f o r  

d i s t r i b u t i o n s  w i t h  a í  5 ,  a t  i n c r e a s i n g  n v a l u e s ,  an e r r o r  d e ­

c r e a s i n g  w i t h  1 / V n  s h o u l d  n o t  be e x p e c t e d  ( a l t h o u g h ,  as i t  has  

b e e n  shown,  t h i s  i s  t h e  b a s i c  c o n d i t i o n ) .  By s u b s t i t u t i n g  t h e  

v a l u e s  o f  t h e  i n t e g r a l  and o f  6  i n t o  Eq .  ( 1 3 ) ,  one g e t s :

E
emp

0 . 6 7 4 5  \ j  a-2  
y 2 a - 5  >

( a > 5 ) ■ ( 1 4 )
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T h i s  c u r v e  o f  E*- i s  a l s o  p r e s e n t e d  on F i q .  2 :  t h e  c u r v e  
°emp

s t a r t s  i n  case  o f  a G a u s s i a n  d i s t r i b u t i o n  ( a t  1/ ( a - 1 )  = 0 )  a t  a

v a l u e  b e i n g  s i g n i f i c a n t l y  l e s s  th a n  t h e  c u r v e  En , b u t  t h e n
4 emp

i t  i n c r e a s e s  v e r y  q u i c k l y  t o w a r d  i n f i n i t y .

I f  b o t h  c u r v e s  a r e  r e p r e s e n t e d  on a common f i g u r e ,  s e v e r a l  

c o m p a r i s o n s  become p o s s i b l e ,  n e v e r t h e l e s s  i t  i s  a d v a n t a g e o u s  t o  

c o m p u t e  t h e  r e l a t i v e  e f f i c i e n c y ,  t o o :

e r  •  E 0  / E 6  ( , 5 >emp u emp

b e i n g  f o r  t h e  f a m i l y  f g ( x )

« r  ■ ^ f 2  ■ Й  ■ < ' * 0 ) a . < l 5 a )

i f  a > 5 ,  and z e r o  i f  a ^  5 .  The c u r v e  o f  e i s  p r e s e n t e d  on 

F i g .  3.

A t  a = 6 . 3 , e r  = 1 ; i n  case  o f  t h i s  d i s t r i b u t i o n  t y p e  i t  

makes no d i f f e r e n c e  i f  t h e  e r r o r  o f  t h e  d e v i a t i o n  s e t  i s  d e -
*

t e r m i n e d  v i a  f j  o r  v i a  Q . T h i s  d i s t r i b u t i o n  i s  an e l e m e n t  emp emp
o f  t h e  d i s t r i b u t i o n s  i n  t h e  s o - c a l l e d  J e f f r e y s - i n t e r v a l  c h a r ­

a c t e r i z e d  by 6  < a < 1 0  ( s e e  e . g .  S t e i n e r  1985 )  w h ic h  was d e ­

s c r i b e d  by J e f f r e y s  as t h e  i n t e r v a l  w he re  d i s t r i b u t i o n s  a r e  

f o u n d  w h i c h  may o c c u r  i n  t h e  p r a c t i c e ,  t o o ,  b u t  an even  b e t t e r  

a p p r o x i m a t i o n  o f  t h e  G a u s s i a n  d i s t r i b u t i o n  i s  v e r y  u n l i k e l y .

The J e f f r e y s - i n t e r v a l  was f o u n d  a l s o  by C s e rn y á k  ( 1 9 8 7 )  as 

b e i n g  an i n t e r m e d i a t e  r a n g e  w h ic h  was y i e l d e d  on g r o u n d  o f  a 

s i m p l e  and e a s i l y  a c c e p t a b l e  m a t h e m a t i c a l  d e f i n i t i o n  f o r  t h e  

" s t e r i l e "  d i s t r i b u t i o n s ,  i . e .  f o r  d i s t r i b u t i o n s  h a v i n g  s i g n i f i ­

c a n t l y  s h o r t e r  f l a n k s  t h a n  t h e  commonly o c c u r r i n g  d i s t r i b u t i o n s .  

The i n s c r i p t i o n s  " s t e r i l e  d i s t r i b u t i o n "  -  " r e a l  d i s t r i b u t i o n s "  

on F i g .  3 i n d i c a t e  j u s t  t h i s  c i r c u m s t a n c e .
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F i g .  3. Relat ive e f f i c i e n c y  o f  the sample standard  dev ia t ion  i n  r e l a t i o n  to 
the em p i r i ca l  sample s e m i - i n t e r q u a r t i l e  range f o r  d i f f e r e n t  types of 
d i s t r i b u t i o n s

6 . THE RANGE OF TYPES f  ( x )  MODELLING THE BEST THE MOST FRE­

QUENTLY OCCURRING DISTRIBUTIONS IN THE PRACTICE. THE DOGMA 

ABOUT THE OVERWHELMING OCCURRENCE OF THE GAUSSIAN D IS TR IB U ­

TION IN PRIMARY DISTRIBUTIONS

There  a r e  c o n t r a d i c t o r y  o p i n i o n s  a b o u t  t h e  o c c u r r e n c e  o f  

t h e  Gau ss ia n  d i s t r i b u t i o n  i n  t h e  p r a c t i c e .  E a r l y  a u t h o r s  (a n d  

p r e s e n t  ones who c o u l d  n o t  change t h e i r  m i nd  i n  t h i s  r e s p e c t )  

h a v e  supposed t h a t  e r r o r s  f o l l o w  p r a c t i c a l l y  a l w a y s  a G a u s s i a n  

d i s t r i b u t i o n ;  a t  p r e s e n t  t h e  o p i n i o n  p r e v a i l s  t h a t  a G a u s s i a n  

d i s t r i b u t i o n  i s  f o u n d  o n l y  w i t h  a n e g l i g i b l e  p r o b a b i l i t y .  Some 

c o r r e s p o n d i n g  t e x t s  a r e  q u o te d  by S t e i n e r  ( 1 9 8 5 )  where  he a l s o  

e m p h a s i z e d  t h a t  e s t i m a t e s  have i n  t h e  m a j o r i t y  o f  c a s e s
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G a u s s i a n  d i s t r i b u t i o n s  i n d e p e n d e n t l y  o f  t h e  o c c u r r e n c e  p r o b a ­

b i l i t y  o f  random v a r i a b l e s  o f  d i f f e r e n t  d i s t r i b u t i o n  t y p e s  i n  

t h e  p r a c t i c e .

The p r e v i o u s  c o m p a r i s o n  b e tw e e n  a n c i e n t  and r e c e n t  a u t h o r s  

i s  somewhat  u n j u s t i f i e d  a g a i n s t  t h e  a n c i e n t  ones as some r a t h e r  

e a r l y  a u t h o r s  ( 5 0 - 1 0 0  y e a r s  a go )  ha ve  a l r e a d y  m e n t io n e d  t h e  

f a c t  t h a t  p r a c t i c a l  d i s t r i b u t i o n s  may d i f f e r  f rom t h e  G a u s s i a n  

one ( c i t e d  by S t e i n e r  1985 ,  1 9 8 6 ) .  I t  i s  more c o r r e c t  t o  say  

t h a t  a u t h o r s  w i t h  p r o p e r  t h e o r e t i c a l  k n o w l e d g e  and p o s s e s s i n g  

s u f f i c i e n t l y  l a r g e  d a t a  s e t s  deny  t h e  o v e r w h e l m i n g  o c c u r r e n c e  

o f  t h e  G a u s s i a n  d i s t r i b u t i o n  i n  p r i m a r y  d a t a ,  whereas  t h e o r e t i ­

c a l  m a t h e m a t i c i a n s  and a u t h o r s  f o l l o w i n g  them a c c e p t  t h i s  p r e ­

p o n d e r a n c e .  As a t h e o r y  b e h i n d  t h i s  a c c e p t a n c e  i t  i s  q u o t e d  

s o m e t i m e s  t h a t  i f  t h e  e r r o r  i s  t h e  r e s u l t s  o f  th e  a d d i t i o n  o f  

an i n f i n i t e  number  o f  i n f i n i t e l y  s m a l l  e r r o r s ,  t h e n  t h e  d i s t r i ­

b u t i o n  i s  r e a l l y  o f  G a u s s i a n  t y p e .  T h i s  p r e m is s a  i s ,  h o w e v e r ,  

n e v e r  f u l l y  t r u e .  Bu t  i f  t h i s  c o n d i t i o n  i s  n o t  f u l f i l l e d  t h e n  

t h e  r e a l  d i s t r i b u t i o n  w i l l  o n l y  a p p r o x i m a t e  t h e  G a u s s i a n  

d i s t r i b u t i o n ,  t h e  a c t u a l  d i s t r i b u t i o n  c o r r e s p o n d s  e . g .  t o  f g ( x )  

b e l o n g i n g  t o  a = 5 .  W he th e r  t h i s  d i s t r i b u t i o n  t y p e  i s  n e a r  t o  

t h e  G a u s s i a n  one o r  n o t ,  can be j u d g e d  by means o f  F i g .  A.  One 

o f  t h e  t h r e e  c u r v e s  r e p r e s e n t s  f 5 ( x ) ,  t h e  o t h e r  two a r e  f ^ ( x ) -  

es a c c o r d i n g  t o  Eq. ( 2 ) ,  i n  case  o f  t h e  f i r s t  Q, i n  c a s e  o f  t h e  

s e c o n d ,  6 ” i s  t h e  same as t h a t  o f  f ^ ( x ) .  The s m a l l  d i f f e r e n c e  

i n  t h e  d e n s i t y  f u n c t i o n s  i s  n o t  f e l t  s u f f i c i e n t  f o r  t h e  c h a n g e  

o f  t h e  e r r o r  o f  an e r r o r  c h a r a c t e r i s t i c  f r o m  an a d v a n t a g e o u s  

v a l u e  t o  an i n f i n i t e  one ( s e e  a l s o  t h e  r a p i d  d e c re a s e  t o  z e r o  

o f  t h e  c u r v e  e f  i n  F i g .  3 a t  1/ ( a — 1)  = 0 . 2 5 ,  i . e .  a t  a = 5 ,  o r

t h e  i n f i n i t e  v a l u e  o f  t h e  c u r v e  o f  Eg- a t  th e  same p l a c e ) .
emp

Thus  t h e  r e l i a b i l i t y  o f  t h e  e r r o r  e s t i m a t i o n  i s  s t r o n g l y  i n f l u ­

e nce d  by t h e  f a c t ,  t h a t  the e r r o r  e s t i m a t io n  by i s  ex treme ly

s e n s i t i v e  f o r  a change o f  the d i s t r i b u t i o n  t y pe ,  and in  a wide range o f  

d i s t r i b u t i o n s ,  i t  i s  assympto t i ca l l y  o f  no use. ( F o r  f i n i t e  n - s ,  C s e r ­

n y á k  i s  c a r r y i n g  o u t  i n v e s t i g a t i o n s  t o  c l o s e  t h i s  p r o b l e m  w i t h  

s a t i s f y i n g  r e s u l t s :  f r o m  t h e s e  r e s u l t s  i t  w i l l  be known w h a t  i s  

t h e  mo s t  p r o b a b l e  v a l u e  o f  & emp f o r  a g i v e n  v a l u e  o f  n ,  even  

i f  6  i s  i n f i n i t e ) .
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F ig .  4. The dens i t y  f u n c t i o n  of  the supermodel f a (x )  f o r  the type parameter 
value a = 5, to ge th e r  wi th two Gaussian dens i t y  funct ions i n  the 
same system o f  coordinates .  The d e v i a t i o n  o f  the types i s  ha rd l y  
considered imp o r t an t

M a t h e m a t i c i a n s  have  no c o m pe te nce  t o  speak  abou t  t h e  f r e ­

q u e n c y  o f  o c c u r r e n c e  o f  t h e  d i f f e r e n t  d i s t r i b u t i o n  t y p e s ;  as 

m a t h e m a t i c s  i s  t h e  s c i e n c e  t o  r e a c h  c o n c l u s i o n s  f rom g i v e n  

p r e m i s s a e  ( t h e  v e r y  m i s t a k e  i s  n o t  made by t h e  m a t h e m a t i c i a n  

when he i s  s p e a k i n g  a b o u t  c o r r e s p o n d i n g  r e s u l t s ,  b u t  by t h o s e  

who e x p e c t  t h e  a n s w e r  f r o m  th e  m a t h e m a t i c i a n s ) .  Such a s t a t e m e n t  

i s  i n  i t s  more g e n e r a l  fo rm  by f a r  n o t  new.  Seneca w r o t e  i n  h i s  

E t h i c a l  L e t t e r  8 8 : " t h e  mathematics i s  so t o  say a s u r f a c e  s c i ­

e n c e ,  i t  b u i l d s  on f o r e i g n  bases .  I t  a c c e p t s  th e  s t a r t i n g  p o i n t s  

and f r o m  them i t  c o n t i n u e s  to w a rd  t h e  end  p o i n t " .

Thus t h e  s t u d y  o f  t h e  o c c u r r e n c e  o f  t y p e s  i s  a t a s k  f o r

p r a c t i c a l  e x p e r t s .  ( F o r  t h i s  p u r p o s e ,  u p t o d a t e  methods s h o u l d
2

be u s e d ;  c o n c e r n i n g  t h e  dange rs  o f  t h e  a p p l i c a t i o n  o f  t h e  -  

t e s t ,  see e . g .  H a j a g o s '  ( 1 9 8 7 )  p a p e r . )  F e r e n c z y  and Ta k á c s
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( 1 9 8 6 )  r e p o r t e d  on t h e  r e s u l t s  o f  t h e  t y p e  d e t e r m i n a t i o n s  on 

b o r e h o l e  d a t a  s y s t e m s  u s i n g  d i f f e r e n t  m e t h o d s ;  th e y  f o u n d  

d i s t r i b u t i o n s  i n  t h e  J e f f r e y s - i n t e r v a l , t o o ,  b u t  t h e  b u l k  o f  

t h e  d e v i a t i o n - s y s t e m s  f u l f i l l e d  n o t  o n l y  a < 6 , b u t  a l s o  a < 4 ,  

and even  a < 2 was p r e s e n t .  T a k i n g  i n t o  a c c o u n t  S t e i n e r ' s  (1988) 

s t a t e m e n t s ,  t h e  d i s t r i b u t i o n  t y p e s  ca n  be m o d e l l e d  by f g ( x ) - e s  

b e l o n g i n g  t o  t h e  v a l u e s  a i n  t h e  i n t e r v a l  6  > a > 1 . 8 , and i n  a 

w i d e r  s e n s e  i n  t h e  i n t e r v a l  1 0  > a > 1 . 6  ( e . g .  t h e  d i s t r i b u t i o n  o f  

t h e  d e v i a t i o n s  a f t e r  a d j u s t m e n t ) ;  t h e  o c c u r r e n c e  o f  d i s t r i b u ­

t i o n  o u t s i d e  o f  t h e  l a s t  i n t e r v a l  has  a v e r y  low p r o b a b i l i t y .

I n v e s t i g a t i o n s  c o n c e r n i n g  d i s t r i b u t i o n  t y p e s  made on d a t a  

s e t s  o f  a v e r y  h i g h  number o f  e l e m e n t s  can  l e a d  e v i d e n t l y  t o  

d i f f e r e n t  r e s u l t s  i n  d i f f e r e n t  d i s c i p l i n e s .  I n  e a r t h  s c i e n c e s  

t h e r e  i s  a v e r y  g r e a t  amount  t o  be made,  t o o ,  b u t  a c o n s i d e r ­

a b l e  ch ange  i n  t h e  s t a t e m e n t s  above i s  n o t  t o  be e x p e c t e d  

b e l o n g i n g  t h e  d i s t r i b u t i o n  t y p e s  o c c u r r i n g  t h e r e .

7 .  THE NEED FOR A NEW DEFINITION OF THE ERROR. PROPOSAL TO USE 

THE QUANTITIES U AND 0 ,  RESPECTIVELY, IN THE NORMAL PRACTICE

The p r e v i o u s  s e c t i o n s  c o n t a i n  t h e  n e c e s s a r y  minimum i n f o r ­

m a t i o n  a b o u t  t h e  t y p e  o f  d e v i a t i o n s  o c c u r r i n g  i n  t h e  p r a c t i c e ;  

t h e y  h e l p  t h u s e  who have  l i t t l e  p r a c t i c e  i n  t h i s  t o p i c  t o  u n ­

d e r s t a n d  t h e  ma in  p o i n t s .  Now r e t u r n i n g  t o  o u r  o r i g i n a l  t a s k ,  

we have  t o  demand f r o m  t h e  p r a c t i c a l l y  a p p l i c a b l e  e r r o r  d e f i ­

n i t i o n  t h a t  i t s  r e l i a b i l i t y  s h o u l d  d e p e n d  as s l i g h t l y  as o n l y  

p o s s i b l e  f r o m  t h e  a c t u a l  t y p e  o f  e r r o r  d i s t r i b u t i o n .

One m i g h t  as w e l l  say a t  f i r s t  s i g h t  t h a t  Qemp has a c c o r d ­

i n g  t o  o u r  i n v e s t i g a t i o n s  t h i s  p r o p e r t y .  T h i s  i s  t r u e ,  n e v e r ­

t h e l e s s ,  a f u r t h e r  d e v e l o p m e n t  t o  make i t  more a d e q u a te  i s  

n e c e s s a r y .

The f i r s t  r e m a r k  i s  t h a t  i t  seems t o  be u s e f u l  t o  t a k e  

i n t o  a c c o u n t  nox o n l y  2Q = q ( 0 . 2 5 ) ,  b u t  some o t h e r  q ( p ) - s  

b e l o n g i n g  t o  p t  0 . 2 5 ,  as i t  has been  shown a l r e a d y  i n  F i g .  1 

t h a t  q ( p ) - s  can  be d e t e r m i n e d  w i t h  s i m i l a r  a c c u r a c y  i n  a r a t h e r  

w id e  r a n g e  ( w h e r e  E ( p ) - s  d u f e r  o n l y  s l i g h t l y ) .  S i n c e  t h e n ,  we 

have  g o t  a c q u a i n t e d  w i t h  t h e  f a m i l y  f  ( x ) ,  and a l s o  w i t h  t h e
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t y p e s  o f  d i s t r i b u t i o n s  t o  be e x p e c t e d  i n  e a r t h  s c i e n c e s .  I n  t h e  

f o l l o w i n g  we s h a l l  c o n c e n t r a t e  on t h e  i n a c c u r a c i e s  c o n n e c t e d  

w i t h  t h e  d e t e r m i n a t i o n  o f  q ( p ) - s  f o r  t h e s e  t y p e s  o f  d i s t r i b u ­

t i o n s  .

G e n e r a l  e q u a t i o n  ( 7 )  g i v e s  t h e  f o l l o w i n g  r e c i p e  i n  c a s e  o f

t h e  f a m i l y  f g ( x )  f o r  t h e  • d e t e r m i n a t i o n  o f  E (p )  = \fr\ • Q , -, /q (p )
a 4   ̂P '  emp

£

2 ' V p ( 0 . 5 - p ) , ( 1 6 )

a ' 1 '
E ( p )

0 . 6 7 4 5  

F- 1 ( 1 - d )
c ( a )  ■

_

1 +
F a 1 ( 1 -  P )_

2

w h e r e  F ^ ( . )  i s  t h e  i n v e r s e  f u n c t i o n  o f  t h e  F ( x )  d i s t r i b u t i o n
3 Э

f u n c t i o n  b e l o n g i n g  t o  f g ( x )  ( i n  a g e n e r a l  case i t  c a n n o t  be 

g i v e n  i n  an a n a l y t i c a l  f o r m ;  f o r  a = 2 , i t  i s  t a n  [ 3 l ( 0 . 5 -p )J ,  see  

a l s o  Eq. ( 7 c ) ) .

F i g u r e  5 shows t h e  c u r v e s  E ( p )  on t h e  b a s i s  o f  Eq. ( 1 6 )  

f o r  a = 1 . 2 6 ;  2;  3 ;  4 ;  6 ; 10.  T h i s  s e r i e s  i s  comp l eme nte d  w i t h  

t h e  E ( p ) - c u r v e  b e l o n g i n g  t o  a=c o ,  i . e .  t o  t h e  G a u ss i an  t y p e  

d i s t r i b u t i o n s ,  b e i n g  on t h e  b a s i s  o f  Eq.  ( 7 )

E (p ) 0 . 6 7 4 5  Щ  

<j> _ 1  ( 1 - p )
exp $ 1 ( i - p ) 7 2 \ / p • (0 .5—p) • ( 1 7 )

T h i s  f o r m u l a  can be e a s i l y  e v a l u a t e d  by u s i n g  t a b l e s  o f  t h e

f u n c t i o n  $ ( x ) (231 ) 1 / 2

- 0 0

- t 2 / 2 d t .  F i g u r e  5 c o n t a i n s  t h e

E ( p )  c u r v e s  b e l o n g i n g  t o  t h e  u n i f o r m  d i s t r i b u t i o n ,  t o o  ( E q .  

( 7 a ) ) ,  as i t  can be e a s i l y  seen t h a t  w i t h  p — 0 . 5 ,  t h e  E ( p ) -  

- c u r v e s  have t o  c o n v e r g e  t o  t h i s  f u n c t i o n  i f  t h e  d i s t r i b u t i o n  

f u n c t i o n  can c o n t i n u o u s l y  be d e r i v e d  i n  t h e  symmet ry  p o i n t ,  

i . e .  i f  t h e  d e n s i t y  f u n c t i o n  f ( x )  ca n  be a p p r o x i m a t e d  by a 

c o n s t a n t  v a l u e  i n  t h e  v i c i n i t y  o f  t h e  s y m m e t r y  p o i n t .  -  The 

E ( p ) - c u r v e  o f  t h e  G a u s s i a n  d i s t r i b u t i o n  i s  i n  a s u r p r i s i n g l y  

w i d e  i n t e r v a l  v e r y  n e a r  t o  t h e  E ( p ) - c u r v e  o f  th e  u n i f o r m  d i s ­

t r i b u t i o n  y i e l d i n g  a f u r t h e r  p r o o f  f o r  t h e  f a c t  t h a t  t h e  

G a u s s i a n  d i s t r i b u t i o n  i s  v e r y  s i m i l a r  t o  t h e  c h a r a c t e r  o f  an 

a b s o l u t e l y  s t e r i l e ,  i n  t h e  p r a c t i c a l  e a r t h  s c i e n c e s  n e v e r  o c ­

c u r r i n g  d i s t r i b u t i o n  t y p e .  -
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F ig .  5. Funct ions E(p) f o r  some d i s t r i b u t i o n s  f a ( x )  which may model p r a c t i ­
c a l l y  occur r ing  cases, f o r  the Gaussian d i s t r i b u t i o n  and f o r  the  
uni form d i s t r i b u t i o n
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The E ( p )  c u r v e s  c o r r e s p o n d i n g  t o  t h e  t y p e - p a r a m e t e r s  

a = 1 . 6 ;  2 ;  3 ;  4 i n  F i g .  5 have v e r y  s i m i l a r  b ro ad  m i n im a  t o  

t h o s e  o f  t h e  c u r v e s  i n  F i g .  1 -  t h a t  means t h a t  i n  a d d i t i o n  t o  

2Q = q ( 0 . 2 5 ) ,  a r a t h e r  w id e  r a n g e  o f  q ( p ) - s  a rouno  p = 0 . 2 5  

s h o u l d  be t a k e n  i n t o  a c c o u n t ,  as i t  ha s  been p r oposed  e a r l i e r .

The f i r s t  s t e p  o f  -d e v e l o p m e n t  c o u l d  be t h a t  t h e  d e t e r m i n a ­

t i o n  o f  2 Q i t s e l f  i s  made more a c c u r a t e  by t a k i n g  i n t o  a c c o u n t  

some n e i g h b o r o u s  e m p i r i c a l  v a l u e s  o f  q ( p ) .  The v a l u e  o f  

q ( 0 . 2 5 ) emp f o r  a g i v e n  e m p i r i c a l  s y s t e m  o f  d e v i a t i o n s  i s ,  

h o w e v e r ,  v e r y  s i m i l a r  even i n  t h e  i n c l u d e d  f l u c t u a t i o n  t o  t h e  

v a l u e  o f  p ( 0 . 2 5  +_ Д р )  (whe re  A p  i s  a s m a l l  v a l u e ) ,  t h e r e f o r e  

we s u p p o s e  t h a t  due t o  t h e  i n t e r d e p e n d e n c e ,  no s i g n i f i c a n t  

i n c r e a s e  can be e x p e c t e d .  Anyway t h e  d a t a  s e r i e s  o f  t h e  

q ( p ) e m p "v a l u e s  d e t e r m i n e d  f rom t h e  s a m p l e  i n f o r m s  us a b o u t  t h e  

v a l u e  a i n  f g ( x )  b e i n g  most  a p p l i c a b l e  f o r  t h e  m o d e l l i n g ,  i . e .  

a b o u t  t h e  t y p e  o f  t h e  d i s t r i b u t i o n  w h i c h  d e t e r m i n e s  t h e  m u l t i ­

p l i c a t i v e  i a c t o r s  f o r  h i g h  v a l u e s  o f  n c o r r e s p o n d i n g  t o  t h e  

a c t u a l  q ( p ) emp .  I t  I s  e v i d e n t  t h a t  an i n v e s t i g a t i o n  a i m i n g  a t  

c o m p l e t e n e s s  s h o u l d  c o n s i d e r  th e  E ( p ) - c u r v e s  i n  F i g .  5 ,  t o o .  

T h e r e f o r e  t h i s  t a s k  i s  w id e  enough  t o  make o u t  a s e p a r a t e  p a p e r .  

I t  i s  s u f f i c i e n t  h e r e  t o  add t h a t  i f  i n  t h e  f o l l o w i n g  2Qemp - 

= ( 0 . 2 5 ) q emp i s  m e n t i o n e d  any o f  t h e  c o r r e c t e d  o r  u n c o r r e c t e d  

q u a n t i t i e s  c o u l d  be u n d e r s t o o d .

H a v i n g  d i s c u s s e d  t h e  a d v a n t a g e o u s  p r o p e r t i e s  o f  q ( 0 . 2 5 )  

and s u m m a r i z e d  t h e  ways f o r  i t s  d e t e r m i n a t i o n ,  a t t e n t i o n  m u s t  

be c a l l e d  t o  some d i s a d v a n t a g e s ,  t o o .

The n o t i o n  o f  t h e  s e m i - i n t e r q u a r t i l e  ra nge  does n o t  r e f l e c t  

t h e  p r o p e r t i e s  o f  t h e  s e t  o f  d e v i a t i o n s  ( a c t u a l l y  p o s s i b l e  e r ­

r o r s )  o u t s i d e  o f  t h e  i n t e r v a l  w i t h  t h e  l e n g t h  o f  2 Q : i t  hasa emp
no e f f e c t  i f  t h e  d e v i a t i o n s  g r e a t e r  and s m a l l e r  mak ing  o u t  t h e  

h a l f  o f  t h e  d a t a  l i e  n e a r  t o  t h i s  i n t e r v a l  o r  t h e y  a r e  v e r y  f a r  

f r o m  i t .  Qe(T1p r e m a i n s  unchanged  i n  b o t h  cases  -  w h i l e  i t  i s  

e x p e c t e d  t h a t  t h e  s i n g l e  n u m e r i c a l  v a l u e  c a l l e d  " e r r o r "  s h o u l d  

c h a r a c t e r i z e  t h e  w h o l e  sys te m o f  t h e  d e v i a t i o n  d a t a ,  i n c l u d i n g  

some i n f o r m a t i o n  a b o u t  th e  e r r o r s  o u t s i d e  o f  th e  i n t e r q u a r t i l e  

r a n g e .

I t  i s  i n e v i t a b l e  t o  c h a r a c t e r i z e  t h e  e r r o r s  by a s i n g l e
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n u m e r i c a l  v a l u t  i n  s p i t e  o f  b e i n g  aware t h e  . f a c t  t h a t  t h e  a p ­

p r o x i m a t e l y  c o m p l e t e  i n f o r m a t i o n  a b o u t  t h e  e r r o r  w o u l d  he o b ­

t a i n e d  bv t h e  s e t  o f  q ( p )  - s  d e t e r m i n e d  f o r  a l j .  p o s s i b l e  p - s^ r  emp
These  i f  t h e  d e v i a t i o n  s e t  x ,  , x „ ,  . . .  x has  been  i n d e x e o  a c -  

c o r u i n g  t o  t h e  i n c r e a s i n g  v a l u e  o f  t h e  e l e m e n t s ,  can be sum­

m a r i z e d  by t h e  s t e p  f u n c t i o n  d e f i n e d  bv t h e  f o l l o w i n g  d i f f e r ­

e n c e s :  ,

, i f  0  < p < 1

> i f  ï ï  < P < Ï Ï

Р( Р} етр =1 V r V i » i f  Ï Ï  < p < i i ïL ( 1 8 )

хп - [ п / 2 ] - Г х [п/21 ’ i f  Щ г 1  < ^

0  , i f  < p < 1  .

H a v in g  t h i s ,  many d i f f e r e n t  w e i g h t i n g s  can  be p r o v e d  i n  o r d e r  

t o  t r a n s f o r m  t h e  s e r i e s  o f  q ( p )  - s  i n t o  a s i n g l e  v a l u e  o f  

p r o d u c t  sums w h i c h  c o r r e s p o n d s  t o  o u r  i d e a s ,  m  any c a s e ,  i t  

can  be a c c e p t e d  as b a s i c  r e q u i r e m e n t  w i t h o u i  any f u r t h e r  i n ­

v e s t i g a t i o n  t h a t  i f  q ( p )  i s  i n t e g r a t e d  a c c o r d i n g  t o  t h e  w e i g h t  

f u n c t i o n  i t  s h o u l d  be used  as an e r r o r  c h a r a c t e r i s t i c s  o f  t h e  

d i s t r i b u t i o n  w i t h  t h e  d e n s i t y  f u n c t i o n  f ( x ) .  I t  can  be shown,  

h o w e v e r ,  t h a t  by c h o o s i n g  anv k i n d  o f  w e i g h t  f u n c t i o n  t h e r e  i s  

an f ( x )  w i t h  so h e a v y  f l a n k s  t h a t  t h e  r e s u l t  o f  t h e  w e i g h t e d  

i n t e g r a t i o n  o f  t h e  c o r r e s p o n d i n g  q ( p ) i s  u n l i m i t e d  ( C s e r n y á k  

and S t e i n e r  1 9 8 4 ) .  T h a t  means t h a t  a g e n e r a l l y  a p p l i c a b l e  c h a r ­

a c t e r i s t i c s  cannot be o b t a i n e d  by t h i s  way .  i n  c e r t a i n  f i e l d s  o f  

s c i e n c e  where t h e  o c c u r r e n c e  o f  t o o  heavy  f l a n k s  can be e x c l u d e d  

w i t h  good r e a s o n s ,  an e r r o r  d e f i n e d  so can oe e v e n t u a l l y  us ed ;  

i n  t h e  e a r t h  s c i e n c e s ,  as a s i m p l i f i c a t i o n ,  t h e  use  o f  e r r o r s  

c o n s t r u c t e d  on t h i s  b a s i s  i s  a l s o  p o s s i b l e  f o r  s p e c i a l  p u r p o s e s ,  

b u t  i n  a g e n e r a l  c a s e  t h e  p r e s e n t  a u t h o r s  p r o p o s e  an o t h e r
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m e t h o d  t o  t a k e  i n t o  a c c o u n t  t h e  w ho le  o f  t h e  f u n c t i o n  q ( p )  

F o r  t h e  c h a r a c t e r i z a t i o n  o f  t h e  u n c e r t a i n t y  o f  random 

d i s t r i b u t i o n s  S t e i n e r  ( 1 9 8 5 )  has i n t r o d u c e d  t h e  f o l l o w i n g  

q u a n t i t y  :

emp ‘

0.5

U = 24 I  q (p )  

0

q ( 0 . 2 5 ) • ( 0 . 5 - p ) 2 
q(p )+q(0 .25) dp ( 1 9 )

T h i s  q u a n t i t y  i s  f o r  a l l  k i n d s  o f  d i s t r i b u t i o n s  l i m i t e d ,  and 

t h e  q u e s t i o n  i f  i t  t a k e s  i n t o  a c c o u n t  i n  p r o p e r  way t h e  f l a n k s ,  

c a n  be d e c i d e d  on t h e  b a s i s  o f  t h e  f o l l o w i n g  v a l u e s  t a k e n  f r om  

t h e  t a b l e s  a t  S t e i n e r  ( 1 9 8 5 ) .  U i s  g i v e n  h e r e  i n  a l l  c a s e s  f o r  

t h e  d i s t r i b u t i o n  c h a r a c t e r i z e d  by u n i t  q ( 0 . 2 5 ) - v a l u e  ( i . e .  f o r  

Q = 0 . 5 ) :

t y p e  o f  t h e  d i s t r i b u t i o n  (J

a )  s y m m e t r i c a l  U - d i s t r i b u t i o n  0 . 5 0

b )  u n i f o r m  d i s t r i b u t i o n  0 . 5 9

c )  L a p l a c i a n  d i s t r i b u t i o n  0 . 6 7

d )  C a u c h y - d i s t r i b u t i o n  0 . 7 7

e )  t h e  d i s t r i b u t i o n  f ç g ( x )  (see Csernyák 1982) 0 . 8 2

I n  c a s e  a,  one c a n n o t  s p e a k  o f  f l a n k s ;  i n  c a s e  b ,  t h i s  i s  no 

m o r e  t r u e ,  as h e re  o u t s i d e  o f  t h e  i n t e r q u a r t i l e  r a n g e  d e v i a ­

t i o n s  X o c c u r  , t o o ,  b u t  e l s e  t h e  d i s t r i b u t i o n  b e i n g  d e f i n e d  

f o r  o n l y  a f i n i t e  i n t e r v a l  i s  a b s o l u t e l y  s t e r i l e .  The d i s t r i b u ­

t i o n  c may model  c e r t a i n  p r a c t i c a l  c a s e s ;  t h e o r e t i c a l l y  any 

v a l u e  o f  X may o c c u r ,  b u t  as a l l  moments a r e  l i m i t e d ,  t h e  

f l a n k s  a re  n o t  v e r y  w e l l  d e v e l o p e d .  T h i s  i s  t h e  c a s e ,  h o w e v e r ,  

f o r  t h e  d i s t r i b u t i o n  d ,  w h e r e  no l i m i t e d  moments e x i s t .  The 

e s p e c i a l l y  heavy f l a n k s  o f  case  e i s  d e m o n s t r a t e d  by i t s  u n ­

l i m i t e d  e n t r o p y ,  as i t  has  been m e n t i o n e d ;  t h e  e n t r o p y  i s  i n  

c a s e  d l i m i t e d  y e t .  ( T h e  v a l u e  0 . 6 3  f o r  t h e  G a u s s i a n  d i s t r i b u ­

t i o n  i s  t h e  a v e ra ge  o f  t h e  v a l u e s  o f  t h e  u n i f o r m  and L a p l a c i a n  

d i s t r i b u t i o n s . )

I t  can be seen t h a t  t h e  v a l u e  o f  U i n c r e a s e s  w i t h  t h e  

i n c r e a s e  o f  t h e  h e a v i n e s s  o f  t h e  f l a n k s .  I t  can  be f o r m u l a t e d  

so  t h a t  t h e  s u r p l u s  du e  t o  t h e  f l a n k s  i n c r e a s e s  ( t h e  maximum 

b e i n g  7 / 1 6  = 0 .4 3 1 5  i f  Q = 0 . 5 ) ,  b u t  t h e  d o m i n a n t  q u a n t i t y  i n  

U r e m a i n s  Q. (A c o m p a r a t i v e  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  U, as
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comp ar ed  t o  o t h e r  d e f i n i t i o n s  o f  u n c e r t a i n t y  and f o r  t h e  s u p e r -  

mode l  f g ( x )  has been  p u b l i s h e d  by H a j a p o s  and S t e i n e r  1 9 0 8 . )

The authors o f  the present  a r t i c l e  propose t h a t  the p ra c t i c e  o f  the 

e r r o r  computat ion should be based on +he q u a n t i t y  def ined by Eq. (19) ,  

where q(p)  i s  the d ( p ) emp r e f e r r i n g  to the p r a c t i c a l  data systems, g iven by 

Eq. (18) .  I f  t h e  so o b t a i n e d  q u a n t i t y  i s  d e n o t e d  by 0 ,  t h e  

( c o r r e c t e d  o r  u n c o r r e c t e d )  Qemp by Q, t h e n  i t  can be e a s i l y  

seen  on g r o u n d  o f

0 = 48 • Q

0.5

Í
(0 . 5 - p ) 2  q (p )emp

2Q+^ P ) emp
dp ( 1 9 a )

( a n d  f r o m  Eq.  ( 1 8 ) )  t h a t  

[ n / 2 ] - l  

48-Q- 2_U

i = 0

xn - i ~ x l + i  

xn - r V i +2Q

i 2 ( 2 0 )

i s  t h a t  f o r m u l a  w h i c h  s h o u l d  be used f o r  p r a c t i c a l  d a t a  s y s t e m s .

X X X

As l o n g  as t h e  demand f o r  t h e  e r r o r  v a l u e  was n o t  more  as 

a g r o s s  i n f o r m a t i o n ,  may be c o r r e c t  o n l y  f o r  t h e  o r d e r  o f  

m a g n i t u d e ,  t h e  use  o f  6 " seemed t o  be a d e q u a t e  f o r  t h e  

m a j o r i t y  o f  t h e  c a s e s .  We have  se e n ,  h o w e v e r ,  t h a t  r e q u i r e m e n t s  

ch anged  i n  t i m e  c o n s i d e r a b l y  and f>emp i s  o n l y  se ldom a b l e  t o  

f u l f i l  them ( o n l y  i n  s t e r i l e  c a s e s ) .  The i n c r e a s e d  demands 

n e c e s s i t a t e  a v e r y  d e t a i l e d ,  many s i d e d  i n v e s t i g a t i o n  o f  t h e  

q u a n t i t y  G, t o o ,  b u t  t h e s e  c a n n o t  be made i n  t h e  f r a m e  o f  t h e  

p r e s e n t  p a p e r .  Some p r e l i m i n a r y  Monte  C a r l o - i n v e s t i g a t i o n s  f o r  

t h e  C a u c h y - d i s t r i b u t i o n  have p r o v e d  t h a t  t h e  i n t e g r a l  i n  Eq.  

( 1 9 )  i s  v e r y  w e l l  a p p r o x i m a t e d  a l r e a d y  f o r  s m a l l  n - s  by t h e  sum 

i n  Eq.  ( 2 0 ) .  The same i n v e s t i g a t i o n s  have  f u r t h e r  shown t h a t  

t h e  a s y m p t o t i c  f o r m u l a s  f o r  t h e  e r r o r s  o f  t h e  q ( p ) - s  can be 

used  f o r  s m a l l  v a l u e s  o f  n ,  t o o .
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INVESTIGATION OF THE UNCERTAINTY OF A SINGLE MEASUREMENT 
IN THE SUPERMODEL f  ( x )

В H a j a g o s  and F S t e i n e r

U n i v e r s i t y  f o r  Heavy In d u s t ry ,  Chair  o f  Geophysics, H-3515 M i sko lc ,
Egyetemváros, Hungary

[Manuscr ip t  received November 29, 19853

The demand to cha ra c t e r i ze  the unce r t a in t y  o f  a s in g le  measurement by 
an adequate value i s  w e l l  founded. The un ce r t a in t y  measures deduced f rom 
F i s h e r ' s  in fo rmat ion  and from the entropy (denoted here by F and H, r e ­
s p e c t i v e l y )  cannot be used f o r  a r b i t r a r y  dens i t y  fun c t ions .  A common setback 
o f  both F and H i s  t h a t  i n  cases approximat ing d i g i t a l  sampl ing then get  
zero i . e .  they cannot be considered as robus t  q u a n t i t i e s .

The u n ce r t a in ty  U de f ined  by S te iner  (1986) has f o r  a l l  d i s t r i b u t i o n s  
a f i n i t e  value and i t  i s  a robust  q u a n t i t y .  This paper shows f o r  the  super-  
model f a (x )  int roduced by Csernyák and S te i ne r  (1982) the connec t ion  o f  U 
w i t h  the  i n t e r q u a r t i l e  range, and w i t h  F and H, re spec t i ve ly .  Between the 
Cauchy d i s t r i b u t i o n  and the Gaussian d i s t r i b u t i o n  -  espec ia l l y  i n  the  
J e f f r e y s - i n t e r v a l  -  the d e v ia t i on s  o f  U, F and H are not  s i g n i f i c a n t .  A 
p r a c t i c a l l y  impor tant  remark: i n  the mentioned i n t e r v a l  i t  i s  the  s i m p le s t  
to  c ha ra c t e r i ze  the u n c e r t a in t y  by the d ihes ion  £ .

Keywords: i n t e r q u a r t i l e  range; robust  es t ima t i on ;  unce r t a in t y

The e n g i n e e r i n g  p r a c t i c e  has t o  p r e p a r e  f o r  s i g n i f i c a n t  

c h a n g e s  i n  t h e  i n t e r p r e t a t i o n  o f  d a t a  s y s t e m s ,  as w e l l  as i n  

t h e  d e s c r i p t i o n  o f  t h e i r  a c c u r a c y .  N a m e ly ,  i t  became more  and 

more a c c e p t e d  t h a t  t h e  s u p p o s i t i o n  a b o u t  t h e  f r e q u e n t  o c c u r ­

r e n c e  o f  t h e  G a u s s i a n ,  i . e . ,  t h e  so c a l l e d  n o r m a l  d i s t r i b u t i o n ,  

as a p a r e n t  d i s t r i b u t i o n  i s  n o t  c o r r e c t ,  see e . g .  M o s t e l l e r  and 

Tukey  ( 1 9 7 7 ) :  "Some m i s i n t e r p r e t  t h e  word  " " n o r m a l " "  t o  mean 

" " t h e  o r d i n a r i l y  o c c u r r i n g " "  -  b u t ,  so f a r  as we know ,  d i s t r i ­

b u t i o n s  t h a t  e x a c t l y  f i t  t h i s  f o r m u l a  n e v e r  o c c u r  i n  p r a c t i c e  

. . "  C o n s e q u e n t l y ,  i n  a l l  p r a c t i c a l  c a s e s  e f f i c i e n t  a l g o r i t h m s  

c a n n o t  be d e v e l o p e d  on g r o u n d  o f  t h e  u n a l t e r a t e d  l e a s t  s q u a r e s  

p r i n c i p l e :  r e c e n t  r e s u l t s  i n  m a t h e m a t i c a l  s t a t i s t i c s  h a v e  

c l e a r l y  shown t h e  l o w  e f f i c i e n c y  ( o r  even  c o m p l e t e  f a i l u r e )  o f  

a l g o r i t h m s  based  on t h e  G a u s s i a n  d i s t r i b u t i o n  ( i . e . ,  o f  t h e

Acta Geod. Geoph. Mont. Hung. 24, 1989 
Akadémiai Kiadó,  Budapest
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l e a s t  squa re s  a l g o r i t h m s )  i n  case o f  d a t a  s y s t e m s  r e s u l t i n g  

f r o m  d i s t r i b u t i o n s  d i f f e r r i n g  f rom t h e  G a u s s i a n  t y p e .  A s i n g l e  

t i t l e  o f  a r e c e n t  p a p e r  may s y m b o l i z e  t h i s  s i t u a t i o n :  " G ö t t e r ­

dämmerung Over  L e a s t  S q u a r e s  A d j u s t m e n t "  ( K r a r u p  e t  a l .  1 9 8 0 ) .

T h i s  change n e c e s s i t a t e s  n o t  o n l y  t h e  p r e p a r a t i o n  and 

i n t r o d u c t i o n  o f  new p r o g r a m  s y s te m s ,  b u t  some g e n e r a l  q u e s t i o n s  

s h o u l d  a l s o  be s o l v e d  f o r  wh ich  do n o t  e x i s t  r e a d y - m a d e  a n s w e r s  

a v a i l a b l e  i n  m a t h e m a t i c a l  s t a t i s t i c s  t o  be r e l i e d  upon i n  s uch  

s i t u a t i o n s .

I t  i s  a b a s i c  demand t h a t  t h e  e x p e r i m e n t e r  s h o u l d  be i n ­

f o r m e d  abou t  t h e  u n c e r t a i n t y  o f  h i s  m e a s u r e m e n t  and t h i s  u n ­

c e r t a i n t y  o u g h t  t o  be  p r e s e n t e d  i n  a n u m e r i c a l  f o r m .  The n u m e r ­

i c a l  c h a r a c t e r i z a t i o n  o f  t h e  u n c e r t a i n t y  o f  a s i n g l e  m e a s u r e ­

m e n t  i s  one o f  t h e  p r i m a r y  t a s k s  t o  be s o l v e d ;  t h i s  p r o b l e m  i s  

a t t a c k e d  i n  t h i s  p a p e r  f o r  a r a t h e r  g e n e r a l  s u p e r m o d e l ,  n a m e l y  

t h e  d i s t r i b u t i o n  f a m i l y  f  ( x ) .

The p r e c e d e n t s  o f  t h i s  paper  w e re  p u b l i s h e d  by t h e  g r o u p  

a t  t h e  C h a i r  o f  G e o p h y s i c s  o f  the  U n i v e r s i t y  f o r  Heavy I n d u s t r y  

M i s k o l c  ( e . g .  t h e  f i r s t  s t e p s  by C s e r n y á k  and S t e i n e r  1984 ,  and 

some g e n e r a l  s u g g e s t i o n s  by S t e i n e r  1 9 8 6 ) ,  b u t  i t  seems a d v a n ­

t a g e o u s  i n  t h i s  p a p e r  t o  d e a l  f i r s t  w i t h  t h i s  p r o b l e m  based 

o n l y  on g e n e r a l  i d e a s  o f  m a t h e m a t i c a l  s t a t i s t i c s .

The s o - c a l l e d  F i s h e r - i n f o r m a t i o n ,  m e a n t  as t h e  " i n f o r m a ­

t i o n  c o n t e n t  o f  a s i n g l e  measur ement "  i s  d e f i n e d  by ( e . g .  Cramér 

1 9 5 8 ) :

I
f  ( x ; T )

a o

( 1 )

w h e r e  f ( x ; T )  i s  t h e  p r o b a b i l i t y  d e n s i t y  f u n c t i o n  o f  t h e  mea­

s u r e m e n t  r e s u l t  and  T t h e  l o c a t i o n  p a r a m e t e r .

The q u a n t i t y

F = ( 2 )

c o u l d  be c a l l e d  " F i s h e r - u n c e r t a i n t y " ,  and  a t  a f i r s t  g l a n c e  i t  

c o u l d  be c o n s i d e r e d  as t h e  u n c e r t a i n t y  o f  a s i n g l e  mea su re me nt
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as t h i s  q u a n t i t y  has  t h e  same c h a r a c t e r  as x i t s e l f  ( a s  known 

f r o m  t h e  minimum s c a t t e r  sense  o f  1 / \ / T )  a n d ,  as i t  was a l r e a d y  

m e n t i o n e d ,  " I "  r e f e r s  t o  a s i n g l e  m e a s u r e m e n t .

The c o n d i t i o n  o f  t h e  e x i s t e n c e  o f  t h e  i n t e g r a l  i n  Eq.  ( 1 )  

means some r e s t r i c t i o n s  f o r  f ;  i n  t h e  p r a c t i c e ,  h o w e v e r ,  i t  

w o u l d  be b e t t e r  t o  have  a d e f i n i t i o n  o f  t h e  u n c e r t a i n t y  w i t h o u t  

r e s t r i c t i o n s .  T h i s  demand i s  f u l f i l l e d  by t h e  i n t e r q u a r t i l e  

s e m i - e x t e n t  q used  o f t e n  i n  t h e  p r a c t i c e  and i n v o l v e d  a l s o  i n  

t h e  p r o b a b i l i t y  t h e o r y :  i t  means t h e  h a l f  o f  t h e  l e n g t h  o f  t h e  

i n t e r v a l ,  o u t s i d e  o f  w h i c h  g r e a t e r  and s m a l l e r  v a l u e s  o c c u r  

w i t h  t h e  same p r o b a b i l i t y  1 / 4  ( t h u s  t h e  name q u a r t i l e ) .

The v a l u e  q i s  t h e  h a l f  o f  t h e  v a l u e  o f  a f u n c t i o n  q ( p ) ,  

b e l o n g i n g  t o  p = 0 . 2 5 :  q ( p )  g i v e s  f o r  any  p be tw e e n  0 and 0 . 5  

t h e  i n t e r v a l  o u t s i d e  o f  w h i c h  g r e a t e r  and s m a l l e r  v a l u e s  o c c u r  

w i t h  t h e  same p r o b a b i l i t y  p .  Thus ,  q ( p )  i s  a f u n c t i o n  w h i c h  

g i v e s  a l l  t h e  p o s s i b l e  q u a n t i l e  e x t e n t s  and as s uch  i t  d e f i n e s  

f u l l y  t h e  d i s t r i b u t i o n  f o r  s y m m e t r i c a l  d i s t r i b u t i o n s ;  some 

a u t h o r s  ( e . g .  Box e t  a l .  1978 )  d e a l  even  b e f o r e  t h e  d i s t r i b u ­

t i o n -  and d e n s i t y  f u n c t i o n s  w i t h  t h i s  f u n c t i o n ,  as t h e  mos t  

p r i m a r y  c h a r a c t e r i s t i c .  -  The c o n n e c t i o n  b e tw e e n  t h e  d i s t r i b u ­

t i o n  f u n c t i o n  F ( x )  and t h e  f u n c t i o n  q ( p )  i s  e v i d e n t l y  t h e  f o l ­

l o w i n g  :

q ( p )  = F~1( 1 - p ) -  F " 1 ( p )  .

I t  can  be s a i d  t h a t  q ( p )  i n f o r m s  f u l l y  a b o u t  t h e  u n c e r t a i n t y  o f  

a s i n g l e  mea su re me n t  -  b u t  i n  t h e  t e c h n i c a l  p r a c t i c e  an i n d i ­

v i d u a l  a n a l y s i s  o f  t h e  q ( p ) - d i s t r i b u t i o n  i s  i m p o s s i b l e ,  m o r e ­

o v e r ,  i t  i s  i n e v i t a b l e  f o r  c o m p a r i s o n s  t o  c h a r a c t e r i z e  t h e  

d i s t r i b u t i o n  by a s i n g l e  n u m e r i c a l  v a l u e .  F o r  t h i s  t h e  s i m p l e s t  

way i s  t o  use t h e  h a l f  o f  t h e  v a l u e  o f  q ( p )  f o r  t h e  s y m m e t r y  

p o i n t  o f  t h e  p o s s i b l e  v a l u e s  o f  p ,  p = 0 . 2 5 ,  i . e .  q = q ( 0 . 2 5 ) / 2  

as t h e  n u m e r i c a l  v a l u e  c h a r a c t e r i z i n g  t h e  u n c e r t a i n t y .  I t  seems 

t o  be even  more e v i d e n t  f o r  t h e  c h o i c e  o f  t h e s e  v a l u e s  i f  i t  i s  

s a i d  t h a t  t h e  d e v i a t i o n  o f  x f r o m  t h e  s y m m e t r y  p o i n t  i n  a b s o ­

l u t e  v a l u e  can be w i t h  t h e  same p r o b a b i l i t y  s m a l l e r  and g r e a t e r  

t h a n  q.

I t  i s  s u r e l y  i n s u f f i c i e n t  t o  c o n s i d e r  o n l y  one o r  a few

SUPERMOOEL f g (x )
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d i s t r i b u t i o n  m o d e l s  f o r  t h e  d e c i s i o n  a b o u t  t h e  a p p l i c a b i l i t y  o f  

some d e f i n i t i o n  o f  t h e  u n c e r t a i n t y ,  f r o m  a p r a c t i c a l  p o i n t  o f  

v i e w .  Thus ,  a g e n e r a l  s u p e r m o d e l  i s  s e l e c t e d  f o r  t e s t i n g  p u r ­

p o s e s :  namely t h e  s u p e r m o d e l  f  ( x ) ,  d e f i n e d  by C s e r n y á k  and 

S t e i n e r  ( 1 9 8 2 ) ,  w h i c h  ha s  t h e  e l e m e n t s  f o r  a v a l u e  o f  t h e  

( 1 < a < oo )

w h e r e

f a ( x )

c ( a )  [ V u 7

c ( a )
V x  ■ 1H :¥)

1 a '
[2  t

( 3 )

( 3 a )

The  g e n e r a l  c h a r a c t e r  o f  s u p e r m o d e l  f  ( x )  i s  shown by t h e  f a c t s  

t h a t  f o r  a -*■ 1 , t h e  d i s t r i b u t i o n  has f l a n k s  c h a r a c t e r i z e d  by 

c o n s t / x ,  b e i n g  no more  a d e n s i t y  f u n c t i o n .  On t h e  o t h e r  s i d e  

f o r  a —» oo, one g e t s  t h e  G a u s s i a n  d i s t r i b u t i o n .  The s o - c a l l e d  

J e f f r e y s - i n t e r v a l  w i t h  6  < a < 1 0  i n c l u d e s  t h e  d i s t r i b u t i o n s  

w i t h  t h e  s h o r t e s t  f l a n k s  w h i c h  o c c u r  w i t h  n o t  n e g l i g i b l e  p r o ­

b a b i l i t i e s .  The s u p e r m o d e l  f  ( x )  c o n t a i n s  t h e  S t u d e n t - d i s t r i b u -3
t i o n s ,  t h u s  e . g .  f o r  a = 2 ,  t h e  C a u c h y - d i s t r i b u t i o n , t o o .

Two d i f f e r e n t  k i n d s  o f  u n c e r t a i n t y  p a r a m e t e r s  can  be b e s t  

c o m p a r e d  by t h e i r  r a t i o s .  T h e r e f o r e  t h e  r a t i o s  o f  t h e  F i s c h e r -  

- u n c e r t a i n t y  ( F )  and o f  t h e  i n t e r q u a r t i l e  s e m i - e x t e n t  q i s  c a l ­

c u l a t e d  f o r  a l l  а - s ,  and  t h e  r e s u l t s  a r e  r e p r e s e n t e d  as a f u n c ­

t i o n  o f  1 / ( a - 1 )  ( s e e  F i g s  l a  and l b ;  on F i g .  l b  t h e  1/ ( a — 1 ) 

v a l u e s  a re  c o n s i d e r a b l y  l a r g e r ) .  As i t  i s  known ( H a j a g o s  1 9 8 5 ) ,

F i s  g i v e n  f o r  t h e  f a m i l y  f g ( x )  d e f i n e d  by Eq. ( 3 )  s i m p l y  as

. ' a+ 2~
V a ( a - 1 )

C o n c e r n i n g  t h e  use o f  t h e  f u n c t i o n  l / ( a  — 1 ) , t h e  G a u s s i a n  d i s t r i ­

b u t i o n  b e l o n g s  t o  t h e  a b s c i s s a  v a l u e  o f  0 ,  t h e  C a u c h y - d i s t r i b u ­

t i o n  t o  th e  a b s c i s s a  v a l u e  o f  1 , and t h u s  f i g u r e  l a  shows t h e  

r a n g e  i n  d e t a i l s  w h e r e  t h e  g r e a t e s t  i n t e r e s t  i s  c o n c e n t r a t e d .

I h e  c u r v e  F / q  i s  s u f f i c i e n t  t o  show t h a t  f o r  t h e  p r e s e n t
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♦ F/q

F i g .  l a .

F ig .  l b .
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p u r p o s e  none o f  t h e  q u a n t i t i e s  F and q i s  p e r f e c t l y  a p p l i c a b l e .  

A t  h i g h  v a l u e s  o f  a ( i . e .  a t  l ow  a b s c i s s a  v a l u e s )  when f g ( x )  

h a s  e x t r e m e l y  s h o r t  f l a n k s ,  and t h e  d i s t r i b u t i o n s  do n o t  d i f f e r  

v e r y  s i g n i f i c a n t l y  f r o m  t h e  G a u s s i a n  d i s t r i b u t i o n ,  t o o  g r e a t  

d e v i a t i o n s  f r o m  t h e  F i s h e r - u n c e r t a i n t y  a r e  now w e lc o m e d ,  w h e r e ­

as  t h e  d e v i a t i o n s  o f  t h e  r a t i o  F / q  f r o m  t h e  v a l u e  1 a r e  n o t  i n ­

s i g n i f i c a n t  i n  t h i s  s e c t i o n .  F u r t h e r  F c a n n o t  be used  g e n e r a l l y ,  

as  t h e  r a t i o  F / q  d e c r e a s e s  a t  a = 1.1 t o  0 .01 ( s e e  F i g .  l b ) .

The  p r o b a b i l i t y  t h a t  t h e  d e v i a t i o n  o f  a s i n g l e  m e a su r em en t  f r o m  

t h e  symmet ry  p o i n t  i s  l e s s  th a n  F,  i s  h e r e  h a r d l y  more t h a n  20 

p e r c e n t ,  and i n  t h e  p r a c t i c e  an e r r o r  l i m i t ,  w i t h  80 p e r c e n t  o f  

t h e  o c c u r r i n g  e r r o r s  b e i n g  g r e a t e r  t h a n  i t ,  c a n n o t  be u s e d .

T h i s  e m p h a s i z e s  a g a i n  t h e  a d v a n t a g e s  o f  q ,  b u t  i n  a d d i t i o n  

t o  t h e  o b j e c t i o n s  m e n t i o n e d ,  some o t h e r  d i s a d v a n t a g e s  o f  t h e  

i n t e r q u a r t i l e  s e m i e x t e n t  as p a r a m e t e r  o f  u n c e r t a i n t y  s h o u l d  n o t  

be l e f t  u n m e n t i o n e d .  F rom t h e  p o i n t  o f  v i e w  o f  q i t  i s  name ly  

u n i m p o r t a n t  i f  t h e  d i s t r i b u t i o n  has s h o r t  o r  l o n g  f l a n k s  ( o r  i f  

t h e s e  f l a n k s  a r e  c o m p l e t e l y  a b s e n t ,  as i n  case  o f  t h e  U - d i s t r i -  

b u t i o n s ,  c o n s i s t i n g  o f  two  D i r a c -  t f - s  o f  t h e  same v a l u e  0 . 5  a t  

d i f f e r e n t  x v a l u e s  as  a d e n s i t y  f u n c t i o n ) .

S t e i n e r  ( 1 9 8 5 )  p r o p o s e d  a measure  o f  t h e  u n c e r t a i n t y  d e ­

n o t e d  by U w h ic h  i s  b a s e d  on q,  b u t  w h i c h  t a k e s  a l s o  t h e  f l a n k s  

i n t o  a c c o u n t .  The d e f i n i t i o n  i s  t h e  f o l l o w i n g :

w h e r e  t h e  i n t e g r a n d  c o n t a i n s  t h e  h a r m o n i c  mean o f  t h e  c o n s t a n t  

2 q and  o f  t h e  v a l u e  q ( p )  c h a n g i n g  w i t h  p m u l t i p l i e d  by a w e i g h t  

f u n c t i o n  w h ic h  e m p h a s i z e s  t h e  f l a n k s .  The n o r m i n g  f a c t o r  24 was 

f o u n d  by S t e i n e r  ( 1 9 8 5 )  w i t h  t h e  h e l p  o f  t h e  U - d i s t r i b u t i o n  

c o n s i s t i n g  o f  two  D i r a c -  S'-s ;  name ly  f r o m  t h e  p o i n t  o f  v i e w  o f  

t h e  u n c e r t a i n t y  o f  a s i n g l e  measur ement  t h i s  d i s t r i b u t i o n  p l a y s  

t h e  r o l e  o f  a s t a n d a r d :  o n l y  i n  case  o f  t h i s  d i s t r i b u t i o n  i s  

t h e  u n c e r t a i n t y  u n a m b i g u o u s l y  g i v e n .

The i n c r e a s e  o f  t h e  u n c e r t a i n t y  U d e f i n e d  by Eq. ( 4 )  

a g a i n s t  q,  i f  t h e  f l a n k s  o f  t h e  d i s t r i b u t i o n  a r e  l o n g e r ,  i s

0 . 5

U = 24 ( 4 )

0  2 q q ( p )
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shown i n  F i g .  2 .  I n  c a s e  o f  t h e  G a u s s i a n - d i s t r i b u t i o n  ( f o r  

1/ ( a -1 ) = 0 )  t h e  s u r p l u s  i s  r o u g h l y  25 p e r c e n t ;  w i t h  i n c r e a s i n g  

l e n g t h s  o f  t h e  f l a n k s  t h e  r a t i o  U/q i n c r e a s e s ,  t o o ,  a c c o r d i n g  

t o  t h e  e x p e c t a t i o n .  As t h e  f i g u r e  s h o w s ,  t h e  s u r p l u s  i s  i n  c a s e  

o f  t h e  C a u c h y - d i s t r i b u t i o n  ( a t  l / ( a - l )  = 1)  a l r e a d y  45 p e r c e n t .

SUPERMQDEL f  ( x )3

Fig. 2.

As S t e i n e r  ( 1 9 8 5 )  has  shown t h a t  t h e  maximum o f  U /q  i s  

1 . 8 7 5 ,  t h u s  t h e  s u r p l u s  due t o  t h e  f l a n k s  c a n n o t  be more t h a n  

8 7 . 5  p e r c e n t .

I n  o r d e r  t o  have  a b e t t e r  i d e a  a b o u t  U, i t  can be men­

t i o n e d  h e r e  t h a t  a d e n s i f i c a t i o n  a r o u n d  t h e  symmet ry  p o i n t  may 

d e c r e a s e  t h e  v a l u e  o f  U by m a x i m a l l y  1 2 . 5  p e r c e n t .  ( T h i s  can  be 

e a s i l y  shown by p u t t i n g  two  D i r a c -  сГ- s  a t  t h e  x v a l u e s  +q and 

-q  w i t h  t h e  v a l u e  ( 0 . 2 5  + d ) ,  a t h i r d  t o  t h e  o r i g i n  w i t h  a 

v a l u e  o f  ( 0 . 5  -  2 d ) ,  and t h e n  U i s  c a l c u l a t e d  f o r  t h e s e  d i s t r i ­

b u t i o n s .  I f  d i s  l e t  t o  a p p ro a c h  z e r o ,  t h e  above v a l u e  i s  

o b t a i n e d . )

A c c o r d i n g  t o  t h a t ,  U can be w e l l  u s e d  as a measure o f  t h e  

u n c e r t a i n t y .  I t s  e s t i m a t i o n  can be e a s i l y  made by Eq. ( 4 ) :  o n l y  

q ( p )  i s  t o  be c a l c u l a t e d  as a s t e p  f u n c t i o n  on t h e  b a s i s  o f  t h e  

d a t a  s y s te m  as a f i r s t  s t e p .

L e t  us now c om pa re  t h e  F i s h e r - u n c e r t a i n t y  w i t h  U f o r  t h e
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s u p e r m o d e l  f  ( x )  ( c u r v e  F /U i n  F i g .  3 ) .  Fo r  d i s t r i b u t i o n s  w i t ha
s h o r t  and v e r y  s h o r t  f l a n k s ,  i n  t h e  r a n g e  3 < a < ao , t h i s  

r a t i o  i s  n e a r l y  c o n s t a n t  and n o t  f a r  f r o m  1 ( r o u g h l y  1 . 2 ) .  F o r  

t h e  G a u s s i a n  d i s t r i b u t i o n  one g e t s  U = 6 " • 0 .8 5  (w h e re  6 " d e ­

n o t e s  t h e  s q u a r e  r o o t  o f  t h e  second  moment a t  t h e  s y m m e t r y  

p o i n t ,  b e i n g  i n  t h i s  c a s e  F ) ;  t h e  d i f f e r e n c e  o f  15 p e r c e n t  i s  

a l r e a d y  i n  t h e  r a n g e  h a r d l y  p e r c e p t i b l e  i n  t h e  t e c h n i c a l  p r a c ­

t i c e  f o r  a s i n g l e  m e a s u r e m e n t ,  t h e r e f o r e  a d i s c u s s i o n  U a g a i n s t  

F o r  v i c e  v e r s a  i s  n o t  n e c e s s a r y .

An o t h e r  f a c t :  f o r  t h e  C a u c h y - d i s t r i b u t i o n  U f t  F , t h e  d i f ­

f e r e n c e  i s  o n l y  2 . 5  p e r c e n t .  T h i s  i s  c u r i o u s ,  as t h e  C a u c h y -  

- d i s t r i b u t i o n  i s  f r o m  a l l  p o s s i b l e  p r o b a b i l i t y  d i s t r i b u t i o n s  

t h a t  one w h ic h  has f r o m  many p o i n t s  o f  v i e w  s p e c i f i c  c h a r a c ­

t e r i s t i c s ;  name ly  i t  i s  t h e  o n l y  d i s t r i b u t i o n  where t h e  b e s t  

w e i g h t  f u n c t i o n  i n  t h e  e s t i m a t i o n  o f  t h e  l o c a t i o n  p a r a m e t e r  i s  
i d e n t i c a l  w i t h  t h e  d e n s i t y  f u n c t i o n  ( H a j a g o s  1985)
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The F i s h e r - u n c e r t a i n t y  F f a i l s  n o t  o n l y  i n  case o f  d i s t r i ­

b u t i o n s  w i t h  l o n g  f l a n k s  ( a s  d i s c u s s e d  i n  c o n n e c t i o n  w i t h  F i g .  

l b ) ,  b u t  l e a d s  t o  i r r e a l i s t i c  v a l u e s  i n  o t h e r  c a s e s ,  t o o .  I f  

e . g .  a s y m m e t r i c a l  d i s t r i b u t i o n  i s  p r o d u c e d  f r om  two G a u s s i a n  

d i s t r i b u t i o n s  w i t h  t h e  sym m et r y  po in ts  x = - 1  and + 1  w i t h  t h e  

same s m a l l  v a l u e  o f  t h e  p a r a m e t e r  Ç , Eq.  ( 1 ) ,  and t h e r e f o r e  

Eq. ( 2 )  d e f i n i n g  F can be used w i t h o u t  p r o b l e m s  ( t h e r e  a r e  e . g .  

no p r o b l e m s  w i t h  t h e  d e r i v a t i o n ) ,  b u t  t h e  r e s u l t  d e c r e a s e s  i n ­

f i n i t e l y  i f  6  -*■ 0 , i n  s p i t e  o f  t h e  f a c t  t h a t  a t  th e  l i m i t ,  we 

g e t  t h e  a l r e a d y  m e n t i o n e d  U - d i s t r i b u t i o n , w here  t h e  u n c e r t a i n t y  

o f  a s i n g l e  mea su re men t  i s  j u s t  1.  The same r e s u l t  i s  o b t a i n e d  

i f  F a p p r o x i m a t e s  a s e r i e s  o f  D i r a c -  <5*-s c o r r e s p o n d i n g  t o  a 

d i g i t a l  a p p a r a t u s .  Any measure o f  t h e  u n c e r t a i n t y  i s ,  h o w e v e r ,  

e x p e c t e d  t o  y i e l d  r e a l i s t i c  r e s u l t s  eve n  i n  such c a s e s ,  as i t  

i s  e a s i l y  done by t h e  q u a n t i t y  U d e f i n e d  by Eq. ( 4 ) .

S p e a k i n g  o f  u n c e r t a i n t y ,  t h e  e n t r o p y  H ( f )  s h o u l d  a l s o  be 

m e n t i o n e d  w h i c h  has t h e  f o l l o w i n g  d e f i n i t i o n :

H( f ) = \  f ( x ) • I n  f dx , ( 5 )

w he re  t h e  i n t e g r a t i o n  i s  t o  be c a r r i e d  o u t  f o r  a l l  r a n g e s  o f  x 

w he re  f ( x ) > 0 .

The p r o b l e m  w i t h  t h e  d i g i t a l  v a l u e s  a p p e a r s  i n  H ( f )  s i m i ­

l a r l y  t o  F.  I f  e . g .  f ( x )  has th e  v a l u e  1 / ( 4 A )  i n  t h e  i n t e r v a l s  

-1 - Д  < x <  -1 + L  and 1 - Д  < x <  1 + Л , and e l s e  i t  i s  z e r o ,  

t h e n  H ( f )  = I n  ( 4 L ) a p p r o x i m a t e s  -  n o , i f  Д — 0 ,  i n  s p i t e  o f  

t h e  f a c t  t h a t  t h e  l i m i t i n g  case i s  h e r e  t h e  same U - d i s t r i b u t i o n ,  

as i n  t h e  p r e v i o u s  c o n s i d e r a t i o n s ,  and w he re  th e  u n c e r t a i n t y  o f  

a s i n g l e  m easu re me nt  as an e s t i m a t e  o f  t h e  symmet ry  p o i n t  i s  

j u s t  1 .

N a t u r a l l y ,  t h e  d e f i n i t i o n  o f  Eq.  ( 5 )  i s  n o t  a p p l i c a b l e  i n  

t h e  p r a c t i c e  w i t h o u t  a s u i t a b l e  t r a n s f o r m a t i o n  as i t  do e s  n o t  

f u l f i l  t h e  p r e c o n d i t i o n  t h a t  a s t r e t c h i n g  o f  th e  f ( x )  s c a l e  by 

a f a c t o r  o f  c s h o u l d  i n c r e a s e  t h e  m e a su r e  o f  u n c e r t a i n t y  a l s o  

by c .  T h i s  i s ,  h o w e v e r ,  no p r o b l e m ,  as i t  can be e a s i l y  se e n  

t h a t  any  v a l u e  o f  c o n s t ,  e v 1 has a l r e a d y  t h i s  p r o p e r t y .  ( T h i s  

t r a n s f o r m a t i o n ,  h o w e v e r ,  does  n o t  c h a n g e  t h e  p ro b l e m  w i t h  t h e

SUPERMODEL f  ( x )3
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m e n t i o n e d  d i g i t a l  d a t a  s y s t e m s ,  o n l y  t h e  r e s u l t  ch a n g e s  f r o m  

H ( f  ) -* -  oD t o  e ^ ^  — 0 ;  e ^ ^  i s  f r o m  t h i s  p o i n t  o f  v i e w  q u i t e  

a n a l o g o u s  t o  t h e  F i s h e r - u n c e r t a i n t y . )

I n  t h e  f o l l o w i n g  t h e  u n c e r t a i n t y  m easu re  И based  on t h e  

e n t r o p y  i s  d e f i n e d  a s :

• H eH ( f )
2\ЙГе

The c h o i c e  o f  t h e  c o n s t a n t  m u l t i p l i c a t o r  can be u n d e r s t o o d  f r o m  

F i g .  4 :  t h e  v a l u e  o f  H a p p r o x i m a t e s  F a t  i n c r e a s i n g  a ;  t h e  d e ­

v i a t i o n  i s  a t  a = 14 o n l y  1.1 p e r c e n t ,  a t  t h e  b e g i n n i n g  and end 

o f  t h e  J e f f r e y s - i n t e r v a l  2 .3  and 6 . 3  p e r c e n t ,  r e s p e c t i v e l y ,  and 

t h e  d i f f e r e n c e  i s  e v e n  a t  a = 4 o n l y  14 p e r c e n t .

F/ H

0 ----------------------- .------------------- .----------------------- .-----
0 5 10 15 a

Fig.  4.

H i s  compa re d  t o  U i n  F i g .  5.  The r a t i o  H/U v s .  1/ ( a — 1 ) 

s t a r t s  f o r  1 / ( a — 1 ) = 0  a t  th e  same p l a c e  i n  th e  same d i r e c t i o n ,  

as t h e  c u r v e  F /U i n  F i g .  3 due t o  t h e  c h o i c e  o f  th e  c o n s t a n t  

m u l t i p l i c a t o r ,  b u t  t h e  r a t i o  H/U i n c r e a s e s  s i g n i f i c a n t l y  as t h e  

f l a n k s  g o t  l o n g e r  i n  s p i t e  o f  t h e  d e c r e a s e  i n  t h e  same s i t u a ­

t i o n  a t  th e  c u r v e  F / U .
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Fig.  5.

The t o o  h i g h  s e n s i t i v i t y  f o r  t h e  f l a n k s  i s  t h u s  a s h o r t ­

co m in g  o f  H; and l e a d s  i n  case  o f  t h e  C a u c h y - d i s t r i b u t i o n  t o  

H = 2U. Now t h e  q u e s t i o n  c o u l d  be r a i s e d  w h e t h e r  H e x p r e s s e s  

even  more  c o r r e c t l y  t h a n  U t h e  i n f l u e n c e  o f  t h e  f l a n k s  on t h e  

meas ure  o f  t h e  u n c e r t a i n t y .  I t  i s  e a s y ,  h o w e v e r ,  t o  g i v e  a 

n e g a t i v e  a n s w e r ,  t o  t h i s  q u e s t i o n ,  as i t  i s  known t h a t  d i s t r i ­

b u t i o n s  w i t h  i n f i n i t e  e n t r o p y  do e x i s t ,  t o o  (C s e r n y á k  1 9 8 2 )  

w h i c h  d e f i n e ,  h o w e v e r ,  v e r y  p r e c i s e l y  a v a l u e  by t h e i r  s y m m e t r y  

p o i n t ;  t h e  v a l u e  H = o o means t h a t  s u c h  d i s t r i b u t i o n s  c a n n o t  be 

d e s c r i b e d  and t r e a t e d  on t h i s  b a s i s .  ( A s  i t  was a l r e a d y  s h o w n ,

U i s  f o r  a l l  d i s t r i b u t i o n  f i n i t e . )

As c o n c l u s i o n ,  some s h o r t  c o m p a r i s o n s  s h o u l d  be g i v e n .

S t e i n e r  ( 1 9 7 3 )  has d e f i n e d  t h e  m o s t  f r e q u e n t  v a l u e  M; i t s  

u n c e r t a i n t y - p a i r  i s  t h e  d i h e s i o n  E ( S t e i n e r  used f i r s t l y  t h e  

more c o m p l i c a t e d  t e r m  " r e c i p r o c a l  c o h e s i o n " ) .  Cs e rn yák  ( 1 9 7 1 )  

has shown t h a t  £ c o i n c i d e s  w i t h  t h e  v a l u e  q o f  a C a u c h y -  

- d i s t r i b u t i o n  b e i n g  mos t  s i m i l a r  t o  t h e  a c t u a l  d i s t r i b u t i o n  a c ­

c o r d i n g  t o  a c r i t e r i o n  deduced  f r o m  t h e  S c h w a r z - u n e q u a l i t y  ( s e e  
a l s o  t h e  n o t i o n  o f  a f f i n i t y  d e f i n e d  by  B h a t t a c h a r y y a  ; see e . g .
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i n  M a t h a i  and R a t h i e  1 9 7 5 ) .  £ has  t h e r e f o r e  a most i l l u s t r a ­

t i v e  c o n t e n t ,  and i t s  r e c i p r o c a l ,  i n  a c c o r d a n c e  w i t h  t h e  c o n ­

c e p t  o f  t h e  mo s t  f r e q u e n t  v a l u e ,  m e a s u r e s  t h e  d e n s i t y  a r o u n d  

t h e  sy m m et ry  p o i n t  f o r  u n i m o d a l  d i s t r i b u t i o n s .  Thus ,  £ as  a 

m e a s u r e  o f  u n c e r t a i n t y ,  c h a r a c t e r i z e s  o n l y  th e  rang e  o f  g r e a t  

v a l u e s  o f  t h e  d e n s i t y  f u n c t i o n  f ( x ) .  The c u r v e  £ /11 r e p r e ­

s e n t e d  i n  F i g .  6  has  c o n s e q u e n t l y  a d e c r e a s i n g  t e n d e n c y :  t h e  

d i h e s i o n  £ do e s  n o t  t a k e  i n t o  a c c o u n t  t h e  d i s t a n t  p a r t s  o f  

t h e  f l a n k s .  The n u m e r i c a l  v a l u e s  o f  £ / I I  d i f f e r ,  h o w e v e r ,  i n  

t h e  r a n g e  3.1 < a < oo by l e s s  t h a n  1 0  p e r c e n t  f rom u n i t y ,  and 

t h e r e f o r e  h e r e  £ can  be used w i t h o u t  p r o b l e m s  as a q u i c k  

e s t i m a t e  o f  U, i f  one  has a d a t a ' s y s t e m ,  b u t  t h e  u n c e r t a i n t y  o f  

t h e  s i n g l e  m e a s u r e m e n t s  i s  t o  be f o u n d ,  t o o .  I f  t h e  v a l u e  o f  a 

i s  eve n  l e s s  ( l e s s  t h a n  3 ) ,  t h e n  £ c a n  be a l s o  used  f o r  t h e  

e s t i m a t i o n  o f  t h e  u n c e r t a i n t y ,  b u t  t h i s  e s t i m a t e  g e t s  i n c r e a s ­

i n g l y  o p t i m i s t i c ,  and i n  case  o f  t h e  C a u c h y - d i s t r i b u t i o n , £ i s

by  31 p e r c e n t  l e s s  t h a n  U ( F i g .  6 ) .  -  The a s y m p t o t i c  s c a t t e r  o f  

M, A ^ , y i e l d s  i n  i t s  t u r n  t h e  b e s t  e s t i m a t e  f o r  U j u s t  i n  t h e  

v i c i n i t y  o f  t h e  C a u c h y - d i s t r i b u t i o n  ( F i g .  7 ) .  As known,  AM
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\ /  n
£ y  sum o f  t h e  w e i g h t s

w h e re  n i s  t h e  number  o f  d a t a  i n  t h e  s a m p l e .

SUPERMODEL f g ( x )

c a n  be e s t im a t e d  f r o m  a d a ta  s y s te m  ( C s e r n y á k  and S t e i n e r  1 9 8 3 )

as

F ig .  7.

A t  l a s t  l ' e t  us see t h e  c u r v e  6 " / U  i n  F i g .  8 . The c u r v e  

can  be c o n s t r u c t e d  a t  any  r e d u c t i o n  o f  t h e  o r d i n a t e s  o n l y  t i l l  

a v a l u e  o f  0 . 5  o f  t h e  a b s c i s s a ,  as f o r  a ú  3 h o l d s  6 " = ®

( m o r e  a c c u r a t e l y  t h e  se c o n d  moment i s  n o t  i n t e r p r e t e d  i n  t h i s  

c a s e ) .  Even t h e r e ,  w here  t h e  i n t e r p r e t a t i o n  o f  (T means  no 

p r o b l e m ,  t h e  s e n s i t i v i t y  o f  CT i s  so h i g h  f o r  t h e  d i s t a n t  

p a r t s  o f  t h e  f l a n k s  t h a t  t h i s  q u a n t i t y  i s  w o r t h l e s s  f o r  t h e  

c h a r a c t e r i z a t i o n  o f  t h e  u n c e r t a i n t y  o u t s i d e  o f  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  G a u s s i a n  d i s t r i b u t i o n .  6  has s i g n i f i c a n c e  o n l y  

as t h e  a s y m p t o t i c  s c a t t e r  o f  t h e  a v e r a g e s  ( i f  i t  does  e x i s t ) ,  

t h e r e f o r e  i t  i s  a d v i s a b l e  t o  r e a d  t h e  i n t r o d u c t o r y  t e x t s  o f  

b o o k s  on p r o b a b i l i t y  t h e o r y ,  d e a l i n g  w i t h  t h e  i n t e r p r e t a t i o n
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F i g .  8 .

o f  6 “ ,  w i t h  r e s e r v a t i o n .  ( M o r e  d e t a i l s  o f  t h e  p r o b l e m  a r e  d i s ­

c u s s e d  b y  S t e i n e r  1 9 8 2 . )

A C K N O W L E D G E M E N T

T h e  a u t h o r s  t h a n k  P r o f e s s o r  L  C s e r n y á k  f o r  r e a d i n g  t h e  

m a n u s c r i p t  a n d  f o r  v a l u a b l e  c o m m e n t s .
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METHODS TO INCREASE THE RESISTENCY OF THE COMPUTATION OF THE 
GENERAL MOST FREQUENT VALUE

В H a j a g o s  and F S t e i n e r

U n iv e r s i t y  f o r  Heavy In d us t ry ,  Chai r  o f  Geophysics, H-3515 M is ko lc ,
Egyetemváros, Hungary

[  Manuscr ipt  received November 5,  1986]

The general  adjustment according to  the most f requent  value ( M ^ - a d ju s t -  
ment) has e x c e l le n t  robus t  p ro p e r t i e s ,  but  i t s  res is tenc y  i s  in  c e r t a i n  
f i e l d s  o f  e x p l o ra t i o n  geophysics i n s u f f i c i e n t  as i t  has been found by 
L Z i lah i -Sebess  (1987).  Two methods to  inc rease  the  res is tency (M^.j-,-, and 
M|<. ( . -adjustments)  are proposed in  the present  paper.  I f  proper parámeters 
arè used to  increase the re s i s te ncy ,  the e x c e l l e n t  e f f i c i e n c y  o f  the  M^- 
-adjustment  i s  on ly  s l i g h t l y  d e te r io r a t e d ,  and i n  add i t i on ,  the necessary 
number o f  s teps o f  the i t e r a t i o n s  may decrease s i g n i f i c a n t l y ,  i f  an M^ . ^ -  
or  an M^.(--adjustment i s  used instead o f  the  M^- adjustment.

Keywords: e f f i c i e n c y  o f  es t imat ion ;  most f requen t  value; r e s i s t e n c y ;  
robus t  es t im a t io n

1.  INTRODUCTION

1.1 D e f i n i t i o n  o f  t h e  g e n e r a l  m o s t  f r e q u e n t  v a l u e  

The M ^ - a d j u s t m e n t

L e t  z ^ ,  z 2 , • • • ,  z ^ ,  . . . ,  z n be a s a m p l e  o f  n e l e m e n t s  

( e . g .  t h e  r e s u l t s  o f  m ea su r e m e n ts  c a r r i e d  o u t  on t h e  same 

p h y s i c a l  q u a n t i t y ) .  I f  Mk i s  t h e  s o - c a l l e d  l o c a t i o n  p a r a m e t e r  

( " r e a l  v a l u e " ) ,  t h e n  t h e  q u a n t i t i e s  x ^ ,  t h e  s o - c a l l e d  d e v i a ­

t i o n s  a r e  d e f i n e d  as

The c o m p u t a t i o n  o f  t h e  g e n e r a l  m o s t  f r e q u e n t  v a l u e  i s  

-  a c c o r d i n g  t o  H u b e r ' s  ( 1 9 8 1 ,  page 4 3 )  n o m e n c l a t u r e  -  a s o - c a l ­

l e d  M - e s t i m a t i o n  w here  t h e  w e i g h t  f u n c t i o n  i s

Acta Geod. Geoph. Mont. Hung. 24, 1989 
Akadémiai Kiadó, Budapest
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f  k ( x )

( k£ ) 2  

( k £ ) 2 + x 2

( 2 )

The q u a n t i t y  £ , t h e  d i h e s i o n  i n  t h i s  f o r m u l a  f u l f i l l s  t h e  f o l ­

l o w i n g  e q u a l i t y :

I
* 21

i = ,  <£2 * - i > 2

I, c 2 2 ч 2
1=1 (£ + Xi >

( 3 )

By a c o r r e c t  c h o i c e  o f  th e  p a r a m e t e r  к an e s t i m a t i o n  o f  h i g h  

e f f i c i e n c y  can be r e a l i z e d .  I f  e . g .  k = l ,  t h e n :  th e  w e i g h t e d  

a v e r a g e

Mк

> j, . ( X • ) z .Z_ f  к  l  l
i  = l_____________

n
( 4 )

I
y i e l d s  an e s t i m a t i o n  w i t h  an e f f i c i e n c y  o f  1 0 0  p e r c e n t  f o r  

s a m p l e s  f r o m  a C a u c h y - d i s t r i b u t i o n  i n  r e s p e c t  o f  t h e  l o c a t i o n  

p a r a m e t e r  ( i . e .  f o r  t h e  symmetry  p o i n t  o f  t h e  d i s t r i b u t i o n ) ;  i f  

t h e  a c t u a l  d i s t r i b u t i o n  i s  a p p r o x i m a t e l y  o f  a Ga uss i an  t y p e ,  a 

h i g h  к - v a l u e  ( e . g .  k = 5 )  r e n d e r s  t h e  e s t i m a t i o n  o f  h i g h  e f f i ­

c i e n c y  based on Eq.  ( 4 ) .

The d o u b l e  i t e r a t i o n  a l g o r i t h m  d e f i n e d  by Eqs ( 3 )  and  ( 4 )  

i s  c a l l e d  t h e  c o m p u t a t i o n  o f  t h e  g e n e r a l  most  f r e q u e n t  v a l u e  

( f o r  more d e t a i l s  see  S t e i n e r  19B5,  f o r  t h e  f o u n d a t i o n  o f  t h e  

m e t h o d :  H a ja g o s  1 9 8 5 ) .  I f  th e  m e a s u r e m e n t s  aim n o t  o n l y  t h e  

d e t e r m i n a t i o n  o f  a s i n g l e  c o n s t a n t ,  b u t  t h e r e  i s  a g a i n  a g r e a t  

q u a n t i t y  o f  m e a s u r e m e n t s  i n  o r d e r  t o  make t h e  r e s u l t s  more  

r e l i a b l e ,  t h e n  Eq.  ( 4 )  i s  s u b s t i t u t e d  by an a d j u s t m e n t  a c c o r d i n g  

t o  t h e  method o f  t h e  l e a s t  s q u a r e s  w i t h  t h e  q u a n t i t i e s  f  ( x ^ )  

as w e i g h t s ,  and t h i s  i s  c a l l e d  an M ^ - a d j u s t m e n t . I n  such  a case  
t h e  d e v i a t i o n s  x-[ a r e  t o  be d e f i n e d  m or e  g e n e r a l l y  t h a n
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i n  Eq .  ( 1 ) :  t h e y  a r e  t h e  d e v i a t i o n s  o f  t h e  measured and  c o m p u t ­

ed va lues ,  r e s p e c t i v e l y ,  f o r  t h e  same i n d e p e n d e n t  v a r i a b l e ( s ) ;  

on t h e  c l o s e  c o n n e c t i o n  be tw e e n  a d j u s t m e n t  and l o c a t i o n  p a r a ­

m e t e r ,  see  S t e i n e r  ( 1 9 8 5 ) .  These  d e t a i l e d  c o n s i d e r a t i o n s  r e f e r  

i n  t h e  q u o t e d  p a p e r  o n l y  t o  k = l , b u t  m u t a t i s  m u t a n d i s  t h e y  a r e  

a l s o  v a l i d  f o r  к  > 1.  As a l a s t  s t e p  Eq.  ( 4 )  i s  s u b s t i t u t e d  by 

a w e i g h t e d  a d j u s t m e n t ,  w here  t h e  w e i g h t s  c o r r e s p o n d  t o  Eq .  ( 2 ) .  

( T h i s  a d j u s t m e n t  y i e l d s  Eq. ( 4 )  when o n l y  one c o n s t a n t  v a l u e  i s  

c o m p u t e d . )  Thus i t  i s  n o t  o n l y  l e g a l ,  b u t  a l s o  more g e n e r a l  i f  

one s p e a k s  o f  an M. -  a d j u s t m e n t  i n s t e a d  o f  " t h e  e s t i m a t i o n  o f  

t h e  mos t  f r e q u e n t  v a l u e  based on t h e  p a r a m e t e r  k " .

The r o b u s t n e s s  o f  e s t i m a t i o n s  can  be most  e a s i l y  d e s c r i b e d  

by t h e  e f f i c i e n c y  i n  a w id e  r a n g e  o f  random d i s t r i b u t i o n s .  To 

t e s t  t h i s  c h a r a c t e r ,  i t  i s  i n s u f f i c i e n t  t o  c a r r y  o u t  t h e  i n v e s ­

t i g a t i o n s  f o r  some d i s c r e t e  d i s t r i b u t i o n s ,  b u t  i t  i s  m or e  a d e ­

q u a t e  t o  i n v e s t i g a t e  d i s t r i b u t i o n  f a m i l i e s  c o n t a i n i n g  t y p e s  

v a r y i n g  i n  one ( o r  m o r e )  p a r a m e t e r ( s )  c o n t i n u o u s l y ,  i . e .  s o -  

- c a l l e d  s u p e r m o d e l s .

The i n t r o d u c t i o n  o f  t h e  s u p e r m o d e l  f  ( x )  p r o v e d  t o  be u s e -
a

f u l  f r o m  s e v e r a l  p o i n t s  o f  v i e w  ( C s e r n y á k  and S t e i n e r  1 9 8 2 ) .

The t y p e  p a r a m e t e r  a (a  > 1 ) d e f i n e s  a c c o r d i n g  t o  t h e  f o l l o w i n g  

d e n s i t y  f u n c t i o n , d i f f e r e n t  s y m m e t r i c a l  d i s t r i b u t i o n s  by  i t s  

d i f f e r e n t  v a l u e s :

( T h e  n o r m i n g  f a c t o r  c ( a )  can be e x p r e s s e d  by th e  g a m m a - f u n c t i o n  

as f o l l o w s :

1 . 2  F a m i l y  o f  d i s t r i b u t i o n s  f g ( x )

(a > 1 ) . ( 5 )

. ) ( 5 a )c (  a )

E q u a t i o n  ( 5 )  i s  a s t a n d a r d i z e d  f o r m ;  i n  a g e n e r a l  c a s e  one  has
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c a_1
f  ( X ; S ; T)  = --------------  b —  , ( 5 b )

c ( a )  • ( \ /  S 2  + (X — T ) 2 )

w i t h  t h e  s c a l e  p a r a m e t e r  S and t h e  s y m m e t r y  p o i n t  T. The q u o t e d  

p a p e r  g i v e s  more i n f o r m a t i o n  on t h e  f a m i l y  f  ( x )  and i t  shows 

s e v e r a l  b e l l - s h a p e d  c u r v e s  a c c o r d i n g  t o  Eq .  ( 5 ) .  Here we show 

o n l y  one o f  th e m :  t h e  c o n t i n u o u s  c u r v e  o f  F i g .  1 i s  t h e  d e n s i t y  

f u n c t i o n  c o r r e s p o n d i n g  t o  a = 8  and S=4 ( a n d  t o  T= 0 ) .

I f  i t  i s  t o  be d e t e r m i n e d  f o r  a v a l u e  o f  к  what  i s  t h e  e f ­

f i c i e n c y  o f  t h e  e s t i m a t i o n  o f  t h e  l o c a t i o n  p a r a m e t e r  ( s y m m e t r y  

p o i n t )  i n  a s a m p l e  f r o m  f g ( x ) ,  t h e n  one  n e e d s  on t h e  one hand 

t h e  e f f i c i e n c y  o f  t h e  opt imum-, i . e .  i n  t h e  p r e s e n t  case o f  t h e  

maximum l i k e l i h o o d  e s t i m a t i o n ,  t o o  ( C r a m é r  1 9 4 6 ) ,  -  t h i s  i s  

a f t e r  H a ja gos  ( 1 9 8 5 )  ( a + 2 ) / a ( a - l )  -  on t h e  o t h e r  th e  a s s y m p t o t i c  

v a r i a n c e  f o r  t h e  M ^ - e s t i m a t i o n . A c c o r d i n g  t o  Huber  ( 1 9 8 1 )  t h e  

a s s y m p t o t i c  v a r i a n c e  o f  t h e  e s t i m a t i o n  o f  t h e  l o c a t i o n  p a r a ­

m e t e r  can be c o m p u t e d  f o r  M - e s t i m a t i o n s  d e f i n e d  by t h e  w e i g h t  

f u n c t i o n  f  ( x )  b e i n g  s y m m e t r i c a l  w i t h  r e s p e c t  t o  t h e  o r i g i n  f o r  

S=1 as f o l l o w s

[ x • f ( x ) ]  • f  ( x ) dx

[ X Г (X)]
V

f ( x ) dx

( 6 )

b u t  s i n c e  Eq. ( 2 )  p r e s e n t e d  the  w e i g h t  f u n c t i o n  f ( x )  = (1+x2 ) - 1  

f o r  S=k£ , one n e e d s  t o  w r i t e  o u t  t h e  g e n e r a l  f o r m u l a ,  t o o :

A2  = S2  - co

x 2 ■ f  2  (-^) f  ( x ) dx

x ) dx
12

?
T h u s ,  t h e  v a r i a n c e  A^ o f  t h e  M ^ - e s t i m a t i o n  d e f i n e d  by t h e  

w e i g h t  f u n c t i o n  i n  E q .  ( 2 )  i s  comp ute d  as

( 6 a)
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X 2 - ( k S ) 4
[ ( k £ ) 2+x2 ] 2

f ( x )  .dx

-o O

( k £ ) 4- x 2 ( k g ) 2 
[ ( k£ ) 2 + X 2 ] 2

12
f ( x) dx

(7)

f(x)

Fig. 1. Density function f i ( x )  of the lo g is t ic  d is tr ib u tio n  and the curve 
f B(x;4;0)
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A f t e r  s u b s t i t u t i n g  f ( x )  = f  ( x ) ,  one g e t s  t h e  v a l u e s  d e n o t e d  by
2 a A k ( a ) ,  and t h e  e f f i c i e n c y  e i s  o b t a i n e d  as

e a + 2________

a- (a - 1  ) •  A j ^ (a )
( 8 )

The c u r v e  o f  t h e  e f f i c i e n c y  f o r  t h e  v a l u e  к = 1 . 9  comp ut ed  

f r o m  Eq. ( 8 ) i s  p r e s e n t e d  as t h e  t o p  c u r v e  o f  F i g .  2 ,  d e n o t e d  

b y  Mk i n  f u n c t i o n  o f  l / ( a - l ) .

efficiency

F i g .  2. E f f i c ie ncy  cu rves o f  the M^.p-adjustment to  d i f f e r e n t  values of  
' f mi n (o r  b) and t o  k=1.9 fo r  the supermodel f a(x )

2 .  INCREASE OF THE RESISTENCV BY TRUNCATING ACCORDING TO THE

WEIGHT MINIMUM: M. , -ADJUSTMENT к  ; b

2 .1  Remarks t o  t h e  e f f i c i e n c y - c u r v e s  o f  t h e  M ^ - a d j u s t m e n t

The to p m o s t  c u r v e  on F i g .  2 shows an e f f i c i e n c y  o v e r  90 

p e r c e n t  i n  t h e  w h o l e  r a n g e  0 < 1/ ( a — 1) < 1 .  I t  can be e a s i l y
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shown t h a t  f £ ( x )  i s  t h e  C a u c h y - d i s t r i b u t i o n , t h a t  a - »  < 0  y i e l d s

t h e  G a u s s i a n  d i s t r i b u t i o n  ( n o r m a l  d i s t r i b u t i o n ) ,  and c o n s e ­

q u e n t l y  t h e  i n t e r v a l  0 < 1 / ( a - 1 )  < 1 c o v e r s  d i s t r i b u t i o n s  f r o m  

t h e  C a u c h y - t y p e  t o  t h e  G a u s s i a n  one :  i . e . ,  t h e  r o b u s t n e s s  o f  

t h e  e s t i m a t i o n  f u l f i l s  a l l  demands.

The t o p m o s t  c u r v e  on F i g .  2 shows f o r  a = 4 . 4  an e f f i c i e n c y  

o f  100 p e r c e n t  -  b u t  i n s t e a d  o f  t h e  v a l u e  к  =1 - 9 ,  any k - v a l u e  

g r e a t e r  th a n  1 y i e l d s  an e f f i c i e n c y  o f  100 p e r c e n t  somewhere  i n  

t h e  i n t e r v a l  0 < 1 / ( a - l )  < 1 ( f o r  e . g .  к  > 5 ,  t h i s  i s  n e a r  t o  

t h e  G a u s s i a n  d i s t r i b u t i o n ,  f o r  к  ss 1 ,  n e a r  t o  t h e  C a u c h y - d i s ­

t r i b u t i o n ) .  I n t u i t i v e l y  one can s t a t e  t h a t  t h e  members o f  t h e  

d i s t r i b u t i o n  f a m i l y  f  ( x )  a r e  t h e  e i g e n d i s t r i b u t i o n s  o f  t h e  

c o m p u t a t i o n a l  a l g o r i t h m  o f  t h e  g e n e r a l  mo s t  f r e q u e n t  v a l u e .  

H o w e v e r ,  t h e  c r i t e r i o n  o f  o b j e c t i v i t y  i s  n o t  h u r t  by s t u d y i n g  

t h e  e f f i c i e n c y  on t h e  members o f  t h e  f  ( x ) - f a m i l y ,  as on t h e  

one hand  i t  c o n t a i n s  many t y p e s  o f  d i s t r i b u t i o n s  ( C a u c h y ,  

G a u s s i a n ,  S t u d e n t - d i s t r i b u t i o n s ) ,  on t h e  o t h e r  e x p e r i m e n t a l  

d i s t r i b u t i o n s  can  be v e r y  c l o s e l y  m o d e l l e d  i n  mos t  c a s e s  by a 

member o f  t h e  f  ( x ) - f a m i l y .  L e t  us c o n s i d e r  e . g .  t h e  c u r v e  

p l o t t e d  on F i g .  1 by t h e  d o t t e d  c u r v e ,  b e i n g  t h e  d e n s i t y  f u n c ­

t i o n  o f  t h e  s o - c a l l e d  l o g i s t i c  d i s t r i b u t i o n :

f  j ( x )
( l+ex ) 2

( 9 )

w h i c h  i s  v e r y  n e a r  t o  t h e  d e n s i t y  f u n c t i o n  w i t h  a=8 and S=4 

( t h e  t y p e  o f  t h e  d i s t r i b u t i o n  i s  n a t u r a l l y  d e t e r m i n e d  e x c l u ­

s i v e l y  by t h e  v a l u e  o f  a ) .  I t  can be shown t h a t  t h e  o p t i m u m  a p ­

p r o x i m a t i o n  i s  a t  a - 7 . 9  and S=4. 06  b e i n g  somewhat  c l o s e r  t o  t h e  

l o g i s t i c  d i s t r i b u t i o n  as t h e  p r e v i o u s l y  m e n t i o n e d  o n e ;  t h e  most  

c o n v i n c i n g  da tum on t h e  q u a l i t y  o f  t h i s  a p p r o x i m a t i o n  

f ^  g ( x ; 4.0.6 ; 0 ) i s  t h e  v a l u e  o f  e f f i c i e n c y ,  b e i n g  e q u a l  t o  9 9 . 7 9  

p e r c e n t .

I f  such  a d i s t r i b u t i o n  i s  l o o k e d  f o r ,  w h i c h  l i e s  f a r  away 

f r o m  t h e  s u p e r m o d e l  f  ( x ) ,  t h e n  t h e  w e l l - k n o w n  L a p l a c e - d i s t r i -  

b u t i o n  s h o u l d  be ch o s e n  w h i c h  i s  p o i n t e d  a t  t h e  s y m m e t r y  p o i n t ,  

as t h e r e  a l l  f a ( x )  d e n s i t y  f u n c t i o n s  a r e  e s s e n t i a l l y  f l a t ,  

b e l l - s h a p e d  c u r v e s .  The d e n s i t y  f u n c t i o n  o f  t h e  s t a n d a r d
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L a p l a c e - d i s t r i b u t i o n  i s :

f L ( x ) 1
2 ( 1 0 )

I t  i s  known t h a t  ’ t h e  s a m p l e  med ian  as an e s t i m a t e  f o r  t h e  sym­

m e t r y  p o i n t  has an e f f i c i e n c y  o f  1 0 0  p e r c e n t  f o r  t h i s  d i s t r i b u ­

t i o n .  The r e c i p r o c a l  o f  t h e  a s y m p t o t i c  s c a t t e r  Amec| i s  f o r  t h e  

m e d i a n  and f o r  d i s t r i b u t i o n s  b e i n g  s y m m e t r i c a l  t o  t h e  o r i g i n

e q u a l  t o  2f ( 0 )  y i e l d i n g  f o r  Eq.  ( 1 0 )  A . = 1 ; i n  c o m p a r i s o n ,
2  mea 9 9

A f r o m  Eq. (7T c o m p u t e d  w i t h  f ( x )  = f ^ ( x )  and к = 1 , e = A^ ecj / A z

i s  8 6 . 4  p e r c e n t .  T h a t  means t h a t  i n  c a s e  o f  a d i s t r i b u t i o n  b e ­

i n g  f a r  f rom t h e  f a m i l y  f g ( x ) ,  t h e  e f f i c i e n c y  i s  r a t h e r  h i g h ,  

t o o ;  t h e  model  can be e ve n  a d a p te d  f o r  f ^ ( x ) .

The p r e v i o u s  s u r v e y  was n e c e s s a r y ,  b u t  t h e  f o l l o w i n g  

r e m a r k  i s  more i m p o r t a n t .

One o f  t h e  mo s t  i m p o r t a n t  and f o r  t h e  p r a c t i c e  o u t s t a n d ­

i n g  n o t i o n  o f  t h e  t h e o r y  o f  r o b u s t  e s t i m a t i o n s  i s  t h e  f u n c t i o n  

I C ( x ) ,  n a m e ly ,  I C ( x ) / n  y i e l d s  f o r  a g i v e n  a l g o r i t h m  o f  t h e  d e ­

t e r m i n a t i o n  o f  t h e  l o c a t i o n  p a r a m e t e r  and f o r  a g i v e n  random 

d i s t r i b u t i o n  how much d oes  t h e  e s t i m a t e d  v a l u e  o f  t h e  l o c a t i o n  

p a r a m e t e r  change i f  t o  a sam p le  w i t h  a ( h i g h )  number o f  e le men ts  

n an ( n + l ) - t h  e l e m e n t  w i t h  a v a l u e  x i s  a d d e d .  I t  i s  known t h a t  

I C ( x )  i s  p r o p o r t i o n a l  t o  x -  f ( x )  ( H u b e r  1 9 8 1 ) ,  t h e r e f o r e  f o r  

t h e  M, - a d j u s t m e n t s  :

,2
( П  )I C ^ ( x ) = c o n s t . x- ( key

( k £ ) 2 + x 2

The a b s o l u t e  v a l u e  o f  t h i s  f u n c t i o n  d e c r e a s e s  s l o w l y  w i t h  i n ­

c r e a s i n g  I x I ( e s p e c i a l l y  f o r  h i g h  к - v a l u e s ) ,  i . e .  i n  su ch  ca s e s  

o u t l i e r s  can i n f l u e n c e  s i g n i f i c a n t l y  t h e  r e s u l t ,  o r  i n  o t h e r  

w o r d s :  t h e  r e s i s t e n c y  o f  t h e  M ^ - a d j u s t m e n t  c a n n o t  be a l w a y s  

r e g a r d e d  as s u f f i c i e n t .  Such a case o f  g e o p h y s i c a l  i n t e r p r e t a ­

t i o n  i s  d e a l t  w i t h  bv Z i l a h i - S e b e s s  ( 1 9 8 7 )  and t h e r e f o r e  he 

u s e d  as w e i g h t s  i n s t e  1 o f  f  ( x )  f r o m  Eq.  ( 2 )  i t s  s q u a r e .  T h i s  

i s  t h e  s o - c a l l e d  M - a d j u s t m e n t  w h ic h  has  a much b e t t e r  r e s i s ­

t e n c y  as i l l u s t r a t e d  by t h e  c u r v e s  i n  S t e i n e r  ( 1 9 8 5 ) .

As a s h o r t  s um m ary ,  t h e  M ^ - a d j u s t m e n t  has e x c e l l e n t
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r o b u s t n e s s  b u t  i t s  r e s i s t e n c y  i s  i n s u f f i c i e n t  i n  some c a s e s  

f o r  t h e  p r a c t i c e .

2 . 2  The t r u n c a t i o n  a c c o r d i n g  t o  and i t s  e f f e c t  on

t h e  e f f i c i e n c y

I n  t h i s  s e c t i o n  we p r o p o s e  t h e  use  o f  t h e  f o l l o w i n g  w e i g h t  

f u n c t i o n  :

Г к ( х ) ’. i f f k ( x )  >  f  min
( 1 2 )

о . i f ^ k ( x )  < ^  min

f i r s t g l a n c e some w ha t  t o o  d r a s t i c  o r a r b i -

f k ; b ( x )  =<

t r a r y  m o d i f i c a t i o n .  The v a l u e  f  i s  t h e  l e a s t  n o n - z e r o  

w e i g h t ,  e l s e  t h e  w e i g h t s  f r o m  t h e  M ^ - a d j u s t m e n t  a r e  u s e d .  Such  

a m o d i f i c a t i o n  o f  t h e  a l g o r i t h m  needs  o n l y  a s l i g h t  ch a n g e  i n  

an M ^ - a d j u s t m e n t  p r o g r a m ,  beyond  a l i m i t ,  h o w e v e r ,  i . e .  f o r  t h e  

r a n g e s

1 ~ f
> bk £ = к

f
( 1 3 )

mi n

i t  y i e l d s  a b s o l u t e  r e s i s t e n c y :  f o r  | x |  > ok£  ^ | < - b ^ x  ̂ =

I t  i s  t o  be i n v e s t i g a t e d  wh at  i s  t h e  e f f e c t  o f  s u c h  a 

ch a n g e  i n  t h e  w e i g h t s  on t h e  e f f i c i e n c y .

The f i r s t  s t e p  i s  t o  f o u n d  t i  _ e x p r e s s i o n  o f  Eq.  ( 6 )  f o r  

t h e  s p e c i a l  c ase  o f  Eq.  ( 1 2 ) .  Due t o  t h e  d i s c o n t i n u i t y  o f  t h e

f u n c t i o n  X f  k . £,(><) X = + b k £

c o n t a i n s  a l s o  a t e r m  o f  t h e  fo r m

t h e  f u n c t i o n f b ; k ( x )

------ ----------------  0 4 x - b k £ )
( к £ Г + ( Ь к £ Г

w h e re  5" i s  t h e  O i r a c - d e l t a .  The r e s u l t  i s  t h e n :
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+bk£

-bkE

x2 (kf , )*

[(k t )2« 2] 2
f ( x )  dx

-+bk£

(k £ )4- x 2 ■ ( k £ ) 2
12

f ( x )  dx 2b (k£ ) '

-bk£
[ ( k £)2 + X2] 2 ( k £ ) 2+ (b k £)2

f (bk£)

( 1 4 )

By s u b s t i t u t i n g  f ( x )  = f  ( x )  one g e t s  a v a l u e  t o  be d e n o t e d  Dy
2 a 

4 k - b ^ a ^ ’ t h e  e i f i c i e n c y i s now n a t u r a l l y :

e _______ a + 2________

a ( a - 1) A2 . b ( a )
( 8 a )

The c o m p u t a t i o n s  o f  t h e  e f f i c i e n c y  have  been c a r r i e d  o u t  

f o r  t h e  v a l u e s  Y” mi n = 0 * 0 2 ;  0 .1  and 0 . 2  ( i . e .  a c c o r d i n g  t o  

E q .  ( 1 3 )  f o r  t h e  v a l u e s  b = 7 ; 3 and 2 ) .  F i g u r e  2 shows o n l y  t h e  

e f f i c i e n c y  c u r v e s  f o r  t h e  v a l u e s  b=3 and  b = 2 ,  as t h e  c u r v e  

o b t a i n e d  f o r  a t r u n c a t i o n  a t  Y’ m^ n = 0 . 0 2  was p r a c t i c a l l y  i d e n ­

t i c a l  w i t h  t h e  c u r v e  o f  t h e  o r i g i n a l  c u r v e  ( w h i c h  r e f e r s  

h e r e  t o  f  mln = 0 ,  o r  t o  b = с о ) .  F i g u r e  2 shows t h a t  f o r  

Y mi n  = 0 . 2  t h e  a e c r e a s e  i n  t h e  e f f i c i e n c y  i s  a b o u t  h a l f  p e r ­

c e n t  i n  t h e  t y p e - r a n g e  n e a r  t o  t h e  G a u s s i a n  one ,  b u t  i t  a p ­

p r o a c h e s  t h e  v a l u e  o f  3 p e r c e n t  a t  a=4 w h i c h  may be a l i t t l e  

b i t  t o o  much. The d e c r e a s e  o f  t h e  e f f i c i e n c y  by maximum h a l f  

p e r c e n t  due t o  a t r u n c a t i o n  a t  Y’ m^ n = 0 .1  i s ,  h o w e v e r ,  p r a c ­

t i c a l l y  a l w a y s  n e g l i g i b l e .

The q u e s t i o n  c o u l d  be a l s o  r i s e n  how f a r  t h e  t r u n c a t i o n s

a f t e r  f  ■ " c u t "  i n t o  t h e  m o t h e r - d i s t r i b u t i o n s  f  ( x ) ,  o r  more ' m i n  a ’
c o n c r e t e l y :  wh a t  i s  t h e  measure o f  t h e  n e g l e c t i o n  f r o m  t h e  

m o t h e r  d i s t r i b u t i o n  ( r e g a r d i n g  them o n l y  f r o m  t h i s  p o i n t  o f  

v i e w ) .  The answe r  does  e v i d e n t l y  d e pend  on a and i t  can  be 

s i m p l y  g i v e n  i f  t h e  e x p l i c i t  fo r m  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  

F ( x )  i s  known.  Fo r  t h e  cases  a=2 ,  3 and  4 and f o r  a v a l u e s  

g r e a t e r  t h a n  4 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  t h e  f o l l o w i n g :

F7( x ) = i  + Larc tan x;  F , ( x )  = 1  .  —  *  . ; f ü(x)  = F, ( x )  + ^  ;
2 2 31 3 2  2/TT2 ‘ 2 1
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( 1 5 )

. (a-4)  1 (a ^  6 and even).

The q u a n t i t y  o f  t h e  d a t a  n e g l e c t e d  f r o m  t h e  m o t h e r - d i s t r i ­

b u t i o n  i s  shown i n  F i g .  3 i n  c o m p a r i s o n  t o  a l l  d a t a  i n  t h e  

m o t h e r - d i s t r i b u t i o n  f o r  t h e  r a n g e  0 < l / ( a - l )  < 1.  Even i f  

t h e s e  v a l u e s  c a n n o t  be n e g l e c t e d  i n  t h e  v i c i n i t y  o f  t h e  C a u c h y -  

- d i s t r i b u t i o n  ( e . g .  f o r  f m^ n = 0 . 1 ,  a b o u t  10 p e r c e n t ) ,  i t  i s  

n o t  n e c e s s a r y  t o  be a n x i o u s :  t h e  e f f i c i e n c y - c u r v e s  o f  F i g .  2

g i v e  a n s w e r  t o  a l l  q u e s t i o n s  b e i n g  i m p o r t a n t  f r o m  a p r a c t i c a l  

p o i n t  o f  v i e w .  F i g u r e  3 i s  p r e s e n t e d  h e r e  o n l y  t o  e n a b l e  a com­

p a r i s o n  w i t h  t h e  mo s t  a n c i e n t  r o b u s t  e s t i m a t i o n  me th od ,  w i t h  

t h e  " o C - t r u n c a t e d  a v e r a g e " .  The aim o f  t h i s  c o m p a r is o n  i s  h e r e  

j u s t  t o  e m p h a s i z e  d i f f e r e n c e s :  a s i m i l a r  t r u n c a t i o n  r a t e  do e s  

n o t  y i e l d  s i m i l a r  r e s u l t s  i n  t h e  two  c a s e s  due t o  s e v e r a l  

c a u s e s .  The oC - t r u n c a t e d  a v e r a g e  g i v e s  e q u a l  w e i g h t s  w i t h i n  

t h e  u n t r u n c a t e d  r a n g e ,  d i f f e r r i n g  f r o m  t h e  _^ - a d j u s t m e n t .

U s i n g  = 10 p e r c e n t  y i e l d s  anyway v e r y  good  e f f i c i e n c i e s  f o r  

t h e  s o - c a l l e d  J e f f r e y s - r a n g e  i n c l u d i n g  t h e  b e s t  p r a c t i c a l  d a t a  

s y s t e m s  w i t h  6 < a < 10 ,  as F i g .  4 shows ( t h a t  i s  why S t i g l e r  

1981 i n  h i s  p a p e r  w i t h  a p r o v o k i n g  t i t l e  c o u l d  c o n c l u d e  t o  t h e  

a d v a n t a g e o u s  f e a s i b i l i t y  o f  t h e  use o f  t h e  <£ = 10 p e r c e n t -  

- t r u n c a t e d  a v e r a g e ) ,  b u t  o u t s i d e  o f  t h i s  i n t e r v a l  t h e  e f f i c i e n ­

cy o f  t h e  t f C - t r u n c a t e d  a v e r a g e  d e c r e a s e s  q u i c k l y ;  t h a t  means 

t h a t  t h e  method  i s  n o t  r o b u s t  e n o ugh .  F o r  t h e  c o m p u t a t i o n  o f  e 

t h e  f o r m u l a  f r o m  H ube r  ( 1 9 8 1 ) ,  p .  58 a p p l i e d  t o  t h e  f g ( x ) - f u n c -  

t i o n s  can  be u s e d :

2 2
r ' o - ^ )

A ( 1 6 )

0

A p e r h a p s  even  more s e r i o u s  s e t b a c k  o f  t h i s  method i s  t h a t  i t



3 0 0 В HAJAG0S and F STEINER

f i g .  3. The percentual  г -va l ues  o f  neglected data in  case of  the t r u n c a t i o n  
o f  f lanks corresponding to  d i f f e r e n t  / >m̂ n-values,  and those r e f e r ­
r i n g  to mother d i s t r i b u t i o n s  of  the supermodel f a(x)

s u p p o s e s  t a c i t l y :  t h e  number  o f  o u t l i e r s  t o  be r e p r e s e n t e d  on 

t h e  L e f t  and r i g h t  hand  s i d e s ,  r e s p e c t i v e l y ,  o f  th e  x - a x i s  i s  

t h e  same.  I f  t h i s  i s  n o t  f u l f i l l e d ,  i . e . ,  a l l  o u t l i e r s  a r e  

f o u n d  e . g .  on one s i d e  o f  t h e  a x i s ,  t h e n  t h e  o. - t r u n c a t e d  

ur> t. i cm t. i on does n o t  y i e l d  an u n d i s t o r t e d  e s t i m a t i o n  even  i f  a l l  

o u t l i e r s  a re  e l i m i n a t e d  by a p r o p e r  she  i c e  o f  t h e  v a l u e  o f  oC 

as j n  s uch  a case a s i m i l a r  q u a n t i t y  o f  t h e  m o th e r  d i s t r i b u t i o n  

i s  e l i m i n a t e d  on t h e  o t h e r  s i d e  -  w h a t  makes the  o r i g i n a l l y  

s y m m e t r i c  m o t h e r  d i s t r i b u t i o n  a s y m m e t r i c .  E v i d e n t l y  su ch  a 
d i s t o r t i o n  c a n n o t  be c a u s e d  by t h e  t r u n c a t i o n  a c c o r d i n g  t o  t h e
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efficiency
V.

4. The e f f i c i e n c y  curve o f  the o C - t r unca te d  average f o r  oC =0.1 ( f u l l  
l i n e ) .  The range o f  the optimum e f f i c i e n c i e s  covers the J e f f r e y s -  
- range,  but  ou ts id e  the e f f i c i e n c y  decreases ra p id ly .  The low r o ­
bustness and the p o s s i b i l i t y  o f  the  occurrence of  d i s t o r t i o n s  as 
w e l l  as the computat ional  d i f f i c u l t i e s  o f  such an adjustment are 
impor tan t  setbacks o f  the method which i s  the refore not  proposed 
f o r  the p r a c t i c e .  The dot ted l i n e  shows f o r  comparison the  e f f i ­
c iency curve o f  the M^.(.-adjustment (see Sect ion 3) f o r  k=2.8 and 
c = l ; i n  t h i s  case, t h e ’ Je f f rey s - ra nge  i s  again p re fe r red  b u t  the 
robustness i s  much higher ( i n  the v i c i n i t y  o f  a= 2  the e f f i c i e n c y  i s  
tw ice  o f  t h a t  a t  =0 . 1 ) ,  and the M^. (-.-adjustment i s  f r e e  f rom the 
o ther  two setbacks,  too
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w e i g h t ,  i . e .  by t h e  ^ - a d j u s t m e n t .

3 .  INCREASE OF THE RESISTENCY BY THE M. -ADJUSTMENTК 5 C

3 .1  T r u n c a t i o n  by a c o n t i n u o u s l y  d e r i v a b l e  w e i g h t  f u n c t i o n

I t  has been shown i n  t h e  p r e v i o u s  s e c t i o n  t h a t  t h e  

- a d j u s t m e n t  has a d v a n t a g e o u s  p r o p e r t i e s  f r o m  t h e  p o i n t s  o f  v i e w  

o f  b o t h  r o b u s t n e s s  and r e s i s t e n c y ,  o n l y  a e s t h e t i c  p o i n t s  o f  

v i e w  a r e  h u r t f u l  ( b y  t h e  sudden  t r u n c a t i o n ) .  I t  i s ,  h o w e v e r ,  no 

p r a c t i c a l  p o i n t  o f  v i e w  w h e t h e r  a s u c c e s f u l  m a t h e m a t i c a l  m et hod  

be a e s t h e t i c  o r  n o t ,  b u t  t h e  p r e s e n t  a u t h o r s  t h i n k  t h a t  more  

" a e s t h e t i c "  s o l u t i o n s  a r e  o f t e n  more a d v a n t a g e o u s ,  t o o ,  f r o m  

one  o r  o t h e r  p r a c t i c a l  a s p e c t .

L e t  us d e f i n e  t h e  w e i g h t  f u n c t i o n  as f o l l o w s :

. 2( k e y

( k £ ) 2 + x 2

i f .< c k £

f k:c<*>

1 +С
1 -

( 1 7 )

( c k £ )  J   ̂ i f  | x J > Jc k 0 _

I t  c a n  be e a s i l y  seen  t h a t  n o t  o n l y  t h i s  w e i g h t  f u n c t i o n  i s  

c o n t i n u o u s ,  b u t  i t s  f i r s t  d e r i v a t e ,  t o o .  C o n c e r n i n g  t h e  r e s i s ­

t e n c y ,  IC. ( x )  = c o n s t ,  x - f .  ( x )  d e c r e a s e s  so q u i c k l y  f o r  К j с к 5 c
h i g h  v a l u e s  o f  I x l  t h a t  p r a c t i c a l l y  i t  i s  a t r u n c a t i o n  a f t e r  

w e i g h t  ( i t  s h o u l d  be m e n t i o n e d  t h a t  I C ^ ( x )  f r om  Eq. ( 1 1 )  d e ­

c r e a s e s  w i t h  i n c r e a s i n g  x v e r y  s l o w l y ,  n a m e l y ,  as 1 / x ) .

The mos t  i m p o r t a n t  q u e s t i o n s  r e m a i n  t h e  same, n a m e l y  

how f a r  w i l l  be c h a n g e d  t h e  e f f i c i e n c i e s  when s u b s t i t u t i n g
О

У . ( х )  by f t , ,  „ ( x ) .  The a s y m p t o t i c  v a r i a n c e  Ajj i s  o b t a i n e dК К j С К j с
by  s u b s t i t u t i n g  Eq.  ( 1 7 )  i n t o  Eq. ( 6 ) a s :

( k t ) *
[ (k £ )2. x 2) 2

f ( x )  dx
( l O7 ^ '

2c  ̂
1+c Г . - - А 1L ( c k £ ) 2 J f ( x )  dx

[ ( k £ )2 ♦ x2] 2 L c  l * c
f  _ц. (, — |ïL - j-1
>k£ i*c2 l (ко2 a « 2) J

c2

73 r . - A lL (ck£)2 J f ( x ) dx

(1 8 )
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2
By s u b s t i t u t i n g  f  ( x )  o r  F ( x )  one o b t a i n s  A. ( a ) ,  and t h e  e f -  э к j c
f i c i e n c i e s  a r e  s i m i l a r l y  comp ute d  as b e f o r e  f r om

e _______ a + 2________

a ( a - 1 ) A ^ . ^ ( a )
( 8 b)

As an e x a m p l e ,  l e t  us c o n s i d e r  t h e  d o t t e d  c u r v e  on F i g .  4 ;  f o r  

k = 2 . 8  and c=b one g e t s  e s t i m a t i o n s  p r e f e r r i n g  t h e  J e f f r e y s -  

- r a n g e  s i m i l a r l y  t o  oC = 0 . 1 , b u t  t h e  e f f i c i e n c i e s  a r e  h e r e  

e v e r y w h e r e  h i g h e r ;  a t  a= 2 , t h e  r a t i o  o f  t h e  e f f i c i e n c i e s  i s  

a l r e a d y  a r o u n d  2 .

3 . 2  D i s c u s s i o n

F i g u r e  5 p r e s e n t s  e f f i c i e n c y - c u r v e s  ( i n  a d d i t i o n  t o  t h e  

o r i g i n a l  e f f i c i e n c y  c u r v e  known f r o m  F i g .  2 ) f o r  c = 1 . 5  and  c = l  

( t h e  v a l u e  o f  k i s  i n  a l l  t h r e e  c a s e s  as b e f o r e ,  1 . 9 ) .  I n  t h e

F ig .  5. E f f i c i e n c y  curves o f  the M|<.c -ad jus tment f o r  d i f f e r e n t  va lues  o f  c,  
and f o r  k=1.9 i n  the supermodel f a(x )
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i n t e r v a l  0 < 1 / ( a - 1 )  < 0 . 5  t h e  maximum d e c r e a s e  o f  t h e  e f f i ­

c i e n c y  i s  f o r  c = 1 . 5 ,  0 . 5  p e r c e n t ,  f o r  c = l ,  2 p e r c e n t ;  t h i s  i s  

f o r  c = 1  s o m e t im es  a l l o w e d ,  f o r  c = 1 . 5 ,  i t  i s  a l w a y s  a l l o w e d ;  t h e  

s i t u a t i o n  i s  t h e r e f o r e  v e r y  s i m i l a r  t o  t h a t  f o u n d  i n  c o n n e c t i o n  

w i t h  F i g .  2 f o r  t h e  Mk . b - a d j u s t m e n t .

I t  i s  somewhat  s u r p r i s i n g  t h a t  i n  t h e  v i c i n i t y  o f  t h e  

C a u c h y - d i s t r i b u t i o n  t h e  c o n t i n u o u s  t r u n c a t i o n  does n o t  d e c r e a s e ,  

b u t  i n  o p p o s i t e ,  i t  i n c r e a s e s  t h e  e f f i c i e n c y .  T h a t  means t h a t  

t h e  p r a c t i c a l  u t i l i t y  o f  t h e  a e s t h e t i c  p o i n t  o f  v i e w  p r o v e d  

i t s e l f .

The f a c t  t h a t  t h e  dependence  o f  t h e  e f f i c i e n c y  on c may be 

o f  d i f f e r e n t  c h a r a c t e r  f o r  d i f f e r e n t  v a l u e s  o f  a i s  i l l u s t r a t e d  

i n  F i g .  6 a and 6 b b e g i n n i n g  w i t h  t h e  m in im um  c - v a l u e  s u g g e s t e d ,

0 . 5  a t  a=4 and a =2 ,  r e s p e c t i v e l y .  I t  i s  t o  be d e c i d e d  i f  t h e s e  

d i f f e r e n c e s  a r e  r e a l i s t i c ?

C o n c e r n i n g  F i g .  6 a ,  t h e  w e i g h t  f u n c t i o n  f ^ ( x )  wi ^ h  

к =1 .9  d i f f e r s  h a r d l y  f r o m  t h e  op t imum  w e i g h t  f u n c t i o n  f o r  f ^ ( x )  

( t h i s  i s  shown by t h e  e f f i c i e n c y  g r e a t e r  t h a n  9 9 .9  p e r c e n t  o f  

F i g s  2 and 5 on t h e  M ^ - c u r v e s ) ;  t h u s  i t  i s  e v i d e n t  t h a t  a s i g ­

n i f i c a n t  change  l i k e  t h e  t r a n s i t i o n  f r o m  f | < ( x )  t o  ^ k - c ^ x  ̂

a t  c=1 (a nd  even more a t  c = 0 . 5 ) m a y  r e s u l t  o n l y  i n  a d e c r e a s e  

o f  t h e  e f f i c i e n c y .

A d i f f e r e n t  s i t u a t i o n  i s  f o u n d  a t  a = 2 ,  i . e .  a t  t h e  C a u c h y -  

- d i s t r i b u t i o n : h e r e  1 0 0  p e r c e n t  e f f i c i e n c y  w ou ld  be y i e l d e d  by 

к = 1  , t h e r e f o r e  к = 1  .9  r e s u l t s  i n  a more e m p h a s i z e d  e f f e c t  o f  t h e  

f l a n k s  o f  t h e  C a u c h y - d i s t r i b u t i o n  t h a n  t h e  op t imum a l g o r i t h m  

w o u l d  a l l o w  ( t h e s e  f l a n k s ,  more e x a c t l y  t h e  t o o  h i g h  w e i g h t s  

a t t r i b u t e d  t o  them c a u s e  t h e  a v e r a g i n g  t o  be a z e r o  e f f i c i e n c y ) .  

B o t h  w e i g h t  f u n c t i o n s  ( r e p r e s e n t e d  on F i g .  7 by dash l i n e  and 

d o t t e d  l i n e ,  r e s p e c t i v e l y )  show s i g n i f i c a n t  d e v i a t i o n s  a t  h i g h  

x - v a l u e s .  The c u r v e  w i t h  f u l l  l i n e  i n  F i g .  7 i s  t h e  w e i g h t  

f u n c t i o n  f .  ( x )  c o r r e s p o n d i n g  t o  k = 1 . 9  and c = l : i t  i s  n e a r e r  

t o  t h e  op t imum  w e i g h t  f u n c t i o n ,  as e x p e c t e d  i n  case o f  

I x l  > 2 kE t h a n  t o  t h e  w e i g h t  f u n c t i o n  c o r r e s p o n d i n g  t o  к  = 1  . 9 .

I t  has been m e n t i o n e d  i n  s e v e r a l  c a s e s  t h a t  i f  t h e  t y p e  

r a n g e  o f  t h e  a c t u a l  d i s t r i b u t i o n s  i s  know n t h e n  t h e  v a l u e  к  can 

be c h o s e n  so t h a t  an e f f i c i e n c y  o f  1 0 0  p e r c e n t  i s  a p p r o x i m a t e d .
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F igs 6 a and 6 b. Changes o f  the e f f i c i e n c y  vs .  c f o r  a f i xed  value o f  к 
( k=1 .9)  and f o r  d i f f e r e n t  va lues o f  a (a=4 and a=2)

F o r  g i v e n  d e v i a t i o n - s e t s  x^ t h e  t y p e - r a n g e  can be d e t e r m i n e d  by 

t h e  know-how No. 34 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 ,  M i s ­

k o l c ;  t o  t h e  c e n t r e  o f  t h e  r a n g e  o f  t y p e s  o b t a i n e d  an o p t i m u m  

к - v a l u e  can  be a t t r i b u t e d .  Then t h e  r e s i s t e n c y  can be i n c r e a s e d  

by an a p p r o p r i a t e  c h o i c e  o f  t h e  v a l u e  c ( o r  o f  f mi n ) -

>
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f(x)

F ig .  7. Weight fu n c t io n s  f ^ (x )  o f  the M^-adjustment in  case of  £=0.5263, 
and f o r  k=l  and k=1.9;  the weight  f u n c t i o n  f k - c C x )  the M ^ . ^ a d j u s t ­
ment f o r  £=0.5263 ,  k=l .9 and c=1

A l l  p r e v i o u s  e x a m p l e s  nave been  p r e s e n t e d  f o r  a s i n g l e  

v a l u e  o f  k ,  n a m e l y  к =1 . 9 .  T h i s  seems t o  c o n t r a d i c t  t h e  p r e s e n t  

c o n c l u s i o n s .  The a u t h o r s  o f  t h i s  p a p e r  have  r e a l i z e d ,  h o w e v e r ,  

t h a t  e . g .  t h e  new m e t h o d s  t o  d e f i n e  t h e  t y p e  o f  d i s t r i b u r i o n s , 

b u t  even  t h e  w h o l e  o f  t h e  r o b u s t  s t a t i s t i c s  i s  r a t h e r  unknown 

t o  p r a c t i c a l  p e o p l e ,  and t h e y  can s p e n d  o n l y  a v e r y  s m a l l  f r a c ­

t i o n  o f  t h e  w o r k i n g  h o u r s  by s t u d y i n g  s u c h  q u e s t i o n s .  Thus t h e  

p o s s i b i l i t y  t o  c h o o s e  t h e  v a l u e s  к  and b ( o r  o f  к and c )  f r o m  a 

r a t h e r  w id e  r a n g e  can  a p p e a r  a t  t h e  f i r s t  g l a n c e  as a f a c t o r  o f  

u n c e r t a i n t y .  As e x p e r i m e n t a l  d i s t r i b u t i o n s  a r e  e x p e c t e d  t o  be 

m o s t l y  w i t h i n  t h e  C a u c h y - G a u s s i a n  r a n g e ,  we p ro p o s e  t h e  use  o f  

t h e  v a l u e  к = 1 . 9  b e i n g  an op t imum f o r  t h i s  f u l l  range  i n  c a s e  o f  

t h e  w e i g h t  f u n c t i o n  ^ | < - c ( x ) ,  i . e .  o f  t h e  . c ~ad j u s t m e n t  w i t h  

c = 1 . 5 ,  and i n  c a s e  o f  t h e  . . ^ - a d j u s t m e n t , w i t h  / т ^ п = 0 - 1  • 

T h u s ,  o n l y  two  p o s s i b i l i t i e s  r e m a i n ,  and t h e  a u t h o r s  p r o p o s e  t o

use  t h e  M. - a d j u s t m e n t .
К  j  c
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[Manusc r ip t  received January 6 , 1987]

The ca lc u la ted  g r a d i e n ts  in d ic a t e  the r a t e  o f  change of  g r a v i t y  and 
magnet ic anomal ies. The ampl i tude and d i r e c t i o n  o f  the g rad ients  a re  a f ­
fec t ed  by the changes i n  the  subsurface s t r u c t u r e .  The g rad ients  a re  de­
r i v e d  from the t runca ted  d e r i v a t i v e s  of  the p o t e n t i a l  f i e l d  w i t h  re spec t  to 
X,  y and z.  A Gaussian low-pass window has been used as a t r u n c a t i n g  func ­
t i o n .  The r e l a t i v e  h o r i z o n t a l  g rad ien t  i s  ob ta ined  from the t r u n c a te d  de­
r i v a t i v e s  w i t h  respect  to  x and y a f t e r  no rm a l i z in g  i t s  maximum ampl i tude .  
The t runca ted  v e r t i c a l  g ra d i e n t  i s  obtained f rom the t runcated d e r i v a t i v e  
w i t h  respect  to  z.  The suggested procedure i s  i l l u s t r a t e d  by model c a l c u l a ­
t i o n s  as w e l l  as f i e l d  examples. I t  i s  app l ie d  t o  the Bouguer anomal ies,  * 
and the v e r t i c a l  magnet ic anomal ies of  the Nova prospect ing area o f  Hungary. 
The Bouguer anomaly and the  v e r t i c a l  magnet ic anomaly maps o f  Nova a re p re ­
sented w i t h  the r e s u l t s  o f  the g radien t  de te rmina t ions  on maps o f  the  area. 
These l a t t e r  r e s u l t s  are i n te r p r e te d  and d iscussed.

Keywords: Bouguer-anomaly; g rad ien ts ;  g r a v i t y  anomal ies; i n t e r p r e t a ­
t i o n ;  magnet ic anomal ies; t r u n c a t i o n

INTRODUCTION

The t o r s i o n  b a l a n c e ,  as d e v e l o p e d  by E ö t v ö s ,  was u t i l i z e d  

i n  t h e  g r a v i t a t i o n a l  e x p l o r a t i o n  w i t h  g r e a t  s u c c e s s .  I t  mea­

s u r e s  t h e  n o r t h  and e a s t  comp onen ts  o f  h o r i z o n t a l  g r a d i e n t ,  t h e  

d i f f e r e n c e  i n  t h e  maximum and min imum c u r v a t u r e s  and d i r e c t i o n  

o f  m inimum c u r v a t u r e  o f  t h e  e q u i p o t e n t i a l  s u r f a c e  o f  g r a v i t y .

I t  does  n o t  r e a c t  t o  t h e  v e r t i c a l  c h a n g e s  i n  g r a v i t y  ( H e i l a n d  

1 9 4 6 ,  J a k o s k y  1 9 5 0 ) .  The t o r s i o n  b a l a n c e s  have been r e p l a c e d  

by g r a v i m e t e r s  b e c a u s e  o f  t h e i r  g r e a t e r  a c c u r a c y  and s p e e d  i n  

e x p l o r a t i o n .

Acta Geod. Geoph. Mont. Hung. 24, 1989 
Akadémiai K iadó,  Budaoest
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The h o r i z o n t a l  a n d  v e r t i c a l  g r a d i e n t s  a r e  d e t e r m i n e d  f r o m  

g r a v i m e t e r  m e a s u r e m e n t s .  The v e r t i c a l  g r a d i e n t  i s  m easur ed  

u s i n g  a to w e r  and g r a v i m e t e r .  T h i s  p r o c e d u r e  was i n i t i a t e d  by 

T h y s s e n - B o r n e m i s z a  a n d  S t a c k l e r  ( 1 9 5 6 ) .  The a p p l i c a t i o n  o f  t h i s  

m e t h o d  was d i s c u s s e d  a n d  d e v e l o p e d  by F a j k l e w i c z  ( 1 9 7 6 ) ;  A n g e r  

a n d  L i a r d  ( 1 9 8 2 ) .  The a c c u r a c y  r e q u i r e m e n t s  were d i s c u s s e d  by 

Hammer and A n z o l e a g a  ( 1 9 7 5 ) .  K a n a s e w i c h  and A g a r w a l  ( 1 9 7 0 )  used  

t h e  F o u r i e r  t r a n s f o r m  t o  o b t a i n  h o r i z o n t a l  and v e r t i c a l  d e r i v a ­

t i v e s .  S t a n l e y  a n d . G r e e n  ( 1 9 7 6 )  d e m o n s t r a t e d  t h a t  t h e  h o r i z o n t a l  

and  v e r t i c a l  g r a d i e n t s  c o u l d  be o b t a i n e d  my means o f  a H i l b e r t  

t r a n s f o r m a t i o n .

The g r a d i e n t s  o f  t h e  m a g n e t i c  f i e l d  can  be used t o  a d v a n ­

t a g e  i n  t h e  i n t e r p r e t a t i o n  o f  m a g n e t i c  a n o m a l i e s .  They w e r e  

u s e d  i n  g round  m a g n e t i c  p r o s p e c t i n g  (H ood  and M cC lu re  1 9 7 5 ) ;  i n  

m a r i n e  m a g n e t i c  s u r v e y s  ( E g g e r s  and Thompson 1 9 8 4 ) ;  i n  a e r o m a g -  

n e t i c  s u r v e y s  (Hood  1 9 6 5 ) .  Barongo ( 1 9 8 5 )  s u g g e s t e d  a m e th od  

f o r  d e p t h  e s t i m a t i o n  o f  t h e  m a g n e t i c  s o u r c e s  u s i n g  t h e  v e r t i c a l  

g r a d i e n t  p r o f i l e s .

The norma l  o r  p l a n e t a r y  v a r i a t i o n  o f  h o r i z o n t a l  g r a v i t y  

g r a d i e n t s  can be o b t a i n e d  by d i f f e r e n t i a t i o n  o f  t h e  i n t e r n a ­

t i o n a l  g r a v i t y  f o r m u l a .  I t  i s  s u f f i c i e n t  t o  c o n s i d e r  t h e  E a r t h  

as  an e l l i p s o i d  o f  r e v o l u t i o n .  The n u m e r i c a l  v a l u e s  o f  t h e  

n o r m a l  h o r i z o n t a l  g r a d i e n t s  are

g n o r m a l  = 8 . 1 2 2  s i n  2  f E  , ( 1  )

w h e r e  E i s  t h e  E ö t v ö s  u n i t  ( o f  IE = 10 s )

g
norma l
У

0  , ( 2 )

w h e r e  f  i s  th e  g e o g r a p h i c  l a t i t u d e .  The n o r m a l  v a r i a t i o n  o f  

t h e  r a d i a l  g r a v i t y  g r a d i e n t  can be c a l c u l a t e d  w i t h  s u f f i c i e n t  

a c c u r a c y  by d i f f e r e n t i a t i n g  th e  C l a i r a u t  e q u a t i o n .  The n o r m a l  

v a r i a t i o n  o f  r a d i a l  g r a v i t y  g r a d i e n t  i s

n o r m a l
9 r - 3 0 8 6  E . ( 3 )
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The r a d i a l  and t h e  l a t t e r  used v e r t i c a l  g r a d i e n t s  a r e  o p p o s i t e  

i n  s i g n .

The n o r m a l  v a r i a t i o n  o f  v e r t i c a l  m a a n e t i c  g r a d i e n t s  can be 

d e t e r m i n e d  w i t h  s u f f i c i e n t  a c c u r a c y  by c o n s i d e r i n g  t h e  m a g n e t i c  

d i p o l e  f i e l d  o f  t h e  E a r t h .  The n u m e r i c a l  v a l u e s  o f  n o r m a l  v e r ­

t i c a l  m a g n e t i c  g r a d i e n t s  a r e

z n o r m a l  _ 0 - 0 0 9 6  s i n  0 nTm - 1  , ( 4 )

z n o r m a l  _ ( 5 )

z n o r m a l  = Q _ Q288 cos  QnTrn" 1 , ( 6 )

w he re  0  i s  t h e  m a g n e t i c  c o l a t i t u d e  meas ur ed  f r o m  t h e  S o u t h  

p o l e .  The v e r t i c a l  m a g n e t i c  g r a d i e n t  q u a n t i t i e s  a r e  g i v e n  i n  

nTm  ̂ .

DETERMINATION OF GRADIENTS

The a im o f  c a l c u l a t i o n  i s  t h e  d e t e r m i n a t i o n  o f  h o r i z o n t a l  

and v e r t i c a l  g r a d i e n t s  o f  Bougue r  a n o m a l i e s  and v e r t i c a l  mag­

n e t i c  a n o m a l i e s .  The n o r t h  and e a s t  com p o n e n t s  o f  t h e  h o r i z o n ­

t a l  g r a d i e n t  a re  g i v e n  by t h e  d e r i v a t i v e s  w i t h  r e s p e c t  t o  t h e  

v a r i a b l e s  x and y ,  and  t h e  v e r t i c a l  g r a d i e n t  i s  o b t a i n e d  by t h e  

d e r i v a t i v e  w i t h  r e s p e c t  t o  t h e  v a r i a b l e  z .

One o f  t h e  p o s s i b l e  metho ds  f o r  t h e  c a l c u l a t i o n  o f  t h e  d e ­

r i v a t i v e s  i s  t h e  d e t e r m i n a t i o n  o f  t w o - d i m e n s i o n a l  s e t s  o f  c o e f ­

f i c i e n t s  whose c o n v o l u t i o n  w i t h  t h e  i n p u t  d a t a ,  g i v e s  good  ap ­

p r o x i m a t i o n s  t o  c e r t a i n  d e r i v a t i v e s  o f  t h e  i n p u t .  T h i s  t y p e  o f  

c o e f f i c i e n t s  was p r e s e n t e d  by K i s  ( 1 9 8 3 ) .  The d e r i v a t i o n  o f  c o ­

e f f i c i e n t s  i s  as f o l l o w s .  The t r a n s f e r  f u n c t i o n  o f  t h e  d e r i v a ­

t i v e s  w i t h  r e s p e c t  t o  x ,  y and z a r e  known and t h e y  a r e

S . ( f  , f  ) = j  2 J l f  , dx x ’ y J x ’

S .  ( f  , f  ) = j  2 J l f  , dy x ’ y J y ’

( 7 )

( 8 )
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( 9 )

t h e  X and y a x i s  r e s p e c t i v e l y .

A m p l i f i c a t i o n  i n  t h e  h i g h  f r e q u e n c y  r a n g e  i s  u n d e s i r a b l e ,  

s i n c e  t h i s  ran ge  p o s s e s s e s  t h e  l o w e s t  s i g n a l - t o - n o i s e  l e v e l .  As 

a c o n s e q u e n c e  a m p l i f i c a t i o n  o f  t h e  h i g h  f r e q u e n c y  c o m ponen ts  

u s u a l l y  c o r r e s p o n d s  t o  t h e  a m p l i f i c a t i o n  o f  t h e  h i g h  f r e q u e n c y  

n o i s e .  I n  o r d e r  t o  r e m o v e  t h e  h i g h  f r e q u e n c i e s ,  t h e  t h e o r e t i c a l  

t r a n s f e r  f u n c t i o n  i s  m u l t i p l i e d  by t h e  G a u s s i a n  w indow f u n c t i o n ,

as  s u g g e s t e d  by Meskó ( 1 9 8 4 ) .  T h i s  w i n d o w i n g  c o r r e s p o n d s  t o  

l o w - p a s s  f i l t e r i n g  o f  t h e  i n p u t .  The p a r a m e t e r  m, i n  Eq. ( 1 0 )  

m o d i f i e s  t h e  c u t - o f f  f r e q u e n c y  o f  t h e  f i l t e r .  The c o e f f i c i e n t s ,

i . e .  t h e  d i g i t a l  w e i g h t  f u n c t i o n ,  can be o b t a i n e d  by t h e  n u ­

m e r i c a l  i n v e r s e  F o u r i e r  t r a n s f o r m a t i o n  o f  t h e  t r u n c a t e d  t h e o ­

r e t i c a l  t r a n s f e r  f u n c t i o n .  The n u m e r i c a l  F o u r i e r  t r a n s f o r m a t i o n  

o f  t h e  c o e f f i c i e n t s  i s  t h e  a c t u a l  t r a n s f e r  f u n c t i o n  o r  t h e  

f r e q u e n c y  re s p o n s e  o f  t h e  t r u n c a t e d  d e r i v a t i o n .  I n  t h e  low  

f r e q u e n c y  range t h e  a c t u a l  t r a n s f e r  f u n c t i o n s  a r e  i n  a c c o r d  

w i t h  t h e  t h e o r e t i c a l .

The a b s o l u t e  v a l u e  o f  t h e  t r u n c a t e d  h o r i z o n t a l  g r a d i e n t  i s  

g i v e n  by t h e  s q u a r e  r o o t  o f  t h e  sum o f  t h e  n o r t h  and e a s t  com­

p o n e n t s :

Th e  maximum o f  t h i s  a b s o l u t e  v a l u e  i s  d e t e r m i n e d  and t h e  h o r i ­

z o n t a l  g r a d i e n t s  a r e  d i v i d e d  by t h i s  maximum.  I n  t h i s  manner  

t h e  d i m e n s i o n l e s s  r e l a t i v e  h o r i z o n t a l  g r a d i e n t s  a r e  o b t a i n e d ,  

a n d  t h e i r  m a g n i t u d e  v a r i e s  be tween 0 and 1 .  The d i r e c t i o n  o f  

g r a d i e n t s  i s  g i v e n  by t h e  e q u a t i o n

( 10 )

( 1 1  )

- 1 9 XoC = t a n  —-
ay

( 1 2 )
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The a n g l e  <<_ i s  measu re d  c o u n t e r c l o c k w i s e  f r o m  t h e  у - a x i s .  The 

r e l a t i v e  h o r i z o n t a l  g r a d i e n t s  a r e  d e p i c t e d  by a r r o w s  whose  

l e n g t h s  a r e  p r o p o r t i o n a l  t o  t h e i r  m a g n i t u d e .

The t r u n c a t e d  v e r t i c a l  g r a d i e n t s  a r e  p r e s e n t e d  i n  i s o l i n e

f o r m .

MODEL CALCULATIONS

The s u g g e s t e d  p r o c e d u r e  i s  i l l u s t r a t e d  by s i m p l e  g r a v i t a ­

t i o n a l  and m a g n e t i c  mode l  c a l c u l a t i o n s .

The f a u l t s  and c o n t a c t s  o f  beds  a r e  o f t e n  mode led  by  v e r ­

t i c a l  e s c a r p m e n t .  The f o r m u l a  f o r  g r a v i t a t i o n a l  f i e l d  was g i v e n  

by S a z h i n a  and G r u s h i n s k y  ( 1 9 7 1 ) .  I t  i s  as f o l l o w s :

w h e re  G i s  t h e  u n i v e r s a l  c o n s t a n t  o f  g r a v i t a t i o n ,  q i s  t h e  

d e n s i t y  o r  d e n s i t y  c o n t r a s t ,  d^ and d 2  a r e  t h e  u p p e r  and l o w e r  

d e p t h s  o f  t h e  e s c a r p m e n t .

F i g u r e  1 shows t h e  g r a v i t y  e f f e c t ,  t h e  v e r t i c a l  g r a d i e n t  

o b t a i n e d  a n a l y t i c a l l y  t h e  t r u n c a t e d  v e r t i c a l  g r a d i e n t  c a l c u l a t ­

ed by t h e  s u g g e s t e d  method  and t h e  r e l a t i v e  h o r i z o n t a l  g r a d i ­

e n t s .  The mode l  d i m e n s i o n s  a r e :  200 kgm  ̂ t h e  u p p e r  d e p t h  =

= 300 m, 2000 m, 3000 m t h e  t h i c k n e s s  c ^ - d ^  = 1000 m. The r e ­

l a t i v e  h o r i z o n t a l  g r a d i e n t s  were d i v i d e d  by t h e  same maximum 

v a l u e .  T h u s ,  t h e  m a g n i t u d e s  o f  r e l a t i v e  h o r i z o n t a l  g r a d i e n t s  

ca n  be seen  t o  be a f u n c t i o n  o f  d e p t h s  w h i c h  a r e  c o m p a r a b l e .  As 

r e s u l t  o f  t h e  a p p l i e d  t r u n c a t i o n  f u n c t i o n ,  t h e  a m p l i t u d e s  o f  

t h e  v e r t i c a l  g r a d i e n t s  a r e  a l w a y s  l e s s  t h a n  t h e  a n a l y t i c a l  ones .

S i m i l a r  mode l  e x a m p l e s  were  c a l c u l a t e d  t o  i l l u s t r a t e  t h e  

a p p l i c a t i o n  o f  t h e  method  i n  t h e  c ase  o f  t h e  v e r t i c a l  m a g n e t i c  

f i e l d  o f  a m a g n e t i z e d  s t e p  as g i v e n  by N a b i g h i a n  ( 1 9 7 2 ) :

g (x )  = G ç X  ^ - d ^  ) + 2 d2 tan 1 -  2 d1tan -1 X
+ X log

z ( x ) = 2^ , (1 4 )
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F i g .  1. The g r a v i t y  e f f e c t  ( s o l i d  l i n e ,  sca le  t o  the r i g h t ) ,  the t runca ted  
v e r t i c a l  g r a d i e n t  (dashed l i n e ,  sca le  t o  the l e f t ) ,  the a n a l y t i c a l  
v e r t i c a l  g r a d i e n t  (dot ted  l i n e ,  sca le  t o  the l e f t ) ,  r e l a t i v e  h o r i ­
zontal  g ra d ie n ts  (depicted by arrow) o f  the v e r t i c a l  escarpment 
placed in  d i f f e r e n t  depths

w h e r e  aj i s  t h e  p e r m e a b i l i t y  o f  va c u u m ;  3 i s  t h e  i n d u c e d  mag­

n e t i z a t i o n ;  d-| and Ó2 a r e  th e  u p p e r  and  l o w e r  d e p t h s  o f  t h e  

m a g n e t i z e d  s t e p ;  I  i s  t h e  i n c l i n a t i o n  o f  t h e  e a r t h ' s  f i e l d  and 
0  = 1 - 9 0 ° .
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The mo de l  d i m e n s i o n s  a r e :  J = 1 Am- 1 , I  = 6 0 ° ,  d 1 = 500 m,

2000 m, 5000 m and d£ = 1500 m, 3000 m, 6000 m r e s p e c t i v e l y .  

F i g u r e  2 shows t h e  v e r t i c a l  m a g n e t i c  e f f e c t  o f  t h e  s t e p ,  t h e  

v e r t i c a l  g r a d i e n t  o b t a i n e d  a n a l y t i c a l l y ,  t h e  t r u n c a t e d  v e r t i c a l  

g r a d i e n t  c a l c u l a t e d  by t h i s  p r o c e d u r e  and t h e  r e l a t i v e  h o r i ­

z o n t a l  g r a d i e n t s .  I n  a l l  o f  t h e  t h r e e  m o d e l  e x a m p l e s ,  t h e  r e ­

l a t i v e  h o r i z o n t a l  g r a d i e n t s  were d i v i d e d  by t h e  same maximum 

v a l u e .  Thus  t h e i r  m a g n i t u d e  e x p r e s s e s  t h e  e f f e c t  o f  d e p t h .

NOVA PROSPECTING AREA

Nova p r o s p e c t i n g  a re a  i s  l o c a t e d  i n  t h e  s o u t h w e s t  p a r t  o f  

H u n g a r y  ( F i g .  3 ) .

The B o u g u e r  a n o m a l i e s  o f  Nova ( F i g .  4 )  were r e c o r d e d  by

MÁELGI ( 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 ) .  The

g r a v i t y  s t a t i o n s  w e re  d i s t r i b u t e d  r a n d o m l y ,  w i t h  t h e  a v e r a g e

s a m p l i n g  d i s t a n c e  b e i n g  500 m. The s u r f a c e  d e n s i t y  o f  t h e  s t a -
2

t i o n s  was a p p r o x i m a t e l y  1 s t a t i o n / k m  . The a c c u r a c y  o f  t h e

d i g i t i z e d  d a t a  i n  a s q u a r e  g r i d  o f  1 0 0 0  m s a m p l i n g  d i s t a n c e , *
_2

was _ + 1 .0 / jm s  . The r a n g e  o f  Bou g u e r  a n o m a l i e s  e x c e e d s  t h e

n o i s e  l e v e l .  The f o r m  o f  Bougue r  a n o m a l i e s  e x p r e s s e s  t h e  e f -

i e c t  o f  t h e  g e o l o g i c a l  s t r u c t u r e  u n a m b i g u o u s l y .

The v e r t i c a l  m a g n e t i c  a n o m a l i e s  o f  Nova ( F i g .  5 )  w ere  a l s o

r e c o r d e d  by MÄELGI.  The m a g n e t i c  s t a t i o n s  w ere  d i s t r i b u t e d

r a n d o m l y  w i t h  t h e  a v e r a g e  s a m p l i n g  d i s t a n c e  b e i n g  1 0 0 0 - 1 5 0 0  m.
2

The s u r f a c e  d e n s i t y  o f  t h e  s t a t i o n s  was a p p r o x i m a t e l y  0 . 5 / k m  . 

The a c c u r a c y  o f  t h e  d i g i t i z e d  d a t a ,  i n  a s q u a r e  g r i d  o f  1000 m 

s a m p l i n g  d i s t a n c e ,  was _+1 0 nT.  Two maxima s e p a r a t e d  by a n a r r o w  

minimum zone  can  be seen i n  t h e  an o m a ly  map.

The f o l l o w i n g  o b s e r v a t i o n s  can be made on t h e  s u b s u r f a c e  

s t r u c t u r e  o f  Nova ( F i g s  4 and 5 ) .  The o b s e r v a t i o n s  a r e  based  on 

t h e  i n v e s t i g a t i o n s  o f  t h e  e x p l o r a t i o n  w e l l s  and d e t a i l e d  s e is m ic  

s u r v e y s  (GKV 1972 ,  GKV 1 9 8 2 ) .  The P r e - N e o g e n e  base me n t  c o n s i s t s  

o f  two  ma in  s t r u c t u r a l  u n i t s :  t h e  B a l a t o n  c r y s t a l l i n e  s w e l l  and 

t h e  c e n t r a l  m o u n t a i n  f a c i e s  b e l t .

The e l e m e n t s  o f  t h e  B a l a t o n  c r y s t a l l i n e  s w e l l  a r e  d e t e c t e d  

i n  t h e  s o u t h e r n  p a r t  o f  Nova .  M i c a - s c h i s t ,  g r a n i t e ,
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F i g .  2.  V e r t i c a l  magnet ic f i e l d  ( s o l i d  l i n e ,  sca le  to  the r i g h t ) ,  the t r u n ­
cated v e r t i c a l  g r a d i e n t  (dashed l i n e ,  scale to the l e f t ) ,  the ana­
l y t i c a l  v e r t i c a l  g ra d i e n t  (dot ted  l i n e ,  scale to the l e f t ) ,  r e l a ­
t i v e  hor i zon ta l  g r a d i e n ts  (depic ted  by arrow) o f  the magnet ized 
v e r t i c a l  step p laced i n  d i f f e r e n t  depths
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F ig .  3. Locat ion o f  the Nova prosDecting area

g r a n o d i o r i t e , q u a r t z - p o r p h y r i t e  w e re  c o r e d  by e x p l o r a t i o n  w e l l s .  

The age o f  t h e s e  r o c k s  may be P r e c a m b r i a n ,  b u t  t h e  ma in  mass i s  

P a l e o z o i c :  O r d o v i c i a n - S i l u r i a n  m e t a m o r p h i c  r o c k s ,  C a r b o n i f e r o u s  

g r a n i t e ,  P e rm i a n  q u a r t z - p o r p h y r i t e .  T hese  r o c k s  a re  l o c a t e d  i n  

an e a s t - w e s t  e m e r g e n t  r i d g e  i n  t h e  O r t a h á z a - P u s z t a e d e r i c s - H a -  

h ó t - K i l i m á n  l i n e .  They  s u b s i d e d  t o  g r e a t e r  d e p t h s  a l o n g  a 

s t r u c t u r e  t o  t h e  n o r t h  and s o u t h ,  as w e l l  as t o  th e  w e s t  f r o m  

O r t a h á z a .

The r o c k s  o f  t h e  c e n t r a l  m o u n t a i n  f a c i e s  b e l t  can be f o u n d  

n o r t h  o f  t h e  c r y s t a l l i n e  s w e l l .  L a r g e  amounts o f  s e d i m e n t s  w e re  

d e p o s i t e d  i n  t h e  l a t e  P a l e o z o i c - M e s o z o i c  c y c l e .  The p r o d u c t s  o f  

e x p l o r a t i o n  w e l l s  i n d i c a t e  t h a t  P e r m i a n  r o c k s  a re  p r o b a b l e  l o ­

c a t e d  s o u t h  o f  D i ó s k á l .  T r i a s s i c  D a c h s t e i n  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  i s  d e t e c t e d  i n  t h e  e n t i r e  a r e a .  J u r a s s i c  d e t r i t u s  

i s  f o u n d  i n  a n o r t h e a s t - s o u t h w e s t  d i r e c t i o n  i n  t h e  v i c i n i t y  o f  

B á r s z e n t m i h á l y f a and K e h i d a .  The p o s i t i o n  o f  th e  L i a s s i c - D o g g e r  

r o c k s  p r o v e s  t h e  p r e s e n c e  o f  r e v e r s e  f a u l t  zo n e s .  The l i m e s t o n e  

f o r m a t i o n  o f  Ugod and m a r l  f o r m a t i o n  o f  P o l á n y  a re  t h e  p r o d u c t s  

o f  U p p e r - C r e t a c e o u s  s e d i m e n t a t i o n .
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Profile A R-ofile 0

Profile A Profile В

(Capt ion  see p. 322)



3 2 0 К KIS e t  a l .

Profile A Profile B

N
Profile A Profile B

0 1 2 3 U Б km

F ig .  5.



GRAVITY AND MAGNETIC ANOMALIES 321

Profile A Profile В

...

о0 о о

°,° 0 л°
Szilvágy о 0 

О о

О ° /  i  / '
> А  °  X  . ' V х  о

о Ó а . - '  ’ ■ í » «  \
О Ï °  -о 4nv - О \

°  ! °
/  0 .  о -  %

/ ш>>* /  Bak л Zalaszrntrnihaty

\  /г •. у
à\ j ° \  У

N o va\ /  о

ч  \  ° \
%*. \ \ у  1
О 1- \  У  \

/  г . у к ' У  «
Л  ° .

,0 / j r V о а "  о

"Za la tarnok

° ---------........................„X  . . к - *  »
1° О о Оо

9.c-^iA'-a-*__-

/ °  Qrtah^zcß о О  ̂-

>1 ° /

э Pusztaszentlaszb 
о о

Pu sztam agyaród

-----------------й о ---------- % 8 о

°  °  о  «
о о о о о  о °

1 ----
2 a.a
3 -------------
4 о

0 1 2 3 А 5 km

Profile A Profile В N

Capt ion see р. 322)



3 2 2 К KIS e t  a l .

F i g .  4.  Bouguer anomaly f i e l d  over the Nova p r o s pec t i on  area anomal ies are 
contoured a t  10 /ums~2 (upper l e f t ) .  Pre-Miocene te c t on ic  l i n e s  
over Nova, symbols:  1 . boundary of the Ba la t on  c r y s t a l l i n e  swel l  
and the c en t r a l  mounta in  fac ies b e l t ,  2. t e c t o n i c  l i n e s ,  3. bound­
ary of  the Eocene sediments,  4. e xp l o ra t i o n  w e l l s  ( top r i g h t ) .  Rel ­
a t i ve  h o r i zon ta l  g r a d i e n t s  derived f rom the  Bouguer anomalies ( b o t ­
tom l e f t ) .  T runcated v e r t i c a l ' g r a d i e n t s  d e r i v e d  from the Bouguer 
anomalies con toured  i n  Eötvös un i t s  (bot tom r i g h t ) .  These f i g u r e s  
show the p o s i t i o n  o f  p r o f i l e s  A and B, r e s p e c t i v e l y

F i g .  5.  V e r t i c a l  magnet ic anomaly f i e l d  over the Nova prospect ion area
anomalies contoured a t  nT ( top l e f t ) .  Pre-Miocene te c t on ic  l i n e s  
over Nova, symbols:  1 . boundary of  the Ba la t on  c r y s t a l l i n e  swel l  
and the c en t r a l  mounta in  fac ies b e l t ,  2. t e c t o n i c  l i n e s ,  3. bound­
ary of  the Eocene sediments,  4. e xp l o ra t i o n  w e l l s  ( top r i g h t ) .  Re l ­
a t i ve  h o r i zon ta l  g r a d i e n t s  derived f rom the  v e r t i c a l  magnetic anom­
a l ie s  (bottom l e f t ) .  Truncated v e r t i c a l  g r a d i e n t s  der ived from the 
v e r t i c a l  magnet ic anomal ies contoured a t  nTm~ 1  (bottom r i g h t ) .
These f igu res  show the  po s i t i o n  of  p r o f i l e  A and B, re spec t i ve ly

Eocene s e r i e s  a r e  s u p e r i m p o s e d  on t h e  e r o d e d  s u r f a c e  o f  

M e s o z o i c  r o c k s  w i t h  a n g u l a r  u n c o n f o r m i t y .  M i d d l e  and Upper  

E o c e n e  s e d i m e n ts  w e re  d e p o s i t e d  s i m u l t a n e o u s l y  w i t h  s u b s i d e n c e  

o f  t h e  b a s i n .  The d e e p e s t  p a r t  o f  t h e  b a s i n  i s  i n  t h e  c e n t r a l  

z o n e  o f  th e  a r e a .  T h i s  e a s t - w e s t  t r e n c h  o f  Z a l a t á r n o k  c o n t a i n s  

m o r e  t h a n  1 0 0 0  m o f  t h e  s e d i m e n t a r y  c o m p l e x .

An e r o s i o n  p e r i o d  was d o m i n a n t  f r o m  E ocene  t o  M i o c e n e .  

S e d i m e n t a t i o n  s t a r t e d  p r o b a b l y  i n  B a d e n i a n ,  and i t  c o n t i n u e d ,  

w i t h  s h o r t  h i a t u s e s  i n  S a r m a t i a n  as w e l l  as i n  P a n n o n ia n .  The 

h i g h e r  p a r t s  o f  t h e  u p l i f t e d  b a s i n  ( m a i n l y  t h e  B a l a t o n  c r y s t a l ­

l i n e  s w e l l )  wer» c o v e r e d  by  w a t e r  i n  L a t e  M i o c e n e  (L ow e r  Pan­

n o n i a n ) .  The B a d e n i a n - S a r m a t i a n  t r a n s g r e s s i o n  p e r i o d  t u r n e d  

i n t o  a r e g r e s s i o n a l  f i l l i n g  c y c l e  ( L o w e r  P a n n o n i a n )  and t e r ­

r e s t r i a l  s e d i m e n t s  w e r e  d e p o s i t e d  as t h e  l a s t  s t a g e  o f  t h e  

b a s i n  e v o l u t i o n .

GRADIENTS OF NOVA AND THEIR INTERPRETATION

The Bouguer  a n o m a l i e s  and t h e  v e r t i c a l  m a g n e t i c  a n o m a l i e s  

w e r e  samp led  i n  a s q u a r e  g r i d  w i t h  t h e  s a m p l i n g  u n i t  b e i n g  

1 km.  I n  th e  c o m p u t a t i o n s ,  we chose  m = 9 f o r  t h e  p a r a m e t e r  o f  

t h e  G a u s s i a n  t r u n c a t i o n  f u n c t i o n  (E q .  1 0 ) .  The c u t - o f f  s p a t i a l
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f r e q u e n c y  was d e f i n e d  by t h e  -3  dB p o i n t ,  and i t  gave  a 0.15 km 

c u t - o f f  s p a t i a l  f r e q u e n c y .

R e l a t i v e  h o r i z o n t a l  g r a d i e n t s  o f  t h e  g r a v i t y  were  com pu te d  

f r o m  Boug ue r  and o f  t h e  m a g n e t i c s  f r o m  v e r t i c a l  m a g n e t i c  anoma­

l i e s ,  r e s p e c t i v e l y .  The r e l a t i v e  h o r i z o n t a l  g r a d i e n t s  w e re  i n ­

d i c a t e d  by a r r o w s  i f  t h e i r  m a g n i t u d e  was g r e a t e r  t h a n  2 0  p e r ­

c e n t  o f  t h e  maximum v a l u e .

F o r  t h e  l a t i t u d e ,  f  = 4 7 ° ,  o f  Nova p r o s p e c t i n g  a r e a ,  t h e  

n o r m a l  v a l u e  o f  t h e  g r a v i t y  g r a d i e n t  g x i s  a p p r o x i m a t e l y  8 .1  E 

f r o m  Eq. ( 1 ) .  The v a l u e s  o f  t h e  t r u n c a t e d  g r a d i e n t  g x a r e  24.1 

E maximum, and - 2 1 . 2  E min imum. The c o m p u t e d  g r a d i e n t  i s  t h r e e  

t i m e s  t h e  n o r m a l  v a l u e .  The n u m e r i c a l  v a l u e  o f  t h e  t r u n c a t e d  

v e r t i c a l  g r a d i e n t  g z has  a maximum = 2 4 . 9  E, and a min imum =

= - 1 7 . 4  E w h i c h  a r e  a fe w  t h o u s a n d t h s  o f  t h e  n o r m a l  v a l u e  g i v e n  

by Eq. ( 3 ) .  The maximum o f  t h n +T4 j n c a t e d  r e l a t i v e  h o r i z o n t a l  

g r a d i e n t s  i s  2 5 . 9  E.

F o r  t h e  c o l a t i t u d e  o f  b  = 130°  f o r  t h e  Nova p r o s p e c t i n g

a r e a ,  t h e  n o r m a l  v a l u e  o f  t h e  g r a d i e n t  Z o f  t h e  v e r t i c a l  mag-
- 1 *n e t i c  f i e l d  i s  0 . 0 0 7 4  nTm g i v e n  by Eq.  ( 4 ) .  The t r u n c a t e d  * 

maximum Z i s  0 . 0 2 0  nTm and t h e  min imum i s  - 0 . 0 2 1  nTm . The
X

a b s o l u t e  ex t remum o f  t h e  computed  g r a d i e n t  i s  t h r e e  t i m e s  

g r e a t e r  t h a n  t h e  n o r m a l  v a l u e .  The maximum o f  0 . 0 2 9  nTm 1 and 

t h e  minimum o f  - 0 . 0 1 8  nTm 1 o f  t h e  t r u n c a t e d  v e r t i c a l  g r a d i e n t  

a r e  a p p r o x i m a t e l y  t h e  same as t h e  a b s o l u t e  m a g n i t u d e  o f  t h e  

n o r m a l  v e r t i c a l  g r a d i e n t  o f  - 0 . 0 1 8 5  nTm 1 f r o m  Eq. ( 6 ) .  The 

maximum o f  t h e  t r u n c a t e d  r e l a t i v e  h o r i z o n t a l  g r a d i e n t s  i s

0 . 0 2 3  n T m ' 1 .

R e l a t i v e  h o r i z o n t a l  g r a d i e n t s  o b t a i n e d  f r o m  t h e  B o u g u e r  

a n o m a l i e s  can be se e n  i n  F i g .  4.  The r e l a t i v e  h o r i z o n t a l  g r a ­

d i e n t s  show t h e  t y p i c a l  f e a t u r e s  a l o n g  an e a s t - w e s t  l i n e  ( O r t a -  

h á z a - P u s z t a e d e r i c s - P u s z t a s z e n t l á s z l ó - H a h ó t  l i n e ) .  To t h e  n o r t h  

and t o  t h e  s o u t h  o f  t h i s  zone t h e  g r a d i e n t s  a r e  l e s s .  The a r ­

row s  p o i n t  t o  t h e  s o u t h  and t o  t h e  n o r t h  d i r e c t i o n  r e s p e c t i v e ­

l y .  T h i s  t y p e  o f  v a r i a t i o n  o f  t h e  a r r o w s  i s  c h a r a c t e r i s t i c  o f  

an u p l i f t e d  r i d g e .  I n  t h e  n o r t h e r n  p a r t  o f  t h e  h o r i z o n t a l  g r a ­

d i e n t  map, a d e e p e r  zone  can be i n d i c a t e d  by s m a l l e r  g r a d i e n t s  

a l o n g  t h e  N o v a - Z a l a t á r n o k - B a k  l i n e .  The b o u n d a r y  o f  t h i s  d e e p e r
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z o n e  i s  i n d i c a t e d  by g r a d i e n t s  p o i n t i n g  o u t w a r d s .

The u p l i f t e d  r i d g e  i s  a p o s i t i v e  a n o m a l y  on t h e  t r u n c a t e d  

v e r t i c a l  g r a d i e n t  map o b t a i n e d  f r o m  t h e  Bou g u e r  a n o m a l i e s  w h i l e  

t h e  d e e p e r  zones  show n e g a t i v e  a n o m a l i e s  i n  t h e  n o r t h e r n  and 

s o u t h e r n  p a r t  o f  t h e  p r o s p e c t i n g  a r e a .

R e l a t i v e  h o r i z o n t a l  g r a d i e n t s  o b t a i n e d  f r o m  t h e  v e r t i c a l  

m a g n e t i c  a n o m a l i e s  c a n  be seen  on F i g .  5 .  The u p l i f t e d  r i d g e  i n  

t h e  m i d d l e  p a r t  o f  t h e  a r e a  shows s m a l l e r  g r a d i e n t s .  As com­

p a r e d  t o  t h e  g r a d i e n t s  o b t a i n e d  f r o m  t h e  Bou g u e r  a n o m a l i e s ,  i t s  

b o u n d a r y  i s  c h a r a c t e r i z e d  by g r a d i e n t s  p o i n t i n g  o u t w a r d s .  The 

r e l a t i v e  h o r i z o n t a l  g r a d i e n t s  p o i n t i n g  c o n c e n t r i c a l l y  i n w a r d s  

i n d i c a t e  a l o c a l  maximum o r  t h e  v e r t i c a l  m a g n e t i c  a n o m a l i e s  i n  

a d i r e c t i o n  s o u t h - e a s t  f r o m  Nova .  The d e e p e r  zones  a r e  n o t  

c h a r a c t e r i z e d  by o u t w a r d  p o i n t i n g  g r a d i e n t s .

The t r u n c a t e d  v e r t i c a l  g r a d i e n t  a n o m a l i e s  o b t a i n e d  f r o m  

t h e  v e r t i c a l  m a g n e t i c  a n o m a l i e s  can  be a l s o  seen on F i g .  5 .  The 

u p l i f t e d  r i d g e  i s  i n d i c a t e d  by n e g a t i v e  v e r t i c a l  g r a d i e n t  anoma­

l i e s .  The de e p e r  z o n e s  t o  t h e  n o r t h  and s o u t h  a r e  c h a r a c t e r i z e d  

by  p o s i t i v e  v e r t i c a l  g r a d i e n t s .

D e t a i l e d  r e s u l t s  f r o m  t h i s  method  can  be seen  on F i g s  6  

a n d  7 .  P r o f i l e s  A and В show t h e  B o u g u e r  p r o f i l e ,  v e r t i c a l  mag­

n e t i c  p r o f i l e ,  t h e  t r u n c a t e d  v e r t i c a l  g r a d i e n t s  and t h e  r e l a ­

t i v e  h o r i z o n t a l  g r a d i e n t s  i n  n o r t h - s o u t h  p l a n e .  The g e o l o g i c a l  

s e c t i o n  and t h e  p o s i t i o n  o f  some e x p l o r a t i o n  w e l l s  a r e  shown on 

t h e s e  f i g u r e s .

The d i f f e r e n t  z o n e s  a p p e a r i n g  on t h e  g r a d i e n t  maps a r e  

s e p a r a t e d  by t e c t o n i c  l i n e s .  T he re  a r e  t h r e e  d i f f e r e n t  c h a r a c ­

t e r i s t i c  d i r e c t i o n s  i n  t h e  p r o s p e c t i n g  a r e a :  a p p r o x i m a t e l y  

e a s t - w e s t ,  n o r t h e a s t - s o u t h w e s t ,  and n o r t h w e s t - s o u t h e a s t .  The 

d i r e c t i o n s  a re  t h e  r e s u l t s  o f  d i f f e r e n t  t e c t o n i c  c y c l e s ,  t h e i r  

age  c a n n o t  be d e t e r m i n e d  by t h i s  p r o c e d u r e .  The n o r r h e a s t -  

- s o u t h w e s t  and t h e  n o r t h w e s t - s o u t h e a s t  d i r e c t i o n s  a r e  r e l a t e d  

t o  t h e  A l p i a n  t e c t o n i c  c y c l e .  I t  a p p e a r s  p a r t i a l l y  i n  t h e  f o r m  

o f  n o r m a l  and p a r t l y  o f  r e v e r s e  f a u l t s .  The r e v e r s e  f a u l t s  can 

be e x p l a i n e d  i n d i r e c t l y .

The d i s c o n t i n u i t y  o f  t h e  d i r e c t i o n s  can  be r e g a r d e d  as t h e  

r e s u l t  o f  a h o r i z o n t a l  d i s p l a c e m e n t .  The r e s u l t s  a p p e a r  w he re
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th e  m a in  t e c t o n i c  u n i t s ,  th e  B a la to n  c r y s t a l l i n e  s w e l l  a n d  th e

c e n t r a l  m o u n ta in  f a c i e s  b e l t ,  a re  i n  c o n t a c t .

F ig .  6 . The g r a v i t y  p r o f i l e  A ( s o l i d  l i n e ,  s ca le  to  the r i g h t )  i t s  t runca ted  
v e r t i c a l  g ra d ie n ts  p r o f i l e  (dashed l i n e ,  sca le  to  the l e f t )  i t s  
r e l a t i v e  h o r i z o n t a l  gradien ts  ( i n  a h o r i z o n t a l  sou th -nor th  p l ane) .  
The v e r t i c a l  magnet ic p r o f i l e  A ( s o l i d  l i n e  scale to the r i g h t ) ,  
i t s  t runcated  v e r t i c a l  g radien t  p r o f i l e  (dashed l i n e ,  scale to  the 
l e f t ) ,  i t s  r e l a t i v e  ho r i zo n ta l  g rad ien ts  ( i n  a hor i zon ta l  snu th -  
-nor th  p lan e) .  Geo logica l  p r o f i l e  A and the  exp lo rat ion  w e l l s  along 
the p r o f i l e  A
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PROFILE B

/  / N

Or-K-1 Z t-4 Zt-2 NL-70 NL-75

0  1 2 3 4 5k m

F ig .  7. The g r a v i t y  p r o f i l e  B ( s o l i d  l i n e ,  sca le  to  the r i g h t ) ,  i t s  t r u n ­
cated v e r t i c a l  g ra d i e n t  p r o f i l e  (dashed l i n e ,  scale to  the  l e f t )  
i t s  r e l a t i v e  h o r i z o n t a l  g rad ients ( i n  a h o r i zon ta l  sou th -n or t h  
plane) .  The v e r t i c a l  magnetic p r o f i l e  В ( s o l i d  l i n e ,  sca le  t o  the 
r i g h t ) ,  i t s  t runca te d  v e r t i c a l  g ra d ie n t  p r o f i l e  (dashed l i n e ,  scale 
to  the l e f t ) ,  i t s  r e l a t i v e  h o r i z o n ta l  g rad ien ts  ( i n  a h o r i z o n t a l  
south-nor th p l a n e ) . Geological  p r o f i l e  В and the e x p l o ra t i o n  we l l s  
along the p r o f i l e  В
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Reduct ion to  the magnet ic pole of  the t o t a l  magnet ic anomal ies requ i res  
the determinat ion  o f  the d i r e c t i o n  of  the magnet i za t ion .  This de te rmina t ion  
i s  based on the min im iza t io n  o f  a l i n e a r i z e d  o b j e c t i v e  fu n c t io n  ob ta ined  
from Poisson 's  r e l a t i o n .  The suggested procedure was appl ied t o  the reduc­
t i o n  to  the magnetic pole o f  the t o t a l  magnet ic anomal ies o f  the  Tóalmás 
area o f  Hungary. The p o s i t i o n  o f  the ca l cu la t ed  anomal ies are i n  agreement 
w i t h  the geolog ica l  s t r u c t u r e  o f  the area.

Keywords: maynet ic anomaly; magnet izat ion;  Poisson's r e l a t i o n ;  Tóalmás 
anomaly

INTRODUCTION

The r e d u c t i o n  o f  t h e  t o t a l  f i e l d  m a g n e t i c  a n o m a l i e s  t o  t h e  

m a g n e t i c  p o l e  i m p r o v e s  t h e  i n t e r p r e t a t i o n  t h r o u g h  u n i v e r s a l i z ­

i n g  t h e  m a g n e t i c  a n o m a l i e s .  The e f f i c i e n c y  o f  t h i s  t r a n s f o r m a ­

t i o n  has  been d i s c u s s e d  by Ba ra n o v  ( 1 9 5 7 ) ,  B a ra n o v  and Naudy 

( 1 9 6 4 ) ,  B h a t t a c h a r y a a  ( 1 9 6 5 ) ,  K a n a s e w i c h  and A g a r v a l  ( 1 9 7 0 ) ,  

C o r d e l l  and T a y l o r  ( 1 9 7 1 ) .  The a n a l y s i s  s u m m a r i z e d  i n  t h i s  

p a p e r  a r e  c o n t i n u a t i o n s  o f  p r e v i o u s  r e s u l t s  ( K i s  1 9 8 3 ,  1 9 8 4 ) .  

i n  t h e  p r e s e n t  p a p e r ,  o n l y  t h e  f i n a l  r e s u l t s  o f  t h e  e a r l i e r  i n ­

v e s t i g a t i o n s  a re  p r e s e n t e d .  The i n t e r p r e t a t i o n  o f  a n o m a l i e s  

needs  t h e  a i d  o i  s p e c i a l i s t s  i n  t h e  f i e l d .

I f  t h e  homogeneous m a g n e t i z a t i o n  o f  t h e  s o u r c e  i s  a c c e p t e d ,  

t h e  t r a n s f e r  f u n c t i o n  o f  r e d u c t i o n  t o  t h e  p o l e  i s  as f o l l o w s :

Acta Geod. Geoph. Mont. Hung. 24, 1989 
Akadémiai Kiadó,  Budapest
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ST( f  , f  ) T x ’ V
f x+ f v

( N ( f 2 + f 2 ) 1 / 2  + j ( L f x+Mfy )) (n f 2 + f 2 ) 1 / 2 j ( l f x+mf y))
(1 )

w h e r e  and f  a r e  t h e  s p a t i a l  f r e q u e n c i e s  measur ed  a l o n g  t h e  

x a n d  y ax es ,  r e s p e c t i v e l y .  L,  M, N and 1 ,  m, n a r e  t h e  d i r e c ­

t i o n a l  c o s i n e s  o f  t h e  m a g n e t i z a t i o n ,  and o f  t h e  E a r t h ' s  m a g n e t ­

i c  f i e l d ,  r e s p e c t i v e l y .  The d i r e c t i o n a l  c o s i n e s  can be e x p r e s s e d  

by  t h e  i n c l i n a t i o n  and  d e c l i n a t i o n  (b o f  t h e  m a g n e t i z a ­

t i o n ,  and by th e  i n c l i n a t i o n  I  and d e c l i n a t i o n  D o f  t h e  E a r t h ' s  

m a g n e t i c  f i e l d :

COS oC- c o s  ib 1 = c os I cos  D

COS oC s i n  fb m = c os I s i n  D ( 2 )

s i n  oC n = s i n I

The  e q u a t i o n s  a re  v a l i d  i n  a C a r t e s i a n  c o o r d i n a t e  s y s t e m  i n  

w h i c h  t h e  x , y , z  a xe s  p o i n t  t o  N o r t h ,  E a s t  arid dow nw ard ,  r e ­

s p e c t i v e l y .

The t r a n s f e r  f u n c t i o n  S y ( f x , f  ) has  a f i n i t e  d i s c o n t i n u i t y  

a t  f x = f y = 0 .  T h i s  d i s c o n t i n u i t y  can be e l i m i n a t e d  i f  Eq.  ( 1 )  i s  

m u l t i p l i e d  by t h e  G a u s s i a n  b a nd -p ass  w i n d o w :

SBP( f x > y  = c <exP( - ( 3 0  f r /m1) 2) - e x p ( - ( 3 6  f r /m2) 2) )  . ( 3 )

The  n o r m a l i z a t i o n  f a c t o r  C i n  t h e  above  can  be e x p r e s s e d  i n  t h e  

f o r m

w h e r e

C = _____________________1_________________________

exP( - (36 f r  max/ml )2 ) - exp(- (36 f r  max/m2)2)

г  max

m 1 m 2 

~ T g ~

1/2

( 4 )

T h i s  b a n d - p a s s  w in dow  was s u g g e s t e d  by Meskó  ( 1 9 8 4 ) .  The
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p a r a m e t e r s  m1 and m2  o f  t h e  b a n d - p a s s  w in dow  c o n t r o l  t h e  band 

w h i c h  i s  p a s s e d .  I f  t h e  l o w e r  and u p p e r  c u t - o f f  f r e q u e n c i e s  f ^  

and f^j  a r e  d e f i n e d  by t h e  -3  dB a m p l i f i c a t i o n  t h e n

f c
L

0 . 0 1 6 3 3  m2

l
and

0.01 633 m.

?
( 5 )

w he re  Ç i s  t h e  s a m p l i n g  u n i t .

The o u t p u t  o f  t h e  r e d u c t i o n  i s  b a n d - p a s s  f i l t e r e d  be cause  

o f  t h e  a p p l i e d  b a n d - p a s s  w in dow .

DETERMINATION OF PARAMETERS OF REDUCTION

The t r a n s f e r  f u n c t i o n  o f  Eq. ( 1 )  shows t h a t  t h e  r e d u c t i o n  

t o  t h e  n o r t h  m a g n e t i c  p o l e  r e q u i r e s  t h e  v a l u e  o f  t h e  d i r e c t i o n  

o f  m a g n e t i z a t i o n .  O n l y  t h e  homogeneous m a g n e t i z a t i o n  was a s ­

sumed when t h e  t r a n s f e r  f u n c t i o n  o f  Eq.  ( 1 )  was d e r i v e d .  The 

d i r e c t i o n  o f  t h e  m a g n e t i z a t i o n  can  be d e t e r m i n e d  by t h e  use  o f  

P o i s s o n ' s  r e l a t i o n

-, _ ^ 0 J Э
L "  i t  G g 9s 9 z ’ (-6 '

I n  Eq.  ( 6 ) Z i s  t h e  v e r t i c a l  component  o f  t h e  m a g n e t i c  f i e l d ;

AJg t h e  p e r m e a b i l i t y  o f  vacuum;  J t h e  m a g n e t i z a t i o n ;  G t h e  

u n i v e r s a l  g r a v i t a t i o n a l  c o n s t a n t ;  9  t h e  s p e c i f i c  d e n s i t y ;  s 

t h e  u n i t  v e c t o r  p o i n t i n g  i n  t h e  d i r e c t i o n  o f  m a g n e t i z a t i o n  ; and 

g z t h e  v e r t i c a l  c o m p o n e n t  o f  g r a v i t y .  P o i s s o n ' s  r e l a t i o n  i m ­

p l i e s  t h e  f o l l o w i n g  a s s u m p t i o n s :

1 . t h e  g r a v i t y  and t h e  c o r r e s p o n d i n g  m a g n e t i c  a n o m a l i e s  

a r e  p r o d u c e d  by same g e o l o g i c a l  s o u r c e s ;  and

2 . t h e  s p e c i f i c  d e n s i t y  and t h e  m a g n e t i z a t i o n  a r e  homoge­

neous  .

I f  the  d i r e c t i o n a l  d e r i v a t i v e  i n  Eq.  ( 6 ) i s  e x p r e s s e d  by 

t h e  d i r e c t i o n a l  c o s i n e s ,  P o i s s o n ' s  r e l a t i o n  can be w r i t t e n  i n  a 

f o r m  g i v e n  by Lun d b a k  ( 1 9 5 6 ) :

Z = T T G  P1 ( cos p2 cos p3 T 7  9z + cos p2 s in  p3 9z + s in  p2 T 7  9z ( 7 )
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w h e r e

= ^  Py ~<£- P j _ß  •

The a p p l i c a t i o n  o f  P o i s s o n ' s  r e l a t i o n  r e q u i r e s  t h e  d e r i v a ­

t i v e s  o f  v e r t i c a l  g r a v i t y  w i t h  r e s p e c t  t o  t h e  v a r i a b l e s  x , y  and 

z ,  and  t h e  t r a n s f o r m a t i o n  o f  t h e  t o t a l  m a g n e t i c  f i e l d  i n t o  t h e  

v e r t i c a l  m a g n e t i c  f i e l d .  The t r a n s f e r  x u n c t i o n  o f  t h e  l a t t e r  

t r a n s f o r m a t i o n  i s  as f o l l o w s

S , ( f  , f  )Z X ’ у

( f ^ + f y ) 1 / 2

n ( f 2  + f" 2 ) 1 / 2  !  j  ( 1  f  x + mf y )
( 8 )

C a l c u l a t i o n  o f  t h e  d e r i v a t i v e s  o f  t h e  v e r t i c a l  g r a v i t y  w i t h  

r e s p e c t  t o  t h e  v a r i a b l e s  x , y  and z was c a r r i e d  o u t  by t h e  

m e t h o d  p ro posed  by K i s  ( 1 9 8 4 ) .  The t h e o r e t i c a l  t r a n s f e r  f u n c ­

t i o n s  o f  t h e  d e r i v a t i v e s  w i t h  r e s p e c t  t o  t h e  v a r i a b l e s  x , y  and 

z a r e  as f o l l o w

w ' x - v  ■ j  21 f *

v w = 3 2 I , y  ”

Sd z ( t x ' V  = ■

The d e v i a t i o n s  have  an u n d e s i r a b l e  a m p l i f i c a t i o n  i n  t h e  h i g h  

f r e q u e n c y  r a n g e .  I n  o r d e r  t o  remove t h i s  u n d e s i r a b l e  p r o p e r t y  

o f  t h e  t h e o r e t i c a l  t r a n s f e r  f u n c t i o n s  each  o f  them i s  m u l t i ­

p l i e d  w i t h  t h e  b a n d - p a s s  w indow g i v e n  by Eq. ( 3 ) .  I t  has t o  be 

e m p h a s i z e d  t h e  same b a n d - p a s s  shown i n  Eq .  ( 3 )  i s  used  i n  t h e  

a b o v e  f o u r  t r a n s f o r m a t i o n s .

The p a r a m e t e r s  w e r e  d e t e r m i n e d  by t h e  m i n i m i z a t i o n  o f  t h e  

o b j e c t i v e  f u n c t i o n

r i p )  = X  ( Zi  -  Ï T G  P1(C0S p2 C0S p3 à  gz i + C0S p2 Sln p3 W  9z i  +
1

+ s i n  рз à  gz i }) 2
min .

( 1 0 )
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The min imum i s  o b t a i n e d  by i t e r a t i o n  a f t e r  t h e  l i n e a r i z a t i o n  o f  

t h e  o b j e c t i v e  f u n c t i o n .

TÚALMÁS PROSPECTION AREA

The Tőa lm ás  a r e a  i s  l o c a t e d  i n  t h e  n o r t h e r n  p a r t  o f  t h e  

H u n g a r i a n  P l a i n  ( F i g .  1 ) .  G r a v i t y  and m a g n e t i c  mea su re me nts  

were  made by 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.  The m e a s u r e ­

m en ts  were  o b t a i n e d  on a sq u a re  g r i d  o f  500 m s p a c i n g .  The a re a  

e x t e n d s  21 kms N-S and 1 4 .5  kms E-W.

The B ougue r  a n o m a l i e s  o f  th e  p r o s p e c t i o n  area a r e  shown i n  

F i g .  2 .  The a c c u r a c y  o f  t h e  g r a v i t y  m e a s u r e m e n t s  i s  + 0 . 5  i m s  

A maximum zone  s t r i k i n g  SW-NE can be se e n  n o t  o n l y  on t h e  

B o u g u e r  an om a ly  map, b u t  a l s o  on i t s  b a n d - p a s s  w in dow ed ,  and 

i t s  v e r t i c a l  g r a d i e n t  ( w in dow ed  by t h e  same b a n d - p a s s )  maps.

The maximum zone  d i f f e r s  f r o m  i t s  s u r r o u n d i n g  w i t h  i t s  g r e a t e r  

h o r i z o n t a l  g r a d i e n t s .  M i n o r  a n o m a l i e s  can  be seen  n o r t h  and 

s o u t h  o f  t h e  maximum z o n e .

The t o t a l  m a g n e t i c  a n o m a l i e s ,  w i t h  an a c c u r a c y  +2 nT ,  were 

o b t a i n e d  a t  t h e  same s t a t i o n s .  The t o t a l  m a g n e t i c  a n o m a l i e s  a r e  

p r e s e n t e d  i.n F i g s  3 and 5 .  The maximum o f  t h e  m a g n e t i c  anoma­

l i e s  i s  l o c a t e d  s o u t h  o f  t h e  g r a v i t y  maximum.  A t  o t h e r  p a r t s  o f  

t h e  s u r v e y e d  a re a  m i n o r  a n o m a l i e s  a r e  l o c a t e d .

R e l a t i v e l y  few  e x p l o r a t i o n  w e l l s  w e re  d r i l l e d  i n  t h e

F ig .  1 . Locat ion o f  the Tóalmás p rospec t ion  srea
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F i g .  2 .  ( a )  B o u g u e r  a n o m a l y  f i e l d  o v e r  t h e  T ó a l m á s  p r o s p e c t i o n  a r e a ;  a n o m a ­

l i e s  a r e  c o n t o u r e d  a t  1 0  / u m s ~ 2 ;  ( b )  t e c t o n i c  l i n e s  a n d  w e l l  l o ç a -

t i o n s ;  ( c )  b a n d - p a s s  w i n d o w e d  B o u g u e r  a n o m a l i e s  c o n t o u r e d  i n A i m s _ 2  

u n i t s ;  ( d )  t r u n c a t e d  v e r t i c a l  g r a d i e n t s  d e r i v e d  f r o m  t h e  B o u g u e r  

a n o m a l i e s  c o n t o u r e d  i n  E ö t v ö s  u n i t s  ( I E  =  1 0 “ ^  s ~ 2 ) .  T h e  i n n e r  

f r a m e  i n d i c a t e s  t h e  t w o - d i m e n s i o n a l  b o x - c a r  f u n c t i o n



F ig .  4 . The est imated values o f  the r a t i o  J / g  and o f  the angles oC and /3 as a f u n c t i o r  o f  the steps of
i t e r a t i o n  s ta r te d  (Oth s tep)  from three d i f f e r e n t  values

* (F ig .  3 see on next  page.)
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Nagykàta -1
N N

F i g .  3.  (a)  To ta l  magnet ic anomaly f i e l d  over the Tóalmás p rospec t ion  area;
anomal ies are contoured i n  nT u n i t s ;  (b)  te c to n ic  l i n e s  and w e l l s ;  
( c )  band-pass windowed t o t a l  magnet ic anomal ies contoured i n  nT 
u n i t s ;  (d)  t o t a l  magnet ic anomal ies transformed i n t o  band-pass 
windowed v e r t i c a l  magnet ic anomal ies contoured i n  nT u n i t s .  The i n ­
ner frame i n d i c a t e s  the two-dimensional  box-car fu nc t i on
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N N

F ig .  5. To ta l  ma^, a t i c  anomal ies of  the Tóalmás area (see F ig .3 )  reduced to  
the nor t f  I I agne t i c  pole contoured i n  nT u n i t s .  The inner  frame i n ­
d ic a te s  the  'wp-dimensional  box-car  f u n c t i o n  (a and b see F ig .  3)

s u r v e y  a r e a  ( F i g s  2 ,  3 ,  5 ) .  Tne g e o l o g i c a l  s t r u c t u r e  o f  t h e  

a r e a  can be o u t l i n e d  by t h e  r e s u l t s  f r o m  t h e  e x p l o r a t i o n  w e l l s .  

R e f e r  t o  F i g .  2b f o r  t h e  w e l l  l o c a t i o n s  d i s c u s s e d  b e l o w .

T h re e  w e l l s  Т о - l ,  T o - 2 ,  To-3 a r e  i n  t h e  w e s t e r n  p a r t  o f  

t h e  a r e a .  The o l d e s t  r o c k s  l o c a t e d  a t  T o - 3  a r e  p r o b a b l y  

M e s o z o i c  d i a b a s e  and s h a l e .  Eocene s e d i m e n t s ,  banded by v o l c a ­

n i c  t u f f ,  f o l l o w e d  t h e  sequence  i n  t h e  w e l l  o f  То- l  and T o - 3 .  

T h e re  a r e  s e v e r a l  s h o r t  h i a t u s e s  i n  t h e  O l i g o c è n e  s e d i m e n t a ­

t i o n .  These l a y e r s  w e re  d e p o s i t e d  in ,  t h e  o f f - s h o r e  ( s u b l i t o r a l )  

z o n e .  Some s l i p s  can  a l s o  be d e t e c t e d .  A l l  t h e  t h r e e  w e l l s  

p e n e t r a t e d  M i d d l e  and Upper  M i ocene  r o c k s  w h ic h  c o n s i s t  o f  g r e y  

r h i o l i t i c  t u f f  ( G a l g a v ö l g y i  R h y o l i t i c  T u f f  F o r m a t i o n ) .  The 

t h i c k n e s s  o f  t h e  P a n n o n i a n  and y o u n g e r  s e d i m e n t s  d e p o s i t e d  on 

t h e  M i o c e n e  l a y e r s  v a r i e s  be tween 1 0 0 0 - 1 5 0 0  m.

W e l l  N a g y k á t a - 1  ( l o c a t e d  i n  t h e  s o u t h e r n  p a r t  o f  t h e  a r e a )  

l o c a t e s  T r i a s s i c  r o c k s  i n  t h e  b a s e m e n t .  The u p p e r  T r i a s s i c  

l i m e s t o n e  ( 2 6 9 0 - 2 8 2 0  m) i s  d e p o s i t e d  on T r i a s s i c  d o l o m i t e



3 3 8 К KIS e t  a l .

( 2 8 2 0 - 3 2 0 2  m ) . An E ocene  c o n g l o m e r a t e - s a n d s t o n e - m a r l  s e r i e s  a r e  

p r o b a b l y  above t h e  T r i a s s i c  l a y e r s .  D o m i n a n t l y ,  s c h l i r e n  m a r l  

f a c i e s  r e p r e s e n t s  t h e  O l i g o c è n e  s e d i m e n t s .  The Mi ocene  c o n s i s t s  

o f  B a d e n i a n  and S a r m a t i a n  s e d i m e n t s  and  B a d e n ia n  a n d e s i t e  t u f f s  

( 1 6 7 5 - 1 8 8 8  m) w h i c h  i s  t h e  M á t r a  V o l c a n i c  F o r m a t i o n .  The t h i c k ­

n e s s  o f  t h e  P a n n o n i a n  and y o u n g e r  s e d i m e n t s  i s  a p p r o x i m a t e l y  

15 0 0  m.

The w e l l s  J b - N y - 1 ,  J b - N y - 2 ,  J b - N y - 3  l o c a t e d  i n  t h e  S o u t h -  

- E a s t  p a r t  o f  t h e  a r e a  r e a c h e d  U ppe r  Eocene  r o c k s .  Some 

K u p e l i a n  s e d i m e n t s  r e p r e s e n t  t h e  O l i g o c è n e .  The c h a r a c t e r i s t i c  

s e c t i o n  o f  t h e  w e l l s  c o n t a i n e s  M i o c e n e  r h y o l i t i c  t u f f s .  R e s e d i ­

m e n t e d  B a d e n ia n  t u f f  (31 m i n  t h i c k n e s s )  S a r m a t i a n  ( o r  p o s ­

s i b l y  B a d e n i a n )  r h y o l i t i c  t u f f s  and r h y o l i t i c  a g g l o m e r a t e  

(2 1 1  m i n  t h i c k n e s s )  w e re  d i s c o v e r e d  by w e l l  J b - N y - 1 .  An a p ­

p r o x i m a t e l y  300 m t h i c k  r h y o - d a c i t e - t u f f  s e r i e s  was r e c o r d e d  by 

w e l l  J b - N y - 2  w h i l e  t h e  180 m t h i c k  r h y o l i t i c  t u f f s  were  p e n e ­

t r a t e d  by t h e  w e l l  J b - N y - 3 .  The t h i c k n e s s  o f  t h e  P a n n o n i a n  and 

y o u n g e r  s e d i m e n t s  i s  a p p r o x i m a t e l y  1600 m.

DISCUSSION

I n  t h e  c o m p u t a t i o n s ,  t h e  b a n d - p a s s  w indow Eq. ( 3 )  was used  

as  a t r u n c a t i o n  f u n c t i o n ,  and ,  i t s  p a r a m e t e r s  were  t a k e n  a t

m. = 9 ,  m„ = 3 .  The c u t - o f f  f r e q u e n c y  as d e f i n e d  by t h e  - 3  dB
1 *  _] 

p o i n t ,  t h e  p a r a m e t e r s  m̂  and m2 , gave  a l o w e r  f ^  = 0 . 0 9 7 9  km

and  an u p p e r  f ^  = 0 . 2 9 3 9  km- 1  c u t - o f f  s p a t i a l  f r e q u e n c y .  The

b a n d - p a s s  w indow was a p p l i e d  b o t h  f o r  a r a v i t y  and m a g n e t i c

a n o m a l i e s  ( F i g s  2 ,  3 ,  5 ) .

The i n p u t s  o f  t h e  d e t e r m i n a t i o n  a r e  t h e  d e r i v a t i v e s  o f  

t h e  Bou g u e r  a n o m a l i e s  w i t h  r e s p e c t  t o  t h e  v a r i a b l e s  x , y , z ,  and 

t h e  t o t a l  m a g n e t i c  a n o m a l y  t r a n s f o r m e d  i n t o  t h e  v e r t i c a l  

m a g n e t i c  a n o m a l i e s .

The d e r i v a t i v e s  w e re  o b t a i n e d  by K i s '  method ( 1 9 8 4 ) .  The 

e q u a t i o n s  f o r  t h e s e  d e r i v a t i v e s  a r e  g i v e n  i n  Eq. ( 9 ) .  The 

t r u n c a t i o n  f u n c t i o n  was t h e  b a n d - p a s s  w in dow  Eq. ( 3 ) .  The a p ­

p l i c a t i o n  o f  t h e  b a n d - p a s s  w indow e l i m i n a t e s  t h e  u n d e s i r a b l e  

e n h a n c e m e n t  o f  t h e  d e r i v a + i v e s .  I n  F i g .  2 ,  t h e  b a n d - p a s s
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window ed  d e r i v a t i v e  w i t h  r e s p e c t  t o  t h e  v a r i a b l e  z o f  t n p  

Bou g u e r  a n o m a l i e s  i s  shown.

1 ne i n p u t  o f  t h e  e s t i m a t i o n  o a s e d  on P o i s s o n ' s  r e l a t i o n  

r e q u i r e s  t h e  t r a n s f o r m a t i o n  o f  t h e  t o t a l  m a g n e t i c  an om a ly  i n t o  

a v e r t i c a l  a n o m a l y .  The t r a n s f e r  f u n c t i o n  o f  t n i s  T r a n s f o r m a ­

t i o n  i s  g i v e n  by Ea. ( 8 ) .  The t r a n s f e r  f u n c t i o n  was w indow ed  

by t h e  b a n d - p a s s  f i l t e r  t q .  ( 3 ) .  The p a r a m e t e r s  i n  Eq. ( 8 ) w ere  

I  = 6 0 ° ,  D = 0 ° .  These  a re  t h e  a v e r a g e  v a l u e s  o f  t h e  m a g n e t i c  

i n c l i n a t i o n  and d e c l i n a t i o n  i n  t h e  s u r v e y  a r e a .

The o p t im um  p r o b l e m  Eq. ( 1 0 )  was l i n e a r i z e d  by e x p a n s i o n  

i n t o  a f i r s t  o r d e r  T a y l o r  s e r i e s  as d e v e l o p e d  by A l - C h a l a b i  

( 1 9 7 0 )  and Höpcke  ( 1 9 8 0 ) .  The l i n e a r i z e d  op t imum p r o b l e m  was 

s o l v e d  by i t e r a t i o n .  The d e t a i l s  o f  t h i s  c a l c u l a t i o n  were  p r e ­

s e n t e d  by K i s  ( 1 9 8 4 ) .  The p a r a m e t e r s  a r e  c a l c u l a t e d  by t h e  

i t e r a t i o n  w i t h  t h e  q u o t i e n t  J / g  and t h e  d i r e c t i o n  o f  m a g n e t i ­

z a t i o n  f i x e (d by оC and (& . These t h r e e  p a r a m e t e r s  can be d e ­

t e r m i n e d  u n a m b i g u o u s l y  i n  p o i n t  o f  p o t e n t i a l  t h e o r y ,  as shown 

by S k e e l s  and Watson ( 1 9 4 9 ) .

The i n p u t  d a t a  f o r  t h e  d e t e r m i n a t i o n  were w indowed u s i n g  

a t w o - d i m e n s i o n a l  b o x - c a r  f u n c t i o n  i n  o r d e r  t o  have a l i m i t e d  

e x t e n s i o n  o f  t h e  d a t a .  T h i s  w i n d o w i n g  c o n t r i b u t e d  t o  t h e  use  o f  

g r a v i t y  and m a g n e t i c  d a t a  w h ic h  a r e  f r o m  t h e  same s o u r c e .  The 

w i n d o w i n g  was s u g g e s t e d  by W i l s o n  ( 1 9 7 0 )  and C h a n d l e r  e t  a l .  

( 1 9 8 1 ) .  The l i m i t e d  a r e a  o f  t h i s  s t u d y  i s  i n d i c a t e d  by t h e  i n ­

n e r  f r a m e  ( i n  F i g s  2 ,  3 ,  5 ) .  I t  e x t e n d s  13 kms N-S and 11 kms 

E-W. The l i m i t e d  a r e a  was s e l e c t e d  by t h e  i n v e s t i g a t i o n  o f  t h e  

g r a d i e n t  and b a n d - p a s s  w indowed a n o m a l i e s .

The p a r a m e t e r s  d e t e r m i n e d  f r o m  o f  t h e  i t e r a t i o n s  can be 

seen  i n  F i g .  4 .  I t  shows t h r e e  i t e r a t i o n s  w i t h  d i f f e r e n t  i n i t i a l

m e t e r s  i s  l e s s  t h a n  one t h o u s a n d t h  p a r t  o f  t h e  i t e r a t e d  v a l u e .

The v a l u e s  ot and ß  e s t i m a t e d  by i t e r a t i o n  d e c i d e d  t h e  

a v e r a g e  v a l u e s  o f  t h e  i n c l i n a t i o n  ( I  = 6 0 ° )  and d e c l i n a t i o n

o s c i l l a t i o n  o f  t h e  p a r a -

/ 3 Q = 5 0 ° ;  J / S Q = 100 

1 00 Am2 k g ~ 1 , <4 Q = 8 0 ° ,

?
The r e s u l t s  o f  t h e  i t e r a t i o n  a r e :  J / g  = 0 . 0 0 1 1 8  Am kg
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( D  =  0 ° )  a n d  w e r e  u s e d  t o  c a l c u l a t e  t h e  t r a n s f e r  f u n c t i o n  E q .  

( 1 ) .  T h e  c o e f f i c i e n t s  t o  r e d u c e  t h e  t o t a l  m a g n e t i c  a n o m a l i e s  

t o  t h e  p o l e  w e r e  o b t a i n e d  b y  n u m e r i c a l  i n v e r s e  F o u r i e r  t r a n s ­

f o r m  o f  t h e  t r a n s f e r  f u n c t i o n  o f  E q .  ( 1 )  t r u n c a t e d  b y  t h e  b a n d -  

- p a s s  w i n d o w  o f  E q .  ( 3 ) .  T h e  t o t a l  m a g n e t i c  a n o m a l i e s  r e d u c e d  

t o  t h e  m a g n e t i c  p o l e  c a n  b e  s e e n  i n  F i g .  5 .

T h e  c a l c u l a t i o n  b a s e d  o n  P o i s s o n ' s  r e l a t i o n  i m p l i e s  t h e  

f o l l o w i n g  a s s u m p t i o n s :  t h e  g r a v i t y  a n d  t h e  c o r r e s p o n d i n g  m a g ­

n e t i c  a n o m a l i e s  a r e "  p r o d u c e d  b y  s a m e  g e o l o g i c a l  s o u r c e ;  t h e  

d e n s i t y  a n d  t h e  m a g n e t i z a t i o n  a r e  h o m o g e n e o u s .  I f  t h e  a s s u m p ­

t i o n s  a c c o r d i n g  t o  P o i s s o n ' s  r e l a t i o n  a r e  f u l f i l l e d ,  t h e n  t h e  

m a g n e t i c  f i e l d  r e d u c e d  t o  t h e  p o l e  a n d  t h e  d e r i v a t i v e  o f  t h e  

g r a v i t y  a n o m a l i e s  w i t h  r e s p e c t  t o  t h e  v a r i a b l e  z  a r e  i n  c o r r e ­

l a t i o n .  T h e  e m p i r i c a l  c o r r e l a t i o n  c o e f f i c i e n t  o f  t h e  a b o v e  

m e n t i o n e d  t w o  a n o m a l i e s  i s  0 . 5 3  a n d  i t s  c o n f i d e n c e  i n t e r v a l  o f  

9 9  p e r c e n t  0 . 4 4 - 0 . 6 1 .  T h e  r a t i o  J / g  c a n  b e  i n t e r p r e t e d  o n l y  i n  

i t s  r a n g e  b e c a u s e  t h e  a s s u m p t i o n s  a r e  f u l f i l l e d  i n  5 0  p e r c e n t .

T h e  p o s i t i o n  o f  t h e  c a l c u l a t e d  a n o m a l i e s  a r e  i n  a c c o r d  

w i t h  t h e  t e c t o n i c  l i n e s  ( F i g .  2 ,  3 ,  5 ) .  T h e  c o i n c i d e n c e  o f  t h e  

t e c t o n i c  l i n e s  a n d  t h e  s h a p e  o f  t h e  a n o m a l i e s  i s  e s p e c i a l l y  

g o o d  i n  t h e  c e n t r a l  a n d  S o u t h - W e s t  z o n e s  o f  t h e  s u r v e y  a r e a .

T h e  t e c t o n i c  l i n e s  w e r e  p r o b a b l y  d e v e l o p e d  b e f o r e  t h e  d e p o s i ­

t i o n  o f  t h e  P a l e o g e n e  s e d i m e n t s ,  a n d  t h e y  w e r e  p a r t l y  r e n e w e d  

b y  t h e  P a l e o g e n e  v o l c a n i c  a c t i v i t i e s  w h i c h  o c c u r r e d  a l o n g  

o t h e r ,  n e w  l i n e s .  T h e  M i o c e n e  v o l c a n i c  a c t i v i t i e s  w e r e  s c a t ­

t e r i n g  o n e s .  S e v e r a l  h u n d r e d  m e t e r s  o f  t u f f s  c o n f i r m  e f f e c t i v e  

t e c t o n i c s  i n  t h e  a r e a .  T h e  v o l c a n i c  c e n t r e  w a s  i n  a  z o n e  s t r i k ­

i n g  N E - S W  i n  t h e  c e n t r a l  p a r t  o f  t h e  a r e a .  T h e  N E - S W  a n d  N W - S E  

m a i n  t e c t o n i c  d i r e c t i o n s  c a n  b e  l o c a t e d  w i t h  s o m e  l o c a l  d e v i a ­

t i o n s .  T h e  t e c t o n i c  l i n e s  i n  t h e  d i r e c t i o n  N W - S E  a r e  y o u n g e r  

a c c o r d i n g  t o  t h e  p o s i t i o n  o f  t h e  c a l c u l a t e d  a n o m a l i e s .  T h e y  

p r o b a b l y  s h i f t e d  t h e  N E - S W  z o n e s  h o r i z o n t a l l y .  T h e  t e c t o n i c s  

o f  t h e  P a n n o n i a n  s e c t i o n  c a n n o t  b e  d e t e c t e d  b y  t h e  c u r r e n t  

m e t h o d .  I t  c a n  b e  s u p p o s e d ,  i n d i r e c t l y ,  t h a t  t h e  T r i a s s i c ,  

p a r t l y ,  a n d  t h e  P a l e o g e n e  a n d  N e o g e n e  s e c t i o n  m a y  c o n s i s t  o f  

p o r o u s  b e d s  w h i c h  m a y  b e  c o n s i d e r e d  a s  h y d r o c a r b o n  r e s e r v o i r s .



REDUCTION OF MAGNETIC ANOMALIES 341

ACKNOWLEDGEMENTS

The a u t h o r s  w i s h  t o  t h a n k  D r .  W В Agocs  f o r  r e v i e w i n g  t h e  

m a n u s c r i p t .  C o m p u t a t i o n s  were  made on a CDC-3300 o f  t h e  

R e s e a r c h  I n s t i t u t e  f o r  Co m pu t in g  M e t h o d s  and A u t o m a t i o n  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 .  The p e r m i s s i o n  f o r  t h e  u s e  o f  

t h e  c o m p u t i n g  f a c i l i t i e s  i s  b e i n g  g r e a t l y  a p p r e c i a t e d  and  

a c k n o w l e d g e d .

REFERENCES

A l - C h a l a b i  M 1970 :  B o l l e t i n o  d i  G e o p h y s i c a  T e o r i c a  ed A p p l i c a t a ,  
12 ,  No. 4 5 - 4 6 ,  3 - 2 0 .

B a r a n o v  V 1957 :  G e o p h y s i c s ,  22 ,  3 5 9 - 3 8 3 .

B a r a n o v  V, Naudy H 1964 :  G e o p h y s i c s ,  2 9 ,  6 7 - 7 9 .

B h a t t a c h a r y a a  В К 1965 :  G e o p h y s i c s ,  3 0 ,  8 2 9 - 8 5 7 .

C h a n d l e r  V M, K o s k i  J S, H in z e  W J ,  B r a i l e s  L W 1981 :
G e o p h y s i c s ,  4 6 ,  3 0 - 3 9 .

C o r d e l l  L ,  l a y l o r  P 1 1971:  G e o p h y s i c s ,  36 ,  9 1 9 -9 3 7 .

G a r l a n d  G 0 1 9 5 1 :  G e o p h y s i c s ,  16,  5 1 - 6 2 .

Höpeke  W 1980 :  F e h l e r l e h r e  und A u s g l e i c h r e c h n u n g .  W a l t e r  de 
G r u y t e r ,  B e r l i n - N e w  York

K a n a s e w i c h  R G, A g a r w a l  E R 1970 :  J o u r n a l  o f  G e o p h y s i c a l  
R e s e a r c h ,  7 5 ,  5 7 0 2 - 5 7 1 2 .

K i s  К 1983 :  A c t a  Geod.  Geoph. Mong.  H u n g . ,  18,  1 7 3 - 1 8 6 .

K i s  К 1984 :  A c t a  Geod.  Geoph. Mong.  H u n g . ,  19,  3 8 3 - 3 9 4 .

Lundbak  A 1956 :  G e o p h y s i c a l  P r o s p e c t i n g ,  4 ,  2 2 6 - 2 3 5 .

Meskó A 1984 :  D i g i t a l  F i l t e r i n g :  A p p l i c a t i o n s  i n  G e o p h y s i c a l  
E x p l o r a t i o n  f o r  O i l .  A k a d é m i a i  K i a d ó ,  Budapes t

R e p o r t  on t h e  d e t a i l e d  g r a v i t y  and m a g n e t i c  s u r v e y s  i n  t h e  
p r o s p e c t i n g  a r e a  Tóa lmás  ( i n  H u n g a r i a n ) .  GKV D a t a b a s e ,
1982 ,  No. G - 3 9 .

S k e e l s  D C, Watson  R J 1949:  G e o p h y s i c s ,  14,  13 3 -1 5 0 .

W i l s o n  C D V 1970 :  B o l l e t i n o  d i  G e o f i s i c a  l e o r i c a  ed A p p l i c a t a ,  
12,  No. 4 5 - 4 6 ,  1 5 8 -1 8 2 .





Acta Geod. Geoph. Mont.  Hung.,  V o l .  24 (3 -4 ) ,  pp. 343-367 (1989)
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^Mathemat ical  I n s t i t u t e  Czech. Acad. S e i . ,  115 67 Prague 1, Z i t n á  25,
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[Manuscr ip t  rece ived May 13, 1987]

A model o f  the A le u t i an  arc system i s  s tud ie d  from the p o i n t  o f  view 
o f  the p l a t e  te c t o n ic  concept based on the g l o b a l  geodynamic model g i ven  by 
Nedoma (1984) .  In  the model problem we l i m i t  ourselves to  a model i n  which 
the l i t h o s p h e r i c  p l a te  i s  obduc t ing  w i t h  t ime onto the oceanic l i t h o s p h e r i c  
p l a t e .  For numerical  exper iments an e l a s t i c  rheology was app l ie d .  The 
mathemat ical  ana lys is  i s  based on the con tac t  problem w i thou t  f r i c t i o n .  
D e t a i l s  o f  numerical  r e s u l t s  are discussed.

Keywords: A leu t ian  a rc ;  f i n i t e  element method; numerical  m o d e l l i ng ;  
obduc t ion ;  p l a te  te c to n ic s

1 . INTRODUCTION

I n  o r d e r  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  c o l ­

l i s i o n  z o n e s ,  an e x a m p l e  i s  t a k e n  f r o m  t h e  c r o s s  s e c t i o n  o f  t h e  

A l e u t i a n  a r c  sy s te m  i n  F i g .  1 .  The p r e s e n t  s t u d y  o f  t h e  

A l e u t i a n  a r c  i s  made w i t h i n  a p l a t e  t e c t o n i c  c o n c e p t  b a s e d  on 

t h e  g l o b a l  g e o t e c t o n i c  m ode l  g i v e n  by Nedoma ( 1 9 8 4 ,  1 9 8 6 ) .  From 

a g e o m e t r i c  p o i n t  o f  v i e w  t h e  i n v e s t i g a t i o n s  a r e  based  on t h e  

m o d e l  ( s e e  F i g .  l a )  g i v e n  by Grow ( 1 9 7 3 )  ( s e e  a l s o  Le P i c h o n  

e t  a l . 1 9 7 3 ) .

The s t r e s s e s  i n  t h e  l i t h o s p h e r i c  p l a t e  a r i s e  f r o m  s e v e r a l  

f u n d a m e n t a l  s o u r c e s :  t e c t o n i c  s t r e s s e s ,  t h e r m a l l y  i n d u c e d  

s t r e s s e s ,  s t r e s s e s  r e s u l t i n g  f r o m  t h e  a c t i o n  o f  g r a v i t a t i o n a l  

and m a g n e t i c  body f o r c e s  as w e l l  as o f  t i d a l  body  f o r c e s  a c t i n g  

on t h e  d e n s i t y  d i s t r i b u t i o n  t o  t h e  l i t h o s p h e r i c  p l a t e .  I n  t h e  

p r e s e n t  s t u d y  t h e  i n f l u e n c e  o f  t h e r m a l l y  i n d u c e d  s t r e s s e s  and

Acta Geod. Geoph. Mont. Hung. 24, 1989 
Akadémiai Kiadó,  Budapest
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F ig .  l a .  Schematic c ross -s ec t io n  o f  the Centra l  A le u t i an  arc a f t e r  Grow(1972), see also Le Pichon e t  a l .
(1973).  Numbers r e f e r  to  types of  rocks in  Table I

3
44

 
J NEDOMA e

t 
a

l.



ALEUTIAN ARC 345

F ig .  l b .  D e r i v a t io n  of  the con ta c t  cond i t i ons

s t r e s s e s  r e s u l t i n g  f r o m  t h e  a c t i o n  o f  m a g n e t i c  and t i d a l  b o d i e s  

w i l l  be n e g l e c t e d .

The p r e s e n t - d a y  e a r t h q u a k e  a c t i v i t y  a t  t h e  A l e u t i a n  a r c  i s  

l a r g e l y  c o n t r o l l e d  by t h e  g e o m e t r y  o f  t h e  n o r t h e r n  b o u n d a r y  b e ­

tw een  t h e  N o r t h  A m e r i c a n  and t h e  P a c i f i c  p l a t e s .  S t a u d e r  ( 1 9 6 8 ,  

1972)  shows t h a t  e a r t h q u a k e s  a r e  l o c a t e d  n e a r  t h e  i n t e r s e c t i o n  

o f  t h e  A l e u t i a n  a r c  and t h e  Bowers R i d g e  and t h a t  u n d e r t h r u s t  

f a u l t i n g  o c c u r s  b e n e a t h  t h e  n o r t h e r n  A l e u t i a n  T e r r a c e  and s o u t h ­

e r n  A l e u t i a n  R i d g e ,  s l i p  v e c t o r s  a r e  p a r a l l e l  w i t h  t h e  P a c i f i c  

p l a t e  m o t i o n  v e c t o r  and t h a t  n o r m a l - f a u l t i n g  e a r t h q u a k e s  o c c u r  

i n  a s s o c i a t i o n  w i t h  t h e  A l e u t i a n  T r e n c h ,  t h e  axes  o f  l e a s t  

c o m p r e s s i v e  s t r e s s  a r e  p e r p e n d i c u l a r  t o  t h e  l o c a l  t r e n c h  a x i s .  

The A l e u t i a n  v o l c a n o e s  a r e  l o c a t e d  i n  t h e  A l e u t i a n  a r c ,  s t a r t ­

i n g  a t  B u l d i r  I s l a n d  e a s t w a r d .  As shown by E n g d a h l  ( 1 9 7 3 ) ,  t h e  

A l e u t i a n  a r c  v o l c a n i s m  has  a c o n n e c t i o n  w i t h  t h e  o c c u r r e n c e  o f  

e a r t h q u a k e  a c t i v i t y  b e n e a t h  a d e p t h  o f  a b o u t  1 1 0  km and t h u s  

a l s o  w i t h  t h e  s u b d u c t i o n  o f  t h e  P a c i f i c  p l a t e  u n d e r  t h e  N o r t h  

A m e r i c a n  l i t h o s p h e r i c  p l a t e  The maximum d e p t h  o f  e a r t h q u a k e s  

i s  a b o u t  2 5 0 -3 0 0  km and d e c r e a s e s  w e s t w a r d  a l o n g  t h e  a r c .  As 

was shown by Spence  ( 1 9 7 7 )  t h e  d o m i n a n t  t e c t o n i c  p r o c e s s  o c c u r ­

r i n g  a t  t h e  c e n t r a l  A l e u t i a n  a r c  i s  t h e  e p i s o d i c  o c c u r r e n c e  o f  

l a r g e  t h r u s t  e a r t h q u a k e s  and t h e  s u b s e q u e n t  s u b d u c t i o n  p r o c e s s
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i s  c h a r a c t e r i z e d  by e p i s o d i c  do w n s la b  p r e s s u r e  o v e r l o a d  p u l s e s .  

R e c e n t  s e i s m i c  e v i d e n c e  i n d i c a t e s  t h a t  t h e  B e n i o f f  zone  i s  

s e g m e n t e d  a lo n g  i l s  l e n g t h  bv b r e a k s  ( S t a u d e r  1972 ,  Van Wormers 

e t  a l .  1974 ,  e t c . ) .  The  p r e s e n t  r e l a t i v e  m o t i o n  i n  t h e  r e g i o n  

o f  A l e u t i a n  a r c  and A l a s k a  due t o  Grow ( 1 9 7 3 ) ,  Grow and A t w a t e r  

( 1 9 7 3 )  and A t w a t e r  ( 1 9 7 0 )  i s  a b o u t  4 t o  5 cm y r _ 1 . T h i s  e s t i m a ­

t i o n  i s  based on an a n a l y s i s  o f  s p r e a d i n g  i n  t h e  e a s t e r n  

P a c i f i c .

2 .  RHEOLOGY-MODEL

Many a u t h o r s  h a v e  t r e a t e d  t h e  d e f o r m a t i o n  o f  t h e  l i t h o ­

s p h e r e  i n  th e  c o l l i s i o n  z o n e s  u s i n g  t h i n  e l a s t i c  p l a t e - t h e o r y  

( L e  P i c h o n  e t  a l .  1 9 7 3 ,  W a t t s  and T a l w a n i  ( 1 9 7 4 ) ,  C a l d w e l l  e t  

a l .  ( 1 9 7 6 ) .  I n  some o t h e r  c a s e s  t h e  e l a s t i c  o r  e l a s t u - p l a s t i c  

and  v i s c o - e l a s t i c  t h e o r i e s  a r e  used (McAdoo e t  a l .  197В,  

T u r c o t t e  e t  a l .  1 978 , P a r k  and W e s t b r o o k  1 9 8 3 ) .  G e n e r a l l y  t tie 

m o d e l  c o n s i d e r e d  can be  t h e r m o e l a s t i c  t o  t h e r m o - e l a s t o - v i s c o -  

- p i a s t i c  (Nedoma 1 9 8 4 ,  1 9 8 6 ) .  L a b o r a t o r y  m e a s u r e m e n ts  o f  c r e e p  

i n  l i t h o s p h e r i c  r o c k s  i n d i c a t e  t h a t  t h e  s t r a i n  r a t e  i s  a n o n ­

l i n e a r  f u n c t i o n  o f  s t r e s s  ( H e a r d  1976)  and  o f  t e m p e r a t u r e .  The 

s t r o n g  t e m p e r a t u r e  d e p e n d e n c e  o f  r h e o l o g y  i s  much more i m p o r ­

t a n t  i n  d e t e r m i n i n g  t h e  c h a r a c t e r  o f  f l o w  i n  t h e  m a n t l e  t h a n  i s  

t h e  n o n l i n e a r  d e p e n d e n c e  o f  s t r a i n  r a t e  on s h e a r  s t r e s s  

( S c h u b e r t  e t  a l .  1 9 7 6 ,  Yuen and S c h u b e r t  1 9 7 6 ) .  I n  o r d e r  t o  

m o d e l  t h e  o b d u c t i n g  l i t h o s p h e r i c  p l a t e  an e l a s t i c  o r  t h e r m o -  

- e l a s t i c  r h e o l o g y  can  be u s e d .  Such a p p r o x i m a t i o n s  a r e  p o s s i b l e  

due  t o  a s h o r t  t i m e  p e r i o d  f r o m  t h e  g e o l o g i c a l  p o i n t  o f  v i e w .  

S i n c e  t h e  c o l l i s i o n  o f  t h e  l i t h o s p h e r i c  p l a t e s  and b l o c k s  e x ­

t e n d s  o v e r  s e v e r a l  t e n s  o f  m i l l i o n  y e a r s ,  p l a t e s  behave  v i s c o -  

- e l a s t i c  w i t h  a l o n g  memory  a p p r o x i m a t i n g  t h e r m o - v i s c o - p l a s t i c  

m e d i a .  E x p e r i m e n t a l  s t u d i e s  on t h e  d e f o r m a t i o n  mechan ism o f  

s i n g l e  c r y s t a l s  o f  o l i v i n e  and o f  p o l y c r y s t a l i n e  a g g r e g a t e s  

l i k e  d u n i t e  and l h e r z o l i t e  showed t h a t  t h e  d o m i n a n t  m e c h an is m s  

a r e  n o n l i n e a r  c r e e p s .  T h e s e  e x p e r i m e n t a l  s t u d i e s  p r o v e  t h e  

p r e v i o u s  a s s e r t i o n s .  I t  i s  w e l l - k n o w n ,  h o w e v e r ,  t h a t  f o r  t i m e  

p e r i o d s  s h o r t e r  t h a n  a c h a r a c t e r i s t i c  t i m e  t  = V / / j , t h e  u p p e r
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p a r t s  o f  t h e  E a r t h  b e h a v e s  e l a s t i c a l l y  w h i l e  f o r  l o n g e r  t i m e s  

i t  oe h a ve s  t h e r m o - v i s c o - e l a s t i c a l l y  o r  even  t h e r m o - v i s c o - p l a s -  

t i c a l l y .  Here  -v i s  t h e  e f f e c t i v e  v i s c o s i t y  a t  9  g i v e n  s t r e s s  

l e v e l  d e f i n e d  by

V =
T 2 + [ ( 2 / 3  è . j  é . . ) 1 / 2 ■1-j 1 / n

( 3 ^  e i . è . . ) TTY

w here  i s  t h e  s t r a i n  r a t e  t e n s o r ,  T 2  i s  y i e l d  s t r e s s

(mean f l o w  l i m i t  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 ) ,

7 T= 1/L I X 0  e x p (  -Q/RT ) d x 3  ,

L

( X —  0 0  f o r  t h e  r i g i d  p e r f e c t l y  p l a s t i c  f l o w ) ,  w he re  Q i s  an 

a c t i v a t i o n  e n e r g y ,  R i s  t h e  u n i v e r s a l  gas  c o n s t a n t ,  L t h e  

t h i c k n e s s  o f  t h e  l i t h o s p h e r e  ( s e e  Z i e n k i e w i c z  e t  a l .  1 9 7 8 )  and 

yu i s  t h e  e l a s t i c  r i g i d i t y .

As i t  was shown by C a t h l e s  ( 1 9 7 5 )  t  ~  10 9  -  l O 1^ s =
? 5 C

= 2 0  -  1 0  y e a r s ,  b e i n g  s u f f i c i e n t  f o r  f u r t h e r  i n v e s t i g a t i o n s .

T h e r e f o r e  t h e  a n a l y s i s  can be based on t h e  e l a s t i c  r h e o l o g y

o n l y  ( s e e  Table I  and t h e  model  a t  F i g .  1 ) .

T a b l e  I

0 □
1_1 2400 2900 3400 2600 2500 2800 3300 3400 2900 2800

Cp[m/secj 3800 6410 7600 6200 6100 6300 7780 7900 6410 5950

Cg[m/sec^) 2 1 0 0 3700 4400 3600 3500 3680 4500 4560 3700 3400

type o f  rocks 1 2 3 4 5 6 7 8 9 1 0

The s t r e s s - s t r a i n  r e l a t i o n s  o f  s u c h  m a t e r i a l s  a r e  g i v e n  by 

H o o k e ' s  o r  by Du hamel -Neumann s l i n e a r  l a w s ,  ih e  t h e r m o - e l a s t i c  

r h e o l o g y  was a n a l y z e d  i n  t h e  g e o d y n a m i c  mec han i sm  by Nedoma
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( 1 9 8 2 ) ,  t h i s  i s  a s p e c i a l  c a s e  o f  t h e  g l o b a l  mode l  d i s c u s s e d  by 

Nedoma ( 1 9 8 4 ,  1 9 8 6 ) .  M a t h e m a t i c a l  a n a l y s e s  o f  such  s i m p l e r  

p r o b l e m s  have been p r e s e n t e d  by H l a v á c e k  and L i v i s e k  ( 1 9 7 7 )  f o r  

t h e  e l a s t i c  case and by  Nedoma ( 1 9 8 3 )  f o r  t h e  t h e r m o - e l a s t i c  

c a s e .

3 .  THE MODEL

I n  o u r  c o n s i d e r a t i o n s  we s h a l l  use  a s i m p l e  mode l  b ased  on 

G r o w ’ s model  o f  t h e  A l e u t i a n  a r c  (Grow 1 9 7 3 ) .  The s i m p l e  mode l  

u s e d  assumes a l i t h o s p h e r i c  p l a t e  80 km t h i c k ,  o f  an a v e r a g e  

d e n s i t y  3400 g m i n  t h e  d e e p e r  p a r t s  o f  t h e  l i t h o s p h e r e  and 

o f  280 0  g m  ̂ i n  t h e  c r u s t a l  p a r t  o f  t h e  l i t h o s p h e r e .  N o te  a l s o  

t h e  i m p l i e d  a c c r e t i o n  o f  a b o u t  15 km o f  d e f o r m e d  s e d i m e n t s  o f  

a v e r a g e  d e n s i t y  2400 g m ^ a t  t h e  l e a d i n g  edge  o f  t h e  o v e r r i d ­

i n g  p l a t e  ( s e e  F i g .  1 and  T a b l e  I ) .  The g e o m e t r i c a l  s u r f a c e  

c o n f i g u r a t i o n  o f  t h e  l i t h o s p h e r e  i s  d e r i v e d  f r o m  t h e  d i s t r i b u ­

t i o n  o f  i n t e r m e d i a t e  and  deep  e a r t h q u a k e s .

I n  o r d e r  t o  g i v e  t h e  e q u a t i o n s  o f  m o t i o n  o f  t h e  o b d u c t i n g  

p l a t e  m ov i ng  a l o n g  t h e  a s t h e n o s p h e r e , we s h a l l  assume 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 a t  t h e  o b d u c t i n g  p l a t e  i s  fo r m e d  by i n ­

h o m o g e n e o u s  i s o t r o p i c  m a t e r i a l s .  F o l l o w i n g  Nedoma ( 1 9 8 2 )  we 

s h a l l  assume t h a t  t h e  v a r i a b i l i t y  i n  t i m e  o f  s o u r c e s  i n  t h e  

l i t h o s p h e r i c  p l a t e  and t h e  a s t h e n o s p h e r e  and t h e  body and s u r ­

f a c e  f o r c e s  i s  s l o w  and  m o r e o v e r  t h a t  t h e  m o t i o n  o f  t h e  l i t h o ­

s p h e r i c  p l a t e  i s  u n i f o r m  e . g .  o v e r  t h e  l a s t  s e v e r a l  m i l l i o n  

y e a r s .  Then t h e  p r o b l e m  can  be s t u d i e d  as a q u a s i - s t a t i o n a r y  

one  and  t h e  f o r c e s  o f  i n e r t i a  can be n e g l e c t e d .  M o r e o v e r ,  such  

p r o b l e m s  can be s t u d i e d  as a q u a s i - c o u p l e d  p r o b l e m  i n  l i n e a r  

t h e r m o - e l a s t i c i t y .  I n  s u c h  a model  p r o b l e m  b o t h  f i e l d s ,  i . e .  

t h e  s t r e s s - s t r a i n  f i e l d  and t h e  t h e r m a l  f i e l d ,  a r e  s t u d i e d  

s e p a r a t e l y .  For  s i m p l i c i t y  t h e  i n v e s t i g a t i o n s  w i l l  be made i n  

t h e  p l a n e  ( x ^ , x ^ )  o n l y .  The g e o m e t r y  o f  t h e  mode l  p r o b l e m  d i s ­

c u s s e d  i s  due t o  Grow ( 1 9 7 3 )  i n  t h e  F i g .  l a .

L e t  Ox^X j  be t h e  o r t h o g o n a l  C a r t e s i a n  c o o r d i n a t e  s y s t e m .  

L e t  t h e  o b d u c te d  p l a t e  w h i c h  i s  a p p r o x i m a t e d  by an e l a s t i c  

i s o t r o p i c  p l a t e  i n  t h e  ( x 1 , х ^ ) - р 1 а п е ,  o c c u p y  t h e  r e g i o n  G w i t h
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t h e  b o u n d a r y  Ъ G a t  a t i m e  t  £ < t ^ , t 2 > . The t o t a l  b o u n d a r y  o f  

t h e  o b d u c t i n g  l i t h o s p h e r i c  p l a t e  c o n s i s t s  o f  t h r e e  p a r t s :  t h e  

E a r t h ' s  s u r f a c e  , t h e  c o n t a c t  b o u n d a r y  and t h e  b o u n d a r y

Г и . The E a r t h ' s  s u r f a c e  Г-ç i s  r e p r e s e n t e d  by t h e  A l e u t i a n  

a r c  s u r f a c e  and o f  t h e  b o u n d a r y  d e f i n e d  by t h e  o c e a n i c  b o t t o m .  

The c o n t a c t  b o u n d a r y  c o n s i s t s  o f  t h e  c o n t a c t  b o u n d a r y  Г

b e t w e e n  t h e  o b d u c t i n g  and s u b d u c t i n g  p l a t e s  and i s  c h a r a c t e r i z e d  

by t h e  c o l l i s i o n  z o n e ,  and o f  t h e  c o n t a c t  b o u n d a ry  Г  b e -  

t w e e n  t h e  o b d u c t i n g  p l a t e  and t h e  a s t h e n o s p h e r e  w h i c h  i s  s u p ­

p o s e d  t o  be r i g i d .  Such an a s s u m p t i o n  i s  n o t  c o r r e c t  f r o m  t h e  

g e o l o g i c a l  p o i n t  o f  v i e w  b u t  i t  i s  so f r o m  a m a t h e m a t i c a l  p o i n t  

o f  v i e w  a c c o r d i n g  t o  t h e  s i m p l e  m o d e l  assumed w i t h  t i m e  p e r i o d s  

s h o r t e r  t h a n  a c h a r a c t e r i s t i c  t i m e  t  . Such an a p p r o x i m a t i o n  i s  

more  a c c u r a t e  t h a n  t h e  m o d e ls  a c c e p t e d  f o r  t h e  E a r t h ' s  c r u s t  

o n l y  b a s e d  on e l a s t i c  r h e o l o g y  ( K a s a h a r a  1978)  o r  f o r  t h e  

l i t h o s p h e r e  m o d e l l e d  as a r i g i d - v i s c o - p l a s t i c  medium r e s t i n g  

w i t h o u t  f r i c t i o n  upon  t h e  a s t h e n o s p h e r e  ( V i l o t t e  e t  a l .  1 9 8 2 ) ,  

b e c a u s e  s uch  m o d e l s  a r e  s t a t i c  on e s  o n l y  w h i c h  do n o t  r e n d e r  

t h e  s h i f t  o f  t h e  l i t h o s p h e r e  a l o n g  t h e  a s t h e n o s p h e r e ,  w h i l e  t h e  

m o d e l  p r e s e n t e d  h e r e  r e n d e r s  t h e  s h i f t  ( s i n c e  t h e  m ode l  i s  

s i m p l e r ,  t h e  e l a s t i c  r h e o l o g y  o f  t h e  o b d u c t i n g  l i t h o s p h e r e  and 

t h e  r i g i d  r h e o l o g y  o f  t h e  a s t h e n o s p h e r e  and o f  t h e  s u b d u c t i n g  

p l a t e  a r e  used  o n l y ) .  The b o u n d a r y  г u i s  a f i c t i t i o u s  boundary  

and i s  r e p r e s e n t e d  by t h e  b o u n d a r y  d e f i n e d  i n  a s u f f i c i e n t l y  

l a r g e  d i s t a n c e  f r o m  t h e  c o l l i s i o n  z o n e ,  i n  t h e  d i s c u s s e d  c a s e  

f r o m  t h e  A l e u t i a n  t r e n c h  where  t h e  m a g n i t u d e  o f  t h e  d i s p l a c e ­

ment  v e c t o r  C o f  t h e  p l a t e  o v e r  t h e  s t u d i e d  t i m e  p e r i o d  i s  

g i v e n .

F u r t h e r  f o r  s i m p l i c i t y  we assume t h a t  t h e  o b d u c t i n g  

e l a s t i c  p l a t e  ( t h e  A m e r i c a n  p l a t e )  o c c u p y i n g  t h e  d o m a i n  G r e s t s  

on t h e  r i g i d  s u p p o r t  -  t h e  a s t h e n o s p h e r e  and t h e  s u b d u c t i n g  

o c e a n i c  p l a t e .  I t  i s  c o n v e n i e n t  t o  c h o o s e  t h e  o r i g i n  ( 0 , 0 )  as 

t h e  p o i n t  n e a r e s t  t o  t h e  t r e n c h  a x i s .

I t  i s  w e l l  known t h a t  t h e  s t r e s s  f i e l d  i n  t h e  p l a t e  

s a t i s f i e s  t h e  e q u i l i b r i u m  e q u a t i o n s

4 > , 3 *  h '  0 1 - 1 ' 5 ■ ” • ’ >
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w h e r e  F d e n o t e s  t h e  v e c t o r  o f  body f o r c e s  and T — i s  t h e  

e l a s t i c  s t r e s s  t e n s o r .  H e n c e f o r t h  we us e  t h e  summ at ion  c o n v e n ­

t i o n :  a r e p e a t e d  i n d e x  means s u m m a t i o n  o v e r  1 and 3.  M o r e o v e r ,  

p r i m e  and i n d e x  means d e r i v a t i v e .

The t r a c t i o n  v e c t o r  on t h e  b o u n d a r y

i j
( 3 . 2 )

ca n  be decomposed  i n t o  t h e  n o rm a l  and t a n g e n t i a l  com p o n e n t s

= T ; T  . .
I J

n . n .
J I '

= T = t I J
s .X (3 . 3 )

w h e r e  n = ( n ^ , n ^ )  and s = ( s ^ , s - j )  = ( - n ^ , n - | )  a r e  t h e  o u t w a r d  

n o r m a l  and t a n g e n t i a l  u n i t  v e c t o r s .  The d i s p l a c e m e n t  v e c t o r  can 

be decom posed  i n t o  t h e  n o r m a l  and t a n g e n t i a l  comp onen ts

u i ( 3 . 4 )

Due t o  t h e  p r e s u m p t i o n  t h e  c o l l i s i o n  m o d e l  can be i n v e s t i g a t e d  

w i t h i n  t h e  r a n g e  o f  l i n e a r  e l a s t i c i t y .  G e n e r a l l y  th e  p r o b l e m  

l e a d s  t o  a c o u p l e d  c o n t a c t  p r o b l e m  i n  l i n e a r  t h e r m o e l a s t i c i t y  

o r  t h e r m o - p l a s t i c i t y .  B u t  we l i m i t  o u r s e l v e s  t o  a s p e c i a l  c a s e  

i n  w h i c h  a t t e n t i o n  i s  c o n c e n t r a t e d  o n t o  r e s u l t i n g  t e c t o n i c  e f ­

f e c t s  i n  t h e  o b d u c t i n g  p l a t e  o n l y .  Then  t h e  p r o b l e m  i s  s o l v e d  

i n  l i n e a r  e l a s t i c i t y .  T h e r e f o r e  t h e  s t r e s s - s t r a i n  r e l a t i o n  i s  

g i v e n  by H o o k ' s  l a w

T i j  = 2CU 6i j  + Л е кк  V  > ei j  = e j i  = l / 2 ( u i j ; . ♦ uj ; i ) ( 3 . 5 )

w h e r e  X , / j  a r e  L a m é ' s  c o e f f i c i e n t s ,  <5)^ i s  K r o n e c k e r ' s  

s y m b o l .  Due t o  ( 3 . 1 )  one o b t a i n s

^ i . j j  + ( A  uj , j i  + F = 0  b j  = 1,3 . ( 3 . 6 )

The e l a s t i c  c o e f f i c i e n t s  X and /U a r e  p o s i t i v e  X ( x ) > 0 ,
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1/2 ( V t f  2  + 2/U ei j  ei j )  = /и e ^  e ^  , лУ= екк  , ( 3 . 7 )

a l m o s t  e v e r y w h e r e  i n  t h e  p l a t e .

BOUNDARY CONDITIONS

To i n v e s t i g a t e  t h e  s t r e s s - s t r a i n  f i e l d  i n  t h e  o b d u c t i n g  

p l a t e  i n  a n e i g h b o u r h o o d  o f  t h e  c o l l i s i o n  zo ne ,  c o n d i t i o n s  

s h o u l d  be u s u a l l y  g i v e n  c h a r a c t e r i z i n g  t h e  e f f e c t  o f  t h e  e n v i ­

r o n m e n t  o f  t h e  p l a t e  on t h e  p r o c e s s e s  t a k i n g  p l a c e  w i t h i n  a 

l i m i t e d  r e g i o n  c o n t a i n i n g  t h e  c o l l i s i o n  p a r t s  o f  t h e  l i t h o ­

s p h e r i c  p l a t e s  u n d e r  s t u d y  and a s t h e n o s p h e r e . I h e  i n t e r a c t i o n  

b e t w e e n  t h e  c o l l i s i n g  p l a t e s  and t h e i r  e n v i r o n m e n t  i s  m o d e l l e d  

by t h e  b o u n d a r y  c o n d i t i o n s  f o r  t h e  d i s p l a c e m e n t  v e c t o r  0 .  I n  

t h e  mode l  p r o b l e m  t h e  b o u n d a r y  3G o f  t h e  i n v e s t i g a t e d  r e g i y n  

o c c u p i e d  by t h e  o b d u c t i n g  p l a t e  G c o n s i s t s  o f  t h r e e  p a r t s  Г и , 

17̂  , . Then on t h e  E a r t h ' s  s u r f a c e  t h e  s u r f a c e  f o r c e s  TJ-

a r e  p r e s c r i b e d  as ca u s e d  by t h e  w e i g h t  o f  t h e  o c e a n s ,  o f  t h e  

a t m o s p h e r e ,  and o f  t h e  m o u n t a i n s  a b o v e  some a p p r o x i m a t e  s u r ­

f a c e .  Thus one has

/ u ( x )  =/U > 0 a l m o s t  e v e r y w h e r e  i n  t h e  p l a t e  and f u l f i l  t h e r e ­

f o r e  t h e  f o l l o w i n g  c o n d i t i o n

on t h e  E a r t h ' s  s u r f a c e  . I n  t h e  m o d e l  p r o b l e m  t h e  w e i g h t  o f

t h e  o c e a n s ,  a t m o s p h e r e ,  e t c .  a r e  n e g l e c t e d  so t h a t  = 0 .

On t h e  c o n t a c t  b o u n d a r y  t h e  b o u n d a r y  c o n d i t i o n s  a r e

d e d u c e d  f r o m  t h e  f o l l o w i n g  c o n s i d e r a t i o n  ( s e e  H a s l i n g e r  and 

H l a v á c e k  1 9 8 0 ) :  A t  t h e  t i m e  t  € i , 1 2 ^  we assume t h a t  b e f o r e  

t h e  d e f o r m a t i o n  t h e  c o l l i d i n g  p l a t e s  G ( L = 1 , 2 ,  1 = 1  i s  t h e  

o b d u c t i n g  and L = 2  i s  t h e  s u b d u c t i n g  l i t h o s p h e r e  and t h e  

a s t h e n o s p h e r e )  and t h e  a s t h e n o s p h e r e  w e re  i n  c o n t a c t  a l o n g  t h e

w h o l e  c o n t a c t  b o u n d a r y  TV = CC U AA ( s e e  F i g .  l a ) .  L e t  t h e  x . -
- ( 2 ) —( 2 ) - a x i s  be t h e  n o r m a l  n and t h e  X2 ~ a x i s  be t h e  t a n g e n t  s a t
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p o i n t  0 E Tjc . D u r i n g  t h e  d e f o r m a t i o n  p r o c e s s  t h e  p o i n t s  

0 ( 1 } £ 3G^1 ') and O^2 "* € 9G^2  ̂ w i l l  be d i s p l a c e d  i n  a d i f f e r e n t

w a y ,  b u t  p l a t e  G^2 "* can  n e v e r  p e n e t r a t e  i n t o  p l a t e  G ^ ^ .  From 

t h i s  c o n d i t i o n  i t  f o l l o w s  t h a t  ( F i g .  l b )

u j 2 '1 ( 0 , 0 ) = u ^  ( x ,  , x 2 ) + h ( x 2 ) ,

w h e r e  h i 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  c u r v e  and

( x ] , x 2 ) € so t h a t

u < ”  cs , x 2 ) + x 2  = x 2 2   ̂ ( 0 , 0 ) .

S i n c e  t h e  p o i n t  ( x . , x „ )  i s  unknown,  we s h a l l  f o r  s i m p l i c i t y  a s -
1 i  ( 1 ) _ _ ( l )

sume t h a t  h ( x 2 ) = 0 , u |  ( x ^ ,  x 2 ) = u^ ( 0 , 0 ) w h ic h  i s  c o r ­

r e c t  f o r  a f l a t  c o n t a c t  b o u n d a ry  f k  and f o r  d e r i v a t i v e s  and

m u t u a l  s h i f t s  I u!P  ̂ -  u, ,2 "*[ s m a l l  i n  a n e i g h b o u r h o o d  o f  t h e
1 L ( ? )  ( 2 )  ( 1 )  (1 ) o r i g i n .  M o r e o v e r ,  by p u t t i n g  u, = u , u ;  = -  u one

/ 1 \  /  л \  I n I П
o b t a i n s  u^ '  + u^  '  = 0 , unl = u j  n ^ , 1 = 1 , 2  a t  a p o i n t  ОЕГ^

F o r  t h e  c o n t a c t  f o r c e s  one o b t a i n s  f r o m  t h e  law o f  a c t i o n  

and r e a c t i o n

r ( l ) _ T ( 2 )
L n 1 n on 'dC.

On t h e  o t h e r  h a n d ,  t h e  t a n g e n t i a l  c o m p o n e n t  v a n i s h  i n  t h e  c ase  

o f  z e r o  f r i c t i o n  and  t h e  n o rm a l  c o n t a c t  f o r c e  c a n n o t  be t e n s i l e ,  
i  . e .

t O )  = t  (2) =
0 , ' ( 1  ) ( 2 ) <

0 .

T h e r e f o r e  i f  t h e  c o l l i d i n g  p l a t e s  a r e  n o t  i n  c o n t a c t  t h e n
u( 1 ) + i , (2 )u 4

n ( 1 )  ПT1- 1 J n
and T,( 1  )

n

( 2 ) 
n 
= T

< 0  and t h e  c o n t a c t  f o r c e s  a r e  z e r o ,  i . e .

= 0 .  I f  t h e r e  i s  
( 2 ) 
n

a c o n t a c t ,  t h e n  u ( 1 ) , (2)

< 0 .  A l t o g e t h e r  one has

s  0 ,n n
T = T (2) ? 0 ,

( 1) ( 2)u + u n П
t ( l )  = 

n 0 ,
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t ( l )  = t  ( 2 ) = 0  

s s

F u r t h e r ,  s i n c e  t h e  s t r e s s - s t r a i n  f i e l d  i n  th e  o b d u c t i n g  p l a t e  

i s  s t u d i e d  f o r  s i m p l i c i t y  ( s e e  p r e v i o u s l y )  we s h a l l  assume

t h a t  t h e  s u b d u c t i n g  p l a t e  and t h e  a s t h e n o s p h e r e  a r e  r i g i d ,  i . e .
.  ( 2 )u = 0 .  Thus i n  t h e  summary one has  t h e  f o l l o w i n g  c o n t a c t  

c o n d i t i o n s  on t h e  c o n t a c t  b o u n d a r y  :

u R = 0 . ( 3 . 9 a )

I f  u^ < 0 a t  some p o i n t  o f  t h e  c o n t a c t  b o u n d a r y ,  t h e  s u p p o r t  

does  n o t  p r o d u c e  a r e a c t i o n  and t h u s  T  = 0. I f  u = 0 ,  i . e .  

i f  t h e r e  e x i s t s  a c o n t a c t  be tw e e n  t h e  o b d u c t i n g  p l a t e  and  t h e  

s u p p o r t  ( i . e .  t h e  P a c i f i c  p l a t e  and t h e  a s t h e n o s p h e r e ) ,  t h e n  i t  

e x e r t s  a n o r m a l  f o r c e  X n - 0 i n  t h e  m o v in g  N o r t h  A m e r i c a n  o b -  

d u c t e d  p l a t e .  Hence

t n = 0 and u n T n = 0 ( 3 . 9 b )

a t  t h e  c o n t a c t  b o u n d a r y

We r e f e r  t o  t h e s e  c o n d i t i o n s  ( 3 . 9 a , b )  as t o  S i g n o r i n i ' s  c o n ­

d i t i o n s .  I f  no f r i c t i o n  i s  c o n s i d e r e d  a t  t h e  c o n t a c t ,  t h e  

t a n g e n t i a l  s t r e s s  co m ponen t  v a n i s h e s ,  i . e .

I s = 0 ( 3 . 9 c )

a t  t h e  c o n t a c t  b o u n d a r y  Г<£

To m ode l  t h e  s h i f t i n g  o f  t h e  o b d u c e d  N o r t h  A m e r i c a n  p l a t e  

t h e  v a l u e  o f  t h e  d i s p l a c e m e n t  v e c t o r  i s  d e t e r m i n e d  i n  a d i s ­

t a n c e  s u f f i c i e n t l y  f a r  f r o m  t h e  c o l l i s i o n  zone ( i t  i s  t h e  

b o u n d a r y  Г ) .  The v a l u e s  o f  t h e  d i s p l a c e m e n t  v e c t o r  c o m p o n e n t s  

can  be d e t e r m i n e d  f r o m  t h e  k n o w l e d g e s  o f  t h e  speed o f  t h e  N o r t h  

A m e r i c a n  p l a t e  p e r  y e a r  and t h e  r e c e n t  v e r t i c a l  m o v e m e n ts ,  t h u s

G = Gо

a t  t h e  f i c t i t i o u s  b o u n d a r y  P u -

( 3 . 1 0 )
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4 .  SOLUTION AND ACCURACY OF THE APPROXIMATION

The p r o b l e m  c o n s i d e r e d  w i l l  be s o l v e d  n u m e r i c a l l y  by t h e  

f i n i t e  e l e m e n t  t e c h n i q u e .  Suppose t h a t  t h e  A m e r i c a n  o b d u c t i n g  

p l a t e  o c c u p y i n g  t h e  d o m a i n  G r e s t s  on a r i g i d  s u p p o r t  by a p a r t  

= Г g U Г o f  t h e  b o u n d a r y  3G ( s e e  a b o v e ) .  Under  t h e  a s ­

s u m p t i o n  o f  s m a l l  d i s p l a c e m e n t  and o f  l i n e a r l y  e l a s t i c  m a t e r i a l s  

f o r m e d  t h e  o b d u c t i n g  A m e r i c a n  p l a t e  we s h a l l  c o n s i d e r  t h e  p r o b -  

le m  ( 3 . 6 ) - ( 3 . 1 0 ) ,  w h e r e  we assume t h e  b o d y  f o r c e s  F 6  [ L ^ ( G ) ]  , 

an d  t h e  s u r f a c e  l o a d  P £ [ L 2 ( ) ] 2  .

L e t  us d e f i n e  t h e  s e t  o f  v i r t u a l  d i s p l a c e m e n t s  V as t h e  

s e t  o f  a l l  s u f f i c i e n t l y  smooth f u n c t i o n s  s a t i s f y i n g  t h e  p r e ­

s c r i b e d  v a l u e  o f  d i s p l a c e m e n t  ûQ on t h e  f i c t i v e  b o u n d a ry  Г u

i . e .

V = |  v | v  GW1 ( G )  = [ H1 ( G ) ] 2 , v = u o on Г

F u r t h e r  we a e f i n e  t h e  s e t  o f  a d m i s s i b l e  v i r t u a l  d i s p l a c e m e n t s  К 

as a s e t  o f  a l l  f u n c t i o n s  o f  t h e  s p a c e  o f  v i r t u a l  d i s p l a c e m e n t s  

V f o r  w h i c h  t h e  n o r m a l  d i s p l a c e m e n t  c o m p o n e n t  on t h e  c o n t a c t  

b o u n d a r y  i s  l e s s  o r  e q u a l  t o  z e r o ,  i . e .

К V 6  V : v n = 0 on t h e  c o n t a c t  b o u n d a r y

M u l t i p l y i n g  ( 3 . 6 )  b y ' v E K ,  i n t e g r a t i n g  o v e r  G, u s i n g  

G r e e n ' s  th e o r e m  and b o u n d a r y  c o n d i t i o n s  t h e  p o t e n t i a l  e n e r g y  L q 

i s  o b t a i n e d  as

j ( v )  = 1 / 2  I  X i j ( v ) e i j ( v )  dx -  j Fi v i dx - P.v.l  l ds ( 4 . 1 )

From modern c o n v e x  a n a l y s i s  (see  e . g .  E k e l a n d  and Temam 1 9 7 6 )  

i t  i s  known t h a t  t h e  s o l u t i o n  o f  t h i s  p r o b l e m s  t e n d s  t o  m i n i ­

m i z e  t h e  g e n e r a l i z e d  p o t e n t i a l  e n e r g y  o v e r  t h e  s e t  o f  a d m i s ­

s i b l e  d i s p l a c e m e n t  f i e l d s .  The p r o b l e m  ( 4 . 1 )  i s  e q u i v a l e n t  w i t h  

t n e  p r o b l e m  ( i n  t h e  l i t e r a t u r e  known as t h e  v a r i a t i o n a l  o r  weak 

f o r m u l a t i o n ) :  f i n d  a d i s p l a c e m e n t  v e c t o r  u f r o m  t h e  s e t  o f  a d ­

m i s s i b l e  v i r t u a l  d i s p l a c e m e n t s  К so t h a t
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B ( u , 7 - T i )  -  S (T / -0 )  f o r  a l l  V EK , ( A . 2)

w h e re

( 4 . 3 a )

T y O i )  ei j ^ )  dx >
G

S( V )

G

( 4 . 3 b )

I t  i s  e a sy  t o  show t h a t  t h e  s e t  К ( t h e  s e t  o f  a d m i s s i b l e  

v i r t u a l  d i s p l a c e m e n t s )  ( E k e l a n d  and Temam 1976) i s  w e a k l y  

c l o s e d .  The f u n c t i o n a l  L ( v )  i s  s t r i c t l y  convex  and w e a k l y  

l o w e r  s e m i c o n t i n u o u s  ( H l a v á C e k  and L o v i s e k  1977 ,  Nedoma 1 9 8 3 ) .  

Thus  we f i n d  L q ( v ) —-  <a as [| ТГ ]| —-  œ what  shows t h a t  t h e  

f u n c t i o n a l  L „  has a m in imum.  I t  can  be shown t h a t  i f  t h e  weak

s o l u t i o n  i s  smooth  e n o u g h ,  t h e n  i t  r e p r e s e n t s  a c l a s s i c a l  s o l u ­

t i o n  o f  t h e  p r o b l e m ,  and any c l a s s i c a l  s o l u t i o n  o f  ( 3 . 6 - 3 . 1 0 )  

i s  a weak s o l u t i o n  ( s e e  H l a v á c e k  e t  a l .  1 9 8 7 ) .

The n u m e r i c a l  s o l u t i o n  o f  t h e  p r o b l e m  i s  based  on t h e  

f i n i t e  e l e m e n t  t e c h n i q u e .  F o r  s i m p l i c i t y  p i e c e w i s e  l i n e a r  t r i ­

a n g u l a r  e l e m e n t s  a r e  u s e d .  We assume t h a t  th e  o b d u c t i n g  p l a t e  

o c c u p y i n g  t h e  domain  G i s  a p p r o x i m a t e d  by a p o l y g o n a l  bou n d e d  

d o m a i n .  Then we d i v i d e  t h e  d om a in  G i n t o  r e l a t i v e l y  s m a l l - s i z e d  

t r i a n g l e s .  D eno te  h t h e  maximum s i d e  o f  a l l  t r i a n g l e s  g e n e r a t ­

i n g  a r e g u l a r  t r i a n g u l a t i o n  T h - L e t  Vh be t h e  s e t  o f  l i n e a r  

f i n i t e  e l e m e n t s .  F u r t h e r  we d e f i n e  t h e  s e t  o f  a d m i s s i b l e  a p ­

p r o x i m a t e  v i r t u a l  d i s p l a c e m e n t s  as

= { ^ | v |  ^h i ^ ’ vn -  ^ on the cor|t a c t  boundary , v=ûo on Г j .

The a im i s  t o  m i n i m i z e  t h e  f u n c t i o n a l  L o ( v )  o v e r  t h e  s e t  o f  

a d m i s s i b l e  a p p r o x i m a t e  v i r t u a l  d i s p l a c e m e n t s  K^ .  An e s t i m a t e

о
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o f  t h e  r a t e  o f  c o n v e r g e n c e  o f  t h e  FEM a p p r o x i m a t i o n  t o  t h e  a c ­

c u r a t e  s o l u t i o n  i s  o f  an o r d e r  0 ( h )  ( H l a v á c e k  and L o v i s e k  1 9 7 7 ,  

Nedoma 1979 ,  1 9 8 3 ) .  T h e s e  p ro b l e m s  l e a d  t o  m i n i m i z a t i o n  o f  a 

q u a d r a t i c  fo rm on a s e t  w i t h  l i n e a r  c o n s t r a i n t s .  Such p r o b l e m s  

a r e  p r o b l e m s  o f  q u a d r a t i c  p r o g r a m m i n g .  I n  o u r  case  i t  i s  s o l v e d  

on t h e  b a s i s  o f  t h e  m e t h o d  o f  c o n j u g a t e  g r a d i e n t s  ( G l o w i n s k i  e t  

a l .  1 9 7 6 ) .

S i n c e  t h e  a n a l y s i s  o f  t h e  model  p r o b l e m  i s  m a t h e m a t i c a l l y  

n o n - t r i v i a l  and r e p r e s e n t s  a new a p p r o a c h  i n  m a t h e m a t i c a l  and 

t h e o r e t i c a l  g e o p h y s i c s  we d i s c u s s  t h e  p r o b l e m  o n l y  b r i e f l y .  F o r  

m o r e  d e t a i l s  see Nedoma ( 1 9 8 3 )  a n a l y s i n g  t h e  p r o b l e m  s t u d i e d  

f r o m  t h e  m a t h e m a t i c a l  p o i n t  o f  v i e w .  A t  t h e  end we s h a l l  show a 

c o n t i n u o u s  de pendence  o f  t h e  s o l u t i o n  on t h e  g i v e n  d a ta  (uo ,P ,F) .  

F rom  t h e  p h y s i c a l  p o i n t  o f  v ie w  i t  r e f l e c t s  t h e  f a c t  t h a t  t h e  

s o l u t i o n  o f  t h e  m o d e l  p r o b l e m  w h ic h  a p p r o x i m a t e s  t h e  g e o d y n a m i c  

p r o c e s s  a t  t i m e  t  £ <( t ^ , t 2 )> o n l y  c h a n g e s  a l i t t l e  f o r  s m a l l

c h a n g e s  i n  th e  g i v e n  d i s p l a c e m e n t s  and s u r f a c e  and body f o r c e s .  

The c o n s i d e r a t i o n  i s  t h e  f o l l o w i n g :  L e t

VQ = { V I V 6  W1 ( g )  , V = 0 on Г и } , KQ = { v £ VQ, v p =' 0 on Ç. ]  .

L e t  lj = u o + w, v = û o+ ôô, * w , u 3 £ K o . I t  i s  r e a d i l y  seen  t h a t  ( 4 . 2 )  i s  

e q u i v a l e n t  w i t h  t h e  f o l l o w i n g  i n e q u a l i t y

w £Kq , B ( w , oÖ- w) = S(oÛ-w) -  B(ïïo ,u3-17) = S^(Cô-v)  f o r  a l l u > ( - K o . ( 4 . 4 )

L e t  us d e f i n e  t h e  a u x i l i a r y  p r ob le m  as f o l l o w s :  f i n d  z (  VQ so 

t h a t

В( z , y ) = S 1 ( y )  f o r  a l l  y E V o . ( 4 . 5 )

N o t e  t h a t  t h e r e  e x i s t s  a u n i q u e  s o l u t i o n  o f  t h i s  p r o b l e m .  Then 

( 4 . 4 )  i s  w r i t t e n  i n  t h e  f o l l o w i n g  fo r m

B ( w ,L Ö - w )  = B ( z , E 5 - w )  f o r  a l l  CoEK^ ( 4 . 6 )

I t  i s  easy  t o  see t h a t  ( 4 . 6 )  i s  e q u i v a l e n t  t o  t h e  p r o b l e m  o f
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m i n i m i z i n g  t h e  f u n c t i o n a l  B ( w - z , w - z )  -  B ( z , z ) o v e r  t h e  s e t  К .

I f  we i n t r o d u c e  t h e  i n n e r  p r o d u c t  B ( u , v )  i n  t h e  space  V , t h e n

VQ becomes a H i l b e r t  space  and t h e  m i n i m i z e r  c o i n c i d e s  w i t h  t h e

p r o j e c t i o n  П к o f  t h e  e l e m e n t  z o n t o  t h e  s e t  К , i . e .  
о

w = П к z . ( 4 . 7 )
о

I n  a d d i t i o n  t o  t h e  t r i p l e  j u o , P , F  J l e t  us c o n s i d e r  a l s o  a " p e r ­

t u r b e d "  t r i p l e  | ûo ,P ' , F ' J  w h i c h  r e p r e s e n t s  th e  m easur ed  v a l u e s  

o f  u q , P , F  o b t a i n e d  f r o m  t h e  g e o p h y s i c a l  p r o s p e c t i n g  d a t a .  L e t  

z '  and w'  be t h e  s o l u t i o n s  o f  t h e  p r o b l e m s  ( 4 . 5 )  and ( 4 . 4 )  r e ­

s p e c t i v e l y ,  w i t h  | û ^ , P ' , F ' J  . I t  i s  w e l l  known t h a t  t h e  s o l u ­

t i o n  o f  t h e  p r o b l e m  ( 4 . 5 )  dep e n d s  c o n t i n u o u s l y  on t h e  d a t a ,  i . e

z -z  1 = C( 11%-űgl l  , ♦ I I F - F ' I I  ) 2  2  -  IIP-P'I. 2  2  =
0  °  W1 П Л с ) Г  [ L 2 ( r T ) ] 2

I! F-F 'll )

S C ( ( u o , P , f ) -  { Ôq , P ' j F ' )  ) .

( 4 . 8 )

S i m i l a r l y  one  has

w'  = П К z '  . ( 4 . 9 )
О

n
L e t  us d e n o t e  by || w || E = B ( w , w ) .  I h e n  due t o  ( 4 . 7 )  and ( 4 . 9 )  

one g e t s

HW- W' I IE = II П к z -  П к z ' | | E =|| z - z  'II E = C H z-z 1II . .
о о c 11 W1

From t h e  K o r n  i n e q u a l i t y  ( H l a v á ő e k  e t  a l .  1987)  i n  VQ r e s u l t s  

t h a t

II w-w 'll . = С II z -z  'll . .
W1 0  W1

C o m b i n i n g  t h e  l a t e r  i n e q u a l i t y  w i t h  ( 4 . 8 )  one o b t a i n s

l lw-w'H C ( ( u 0 , P , f ) -  { ôg  , P ' ,F ' }  ) . 
w

S u b s t i t u t i n g  f o r  û = + w, u = ГГ + w'  one o b t a i n s
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Il0 - 3 'll wi = n i ( û 0 + w ) - ( û ^ w ' ) H w l ) ^ | | û 0- ü ;Hw1 41 W-W-Ilwl =

= C ( { - u 0 , P , f } -  {û- .P- .F- } )  .

The l a s t  i n e q u a l i t y  v e r i f i e s  t h e  c o n t i n u o u s  dependence  o f  t h e  

s o l u t i o n  on t h e  g e o p h y s i c a l  measured d a t a  w h i c h  p h y s i c a l l y  

means  t h a t  t h e  r e s u l t s  f r o m  t h e  n u m e r i c a l  a n a l y s i s  c o r r e s p o n d  

t o  t h e  g e o p h y s i c a l  r e a l i t y .

5 .  RESULTS

I n  t h e  p r e s e n t  p a p e r  t h e  A l e u t i a n  a r c  i s  s t u d i e d  w i t h i n  a 

p l a t e - t e c t o n i c  c o n c e p t .  The i n v e s t i g a t i o n s  a r e  based on t h e  

m o d e l  g i v e n  by Grow ( 1 9 7 3 )  and T a b l e  I .  T h i s  model  assumes a 

80 km t h i c k  l i t h o s p h e r i c  p l a t e ,  w i t h  d e n s i t i e s  be tween 

240 0  k g /пт  'and 3400  k g / п т ,  v e l o c i t i e s  o f  s e i s m i c  P waves b e ­

t w e e n  3800 m/sec  and 7900  m/sec  and o f  S waves be tween 2190 and 

456 0  m / s e c .  I t s  s u r f a c e  c o n f i g u r a t i o n  i s  o b t a i n e d  f r o m  t h e  d i s ­

t r i b u t i o n  o f  i n t e r m e d i a t e  and deep e a r t h q u a k e s .  Note a l s o  t h e  

i m p l i e d  a c c r e t i o n  o f  s e d i m e n t s  o f  a b o u t  15 km a t  t h e  l e a d i n g  

edg e  o f  t h e  o v e r r i d i n g  p l a t e  and o f  a b o u t  5 km o f  s e d i m e n t s  i n  

t h e  B e h r i n g  See.

The c o l l i s i o n  o f  t h e  l i t h o s p h e r i c  p l a t e s  i t s e l f  i s  t h e  

a c t u a l  cause  o f  t h e  l a r g e  s t r e s s e s  and s t r a i n s  i n  t h e  l i t h o ­

s p h e r e .  The l i t h o s p h e r e  t h u s  behaves  l i k e  a s t r e s s  g u i d e .  To 

a p p r e c i a t e  t h e  p a r t  p l a y e d  by t h i s  p r o c e s s  i n  t e c t o n o g e n e s i s , 

we s t u d y  t h i s  p r o b l e m  i n  g r e a t e r  d e t a i l s .  One o f  t h e  ma in  a i ms  

o f  t h e  p a p e r  i s  t o  show t h a t  t h e  m a t h e m a t i c a l  model  o f  c o l l i ­

s i o n  zone  u n d e r  t h e  a s s u m p t i o n  d i s c u s s e d  above  i s  more c o r ­

r e c t l y  d e s c r i b e d  by t h e  v a r i a t i o n a l  i n e q u a l i t i e s  (s ee  s e c t i o n  

4 ) .  As i t  was shown s u c h  model  p r o b l e m s  a c c u r a t e l y  a p p r o x i m a t e  

t h e  s h i f t  o f  t h e  o b d u c t i n g  l i t h o s p h e r i c  p l a t e  a l o n g  t h e  s u b ­

d u c t i n g  l i t h o s p h e r i c  p l a t e  and t h e  a s t h e n o s p h e r e , w h i l e  t h e  

c l a s s i c a l  a p p r o a c h  c o r r e s p o n d s  t o  t h e  s t a t i c  mode ls  o f  t h e  

c r u s t  o r  t h e  l i t h o s p h e r e ,  r e s t i n g  on t h e i r  s u p p o r t  ( K a s a h a r a  

1 9 7 8 ,  V i l o t t e  e t  a l .  1 9 8 2 ) ,  w h ic h  on t h e  c o n t r a r y  do n o t  a l l o w
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s h i f t i n g  o f  t h e  o b d u c t i n g  l i t h o s p h e r i c  p l a t e  a l o n g  t h e  s u b d u c t ­

i n g  l i t h o s p h e r e  and t h e  a s t h e n o s p h e r e . As i n d i c a t e d  by t h e  

n u m e r i c a l  r e s u l t s ,  i n  t h e  o b d u c t i n g  i n v a s i o n  p l a t e  an i n t e r n a l  

t r a n s f e r  mass w i l l  o c c u r  a t  t h e  p l a c e ,  where  i t  has g r o w n  

t h i c k e r  and w h ic h  i s  n o t  v e r y  f a r  f r o m  t h e  head o f  . t h e  p l a t e ,  

a c c u r a t e l y  a t  t h e  p l a c e  o f  t h e  A l e u t i a n  a r c .  M o r e o v e r  t h e  i n ­

v a s i o n  makes t h e  N o r t h  A m e r i c a n  p l a t e  d e f o r m e d .  I t s  d e f o r m a t i o n  

i s  a c c o m p a n i e d  by enorm ous  s t r e s s e s .

The main  r e s u l t s  a r e  i l l u s t r a t e d  i n  F i g s  2 - 1 0 .  A t  F i g .  2 

t h e  d i s p l a c e m e n t  v e c t o r  u ( i n  m/ 1 0  y e a r s )  i s  shown f o r  t h e
4

t i m e  p e r i o d  t  = 1 0  y e a r s  and f o r  t h e  c a s e  w i t h o u t  f r i c t i o n  a t  

t h e  c o n t a c t  b o u n d a r i e s  N o r t h  A m e r i c a n  ( P a c i f i c  p l a t e s  and  N o r t h  

A m e r i c a n  p l a t e  ) a s t h e n o s p h e r e  and w i t h o u t  any s u r f a c e  l o a d i n g  

on t h e  E a r t h ' s  s u r f a c e .  F i g u r e s  3 and 4 i l l u s t r a t e  t h e  h o r i z o n ­

t a l  u.| and v e r t i c a l  u^ c o m p o n e n t s  o f  t h e  d i s p l a c e m e n t  v e c t o r  Ű, 

r e s p e c t i v e l y .  F i g u r e  3 r e p r e s e n t s  t h e  h o r i z o n t a l  d i s p l a c e m e n t  

co m p o n e n t  u^ w i t h  v a l u e s  b e tw e e n  70 m / 1 0 4  y r s  a t  t h e  he a d  o f  

t h e  p l a t e  t o  o f  a b o u t  200 m / 1 0 4  y r s  a t  a d i s t a n c e  300 km f r o m  

t h e  A l e u t i a n  t r e n c h ,  i t  shows t h e  i n n e r  s h i f t s  o f  t h e  l i t h o ­

s p h e r i c  m a t e r i a l  i n  t h e  p l a t e  i n  a h o r i z o n t a l  d i r e c t i o n .  I t  i s  

e v i d e n t  f r o m  i t ,  t h a t  s l o w e r  s h i f t i n g  o c c u r s  a t  t h e  head  o f  

t h e  o b d u c t i n g  p l a t e  and f a s t e r  s h i f t i n g  o c c u r s  b e h i n d  t h e  

A l e u t i a n  a r c .  F i g u r e  4 r e p r e s e n t s  t h e  v e r t i c a l  d i s p l a c e m e n t  

c o m p o n e n t  u^ and p r o v e s  t h e  e l e v a t i o n  o f  t h e  A l e u t i a n  a r c  as 
w e l l  as o f  t h e  head o f  t h e  o b d u c t i n g  p l a t e  ( s h o r t  da s h e d  l i n e s )  
and t h e  d e p r e s s i o n  i n  t h e  dom ai n  b e h i n d  t h e  A l e u t i a n  a r c  ( l o n ­
g e r  dashed  l i n e s )  i . e .  a t  d i s t a n c e s  o f  a b o u t  280 -31 0  km. Nu­
m e r i c a l  r e s u l t s  i n d i c a t e  ch a n g e s  i n  i t s  a p p e a ra n c e  w i t h  t h e  u p ­
l i f t  ~ 3 3  m / 1 0 4  y r s  a t  t h e  head o f  t h e  p l a t e  and w i t h  t h e  
g r e a t e s t  v a l u e  o f  u p l i f t  o f  a b o u t  3 8 . 5  m a t  t h e  d i s t a n c e  —• 140 km 
f r o m  t h e  A l e u t i a n  t r e n c h  ( i . e .  i n  t h e  r e g i o n  o f  t h e  A l e u t i a n  
a r c )  and f u r t h e r  w i t h  d e p r e s s i o n s  w i t h  g r e a t e s t  v a l u e s  o f  a b o u t  
55 m/10 y r s  a t  t h e  d i s t a n c e  ~  280 km f r o m  t h e  A l e u t i a n  t r e n c h .  
The n u m e r i c a l  r e s u l t s  p r o v e  t h e  o b s e r v e d  f a c t s  i n  t h e s e  r e g i o n s .  
So t h e s e  r e s u l t s  a r e  i n  an a g r e e m e n t  w i t h  o b s e r v a t i o n s  i n  t h e  
B e h r i n g  See,  where  b a s i n s  l i k e  t h e  A l e u t i a n  and Bowers on e s  o c ­
c u r .  T h e i r  e v o l u t i o n  c o n t i n u e s  a l s o  i n  p r e s e n t  t i m e  due  t o  g e o -  
d y n a m i c  p r o c e s s e s .

F i g u r e  5 d e m o n s t r a t e s  t h e  n o r m a l  co m ponent  o f  t h e
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F ig .  2. Display o f  the displacement vec to r  û (jn/lO к y r s ]  f o r  the t ime per iod t  = 1 0
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Fig.  3. Display o f  the ho r i z o n ta l  component ui o f  the displacement vec to r  u w i th  values between 70 m/104  y rs  at  
the head o f  the p la te  to  o f  about 280 m/1 0 4  yrs a t  the d is tance ~  300 km from the A leu t ian  trench

360 
Л NED0MA e

t 
a

l.



100 3 0 0  km200

F ig .  4. Display o f  the v e r t i c a l  component U3  o f the displacem ent ve c to r П (s h o r t dashed l in e s  correspond to  the 
e le v a tio n , longer dashed l in e s  to  the depression) w ith  the g re a te s t value o f u p l i f t  o f about 38.5 m at  
the d is tance  —■ 140 km from the A le u tia n  trench ( i . e .  i n  the reg ion  o f the A le u tia n  a rc ) and w ith  the  up­
l i f t  ~33  m/104  y rs  a t the  head o f the p la te  and w ith  the depression w ith  g re a te s t va lue o f about 
55 m/104  y rs  a t the d is tance  ~280 km from the A le u tia n  trench
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F ig . 5. Normal component o f the displacem ent ve c to r in  m
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d i s p l a c e m e n t  v e c t o r .  T h e r e  a re  t h r e e  c u r v e s  a ,  b,  c i n  t h e

f i g u r e .  Curve  a c o r r e s p o n d s  t o  a v e r y  s h o r t  t i m e  p e r i o d  ~  max

10 y r s .  D u r i n g  t h e s e  t i m e  p e r i o d s  t h e  c o l l i d i n g  o b d u c t e d

p l a t e ,  as u = 0 i s  o n l y  s h i f t e d .  C u r v e s  b and c c o r r e s p o n d  t o  
n 5 6g r e a t e r  t i m e  p e r i o d s  o f  ~  1 0  and 1 0  y e a r s  f o r  w h ic h  u R < 0 .

The p l a c e s  w he re  t h e  o b d u c t e d  p l a t e  b u l g e s  o u t ,  r e s u l t  i n  t h e  

s u b d u c t i o n  zone and  i n  t h e  r e g i o n  b e h i n d  t h e  A l e u t i a n  a r c  on 

t h e  b o t t o m  o f  t n e  l i t h o s p h e r e ,  i . e .  on t h e  c o n t a c t  b o u n d a r y  

w i t h  t h e  a s t h e n o s p h e r e . The space w h e r e  t h e  l i t h o s p h e r e  have  

b u l g e d  o u t  a r e  i m m e d i a t e l y  f i l l e d  by m e l t e d  m a t e r i a l  f r o m  t h e  

s u b d u c t e d  z o n e .  V o l c a n o u s  chambers a r e  c r e a t e d  here  i n  t h e  

f i r s t  ca se  and a s t h e n o s p h e r i c  m a t e r i a l  i n  t h e  second c a s e ,  

r e s p e c t i v e l y .  P a r t i a l  m e l t i n g  i n  t h e s e  r e g i o n s  i s  assumed a l s o  

by  A n d e r s o n  and Sammis ( 1 9 7 0 ) .  The c o n d i t i o n s  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  t h e  s o - c a l l e d  c o n t a c t  c o n d i t i o n s ,  d i s c u s s e d  i n  

S e c t i o n  3 -  Eqs ( 3 . 9 a - c ) and a re  d e r i v e d  by Nedoma ( 1 9 8 6 )  f o r  

t h e  g e n e r a l i z e d  m o d e l  p r o b l e m .

F i g u r e s  6 - 8  d i s p l a y  r e s u l t s  f o r  t h e  s t r e s s  c o m ponen ts  T x x  ,

ТГ , T  as w e l l  as f o r  t h e  n o r m a l  c o m p o n e n t  T  o f  t h e  z z ’ xz _  r  n
s t r e s s  v e c t o r  f  on t h e  c o n t a c t  b o u n d a r y  . I n  F i g s  6  and 7 

t h e  g r e a t e s t  v a l u e ,  c o r r e s p o n d i n g  t o  g r e a t e r  v a l u e s  o f  c o m p r e s ­

s i v e  s t r e s s e s ,  o c c u r r e d  i n  t h e  l o w e r  p a r t  o f  t h e  c o n t a c t  i n  t h e  

s u b d u c t i o n  zone and a t  d i s t a n c e s  b e t w e e n  180 km t o  250 km on 

t h e  c o n t a c t  b o u n d a r y  w i t h  t h e  a s t h e n o s p h e r e .  The a n o m a lo us  

r e g i o n s  o f  g r e a t e r  c o m p r e s s i v e  s t r e s s e s  c o r r e s p o n d  t o  a n o m a l o u s  

p l a c e s  w i t h  a g r e a t  g r a d i e n t  o f  t h e  v e r t i c a l  component o f  t h e  

d i s p l a c e m e n t  v e c t o r  û ( s e e  F i g .  4 )  and  t o  p l a c e s  where  t h e  n o r ­

m a l  co m ponen t  u n o f  t h e  d i s p l a c e m e n t  v e c t o r  i s  e q u a l  t o  z e r o

i . e .  u n = 0 ( s e e  F i g .  5 ) .  The T xz  c o m p o n e n t  o f  t h e  s t r e s s  

t e n s o r  i s  shown i n  F i g .  8 . The z o n e s  w h e r e  t h e  f a u l t s  may o c c u r  

a r e  i n d i c a t e d .  A d o m a i n ,  where t h e  s i g n  o f  t h e  X xz c o m p o n e n t  

c h a n g e s  i s  o b s e r v e d .  A t  t h e  c o n t a c t  o f  t h e  o b duc te d  p l a t e  w i t h  

t h e  s u b d u c t e d  one  t h e  n o r m a l  co m p o n e n t  o f  t h e  s t r e s s  v e c t o r  i s  

c h a r a c t e r i z e d  p a r t i c u l a r l y  by a c o m p r e s s i v e  maximum c l o s e r  t o  

t h e  l o w e r  edge o f  t h e  l i t h o s p h e r e  ( F i g .  9 ) .  Zones o f  t e n s i l e  

s t r e s s e s  a re  c r e a t e d  a t  a c e r t a i n  d i s t a n c e  on b o th  s i d e s  o f  t h e  

c o m p r e s s i v e  s t r e s s  maximum. As a r e s u l t  o f  t h e  c o m p r e s s i v e  and



F ig . 6 . D isp lay o f the s tre s s  tensor component T xx in  109  Newton m 2

33n

F ig . 7. D isp lay o f the s tre s s  tensor component X xz in  109  Newton m 2 О
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F ig . 8. D isp lay o f the s tre ss  tenso r component T in  10 Newton m
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F ig . Э. Normal component o f the s tre ss  ve c to r in  10 Newton m , t  ~  10 and 10 yrs
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t e n s i l e  s t r e s s e s ,  f a u l t s  a p p e a r  w h i c h  o f t e n  r e a c h  up t o  t h e  

E a r t h ' s  s u r f a c e  a t  p l a c e s  where v o l c a n o e s  o c c u r .

The l a s t  f i g u r e  ( F i g .  10a ,  b )  shows t h e  ma in  s t r e s s e s  i n
4

t h e  o b d u c t i n g  N o r t h  A m e r i c a n  P l a t e  f o r  t h e  t i m e  p e r i o d s  t  ~  10 

y r s  and t  ~  10 5  y r s .  By t h e  r e s u l t  o f  t h e  g e o t e c t o n i c  p r o c e s s e s  

f o r  t h e  t i m e  p e r i o d  ~ 1 0 ^ y r s  a r e  t h e  c o m p r e s s i v e  s t r e s s e s  i n  

t h e  o b d u c t i n g  p l a t e  ( F i g .  1 0 a ) ,  w h i l e  f o r  t h e  g r e a t e r  t i m e  

p e r i o d  ~  TO'* y r s  ( t h e  F i g .  10b) t h e  r e s u l t  o f  g e o t e c t o n i c  

p r o c e s s e s  i s  c h a r a c t e r i z e d  by g r e a t e r  c o m p r e s s i v e  s t r e s s e s  a t  

t h e  c o n t a c t  b o u n d a r y  be tw een t h e  o b d u c t i n g  and s u b d u c t i n g  p l a t e s  

i n  t h e  r e g i o n  u n d e r  t h e  o r i g i n  o f  t h e  A l e u t i a n  a r c .  I n  t h i s  

p l a c e  t h e  s u b d u c t i n g  P a c i f i c  p l a t e  i s  t h u s  s t r o n g l y  l o a d e d .  A t  

a b o u t  one h a l f  o f  t h e  c o n t a c t  b o u n d a r y  Г с and i n  t h e  r e g i o n  a t  

t h e  h e e l  o f  t h e  b o t t o m  p a r t  o f  t h e  s u b d u c t i o n  zo n e ,  b u t  now a t  

t h e  c o n t a c t  b o u n d a r y  o f  t h e  N o r t h  A m e r i c a n  p l a t e  w i t h  t h e  

a s t h e n o s p h e r e , t h e  t e n s i l e  s t r e s s e s  o r i g i n a t e  and a r e  d i s p l a y e d  

up t o  t h e  E a r t h ' s  s u r f a c e  i n  two r e g i o n s  i n  t h e  doma in  o f  t h e  

A l e u t i a n  a r c .  These  t e n s i l e  s t r e s s e s  p r o d u c e  deep f a u l t s .  These,  

f a u l t s  r e a c h  up t o  t h e  E a r t h ' s  s u r f a c e  i n  p l a c e s  w he re  v o l c a ­

noes  a r e  f o u n d .

T h e o r e t i c a l  g r a v i t y  p r o f i l e s  c a n  be d e t e r m i n e d  d i r e c t l y  

f r o m  t h e  b e s t - f i t t i n g  d e f l e c t i o n  p r o f i l e s  U j ( x ) ,  u s i n g  t h e  

w e l l - k n o w n  B o u g u e r  r e l a t i o n .
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GEOMAGNETIC SUDDEN IMPULSES AND PULSATION AC T IV IT Y  

J V e rő  and L H o l l ó

Geodet ical  and Geophysical  Research I n s t i t u t e  of  the Hungarian Academy 
o f  Sciences,  H-9401 Sopron, РОВ 5, Hungary

[ M a n u s c r i p t  received January 10, 1988]

Geomagnetic p u l s a t i on  a c t i v i t y  i s  analyzed around geomagnet ic S I - s .  A 
d e f i n i t i o n  i s  given f o r  the S I -s  used here which d i f f e r s  from the i n t e r n a ­
t i o n a l l y  accepted d e f i n i t i o n .  I t  i s  shown t h a t  these S I -s  s t r o n g l y  in f luence  
the p u l s a t i on  a c t i v i t y  and the changes a f t e r  the S I -s  are not  c l o s e l y  co r ­
r e l a t e d  w i th  the changes i n  i n t e r p l a n e t a r y  parameters.  I f  none o f  the i n t e r ­
p la ne t a ry  parameters changes a f t e r  the SI ,  there  i s  no change i n  the pulsa ­
t i o n  a c t i v i t y .  I t  i s  suggested t h a t  i n  the l a t t e r  case the SI i s  due to  K-H 
i n s t a b i l i t y  and i t  i s  no SI i n  the proper sense.

Keywords: dynamic spectrum; geomagnetic pu ls a t i on s ;  i n t e r p l a n e t a r y  
magnet ic f i e l d ;  so l a r  wind; sudden impulse

1. INTRODUCTION

Veldkamp ( 1 9 6 0 )  was t h e  f i r s t  t o  n o t e  t h a t  a g e o m a g n e t i c  

su d d e n  i m p u l s e  ( S I )  may i n f l u e n c e  g e o m a g n e t i c  p u l s a t i o n s .  D u r ­

i n g  t h e  s t r o n g  g i a n t  p u l s a t i o n  e v e n t  o f  J u l y ,  1 9 5 8 ,  an S I  o c ­

c u r r e d  a t  0930 UT. P r e v i o u s l y  p u l s a t i o n s  w i t h  p e r i o d s  o f  12 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  t h i s  i m p u l s e  t h e y  d i s a p ­

p e a r e d .  The p e r i o d  o f  Pg changed  f r o m  95 s b e f o r e  t h e  S I  t o  

105 s a f t e r  i t .  D u r i n g  t h e  e v e n t  t h e  a m p l i t u d e  o f  Pg d e c r e a s e d ,  

b u t  a f t e r  i t ,  i t  became e s p e c i a l l y  s t r o n g .

T h i s  e a r l i e s t  d e s c r i b e d  e v e n t  i n d i c a t e s  two  t y p e s  o f  

c h a n g e s  i n  t h e  p u l s a t i o n  a c t i v i t y  a r o u n d  S I - s .  One o f  them may 

be c a l l e d  " H i r a s a w a - e f f e c t " : i t  means a change  o f  t h e  p u l s a t i o n  

p e r i o d s ,  m a i n l y  o f  P c5 ,  d u r i n g  S I - s  ( H i r a s a w a  e t  a l .  1 9 6 6 ) .  The 

a u t h o r s  supposed  t h a t  t h e  change  i s  c o n n e c t e d  t o  t h e  ch a n g e  i n  

t h e  d i m e n s i o n  o f  t h e  m a g n e t o s p h e r e ;  t h a t  means t h a t  c h a n g e s  o f  

t h e  p e r i o d  s h o u l d  be p a r a l l e l  t o  t h e  c hange  o f  t h e  m a g n e t i c

Acta Geod. Geoph. Mont. Hung. 24, 1989 
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f i e l d  and cease a f t e r  t h e  S I  had c e a s e d .  They  have  a n a l y z e d  

t h r e e  s uch  e v e n t s .

T r o i t s k a y a  e t  a l .  ( 1 9 6 8 )  fo u n d  s e v e r a l  c a s e s  o f  t h e  S I  -  

e f f e c t .  ( S I + and S I -  mean p o s i t i v e  and n e g a t i v e  S I - s  a t  l o w e r  

l a t i t u d e s . )  The S I  i n t e r r u p t e d  p r e v i o u s l y  e x i s t i n g  p u l s a t i o n  

a c t i v i t y  -  m o s t l y  o f  l o n g e r  p e r i o d s  -  o r ,  t h e  p e r i o d  changed  -  

t h i s  was t y p i c a l  f o r  P c 2 - 3 .  They a t t r i b u t e d  t h e  d i s a p p e a r a n c e  

o f  p u l s a t i o n s  t o  t h e  s t a b i l i z a t i o n  o f  t h e  m a g n e t o p a u s e  a g a i n s t  

К -H  i n s t a b i l i t y .  One e v e n t  o f  t h i s  p a p e r  ( D e c e m b e r  14 ,  1965)  

was  p r e s e n t e d  i n  more  d e t a i l s  by T r o i t s k a y a  and G u l ' e l m i  ( 1 9 6 7 ) ,  

w n e r e  i t  can be seen  t h a t  a f t e r  t h e  S I  , p u l s a t i o n s  o f  much 

s h o T t e r  p e r i o d s  a p p e a r .  Such  e v e n t s  (3  a f t e r  S I -  and two  a f t e r  

S I + ) w e re  s t u d e d  i n  m o r e  d e t a i l s  by T á t r a l l y a y  and Verő  ( 1 9 7 3 )  

a n d  t h e y  fo und  t h e  f o l l o w i n g  sequence  o f  e v e n t s  b o t h  f o r  S I  

a n d  S I + :

l o n g e r  p e r i o d  p u l s a t i o n s  ( P c 4 - 5 )

S I

s h o r t e r  p e r i o d  p u l s a t i o n s  ( P c 2 - 3 ) .

The  l a s t  two s t e p s  do n o t  o v e r l a p .

I n  s p i t e  o f  t h e  s i m i l a r i t i e s ,  t h e r e  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 tween n e g a t i v e  and p o s i t i v e  S I - s ,  e . g .  Pc2-3  a m p l i ­

t u d e s  a r e  s m a l l e r  a t  l o w  l a t i t u d e s  a f t e r  an S I + . A t  h i g h e r  

l a t i t u d e s  t h e  P c 2 -3  a c t i v i t y  i s  s u b s t i t u t e d  by Pc i  a f t e r  S I + , 

t h u s  N u r m i j ä r v i  ( 5 8 ° )  r e c o r d s  P c 2 - 3 ,  and S o d a n k y l ä  ( 6 4 ° ) ,  Pci  

( V e r ő  1975 ,  1 9 8 6 ) .

E a r l y  s p e c u l a t i o n s  a b o u t  t h e  e f f e c t  o f  S I - s  were  c o n c e n ­

t r a t e d  on a change  i n  t h e  d i m e n s i o n  o f  t h e  m a g n e t o s p h e r e  ( e . g .  

Sen 1 9 6 8 )  wh ich  may be v a l i d  f o r  t h e  H i r a s a w a - e f f e c t , b u t  n o t  

f o r  t h e  p o s t - S I  c h a n g e s .  The l a t t e r  n e e d s  some s o u r c e  mechanism 

a c t i v e  a f t e r  t h e  S I ,  t o o ,  such  as e . g .  a ch a n g e  i n  i n t e r p l a n e ­

t a r y  p a r a m e t e r s  l a s t i n g  l o n g e r  t i m e  a f t e r  t h e  i m p u l s e .

A s s o c i a t i o n s  b e t w e e n  d i f f e r e n t  t y p e  p u l s a t i o n s  and g e o ­

m a g n e t i c  i m p u l s e s  h a v e  bee n  d i s c u s s e d  by many a u t h o r s .  I n  t h e  

f o l l o w i n g  some t y p e s  o f  s u c h  p u l s a t i o n s  a r e  l i s t e d  w h i c h  d i f f e r  

f r u i i t  t h o s e  t r e a t e d  i n  t h i s  p a p e r .

Dampe d- type  l o n g e r  p e r i o d  (P c 4 )  p u l s a t i o n s  a r e  e x c i t e d  a t  

t h e  p la sm a p a u se  d u r i n g  i m p u l s e s  ( L a n z e r o t t i  e t a l .  1973 ,
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F u k u n i s h i  1 9 7 9 ) .  They se ld o m  r e a c h  m i d d l e  l a t i t u d e s  ( V e r ő  1975) .  

ULF e m i s s i o n s  o f  d i f f e r e n t  t y p e s  ( P c i ,  P i l )  a r e  a l s o  e x c i t e d  

s i m u l t a n e o u s l y  w i t h  S I - s  o r  a f t e r  a d e l a y  o f  a few m i n u t e s ,  o r  

th e  c h a r a c t e r i s t i c  p e r i o d  o f  such  e x i s t i n g  e m i s s i o n s  c h a n g e s  a t  

t h e  t i m e  o f  S I - s .  H i r a s a w a  ( 1 9 8 1 )  f o u n d  s uch  e n h a n c e m e n t s  a f t e r  

p o s i t i v e  S I - s ,  O l s o n  and Lee ( 1 9 8 3 )  and  Kangas e t  a l .  ( 1 9 8 6 )  

d i d  n o t  d i s c r i m i n a t e  S I - s  o f  d i f f e r e n t  s i g n  i n  s i m i l a r  s t u d i e s .  

A l l a n  e t  a l .  ( 1 9 8 5 ,  1986 )  d i s c u s s e d  i m p u l s e - e x c i t e d  c a v i t y  and 

f i e l d  l i n e  r e s o n a n c e s  i n  t h e  m a g n e t o s p h e r e ,  b u t  t h e s e  p u l s a ­

t i o n s  d i f f e r  e s s e n t i a l l y  f r o m  t h e  h e r e  d i s c u s s e d  ones  by h a v i n g  

l o n g e r  p e r i o d s  and o c c u r r i n g  a t  h i g h e r  l a t i t u d e s .  H o w e v e r ,  a 

p r o p a g a t i o n  t o  l o w e r  l a t i t u d e s  w i t h  l o c a l  r e s o n a n t  p e r i o d s  c a n ­

n o t  be e x c l u d e d  h e r e .  P u l s a t i o n s  a s s o c i a t e d  w i t h  f l u x  t r a n s f e r  

e v e n t s  ( G i l l i s  e t  a l .  1987 )  a r e  c o n n e c t e d  t o  g e o m a g n e t i c  v a r i a ­

t i o n s  o t h e r  t h a n  S I .

2 .  BASIC MATERIAL

The b a s i c  m a t e r i a l  f o r  t h e  i n v e s t i g a t i o n s  was a l i s t  o f  

S I - s  s e l e c t e d  on a r o u t i n e  b a s i s  f o r  t h e  y e a r s  1 9 7 9 - 1 9 8 3  as 

d i s c u s s e d  i n  S e c t i o n  3.  I n t e r p l a n e t a r y  medium d a t a  f o r  t h i s  

r a t h e r  h i g h  g e o m a g n e t i c  a c t i v i t y  p e r i o d  a r e  a v a i l a b l e  ( K i n g  

1 9 8 6 ) .  O n l y  S I - s  r e c o r d e d  on q u i c k - r u n  e a r t h  c u r r e n t  r e c o r d s  

w ere  u s e d ,  m a k i n g  a t o t a l  o f  237 e v e n t s .  P u l s a t i o n  d a t a  w ere  

t a k e n  f r o m  t h e  q u i c k - r u n  r e c o r d s :  a p a r t  o f  t h e  d a t a  i s  f r o m  

t h e  p u l s a t i o n  c a t a l o g u e  c o m p i l e d  on a r o u t i n e  b a s i s ,  o t h e r s  

f r o m  a r e - e v a l u a t i o n  t o  a c h i e v e  b e t t e r  t i m e  r e s o l u t i o n .  I n  15 

m i n u t e  i n t e r v a l s  b e f o r e  and a f t e r  t h e  S I ,  t h e  a m p l i t u d e  o f  p u l ­

s a t i o n s  have  been  d e t e r m i n e d  u s i n g  t h e  same method  as f o r  t h e  

c a t a l o g u e .  Thus f o r  t h e s e  p e r i o d s  b e f o r e  and a f t e r  t h e  S I ,  t h e  

a c t i v e  p e r i o d  r a n g e s  were  s e l e c t e d  ( 0 - 5 ,  5 - 1 0 ,  1 0 - 1 5 ,  1 5 - 2 0 ,  

2 0 - 2 5 ,  2 5 - 3 0 ,  3 0 - 4 0 ,  4 0 - 6 0 ,  6 0 - 9 0 ,  9 0 - 1 2 0  s ,  2 -5  and 5 - 1 0  m i n ) ,  

and t o  each  a c t i v e  r a n g e ,  an a m p l i t u d e  v a l u e  has a l s o  been  a t ­

t r i b u t e d  .

Based  on e x p e r i e n c e  o f  a b o u t  30 y e a r s  w i t h  t h e s e  p u l s a t i o n  

d a t a ,  we c o n s i d e r  s p e c t r a  o b t a i n e d  f r o m  5 0 - 1 0 0  h o u r s  o f  d a t a  as 

s t a b l e ,  i . e .  c o m p a r a b l e  w i t h  each  o t h e r .  I n  case  o f  s p e c t r a
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f r o m  s u b s e q u e n t  h o u r s  ( e . g .  b e f o r e  and a f t e r  an S I ) ,  s p e c t r a  

o b t a i n e d  f rom 1 0  and 2 0  e v e n t s  may be c o m p a r e d ,  t o o ,  as h e r e  

t h e  s p e c t r a  a re  l e s s  i n f l u e n c e d  by c h a n g e s  i n  t h e  s u b j e c t i v e  

e s t i m a t i o n .

3 .  D EF IN IT IO N  OF S I - S  USED IN THIS PAPER

I n  t h e  p r e s e n t  i n v e s t i g a t i o n  S I - s  l i s t e d  i n  t h e  R e p o r t s  o f  

N a g y c e n k  O b s e r v a t o r y  ( 4 7 . 2 ° )  were  used  f o r  t h e  y e a r s  1 9 7 9 - 1 9 8 3 .  

As S I - s  a re  s e l e c t e d  f o r  t h e s e  R e p o r t s  by a c r i t e r i o n  d i f f e r r i n g  

f r o m  t h e  g e n e r a l l y  a c c e p t e d  one ,  i t  s h o u l d  be d i s c u s s e d  i n  some 

d e t a i l s .

T h e r e  i s  o n l y  a r a t h e r  vague  i n t e r n a t i o n a l l y  a c c e p t e d  

c r i t e r i o n  f o r  s e l e c t i n g  S I - s ,  name ly  " S I - s  a r e  i m p u l s e s  w h i c h  

c a n n o t  be q u a l i f i e d  as S S C - s " .  I n  N a g y c e nk  we use i n s t e a d  o f  

t h i s  t h e  f o l l o w i n g  o n e :  "An SI  i s  a g e o m a g n e t i c  i m p u l s e  w h i c h  

i s  c l e a r l y  d i s t i n g u i s h a b l e  f r o m  i t s  s u r r o u n d i n g s ,  has a d u r a ­

t i o n  o f  ab o u t  5 -1 0  m i n u t e s  and a f t e r  i t ,  t h e  p r e - S I  l e v e l  o f  

t h e  g e o m a g n e t i c  f i e l d  r e t u r n s . "  T h i s  d e f i n i t i o n  e x c l u d e s  many 

s t o r m - t i m e  i m p u l s e s ,  b u t  i n c l u d e s  s m a l l e r  ones  i n  q u i e t  i n t e r ­

v a l s .  The d i f f e r e n c e  o f  S I - s  and SSC-s l i e s  m a i n l y  i n  t h e  r e ­

t u r n  o f  t h e  f i e l d  t o  t h e  p r e - e v e n t  l e v e l .

Okamoto and F u j i t a  ( 1 9 8 7 )  p u b l i s h e d  a l i s t  o f  479 S I - s  and 

789  SSC-s f rom t h e  o b s e r v a t o r y  K a k i o k a  f o r  t h e  y e a r s  1 9 5 7 - 1 9 8 5 .  

The a m p l i t u d e  d i s t r i b u t i o n s  o f  t h e s e  e v e n t s  and o f  t h e  N a g yce nk  

S I - s  a r e  g i v e n  i n  T a b l e  I .

These  f i g u r e s  show t h a t  K a k i o k a  i s  c a u t i o u s  w i t h  s m a l l  

a m p l i t u d e  S I - s .  I n  N a g y c e n k ,  t h e r e  a r e  c o n s i d e r a b l y  more S I - s  

i n  t h e  low  a m p l i t u d e  c a t e g o r y  ( b u t  t h e  p e r c e n t a g e  i s  l e s s  t h a n  

f o r  K a k i o k a  SSC-s w h i c h  can  be more e a s i l y  d i s t i n g u i s h e d  e s p e ­

c i a l l y  w i t h  a l o w e r  n o i s e  l e v e l  a t  l o w e r  l a t i t u d e ) ,  b u t  t h e  

l a r g e  a m p l i t u d e  e v e n t s  l a c k  i n  N agycenk  due t o  t h e  c r i t e r i o n  

t h a t  t h e y  s h o u l d  be c l e a r l y  d i s t i n g u i s h e d  f r o m  t h e  s u r r o u n d i n g s .

T h e r e  are even more s i g n i f i c a n t  d i f f e r e n c e s  i n  S I - s  d i s c u s s e d  

by  d i f f e r e n t  a u t h o r s .  So e . g .  f r o m  6 S I - s  m e n t i o n e d  i n  p a p e r s  

c i t e d  i n  t h e  I n t r o d u c t i o n ,  o n l y  one a p p e a r s  i n  t h e  N a g yce nk  

l i s t ,  and even f r o m  t h e  5 used  by T á t r a l l y a y  and Ve rő  ( 1 9 7 3 )
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T a b l e  I .  D i s t r i b u t i o n  o f  SSC and S I  a m p l i t u d e s  a t  K a k i o k a

and N agycenk

D i s t r i b u t i o n  i n  p e r c e n t s  

A m p l i t u d e  K a k i o k a  Nagycenk

SSC S I SI

0 - 1 0 nT 42 i 0 27

1 0 - 3 0 nT 42 63 70

3 0 - 5 0 nT 1 2 2 1 3

50 nT 4 6 < 1

Number o f  
e v e n t s / y e a r 28 1 7 50

' f r o m  Nagycenk  r e c o r d s ) ,  o n l y  3 a r e  l i s t e d .

The j u s t i f i c a t i o n  f o r  u s i n g  t h e  N ag y c e nk  l i s t  l i e s  i n  t h e  

f a c t  t h a t  i t  i s  q u i t e  homogeneous ,  a t  l e a s t  d u r i n g  t h e  i n t e r v a l  

s t u d i e d  and i t  i s  t h o u g h t  t o  be n e a r l y  c o m p l e t e  as i t  i s  made 

f t o m  l i s t s  c o m p i l e d  f r o m  m a g n e t i c  and  e a r t h  c u r r e n t s  r e c o r d s  

i n d e p e n d e n t l y .  F u r t h e r  j u s t i f i c a t i o n  i s  d e r i v e d  f r o m  a c o m p a r i ­

son  o f  ch anges  b e t w e e n  t h e  p r e -  and a f t e r - e v e n t  h o u r s  ( i . e .  i n  

2 h o u r s )  o f  t h e  i n t e r p l a n e t a r y  p a r a m e t e r s  V and | В | a f t e r  N a g y ­

c enk  S I - s  (N = 2 3 7 )  and a s i m i l a r  s e t  o f  random t i m e s .  T a b l e  I I  

shows t h e  r e s u l t s  o f  t h i s  c o m p a r i s o n .

T a b l e  I I .  S i g n a t u r e s  o f  S I - s  and s i m i l a r  v a l u e s  i n  t h e

random s a m p l e

Percents o f  a l l  events S I -s random sample

a) A|B| > 2nT 30 3

b) AV > 2 0  km/s to 11

a and b s imu l taneous ly 49 13

average A 1 В1 +2.2 nT +1.45 nT

average Д V +25.4 km/s +8 . 0  km/s

с)  A 1 В1 
Д V

> 1 nT and
> 1 0  km/s simul taneously 76 45
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The v a l u e s  i n d i c a t e  t h a t  S I - s  s e l e c t e d  i n  Nagycenk  a r e  a c ­

c o m p a n i e d  by r e a l i s t i c  c h a n g e s  i n  i n t e r p l a n e t a r y  p a r a m e t e r s ,  

t h e  a v e r a g e  changes  i n  | b | b e i n g  1 . 5  t i m e s ,  i n  V t h r e e  t i m e s  

m o r e  t h a n  i n  case o f  a ran dom s a m p l e .

On t h e  b a s i 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  and t h e  d a t a  

p r e s e n t e d  i n  t h i s  s e c t i o n ,  t h e  N a g y c e nk  l i s t  o f  S I - s  r e p r e s e n t s  

a s e t  o f  g e o m a g n e t i c  v a r i a t i o n s  w h i c h  do e s  n o t  c o r r e s p o n d  t o  

t h e  g e n e r a l l y  a c c e p t e d  S I - s  as i t  i n c l u d e s  s i g n i f i c a n t l y  more  

s m a l l  a m p l i t u d e  and l e s s  l a r g e  a m p l i t u d e  e v e n t s ,  i t  i s ,  h o w e v e r ,  

r a t h e r  homogeneous and i n d i c a t e s  o c c a s i o n s  when i n t e r p l a n e t a r y  

p a r a m e t e r s  change  more  q u i c k l y  t h a n  n o r m a l .

4 .  CHANGES OF THE PULSATION ACT IVI TY AROUND S I - S

I n  t h e  p r e s e n t  p a p e r  p u l s a t i o n s  a c t i v i t i e s  a r e  c o m p a r e d  

d u r i n g  a l o n g e r  t i m e  i n t e r v a l  (1 h o u r )  b e f o r e  and a f t e r  t h e  S I  

e v e n t .  The i m m e d i a t e  e f f e c t  o f  t h e  S I  ( H i r a s a w a - e f f e c t )  i s  n o t  

c o n s i d e r e d .  Thus ,  p r e -  and p o s t - s h o c k  i n t e r p l a n e t a r y  c o n d i t i o n s  

a r e  c o m p a r e d  f r o m  t h e  p o i n t  o f  v i e w  o f  p u l s a t i o n  e x c i t a t i o n .  I n  

c a s e  o f  " n o r m a l "  c o n d i t i o n s , t h e  d e p e n d e n c e  o f  t h e  p u l s a t i o n  a c ­

t i v i t y  on IMF p a r a m e t e r s  i s  r a t h e r  w e l l  known L e . g .  Ve rő  1 9 8 6 ) ,  

t h e  I B I -d e p e n d e n c e  o f  t h e  p o s i t i o n  o f  t h e  peak  i n  t h e  p u l s a t i o n  

s p e c t r u m  can be a p p r o x i m a t e d  by T = 1 6 0 / | B |  . T h i s  a p p r o x i m a t i o n  

i s  u s e d  f o r  c o m p a r i s o n  t h r o u g h o u t  t h e  p a p e r .

4 . 1  Changes  o f  p a r a m e t e r s  | b | and 0 , and t h e  change i n  t h e

p u l s a t i o n  a c t i v i t y

A)  As t h e  f i r s t  s t e p  o f  t h e  i n v e s t i g a t i o n ,  I В I v a l u e s  o f  

t h e  n o u r s  ( n - 1 )  and ( n + 1 )  w ere  c o m p a r e d .  The l i m i t  f o r  a ch a n g e  

i n  [ В I was ch osen  i n  2 0  p e r c e n t ,  o f  t h e  v a l u e  o f  t h e  h o u r  ( n - 1 ) 

t h u s  t h e  f o l l o w i n g  t h r e e  g r o u p s  w ere  o b t a i n e d :

a )  i n c r e a s i n g  I В | (4 8  e v e n t s )

b )  d e c r e a s i n g  | В| ( 4 8  e v e n t s )

c )  unch anged  | В | , 141 e v e n t s ,  a b o u t  60 p e r c e n t  due t o  a 

r a t h e r  s e v e r e  s e l e c t i o n  c r i t e r i o n  i n  a and  b.  R e s u l t s  a r e  p r e ­

s e n t e d  i n  F i g .  1 b o t h  f o r  t h e  a m p l i t u d e s  and o c c u r r e n c e  

( f r e q u e n c i e s  o f  t h e  12 p e r i q d  r a n g e s  l i s t e d  i n  S e c t i o n  2 .  The
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Relative Frequencies Amplitude
%  mV/km

periods periods

—  1hour before SI 

.....1hour after SI

F ig .  1. Changes o f  the pu ls a t io n  spectra a f t e r  S I - s ,  l e f t :  r e l a t i v e  o c c u r ­
rence frequency spect ra,  r i g h t :  ampl i tude spec tra,  f i r s t  row: I В I 
increased by more than 2 0  percent ,  second row: I В| decreased by 
more than 20 percent ,  t h i r d  row: the  change in  I ВI i s  l e ss  than 2 0  

percen t .  In  Figs 1-4,  the e r r o r  o f  an average r e l a t i v e  occurrence  
frequency G can be e a s i l y  obtained f rom 2N h a l f - h o u r l y  occurrence  
values (0 or  100) as /Ug = \/G( 1 -G ) / 2 N , being here 3-10 pe rc e n t s .  
These values are,  however, overest imated from the po in t  o f  v iew o f  
a d i f f e r e n c e  corresponding to ad jac en t  per iod ranges, as these  
values are s t r o n g ly  co r r e la ted

peak  o f  t h e  o c c u r r e n c e  f r e q u e n c y  s h i f t s  i n  a l l  cases  t o  s h o r t e r  

p e r i o d s ,  i n  t h e  c a s e s  a and c ,  f r o m  27 t o  2 2 ,  and i n  t h e  c a s e  

b ,  i . e .  when | В| i s  d e c r e a s i n g ,  f r o m  27 t o  17 s .  The l a t t e r  

s h i f t  i s  j u s t  o p p o s i t e  t o  wh a t  was e x p e c t e d ,  as a c c o r d i n g  t o  

t h e  p r o p o r t i o n a l i t y  be tw een  f  and В ( f  = 1 /T  = 6 B ) ,  i n  t h i s  c a s e  

l o n g e r  p e r i o d s  w o u l d  a p p e a r .  I n  t h e  a m p l i t u d e s  t h e r e  i s  a d r o p  

i n  t h e  P c3 -4  r a n g e  i f  | b | does  c h a n g e ,  e l s e  t h e y  a re  e s s e n t i a l ­

l y  c o n s t a n t  i r r e s p e c t i n g  a s h i f t  i n  t h e  peak  p e r i o d  s i m i l a r  as 

i n  t h e  case  o f  t h e  o c c u r r e n c e  f r e q u e n c i e s .  The d ro p  i s  i n  b o t h  

c a s e s  (a  and b )  a b o u t  3 0 - 4 0  p e r c e n t ,  i n  t h e  case c t h e r e  i s  a 

s l i g h t  a m p l i t u d e  i n c r e a s e  o f  l e s s  t h a n  10 p e r c e n t .  O u t s i d e  t h e  

P c 3 - 4  r a n g e ,  t h e  ch a n g e s  a ro u n d  S I - s  a r e  i n s i g n i f i c a n t .

B) I n  t h e  c ase  o f  t h e  cone  a n g l e  o f  t h e  IMF ( i . e .  t h e  

a n g l e  b e tw e e n  t h e  E a r t h - S u n  d i r e c t i o n  and t h e  d i r e c t i o n  o f  t h e  

I M F ) ,  o n l y  " a d v a n t a g e o u s "  ( A ,  l e s s  t h a n  4 5 ° )  and
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" d i s a d v a n t a g e o u s "  ( D ,  more th a n  4 5 ° )  r a n g e s  have been s e p a r a t e d .  

T r a n s i t i o n s  A-D and D-A o c c u r  i n  12 p e r c e n t  o f  a l l  c a s e s ,  A-A 

i n  20 p e r c e n t , '  and 36 p e r c e n t  b e l o n g s  t o  D-D.  The p u l s a t i o n  a c ­

t i v i t y  s h i f t s  t o w a r d s  • somewhat  s h o r t e r  p e r i o d s  i n  t h e  c a s e s  A-A 

an d  D-D ( F i g .  2 ) ,  t h e  h e i g h t  o f  t h e  p e a k  o f  t h e  s p e c t r u m  does  

n o t  ch a n g e  s i g n i f i c a n t l y  ( n a t u r a l l y ,  i n  t h e  D-D c a s e ,  t h e  p u l ­

s a t i o n  a c t i v i t y  i s  much l o w e r ) .  I n  t h e  D-A c a s e ,  t h e r e  i s  a 

d r o p  o f  t h e  a m p l i t u d e s  by ab o u t  20 p e r c e n t ,  i n  t h e  A-D c a s e  

t h i s  d r o p  am ount s  t o  a b o u t  40 p e r c e n t .  H e r e  t h e  d ro p  i n  t h e  D-A 

c a s e  i s  i n e x p e c t e d ,  as a t u r n  o f  t h e  IMF t o  an a d v a n t a g e o u s  

d i r e c t i o n  s h o u l d  r e s u l t  i n  an i n c r e a s e  o f  p u l s a t i o n  a m p l i t u d e s .

The r e s u l t s  o f  S e c t i o n s  A and В c a n  be summar ized  as f o l ­

l o w s :  a f t e r  S i - s ,  t h e  a v e r a g e  p u l s a t i o n  a c t i v i t y  changes  i n  two  

r e s p e c t s :  p e r i o d s  g e t  s h o r t e r  and a m p l i t u d e s  s m a l l e r .  The f i r s t

Amplitude
mVAm

0-5 -15 -25 -40 -9 0 -300 s 
periods

-----  1 hour before SI

......  1 hour after SI

F ig .  2.  Changes of  the ampl i tude
spect ra of  pu l sa t ions  a f t e r  
S I - s  wi th d i f f e r e n t  changes 
i n  the cone angle (A means 
advantageous, D d isadvan ta ­
geous cone angle)
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i s  t r u e  f o r  a l l  t y p e s  o f  I M F - c h a n g e s  s t u d i e d ,  t h e  s e c o n d ,  t h e  

a m p l i t u d e  d ro p  a p p e a r s  o n l y  i f  any o f  t h e  i n t e r p l a n e t a r y  p a r a ­

m e t e r s  has  s i g n i f i c a n t  changes  s i m u l t a n e o u s l y  w i t h  t h e  S I .  Any 

k i n d  o f  changes  i n  t h e s e  p a r a m e t e r s  r e s u l t e d  i n  a d r o p  o f  t h e  

a m p l i t u d e  i n  t h e  h o u r  f o l l o w i n g  t h e  S I .

C) As i t  has been  f o u n d  t h a t  t h e  a c t u a l  v a l u e s  o f  t h e  IMF 

p a r a m e t e r s  do n o t  p l a y  a s i g n i f i c a n t  r o l e  i n  d e t e r m i n i n g  t h e  

c h a n g e s  o f  t h e  P c 3 - 4  a c t i v i t y  a r o u n d  S I - s ,  o n l y  t h e  f a c t  c o u n t s  

i f  t h e s e  p a r a m e t e r s  d i d  c h a n g e ,  a n o t h e r ,  non - IMF  p a r a m e t e r ,  

n a m e l y  t h e  a m p l i t u d e  o f  t h e  S I - s  has a l s o  been s t u d i e d .  D a y t i m e  

e v e n t s  have  been d i v i d e d  i n t o  t h r e e  g r o u p s  w i t h  e l e c t r i c  a m p l i ­

t u d e s  l e s s  th a n  5 ;  5 - 1 0  and more t h a n  10 mV/km, c o r r e s p o n d i n g  

t o  m a g n e t i c  a m p l i t u d e  l i m i t s  o f  10 and 20 nT. As h e r e  o n l y  d a y ­

t i m e  e v e n t s  have been  c o n s i d e r e d ,  t h e  number  o f  e v e n t s  i s  l e s s ,  

b u t  even  i n  t h e  t h i r d  g r o u p  i t  i s  2 3 .  F i g u r e  3 shows t h e  r e ­

s u l t s :  i n  t h e  s m a l l  a m p l i t u d e  g r o u p ,  t h e r e  i s  an a c t i v i t y  m a x i ­

mum i n  t h e  Pc3-4  r a n g e  w h i c h  d r o p s  a f t e r  t h e  SI  by a b o u t  40 

p e r c e n t .  The s p e c t r u m  has  a s i m i l a r  s hape  b e f o r e  med ium a m p l i ­

t u d e  S I - s ,  b u t  t h e r e  i s  no s i g n i f i c a n t  change  a f t e r  t h e  S I .  In  

t h e  c a s e  o f  th e  l a r g e  S I - s ,  t h e  s p e c t r u m  i s  d i f f e r e n t  eve n

mV/km
Amplitude

5-10 mV/km

> 10 mV/km 

' = 509 knvv F ig .  3. Changes o f  the ampl i tude

before SI 
a fter SI

periods

spectra o f  p u l s a t i o n s  a f t e r  
S I -s  of  d i f f e r e n t  ampl i tude 
(ampl i tudes i n  the  e l e c t r i c  
f i e l d  less than 5, 5-10 and 
more than 10 mV/km). Aver­
age so la r  wind v e l o c i t i e s
are ind ica te d ,  too
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b e f o r e  S I - s :  t h e r e  i s  a s t r o n g  peak i n  t h e  l o n g  p e r i o d ,  Pc5 

r a n g e  w h i c h  g e t s  even  m o r e  a c c e n t u a t e d  a f t e r  t h e  S I ,  as t h e  

P c 3 - 4  peak  d e c r e a s e s ,  t h e  Pc5 peak i n c r e a s e s .

These  r e s u l t s  s u g g e s t  t h a t  v e r y  s m a l l  a m p l i t u d e  S I - s  a r e  

p h y s i c a l l y  d i f f e r e n t  f r o m  l a r g e r  ones as t h e y  cause  a s t r o n g  

d e c r e a s e  i n  t h e  P c 3 - 4  a c t i v i t y  (e v e n  1 h a f t e r  t h e  S I ) .

4 . 2  C o n n e c t i o n s  b e t w e e n  th e  t r e n d  o f  i n t e r p l a n e t a r y  

p a r a m e t e r s  and  p u l s a t i o n  s p e c t r a  a r o u n d  S I - s

As t h e  i n v e s t i g a t i o n s  d e s c r i b e d  i n  S e c t i o n  4 .1  d i d  n o t  r e ­

s u l t  i n  an u n a m b i g u o u s  c o n n e c t i o n  b e t w e e n  c h a n g e s  o f  t h e  IMF 

and  t h o s e  o f  t h e  p u l s a t i o n  s p e c t r a  a f t e r  S I - s ,  a second  i n v e s ­

t i g a t i o n  has been c a r r i e d  o u t  based on t h e  t r e n d s  o f  a l l  i n t e r ­

p l a n e t a r y  p a r a m e t e r s  i n  K i n g  e t  a l ' s  ( 1 9 8 6 )  b o o k .  The t r e n d s  

h a v e  been  t a k e n  f r o m  t h e  g r a p h i c a l  r e p r e s e n t a t i o n s ,  and d i s ­

t u r b e d  s e c t i o n s  and s p i k e s  a round  S I - s  w e r e  s e p a r a t e d  as i n ­

d e p e n d e n t  g r o u p s .  I n  t h e  f o l l o w i n g  o n l y  a fe w  t y p i c a l  e x a m p l e s  

a r e  c h o s e n  f o r  i l l u s t r a t i o n .

A) I f  V i n c r e a s e s  i n  t h e  t i m e  i n t e r v a l  a ro u n d  t h e  S I ,

P c 3 - 4  a c t i v i t y  d e c r e a s e s  s h a r p l y  a f t e r  t h e  S I ,  w h i l e  Pc5 a c t i v ­

i t y  i n c r e a s e s .  I f  t h e  S I  o c c u r s  i n  a d e c r e a s i n g  V - p e r i o d ,  t h e n  

t h e  p u l s a t i o n  a c t i v i t y  s h i f t s  t o  s h o r t e r  p e r i o d s  and i t  i s  

damp ed  a f t e r  t h e  S I ,  t o o .  I f  t h e r e  i s  no c h a n g e  i n  V a r o u n d  t h e  

S I ,  t h e  a c t i v i t y  o f  t h e  p u l s a t i o n s  h a r d l y  c h a n g e s  ( F i g .  4 l e f t ) .

Thus  t h e  change  o f  t h e  Pc3-4 a c t i v i t y  i s  i n  no r e l a t i o n  t o  

t h e  ch a n g e  o f  V a r o u n d  t h e  i m p u l s e .  I f  V c h a n g e s ,  t h e  p u l s a t i o n  

a c t i v i t y  d e c r e a s e s  i n d e p e n d e n t l y  o f  t h e  s e n s e  o f  t h e  c hange  i n  

V.  E l s e  t h e  p u l s a t i o n  a c t i v i t y  r e m a i n s  a t  a c o n s t a n t  l e v e l ,  too .

B) The s i t u a t i o n  i s  s i m i l a r  w i t h  t h e  t r e n d s  i n  | В| . The 

max imum s h i f t s  t o w a r d  s h o r t e r  p e r i o d s  b o t h  i f  | b | d e c r e a s e s  o r  

i n c r e a s e s  ( F i g .  4 r i g h t ) .  Here  o c c u r r e n c e  f r e q u e n c y  s p e c t r a  a r e  

s h o w n ,  as t h e y  e x p r e s s  b e t t e r  t h e s e  p e r i o d  c h a n g e s .  The change  

o f  t h e  a m p l i t u d e s  i s  i n s i g n i f i c a n t .

C) I n  case o f  a l l  o t h e r  p a r a m e t e r s ,  t h e  r e s u l t s  a r e  g e n e r ­

a l l y  s i m i l a r  t o  t h e  p r e v i o u s  ones .  I f  t h e r e  i s  some change  i n  

a n y  o f  t h e  i n t e r p l a n e t a r y  p a r a m e t e r s  a r o u n d  t h e  S I ,  t h e n  t h e  

p u l s a t i o n  a c t i v i t y  d e c r e a s e s  a f t e r  i t .  I f  t h e  change  i s  a b r u p t ,
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V В
m\^km amplitude °/o relative frequencies

30

№  -Í5 -25 -40 -90-300

F ig .  4. Changes in  the spect ra of  p u l s a t i o n s ,  i f  V and |B| had d i f f e r e n t  
t rends in  a t ime i n t e r v a l  o f  a few hours ( l e f t :  f o r  V, ampl i tude 
spect ra,  r i g h t :  f o r  | b | ,  occurrence frequency sp ec t r a )

e . g .  i n  t h e  case  o f  s p i k e s  i n  t h e  Bz - c o m p o n e n t , t h e  d e c r e a s e  o f  

t h e  p u l s a t i o n  a m p l i t u d e s  may r e a c h  a f a c t o r  o f  t h r e e .  I f  t h e  

p a r a m e t e r  df s n o t  change  o r  i f  i t  i s  d i s t u r b e d ,  t h e n  t h e  p u l ­

s a t i o n  a c t i v  t y  d e c r e a s e s  s l i g h t l y  o r  re m a in s  a f t e r  t h e  S I  a t  

t h e  same l e v e l  w he re  i t  had been  e a r l i e r .

5 .  PULSATION ACT IVITY AND IMF PARAMETERS AROUND TWO CHARACTER­

I S T IC  S I - S

F i g u r e  5 shows t h e  a n a l o g u e  r e c o r d ,  a m p l i t u d e  and  d y n a m i c  

s p e c t r a  (c o m p o n e n t  E^ )  o f  an S i - e v e n t  ( E v e n t  1) on D e c e m b e r  8 , 

1 9 7 9 ,  f r o m  0830 UT. The t h r e e  m a i n  p a r a m e t e r s  o f  t h e  i n t e r p l a n ­

e t a r y  medium a r e  g i v e n  i n  T a b l e  I I I  f o r  t h i s  e v e n t .  S o l a r  w in d  

v e l o c i t y  and cone  a n g l e  d i d  n o t  ch a n g e  s i g n i f i c a n t l y ,  w h e r e a s  

I ВI i n c r e a s e d  f r o m  3 t o  11 n T . The d y n a m i c  and a m p l i t u d e  

s p e c t r a  show t h a t  b e f o r e  t h e  S I ,  t h e r e  i s  p u l s a t i o n  a c t i v i t y  

w i t h  p e r i o d s  o f  a b o u t  60 s ,  c o r r e s p o n d i n g  t o  t h e  a c t u a l  |B|
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T a b ! .e I I I . I n t e r p l a n e i са гу parametei r s  a r o u n d  t h e  December 8 ,
1979, SI

B e f o r e Du r i n g  t h e SI A f t e r

|B 1 2 . 9 11.1 1 0 . 6  nT

V 523 326 359 km/s

0 37 39 50°

v a l u e ( 1 6 0 / 2 . 9 » 5 5 ) ,  a f t e r th e  S I , t h e  1 8 s peak  c o r r e s p o n d s

a g a i n r o u g l y t o t h e  IMF m a g n i t u d e  (1 6 0 / 1 0 .6  % 15 s ) . The d r o p

i n  t h e p u l s a t i o n a m p l i t u des s t a r t s  a r o u n d 083 2  i n  t h e  s h o r t

p e r i o d p a r t , and a f t e r  a swi . t c h - o f  f , some a c t i v i t y  app e a rs

F i g .  5.  Changes o f th e  p u ls a t io n  spectra around Event 1 on December 8, 1979. 
L e f t ,  am plitude s p e c tra  from d ig i t a l  re c o rd s  be fo re  and a f te r  the 
S I, r ig h t  bo ttom , th e  analogue record (Ey , the  l e f t  side l in e  is  
10 mV/km), r ig h t  to p ,  dynamic spectrum o f  th e  event w ith  the same 
tim e scale as th e  analogue record. Is o l in e s  are drawn fo r  am p li­
tudes correspond ing  to  exponents o f 2, i . e .  the amplitude increases 
between two is o l in e s  by a fa c to r o f 2 (Ev component)
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a g a i n  a t  0 8 4 0 ,  b u t  w i t h  r a t h e r  l o w  a m p l i t u d e s .  I n  t h e  Pc4 r ange ,  

t h e  s w i t c h - o f f  i s  a t  l e a s t  f o r  t h e  t i m e  i n t e r v a l  s t u d i e d  f i n a l .  

I n  t h e  p n5 r a n g e ,  maximum a m p l i t u d e s  a r e  e x p e r i e n c e d  d u r i n g  t h e  

S I ,  a f t e r w a r d s  t h e  a c t i v i t y  i s  l o w .

The o t h e r  e v e n t  ( E v e n t  2 ,  M a r ch  1 6 ,  1981)  i s  p r e s e n t e d  i n  

F i g .  6 , w i t h  t h e  same k i n d s  o f  d a t a .  IMF d a t a  a r e  f o r  t h i s  

e v e n t  i n  T a b l e  I V .

« □
AMPimJDt 1981 0316

F ig .  6 . The same as F ig .  5, but f o r  Event 2 (SI  of  March 16, 1981) 

T a b l e  I V .  I n t e r p l a n e t a r y  d a t a  a r o u n d  t h e  March 16 ,  1 9 8 1 ,  SI

B e f o r e  D u r i n g  t h e  S I  A f t e r

I b I 6 . 4 6 . 8 6 .4 nT
V 560 549 538 km/s

e 43 1 5 8 °
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Among t h e  I M F - p a r a m e t e r s ,  o n l y  0 c h a n g e s  s i g n i f i c a n t l y  

a t  t h e  S I ;  i t  may be t h a r  t h i s  change f r o m  a r a t n e i  D i s a d v a n ­

t a g e o u s  d i r e c t i o n  o f  t h e  IMF b e f o r e  t h e  S I  t o  an a d v a n t a g e o u s  

one  a f t e r  i t  b a l a n c e s  t h e  a m p l i t u d e  d r o p  a t  t h e  t i m e  o f  t h e  S I .  

N a m e ly  as t h e  d y n a m i c  s p e c t r u m  show s,  t h e  p u l s a t i o n  a c t i v i t y  

r e m a i n s  c o n s t a n t  d u r i n g  t h e  whole t i m e  i n t e r v a l  w i t h  a peak  

s l i g h t l y  l o n g e r  ( 2 8  s )  t h a n  t h a t  c o r r e s p o n d i n g  t o  t h e  | b | - v a l u e  

( 1 6 0 / 6 . 4  ъ  25 s ) . T h i s  p e r i o d  d i d  n o t  c h a n g e  d u r i n g  t h e  e v e n t .  

The p e a k  i n  t h e  P c 5 - r a n g e  (400 s )  had  s i m i l a r l y  r a t h e r  c o n ­

s t a n t  a m p l i t u d e s .  ( T h e  S i - e v e n t  was i d e n t i f i e d  o r i g i n a l l y  on 

t h e  Ex ~ r e c o r d ,  w h e r e  t h e  a m p l i t u d e  p e a k s  i n  a v a l u e  s e v e r a l  

t i m e s  g r e a t e r  t h a n  b e f o r e  and a f t e r  i t ;  a n a l o g u e  r e c o r d s  and 

d y n a m i c  s p e c t r a  a r e  shown h e re  f o r  t h e  E^ c o m p o n e n t ,  where  t h e  

p u l s a t i o n  a c t i v i t y  i s  s t r o n g e r ) .  T h i s  l a t t e r  f a c t  d e s e r v e s  

s p e c i a l  a t t e n t i o n ,  i t  means t h a t  b o t h  u e f o r e  a n d a f t e r  t h e  S I ,  

t h e r e  i s  a r a t h e r  h i g h  a m p l i t u d e  Pc5 a c t i v i t y  w h ic h  c o n t i n u e s  

w i t h o u t  i n t e r r u p t i o n  s i m i l a r l y  t o  t h e  Pc3 a c t i v i t y .

6 . DISCUSSION

G e o m a g n e t i c  i m p u l s e s  have a v e r y  c o m p l e x  e f f e c t  on p u l s a ­

t i o n s .  I n  t h e  i n t r o d u c t i o n  some o f  t h e s e  e f f e c t s  have been 

m e n t i o n e d  e . g .  t h e  H i r a s a w a - e f f e c t  ( s h o r t e n i n g  o f  Pc5 p e r i o d s  

d u r i n g  t h e  i m p u l s e ) ,  s e v e r a l  e f f e c t s  on s h o r t  p e r i o d  p u l s a t i o n s  

and  t h e  s w i t c h i n g  o f  P c 3 - 4  t y p e  a c t i v i t i e s .  Bo th  t h e  s t a t i s t i ­

c a l  m a t e r i a l  and t h e  e x a m p l e s  o f  e v e n t s  p r e s e n t e d  h e r e  c o u l d  

o n l y  show t h e  e f f e c t s  on P c 3 - 5 ;  h o w e v e r ,  t h e  i n v e s t i g a t i o n  d i d  

n o t  c o v e r  s p e c i a l l y  t h e  H i r a s a w a - e f f e e t  ( E v e n t  2 d i d  n o t  show 

i t ,  f o r  Eve n t  1,  see  l a t e r ) .  C o n c e r n i n g  t h e  e f f e c t  o f  t h e  

c h a n g e s  i n  t h e  s o l a r  w i n d - p a r a m e t e r s  s i m u l t a n e o u s l y  w i t h  t h e  S I ,  

i t  i s  e v i d e n t  t h a t  s u c h  a change i s  a p r e c o n d i t i o n  f o r  any e f ­

f e c t  i n  t h e  p u l s a t i o n  s p e c t r u m .  T h i s  i s  c l e a r l y  shown by E v e n t  

2 , w h e r e  t h e  s o l a r  w i n d  p a r a m e t e r s  c h a n g e  s l i g h t l y ,  and t h e r e  

i s  no e f f e c t  i n  t h e  p u l s a t i o n  a c t i v i t y .  I f ,  how e v e r ,  t h e r e  i s  

a s i g n i f i c a n t  c h a n g e  i n  any o f  t h e  s o l a r  w i n d - p a r a m e t e r s  V, | В | 

o r  0 , th e n  t h e  S I  c a u s e s  a s w i t c h - o f f  o f  t h e  p u l s a t i o n s ;  

a f t e r w a r d s  i n  some m i n u t e s  p u l s a t i o n s  may r e a p p e a r ,  b u t
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g e n e r a l l y  w i t h  s h o r t e r  p e r i o d s .  The s h o r t e n i n g  o f  t h e  p e r i o d  i s  

i n d e p e n d e n t  o f  t h e  s i g n  o f  t h e  change  say  i n  | b | , t h u s  a f t e r  

t h e  i m p u l s e  t h e  a c t i v i t y  does  n o t  c o r r e s p o n d  a lw a y s ,  t o  t h a t  

e x p e c t e d  on t h e  b a s i s  o f  t h e  a c t u a l  I M F - p a r a m e t e r s , some " t r a n ­

s i t o r y "  a c t i v i t y  a p p e a r s .  T h i s  t r a n s i t o r y  p u l s a t i o n  a c t i v i t y  

w i l l  be i n v e s t i g a t e d  i n  a f u t u r e  p a p e r .

T h e re  i s  an i m p o r t a n t  p o i n t  w h i c h  needs c l a r i f i c a t i o n :  

w h a t  i s  t h e  c h a r a c t e r  o f  t h e  S I - s  l i k e  E v e n t  2? I n  t h a t  c o n ­

n e c t i o n  i t  i s  t o  be r e m i n d e d  t h a t  s u c h  S I - s  o c c u r  m o s t l y  i n  

t i m e  i n t e r v a l s  when b o t h  b e f o r e  and a f t e r  t h e  S I  some Pc5 a c ­

t i v i t y  e x i s t s  ( a s  i n  t h e  r a t h e r  e x t r e m e  case  o f  E v e n t  2 t h e  

s i t u a t i o n  i s ) .  We s u p p o s e  t h a t  i n  s u c h  c a s e s  t h e  S I  i s  a sudden  

enha n c e m e n t  o f  a Pc5 a c t i v i t y  due t o  t h e  i m m e d i a t e  e f f e c t  o f  

th e  K e l v i n - H e l m h o l t z  i n s t a b i l i t y .  T h i s  w o u ld  e x p l a i n  why t h e r e  

i s  no e f f e c t  on P c 3 - 4  p u l s a t i o n s  w h i c h  o r i g i n a t e  f r o m  a d i f f e r ­

e n t  ( u p s t r e a m )  s o u r c e ,  f u r t h e r  p e r h a p s  t h e  r e s u l t  i n  F i g .  3 ,  

t o o ,  w here  f o r  s m a l l  S I - s ,  a s t r o n g  d e c r e a s e  was f o u n d ,  l e s s  

f o r  l a r g e r  S I - s .  The s m a l l  S I - s  a r e  a c c o r d i n g l y  m o s t l y  due  t o  

c h a n g e s  i n  s o l a r  w i n d  p a r a m e t e r s .  S I - s  due t o  an e n h a n c e m e n t  o f  

t h e  К -H i n s t a b i l i t y  a r e  more o f t e n  i n  t h e  medium g r o u p ,  as s m a l l  

e n h a n c e m e n t s  c a n n o t  be d i s t i n g u i s h e d  f r o m  b a c k g r o u n d  a c t i v i t y  

( w h i c h  i s  p r e s e n t  a r o u n d  such  e v e n t s ,  b u t  a b s e n t  a r o u n d  e v e n t s  

o r i g i n a t i n g  i n  t h e  s o l a r  w i n d ) .  The l a r g e  S I - s  a r e  a g a i n  m o s t l y  

o f  s o l a r  w in d  o r i g i n ,  t h e y  a r e  wh a t  i s  n o r m a l l y  c a l l e d  S I ,  i . e .  

SSC-s  w i t h o u t  s u b s e q u e n t  s t o r m .  T h i s  c o n c l u s i o n  i s  t o  be c h e c k d  

by  i n t e r p l a n e t a r y  d a t a  o f  h i g h e r  t i m e  r e s o l u t i o n .

I t  i s  t o  be added  t o  t h e s e  c o n s i d e r a t i o n s  t h a t  t h e  p u l s a ­

t i o n  a c t i v i t y  i s  d e v i a t i n g  f r o m  n o r m a l  even  b e f o r e  t h e  S I .  

M o r e o v e r ,  as i n  c a s e  o f  E v e n t  1,  t h e r e  i s  a p r e c u r s o r  o f  t h e  SI  

( e . g .  Pc3 -5  a c t i v i t y  i n c r e a s e d  a b o u t  3 m i n u t e s  b e f o r e  t h e  SI  

e x t e n d i n g  t o  p e r i o d  r a n g e s  n o t  a c t i v e  p r e v i o u s l y ) .  T h a t  i s  why 

i t  i s  d i f f i c u l t  t o  t e l l  i f  t h e r e  i s  any  p e r i o d  change  i n  t h e  

P c 5 - r a n g e  a c c o r d i n g  t o  t h e  H i r a s a w a - e f f e c t . The s i t u a t i o n  i s  

somewhat  s i m i l a r  i n  t h e  second  g r o u p  o f  S I - s ,  t o o ,  as h e r e  t h e  

p r e - e x i s t i n g  P c 5 - a c t i v i t y  i s  a s i g n a l  f o r  t h e  p o s s i b i l i t y  o f  

t h e  e x c i t a t i o n  o f  K H - i n s t a b i l i t y .

S u m m a r iz i n g  S I - s  have  r a t h e r  i m p o r t a n t  e f f e c t s  b o t h  on t h e
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a c t i v i t y  and t h e  s p e c t r u m  o f  p u l s a t i o n s .  We do n o t  c o n s i d e r  i m ­

p o s s i b l e  t h a t  i m p u l s e s  p l a y  a v e r y  i m p o r t a n t  r o l e  i n  t h e  e x c i ­

t a t i o n  o f  t h e  P c 3 - 4  p u l s a t i o n s ,  t o o ,  as i m p l i c i t e l y  s u p p o s e d  by 

A l l a n  e t  a l .  ( 1 9 8 5 ,  1 9 8 6 )  and G i l l i s  e t  a l .  ( 1 9 8 7 ) ,  even i f  f o r  

o t h e r  t y p e s  o f  l o n g  p e r i o d  g e o m a g n e t i c  v a r i a t i o n s .
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The expansion o f  a data set  i n t o  su r face  sp he r i ca l  harmonics i s  a 
r a t h e r  t ime-consuming problem i n  computer terms.  The expansion presented in  
t h i s  paper reduces t h i s  computer t ime by o rder s  o f  magnitude.

Keywords: Four ie r  expansion; sp he r i ca l  harmonics 

INTRODUCTION

I n  p r o c e s s i n g  r e s u l t s  o f  m e a s u r e m e n t s ,  t h e  d a t a  a r e  u s u a l ­

l y  a p p r o x i m a t e d  by p a r t i a l  sums o f  s e r i e s  e x p a n s i o n s .

The e x p a n s i o n  i s  chosen  i n  c o n f o r m i t y  w i t h  t h e  phys i» -  

c a l  m ean in g  o f  t h e  d a t a ,  w h i l e  t h e  a p p r o x i m a t i o n  i s  done  n o r ­

m a l l y  by a l e a s t - s q u a r e s  f i t t i n g .  I t  may o c c u r ,  h o w e v e r ,  t h a t  

t h i s  n u m e r i c a l  p r o b l e m  can be s o l v e d  much more s i m p l y  by u s i n g  

a n o t h e r  e x p a n s i o n  w h i c h  i s  n o t  d i r e c t l y  r e l a t e d  t o  t h e  p h y s i c s  

o f  t h e  p r o b l e m .  I f  i t  i s  known how t h e  t e r m s  o f  t h i s  l a t t e r  

s e r i e s  can be e x p a n d e d  i n t o  t h e  p r e v i o u s  o n e ,  t h e n  t h e  c a l c u l a ­

t i o n  o f  t h e  c o e f f i c i e n t s  can be s i g n i f i c a n t l y  s i m p l i f i e d .

T h i s  s i m p l i f i c a t i o n  i s  s u m m a r iz e d  i n  t h e  f o l l o w i n g .  L e t  

t h e  v a l u e s  o f  t h e  f u n c t i o n  f  be known a t  t h e  p o i n t s  x ^ .  T h e n ,  

w i t h  a s e t  o f  f u n c t i o n s  j p nj  w h i c h  c o r r e s p o n d s  t o  t h e  p h y s i c a l  

m e a n i n g  o f  t h e  p r o b l e m ,  t h e  c o e f f i c i e n t s  o f  t h e  e x p a n s i o n

N

f ( x )  *  Y_ u n p n ( x )  
n = 0

a r e  c a l c u l a t e d  u s i n g  t h e  w e i g h t i n g  f u n c t i o n  г  and t h e

Acta Geod. Geoph. Mont. Hung. 24, 1989 
Akadémiai Kiadó,  Budapest
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l e a s t - s q u a r e s  p r i n c i p l e

I
N

I
n = 0

un Pn( x i } f ( x i ) minimum .

Now suppose t h a t  t h e  s&„ie p r o b l e m  i s  n u m e r i c a l l y  much 

s i m p l e r  w i t h  some o t h e r  s e t  o^ f u n c t i o n s  | ч п |  and a d i f f e r e n t  

w e i g h t  s .  C o n s i d e r  t h e  f u n c t i o n s  | q n |  as l i n e a r  c o m b i n a t i o n s  o f  

t h e  members o f  s e t  | P n | :

n

q n ( x )  = ank'  p k ( x )  > ann *  °> п = 0 , 1 , . . .  .
k = 0

The r e q u i r e d  c o e f f i c i e n t s  | u n J- ca n  be o b t a i n e d  f r o m  t h e  

n u m b e r s  i n  t h e  f o l l o w i n g  way.  F i r s t  t h e  c o e f f i c i e n t s  j v n 

c o r r e s p o n d i n g  t o  t h e  s e t  j q l  a re  o b t a i n e d :

N

f ( x )  *  V q n ( x )  > 
n = 0

w h e r e

L s ( x i }

N

\  V q ( X . ) /  _ n 4ri ' '
n = 0

nn f ( x . ) minimum .

The c o e f f i c i e n t s  / u l  a r e  c a l c u l a t e d  as l i n e a r  c o m b i n a -
I n !

t i o n s  o f  V and ank  '

n = k

) V • a , n nk к = 0 , 1 , . . . , N

N N n N N
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Many g e o p h y s i c a l  q u a n t i t i e s  ( e . g .  t h e  s t a t i o n a r y  p a r t  o f  

t h e  g e o m a g n e t i c  f i e l d ,  g e o i d  h e i g h t s ,  t o p o g r a p h y  o f  t h e  E a r t h )  

can  be e x p r e s s e d  by e x p a n s i o n  i n t o  s u r f a c e  s p h e r i c a l  h a r m o n i c s .  

T h e i r  use  i s  j u s t i f i e d  by t h e  f a c t  t h a t  t h e  s p h e r i c a l  h a r m o n i c s  

a r e  p a r t i c u l a r  s o l u t i o n s  t o  L a p l a c e ' s  e q u a t i o n .

The p r e s e n t  p a p e r  i s  a s t u d y  o f  t h e  r e l a t i o n s h i p  b e tw e e n  

t h e  s u r f a c e  h a r m o n i c  e x p a n s i o n  and t h e  c l a s s i c a l  F o u r i e r  

s e r i e s .  A p p r o x i m a t i n g  a d a t a  s e t  by F o u r i e r  s e r i e s  i s  a s i m p l e  

p r o b l e m  f r o m  t h e  n u m e r i c a l  p o i n t  o f  v i e w .  T h i s  i s  n o t  t r u e ,  

h o w e v e r ,  f o r  t h e  s u r f a c e  s p h e r i c a l  h a r m o n i c  a p p r o x i m a t i o n .  V e r y  

l o n g  c o m p u t e r  t i m e  as w e l l  as a c c u r a c y  p r o b l e m s  a r i s e  o w i n g  t o  

t h e  c o m p l e x i t y  o f  t h e  s p h e r i c a l  f u n c t i o n s .  I f ,  h o w e v e r ,  t h e  

t e r m s  o i  t h e  F o u r i e r  s e r i e s  can be e x p a n d e d  i n t o  s u r f a c e  s p h e r ­

i c a l  h a r m o n i c s ,  t h e n ,  f o l l o w i n g  t h e  r e a s o n i n g  p r e s e n t e d  a b o v e ,  

t h e  c o e f f i c i e n t s  o f  t h e  s p h e r i c a l  h a r m o n i c  e x p a n s i o n  can be 

g i v e n  as l i n e a r  c o m b i n a t i o n s  o f  t h e  F o u r i e r  c o e f f i c i e n t s .

FOURIER EXPANSION OF THE SURFACE SPHERICAL HARMONICS

The domai n  o f  d e f i n i t i o n  o f  t h e  s u r f a c e  s p h e r i c a l  h a r m o n ­

i c s  i s  t h e  u n i t  s p h e r e .  They can be d e f i n e d  i n  v a r i o u s  w a y s .  

T h e i r  c o n s t r u c t i o n  w i t n  a l i n e a r  c o m b i n a t i o n  o f  t h e  s i n e  and 

c o s i n e  f u n c t i o n s  w i l l  be t r e a t e d  h e r e .  The s e t  o f  s p h e r i c a l  

s u r f a c e  h a r m o n i c s  w i t h  t h e  u s u a l  n o t a t i o n  i s :

. oo n
j l ,  P° (cos /> ) ,  cosm X P^Ccos/1) ,  sinmA • P™(cos/>) j  , ( 1 )

n=l m=l

f £ [ 0 , Ot ]  , \ £ L 0 , 231 ).

The e l e m e n t s  o f  s e t  ( 1 )  a r e  l i n e a r l y  r e l a t e d  t o  t h e  e l e ­

me nt s  o f  t h e  f o l l o w i n g  s u b s e t  o f  t h e  т ы п - v a r i a b l e  F o u r i e r  

s y s t e m  :
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j l  , c o s n f ,  cos2n Л■ cosn f  , sin2m A- cosn f  ,

oO

c o s ( 2 ni-l ) Л • s inn f , s i n ( 2 m-l ) s inn  f  |

n,m=l

f  e[ o,Jl ] , лею, 2 JI ) .

( 2 )

I t  i s  t o  be n o t e d  t h a t  b o t h  ( 1 )  and ( 2 )  r e p r e s e n t  a f u l l  

o r t h o g o n a l  s e t  on t h e  u n i t  s p h e r e  ) ° £ [ o , 3 t ]  , Л £ [о ,  2 X | w i t h

t h e  w e i g h t i n g  f u n c t i o n s  s i n f  and 1 ( = i d e n t i t y ) ,  r e s p e c t i v e l y .

The f u n c t i o n s  o f  ( 1 )  and ( 2 )  show t h a t  t h e  l i n e a r  r e l a ­

t i o n s h i p  r e q u i r e s  o n l y  t h e  F o u r i e r  c o e f f i c i e n t s  o f  t h e  s i n g l e -  

- v a r i a b l e  f u n c t i o n s  P™:

Pp( cos f  ) I
k = 0

c o s k  f  ,

s i n k  f  ,

i f  m i s  e v e n ,

i f  m i s  o dd .

( 3 )

The s i m p l e s t  way t o  express<>C™k i s  a r e c u r s i o n  w h i c h  

p r o g r e s s e s  w i t h  i n c r e a s i n g  m:

< ^ k = 2 k c * . ™ ' 1 + (n  + m-1 ) ( n - m + 2 )  vC , ( 4 )

m = 2 ,  3,

0 , i f  n+k i s  odd ,

i f  n+k i s  e v e n , ■ k / 0 ,

i f  n i s  ev e n ,  k = 0  .

1
oi­

nk к oC
0

nk

( 5 )

( 6 )

The r e c u r s i v e  r e l a t i o n s h i p  ( 4 )  t o g e t h e r  w i t h  t h e  i n i t i a l  

c o n d i t i o n s  ( 5 )  and ( 6 ) d e t e r m i n e s  u n i q u e l y  t h e  c o e f f i c i e n t s  

° ^ n k '  ^ h e  ^ aw i s  d i r e c t l y  o b t a i n e d  f r o m  t h e  r e c u r s i o n  la w
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o f  t h e  s p h e r i c a l  f u n c t i o n s  ( H e i n e  1 8 7 8 ) :

P™(cos y>) = -  2 -

dP™"1(cos f ) 
d y> (n+m- 1  ) (n-m+2 ) P™ 2(cos f )  .

The i n i t i a l  c o n d i t i o n s  ( 3 )  and ( 6 ) a r e  i d e n t i c a l  t o  w e l l -  

- k now n  f o r m u l a s .

SPHERICAL HARMONIC EXPANSION OF THE TERMS OF FOURIER SERIES

T h i s  e x p a n s i o n  i s  f a r  more c o m p l i c a t e d  t h a n  t h e  a b o v e -  

- m e n t i o n e d  i n v e r s e  p r o b l e m .  I n  t h e  e a r l y  y e a r s  o f  t h i s  c e n t u r y ,  

S c h u s t e r  ( 1 9 0 3 )  i n v e s t i g a t e d  t h i s  q u e s t i o n  w i t h  t h e  a im o f  

s i m p l i f y i n g  t h e  n u m e r i c a l  c a l c u l a t i o n s .  He e x p r e s s e d  t h e  t r i g ­

o n o m e t r i c  f u n c t i o n s  as i n f i n i t e  s e r i e s  o f  s p h e r i c a l  h a r m o n i c s :

cosn

> =

S in n  -jP
I

Lf =  r

nk P k( co s  f )  ,

i f  m i s  odd ,

i f  m i s  e v e n .

He p u b l i s h e d  e x p l i c i t  f o r m u l a s  f o r  t h e  c o e f f i c i e n t s  b™k 

( S c h u s t e r  1 9 0 3 ) .  I n  t h e  same p a p e r  he w a rn e d  t h a t  t h e s e  s e r i e s  

e x p a n s i o n s ,  b e i n g  i n f i n i t e ,  s h o u l d  be use d  w i t h  g r e a t  c a r e  i n  

n u m e r i c a l  a p p r o x i m a t i o n s .  S i n c e  t h e n ,  a u t h o r s  d e a l i n g  w i t h  t h e  

g e o m a g n e t i c  f i e l d  h ave  o f t e n  d i s c u s s e d  t h i s  p r o b l e m  ( S c h m i d t  

1 9 3 8 ,  F a n s e l a u  1 9 5 9 ) ,  e s p e c i a l l y  t h e  q u e s t i o n  o f  c o n v e r g e n c e  o f  

S c h u s t e r ' s  e x p a n s i o n .

The p r e s e n t  p a p e r  w i l l  g i v e  a s i m i l a r  " c o m p l e m e n t e r "  e x ­

p a n s i o n  :

cosn

>

s i n n  f

nk Pk( с о s f  )
к = 0

i f  n i s  e v e n ,

( 7 )

i f  m i s  odd .

F i r s t  o f  a l l  t h e  number o f  t e r m s  u s e d  i n  ( 7 )  i s  t o  be c o n ­

s i d e r e d .  L e t  m be a f i x e d ,  p o s i t i v e ,  e v e n  number .  The s u b s e t  

( 8 ) o f  t h e  s p h e r i c a l  h a r m o n i c s  o f  t h e  o r d e r  m c o n t a i n s  l i n e a r l y
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i n d e p e n d e n t  f u n c t i o n s ,  s i n c e r e  пп Ф 0 :

P^(cos />  ) = Ÿ  ^ n k  cosk  f
k = 0 n = m

(H)

I t  i s  t o  be n o t e d  t h a t ,  i f  n < m, P™(cos f ) =  0 as a 

d e f i n i t i o n .

The s u b s e t  ( 8 ) ,  composed  o f  t h e  s p h e r i c a l  h a r m o n i c s  o f  t h e  

o r d e r  m up t o  d e g r e e  N, has ( N -m + 1 ) e l e m e n t s :  On t h e  o t h e r  hand, 

t h e  d e f i n i t i o n  shows t h a t  t h e s e  f u n c t i o n s  can be e x p r e s s e d  as 

l i n e a r  c o m b i n a t i o n s  o f  (N + l ) l i n e a r l y  i n d e p e n d e n t  c o s i n e  f u n c ­

t i o n s .  T h e r e f o r e  t h e  s e t  ( 3 )  can be s u i t a b l y  c o m p l e t e d  w i t h  m 

a d d i t i o n a l  c o s i n e s  t o  o b t a i n  a new s e t  w i t h  ( N + l )  i n d e p e n d e n t  

e l e m e n t s  :

Pm( c o s  f ) ,  c o s j  f

N m-1

n=m, j = 0

The s p h e r i c a l  h a r m o n i c s  o f  odd o r d e r  can be s i m i l a r l y  

c o m p l e t e d  w i t h  p r o p e r l y  chosen  s i n e  f u n c t i o n s .

Now t h e  s i n e  and c o s i n e  f u n c t i o n s  a r e  expanded  as l i n e a r  

c o m b i n a t i o n s  o f  t h e  new,  c o m p l e t e  s e t s  i n  t h e  f o l l o w i n g  wa y :

cosn -f

s i n n f

m-1

= I  ank'  Pk ( c o s ^  + X nk
k=m k = 0

cosk ' f  , i f  m i s  even,

„ s i nk  -f , i f  m i s  odd.

( 9 )

I t  can be p r o v e d  t h a t  t h e  n u m e r i c a l  c o m p u t a t i o n s ,  f i n a l  

a i m  o f  t h i s  s t u d y ,  r e q u i r e  o n l y  t h e  f i r s t  sum o f  ( 9 ) ,  i . e .  t h e  

c o e f f i c i e n t s  a™^ w i t h  к  > m. These  c o e f f i c i e n t s  can be c a l c u ­

l a t e d  w i t h  a r e c u r s i o n  l a w  w h i c h ,  s i m i l a r l y  t o  t h a t  e x p l a i n e d  

a b o v e  i n  t h e  i n v e r s e  p r o b l e m ,  p r o g r e s s e s  w i t h  i n c r e a s i n g  m :

nk = ( - 1 ) '

( m - 2 ) ( k + m ) ( k - m + 1 ) nk

- 1  2 ( m - 1 ) n  m - 1

( m - 2  ) ( k + m )  (  k - m - ' - 1 ) ank

- m  ^  k=m, m=3, 4.

( 1 0 )
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О , i f  n+k i s  o d d .

2 2 k ( 2 k + l ) n ( 1 1 )

i f  n+k i s  e v e n ,

( n + k + l ) ( n - k - l ) ( n + k ) l +k

' ~ T ~

( 12 )

2 ( 3 k 2  + 3k + 2 ) n 2 n 2 О
nk ( k + 2 ) ( k + 1 ) к ( к - 1 ) ank + ( k + 2 ) ( k + 1 ) k ( k - l ) ank

The r e c u r s i o n  ( 1 0 )  t o g e t h e r  w i t h  t h e  t h r e e  i n i t i a l  c o n ­

e s t i n g  t o  n o t e  t h a t  t h e  r e c u r s i o n  f o r m u l a  o f  t n e  numDers  k

i n  t h e  i n v e r s e  e x p a n s i o n  i s  v a l i d  f r o m  m= 2  upwards  w h i l e  now i t  

i s  v a l i d  o n l y  f r o m  m = 3.  T h i s  was one o f  t h e  d i f f i c u l t i e s  i n  

e s t a b l i s h i n g  ( 1 0 ) .

The p r o o f  o f  t h e  v a l i d i t y  o f  ( 1 0 )  r a t h e r  l e n g t h y  and 

goes  beyond  t h e  s c o p e  o f  t h i s  p a p e r .  I t  can be f o u n d  i n  t h e  

a u t h o r ' s  u n p u b l i s h e d  t h e s i s  ( H a j ó s y  1 9 7 8 ) .

APPROXIMATION OF A DATA SET WITH SURFACE SPHERICAL HARMONICS

L e t  f ( / ^ , X j )  be d i s c r e t e  v a l u e s  o f  t h e  f u n c t i o n  f  d e f i n e d

on t h e  u n i t  s p h e r e  and c o n s i d e r  t h e  p r o b l e m  o f  a p p r o x i m a t i n g

t h i s  f u n c t i o n  w i t h  a sum o f  s u r f a c e  s p h e r i c a l  h a r m o n i c s  up t o

d e g r e e  N. The c o e f f i c i e n t s  o f  t h i s  sum can  be c a l c u l a t e d  w i t h

t h e  a i d  o f  e x p a n s i o n  ( 9 )  i n  t h e  f o l l o w i n g  way.  F i r s t  t h e

F o u r i e r  c o e f f i c i e n t s  Um, Vm a re  c a l c u l a t e d :n ’ n

The s u r f a c e  h a r m o n i c  e x p a n s i o n  i n  q u e s t i o n  i s  t h e  f o l ­

l o w i n g  :

cosn f  , i f  m i s  even,

l  s inn f  , i f  m i s  odd.
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w h e r e

î ( f  , Л )  »

N n

ш  C^cosm Л + S^sinm Л 

n= 0  m= 0

Pp( cos f )

,m _ Y-
' n  =  L

. ,m m 
Uk ' a kn

k = n

N

k = n

As a c o n s e q u e n c e  o f  t h i s  e x p a n s i o n ,  t h e  n o rm a l  e q u a t i o n s  

o f  t h e  c o e f f i c i e n t s  c o n t a i n  o n l y  s c a l a r  p r o d u c t s  o f  s i m p l e  s i n e  

and  c o s i n e  f u n c t i o n s  c a l c u l a t e d  a t  t h e  p o i n t s  I n

o t h e r  w o r d s ,  t h e r e  i s  no need t o  e v a l u a t e  c o m p l i c a t e d  s p h e r i c a l  

f u n c t i o n s .  ( E . g .  when 500 d a ta  a r e  a p p r o x i m a t e d  by an e x p a n s i o n  

o f  d e g r e e  1 0 , t h e  c o m p u t e r  t i m e  i s  r e d u c e d  t o  one t e n t h .  

I n c r e a s i n g  t h e  d e g r e e  o f  t h e  e x p a n s i o n ,  t h e  t i m e  r e d u c t i o n  

b e c o m e s  even more s i g n i f i c a n t  s i n c e  t h e  t i m e  r e q u i r e d  by t h e  

t r i g o n o m e t r i c  a p p r o x i m a t i o n  i s  p r o p o r t i o n a l  t o  a l o w e r  p o w e r  o f  

t h e  d e g r e e  t h a n  t h a t  r e q u i r e d  by t h e  d i r e c t  s p h e r i c a l  h a r m o n i c s  

e x p a n s i o n . )

T h i s  method made i t  p o s s i b l e  t o  c a r r y  o u t  e f f i c i e n t  c a l ­

c u l a t i o n s  c o n c e r n i n g  t h e  g e o i d  and o t h e r  g e o p h y s i c a l  q u a n t i t i e s  

d e s p i t e  l i m i t a t i o n s  o f  t h e  a v a i l a b l e  c o m p u t e r s .  These c a l c u l a ­

t i o n s  s u p p o r t  t h e  g e o d y n a m i c  t h e o r y  o f  P r o f e s s o r  B a r t a .
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[Manusc r ip t  received 3une 10, 1988]

Deep m ag n e t o te l lu r i c  soundings a l low t o  o u t l i n e  two conduct i ve la y e r s  
in  the upper mant le.  The one c lo se r  to the  su r face  can be q u i t e  w e l l  c o r ­
r e l a te d  w i th  the low v e l o c i t y  la ye r  de tected  by sur face waves; the deeper 
one i s  much more poo r l y  resolved and can o n l y  t e n t a t i v e l y  be assoc ia ted  to  
phase t r a n s i t i o n s .  L a te r a l  v a r i a t i o n s  i n  e lec t romagnet i c  p ro pe r t ie s  seem to  
be present  i n  the whole upper mant le.

Keywords: asthenosphere; deep sounding; mag ne to te l lu r i cs ;  phase t r a n s i ­
t i o n ;  upper mant le

1. INTRODUCTION

I t  i s  w e l l  known t h a t  i n  case  o f  m a g n e t o t e l l u r i c s  (MT)  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  E a r t h ' s  i n t e r i o r  i s  d e t e r m i n e d  

by t h e  t i m e  v a r i a t i o n s  o f  t h e  h o r i z o n t a l  comp onen ts  o f  t h e  

e l e c t r o m a g n e t i c  (EM) f i e l d  ( E ^ ,  E ^ ,  Hx , H ) o f  d i f f e r e n t  p e r i o d  

( C a g n i a r d  1 9 5 3 ) .  A t  a g i v e n  p e r i o d  t h e  so d e t e r m i n e d  a p p a r e n t  

r e s i s t i v i t y  i s  r e l a t e d  t o  t h e  p e n e t r a t i o n  d e p t h  o f  t h e  EM f i e l d .  

U s i n g  v e r y  l o n g  p e r i o d s  o f  t h e  EM f i e l d  such  as t h e  q u i e t  d a i l y  

v a r i a t i o n s  (S ) and i t s  h a r m o n i c s ,  t h e  a p p a r e n t  r e s i s t i v i t y  a t  

a d e p t h  o f  some h u n d r e d  km can be c a l c u l a t e d .

T h e r e f o r e  m a g n e t o t e l l u r i c s  r e p r e s e n t  an i m p o r t a n t  r e s e a r c h  

t o o l ,  t o  be used  i n  c o m b i n a t i o n  w i t h  s e i s m i c  waves a n a l y s i s ,  

f o r  t h e  i n v e s t i g a t i o n  o f  t h e  deep i n t e r i o r  o f  t h e  E a r t h .  I n  

f a c t ,  f r o m  t h e  r e s i s t i v i t y  i n  t h e  u p p e r  m a n t l e  we can i n f e r  n o t  

o n l y  i t s  t h e r m a l  p r o p e r t i e s  b u t  a l s o  v a r i a t i o n s  i n  t h e  p h y s i c a l  

s t a t e  o f  t h e  r o c k s ,  as p a r t i a l  m e l t i n g  and phase  t r a n s i t i o n s .

Due t o  t h e  c o n t i n u o u s  i n c r e a s e  o f  t h e  t e m p e r a t u r e  w i t h

Acta Geod. Geoph. Mont. Hung. 24, 1989 
Akadémiai Kiadó, Budapest
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i n c r e a s i n g  d e p t h ,  t h e  r e s i s t i v i t y  d e c r e a s e s  i n  t h e  u p p e r  m a n t l e .  

F u r t h e r m o r e  t h e  r e s i s t i v i t y  d e c r e a s e s  i n  t h e  a s t h e n o s p h e r e  due  

t o  p a r t i a l  m e l t i n g .  F i n a l l y  a b r u p t  r e s i s t i v i t y  d e c r e m e n t s  can  

be due  t o  d i f f e r e n t  p h a s e  t r a n s i t i o n s  i n  t h e  c r y s t a l  s t r u c t u r e  

o f  t h e  m a n t l e  r o c k s .

1 . THEORETICAL MODEL CALCULATIONS

The r e s o l v i n g  p o w e r  o f  MT s o u n d i n g s  i n  t h e  d e p t h  r a n g e  o f  

t h e  a s t h e n o s p h e r e  and o f  t h e  phase  t r a n s i t i o n s  can be s t u d i e d  

by  n u m e r i c a l  m o d e l l i n g .

F o r  t h e  a s t h e n o s p h e r e  Vanyan and  S h i l o v s k i  ( 1 9 7 9 )  c a l c u ­

l a t e d  MT m o d e l s .  The r e s i s t i v i t y  d i s t r i b u t i o n  used by t h e s e  

a u t h o r s  f o r  s t a b l e  ( s h i e l d )  a r e a s  ( 1 ) and f o r  m o b i l e ,  o r o g e n i c  

b e l t s  ( 2 )  a re  shown i n  F i g .  1. M ode l  ( 1 )  c o r r e s p o n d s  t o  t h a t  

c a l l e d  by Vanyan ( 1 9 8 0 )  t h e  " n o r m a l  r e s i s t i v i t y  p r o f i l d " .  The 

m a g n e t o t e l l u r i c  s o u n d i n g  c u r v e s  c h a r a c t e r i z e d  by d i f f e r e n t  s u r ­

f a c e  c o n d i t i o n s ,  i . e .  by d i f f e r e n t  h o r i z o n t a l  c o n d u c t a n c e s  ( S ^ ), 

h a v e  been  c a l c u l a t e d  f o r  d i f f e r e n t  c o n d u c t a n c e  v a l u e s ,  S , o f  

t h e  a s t h e n o s p h e r e  (S = 0 - 2 0 0 0 0  S i e m e n s ) .  As shown i n  F i g .  2 ,  

on t h e  MT s o u n d i n g  c u r v e s ,  t h e  a s t h e n o s p h e r e  w i t h  i t s  t o p  a t  90 

km c a n  a l r e a d y  be d i s t i n g u i s h e d  f r o m  t h e  n o r m a l  r e s i s t i v i t y  

p r o f i l e  i n  case o f  a b o u t  2 -3  k S i e m e n s ,  t h u s  a t  l e a s t  t h e  d e p t h  

t o  t h e  t o p  o f  t h e  a s t h e n o s p h e r e  can  be w e l l  d e t e r m i n e d .  T h i s  i s  

t h e  b a s i c  i d e a  o f  t h e  IAGA ELAS ( E l e c t r i c  R e s i s t i v i t y  o f  t h e  

A s t h e n o s p h e r e )  s t a r t e d  i n  S e a t t l e  i n  1977  and c o o r d i n a t e d  now -  

d a y s  by  an I n t e r a s s o c i a t i o n  W o r k i n g  G r o u p .

The o l i v i n e - s p i n e l  (/3) p h a s e - t r a n s i t i o n  can cause  a c o n ­

d u c t i v i t y  r i s e  o f  a b o u t  one o r d e r  o f  m a g n i t u d e  as d e m o n s t r a t e d  

by  l a b o r a t o r y  m e a s u r e m e n t s  o f  A k i m o t o  and F i j u s a w a  ( 1 9 6 5 ) .  A c ­

c o r d i n g  t o  t h e s e  e x p e r i m e n t s  o u r  m o d e l  c u r v e s  i n  F i g s  3 and 4 

sn o w  r e s i s t i v i t y  d e c r e a s e s  o f  une o r d e r  o f  m a g n i t u d e  a t  t h e  

d e p t n s  o f  400 and 700 km. The r e s i s t i v i t y  d e c r e a s e  a t  400 km 

a p p e a r s  on t h e  m a g n e t o t e l l u r i c  s o u n d i n g  c u r v e s  i n  F i g s  3 and  4 

u j i i i e r i n g  f rom t h e  r e f e r e n c e  MT c u r v e  due  t o  t h e  s e c t i o n  w i t h o u t  

u i i a o t i  t r a n s i t i o n .  The same r e s i s t i v i t y  c hange  a t  a d e p t h  o f  

700  km i s  h a r d l y  t o  be d i s t i n g u i s h e d  on t h e  MT s o u n d i n g  c u r v e s .
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F ig .  1. R e s i s t i v i t y  vs depth fu nc t i on  f o r  s ta b l e  (1) and ac t i v e  zones (2)  
(Vanyan and Sh i lo vsk i  1979)

T hese  n u m e r i c a l  c a l c u l a t i o n s  a r g u e  o n l y  t o  a c e r t a i n  d e g r e e  

w i t h  t h e  s t a t e m e n t  o f  P a r k i n s o n ' s  r e v i e w  ( 1 9 8 6 )  c o n c e r n i n g  t h e  

e f f i c i e n c y  o f  w id e  ra n g e  m a g n e t o t e l l u r i c s : " E f f e c t i v e  p r o b i n g

i s  t o  a d e p t h  o f  t h e  o r d e r  o f  2 0 0  km" be ca u se  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 ,  d i s t o r t 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  d e d u c e d  

f r o m  t h e  MT f i e l d  d a t a ,  may d e c r e a s e  t h e  r e s o l v i n g  p o w e r  o f  t h e
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F i g .  2. Synthe t i c  MT sounding curves f o r  d i f f e r e n t  conductance values in  
the asthenosphere, Sa , (Vanyan and S h i l o v s k i  1979), Ha i s  the 
depth o f  the top o f  the asthenosphere, S] i s  the surface conduc­
tance

MT m e t h o d  and i t s  p e n e t r a t i o n  d e p t h .  I h e r e f o r e  i t  i s  v e r y  i m ­

p o r t a n t  t o  f i n d  m e a s u r i n g  s i t e s  f o r  deep  s o u n d i n g  w i t h o u t  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  and a l l  f i e l d  d i s t o r t i o n s  s h o u l d  be 

t a k e n  i n t o  a c c o u n t .
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F ig .  3a. Syn the t i c  MT sounding curves ( r e s i s t i v i t y ,  p a , and phase, f  ) 
demonstrat ing the apparent r e s i s t i v i t y  decrease due to  the phase 
t r a n s i t i o n  a t  400 km i n  case o f  a c t i v e  asthenosphere (see curve 
2 in  F ig .  1 ) .  For comparison, a re f e rence  MT curve i s  a lso  g iven 
corresponding to  the sect ion w i t h o u t  phase t r a n s i t i o n
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F i g .  3 b .  Synthe t i c  M T  sounding curves ( r e s i s t i v i t y ,  g  a , and phase, f  ) 
demonstrat ing the apparent  r e s i s t i v i t y  decrease due to the phase 
t r a n s i t i o n  at  700 km i n  case o f  a c t i v e  asthenosphere (see curve 
2  i n  F ig.  1 ) .  For compar ison, a re fe rence  M T  curve i s  a lso  g iven 
corresponding to  the  sec t io n  w i t h o u t  phase t r a n s i t i o n
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F ig .  4a. Synthet ic MT sounding curves demonstrat ing the apparent r e s i s t i v i t y  
decrease due t o  the phase t r a n s i t i o n  a t  400 km i n  case o f  s tab le  
zones w i thou t  asthenosphere (see curve 1 in  F ig.  1 ) .  For compar i ­
son, a re ference  MT curve i s  a lso g iven corresponding t o  the  sec­
t i o n  w i thou t  phase t r a n s i t i o n
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F i g .  4b. Synthet ic MT sounding  curves demonst rat ing the apparent r e s i s t i v i t y  
decrease due to  t h e  phase t r a n s i t i o n  a t  700 km in  case of  s tab le  
zones w i thou t  asthenosphere (see curve 1 i n  F ig .  1) .  For compar i ­
son, a re ference  MT curve i s  also g iven corresponding to the sec­
t io n  w i thou t  phase t r a n s i t i o n
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3.  CONDUCTIVITY DISTRIBUTION IN THE UPPER MANTLE ON THE BASIS 

OF MT MEASUREMENTS

L e t  us s t a r t  f r o m  t h e  MT s o u n d i n g  c u r v e s  o f  t h e  N a g y c e nk  

o b s e r v a t o r y ,  i n  t h e  w e s t e r n  p a r t  o f  H u n g a r y ,  l y ' i n g  a bove  1 500 m 

t h i c k  s e d i m e n t a r y  l a y e r s  o f  l ow r e s i s t i v i t y  ( F i g .  5 ) .  The S^ 

v a r i a t i o n  and i t s  h a r m o n i c s  were  a l s o  a p p l i e d  t o  d e t e r m i n e  

t h e s e  c u r v e s  (Ádám e t  a l .  1 9 8 1 ) .  As t h e  a n i s o t r o p y  i s  l o w  and 

t h e r e  i s  no s t a t i c  s h i f t  due t o  c h a n g e s  i n  t h e  s e d i m e n t s  t h i c k ­

n e s s ,  t h e  e x t r e m e  v a l u e s  o f  t h e  r e s i s t i v i t y  ( 9  and Q - )m 3 X m i n

Nagycenk
g.flm h = 1 0  1 0 0  1 0 0 0  km

F ig .  5. Deep mag ne to te l lu r i c  sounding curves measured in the Nagycenk 
observatory (W-Hungary) (Ádám e t  a l .  1981)
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g i v e  p r a c t i c a l l y  . the same v a l u e s  f o r  t h e  d e p t h  o f  t h e  a s t h e n o -  

s p h e r e  a t  ab ou t  80 km ( 7 8  and 83) and f o r  t h e  d e p th  o f  t h e  

p h a s e  t r a n s i t i o n  a t  a b o u t  300 km (2 9 8  and 308 km) ,  see T a b l e  I  

T h i s  t a b l e  c o n t a i n s  t h e  h o r i z o n t a l l y  s t r a t i f i e d  r e s i s t i v i t y  

E a r t h  mode l  w i t h  t h e  c o r r e s p o n d i n g  e r r o r  l i m i t s .  The l o w  d e p t h

T a b l e  I

Layer  sequence corresponding to  the Nagycenk magnet o te l lu r i c  sounding 
cu rve s .  Part  a) co rresponds to  g m3n, p a r t  b) corresponds to  g max. 
A h  = thickness (km), g = r e s i s t i v i t y  ( f l m ) ,  S = conductance (Siemens)

number Ah [km]
1 1.60

2 16.00 ± 2.50
3 1.00

4 60.00 ± 9 . 0
5 230.00 ± 40.00
6

number A h [km]

1 1.50 ± 0.40
2 4.00 ± 1.50
3 8.00 ± 3.00
4 15.00 ±15.00
5 55.00 ±10.00
6 15.00

7 200.00 ±25.00
8

NAGYCENK 

Q •^min a)

9  [dm]

2.30

200.00 + 500 
1.50"

S, = 690 ± 70 Siemens 
/Ah2 -  1.6 + j - |  km/

S3 = 650 ±120 Siemens
/Ah3 = 1 Î  1? km/ 

80.00 ± 50.00 1
6.00 ± 0.80
0.10

5 max b)

Q [dm]

8.00 ± 1.00
16.00 ± 3.00
28.00 ± 5.00
45.00 ±10.00
an 00 + 50 00

8  So ■ 2 5  0 0

20.00 ± 4.00 
0.10

S6 = 1900 ± 1250 Siemens 
/Ah6 = 15 + km/
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o f  t h e  t o p  o f  t h e  a s t h e n o s p h e r e  i s  w e l l  ch e cke d  by o t h e r  MT 

m ea su r e m e n ts  i n  t h e  P a n n o n ia n  B a s i n  as w e l l  as by h i g h  h e a t  

f l o w  d a t a  ( c a l l e d  " r e d  s p o t " )  (Ádám e t  a l .  1 9 8 2 ) .

A s u r f a c e  waves d i s p e r s i o n  p r o f i l e  r u n n i n g  f r o m  S a r d i n i a  

t o  I s t r i a  i n d i c a t e s  t h a t  t h e  s e i s m o l o g i c a l  d i s c o n t i n u i t y  u s u a l ­

l y  p l a c e d  a t  a d e p t h  o f  a b o u t  400 km i s  a b o u t  100 km s h a l l o w e r  

( S c a l e r a  e t  a l .  1 9 8 0 ) .  S h o u ld  t h e s e  s e i s m o l o g i c a l  e v i d e n c e s  be 

c o r r e l a b l e  w i t h  t h e  r e s u l t s  o f  MT m e a s u r e m e n ts  i n  t h e  P a n n o n ia n  

B a s i n ,  t h e  e x i s t e n c e  o f  a v e r y  b r o a d  t h e r m a l  p e r t u r b a t i o n  i n  

t h e  u p p e r  m a n t l e  c o u l d  be p r o p o s e d  as a w o r k i n g  h y p o t h e s i s  f o r  

f u t u r e  s e i s m o l o g i c a l  and e l e c t r o m a g n e t i c  i n v e s t i g a t i o n s .

3 .1  I n  F i g .  6  t h e  d e p t h s  o f  t h e  t o p  o f  t h e  a s t h e n o s p h e r e

heat flow

F ig .  6 . Empi r ical  r e l a t i o n s  between surface heat f low and the depth o f  the 
top of  the conduct i ve layers i n  the c r u s t  (FCL) o r i n  the  upper 
mantle ( ICL,  UCL); FCL = F i r s t  Conduct ing Layer,  ICL = I n t e r ­
mediate Conduct ing Layer,  UCL = U l t ima te  Conduct ing Layer 
(Ádám 1978)
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( I C L  = I n t e r m e d i a t e  C o n d u c t i n g  L a y e r )  p u b l i s h e d  m a i n l y  i n  t h e  

m o n o g r a p h  " G e o e l e c t r i c  and  G e o t h e rm a l  S t u d i e s "  (Ádám 197 6 b )  a r e  

p l o t t e d  a g a i n s t  h e a t  f l o w  v a l u e s .  I n  t h e  same f i g u r e  s i m i l a r  

e m p i r i c a l  r e l a t i o n s  a r e  g i v e n  f o r  th e  c r u s t a l  (FCL = F i r s t  

C o n d u c t i n g  L a y e r )  and f o r  t h e  second u p p e r  m a n t l e  (UCL = U l t i ­

m a t e  C o n d u c t i n g  L a y e r )  c o n d u c t i n g  l a y e r s  c o r r e s p o n d i n g  t o  t h e  

p h a s e  t r a n s i t i o n .  L a t t e r  o nes  were c o m p l e t e d  and r e i n t e r p r e t e d  

s i n c e  t h e i r  f i r s t  p u b l i c a t i o n  by Ádám i n  1976a  (Ádám 1980 ,

1 9 8 7 ) .

A c c o r d i n g l y  t o  t h e  r e s o l v i n g  power  o f  s u r f a c e  waves w i t h  

r e s p e c t  t o  upper  m a n t l e  p r o p e r t i e s  ( K n o p o f f  and Chang 1977 ,  

K n o p o f f  and Panza 1 9 7 7 ,  Panza  1981) t h e  t o p  o f  t h e  a s t h e n o s p e r i c  

l o w  v e l o c i t y  l a y e r  can  be d e t e r m i n e d  w i t h  an u n c e r t a i n t y  o f  

a b o u t  30 km, w h i l e  i t s  t h i c k n e s s  can be r e s o l v e d  w i t h i n  a b o u t  

50 km.  I h e  good a g r e e m e n t  be tw een t h e  d e p t h  o f  t h e  t o p  o f  t h e  

a s t h e n o s p h e r e  d e r i v e d  f r o m  s u r f a c e  waves d i s p e r s i o n  and f r o m  

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  has been r e c e n t l y  d e s c r i b e d  by 

C a l c a g n i l e  and Panza ( 1 9 8 7 ) .  T h e i r  r e l a t i o n ,  f o r  E u r o p e ,  i s  

s h o w n  i n  F i g .  7 and n i c e l y  a g r e e s  w i t h  t h e  e m p i r i c a l  r e l a t i o n  

g i v e n  i n  Ádám ( 1 9 7 8 )  ( F i g .  6 b ) .
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F i g .  7. Surface heat f l o w  versus depth of  the top  o f  the low v e l o c i t y  
asthenospheric l a y e r  determined from su r f ace  wave d ispers ion  
in  Europe ( C a lc a g n i le  and Panza 1987)
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A c c o r d i n g  t o  R o k i t y a n s k y  ( 1 9 8 2 ) :  "The  r e s o l v i n g  p o w e r  o f  

t h e  a v a i l a b l e  g l o b a l  G e o m a g n e t i c  Deep S o u n d in g s  (GDS) d a t a  i s  

i n a d e q u a t e  t o  d e t e r m i n e  t h e  d e p t h  w he re  t h e  c o n d u c t i n g  l a y e r  

l i e s "  t h e r e f o r e  t h e  r o l e  o f  m a g n e t o t e l l u r i c s  i n  d e t e r m i n i n g  t h e  

e l e c t r i c  p a r a m e t e r s  o f  t h e  a s t h e n o s p h e r e  i s  i n d i s p u t a b l e  among 

t h e  EM i n d u c t i o n  m e t h o d s .

3 . 2  I n  r e g a r d  t o  t h e  c o n d u c t i n g  l a y e r ,  p o s s i b l y  c o r r e ­

s p o n d i n g  t o  t h e  o l i v i n e - s p i n e l  phase t r a n s i t i o n ,  t h e  r e s u l t s  o f  

d i f f e r e n t  a u t n o r s  s h o u l d  be c o n f r o n t e d :

a )  P a r k i n s o n  ( 1 9 8 6 )  shows t h e  a v e r a g e d  g l o b 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 s  f o r  c o n t i n e n t a l  and o c e a n i c  mode ls  t o  a d e p t h  o f  

a b o u t  300 km, based  on deep MT s o u n d i n g s  ( F i g .  8 ) and  m a i n ­

t a i n s  t h a t  t h e  two  c u r v e s  come c l o s e  t o  each o t h e r  o n l y  

b e l o w  150 km.

F ig .  8 . D i s t r i b u t i o n  versus depth of  the average apparent r e s i s t i v i t y  
fo r  c on t in en ta l  and oceanic models (Parkinson 1986)
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b )  A v a r i a n t  o f  V a n y a n ' s  no rm a l  r e s i s t i v i t y  p r o f i l e  was p u b ­

l i s h e d  r e c e n t l y  by  B e r d i c h e v s k y  e t  a l .  ( 1 9 8 6 )  ( F i g .  9 ) .

F i g .  9. A summary o f  mag ne to te l lu r i c  (MT) and magnetovar iat ional  (MV) 
data below a dep th  o f  250 km (Berd ichevsky e t  a l .  1986). (1 ) 
MV sounding, ( 2 )  MT sounding of  the no r t he rn  part  of  the 
Pac i f i c  Ocean, (3 )  MT sounding o f  the  southern par t  o f  the 
Turan basin ,  ( 4 )  MT sounding o f  the North-Western pa r t  o f  the 
Russian p l a t f o r m .  A l l  curves are reduced to  the basement

c )  R o k i t y a n s k y  d i s c u s s e s  V a n y a n 's  n o r m a l  r e s i s t i v i t y  p r o f i l e  on 

t h e  b a s i s  o f  MT m e a s u r e m e n t s  i n  C e n t r a l  K a r e l i a ,  t h e  most  

homogeneous p a r t  o f  t h e  B a l t i c  S h i e l d ,  and i n  t h e  Murmansk 

m a s s i f  ( F i g .  1 0 ) .  A c c o r d i n g  t o  h i s  o p i n i o n  t h e r e  a re  a t  l e a s t  

t w o  no rma l  p r o f i l e s  i n  th e s e  r e g i o n s  as t h e  s h o r t  p e r i o d  p a r t  

o f  t h e  MT c u r v e s  v a r i e s  f rom r e g i o n  t o  r e g i o n .  V a n y a n ' s  n o r ­

ma l  c u r v e  N.| and K r a s n o b a e v a  ' s c u r v e  1^ meet  each o t h e r  o n l y  

a t  t h e  p e r i o d s  o f  t h e  d a i l y  v a r i a t i o n s .

C e r t a i n l y ,  t h e r e  i s  a d i s c r e p a n c y  b e t w e e n  e . g .  P a r k i n s o n ' s
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F ig .  10. MT sounding curves on the Murmansk Massi f  on the Kola Peninsula 
(Krasnobajeva e t  a l .  1981). S o l id  l i n e s :  l o n g i t u d i n a l  curves 
(measured i n  120° d i r e c t i o n  f rom n o r t h ) .  Dashed l i n e s :  t r a n s ­
verse ones (measured i n  30° d i r e c t i o n  from n o r t h ) .  N ] : normal  
curve according to  Vanyan e t  a l .  (1980) .  N2 : normal curve ac­
cording to Krasnobajeva e t  a l .  (1981) .  C D :  conductance (S) 
values in  Siemens. 10: depth to  the conduct ing lay er  i n  km

l a y e r  s e q u e n c e  and V a n y a n ' s  c o n t i n u o u s  n o r m a l  r e s i s t i v i t y  p r o ­

f i l e .  I n  t h e  l a t t e r  c a s e ,  t h e  r e l a t i v e l y  s m a l l  c o n d u c t i v i t y  jump 

due t o  phase  t r a n s i t i o n  can became i n d i s t i n c t  a t  t h e  b a c k g r o u n d  

o f  t h e  c o n t i n u o u s  r e s i s t i v i t y  d e c r e a s e  as i t  was shown by
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n u m e r i c a l  m o d e l s .• T h e r e  i s  no g e n e r a l  a g re e m e n t  c o n c e r n i n g  

t h e  i n v e r s i o n  o f  s u c h  MT c u r v e s .

4 .  R ES IS T IV IT Y  MODELS DERIVED FROM GLOBAL GEOMAGNETIC SOUNDINGS

On t h e  d i f f e r e n t  MT c u r v e s  p r e s e n t e d  a b o v e ,  e x c e p t  

P a r k i n s o n ' s  o n e s ,  b e l o w  200 km, i t  do e s  n o t  ap p e a r  a r e s i s ­

t i v i t y  v a r i a t i o n  w i t h  l a r g e  g r a d i e n t  as ca n  be seen on t h e  

g l o b a l  g e o m a g n e t i c  s o u n d i n g  c u r v e s .  C a m p b e l l  ( 1 9 8 5 )  c o n c l u d e d  

on t h e  b a s i s  o f  h i s  n e w e s t  c a l c u l a t i o n s :  " D i s t i n c t  d i s c o n t i n u ­

i t i e s  seemed t o  be e v i d e n t  n e a r  225 t o  300 km and n ea r  450 t o  

600 k m " .  T h i s  d e e p e r  c o n d u c t i v i t y  ju m p  i s  c o n f i r m e d  by t h e  

f i g u r e  o f  I s i k a r a  ( p e r s o n a l  com. )  i n  w h i c h  t h e  r e s u l t s  o f  d i f ­

f e r e n t  a u t h o r s  a r e  c o l l e c t e d  ( F i g .  1 1 ) .  An e a r l i e r  s t a t e m e n t  o f  

A n d e r s s e n  e t  a l .  ( 1 9 7 9 )  can be c i t e d ,  t o o :  "One many t h e r e f o r e  

be t e m p t e d  t o  i d e n t i f y  t h e  d i s c o n t i n u i t i e s  a t  565 and 720 km 

w i t h  t h e  s e i s m i c  d i s c o n t i n u i t i e s  a t  450 and  650 km, b u t  a more 

s o p h i s t i c a t e d  i n v e r s i o n  o f  t h e  d a t a  w i l l  be n e c e s s a r y  . . . " .  

A c c o r d i n g  t o  R o k i t y a n s k y ' s ( 1 9 8 2 )  n e w e s t  v i e w :  " T h u s ,  w h i l e  n o t  

c o m p l e t e l y  e x c l u d i n g  t h e  e x i s t e n c e  o f  an e l e c t r i c a l  c o n d u c t i v i ­

t y  ju m p  by two  o r d e r s  o f  m a g n i t u d e ,  t h e  e x p e r i m e n t a l  e v i d e n c e  

g i v e s  no i n d i c a t i o n  t h a t  i t  does e x i s t .  . . .  A t  t h e  same t i m e ,  

t h e  d a t a  c o n v i n c i n g l y  i n d i c a t e  t h a t  w i t h i n  a d e p t h  r a n g e  o f  

5 0 0 - 1 2 0 0  km t h e  e l e c t r i c a l  c o n d u c t i v i t y  r i s e s  by a p p r o x i m a t e l y  

t h r e e  o r d e r s  o f  m a g n i t u d e .

T h i s  q u e s t i o n s  c o u l d  be answ ere d  o n l y  by a more d e t a i l e d  

s t u d y  o f  t h e  w h o l e  d a t a  s e t  o f  G0S, b u t  t h i s  i s  n o t  t h e  a im o f  

p r e s e n t  s t u d y .

5 .  MT LAYER MODELS IN THE DEPTH RANGE CORRESPONDING TO THE 

PHASE TRANSITION AND THEIR RELATION TO OTHER PHYSICAL 

PARAMETERS

On t h e  b a s i s  o f  t h e  g l o b a l  g e o m a g n e t i c  s o u n d i n g s  and o f  

o u r  n u m e r i c a l  c a l c u l a t i o n s ,  t h e  i n c r e a s e  i n  c o n d u c t i v i t y  i n  MT 

s o u n d i n g  c u r v e s  seems t o  be p r o b a b l e  i f  i t s  d e p t h  w e l l  a p p r o x i ­

m a t e s  t h a t  o f  t h e  c o n d u c t i v i t y  a n o m a l i e s  a p p e a r i n g  on t h e
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F ig .  11. I s i k a r a ' s  summarizing f i g u r e  on the re s u l t s  of  the re cen t  g lo ba l  
geomagnetic soundings: r e s i s t i v i t y  vs depth (personal  com.)

g l o b a l  g e o m a g n e t i c  s o u n d i n g  c u r v e s .

A l t h o u g h  t h e  c o n t i n e n t a l  MT d a t a  can  e x p r e s s  s t r o n g  l o c a l  

g e o l o g i c  e f f e c t s  ( n o i s e ) ,  an a t t e m p t  was made t o  o r d e r  t h e  

d e p t h  v a l u e s  o f  t h e s e  s o - c a l l e d  u l t i m a t e  ( g e n e r a l l y  s e c o n d )  u p ­

p e r  m a n t l e  c o n d u c t i v i t y  a n o m a l i e s  i n  f u n c t i o n  o f  h e a t  f l o w  

v a l u e s  (Ádám 1980 ,  F i g .  1 2 ) .

I f  t h e  r e g r e s s i o n ,  i n  F i g .  1 2 ,  e x p r e s s i n g  t h e  g r a d i e n t  
+ dP /d T  i n  c o r r e s p o n d e n c e  o f  t h e  r o c k  p h ase  t r a n s i t i o n ,  i s  n o t
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F ig .  12. MT depth values r e f e r r i n g  to the phase t r a n s i t i o n  in fu n c t io n  o f  
heat f l ow ( a ) ,  number o f  data vs depth ( b ) ,  according to Ádám 
(1980) and F ou rn ie r  (1978)

t a k e n  i n t o  a c c o u n t  b e c a u s e  o f  t h e  l o w  c o r r e l a t i o n  c o e f f i c i e n t  

( r  = 0 . 7 3 ) ,  an a v e r a g e  d e p t h  v a l u e  o f  3 0 0 - 4 0 0  km can be d e d u c e d  

b o t h  f r o m  Ádám's and F o u r n i e r ' s  d a t a  f o r  a second c o n d u c t i v i t y  

i n c r e a s e  i n  t h e  u p p e r  m a n t l e .  I n  c ase  o f  t h e  d a t a  g a t h e r e d  i n  

t h e  E a s t  European  P l a t f o r m  i t  i s  q u e s t i o n a b l e  w h e th e r  t h e  d e p t h  

v a l u e s  o f  2 5 0 -3 0 0  km c o r r e s p o n d  t o  t h e  a s t h e n o s p h e r e  o r  t o  t h e  

p h a s e  t r a n s i t i o n .  A c c o r d i n g  t o  s e i s m o l o g i c a l  d a t a  i n  t h e  s h i e l d  

a r e a  (P anza  1 9 8 4 ) ,  t h e y  r e p r e s e n t  more  p r o b a b l y  phase t r a n s i ­

t i o n s  t h a n  p a r t i a l  m e l t i n g .  I n  f a c t  S - w a v e  v e l o c i t i e s  i n  t h e  

u p p e r  m a n t l e  u n d e r  s h i e l d s  a re  n o t  l o w  e n o u g h  t o  r e q u i r e  p a r t i a l  

m e l t i n g .  Of c o u r s e  i f  p a r t i a l  m e l t i n g  o c c u r s  i n  v e ry  t h i n  

l a y e r s  i t  c a n n o t  be d e t e c t e d  by s u r f a c e  w ave s  and by MT s o u n d ­

i n g s .  T h e r e f o r e ,  t h e s e  d a t a  a re  a s s o c i a t e d  t o  th e  UCL. F i g u r e  

1 2  a l s o  shows t h a t  t h e s e  v a l u e s  l i e  w e l l  a bove  th e  c u r v e  c h a r ­

a c t e r i z i n g  t h e  a s t h e n o s p h e r e .  I n  P a r k i n s o n ' s  f i g u r e  ( F i g .  8 ) a 

c o n d u c t i v i t y  jump i n  t h e  d e p th  ra nqe  2 0 0 - 3 0 0  km i s  c l e a r l y  

v i s i b l e .  Here b o t h  t h e  o c e a n i c  and t h e  c o n t i n e n t a l  MT c u r v e s  

r e f e r  t o  v e r y  o l d  f o r m a t i o n s  ( E - C a n a d i a n  s h i e l d  and M a r ia n a  

g r a b e n ) .

Vanyan ( 1 9 7 9 )  c o n c l u d e s  f rom t h e  c o m p a r i s o n  o f  d i f f e r e n t
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MT s o u n d i n g  c u r v e s  and h i s  n o rm a l  r e s i s t i v i t y  p r o f i l e  t h a t  " t h e  

t e m p e r a t u r e s  a t  d e p t h s  g r e a t e r  t h a n  3 0 0 - 4 0 0  km are  n e a r l y  t h e  

same f o r  a l l  g e o t e c t o n i c  z o n e s " .  On t h e  o t h e r  hand S c h u l t z  e t  

a l .  ( 1 9 8 6 )  r e c e n t l y  e m p has iz e  t h a t  " s i g n i f i c a n t  l a t e r a l  h e t e r o ­

g e n e i t y  i n  m a n t l e  c o n d u c t i v i t y  s t r u c t u r e  i s  r e q u i r e d  by t h e  

d a t a " .  M e n v i e l l e  e t  a l .  ( 1 9 8 6 )  came t o  t h e  same c o n c l u s i o n  by 

a n a l y s i n g  t h e  f o u r  h a r m o n i c s  o f  t h e  d a i l y  v a r i a t i o n .  Ouba and 

S h a n k l a n d ' s  ( 1 9 8 6 )  r e c e n t  s t a t e m e n t  i s  i n  good a g re e m en t  w i t h  

l a t t e r  c o n c l u s i o n s .  They c a l c u l a t e d  e v e n  f o r  a d e p th  o f  600  km 

a d i f f e r e n c e  o f  a b o u t  250°C i n  " r e p r e s e n t a t i v e  t e m p e r a t u r e "  

b e tw e e n  a c t i v e  ( e . g . ,  B a i k a l  r i f t )  and  s t a b l e  ( e . g . ,  N-  and  

C e n t r a l  A m e r i c a )  a r e a s .

6 . CONCLUSIONS

The 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  can g i v e  i n f o r m a t i o n s  

a b o u t  two  c o n d u c t i v i t y  i n c r e a s e s  i n  t h e  u p p e r  m a n t l e .  W h i l e  t h e  

c o n d u c t i v i t y  i n c r e a s e  due t o  p a r t i a l  m e l t i n g  i n  th e  a s t h e n o -  

s p h e r e  can be s t u d i e d  i n  d e t a i l  by m a g n e t o t e l l u r i c s  and t h e  

r e s u l t s  a r e  i n  good  c o r r e l a t i o n  w i t h  o t h e r  p h y s i c a l  p a r a m e t e r s ,  

s u c h  as s u r f a c e  h e a t  f l o w  and t h e  S - w a v e  v e l o c i t y  d e c r e a s e  d e ­

t e r m i n e d  on t h e  b a s i s  o f  s u r f a c e  wave  d i s p e r s i o n  a n a l y s i s ,  i n  

t h e  d e p t h  r a n g e  o f  t h e  phase  t r a n s i t i o n  -  p o s s i b l y  t h e  o l i v i n e -  

- s p i n e l  t r a n s i t i o n  -  t h e  MT method r e a c h e s  t h e  l i m i t  o f  i t s  r e ­

s o l v i n g  power  and h e n c e ,  as an o p t i m u m ,  o n l y  a p r o b a b l e  a v e r a g e  

v a l u e  f o r  t h e  d e p t h  ( 3 0 0 - 4 0 0  km) o f  t h e  phase t r a n s i t i o n  c a n  be 

g i v e n .

The c o n t i n u o u s  r e s i s t i v i t y  d e c r e a s e  due t o  t h e  c o n t i n u o u s  

t e m p e r a t u r e  i n c r e a s e  i n  t h e  E a r t h ' s  i n t e r i o r  shows r e g i o n a l  

v a r i a t i o n s  even  i n  case  o f  t h e  c r y s t a l l i n e  s h i e l d s  ( R o k i t y a n s k y  

1 9 8 3 ) .  The mos t  r e c e n t  EM s o u n d i n g s  and  t e m p e r a t u r e  c a l c u l a ­

t i o n s  based  on them seem t o  o u t l i n e  t h e  p r e s e n c e  o f  l a t e r a l  

h e t e r o g e n e i t i e s  i n  t h e  w h o le  t e c t o n o s p h e r e  o f  t h e  u p p e r  m a n t l e  

t i l l  t h e  l o w e r  m a n t l e .
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MEASURE OF THE LINEAR DEPENDENCE 

В H a ja g o s ^  and F S t e i n e r ^

U n iv e rs i t y  f o r  Heavy In d u s t r y ,  Chair o f  Geophysicg, H-3515 M i s k o lc ,
Egyetemváros, Hungary

[M anuscr ip t  received J u l y  14, 1988]

Taking as basis the  supermodel f ^ ( x )  which includes a l l  symmetr i c 
s t a b l e  p r o b a b i l i t y  d i s t r i b u t i o n s  and p ro pe r l y  models many cases i n  ea r t h  
phys ics ,  the genera t ion  o f  the l i n e a r  dependence and of  the de te r m in a t io n  
o f  the value r  c h a r a c t e r i z in g  the measure o f  the dependence can be c a r r i e d  
out  e a s i l y ,  we l l  arranged and w i thou t  a d d i t i o n a l  cond i t i ons .  The paper 
presents the exact fo rmu las f o r  i t s  de te rmina t ion  together  w i t h  s imp le  ap­
p ro x imat i ve  methods and draws a t t e n t i o n  t o  the  d i s t o r t i o n s  i n  the  t r a d i ­
t i o n a l  method o f  de te rm ina t ion  o f  the c o r r e l a t i o n  c o e f f i c i e n t ,  e . g .  t h a t  i t  
i s  not  r e s i s t a n t ,  f u r t h e r  t h a t  i r r e a l i s t i c a l l y  high c o e f f i c i e n t s  near  to  1 

may be obtained by the t r a d i t i o n a l  method even i n  case o f  medium depen­
dences i f  the d i s t r i b u t i o n  has heavy f l a n k s ,  i . e .  i f  the ac tu a l  d i s t r i b u ­
t i o n  i s  f a r  from the Gaussian one.

Keywords: c o r r e l a t i o n ;  Gaussian d i s t r i b u t i o n ;  l i n e a r  dependence; 
robus t  est imat ion

1 .  INTRODUCTION

T he re  i s  a l o t  o f  p r a c t i c a l  p r o b l e m s  i n  e v e r y  f i e l d  o f  

s c i e n c e  w h ic h  a r e  c o n n e c t e d  -  a c c o r d i n g  t o  t h e  t e r m i n o l o g y  o f  

p r o b a b i l i t y  -  w i t h  t h e  d e p e n d e n t  o r  i n d e p e n d e n t  c h a r a c t e r  o f  

rand om v a r i a b l e s .  I f  a d e t e r m i n i s t i c  dependence  i s  e v i d e n t ,  

m o r e o v e r  i t s  a n a l y t i c  f o r m  i s  a l s o  known ( f r o m  p h y s i c a l  p r i n ­

c i p l e s  o r  e m p i r i c a l l y )  and a random v a r i a b l e  a p p e a r s  o n l y  so  t o  

s ay  s e c o n d a r i l y  i n  t h e  c o n n e c t i o n s  as an a d d i t i v e  c o m p o n e n t ,  

t h e n  an a d j u s t m e n t  m e th od  i s  t o  be use d  ( e . g .  based on t h e  

l e a s t  s q u a r e s  m e t h o d ,  u s i n g  t h e  L ^ - n o r m  o r  th e  m et hod  o f  t h e  

m o s t  f r e q u e n t  v a l u e  ( S t e i n e r  1 9 8 8 ) ) .  I t  may be s u p e r f l u o u s  i n  

s u c h  ca se s  t o  ask  a b o u t  t h e  meas ure  o f  t h e  dependence  o f  a 

random v a r i a b l e  ^  f r o m  an o t h e r  rand om v a r i a b l e  Ç w h i c h  

q u e s t i o n  can be a n s w e r e d  p r a c t i c a l l y  o n l y  by i n t r o d u c i n g
Acta Geod. Geoph. Mont. Hung. 24, 1989 
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s t r o n g l y  s i m p l i f y i n g  a s s u m p t i o n s .

C o n c e r n i n g  t h e s e  s i m p l i f i c a t i o n s  i t  i s  n o r m a l l y  a v o i d e d  t o  

e m p h a s i z e  ( e s p e c i a l l y  i n  p r a c t i c a l  a p p l i c a t i o n s )  t h a t  t h e  mea­

s u r e

c o m p u t e d  f r om  t h e  s e t  o f  d a t a  ( x ^ ,  y ^ ) ,  c o n t a i n i n g  n e l e m e n t s  

f r o m  t h e  d i s t r i b u t i o n s  and ^ , i s  an a d e q u a t e  measure  o n l y

i f  c e r t a i n  c o n d i t i o n s  a r e  f u l f i l l e d ,  e . g .  i f  t h e  dependence  i s  

a l i n e a r  one (x  and ÿ a r e  t h e  c o r r e s p o n d i n g  a l g e b r a i c  a v e r a g e s ) .  

The  c l a s s i c s  o f  m a t h e m a t i c a l  s t a t i s t i c s  ( C r a m é r  1946 ,  R é n y i  

1 9 7 1 )  do n o t  f o r g e t  t o  t e l l  t h i s  ( a n d  R é n y i  even  p r o p o s e s  a 

g e n e r a l i z a t i o n  w h i c h ,  u n f o r t u n a t e l y ,  d i d  n o t  p r o v e  u s e f u l  i n  

p r a c t i c e ) .  The g e n e r a l  use  o f  Eq. ( 1 )  i s  c o n n e c t e d  w i t h  t h e  

c o m f o r t a b l e  p r o p e r t y  t h a t  i t s  v a l u e  l i e s  b e tw e e n  + 1  and - 1  and 

t h i s  p r o p e r t y  r e m a i n s  i n  case o f  g r o s s  e r r o r s ,  t o o .  A v a l u e  

n e a r  z e r o  means i n d e p e n d e n c e .

The p o s s i b l i t y  t h a t  t h e  v a l u e  d e t e r m i n e d  f r o m  Eq. ( 1 )  and 

l y i n g  be tween + 1  and - 1  can be v e r y  f a r  f r o m  a r e a l i s t i c  v a l u e  

i s  p r e s e n t e d  by a s i m p l e  example  i n  F i g .  1 .  The measured v a l u e s  

x ^  and  y^ have b o t h  an e x p e c t e d  v a l u e  o f  + 1 0 0  and u n i t  s c a t t e r ,  

b o t h  a r e  d i s t r i b u t e d  a c c o r d i n g  t o  t h e  G a u s s i a n  law  and t h e y  a r e  

i n d e p e n d e n t .  From t h e  100  sample o f  t h e s e  v a l u e s  one has a 

g r o s s  e r r o r ,  r e s u l t i n g  i n  a p a i r  o f  v a l u e s  ( 0 , 0 ) ( l e t  us say  

due  t o  an e r r o r  i n  t h e  pow er  s u p p l y ) .  F o r  t h i s  samp le Eq. ( 1 )  

d o e s  n o t  y i e l d  a v a l u e  n e a r  ze ro  as s i g n  o f  t h e  i n d e p e n d e n c e  

-  w h a t  s h o u l d  be e x p e c t e d  as th e  v a l u e s  o f  x and y a re  i n d e p e n ­

d e n t  -  b u t  t h e  r e s u l t i n g  c o e f f i c i e n t  i s  + 0 . 9 8 9 ,  i n d i c a t i n g  a 

v e r y  c l o s e  c o n n e c t i o n .  The e x p r e s s i o n  i n  Eq .  ( 1 )  i s  t h e r e f o r e  

f a r  f r o m  b e i n g  r e s i s t a n t  ( i . e .  i t  i s  v e r y  s e n s i t i v e  f o r  g r o s s  

e r r o r s ) ,  t h a t  i s  why t h e  r e l i a b i l i t y  o f  c o e f f i c i e n t s  co m p u t e d  

a c c o r d i n g  t o  Eq. ( 1 )  may be q u e s t i o n e d  e v e n  i n  cases  much l e s s  

a c c e n t u a t e d  t h a n  i n  t h e  example  m e n t i o n e d .

Some f u r t h e r  r e m a r k s  f o l l o w  a b o u t  t h e  r e s t r i c t e d
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con. co tff.49 (9  (conventional formula, Eq.1) 
согт. cotff. «Û0W (Eq.12)
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F ig .  1. Random data p a i r s  from a tw o-var iab le  Gaussian d i s t r i b u t i o n  i n  case 
o f  independent x and y.  One o f  the data p a i r s  (0 ,  0) i s  burdened by 
a gross e r r o r .  The t r a d i t i o n 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  0.989

a p p l i c a b i l i t y  o f  Eq.  ( 1 )  a t  t h e  end o f  t h e  p r e s e n t  p a p e r .

2 .  GENERATION OF A LINEAR DEPENDENCE

I n  t h e  f o l l o w i n g  a s i m p l i f i e d  d i s c u s s i o n  i s  s t r i v e n  a t  a c ­

c o r d i n g  t o  E i n s t e i n ' s  p r i n c i p l e  ( w h i c h  r e f e r s  h e r e  b o t h  t o  t h e  

c o n s t r u c t i o n  o f  t h e  mode l  and t o  t h e  d e f i n i t i o n  and t h e  m e t h o d  

o f  d e t e r m i n a t i o n  o f  t h e  measure  o f  d e p e n d e n c e ) :  " w h a t e v e r  you  

d o ,  do i t  i n  t h e  s i m p l e s t  way -  b u t  even  s i m p l e r  do n o t  do i t " .

2 .1  F a m i l y  o f  d i s t r i b u t i o n  t y p e s  f ^ C x )

L e t  us d e f i n e  t h e  f a m i l y  o f  t y p e s  ( s u p e r m o d e l )  f ^ ( x )  w i t h  

t h e  p a r a m e t e r  oC ( 0  < oC <  2 ) as f o l l o w s :

I t l * / *V x) = 7 Г ( 2 )
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w h e r e  ?  d e n o t e s  t h e  F o u r i e r - t r a n s f o r m a t i o n .

I t  i s  easy t o  show t h a t  oC = 2 y i e l d s  t h e  s t a n d a r d  

G a u s s i a n  d i s t r i b u t i o n ,  űC = 1 t h e  C a u c h y - d i s t r i b u t i o n  w i t h  t h e  

d e n s i t y  f u n c t i o n

1  1

31 T 7 7
( 2 a)

( E r d é l y i  1 9 5 4 ) .  Fo r  o t h e r  ( x ) - s ,  no a n a l y t i c  f o r m  i s  known;  

t h u s  f ^  ( x ) - s  a r e  c o m p u t e d  n u m e r i c a l l y  f r o m  t h e  f o r m u l a

L<£ ( x )  = 1

%
I t l ^ /öC co s  ( x t )  d t ( 2 b)

The c u r v e s  o f  f ^  ( x )  f o r  some v a l u e s  o f  JL a r e  p r e s e n t e d  

i n  F i g s  2a and 2 b .  E v i d e n t l y  t h e  members o f  t h i s  s u p e r m o d e l  

f u l f i l  t h e  v a r i o u s  p r a c t i c a l  demands as m ode l s  o f  r e a l l y  o c c u r ­

r i n g  e r r o r  d i s t r i b u t i o n s  ( d i s t r i b u t i o n s  w i t h  b o t h  s t r o n g  and 

s l i g h t  f l a n k s  a p p e a r  i n  t h e  s u p e r m o d e l ) .

C o n c e r n i n g  t h e  e m p h a t i c  a s p e c t  o f  s i m p l i c i t y ,  a f i r s t  

g l a n c e  a t  Eq. ( 2 b )  w o u l d  t e l l  us t h a t  i t  i s  n o t  f u l f i l l e d  by 

i t .  U s i n g ,  h o w e v e r ,  p e r s o n a l  c o m p u t e r s  and modern q u a d r a t u r e s  

( e . g .  H a j ó s y  1 9 8 9 ) ,  t h e  p r o g r a m  c o m p u t i n g  t h e  v a l u e  o f  t h e  i n ­

t e g r a l  i n  Eq.  ( 2 b )  y i e l d s  i n  a v e r y  s h o r t  t i m e  t h e  v a l u e s  o f  

f ^  ( x ) ;  t h e  t i m e  o f  c o m p u t a t i o n  i s  s u b j e c t i v e l y  as i m p e r c e p t i ­

b l e  as  t h e  c o m p u t a t i o n  t i m e  o f  Eq.  ( 2 a )  w i t h  o n l y  f o u r  e l e m e n ­

t a r y  o p e r a t i o n s .

I t  i s  e v i d e n t  f r o m  Eq. ( 2 )  t h a t  t h e  c h a r a c t e r i s t i c  f u n c -  
— 1 1 / /t i o n  o f  fpf ( x )  i s  e . (Th e  n o t i o n  o f  t h e  c h a r a c t e r i s t i c

f u n c t i o n  and t h e  f o r m u l a s  i n  c o n n e c t i o n  w i t h  i t  a r e  s u p p o s e d  

t o  be  k n o w n . )  T h i s  f o r m  o f  t h e  c h a r a c t e r i s t i c  f u n c t i o n  shows 

t h a t  a l i n e a r  c o m b i n a t i o n  o f  d i s t r i b u t i o n s  w i t h  d i f f e r e n t  s c a l e  

p a r a m e t e r s  b u t  w i t h  t h e  same л  y i e l d s  a d i s t r i b u t i o n  o f  t h e  

f a m i l y  f ^  ( x )  w i t h  j u s t  t h e  same p a r a m e t e r  d  , t o o  ( a s  t h e  

c h a r a c t e r i s t i c  f u n c t i o n s  a r e  t o  be m u l t i p l i e d  i n  t h i s  c a s e ) ;  

t h a t  means t h a t  a l l  d i s t r i b u t i o n s  f ^  ( x )  a re  s t a b l e
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d i s t r i b u t i o n s .  An a n a l y s i s  o f  t h e  a n a l y t i c  f o r m  o f  t h e  c h a r a c ­

t e r i s t i c  f u n c t i o n  v a l i d  f o r  a l l  p o s s i b l e  s t a b l e  d i s t r i b u t i o n s  

( e . g .  Gnedenko and K o l m o g o r o v  1951)  shows t h a t  t h e  f a m i l y  M  

i s  e q u i v a l e n t  w i t h  t h e  c l a s s  o f  a l l  s y m m e t r i c  s t a b l e  d i s t r i b u ­

t i o n s :  t h e r e  i s  no s y m m e t r i c  e r r o r  d i s t r i b u t i o n  o u t s i d e  o f  t h e  

s u p e r m o d e l  f^4 x )  w h i c h  w o u l d  be a t  t h e  same t i m e  s t a b l e ,  t o o .

T hese  f a c t s  e x p l a i n  t h e  v e r y  s i m p l i c i t y  o f  t h e  s u p e r m o d e l  

f ^ C x ) :  i t s  o r i g i n  l i e s  much d e e p e r  t h a n  t h e  l e v e l  o f  a n y ,  a l ­

r e a d y  a t  p r e s e n t  o u t d a t e d  a s p e c t  o f  c o m p u t a t i o n  t e c h n i c s .  As i t  

w i l l  be shown t h e  p r o b l e m  o f  t h e  dependence  can  be t r e a t e d  i n  a 

c o n c i s e  o r  " p u r e "  wa y ,  i . e .  w i t h o u t  open o r  i m p l i e d  a d d i t i o n a l  

a s s u m p t i o n s .

2 . 2  G e n a r a t i o n  o f  a dependence  o f  a g i v e n  measure

I n  t h p  ' f n l l o w i n g  a f i x e d  cC - v a l u e  and a p r e - s e l e c t e d  d e ­

f i n i t i o n  o f  t h e  s c a l e  p a r a m e t e r  ( t h e  l a t t e r  c o n s e q u e n t l y )  w i l l  

be u s e d .  T h i s  d e f i n i t i o n  o f  t h e  s c a l e  p a r a m e t e r  may be any i n -  

t e r q u a n t i l e  s e m i - r a n g e  ( e . g .  t h e  i n t e r - q u a r t i l e  o r  i n t e r - s e x -  

t i l e  s e m i - r a n g e ) ,  d i h e s i o n  ( d e f i n i t i o n  a t  S t e i n e r  1 988 )  o r  any 

o t h e r  r e s i s t a n t  p a r a m e t e r .  (Th e  s c a t t e r  as s c a l e  p a r a m e t e r  can 

be u s e d  i n  t h i s  f a m i l y  f ^ ( x )  o n l y  i f  oC = 2 , as i t  i s  i n f i n i t e  

f o r  a l l  oC < 2 ,  see G n e d e n k o  and K o l m o g o r o v  ( 1 9 5 1 ) .  The d a n ­

g e r s  o f  t h e  use o f  t h e  s c a t t e r  as s c a l e  p a r a m e t e r  w ere  s t r e s s e d  

b y  S t e i n e r  ( 1 9 8 2 ) ,  e v e n  i n  ca se  o f  a f i n i t e  s c a t t e r . )

L e t  us c o n s i d e r  f r o m  foC ( x ) -  s w i t h  a g i v e n  л  t h e  d i s t r i ­

b u t i o n  -  w i t h  t h e  same a s p e c t  o f  s i m p l i c i t y  i n  v i e w  -  w h i c h  has 

a u n i t  . s c a l e  p a r a m e t e r  S. T h i s  d i s t r i b u t i o n  i s  v a l i d  f o r  b o t h  

r a n d o m  v a r i a b l e s  Ç and  £ ; i n  t h i s  c a s e ,  t h e  random v a r i a b l e

%  = rÇ + (1 -  M ^ ) 17^  ( - 1  < г  < 1 ) ( 3 )

h a s  e x a c t l y  t h e  same d i s t r i b u t i o n .  ( I f  a s t r e c h i n g  o f  s - t i m e s  

i s  n e c e s s a r y  t o  g e t  a u n i t  s c a l e  p a r a m e t e r  S, t h e  c h a r a c t e r i s t i c  

f u n c t i o n  o f  г  Ç i s  exp  ( -  I r l ^ l s t K  / ) and t h a t  o f  t h e  second  

t e r m  on t h e  r i g h t  s i d e  o f  Eq .  ( 3 )  i s  exp ( - (  1 -  I r l ^  ) I s t l ”0 /oO , 

t h u s  t h e  p r o d u c t  o f  t h e s e ,  i . e .  t h e  c h a r a c t e r i s t i c  f u n c t i o n  o f  

i s  exp ( -  l s t | ^  /dO and  t h i s  i s  e x a c t l y  t h e  same,  as t h o s e  o f
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Çand o f  Ç . )

E q u a t i o n  ( 3 )  d e s c r i b e s  t h e  p o s s i b l e  s i m p l e s t  c o n n e c t i o n  

i . e .  t h e  p r o p o r t i o n a l i t y  be tween  7  and  Ç . N a t u r a l l y  t h i s  

p r o p o r t i o n a l i t y  w i t h  t h e  f a c t o r  г  i s  o n l y  one com ponent  o f  7  

t h e  o t h e r  co m ponen t  i s  a f u l l y  i n d e p e n d e n t  s t a t i s t i c a l  n o i s e  

E q u a t i o n  ( 3 )  p r o d u c e s  r e a l l y  v e r y  s i m p l y  a dependence  o f  a 

c e r t a i n  l e v e l .

3 .  DETERMINATION OF THE VALUE OF г

3.1 D e t e r m i n a t i o n  o f  t h e  l o c a t i o n  p a r a m e t e r .  The 

e i f e c t i v i t y  o f  t h e  c o m p u t a t i o n  o f  t h e  g e n e r a l  most  f r e q u e n t  

v a l u e  f o r  t h e  t y p e  f a m i l y  f ^ C x )

I n  t h e  p r a c t i c e ,  t h e  d a t a  p a i r s  ( x ^  y ^ )  c o r r e s p o n d i n g  t o  

t h e  v a r i a b l e s  Ç , 7  a re  m e a s u r e d ,  and a c c e p t i n g  Eq .  ( 3 )  as

a m o d e l ,  t h e  p r o h l e m  i s  t o  d e t e r m i n e  t h e  dependence у on x ,  

i . e .  t o  d e t e r m i n e  t h e  v a l u e  o f  r .  I n  o r d e r  t o  e n s u r e  a f u l f i l l ­

ment  o f  t h e  c o n d i t i o n s  o f  Eq. ( 3 )  ( n a m e l y  z e r o  l o c a t i o n  p a r a ­

m e t e r  and u n i t  s c a l e  o a r a m e t e r ) ,  t h e  d a t a  s e t s  x^ and y^  a r e  

s t a n d a r d i z e d  s e p a r a t e l y ,  i . e .  i n  t h e  f o l l o w i n g  t h e  d a t a  s e t s

(41

a r e  u s e d .

C o n c e r n i n g  t h e  l o c a t i o n  p a r a m e t e r ,  i t  s h o u l d  be r e s i s t a n t  

s i m i l a r l y  t o  t h e  s c a l e  p a r a m e t e r ,  and  i t  i s  t h e  b e t t e r ,  t h e  

more r o b u s t  i t  i s .  T h e o r e t i c a l l y  i t  c o u l d  be p r o p o s e d  -  and 

t h i s  w o u ld  be t h e  mos t  c o n s e q u e n t  way as t h e  f a m i l y  f ^ ( x )  o f  

d i s t r i b u t i o n s  i s  ch o s e n  as s u p e r m o d e l  i n  t h e  p r e s e n t  p a p e r  -  i f  

a s u b s t i t u t i n g  d i s t r i b u t i o n  w o u ld  be s e l e c t e d  f r o m  t h e  f a m i l y  

f ^ C x )  somewhere  b e tw e e n  <£_ -  2 ( G a u s s i a n  d i s t r i b u t i o n )  and 

<£ = 1 ( C a u c h y - d i s t r i b u t i o n ) , ( s a y  <£. = 1 . 3 ) ,  and t h e n  a c c o r d ­

i n g  t o  H a j a g o s  ( 1 9 8 2 ) ,  t h e  c o r r e s p o n d i n g  e s t i m a t i o n  o f  t h e  l o ­

c a t i o n  p a r a m e t e r  w o u l d  be u s e d .  ( H a j a g o s  ( 1 9 8 2 )  gives t n e  c o n d i ­

t i o n s  when t h e  p r o p o s e d  e s t i m a t i o n  o f  t h e  l o c a t i o n  p a r a m e t e r  

c a u s e s  minimum l o s s  o f  i n f o r m a t i o n . )  T h i s  method ,  h o w e v e r ,  does
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n o t  y i e l d  a p r a c t i c a l l y  a d v a n t a g e o u s  a l g o r i t h m  f o r  t h e  d e t e r m i ­

n a t i o n  o f  t h e  l o c a t i o n  p a r a m e te r . -

L e t  us t r y  t o  use  t h e  g e n e r a l i z e d  m o s t  f r e q u e n t  v a l u e  

w h i c h  was p r o v e n  by S t e i n e r  ( 1 9 8 8 )  t o  be a p p l i c a b l e  w i t h  h i g h  

e f f i c i e n c y  t o  a w id e  r a n g e  o f  d i s t r i b u t i o n s ,  t h i s  i s  a v a l u e  

f o r  t h e  d a t a  s e t  z^  ( i  = 1 , 2 , . . .  n )  w h i c h  f u l f i l s  t h e  e q u a ­

t i o n

I
z . 

1

m  ( k £ > 2  -  <z i - V 2

к n

I. , ( k£ ) 2  + ( z . - M .  ) 2  i = l  l  k '

( 5 )

£ h a v i n g  t h e  c h a r a c t e r  o f  a s c a l e  p a r a m e t e r  f u l f i l s  t h e  f o l ­

l o w i n g  e q u a t i o n :

2
£

П <z i - Mk > 2

к  U2 * < w 2]2 и 2

Iír, P2 * < V V 2J2

( 6 )

( I t  i s  e x a c t l y  i d e n t i c a l  w i t h  t h e  d i h e s i o n  i n  a s y m m e t r i c a l  

c a s e ,  i n  an a s y m m e t r i c  c a s e  i t  i s  a p p r o x i m a t e l y  e q u a l  w i t h  i t . )

I h e  o n l y  p r o b l e m  i n  t h e  d e t e r m i n a t i o n  o f  i s  t h e  c h o i c e  

o f  t h e  v a l u e  k .  I h e  c h o i c e  depends on t h e  c o n d i t i o n  w h e t h e r  t h e  

v a l u e  o f  (A i n  t h e  g i v e n  measu rem en t  s i t u a t i o n  i s  known o r  n o t  

i n  t h e  sense  t h a t  f ^ ( x )  w i t h  t h i s  oC i s  t h e  b e s t  model  f r o m  

t h e  f a m i l y  f ^ ( x ) .  I f  i t -  i s  unknown ( a n d  p e r h a p s  t h i s  i s  th e  

m o r e  f r e q u e n t  s i t u a t i o n ) ,  t h e n  a c c o r d i n g  t o  S t e i n e r  ( 1 9 8 8 ) ,  

к  = 2 s h o u l d  be c h o s e n .  I n  t h i s  case  t h e  e f f i c i e n c y  o f  t h e  d e ­

t e r m i n a t i o n  o f  i n  f u n c t i o n  o f  oC c o r r e s p o n d s  t o  t h e  f u l l  

c u r v e  i n  F i g .  3,  a t  at = 1 , 5 ,  t h e  maximum e f f e c t i v i t y  i s  9 9 . 5  

p e r c e n t ,  and even a t  t h e  ends o f  t h e  i n t e r v a l s  ( a t  cC = 1 and 

o( -  2 )  i t  d e c r e a s e s  o n l y  t o  90 p e r c e n t .  I h e  c o m p u t a t i o n  o f  t h e  

e f f i c i e n c i e s  d e n o t e d  by e was c a r r i e d  o u t  a c c o r d i n g  t o  t h e  

f o r m u l a
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e =
_d

40
э f <A( x ) dx

Л  X 2
f rf.<x > dx

-CO
( 4 t 2 . * 2 ) 2

( 7 )

4£ 2 - x 2 

(4£ 2  + x 2 ) 2  V
f / ( x )  dx

The m u l t i p l e  f r a c t u r e  has n o t  been  r e - a r r a n g e d ,  i n  o r d e r  t o  

show c l e a r l y  i n  t h e  n o m i n a t o r  t h e  w e l l - k n o w n  C r a m é r - R a o - l i m i t  

( t h e  r e c i p r o c a l  o f  t h e  F i s c h e r - i n f o r m a t i o n ) , and i n  t h e  d e n o m i ­

n a t o r ,  t h e  a s y m p t o t i c  v a r i a n c e  b e l o n g i n g  t o  к = 2  ( i . e .  М2 ) 

( s e e  S t e i n e r  1 9 8 8 ) .  The c u r v e  o f  t h e  C r a m é r - R a o  l i m i t  i s  shown 

i n  F i g .  4 ( h e r e  t h e  l i m i t  i s  i n t e r p r e t e d  as min imum a s y m p t o t i c  

s c a t t e r )

I f  t h e  v a l u e  c o r r e s p o n d i n g  a d e q u a t e l y  t o  t h e  g i v e n

p r o b l e m  i s  known,  t h e n  t h e  e f f i c i e n c y  can  be f u r t h e r  i m p r o v e d .  

By s u b s t i t u t i n g  к i n t o  Eq.  ( 7 )  f o r  t h e  t h r e e  numbers  " 4 " ,  e 

g i v e s  t h e  e f f i c i e n c y  o f  t h e  c o m p u t a t i o n  o f  f o r  t h e  a c t u a l

v a l u e  o f  k .  The o p t i m u m  к ( к  .j.) can  be f o u n d  t h e r e f o r e  t o  each

w i t h  w h i c h  t h e  d e t e r m i n a t i o n  o f  has  t h e  h i g h e s t  e f f i ­

c i e n c y .  The c u r v e  o f  t h e s e  v a l u e s  к ^ i s  shown i n  F i g .  5 ,  t h p  

e f f i c i e n c i e s  d e t e r m i n e d  w i t h  t h e  a c t u a l  к  ^ v a l u e s  i n  F i g .  3 

a r e  shown by dot ted  l i n e .  The l a t t e r  c u r v e  i s  i n  t h e  w h o l e  ran ge  

s t u d i e d  so n e a r  t o  1 0 0  p e r c e n t  t h a t  i x  shows c l e a r l y  t h e  c l o s e  

c o n n e c t i o n  b e tw e e n  t h e  s u p e r m o d e l  f ^ x )  and t h e  t y p e  f a m i l y

f a ( x ) '

3 . 2  D e f i n i t i o n  o f  t h e  v a l u e s  S ' a n d  S . P o i n t s  c o r r e s p o n d i n g  

t o  v a l u e s  (r ,oC) on t h e  p l a n e  (S , S+ )

A c c o r d i n g  t o  t h e  p r e v i o u s  s e c t i o n ,  t h e  l o c a t i o n  p a r a m e t e r  

i s  e s t i m a t e d  w i t h  t h e  op t i mu m M^ o r  (a n d  t h i s  may be t h e  more 

f r e q u e n t  c a s e )  M2  i s  used  f o r  t h i s  p u r p o s e .  I n  xhe f o l l o w i n g  

t h e  i n d e x  2 i s  o m i t t e d  f r o m  M i f  i t  i s  co m p u t e d  u s i n g  к  = 2 ,  

and t h e  c o r r e s p o n d i n g  v a l u e  f o r  t h e  s e t  x^ i s  d e n o t e d  by M^,
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F i g .  3. E f f e c t i v i t y  o f  the  most f requent value c a l c u la t io n s  i n  the type 
fami ly  foc (x )  a t  к  = 2  ( f u l l  l i n e ) ,  and using the ac tu a l  optimum 
к (k0p t )

Cramér-Rao bound

F ig .  4. Minimum asympt o t i c  sca t te rs  f o r  the type fam i l y  f ^  (x )



LINEAR DEPENDENCE 427

F ig .  5. Optimum к (кдр^) f o r  the  type 
fa m i l y  f ^  ( x ;

f o r  t h e  s e t  y^ by My -  t h e s e  two  q u a n t i t i e s  a r e  t h u s  t h e  q u a n ­

t i t i e s  and Ту,  as d e n o t e d  g e n e r a l l y  i n  Eq. ( 4 ) .  On t h e  o t h e r  

hand  i f  a r e s i s t a n t  s c a l e  p a r a m e t e r  i s  ch o s e n  -  w h i c h  c a n  be 

t h e  v a l u e s  £ and c , b e i n g  a t  d i s p o s a l  f r o m  t h e  r e s u l t s  o fX у

t h e  c o m p u t a t i o n s  o f  M, o r  t h e  i n t e r q u a r t i l e  s e m i r a n g e s  and 

Qy o f  t h e  samp le s  -  t h e n  t h e r e  i s  no more p r o b l e m  w i t h  t h e  

s t a n d a r d i z a t i o n  o f  t h e  s e t s  and y ^ .  I f  t h e  l a t t e r  s c a l e  p a ­

r a m e t e r  i s  c h o s e n ,  t h e  s i m p l e  t r a n s f o r m a t i o n s

( 8 )

a r e  t o  be c a r r i e d  o u t .

A f t e r  t h e s e  p r e p a r a t i o n s  t h e  o r i g i n a l  q u e s t i o n  can  be p u t :  

how does  i n d i c a t e  t h e  s e t  o f  d a t a - p a i r s  x ^ ,  y^ t a k e n  f r o m  t h e  
s a m p l i n g  o f  t h e  random v a r i a b l e s  Ç , "'l t h e  dependence  o r
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i n d e p e n d e n c e  o f  y ^ - s  f r o m  t h e  x ^ - s ?

A t  t h i s  p o i n t  i t  i s  e s p e c i a l l y  i m p o r t a n t  t o  choose  t h e  

m o s t  s i m p l e  way -  and  e v e n  t h e  f a c t  s h o u l d  be o m i t t e d  t h a t  i f  

c e r t a i n  c o n d i t i o n s  a r e  f u l f i l l e d ,  Eq.  ( 1 )  g i v e s  an a c c e p t a b l e  

m e a s u r e  o f  t h e  d e p e n d e n c e .  ( T h a t  means c h a t  i t  w ou ld  be m i s ­

l e a d i n g  t o  t e s t  some s e e m i n g l y  o b v i o u s  g e n e r a l i z a t i o n s  o f  Eq.

( 1 ) by  s o l v i n g  o u r  g e n e r a l l y  s e t  p r o b l e m . )

I f  Ç and 'ч  h a v e  i n d e p e n d e n t  and s y m m e t r i c a l  d i s t r i b u ­

t i o n s ,  t h e  d i s t r i b u t i o n s  o f  (Ç + ) and  o f  (Ç  -  ^  ) w i l l  c o i n ­

c i d e ,  i . e .  t h e  s c a l e  p a r a m e t e r  o f  t h e  d i f f e r e n c e s  ( x ^  -  у ^ ) 

d e n o t e d  by Sx _y c o i n c i d e s  ( i n  c o r r e s p o n d e n c e  t o  t h e  p r e v i o u s  

d i s c u s s i o n  e . g .  t o  t h e  i n t e r q u a r t i l e  s e m i - r a n g e )  w i t h  t h e  

s c a l e  p a r a m e t e r  o f  Sx + y o f  ( x ^  + y ^ ) ,  c o m p u t e d  i n  a s i m i l a r  

w a y ,  n a t u r a l l y ,  w i t h  some s t a t i s t i c a l  n o i s e .  (T hese  n o i s e s  w i l l  

be shown i n  t h e  f o l l o w i n g  by M o n t e - C a r l o  e x a m p l e s . )

I f  t h i s  a p p r o x i m a t i v e  c o i n c i d e n c e  i s  n o t  t h e  c a s e ,  t h e r e  

i s  no in d e p e n d e n c e  -  i n  such  a case  one  o f  t h e  s c a l e  p a r a m e t e r s  

Sx + y and Sx _y w i l l  be g r e a t e r  th a n  t h e  o t h e r .

L e t  us d e n o t e  i n  t h e  f o l l o w i n g  t h e  s m a l l e r  o f  t h e  s c a l e  

p a r a m e t e r s  by S , t h e  g r e a t e r  by S+ . I f  t h e  dependence  i s  c l o s e  

( I г  I i n  Eq. ( 3 )  i s  h i g h ) ,  t h e n  an S - v a l u e  s i g n i f i c a n t l y  l e s s  

t h a n  1 i s  e x p e c t e d .  ( I n  case o f  г  = 1 , t h e  s e t  o f  t h e  d i f f e r ­

e n c e s  ( x ^  -  y ; )  c o n t a i n s  o n l y  0 - s ,  t h e r e f o r e  any d e f i n i t i o n  o f  

t h e  s c a l e  p a r a m e t e r  y i e l d s  Sx _y = 0 . )

A t  a f i r s t  g l a n c e  i t  seems t o  be s u f f i c i e n t  t o  d e t e r m i n e  

t h e  v a l u e s  o f  S t o  be a b l e  t o  c o n c l u d e  t o  r .  As S_ i s  t h e  s m a l ­

l e r  o f  t h e  v a l u e s  Sx + y and Sx _y , t h e  s i g n  o f  г  i s  a l s o  a v a i l ­

a b l e :  i f  S = Sx _ y , г  i s  p o s i t i v e ,  i f  S~ = Sx + y , г  i s  n e g a t i v e .

C o n c e r n i n g  t h e  a b s o l u t e  v a l u e  o f  r ,  S~ does n o t  o n l y  

d e p e n d  on i t ,  b u t  a l s o  on cC . U s i n g  t h e  c h a r a c t e r i s t i c  f u n c ­

t i o n s  o f  f ^ ( x ) ,  t h e  e q u a l i t i e s

S = [ 0 - l r | ) oC + ( 1 - 1  rl  ^  ) ]  1 V  

S+ = C ( l + l r l  )<*■ + ( 1 -  l r l rf- - ) ] 1 oC
( 9 )

ca n  be e a s i l y  p r o v e d  w h i c h  c o r r e s p o n d  on t h e  p l a n e  (S , S+ ) t o  

t h e  s y s t e m  o f  c u r v e s  | r |  = c o n s t  and оC = c o n s t  ( s e e  F i g .  6 a ) .
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F ig .  6 a. I l l u s t r a t i o n  o f  the s imul taneous determinat ion  o f  г  and dL. The 
po i n ts  of  the c l u s te rs  are obtained from Monte-Carlo t r i a l s

I f  I r l  i s  n e a r  t o  1,  t h e  d e t e r m i n a t i o n  o f  I r l  f r om  t h e  d a t a  

p a i r  ( S " s S+ ) i s  by no means u n a m b i g u o u s  ( s e e  t h e  m a g n i f i e d  

F i g .  6 b ) ,  n o t  even i n  case  o f  l a r g e  n .  O t h e r w i s e  t h e  d e t e r m i n a ­

t i o n  o f  | r |  i s  unamb ig uous  ( d i s r e g a r d i n g  s t a t i s t i c a l  e r r o r s )  

even  i f  t h e  v a l u e  o f  oC i s  unkn own .  I f  t h e  v a l u e  o f  cC i s  

kn o w n ,  | r |  can  be d e t e r m i n e d  u n a m b i g u o u s l y  even i f  i t s  v a l u e  i s  

n e a r  t o  1 .
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F ig .  6 b. Bottom magni f ied p a r t  o f  F ig .  6 a

3 . 3  R e s u l t s  o f  t h e  M o n t e - C a r l o  e x p e r i m e n t s  f o r  t h e  

d e t e r m i n a t i o n  o f  г

I n  t h i s  s e c t i o n ,  e x p e r i m e n t s  f o r  t h e  d e t e r m i n a t i o n  o f  г  

a r e  p r e s e n t e d  f o r  t h e  f o l l o w i n g  f o u r  p a i r s  o f  p a r a m e t e r s :  

г  = 0 . 2  w i t h  </ = 0 . 7 5  and oC = 1 . 8 ;  г  = 0 w i t h  oC = 1 . 2 ;  

and  г  = 0 . 6  w i t h  oC = 1 . 5 .  Based on Eq .  ( 3 ) ,  1000 r a n d o m l y  

s e l e c t e d  d a t a  p a i r s  o f  x^ and were  g e n e r a t e d ,  t h e  mos t  f r e  

q u e n t  v a l u e s  o f  x^ and y^  were co m p u t e d  ( w i t h  к = 2 ) ,  and t h e  

e m p i r i c a l  i n t e r q u a r t i l e  s e m i - r a n g e  has  be e n  a c c e p t e d  as s c a l e  

p a r a m e t e r .  U s in g  t h i s  p a r a m e t e r ,  t h e  d a t a  s e t s  o f  x^ and o f  у 

h a v e  been  s t a n d a r d i z e d  ( E q .  8 ) ,  t h e n  t h e  i n t e r q u a r t i l e  s e m i -  

- r a n g e  o f  t h e  s e t s  o f  t h e  sums and d i f f e r e n c e s  fo r med  (S and 

S+ ) .  The v a l u e s  o f  I г  I and JL have  bee n  d e t e r m i n e d  f r o m  Eq. 

( 9 )  .

The v a l u e s  S and  S+ have been p l o t t e d  as s m a l l  c i r c l e s  

i n  t h e  p l a n e  S” , S+ o f  F i g .  6 a. By r e p e a t i n g  50 t i m e s  t h i s
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p r o c e d u r e  f o r  a g i v e n  p a i r  o f  v a l u e s  ( r ,  <£. ) i n f o r m a t i o n  i s  

o b t a i n e d  a b o u t  t h e  a c c u r a c y  o f  t h e  d e t e r m i n a t i o n  o f  t h e  d a t a  

p a i r  ( r ,  oC ) f o r  a g i v e n  n.

The c l u s t e r s  o f  p o i n t s  i n  F i g .  6 a g i v e  e v i d e n c e  f o r  t h e  

a p p l i c a b i l i t y  o f  t h e  m e t h o d .

3 . 4  A p p r o x i m a t i v e  d e t e r m i n a t i o n s  o f  г

I t  has been shown t h a t  f o r  any d i s t r i b u t i o n  o f  t h e  s u p e r -  

mode l  4 б ( х )  (w i th  a s c a t t e r  shown by t h e  M o n t e - C a r l o  e x p e r i m e n t s ,  

and d e p e n d i n g  on n )  t h e  d a t a  p a i r s  S_ and S+ y i e l d  u n a m b i g u o u s ­

l y  t h e  v a l u e  o f  l r |  t i l l  a l i m i t  o f  I r I ~  0 . 8  ( a t  h i g h e r

v a l u e s  o f  I r I , i t  y i e l d s  an i n t e r v a l )  w i t h o u t  t h e  k n o w l e d g e  o f  

<£ , i . e .  o f  t h e  t y p e  o f  t h e  d i s t r i b u t i o n .

F o r  a p r a c t i c a l  c o m p u t a t i o n ,  t h e  s o l u t i o n  o f  Eq. ( 9 )  i s  t o  

be p ro g ra mm ed ;  t h i s  p rogramme i s  n o t  t o o  d i f f i c u l t ,  b u t  i t  i s  

by no means a r o u t i n e  t a s k .  T h e r e f o r e ,  i f  somebody w a n t s  t o  

know t h e  c o n n e c t i o n  be tw een  two  p h y s i c a l  q u a n t i t i e s  a p p r o x i ­

m a t e l y  ( a n d ,  on t h e  o t h e r  h a n d ,  o n l y  o c c a s i o n a l l y ) ,  i t  i s  p o s ­

s i b l e  t h a t  he s h o u l d  l i k e  t o  s p a r e  t h i s  p r o g r a m m i n g  and p r e f e r s  

t o  use  some a l t e r n a t i v e  s i m p l i f i e d  m e t h o d .  T h a t  i s  why we c o n ­

s i d e r  i n  t h e  f o l l o w i n g  such  s i m p l i f i c a t i o n s  and some s i m p l e r  

c a s e s  -  and t h e i r  s t u d i e s  p r o v e s  t o  be u s e f u l  f r o m  o t h e r  p o i n t s  

o f  v i e w ,  t o o .

The s i m p l e r  c a s e  i s  i f  oC i s  a p r i o r i  known ( f r o m  p r e v i ­

o u s l y  made m e a s u r e m e n ts  u n d e r  s i m i l a r  c o n d i t i o n s ) .  Then by t a k ­

i n g  t h e  - t h  p ow e r  o f  Eq. ( 9 )  and s u b s t r a c t i n g  them t h e  f o l ­

l o w i n g  r e s u l t s  i s  o b t a i n e d :

( S + ) cC -  ( S - ) ^  = ( l + l r l ) * -  ( 1 -  | r |  ) oC . ( 1 0 )

As t h e r e  a re  l i b r a r y  p rogrammes 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 o o t s  o f  e q u a t i o n s  w i t h  one unknown,  Eq. (10) can be e a s i l y  

s o l v e d .  N e v e r t h e l e s s ,  and a p p r o x i m a t i v e  f o r m u l a  f o r  I г I i s  

g i v e n  h e r e :

г
(S + K  - (S " ) *  

2
( i n
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( I t  s h o u l d  be r e - e m p h a s i z e d  t h a t  t h e  d e f i n i t i o n  o f  t h e  s c a l e  

p a r a m e t e r  i s  a r b i t r a r y ,  t h e  u s e r  may ch o o s e  t h e  i n t e r - q u a r t i l e  

s e m i - r a n g e  o r  any o t h e r  -  t h e  o n l y  c o n d i t i o n  t o  be f u l f i l l e d  i s  

t h a t  i f  t h e  d e f i n i t i o n  i s  a p p l i e d  d i r e c t l y  t o  a d i s t r i b u t i o n  

i t s e l f ,  a f i n i t e  v a l u e  s h o u l d  be o b t a i n e d . )

E q u a t i o n  ( 1 1 )  y i e l d s  | r |  v a l u e s  somewhat g r e a t e r  t h a n  t h e  

r e a l i s t i c  on es ,  b u t  t h e  maximum d e v i a t i o n  i s  o n l y  0 . 0 2 6 8  ( a t  

c<L = 1 . 4 2 5  and a t  | r |  = 0 . 6 3 ) ,  m e a n i n g  a d e v i a t i o n  o f  4 . 3  p e r ­

c e n t .  The maximum o f  t h e  p e r c e n t u a l  e r r o r  i s  o n l y  6  p e r c e n t  ( a t  

d i = 1 .4 4  and Iг  I —■ 0 ) ;  t h i s  means a d e v i a t i o n  e . g .  a t  г  % 0.1 

o f  some 10~^ p a r t s .  ( I n  an i t e r a t i v e  s o l u t i o n  o f  Eq. ( 9 ) ,  t h e  

a p p r o x i m a t i v e  v a l u e  | r |  y i e l d e d  by Eq.  ( 1 1 )  can be used  as an 

i n i t i a l  v a l u e  f o r  a s u b s e q u e n t  p a r t  o f  t h e  i t e r a t i o n  | r |  w i t h  

t h e  n e x t  v a l u e  o f  1  . )

E q u a t i o n  ( 1 1 )  y i e l d s  a c c u r a t e  v a l u e s  a t  at = 2 and cC = 1:

( S + ) 2 -  ( S " ) ' i f oi = 2 ( 1 2 )

i f  oC = 1 . ( 1 3 )

I n  Eq.  ( 1 2 ) ,  b e i n g  v a l i d  f o r  t h e  G a u s s i a n  d i s t r i b u t i o n ,  

t h e  e m p i r i c a l  s c a t t e r  c a n  a l s o  be c h o s e n  ( b u t  o n l y  h e r e ) ;  i t  i s  

e a s y  t o  show t h a t  i n  s u c h  a way Eq. ( 1 )  i s  o b t a i n e d .  ( I t  s h o u l d  

be re m e m b e re d  t h a t  a c c o r d i n g  t o  o u r  c o n v e n t i o n  b o t h  t h e  s e t s  x^ 

and  y ^  a r e  t r a n s f o r m e d  t o  make a u n i t  s c a l e  p a r a m e t e r . )  I t  f o l ­

l o w s  t h a t  even i f  i t  i s  e n s u r e d  i n  an a c t u a l  case  t h a t  t h e  

d i s t r i b u t i o n  i s  v e r y  n e a r  t o  t h e  G a u s s i a n  o ne ,  t h e  use o f  Eq.  

( 1 2 )  i s  p r o p o s e d  i n s t e a d  o f  Eq.  ( 1 ) ,  t o o ,  f r o m  t h e  p o i n t  o f  

v i e w  o f  r e s i s t a n c e :  i n  t h e  exa m p le  o f  t h e  I n t r o d u c t i o n  c o n t a i n ­

i n g  a s i n g l e  o u t l i e r  ( F i g .  1 )  i f  t h e  i n t e r q u a r t i l e  s e m i - r a n g e  

i s  a c c e p t e d  as s c a l e  p a r a m e t e r  (a nd  f o r  s i m p l i c i t y ,  t h e  m e d ia n  

as l o c a t i o n  p a r a m e t e r ) ,  Eq.  ( 1 2 )  y i e l d s  г  = 0 . 0 4 0  and a c c o r d i n g  

t o  t h e  M o n t e - C a r l o  r e s u l t s ,  t h i s  v a l u e  d i f f e r s  f r o m  t h e  c o r r e c t  

г  = 0 o n l y  due t o  s t a t i s t i c a l  n o i s e .  E q u a t i o n  ( 1 2 )  g i v e s  t h e r e ­

f o r e  c o r r e c t  i n f o r m a t i o n  a b o u t  t h e  v a l u e  o f  г  even  i f  Eq.  ( 1 )  

y i e l d s  t h e  v a l u e  г  = 0 . 9 8 9 ,  b e i n g  i n  t h e  a c t u a l  case  c o m p l e t e l y



LINEAR DEPENDENCE 433

i r r e a l i s t i c .  E q u a t i o n  ( 1 2 )  can be c o n s i d e r e d  f o r  G a u s s i a n  d i s ­

t r i b u t i o n s  (a n d  f o r  d i s t r i b u t i o n s  b e i n g  n e a r  t o  t h e  G a u s s i a n  

o n e )  as a r e s i s t a n t  g e n e r a l i z a t i o n  o f  Eq.  ( 1 ) .  The m e a s u r e  o f  

d e p endence  i n t r o d u c e d  a c c o r d i n g  t o  Eq .  ( 3 ) ,  i s  r i g h t l y  c o n s i d ­

e r e d  -  i n  a more g e n e r a l  sense  -  as a measure  o f  t h e  c o r r e l a ­

t i o n  ( c o r r e l a t i o n  c o e f f i c i e n t ) .

I n  e x t r e m e  c a s e s  -  e . g .  i n  t h e  c a s e  o f  L  -  0 . 7 5  o f  t h e  

d i s t r i b u t i o n  f ^ ( x )  w h ic h  i s  s u r e l y  e x t r e m e  f r om  t h e  p o i n t  o f  

v i e w  o f  t h e  G a u s s i a n  d i s t r i b u t i o n  -  Eq .  ( 1 2 )  may g i v e  a c o m p u t ­

ed г  v a l u e  b e i n g  somewhat  g r e a t e r  t h a n  1 i f  t h e  t r u e  I г  I v a l u e  

i s  a l s o  n e a r  t o  u n i t  -  b u t  Eq. ( 1 2 )  n e v e r  y i e l d s  i r r e a l i s t i c  

v a l u e s  as г  = 0 . 9 8 9  i n  case  o f  i n d e p e n d e n t  v a r i a b l e s .  As t h i s  

p a p e r  show s,  t h e  p r e s e n t  a u t h o r s  c o n s i d e r  t h e  p r o b l e m  o f  t h e  

d e t e r m i n a t i o n  o f  г  as a t w o - v a r i a b l e  p r o b l e m  even i n  t h e  f r a m e ­

w o rk  o f  t h e  s u p e r m o d e l  î ^ ( x ) . Even i f  s i m p l i f i c a t i o n s  a r e  a l ­

l o w e d ,  i t  s h o u l d  n o t  be e x p e c t e d  t h a t  a f o r m u l a  g i v e  c o r r e c t  

v a l u e s  f o r  = 0 . 7 5 ,  i f  i t  y i e l d s  c o r r e c t  v a l u e s  a t  = 2 : 

t h e  s t r o n g l y  d i f f e r e n t  c h a r a c t e r  o f  t h e  two  d e n s i t y  f u n c t i o n s  

( F i g .  9 )  makes such  an e x p e c t a t i o n  i r r e a l i s t i c .  (Some f u r t h e r  

r e m a r k s  w i l l  f o l l o w  a t  t h e  end o f  t h e  p r e s e n t  pape r  i n  c o n n e c ­

t i o n  w i t h  t h e  i n t e r p r e t a t i o n  o f  F i g .  8 . )

As a r o u g h  a p p r o x i m a t i o n ,  a f o r m u l a  i s  g i v e n  f o r  t h e  c a s e  

when t h e  v a l u e  ot d e f i n i n g  t h e  t y p e  o f  t h e  d i s t r i b u t i o n  i s  

c o m p l e t e l y  unknown and a q u i c k  o r i e n t a t i o n  i s  n e c e s s a r y  a b o u t

-  S~

2 \ Í2

F i g u r e  7 shows t h e  v a l u e s  c o m p u t e d  f r o m  Eq. ( 7 ) a s  c o m p u t e d  

r - s  ( r  ) v s .  t h e  t r u e  v a l u e s  o f  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  

( d e n o t e d  h e r e  by r ^  ) .  The c u r v e  b e l o n g i n g  t o  oC = 1 .5  i s  n e a r l y  

a s t r a i g h t  l i n e  o f  45°  -  b u t  t h i s  i s  h a r d l y  s u r p r i s i n g  f r o m  a 

c o m p a r i s o n  o f  Eqs ( 1 4 )  and ( 1 1 ) ,  and  f r o m  what has been  s a i d  

a b o u t  t h e  l a t t e r .  E q u a t i o n  ( 1 4 )  g i v e s  an r  v a l u e  l e s s  t h a n  t h e  

c o r r e c t  r ^ ,  as a maximum by 0 . 0 8  ( a n d  by 1 2  p e r c e n t ,  r e s p e c ­

t i v e l y )  f o r  t h e  G a u s s i a n  d i s t r i b u t i o n ,  f o r  t h e  C a u c h y - d i s t r i b u -  

t i o n  t h i s  v a l u e  can  be g r e a t e r  by maximum 0 . 1 5  th a n  t h e  c o r r e c t

n/F ( 1 4 )
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F ig .  7.  E rrors  due to  the approximative fo r m u la ,  Eq. (14) (r-j- i s  the t r ue  
c o r r e l a t i o n  c o e f f i c i e n t ,  r c i t s  computed value)

2  ? 
. _(S+)- (S T  
Гс " 4

F ig .  8 . E rrors  w i t h  the approximat ive fo rm u l a ,  Eq. (12) ( г -j- and r c as in  
F ig .  7 ) .  This f i g u r e  explains why the  c o r r e l a t i o n  c o e f f i c i e n t  i s  
o f ten  h igher  than expected or  es t imated
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г - v a l u e .  I t  s h o u l d  be added t h a t  Eq.  ( 1 4 )  g i v e s  c o r r e c t  r e s u l t s  

a t  d i s t r i b u t i o n  t y p e s  f ^ C x )  w h i c h  a r e  n e a r  t o  t h e  d i s t r i b u t i o n s  

o f  d a t a  r e s u l t i n g  f r o m  v e r y  c a r e f u l l y  made mea su re men ts  ( s e e  

t h e  d e f i n i t i o n  o f  t h e  J e f f r e y s - i n t e r v a l  g i v e n  by S t e i n e r  ( 1 9 8 8 ) ;  

see  a l s o  t h e  D e f f r e y s - q u o t a t i o n  i n  K e r é k f y  ( 1 9 7 8 ) ) .

L e t  us r e t u r n  t o  Eq.  ( 1 2 )  b e i n g  i n  case  o f  t h e  G a u s s i a n  

d i s t r i b u t i o n  a r e s i s t a n t  fo r m  o f  Eq.  ( 1 ) ,  and l e t  us s e e  w h a t  

r c v a l u e s  w o u ld  be o b t a i n e d  by i t ,  i f  t h i s  f o r m u l a  w o u l d  be 

u n i v e r s a l l y  a c c e p t e d .  I h e  r c v a l u e s  computed by Eq. ( 1 2 )  a r e  

shown v s .  t h e  t r u e  v a l u e  r ^  i n  F i g .  8 . The f o r m u l a  i s  c o r r e c t ,  

as m e n t i o n e d ,  f o r  oC = 2 ,  t h u s  t h e  c o r r e s p o n d i n g  c u r v e  i s  a 45 °  

s t r a i g h t  l i n e .  Fo r  s m a l l e r  o i - s ,  t h e  r e v a l u e s  c o m p u t e d  f r o m  

Eq. ( 1 2 )  ( i . e .  s u p p o s i n g  a G a u s s i a n  d i s t r i b u t i o n )  a r e  i n  an i n ­

c r e a s i n g  r a t e  h i g h e r  t h a n  t h e  r e a l i s t i c  г  ( r ^ )  v a l u e s :  r c may 

be g r e a t e r  t h a n  0 . 9  ( i n  case  o f  t h e  C a u c h y - d i s t r i b u t i o n ) , i f  

r ^  = 0 . 7 ;  o r  r c i s  n e a r l y  0 . 5  i n  c a s e  o f  oC = 0 .7 5  i f  r .  

e t c .  (T he  d e n s i t y  f u n c t i o n  f o r  <£ = 0 . 7 5  i s  shown

iw

l I í i 2 r ;

F ig .  9. The curve f  x) corresponding t o  <£ = 0.75 compared t o  the 
densi t y  func i o f  the Gaussian d i s t r i b u t i o n
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i l l u s t r a t e  t h e  d i f f e r e n c e ,  t h e  G a u s s i a n  d e n s i t y  f u n c t i o n  i s  

a l s o  p l o t t e d . )  The d e v i a t i o n s  o f  t h e  a c t u a l  d i s t r i b u t i o n s  f r o m  

t h e  G a u s s i a n - one r e s u l t  i n  c o r r e l a t i o n  c o e f f i c i e n t s  b e i n g  much 

h i g h e r  t h a n  t h e  c o r r e c t  ones -  and t h i s  r e m i n d  us a t  many c a s e s  

f r o m  t h e  p r a c t i c e ,  when Eq. ( 1 )  gave  t o o  h i g h  c o r r e l a t i o n  c o e f ­

f i c i e n t s  even i f  a v i s u a l  i n s p e c t i o n  d i d  n o t  c o n f i r m  t h i s  c l o s e  

c o n n e c t i o n .  Such a s i t u a t i o n  can be i n t e r p r e t e d  as a f r e q u e n t  

o c c u r r e n c e  o f  d i s t r i b u t i o n s  h a v i n g  h e a v i e r  f l a n k s  t h a n  t h e  

G a u s s i a n  d i s t r i b u t i o n .  (On t h e  o t h e r  h a n d ,  t h i s  e f f e c t  r e s u l t ­

i n g  i n  a t o o  h i g h  a p p a r e n t  г  may c a u s e  e c o n o m i c a l  and o t h e r  

c o n s e q u e n c e s  o f  d e c i s i o n s  w h ic h  were  b a s e d  on a p p a r e n t l y  v e r y  

c l o s e  c o n n e c t i o n s  b e i n g  i n  r e a l i t y  r a t h e r  p o o r  o n e s . )

These g r e a t  d e v i a t i o n s  f rom t h e  c o r r e c t  c o r r e l a t i o n  c o e f ­

f i c i e n t  re m in d  us a g a i n  a t  E i n s t e i n ' s  r e m a r k  quo te d  e a r l i e r :

" d o  e v e r y t h i n g  i n  t h e  s i m p l e s t  way , b u t  e v e n  s i m p l e r  do n o t  do 

i t " .  The a c c e p t a n c e  o f  t h e  Ga uss ia n  d i s t r i b u t i o n  as an a l w a y s  

v a l i d  g e n e r a l  m o d e l  i s  an o v e r s i m p l i f i c a t i o n ,  wh ich  i s  u n a l ­

l o w e d  i n  e a r t h  s c i e n c e s  even i n  c a s e s  i f  c o r r e l a t i o n  c o e f f i ­

c i e n t s  a r e  t o  be c o m p u t e d .

F i g u r e s  10a and  10b show th e  m e d i a n  t>f t h e  г  v a l u e s  f r o m  

d i f f e r e n t  f o r m u l a s  f o r  t h e  t h r e e  c a s e s  o f  ( r ,  dC ) c h a r a c t e r i z e d  

by г  /  0 , t h e  f u l l  r a n g e  and (by  d o u b l e  l i n e )  t h e  i n t e r q u a r t i l e  

r a n g e .  T h i s  f i g u r e s  a r e  p r e s e n t e d  p a r t l y  as su p p l e m e n t  t o  F i g .  

8 , p a r t l y  as a c o m p a r i s o n  o f  th e  r e s u l t s  o b t a i n e d  f r o m  Eqs ( 1 1 )  

and  ( 1 ) .

The u p p e r  p a r t  o f  F i g .  10a shows c a s e s  b e i n g  n e a r  t o  t h e  

G a u s s i a n  d i s t r i b u t i o n :  oC = 1 . 8 .  The d e n o m i n a t o r  o f  Eq. ( 1 )

c o n t a i n s  e m p i r i c a l  s c a t t e r s ;  t h e  S - v a l u e s  i n  Eq. ( 1 1 )  a r e  

e m p i r i c a l  i n t e r q u a r t i l e  s e m i - r a n g e s .  As i n  case  o f  a G a u s s i a n  

d i s t r i b u t i o n  t h e  a s y m p t o t i c  s c a t t e r  o f  t h e  l a t t e r  i s  by 65 p e r ­

c e n t  h i g h e r  t h a n  t h e  c o r r e s p o n d i n g  p a r a m e t e r  f o r  th e  e m p i r i c a l  

s c a t t e r  ( e . g .  H a j a g o s  and S t e i n e r  1 9 8 8 ) ,  h ence  th e  g r e a t e r  

s t a t i s t i c a l  n o i s e  i n  t h e  v a l u e s  c o m p u t e d  by  Eq. ( 1 1 )  can be 

u n d e r s t o o d .  Thus i f  i t  i s  n o t  o n l y  so much s u r e  t h a t  t h e  d i s ­

t r i b u t i o n  i s  v e r y  n e a r  t o  t h e  G a u s s i a n  on e  b u t  a l s o  t h e  o c c u r ­

r e n c e  o f  o u t l i e r s  a r e  a b s o l u t e l y  e x c l u d e d ,  t h e n  Eq. ( 1 )  may be 

a d v a n t a g e o u s l y  a p p l i e d .  I t  s h o u l d  b e ,  h o w e v e r ,  rem in ded  a t  t h e
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F ig .  10a. Systemat ic and random e r r o rs  o f  d i f f e r e n t  formulas f o r  г

> 1.5
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F ig .  10b. Systemat ic and random e r r o rs  o f  d i f f e r e n t  formulas f o r  г

v e r y  h i g h  s e n s i t i v i t y  o f  t h i s  f o r m u l a  a g a i n s t  g r o s s  e r r o r s  and 

a t  t h e  s y s t e m a t i c  d i s t o r t i o n  i n  c ase  o f  d i s t r i b u t i o n s  s i g n i f i ­

c a n t l y  d i f f e r r i n g  f r o m  t h e  G a u s s i a n  o n e ;  t h a t  i s  why t h e
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a p p l i c a t i o n  o f  Eq. ( 1 )  i s  n o t  recommended i n  mos t  p r o b l e m s  o f  

e a r t h  p h y s i c s .

The s y s t e m a t i c  d i s t o r t i o n  o f  Eq. ( 1 )  and  t h e  s i g n i f i c a n t l y  

h i g h e r  s c a t t e r  o f  t h e  v a l u e s  o b t a i n e d  by th em i s  e v i d e n t  i n  

F i g .  10b and i n  t h e  b o t t o m  p a r t  o f  F ig .  10a. The med ian  v a l u e  c o r ­

r e s p o n d i n g  t o  t h e  s i m p l e  a p p r o x i m a t i v e  f o r m u l a ,  Eq. ( 1 1 )  i n  

F i g .  10b i s  nea r  t o  t h e  g r e a t e s t  p o s s i b l e  d e v i a t i o n  o f  t h e  l a t ­

t e r  f o r m u l a  ( t h e  d e v i a t i o n  i t s e l f  i s  i n  a c c o r d a n c e  w i t h  t h e  

v a l u e s  c i t e d  a f t e r  Eq .  1 1 ) ;  t h e  d i s t o r t i o n  o f  Eq. ( 1 )  s h o u l d  be 

q u a l i f i e d  as u n a c c e p t a b l e  i n  s p i t e  o f  t h e  f a c t  t h a t  t h e  d i s t r i ­

b u t i o n  f ^ ( x )  w i t h  oC = 1 . 5  has no e x t r e m e l y  s t o n g  f l a n k s  and i t  

c a n  be c o n s i d e r e d  i n  many p r a c t i c a l  c a s e s  as a v a l i d  m o d e l .

I f  t h e  a p p r o x i m a t i o n  y i e l d e d  by Eq.  ( 1 1 )  does  n o t  f u l f i l  

t h e  a c c u r a c y  demands,  t h e  v a l u e  o f  г  s h o u l d  be d e t e r m i n e d  as a 

r o o t  o f  Eq. ( 1 0 ) .  F i g u r e  10b shows t h e  r e s u l t s  o f  t h i s  p r o p e r  

m e t h o d ,  t o o ;  t h e  r e s u l t  i s  s u r e l y  a c c e p t a b l e .  I t  c o u l d  be o b ­

j e c t e d  t h a t  Eq. ( 1 0 )  s u p p o s e s  th e  k n o w l e d g e  o f  t h e  a c t u a l  v a l u e  

o f  oC , i . e .  o f  t h e  t y p e  o f  t h e  d i s t r i b u t i o n .  I h e  b o t t o m  c l u s ­

t e r  o f  p o i n t s  i n  F i g .  6 b show s,  h o w e v e r ,  t h a t  t h e  u n c e r t a i n t y  

o f  г  does  n o t  i n c r e a s e  i n  case o f  an unknown  oC , i n  t h e  i n v e s ­

t i g a t e d  r - d o m a i n .
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DETERMINATION OF TYPE USING SAMPLE WIDTH 

L C s e rn y á k

U n iv e rs i t y  f o r  Heavy In d u s t ry ,  H-3515 Misko lc ,  Egyetemváros, Hungary 

[Manuscr ip t  received October 17, 1988]

The paper g ives se ts  o f  curves which show the  number o f  sample elements 
needed f o r  a decis ion  f o r  o r  agains t  Gaussian d i s t r i b u t i o n ,  o r f o r  or 
agains t  any o ther  d i s t r i b u t i o n  type i n  the supermodel f g( x )  a t  a given le v e l  
o f  s i g n i f i c a n c e .

Keywords: Gaussian d i s t r i b u t i o n ;  sample range; supermodel f g( x ) ;  type 
o f  a p r o b a b i l i t y  d i s t r i b u t i o n

Da ta  s e t s  i n  e a r t h  s c i e n c e s  may b e l o n g  t o  a number o f  d i f ­

f e r e n t  d i s t r i b u t i o n  t y p e s .  I t  i s  known t h a t  f r o m  t h e  ( m o s t l y  

s u p p o s e d  as s y m m e t r i c a l )  d i s t r i b u t i o n s  o n l y  t h e  G a u s s i a n  one 

(a n d  o t h e r s  v e r y  n e a r  t o  i t )  e n a b l e  us an e f f e c t i v e  use  o f  t h e  

a l g o r i t h m s  based  on t h e  L 2 - n o r m .  T h i s  p a p e r  g i v e s  a v e r y  s i m p l e  

s t a t i s t i c s  u s i n g  t h e  r a n g e  o f  t h e  s a m p le  t o  d e c i d e  i f  t h e  

G a u s s i a n  d i s t r i b u t i o n  can  be a d a p t e d  f o r  t h e  a c t u a l  d i s t r i b u ­

t i o n  ( i . e .  t r a d i t i o n a l  m e th ods  can be used  w i t h  an a c c e p t a b l e  

s t a t i s t i c a l  e f f e c t i v i t y )  o r  t h i s  h y p o t h e s i s  s h o u l d  be r e j e c t e d .

Such a s t a t i s t i c s  d e c i d e s  a g a i n s t  t h e  use  o f  t h e  G a u s s i a n  

d i s t r i b u t i o n  i n  c ase  o f  G a u s s i a n  d a t a  s e t s  c o n t a i n i n g  some 

o u t l i e r s ,  t o o ,  as t r a d i t i o n a l  metho ds  may g i v e  i n  s uch  cases  

f a l s e  r e s u l t s .

The d i s t r i b u t i o n  f u n c t i o n  o f  t h e  rand om v a r i a b l e  £ be F,  

t h e  sa m p le  c o n t a i n i n g  n e l e m e n t s  f r o m  £ : t £ • • • ,  £ •

T h e r e  a r e  many p r o c e d u r e s  t o  d e c i d e  f r o m  t h e  s a m p le  i f  t h e  

h y p o t h e s i s  a b o u t  t h e  o r i g i n a l  d i s t r i b u t i o n  F i s  c o r r e c t  o r  n o t .  

I n  t h e  p r e s e n t  p a p e r  i t  w i l l  be shown t h a t  based  on t h e  r a n g e  

o f  t h e  sample  i t  can  be r a t h e r  e f f e c t i v e l y  d i s t i n g u i s h e d  t o  

w h i c h  o t h e r  d i s t r i b u t i o n  o f  t h e  f a m i l y  t h e  s a m p le  b e l o n g s .

Acta Geod. Geoph. Mont. Hung. 24, 1989 
Akadémiai  Kiadó,  Budapest
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The su p e rm o de l  f g ( x )  ( t h e  s o - c a l l e d  g e n e r a l i z e d  S t u d e n t -  

- d i s t r i b u t i o n s )  has b e e n  i n t e n s i v e l y  s t u d i e d  by t h e  M i s k o l c  

t e a m  ( e . g .  S t e i n e r  1 9 8 8 ) .  I t  i s  d e f i n e d  by t h e  d e n s i t y  f u n c ­

t i o n s  :

H e r e  a = 2 c o r r e s p o n d s  t o  t h e  C a u c h y - d i s t r i b u t i o n , t h e  l i m i t  

d i s t r i b u t i o n  i s  a t  a -  <a ( s t a n d a r d i z i n g  t o  t h e  v a r i a n c e )  t h e  

G a u s s i a n  one.  I n  t h e  f o l l o w i n g  t h i s  f a m i l y  i s  s t u d i e d ,  i n c l u d ­

i n g  t h e  Gauss ian  ( t h e  s o - c a l l e d  n o r m a l )  d i s t r i b u t i o n ,  t o o .

Be t h e  s m a l l e s t  o f  t h e  samp le  e l e m e n t s  . . .  Çn ,

a n d  £ t h e  g r e a t e s t  among th em .  I n  such  a c ase  t h e  r a n g e  o f  

t h e  s a m p l e  i s  t h e  d i f f e r e n c e

The d i s t r i b u t i o n  f u n c t i o n  W o f  t h e  random v a r i a b l e  R can ben n
g i v e n  i n  a g e n e r a l  c a s e  as

i f  t h e  d e n s i t y  f u n c t i o n  f  e x i s t s  ( C ra m e r  19 46 ,  R é n y i  1 9 6 8 ) .  As 

n o t  e a c h  member o f  t h e  f a m i l y  f g has a f i n i t e  v a r i a n c e ,  s t a n ­

d a r d i z a t i o n  i s  made t o  t h e  i n t e r q u a r t i l e  r a n g e  ( 2 q ) ,  i . e .  t h e  

q u o t i e n t

c ( a ) ( l + x 2 ) a / 2

1 < a < oo .

f ( u ) d u  ; r  = 0

i s  b e i n g  s t u d i e d ,  w h e re

Q
f a ( x )  dx = ^  .

-q

F i g u r e s  1 t o  6  show t h e  v a l u e s  o f  R f o r  d i f f e r e n t  n - s  f o r
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w h i c h  t h e  p r o b a b i l i t i e s  0 . 0 1 ;  0 . 0 5 ;  0 . 1 ;  1 / 6 ;  1 / 4 ;  1 / 2 ;  3 / 4 ;  5 / 6 ;  

0 . 9 ;  0 . 9 5 ;  0 . 9 9  a r e  re a c h e d  by

F i g u r e  6  r e f e r s  t o  t h e  G a u s s i a n  d i s t r i b u t i o n .  I t  show s 

t h a t  e . g .  f o r  a sa m p le  h a v i n g  1 0 0  e l e m e n t s  ( l g  n = 2 ) t h e  

p r o b a b i l i t y  f o r  l g  R1 0 g / 2 q  > 0 . 6 9  i s  0 . 0 1 ,  i f  th e  s a m p l e  i s  

f r o m  a G a u s s i a n  d i s t r i b u t i o n .  Thus  i t  can  be r e j e c t e d  a t  a 

p r o b a b i l i t y  l e v e l  o f  99 p e r c e n t  t h a t  t h e  d i s t r i b u t i o n  i s  a 

G a u s s i a n  one i f  l g ( R ] Q g / 2 q )  i s  g r e a t e r  t h a n  0 . 6 9 .

F i g u r e s  7 and 8  show t h a t  t h e s e  p r o b a b i l i t y  l e v e l s  s e p a ­

r a t e  w e l l  i n  case  o f  samp le s  h a v i n g  more  th a n  1 0 0  e l e m e n t s  t h e  

S t u d e n t - d i s t r i b u t i o n s  w i t h  t h e  d e n s i t y  f u n c t i o n s  f ^ ,  f g  and  t h e  

G a u s s i a n  d i s t r i b u t i o n s .

Fo r  exa m p le  w i t h  n = 1000 ,  i f

ig
R1 000 

2q 0 . 9 7

t h e  G a u s s i a n  d i s t r i b u t i o n  can be r e j e c t e d  a t  l e a s t  a t  a l e v e l  

o f  s i g n i f i c a n c e  o f  95 p e r c e n t  ( F i g .  7 ) ,  and th e  S t u d e n t - d i s t r i ­

b u t i o n  f g  a t  a l e v e l  o f  a t  l e a s t  90 p e r c e n t  ( F i g .  8 ) .

A few  (o n e  o r  t w o )  o u t l i e r s  may s i g n i f i c a n t l y  i n f l u e n c e  

t h e  r a n g e  o f  t h e  s a m p l e .  T h e r e f o r e ,  i f  t h i s  e f f e c t  i s  t o  be 

e l i m i n a t e d ,  i t  i s  recommended t o  c a r r y  o u t  t h e  p r o p o s e d  t y p e  

d e t e r m i n a t i o n  i n  a m o d i f i e d  f o r m ,  n a m e l y  u s i n g  i n s t e a d  o f  t h e  

s a m p le  r a n g e  t h e  i n t e r q u a n t i l e  r a n g e  F~^ ( 1 — cS~) -  F- ^ ( ( i )  w i t h  a 

s m a l l  í ' - v a l u e .  The d i s t r i b u t i o n  f u n c t i o n  f o r  t h e s e  d a t a  o f  

t h e  sa m p le  c a n n o t  be g i v e n  i n  a g e n e r a l  f o r m ,  b u t  M o n t e - C a r l o  

c o m p u t a t i o n s  have  been s t a r t e d  i n  t h i s  p r o b l e m .
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A 450 KM LONG RUPTURE ZONE BETWEEN THE CZECH-MORAVIAN H IL L S ,  
SOUTHERN TRANSDANUBIA AND KISKUNSÁG

L M o l d v a y

H—1113 Budapest, Elek u. 3/B, Hungary 

[ Manuscr ipt  received November 3, 1988]

The c rus t  i n  the Carpathian Basin has been extensive s ince  the  Ear ly ,  
according to several  authors s ince the Late Miocene. La te r  no f o l d i n g  or 
ov e r t h ru s t  came i n t o  being,  only  some sm a l le r  blocks moved ma in ly  v e r t i c a l ­
l y .  In  the Bakony Mts h o r i z o n t a l  displacements of  up to 5 km-s were found.

In  the Alp ine-Carpa th ian  region an extensive  system e x i s t s  due to  the 
moving of  the Carpathians away from the Alps (o r  to  a mutual  moving o f f ) .  
This 450 km long zone could be ca l le d  Hungarian-Moravian ex tens ion  zone.

The huge extens ive rup t u re  system i s  compared wi th a po ly e th y len e  
model. Both in d ic a t e  f a n - l i k e  rup tures  crossed by t r ansve rsa l  bowed zones.

Keywords: Carpathian Basin; Czech-Moravian H i l l s ;  Kiskunság; rup tu re 
zone; Transdanubia

I t  i s  g e n e r a l l y  a c c e p t e d  t h a t  t h e  c r u s t  o f  t h e  C a r p a t h i a n  

B a s i n  has been e x t e n s i v e  s i n c e  t h e  E a r l y ,  a c c o r d i n g  t o  o t h e r s  

s i n c e  t h e  L a t e  M i o c e n e .  T h e r e f o r e  i n  t h e  a re a  o f  H u n g a r y  no 

more  f o l d i n g s  o r  o v e r t h r u s t s  have d e v e l o p e d  s i n c e  t h e  E a r l y  and 

L a t e  M i o c e n e ,  r e s p e c t i v e l y .  S m a l l e r  b l o c k s  moved m a i n l y  v e r t i ­

c a l l y ,  t h e y  r o s e  o r  s a n k .  T h e re  a r e ,  h o w e v e r ,  r e s u l t s  w h i c h  

f o u n d  h o r i z o n t a l  movements  i n  t h e  Bako ny  Mts up t o  5 km ( M é s z á ­

r o s  1 9 8 3 ) .

P h o t o g e o l o g i c , e n d ogenous  m o r p h o l o g i c a l ,  h y d r o g r a p h i c a l ,  

s e i s m o l o g i c a l  s t u d i e s  y i e l d e d  new d a t a  a b o u t  t h e  a r e a ,  and t h e y  

e n a b l e d  t o g e t h e r  w i t h  t r a d i t i o n a l  g e o l o g i c a l  r e s u l t s  t o  d e t e c t  

i n  a l l  i t s  c o n n e c t i o n s  a huge e x t e n s i v e  sys t em  i n  H u n g a r y ,  w i t h  

c o n t i n u a t i o n s  i n  A u s t r i a  and i n  a p a r t  o f  M o r a v i a .  T h i s  e x t e n ­

s i o n  i s  e v i d e n t l y  due t o  a movement  o f  t h e  C a r p a t h i a n s  away 

f r o m  t h e  A l p s ,  o r  f r o m  a r e l a t i v e  movement  o f  b o t h  away f r o m  

each  o t h e r .  Such a r u p t u r e  s y s te m  c o u l d  g i v e  answ e r  t o  a l o t  o f  
q u e s t i o n s  w h ic h  r e m a i n e d  una n s w e r e d  t i l l  now. T h i s  zo n e  c o u l d

A cta  Geod. Geoph. M ont. Hung. 24, 1989
Akadém iai K ia d ó , Budapest
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be c a l l e d  H u n g a r i a n - M o r a v i a n  e x t e n s i o n  z o n e .  I t s  l e n g t h  i s  450 

km. T h i s  s h o r t  r e p o r t  i n t e n d s  t o  c o m m u n ic a t e  o n l y  t h i s  f a c t .
I n  C e n t r a l  and E a s t e r n  H u n g a r y ,  s i g n a t u r e s  o f  an e x t e n s i v e  

z o n e  l i k e  t h a t  i n  T r a n s d a n u b i a  a re  n o t  t o  be f o u n d .  W i t h  t h i s  

s y s t e m ,  t h e  h o r i z o n t a l  movem en ts  i n  t h e  B a k o n y  Mts  can be w e l l  

e x p l a i n e d .

The e x t e n s i o n  z one  i s  p r e s e n t e d  i n  F i g .  1 w h ic h  shows 

among o t h e r  p h o t o t e c t o n i c  l i n e s  g i v e n  by S i k h e g y i  ( 1 9 8 5 )

( 1 : 1  000  000 map) ,  and r i v e r  beds .  The c o n n e c t i o n  o f  t h e  two

s y s t e m s  o f  l i n e s  i s  e v i d e n t .  The s ys t em  i s  s i m i l a r  t o  two open  

f a n s  p l a c e d  a t  o p p o s i t e  p o s i t i o n s .  The t i p s  o f  t h e  f a n s  a re  

c o n n e c t e d  by r a d i i  w i t h  t h e  c l o s i n g  p e r i m e t e r s  o f  t h e  f a n s ;  b e ­

t w e e n  t h e  r a d i i  bowed i n t e r n a l  l i n e s  a p p e a r .  P a r t s  o f  t h e  

H u n g a r i a n  C e n t r a l  Mts  f i t  t o  t h e  SE p h o t o g e o l o g i c a l  l i n e s .  A t  

t h e  t i p s , i  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  M o r a v i a n  B a s i n  a r e  

f o u n d  ( 1 ,  2 i n  t h e  F i g u r e ) .

The sys tem c l o s e s  a t  N o r t h  by t h e  C z e c h - M o r a v i a n  H i l l s ,  a t  

S o u t h  by t h e  Mecsek and  V i l l á n y  Mts and t h e  K i s k u n h a l a s  g r a b e n .  

I t s  h u g e  d i m e n s i o n  f i t s  w e l l  t o  th e  d i m e n s i o n  o f  t h e  two c h a i n  

m o u n t a i n s .  T h i s  s y s t e m  may h e l p  an u n d e r s t a n d i n g  o f  t h e  C e n t r a l  

E u r o p e a n  r e g i o n  and p a r t l y  o f  th e  B a l k a n  p e n i n s u l a ,  t o o .  The 

s e i s m o l o g i c a l  d a t a  o f  t h e  a r e a  s h o u l d  be r e - i n t e r p r e t e d  i n  t h e  

l i g h t  o f  t h i s  zone .

A model  f o r  t h i s  e x t e n s i o n  zone was f o u n d  a t  S h i n o z a k i  and 

Howe ( 1 9 6 8 ) . T h i s  m o d e l  s u p p o r t s  th e  i d e a .  F i g u r e  2 shows r u p ­

t u r e s  on a p o l y e t h y l e n e  p l a t e  due t o  m o v i n g  o f f  and h a v i n g  t h e  

same d o u b l e  f a n  s t r u c t u r e  as was f o u n d  b e t w e e n  Mecsek Mts and 

K i s k u n s á g  on t h e  one s i d e ,  and t h e  C z e c h - M o r a v i a n  H i l l s  on t h e  

o t h e r .  I t  i s  c h a r a c t e r i s t i c  f o r  b o t h  t h a t  t h e  r u p t u r e s  a re  

c r o s s e d  by t r a n s v e r s a l  s t r i p e s .  The s u r f a c e ,  m o r p h o l o g i c a l  and 

h y d r o g r a p h i c  s i t u a t i o n  i n  Hung ary  f i t s  w e l l  w i t h  S i k h e g y i ' s  

( 1 9 8 5 )  i n t e r p r e t a t i o n  o f  t h e  s a t e l l i t e  i m a g e .  The r a d i a l  s y s t e m  

o f  t h e  t e c t o n i c  s y s t e m  i s  e s p e c i a l l y  w e l l  v i s i b l e  on o l d e r  

s t r i p e d  and h y d r o g r a p h i c  maps.

A d e t a i l e d  s t u d y  o f  t h e  e x t e n s i o n  zo n e  s h o u l d  be s t a r t e d  

i n  t h e  n e a r  f u t u r e .
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1

F ig .  1. The map o f  the extension zone. BVG -  Bakony, Vér tes,  Gerecse geoan- 
t i c l i n e ,  p a r t l y  on the cover o f  the Upper Pannonian, a f t e r  Moldvay; 
BPB -  Budai Mts, P i l i s ,  Börzsöny g e o a n t i c l i n e ,  p a r t l y  on the cover 
o f  the Upper Pannonian; К -  Kiskunhalas Badenian-quar ternary graben, 
a f t e r  Körössy and Moldvay; KA -  Kaposvár high zone; KI -  L i t t l e  
Carpathians;  M -  Mars Mts; a -  Danube; b -  Phototecton ic  l i n e s  
a f t e r  Sikhegyi  (1985);  c -  r i v e r  beds i n  Czechoslovakia; d -  arrows 
i n d i c a t i n g  divergence;  1 -  L i t t l e  Hungarian P la in ;  2 -  Moravian 
Basin
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F ig .  2. Shinozaki  and Howe's (1968) model f o r  the extension zone

REFERENCES

M é s z á r o s  J 1983 :  I n :  A n n u a l  R e p t .  o f  t h e  G e o l .  I n s t . ,  1981 ,  
4 8 3 - 5 0 2 .

S h i n o z a k i  0 M, Howe R 1 9 6 8 :  J o u r n .  M a t e r i a l  S e i .

S i k h e g y i  F 1985:  S t r u c t u r a l  e l e m e n t s  i n  H u n g a r y  f r o m  s a t e l l i t e  
i m a g e s ,  map w i t h  a s c a l e  o f  1 : 1 0 0 0 0 0 0 , m a n u s c r i p t  ( i n  
H u n g a r i a n )



A cta  Geod. Geoph. Mont. H u n g ., V o l.  24 (3 -4 ) , pp. 453-469 (1989 )

EXPLORATION OF COAL SEAMS BY THE MEASUREMENT OF THE ELECTRIC 
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The imaginary and re a l  pa r ts  o f  the e l e c t r i c  f i e l d  of  a v e r t i c a l  AC 
e l e c t r i c  d ip o le  are inve s t i ga t ed  in  the e q u a t o r i a l  plane and i n  i t s  v i c i n i ­
t y .  The d ip o le  i s  bur ied  i n  a coal  seam hav ing an e l e c t r i c  r e s i s t i v i t y  
h igher  by one o rder  o f  magnitude than i t s  hos t  rock.  The e f f e c t  o f  the  coal  
seam on the components o f  the e l e c t r i c  f i e l d  i s  analyzed. The responses o f  
r e a l  and imaginary c u r r en t  systems are d i f f e r e n t  to  s t r a t i f i c a t i o n  and to  
d i s c o n t i n u i t i e s .  Proposals are made w i t h  some examples fo r  the e x p l o r a t i o n  
o f  the seam, o f  the cover and basement.

Keywords: coal  seam; mining geophysics;  t r a n s i l l u m i n a t i o n ;  v e r t i c a l  
e l e c t r i c  d ipo le

1.  INTRODUCTION

DC m e a s u r e m e n ts  y i e l d e d  f a v o u r a b l e  e x p e r i e n c e s  a b o u t  t h e  

use  o f  t h e  e x p l o r a t i o n  o f  t h e  c o a l  seam comp le x  and o f  i t s  em­

b e d d i n g  i n  a m ine  (C s ó k á s  e t  a l .  1 9 8 6 ) .  Based on t h i s  r e s u l t  

i t  i s  w o r t h  i n v e s t i g a t i n g  i f  a s i m i l a r  a r r a n g e m e n t  -  e a r t h e n e d  

v e r t i c a l  e l e c t r i c  d i p o l e s  a t  t h e  b o u n d a r y  o f  t h e  c o a l  seam com­

p l e x  i n  w o r k i n g s  o r  i n  b o r e h o l e s  -  ca n  be a p p l i e d  f o r  f r e q u e n c y  

s o u n d i n g .  The p u r p o s e  o f  t h e  p r e s e n t  p a p e r  i s  t h e r e f o r e  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  v e r t i c a l  e l e c t r i c  f i e l d  o f  a 

v e r t i c a l ,  e l e m e n t a r y  e l e c t r i c  d i p o l e  i n  a s t r a t i f i e d  s p a c e  i n  

t h e  e q u a t o r i a l  p l a n e .  T h i s  t a s k  i s  c a r r i e d  o u t  by an a l g o r i t h m  

f r o m  Taká cs  e t  a l .  ( 1 9 8 6 ) .  No s i m i l a r  s t u d y  i s  known t o  t h e  

a u t h o r  a b o u t  t h e  e f f e c t  o f  t h e  s t r a t i f i c a t i o n  on t h e  e l e c t r i c  

f i e l d  i n  a seam o f  lo w  r e s i s t i v i t y  c o n t r a s t .

The c o a l  seam has a r e s i s t i v i t y  h i g h e r  t h a n  i t s  e m b e d d i n g .  

The i n v e s t i g a t i o n s  a r e  c a r r i e d  o u t  t h e r e f o r e  f o r  h o r i z o n t a l l y

A cta  Geod. Geoph. Mont. Hung. 24 , 1989
Akadémiai K ia d ó , B udapest
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s t r a t i f i e d  s e c t i o n s  w h e re  t h e  r e s i s t i v i t y  o f  t h e  l a y e r  i n  w h i c h  

t h e  d i p o l e  i s  b u r i e d ,  i s  h i g h e r  t h a n  t h a t  o f  t h e  e m b e d d i n g .  One 

o f  t h e  m o d e l s  c o n t a i n s  t h r e e  l a y e r s  r e p r e s e n t i n g  a h i g h  r e s i s ­

t i v i t y  i n t e r m e d i a t e  l a y e r  be tween u n d e r l y i n g  and c o v e r .  The 

o t h e r  m ode l  has f o u r  l a y e r s  c o r r e s p o n d i n g  t o  t h e  s i t u a t i o n  o f  

t h e  b a s e  seam when a h i g h  r e s i s t i v i t y  d o l o m i t e  o r  l i m e s t o n e  a p ­

p e a r s  n e a r  t o  t h e  seam.

A s e c t i o n  c o n s i s t i n g  o f  h o r i z o n t a l  l a y e r s  i s  t h e  b a s i c  

m o d e l  f o r  t h e  e x p l o r a t i o n  o f  seam u n d e r l y i n g  and c o v e r .  F u r t h e r  

t h e  k n o w l e d g e  o f  t h e  f i e l d  i s  n e c e s s a r y  f o r  t h e  d e t e c t i o n  o f  

l a t e r a l  i n h o m o g e n e i t i e s  t o o ,  as i n  s u c h  c a s e s  t h e  b a s i s  f o r  t h e  

i n v e s t i g a t i o n  i s  t h e  d e v i a t i o n  o f  t h e  f i e l d  f r o m  t h a t  i n  t h e  

b a s i c  m o d e l .

2 .  CHARACTERISTICS OF THE ELECTRIC F IELD OF A BURIED AC V E R T I ­

CAL ELECTRIC DIPOLE

2.1  C h a r a c t e r  o f  t h e  f r e q u e n c y  s o u n d i n g  c u r v e s

F r e q u e n c y  s o u n d i n g  c u r v e s  a re  p r e s e n t e d  i n  F ig s  1 and 2 .  

They  show c u r v e s  f o r  t h e  m e n t i o n e d  s e c t i o n s  and f o r  a homoge­

n e o u s  s p a c e  c o r r e s p o n d i n g  t o  th e  e m b e d d i n g  r o c k .  T r a n s m i t t e r  

and r e c e i v e r  a r e  i n  t h e  c e n t r e  o f  t h e  250  ohmm l a y e r  a t  a d i s ­

t a n c e  o f  R = 50 m. The l o c a t i o n s  o f  d i s c o n t i n u i t i e s  i n t e r c e p t  

t h e  l o c a t i o n  o f  ch a n g e  o f  s i g n ,  i . e .  o f  t h e  z e r o  c r o s s i n g .  

N e g a t i v e  f i e l d s  a r e  d e n o t e d  by b r o k e n  l i n e .

I n  ca se  o f  t h e  t h r e e - l a y e r  s e c t i o n  ( S e c t i o n  A) t h e  v a l u e  

o f  b o t h  t h e  r e a l  and i m a g i n a r y  f i e l d  c o m p o n e n t s  and t h e  s h a p e  o f  

t h e  c u r v e s  change  w i t h  r e s p e c t  t o  t h o s e  i n  a homogeneous medium. 

The i n c r e a s e  o f  t h e  q u a s i - s t a t i o n a r y  p a r t  on t h e  c u r v e s  o f  

|E z ( f ) |  and o f  Re E - , ( f )  w i t h  r e s p e c t  t o  t h e  homogeneous c a s e  i s  

t h e  b a s i s  o f  t h e  DC m e a s u r e m e n t .  W i t h  an i n c r e a s e  o f  t h e  f r e ­

q u e n c y ,  h o w e v e r ,  t h e  EM f i e l d  s t a r t s  t o  c o n t r a c t  and t h e  e f f e c t  

o f  t h e  c o a l  seam g e t s  c o r r e s p o n d i n g l y  e n h a n c e d .  C o n s e q u e n t l y  

t h e  e f f e c t i v e  r e s i s t i v i t y  o f  th e  v o l u m e  a f f e c t i n g  t h e  m e a s u r e ­

ment  i n c r e a s e s .  Thus  t h e  e x p l o r e d  v o l u m e  i s  d e t e r m i n e d  b o t h  by 

s p a c i n g  t r a n s m i t t e r - r e c e i v e r  and by f r e q u e n c y .  Due t o  t h e  c o n ­

t i n u o u s l y  c h a n g i n g  v o l u m e  i n  c o n s e q u e n c e  o f  a c h a n g in g
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F ig .  1 . Frequency sounding w i t h  re a l  and imaginary components i n  the
250 ohmm l a y e r  o f  the given sec t ions  and in  a homogeneous space 
o f  20 ohmm, t r a n s m i t t e r - r e c e i v e r  spacing R = 50 m

f r e q u e n c y ,  t h e  c h a r a c t e r i s t i c  p o i n t s  o f  t h e  c u r v e s  -  m a x i m a ,  

m i n i m a ,  s i g n  ch a n g e s  -  s h i f t  b o t h  i n  r e s i s t a n c e  and f r e q u e n c y  

f r o m  t h e  c o r r e s p o n d i n g  i n i t i a l  v a l u e s  i n  homogeneous s p a c e .

T h a t  i s  j u s t  how t h e  e f f e c t  o f  t h e  s t r a t i f i c a t i o n  a p p e a r s  and 

-  as e x p e c t e d  -  t h a 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 ,  t o o .

I n  F i g s  1 and 2 t h e r e  i s  p r a c t i c a l l y  no d i f f e r e n c e  be tw e e n  

t h r e e -  and f o u r - l a y e r e d  c u r v e s  a t  t h e  h i g h e s t  f r e q u e n c i e s .  T h i s
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A , 20 ohmm________  B, 20 ohmm

----------  2 5 0  ohmm 5m  •  250 ohmm 5m

F i g .  2. Frequency sounding curves wi th the amp l i tude  i n  the 250 ohmm l aye r  
o f  the given s e c t i o n s ,  and in  a homogeneous space of  2 0  ohmm, 
t r a n s m i t t e r - r e c e i v e r  spacings R = 25, 50 and 1UU m

i s  due  t o  a c o n c e n t r a t i o n  o f  th e  EM f i e l d  i n  t h e  seam when t h e  

h i g h  r e s i s t i v i t y  b a s e m e n t  does n o t  e x e r t  any  i n f l u e n c e .

A c o m p a r i s o n  o f  t h e  t h r e e -  (A)  and f o u r - l a y e r e d  (B )  c u r v e s  

a t  l o w e r  f r e q u e n c i e s  s how s  t h a t  t h e  f i e l d  o f  an i n d u c t i v e  c h a r ­

a c t e r  ( n e a r  t o  t h e  m a x im a  o f  Im E^,  Re E-p) d e c r e a s e s  i n  c a s e  o f  

t h e  f o u r - l a y e r e d  c u r v e s ,  w h i l e  i n  t h e  q u a s i - s t a t i o n a r y  p a r t  t h e  

f i e l d  i n c r e a s e s .  The s i g n i f i c a n t  d e c r e a s e  o f  t h e  i n d u c t i v e  Im 

E^ co m p o n e n t  a t  l o w  f r e q u e n c i e s  i s  o f  s p e c i a l  s i g n i f i c a n c e .  I n  

t h i s  f r e q u e n c y  r a n g e  t h e  c u r v e  Re Ez i s  i n f l u e n c e d  by g e o m e t ­

r i c a l ,  Im Ez by i n d u c t i v e  e f f e c t s ,  r e s u l t i n g  i n  o p p o s i t e  

c h a n g e s  due t o  t h e  e f f e c t  o f  t h e  b a s e m e n t .

The e f f e c t  o f  t h e  ch a n g e  i n  t h e  p a r a m e t e r s  o f  t h e  s e c t i o n s  

a t  t h e  g i v e n  s p a c i n g  t r a n s m i t t e r - r e c e i v e r  has  e l s e  t h e  same 

s i g n  as t h e  s i g n  o f  t h e  change  i n  t h e  s p e c i f i c  r e s i s t i v i t y  i s  

a l o n g  t h e  e q u a t o r i a l  p l a n e .  An i n c r e a s e  o f  t h e  e f f e c t i v e  r e s i s ­

t a n c e  i n  t h e  space  o u t s i d e  o f  th e  p l a n e  o f  t h e  d i p o l e s  -  an i n ­

c r e a s e  i n  r e s i s t i v i t y ,  t h i c k e r  seam, h i g h  r e s i s t i v i t y  e m b e d d in g
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-  d e c r e a s e s  t h e  f i e l d .

2 . 2  D e f i n i t i o n  o f  t h e  a p p a r e n t  r e s i s t i v i t y  b a s e d  on 

c h a r a c t e r i s t i c  p o i n t s  o f  f r e q u e n c y - s o u n d i n g  c u r v e s

The ch a n g e s  c o n n e c t e d  t o  t h e  l a y e r i n g  a p p e a r  s u c c e s s i v e l y  

v s .  f r e q u e n c y ;  t h e y  can  be h a r d l y  i d e n t i f i e d  i n  c ase  o f  c o m p l i ­

c a t e d ,  d y n a m i c a l l y  c h a n g i n g  c u r v e s .  T h e r e f o r e  i t  i s  advan tageous  

t o  a t t a c h  a p p a r e n t  r e s i s t i v i t i e s  t o  d i f f e r e n t  f r e q u e n c i e s .  I n  

o t h e r  w o r d s :  be g i v e n  t h e  r e s i s t i v i t y  o f  a homogeneous  space  i n  

w h i c h  t h e  same m eas u r e m e n t  a r r a n g e m e n t  y i e l d s  c h a r a c t e r i s t i c  

p o i n t s  a t  t h e  same f r e q u e n c y  as i n  t h e  l a y e r e d  s p a c e .

A p p a r e n t  r e s i s t i v i t i e s  can be t a k e n  f r o m  t h e  c u r v e s  i n  

F i g .  3 w h i c h  shows t h e  a b s o l u t e  v a l u e  and t h e  r e a l  and  i m a g i ­

n a r y  com ponen ts  v s .  R/ó^ -  where  R i s  t h e  d i s t a n c e  o f  t h e  s t a ­

t i o n ,  &  t h e  s k i n  d e p t h  -  f o r  t h e  r a t i o  o f  t h e  AC f i e l d s  a t  a 

f r e q u e n c y  f  and o f  t h e  DC f i e l d  and f o r  t h e  phase i n  t h e  homog­

eneous  s p a c e .  A c o n c r e t e  v a l u e  o f  R / 6  ̂ b e l o n g s  t o  e a c h  c h a r ­

a c t e r i s t i c  p o i n t  o f  t h e  c u r v e ,  t o  a s e l e c t e d  l e v e l  b e t w e e n  

them o r  t o . a  p h a s e .  I n  case  o f  a r e a l  me asu re m en t  w i t h  a s p a c i n g  

R measur ed  v a l u e s  o f  a g i v e n  c h a r a c t e r i s t i c s  b e l o n g  t o  a f i x e d  

f r e q u e n c y .  I f  t h e  c o r r e s p o n d i n g  v a l u e  R/ 5  o f  t h e  homogeneous  

f i e l d  i s  a t t r i b u t e d  t o  t h i s  f r e q u e n c y ,  a s k i n  d e p t h ,  and f r o m  

i t  -  as t h e  f r e q u e n c y  i s  known -  an a p p a r e n t  r e s i s t i v i t y  9 * ( f )  

can  be c o m p u t e d .  The phase  can be e s p e c i a l l y  w e l l  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  t h e  a p p a r e n t  r e s i s t i v i t y ,  as i t  c h a n g e s  m o n o t ­

o n o u s l y  a f t e r  t h e  f i r s t  z e r o  c r o s s i n g ,  and i t s  v a l u e s  a r e  r e ­

s t r i c t e d  t o  t h e  r a n g e  o f  ^ 9 0 ° .  As i t  s h a l l  be d i s c u s s e d  l a t e r ,  

r e a l  and i m a g i n a r y  com p o n e n t s  r e f l e c t  e l e m e n t s  o f  t h e  g e o l o g i c a l  

s t r u c t u r e  i n  d i f f e r e n t  ways .  Thus ,  a common a p p l i c a t i o n  o f  t h e  

a p p a r e n t  r e s i s t i v i t i e s ,  d e t e r m i n e d  f r o m  t h e  r e a l  and i m a g i n a r y  

co m p o n e n t s  may be o f  u s e .  Namely t h e  v a l u e  g * ( f )  c o m p u t e d  f rom 

t h e  a m p l i t u d e s  o r  f r o m  t h e  phases  a v e r a g e s  t h e i r  i n f o r m a t i o n  a t  

f r e q u e n c i e s  w he re  t h e  m a g n i t u d e  o f  t h e  com p o n e n t s  i s  s i m i l a r .

2 . 3  E f f e c t  o f  t h e  seam on t h e  f i e l d  and on t h e  l o c a t i o n  o f  

t h e  c h a r a c t e r i s t i c  p o i n t s

The i n c r e a s e  o f  t h e  f i e l d  i n  c o n s e q u e n c e  o f  t h e  seam i s
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F i g .  3.  E le c t r i c  number ez o f  the rea l  and imaginary components and o f  the 
ampl i tude and phase vs .  r a t i o  of  the t r a n s m i t t e r - r e c e i v e r  spacing 
and skin depth 5  i n  a homogeneous space

sh o w n  i n  F i g .  4 f o r  c h a r a c t e r i s t i c  p o i n t s  o f  t h e  c u r v e s  r e f e r ­

r e d  t o  t h e  same p o i n t s  o b t a i n e d  i n  a homo geneous  space  ( s t a ­

t i o n a r y  p a r t ,  max ima,  m i n i m a ,  z e ro  c r o s s i n g s )  f o r  a t h r e e -  

- l a y e r - s e c t i o n . The i n c r e a s e  i s  s i g n i f i c a n t l y  more t h a n  t h e  

r a t i o  o f  t h e  r e s i s t i v i t i e s  and i n c r e a s e s  w i t h  t h e  s p a c i n g  ( s e e  

F i g .  3 ) .  In d e x  1 r e f e r s  t o  t h e  l a y e r e d ,  i n d e x  h t o  t h e  homog­

e n e o u s  sp a ce .  The maximum o f  t h e  a b s o l u t e  v a l u e  i s  an e x c e p ­

t i o n  as  t h e  e f f e c t  o f  t h e  seam d i f f e r s  on t h e  r e a l  and i m a g i ­

n a r y  c u r r e n t  l o o p s ,  r e s p e c t i v e l y .  The r a t e  o f  t h e  i n c r e a s e  i s  

h i g h e r  a t  l o w e r  f r e q u e n c i e s ,  m a i n l y  f o r  t h e  i m a g i n a r y  compo­

n e n t .  A t  h i g h e r  f r e q u e n c i e s  -  i . e .  a t  the l o c a t i o n  o f  t h e  maximum

Re E -  where t h e  f i e l d  i s  c o n c e n t r a t e d  i n t o  t h e  seam, t h e  
z 1 h

c h a n g e  i s  s l o w e r .  The f i g u r e  shows t h e  c u r v e  ç a(0) /  9 g(0)  o f

t h e  a p p a r e n t  r e s i s t i v i t y  o f  t h e  DC g e o m e t r i c a l  s o u n d i n g ,  t o o ,  

f u r t h e r  t h e  v a l u e  9 a ( f m a x )"^/  9 g ( 0 ) c o m p u t e d  f r o m  t h e  f o r m u l a  

o f  t h e  a p p a r e n t  r e s i s t i v i t y  o f  t h e  DC s o u n d i n g .  L a t t e r  v a l u e  i s  

1 . 4 6  f o r  a homogeneous  s p a c e .

The p re s e n c e  o f  t h e  seam changes s i g n i f i c a n t l y  t h e  p o s i ­

t i o n  o f  t h e  e x t r e m a  and  o f  t h e  z e ro  c r o s s i n g s  on t h e  f r e q u e n c y
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F ig .  4. Rat io o f  the f i e l d s  in  the 250 ohmm l aye r  of  the t h r e e - l a y e r -  
- s e c t io n  -  index 1  -  and o f  the  2 0  ohmm homogeneous space 
-  index h -  i n  case of  d i f f e r e n t  t r a n s m i t t e r - r e c e i v e r  spacings 
a t  the c h a r a c t e r i s t i c  po in ts  o f  the  f requency sounding curves .
9 a values are determined by the  f a c t o r  o f  the geometr i ca l  
sounding from the ampl i tude value

a x i s .  T h e i r  s h i f t  i s  shown i n  F i g .  5 .  H ere  t h e  v a l u e s  a r e  r e ­

l a t e d  a g a i n  t o  v a l u e s  a t  a f r e q u e n c y  w h i c h  wou ld  b e l o n g  t o  t h e  

same c h a r a c t e r i s t i c  p o i n t s  i n  a hom ogeneous  space  o f  a r e s i s ­

t i v i t y  c o r r e s p o n d i n g  t o  t h a t  o f  t h e  h o s t  r o c k .  The c h a r a c t e r i s ­

t i c  p o i n t s  s h i f t  i n  each  case t o w a r d  h i g h e r  f r e q u e n c i e s  due  t o  

t h e  p r e s e n c e  o f  t h e  seam -  as t h e  e f f e c t i v e  r e s i s t a n c e  o f  t h e  

v o l u m e  w i t h i n  t h e  c o n t r a c t i n g  c u r r e n t  s y s t e m  i n c r e a s e s .  T h i s  

e f f e c t ,  h o w e v e r ,  d e c r e a s e s  w i t h  an i n c r e a s i n g  s p a c i n g  R. A c ­

c o r d i n g  t o  t h e  p r i n c i p l e  o f  t h e  g e o m e t r i c a l  s o u n d in g  t h e  v o l u m e  

a f f e c t i n g  t h e  m e a su r em en t  i n c r e a s e s  i f  t h e  s p a c i n g  i n c r e a s e s .  

The g r e a t e r  t h e  v o l u m e  t h e  l e s s  i s  t h e  e f f e c t  o f  t h e  se am,  b u t  

i t  r e m a i n s  s i g n i f i c a n t .  A t  g r e a t e r  d i s t a n c e s  t h e  c u r v e s  a r e  

more  s i m i l a r  t o  t h o s e  i n  homogeneous s p a c e .  The c u r v e s  o f  t h e  

c h a r a c t e r i s t i c  p o i n t s  -  w i t h  t h e  e x c e p t i o n  o f  t h a t  o f  

Im Ez = 0  -  f o l l o w  each  o t h e r  f r o m  b o t t o m  as t h e y  d e v e l o p  i n  a 

homogeneous  s p a c e  w i t h  i n c r e a s i n g  f r e q u e n c y .  I n  t h i s  s e q u e n c e  

Im Ez = 0 w o u l d ,  h o w e v e r ,  f o l l o w  t h e  c u r v e  Im Ez = max. T h i s
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R

F ig .  5.  The r a t i o  o f  the f requencies belong ing to  the c h a r a c t e r i s t i c  p o i n ts  
o f  the f requency sounding curves i n  case o'f the t h r e e - l a y e r - s e c t i o n  
( 1 ) -  and o f  the 2 0  ohmm homogeneous space (h)  vs. t r a n s m i t t e r - r e ­
ce iv e r  spacing

f a c t  s p e a k s  a g a i n  a b o u t  t h e  d i f f e r e n t  i n f l u e n c e  o f  t h e  seam on 

t h e  r e a l  and i m a g i n a r y  c u r r e n t  s y s t e m s .  T h i s  i s  e s p e c i a l l y  t r u e  

f o r  t h e  l o w  f r e q u e n c y ,  i n n e r  c u r r e n t  s y s t e m  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  t r a n s m i t t e r .

The a p p a r e n t  r e s i s t i v i t i e s  f r o m  t h e  c h a r a c t e r i s t i c  p o i n t s  

o f  t h e  t h r e e - l a y e r - s e c t i o n  a re  p r e s e n t e d  i n  F i g .  6 . F o r  a b e t ­

t e r  c o m p a r i s o n  o f  d a t a  a t  d i f f e r e n t  s p a c i n g s ,  t h e  a p p a r e n t  s k i n  

d e p t h  g i s  shown on t h e  a b s c i s s a  a x i s  o f  F i g .  6 . A t  h i g h e r  

f r e q u e n c i e s  -  i . e .  a t  l o w  v a l u e s  o f  o g -  q g a p p r o x i m a t e s  t h e  

r e a l  r e s i s t i v i t y  o f  t h e  seam i n  c o n s e q u e n c e  o f  t h e  c o n c e n t r a ­

t i o n  o f  t h e  c u r r e n t  l o o p  i n  t h e  seam.  F i g u r e  6  i l l u s t r a t e s  

a g a i n  t h e  d i f f e r e n t  c h a r a c t e r  o f  t h e  i n n e r  i m a g i n a r y  c u r r e n t  

l o o p  .

The EM f i e l d  i n  t h e  t h r e e - l a y e r - s e c t i o n  A i s  shown i n  

F i g .  7 i n  t h e  e q u a t o r i a l  p l a n e  f o r  t h e  f u l l  p r a c t i c a l  r a n g e  o f
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F ig . 6 . The apparent r e s i s t i v i t y  fo r  the c h a ra c te r is t ic  p o in ts  o f the 
frequency sounding curves fo r  spacings R = 25, 50, 100 m mea­
sured in  the 250 ohmm la y e r o f the  se c tio n  vs. apparent s k in  
depth

s p a c in g s  a t  th r e e  -  r a t h e r  lo w  -  f r e q u e n c ie s .  T h e re  i s  a c h a in  

o f  c u r r e n t  lo o p s  o f  o p p o s i t e  s ig n s  w h ic h  c o n t r a c t s  b o th  l a t e r a l ­

l y  and v e r t i c a l l y  i f  th e  f r e q u e n c y  in c r e a s e s .  A m ore d e t a i l e d  

s tu d y  in  th e  v i c i n i t y  o f  th e  seam shows t h a t  n o t o n ly  th e  z e ro  

c r o s s in g s ,  b u t a ls o  th e  d i s t r i b u t i o n s  o u ts id e  o f  th e  seam d i f ­

f e r  f o r  th e  r e a l  and im a g in a r y  c o m p o n e n ts . T h a t i s  why a p p a re n t  

r e s i s t i v i t i e s  com pu ted  fro m  th e  r e a l  and im a g in a r y  c o m p o n e n ts  

do n o t  c o in c id e ,  as th e  g e o lo g ic a l  s t r u c t u r e  in f lu e n c e s  th e  tw o 

r e s i s t i v i t i e s  d i f f e r e n t l y .

2 .4  C h a ra c te r  o f  th e  h o r i z o n t a l  e l e c t r i c  f i e l d

In  th e  p r a c t ic e  a s y m m e tr ic a l s e c t io n s  -  w i t h  d i f f e r e n t
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F ig .  7. Real and im ag ina ry  f ie ld s  and phases in  the  th re e - la y e r  s e c tio n , in  
the 250 ohmm la y e r  vs . d istance from th e  tra n s m it te r  (R)

b a s e m e n t and c o v e r  -  do  o c c u r .  Such a s e c t io n  i s  th e  f o u r - l a y e r  

s e c t i o n ,  to o .  The v e r t i c a l  e l e c t r i c  f i e l d  i t s e l f  d id  n o t show 

th e  asym m etry  o f  th e  s e c t i o n .  Thus e . g .  th e  c u rv e s  f o r  a c o v e r  

o f  1 0  ohmm and a b a s e m e n t o f  30 ohmm p r a c t i c a l l y  c o in c id e  w i t h  

th e  c u rv e s  o f  a seam em bedded in t o  a 2 0  ohmm u n d e r ly in g  and 

c o v e r .  The d i f f e r e n t  h o r i z o n t a l  co m p o n e n ts  o f  th e  e l e c t r i c  

f i e l d  a t  th e  b o tto m  and  to p  b o u n d a ry  o f  th e  l a y e r ,  h o w e v e r, 

h i n t  a t  a d i f f e r e n c e  b e tw e e n  basem ent and c o v e r .  The lo w  f r e ­

q u e n c y  p a r t s  o f  th e  c u r v e s  o f  th e  r e a l  and im a g in a r y  co m ponen ts  

o f  th e  h o r i z o n t a l  f i e l d  d i f f e r  fro m  e a ch  o th e r  ( F ig .  8 ) and th e  

r a t i o  o f  th e  r e a l  c o m p o n e n ts  c o in c id e s  i n  th e  q u a s i - s t a t io n a r y  

p a r t  -  in d e p e n d e n t ly  o f  th e  s p a c in g  R -  w i t h  th e  r a t i o  o f  th e
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F ig . 8 . Frequency sounding curves fo r  the  h o r iz o n ta l e le c t r ic  f i e l d  o f a 
v e r t ic a l  e le c t r ic  d ip o le , fo r  R = 100 m, a t the upper and lower 
boundary (d o tte d ) o f the 250 ohmm la y e r  in  the asymmetric se c tio n

r e s i s t i v i t i e s  o f  c o v e r  and b a s e m e n t. A t h ig h e r  f r e q u e n c ie s  th e  

c u rv e s  a p p ro x im a te  each o th e r ,  as th e  f i e l d  i s  r e o r g a n iz e d  fro m  

b o th  d i r e c t i o n s  to w a rd  th e  seam . In  th e  v i c i n i t y  o f  th e  e q u a ­

t o r i a l  p la n e  o f  th e  t r a n s m i t t e r  th e  h o r i z o n t a l  co m p o n e n t has a 

v a lu e  o f  z e r o ,  t h e r e f o r e  th e  in f o r m a t io n  fro m  th e  u p p e r and 

lo w e r  loops seems to  s e p a ra te .  T h is  f a c t  i s  shown by th e  d i f f e r ­

e n t  p o s i t i o n s  o f  th e  maxima o f  th e  r e a l  and im a g in a ry  com ponents 

on th e  f r e q u e n c y  a x is  on th e  c u rv e s  b e lo n g in g  to  th e  u p p e r  and 

lo w e r  b o u n d a ry  o f  th e  la y e r ,  f u r t h e r  by th e  f a c t  t h a t  c u rv e s  

m easu red  a t  th e  r o o f  and a t  th e  u n d e r s id e  d i f f e r  s l i g h t l y  a c ­

c o r d in g  to  th e  r e s i s t i v i t i e s .

3 . P O S S IB IL IT IE S  FOR PRACTICAL USE

On th e  b a s is  o f  th e  c h a r a c t e r i s t i c s  o f  th e  EM f i e l d  p r e s ­

e n te d  in  S e c t io n  2 , th e  u n d e rg ro u n d  f r e q u e n c y  s o u n d in g  has  th e  

f o l l o w in g  a d v a n ta g e s  i n  m in in g  g e o p h y s ic s .

T h e re  a re  s e v e r a l  k in d s  o f  d a ta  f o r  th e  d e te r m in a t io n  o f
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th e  d i s t r i b u t i o n  o f  th e  r e s i s t i v i t y  in  th e  sp a ce  be tw een  th e  

w o r k in g s  and b o re h o le s  -  r e a l  and im a g in a r y  co m p o n e n ts , a b s o ­

l u t e  v a lu e ,  phase -  in  c o n t r a s t  to  a s i n g le  v a lu e  o f  A U / I  fro m  

DC m e a s u re m e n ts . An i n t e r p r e t a t i o n  based  on th e  shape o f  th e  

c u r v e s  -  i . e .  on th e  c h a r a c t e r i s t i c  p o in t s  -  i s  more r e l i a b l e  

e v e n  i n  case  o f  s h u n t in g  m e ta l o b je c t s  i n  th e  v i c i n i t y  o f  th e  

t r a n s m i t t e r  th a n  i f  o n ly  a m p l i tu d e s  w e re  u s e d .

The b a s is  f o r  DC im a g in g  i s  th e  d e v ia t i o n  fro m  th e  v a lu e  

c o m p u te d  f o r  a n o rm a l -  h o r i z o n t a l l y  s t r a t i f i e d  -  s e c t io n ,  t h a t  

i s  w hy v a lu e s  in  th e  n o rm a l s e c t io n  s h o u ld  be e x a c t ly  know n . 

T h is  i s  a d i f f i c u l t  p ro b le m  c o n c e rn in g  th e  r e s i s t i v i t y  o f  th e  

se a m , as th e  c u rv e  o f  th e  g e o m e t r ic a l  s o u n d in g  i s  to  be known 

t i l l  g r e a t  s p a c in g s  R. I n  ca se  o f  f r e q u e n c y  s o u n d in g  th e  s i t u a ­

t i o n  i s  m ore a d v a n ta g e o u s . From th e  p o in t  o f  v ie w  o f i n d u c t i o n ,  

th e  e f f e c t  o f  th e  seam i s  s t r o n g e r  a t  s m a l l  s p a c in g s ,  th u s  a 

s m a l l  s p a c in g  R i s  m ore a d v a n ta g e o u s  f o r  th e  d e te r m in a t io n  o f  

th e  r e s i s t i v i t y  o f  th e  seam . T h is  i s  n o t  o n ly  an a d v a n ta g e  in  

m e a s u re m e n t t e c h n ic s ,  b u t  a ls o  th e  p r o b a b i l i t y  o f  a l a t e r a l  h o ­

m o g e n e i ty  i s  le s s  w i t h i n  a s m a l l  s p a c in g  t r a n s m i t t e r - r e c e i v e r .

A s im p le  a p p ro x im a t iv e  m e th o d  has been d e v e lo p e d  f o r  th e  p r a c ­

t i c a l  d e te r m in a t io n  o f  th e  a v e ra g e  r e s i s t i v i t y  o f  th e  r o c k  

v o lu m e  n e a r  to  th e  e q u a t o r ia l  p la n e  -  - ,  i . e .  o f  th e  seam .

T h is  m e th o d  i s  based  on tw o  f a c t s .  F i r s t ,  th e  lo c a t io n  o f  th e  

c h a r a c t e r i s t i c  p o in t s  a t  lo w  f r e q u e n c ie s ,  and c o n s e q u e n t ly  t h a t  

o f  th e  v a lu e  g ' * ( f )  co m p u te d  fro m  them  i s  p r i m a r i l y  d e te rm in e d  

by th e  lo w  r e s i s t i v i t y  v i c i n i t y ,  9  v i c i n i t y  = c ^ f ') 9 a <- f -) ’ 
s e c o n d ,  th e  a p p a re n t r e s i s t i v i t y  b e lo n g in g  to  th e  g e o m e tr ic  

s o u n d in g  w i t h in  g iv e n  d is t a n c e  R i s  d e te r m in e d  by th e  r a t i o  

( S a ) R _  0O= 9  i 2 / 9 v i c i n i t y  5 * i s  a c h a r a c t e r i s t i c  v a lu e  f o r  
th e  r o c k  vo lum e b e tw e e n  th e  e le c t r o d e s  and i t  can be s u i t a b l y  

u s e d  f o r  t r a c in g  th e  ch a n g e  in  th e  seam . F ig u r e  9 shows th e  

r e s u l t s  o f  a m e a su rem en t w i t h  a t r a n s m i t t e r - r e c e i v e r  s p a c in g  o f 

R = 70 m made in  a seam . L a y o u t 9 c ro s s e d  a f a u l t  a c ro s s  th e  

w o r k in g  w h ic h  t h r u s te d  th e  seam.

The shape and th e  l e v e l  o f  th e  f r e q u e n c y  s o u n d in g  c u rv e s  

d i f f e r  fro m  th o s e  c o m p u te d  f o r  a l a t e r a l l y  hom ogeneous s e c t io n ,  

e s p e c i a l l y  a t  th e  p o in t  n e a r  to  th e  f a u l t .



F ig . 9. R esults o f a frequency sounding along a working w ith  a tra n s m itte r - re c e iv e r  spacing o f R = 70 m. Q ( f ) 
is  the  frequency sounding curve computed from the f i e ld  am plitude w ith  the fa c to r  o f the  geom etrica l 
sounding. Q * ( f )  is  the  apparent r e s is t i v i t y  computed by F ig . 3, and the  average r e s is t i v i t y  o f 
the  rock volume in  the e q u a to r ia l plane
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The m e a su re m e n ts  have  shown t h a t  th e  f a u l t  i s  even i n  th e  

v i c i n i t y  o f  s t a t i o n  1 n e a r to  th e  w o r k in g ,  as g ? i s  e v e r y ­

w h e re  s i g n i f i c a n t l y  le s s  th a n  th e  c h a r a c t e r i s t i c  r e s i s t i v i t y  o f  

th e  seam, 360 ohmm. The d i r e c t i o n  o f  th e  f a u l t  changes s i g n i f i ­

c a n t l y  n e a r to  s t a t i o n s  4 - 5 .  In  th e  c u r v e s  g * ( f )  o f  s t a t i o n s  

3 -8  t h e r e  i s  h a r d ly  any maximum i n d i c a t i n g  th e  p r o x im i t y  o f  a 

h ig h  r e s i s t i v i t y  l a y e r  e i t h e r  in  th e  b a s e m e n t o r  in  th e  c o v e r

o f  th e  seam . The in c r e a s e  o f  th e  v a lu e  Q * ( f )  a t  s t a t i o n  9a max
-  c h a r a c t e r i z in g  th e  c o m p le te  vo lum e  w h ic h  in f lu e n c e s  th e  mea­

s u re d  v a lu e  -  i s  c a u s e d  by a s h i f t  o f  t h i s  la y e r .  g * ( f )  com ­

p u te d  fro m  th e  p l o t  |e  ( R /5 ) |  in  F ig .  3 in c r e a s e s  w ith  th e  

f r e q u e n c y  and t h i s  i s  due to  a s l i g h t l y  in c r e a s in g  e f f e c t  o f  
th e  seam .

I t  has been shown t h a t  th e  e l e c t r i c  f i e l d  i s  r e s t r i c t e d  to  
th e  im m e d ia te  v i c i n i t y  o f  th e  seam e ve n  a t  r a t h e r  low  f r e q u e n ­
c i e s ,  and t h i s  f a c t  i s  a d v a n ta g e o u s  f ro m  s e v e r a l  r e s p e c t s ,  e . g .  
i n  th e  to m o g ra p h ic  i n v e s t i g a t io n  o f  th e  seam .

S e v e ra l  m e a su re m e n ts  in d ic a t e d  th e  p o s s i b i l i t y  o f  a d e t e r ­
m in a t io n  o f  th e  c o n t i n u i t y  o f  th e  seam b a se d  on t r a n s i l l u m in a ­
t i o n  b e tw e e n  tw o  p o in t s  a t  s e v e r a l  f r e q u e n c ie s  w ith o u t  any 
ch a n g e  in  th e  c o n f i g u r a t io n  o f  th e  m e a s u re m e n t. I t  i s  h i g h ly  
p r o b a b le  t h a t  th e  l o c a t i o n  o f  d i s c o n t i n u i t i e s  can a ls o  be d e ­
te r m in e d  by t h i s  m e th o d .

By t r a n s i l l u m i n a t i n g  a seam fro m  a b o re h o le  to w a rd  th e  

w o r k in g ,  i t  was e x p e r ie n c e d  a t  s e v e r a l  s t a t i o n s  t h a t  th e  a p ­

p a r e n t  r e s i s t i v i t y  9 * ( f )  does n o t  in c r e a s e  c o n t in u o u s ly  w i t h  

i n c r e a s in g  f r e q u e n c y  -  as e x p e c te d  f o r  a c o n t in u o u s  seam -  b u t  

a f t e r  an i n i t i a l  in c r e a s e ,  th e  c u rv e  d e s c e n d s  ( F ig .  1 0 ) .  A t th e  

same t im e  th e  f i e l d  i s  a ls o  w eaker th a n  e x p e c te d .  As b o th  

t r a n s m i t t e r  and r e c e i v e r  d ip o le s  w e re  i n  th e  seam, t h i s  e f f e c t  

can  be e x p la in e d  by an in te r m e d ia te  d i s c o n t i n u i t y  o f  th e  seam . 

T o w a rd  s t a t i o n  9 th e  c u rv e  Q * ( f  ) has  s i g n i f i c a n t l y  h ig h e r  

v a lu e s  and c o r r e s p o n d in g ly  th e  seam s h o u ld  be c o n t in u o u s .

B ased on th e  c h a r a c t e r i s t i c s  o f  th e  EM f i e l d  m e n t io n e d  in  

■ c o n n e c tio n  w i t h  F ig s  1 and 8 , la y e r s  e m b e d d in g  th e  seam can  be 

in v e s t i g a t e d  by t h i s  m easu rem en t s y s te m , e . g .  th e  d e p th  o f  th e  

h ig h  r e s i s t i v i t y  b a se m e n t and in h o m o g e n e it ie s  in  i t .  F o r t h i s  

p u rp o s e  th e  in n e r  r e a l  and im a g in a r y  c u r r e n t  lo o p s  s h o u ld  be
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F ig . 10. The curves 9 a ( 9a ) r e s u lt in g  from tra n s il lu m in a t io n  between bore­
ho le  and s ta t io n s  2 - 8  in  the  seam, s ta r t  to  decrease above a l im i t  
5  This decrease is  caused by fa u l ts  o f 2.1 and 4 .4  m found in  

the w orking. In  an in ta c t  seam the  curves would rem ain con tin u o u s­
ly  inc reas ing

u se d  In  th e  im m e d ia te  v i c i n i t y  o f  th e  t r a n s m i t t e r  a t  lo w  f r e ­

q u e n c ie s .  I t  i s  m ore a d v a n ta g e o u s  to  use  a low  v a lu e  o f  R in
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f IHz)

F ig .  11. The changes o f  th e  depth of the 10000 ohmm basement are re f le c te d  
a t small t ra n s m it te r - re c e iv e r  spacings and low frequencies in  the 
h o rizo n ta l e l e c t r i c  f ie ld  a t the bottom  o f the  coal seam

o r d e r  to  in v o lv e  a s m a l le r  ro c k  v o lu m e . The p o s s i b i l i t y  o f  such  

a p r o f i l i n g  w ith  th e  h o r i z o n t a l  e l e c t r i c  f i e l d  - i t  i s  b e s t  to  

u s e  o n ly  one f r e q u e n c y  -  i s  p re s e n te d  in  F ig .  11 . The b a sem en t 

c a n  be e x p lo re d  t i l l  a d e p th  c o r r e s p o n d in g  to  th e  s p a c in g  R.

The im a g in a ry  c o m p o n e n t i s  more s e n s i t i v e  f o r  changes in  th e  

d e p th  o f  th e  b a s e m e n t. The common use o f  th e  r e a l  and im a g in a r y  

c o m p o n e n ts  i s ,  n e v e r t h e le s s ,  more a d v a n ta g e o u s .  Changes o f  

th e s e  com ponents m e a s u re d  in  th e  lo g s  o f  i d e n t i c a l  s ig n  i n d i ­

c a te  changes in  th e  r o c k  in  th e  v i c i n i t y  o f  th e  e q u a to r ia l  

p la n e ,  changes o f  o p p o s i t e  s ig n s  i n d i c a t e ,  h o w e v e r , changes  in  

th e  c o v e r  o r in  th e  b a s e m e n t. E f f e c t s  f r o m  th e  up p e r and lo w e r  

s p a c e  can be d i s t i n g u i s h e d  by th e  h o r i z o n t a l  com ponen t. In  t h i s  

p a p e r  th e  p o s s i b i l i t i e s  f o r  an i n v e s t i g a t i o n  o f  th e  c o v e r and
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basem en t s h o u ld  o n ly  be in d ic a t e d  w i t h o u t  d is c u s s in g  th e  

d e t a i l s .

4 . CONCLUSIONS

The e l e c t r i c  f i e l d  o f  a v e r t i c a l  e l e c t r i c  d ip o le  in  th e  

seam i s  in f lu e n c e d  i n  th e  lo w  f r e q u e n c y  ra n g e , to o ,  by th e  

h o r i z o n t a l  l a y e r in g  -  by th e  seam , by th e  c o v e r  and b a se m e n t -  

and by t h e i r  in h o m o g e n e it ie s .  The c h a r a c t e r  o f  th e s e  e f f e c t s  

h in t s  a t  th e  ca u s e s  and t h i s  i s  th e  b a s is  f o r  th e  a p p l i c a t i o n  

o f  th e  f r e q u e n c y  s o u n d in g  in  m in e s . C o m p le te  in f o r m a t io n  can 

be o b ta in e d  by a s im u lta n e o u s  use o f  a m p l i tu d e s  and p h a se s  o r  

r e a l  and im a g in a r y  c o m p o n e n ts , r e s p e c t i v e l y .
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PROFESSOR JÁNOS CSÓKÁS IS 70 YEARS OLD

P ro fessor János Csókás, form er head o f the  Department o f Geophysics a t 
the  T echn ica l U n iv e rs ity  fo r  Heavy In d u s try , has turned to  70 on December 
15, 1988. The p ro fesso r who in s tru c te d  g e n e ra tions  o f g e o p h y s ic is ts , the  
s c ie n t is t  who developed seve ra l domains o f geophysics, was greeted on th is  
occasion by the community o f Hungarian g e o p h y s ic is ts .

Having obta ined a Ph.D. degree in  physics-m athem atics a t the  "Pázmány 
P é te r" U n iv e rs ity  János Csókás s ta r te d  as a g e o p h ys ic is t in  1941 w ith  the  
Hungarian-American O il In d u s tr ie s  Co. L td . Here he d e a lt w ith  E ö tv ö s -to rs io n  
balance and g ra v im e tr ic  measurements, data p rocessing  and in te r p r e ta t io n .  
When geophysica l education was to  be s ta r te d  he was in v ite d  by P ro fe sso rs  
Tárczy-Hornoch and Rántás to  the Department o f Physics a t the T e ch n ica l 
U n iv e rs ity  in  Sopron. Since 1951 he has been a t the new Department o f  Geo­
phys ics  where he organized the t r a in in g  o f g e o p h ys ic is ts , com piled th e  c u r­
r ic u lu m  and formed the s p i r i t u a l  atmosphere th a t  surv ived t i l l  now. As re ­
c o g n it io n  o f h is  work he became assoc ia te  p ro fe sso r in  1953. In  1956 he 
took over the  Department o f Geophysics. The Department o f Geophysics was 
tra n s fe r re d  in  1959 to  M isko lc  to  the  Techn ica l U n iv e rs ity  fo r  Heavy 
In d u s try  as a p a rt o f the F a cu lty  o f M in ing . In  1956-59 he was a s s is ta n t 
manager w ith  the Eötvös Loránd Geophysical I n s t i t u te ,  but con tinued  h is  
work in  Sopron, to o . He was appointed p ro fe sso r in  M iskolc in  1959.

He le d  the Department o f Geophysics t i l l  1983. He has co n tin u e d , how­
e ve r, to  f u l f i l  h is  d u tie s  as p ro fesso r and le c tu re r  w ith  h is  usua l com­
mitment by he lp ing  the work o f the Department o f  Geophysics.

P ro fesso r Csókás' a c t i v i t y  as a le c tu re r  and department le a d e r has been 
ch a ra c te rize d  in  every p e rio d  o f h is  ca ree r by a g rea t p re tens ion  to  be 
u p -to -d a te  and by the  wish to  c rea te  human co n ta c ts  and coopera tion  w ith  
the  s tu d e n ts .

He considered i t  im p o rtan t th a t th e o ry , ins trum ents  and re s u lts  o f  the  
geophysica l measurements should have a s u ita b le  p lace in  educa tion . For 
t h e i r  sake he created educa tiona l connections , f i r s t  o f a l l  w ith  Eötvös 
I n s t i t u t e ,  w ith  the Geophysical Company and w ith  o the r in s t i t u t io n s .  He 
b u i l t  up in te rn a t io n a l connections o f the  department in c lu d in g  the  M in ing  
Academy in  F re ib e rg , the M in ing U n iv e rs ity  in  Moscow and the G eophysical 
In s t i t u te  o f the Ruhr U n iv e rs ity  in  Bochum.
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As a u n iv e rs ity  le c tu r e r  he was the f i r s t  to  dea l w ith  the ra d io lo g ic a l 
exam ination  o f bo reho le  samples. La te r he le d  g r a v i ty ,  magnetic and geo- 
e le c t r i c  research fo r  b a u x ite  supported by th e  Hungarian Academy o f 
S c iences .

He rece ived academic awards severa l t im e s . He took p a rt in  the  in t r o ­
d u c tio n  o f the t e l l u r i c  and m a g n e to te llu r ic  methods in  Hungary. He con­
s tru c te d  the p r in c ip le  o f  an instrum ent fo r  d e te c t io n  o f gases so lved in  
s lu d g e . His cand ida te  d is s e r ta t io n  on th is  s u b je c t was published in  1959.
He in troduced  a the rm a l in s tru m e n t to  d e te c t underground f i r e  and k a rs t 
w a te r in  mines which was success fu l in  coa l and b a u x ite  m in ing. A paper by 
P ro fe sso r Csókás and co -a u th o rs  on the focussed g e o e le c tr ic  sounding met 
in te rn a t io n a l in te r e s t  and the  method became p a te n te d . He co n tr ib u te d  to  
th e  measurement o f the  se ism ic  e ffe c t o f m in ing  e xp lo s io n s .

W ith a co -au tho r he developed the th e o ry  and an instrum ent fo r  rema- 
nence logg ing . He p o in te d  o u t p o s s ib i l i t ie s  to  app ly  s u s c e p ta b ility  lo g g in g  
and developed an in s tru m e n t fo r  th is  purpose. For the  in  s i tu  q u a l i f ic a t io n  
o f  co a l deposits  and f o r  w e ll  logg ing  in  mines he constructed  fu r th e r  in ­
s tru m e n ts . His method f o r  the  de te rm ination  o f th e  f i l t r a t i o n  c o e f f ic ie n t  
in  w a te r-bearing  sand la y e rs  proved to  be s u c c e s fu l,  too .

Several o f h is  p u b lic a t io n s  in fo rm  us about e x p lo ra tio n  methods o f raw 
m a te r ia ls  in  the s i l i c a t e  in d u s try . He proposed a s p e c ia l g e o e le c tr ic  
method, the la y e r p r o f i l i n g ,  fo r  the lo c a tio n  o f h o le s . Ih is  method was 
la t e r  in troduced  in to  a rcheo logy , too . He re a l iz e d  the  dynamic d e te rm in a tio n  
o f the  rock-m echanica l c o e f f ic ie n ts  o f bo reho le  samples and found a r e la ­
t io n s h ip  fo r  th e i r  co n ve rs io n  in to  s ta t ic  va lu e s .

From the e a r ly  s e v e n tie s  on Professor Csókás pa id  a tte n tio n  to  m in ing 
geophysics where he d id  p io n ee rin g  work and became an advocate o f the  ap­
p l ie d  geophysics in  m ines. An outstanding r e s u l t  o f  h is  s c ie n t i f ic  a c t i v i t y  
i s  a g e o e le c tr ic  method f o r  m ining geophysics. The method o f seam-sounding 
i s  unique even in  in te r n a t io n a l  comparison. T h is  procedure makes i t  pos­
s ib le  to  determine the  te c to n ic  d is tu rbances in  co a l depos its . In  re c o g n i­
t io n  o f h is  g rea t r e s u l ts  in  th is  f ie ld  he g o t th e  degree Doctor o f S c i­
ences in  1980. The in te r e s t  from fo re ig n  c o u n tr ie s  is  demonstrated by the 
fa c t  th a t the second resea rch  p ro je c t has been s ta r te d  in  co -ope ra tion  w ith  
th e  Geophysical I n s t i t u t e  o f  the Ruhr U n iv e rs ity  in  the frame o f a DFG-MTA 
c o lla b o ra t io n . The H ungarian p ro je c t leader i s  P ro fesso r Csókás.

P rofessor Csókás in c o rp o ra te s  the type o f the  c re a tiv e  s c ie n t is ts  who 
co n s id e rs  th a t a u n iv e r s it y  p ro fesso r should a ls o  have s o c ia l commitments. 
Besides h is  in tense  te a c h in g  and research work he has led  an a c tiv e  p u b lic  
l i f e .  In  h is  posts he has served p a ss iona te ly  p rog ress  and r a t io n a l i t y .

The g re a te s t s a t is fa c t io n  o f a person lo v in g  h is  p ro fess ion  is  the  
r e s u l t  o f h is  work. For P ro fesso r Csókás t h is  s a t is fa c t io n  is  based both on 
th e  achievements o f h is  fo rm er students and on h is  personal c o n tr ib u t io n  to  
th e  development o f Hungarian geophysics.

P ro fessor Csókás i s  owner o f many awards: among them Order o f Labour 
(1971) and Gold Medal fo r  M e r it  in  M ining (1 9 7 9 ). The A ssoc ia tion  o f 
Hungarian G eophys ic is ts  awarded him honorary membership (1974) and "Egyed 
L á s z ló " Medal (1986).

L e t us wish P ro fe sso r János Csókás many c re a t iv e  years to  fo l lo w  a t 
the  occasion o f h is  70 th  b ir th d a y  on b e h a lf o f  h is  s tuden ts , co lleagues and 
o f  every Hungarian g e o p h y s ic is t.

E Takács
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BOOK REVIEWS

К KRAOS and W SCHNEIDER: Fernerkundung. Band 1, P hys ika lische  Grundlagen 
und Aufnahmentechniken. Dümmler-Verlag, Bonn, 1988. 291 pp, 137 f ig s ,  15 
ta b le s

Remote sensing is  one o f the fa s te s t grow ing techniques a v a ila b le  to  
e xp e rts  concerned w ith  environm enta l problems from  f ie ld s  o f d ive rse  geo­
sc iences.

Th is textbook has been prepared p r im a r i ly  fo r  use in  in tro d u c to ry  
courses in  remote sens ing . I t  g ives a very n ic e  summarization o f the  p h ys i­
c a l fundamentals and sensor techniques.

Chapter I  o f the  book describes the  necessary d e f in i t io n s .
Chapter I I  summarizes the  fundamental c h a ra c te r is t ic s  o f e lectrom ag­

n e t ic  ra d ia t io n . The next chapter deals w ith  d i f f e r e n t  sensors, a e r ia l  pho­
tog raphy, d i f fe r e n t  scanners, radar systems.

Chapter IV describes  ta k in g  d i f fe r e n t  im agery ; a e r ia l photography, 
m u lt is p e c tra l photography and imagery, microwave im agery, s a t e l l i t e  imagery.

The book is  very c le a r ly  w r it te n  and w i l l  h e lp  a l l  geodesists  who are 
in te re s te d  in  remote sens ing .

J Somogyi

G H FRIEDRICH and P M HERZIG eds: Base M etal S u lf id e  Deposits in  Sedimentary 
and V o lcan ic  Environm ents. Proceedings o f the  DMG -  GDMB -  SGA M eeting, 
Aachen, 1985. S p ringer V e rla g , B e r lin -H e id e lb e rg , 1988. 290 pp, 155 f ig s ,
46 ta b le s

The book is  the  f i f t h  in  a se rie s  o f S p e c ia l P u b lica tio n s  o f the  S oc i­
e ty  fo r  Geology A pp lied  to  M inera l D eposits . T h is  Proceedings Volume p res ­
ents a c o l le c t io n  o f c a re fu l ly  se lected  papers on c u rre n t research on the 
geology and m etallogeny o f base metal s u l f id e  d e p o s its  in  Europe, A fr ic a  
and A u s tra lia ,  he ld  a t the  DMG (Deutsche M in e ra log ische  G e s e lls c h a ft) -  
GDMB (G e se lls ch a ft Deutscher M e ta llh ü tte n - und B e rg le u te , Fachsektion La­
g e rs tä tte n fo rsch u n g ) -  SGA (S o c ie ty  fo r  Geology A pp lied  to  M ine ra l D epos its ) 
J o in t  Meeting on Ore D eposits  Aachen, FRG, September 16-19, 1985.

The present c o m p ila tio n  is  an overview o f  c u rre n t research a c t i v i t ie s  
and re s u lts  on base m etal s u lf id e  deposits  in  c la s s ic a l  m ining d i s t r i c t s .  
S ince such depos its  w ith  d i f fe r e n t  ore com pos itions  occur in  a wide v a r ie ty  
o f g e o lo g ica l and l i t h o lo g ic a l  s e tt in g s  o f a lm ost any age, the volume is  
organized along the l in e s  o f the c la s s ic a l h o s t- ro c k  c la s s if ic a t io n .

Some o f the papers g ive  general view o f the  fo rm a tion  o f d i f fe r e n t  
types o f depos its  w ith  respec t to  th e ir  h o s tin g  environm ent. In  the  l ig h t  
o f new concepts o f the  e v o lu tio n  o f sedim entary basins and the ore fo rm ing 
processes in  the v o lc a n ic  environment some a p p a re n tly  w e ll e s ta b lish e d  ore 
g e n e tic  models seem to  be re in te rp re te d . In  h is  paper Large suggests a 
s t r i c t  c o r re la t io n  between an e v o lu tio n a l s tage o f ex tens iona l basins and 
the  sedim ent-hosted massive s u lf id e  m in e ra liz a t io n  which stage is  marked by 
sed im en to log ica l and l i t h o lo g ic a l  in d ic a t io n s . H is  re s u lts  h ig h lig h t  the 
p o s s ib i l i t y  o f using p re lim in a ry  s t r a t ig ra p h ic a l a n a ly s is  o f sedim entary 
sequences fo r  th e ir  p o te n t ia l o f hosting  such m in e ra liz a t io n .

On the o the r hand th e re  are in te n s iv e  lo c a l  s tu d ie s  on ore depos its  
both in  sedimentary and vo lc a n ic  environm ents. In  a very d e ta ile d  study 
H erz ig  -  d iscuss ing  the  g e n e tic  questions o f th e  A g ro k ip ia  В s u lf id e
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d e p o s it ,  Troodos, Cyprus -  p resen ts  a b r i l l i a n t  example o f app ly ing  new 
concep ts  and complex methods in  the  exam ination o f a d e p o s it.

P a rt I  focuses on sed im ent-hosted  d e p o s its  in c lu d in g  examples o f 
K u p fe rs c h ie fe r  and C o p p e rb e lt- typ e , as w e ll as le a d -z in c  m in e ra liz a t io n  in  
ca rb o n a te  host .rocks.

P a rt I I  covers the  v o lc a n ic  and vo lcan ic -sed im en t hosted base m eta l 
s u l f id e s  d e scrib ing  research  on hydrotherm al Cyprus and Kuroko-type, 
Ib e r ia n  P y r ite  B e lt ,  T u rk ish  copper depos its  and s u lf id e  ore d e p o s its  in  
a lp in e  vo lcano-sedim entary sequences.

The book conta ins 16 papers and a u s e fu l s u b je c t index.
T h is  volume provides v a lu a b le  in fo rm a tio n  to  researchers and e x p lo ra ­

t i o n i s t s  on g e o lo g ic a l, l i t h o lo g ic a l ,  geochemical and te c to n ic  param eters 
o f  o re  fo rm a tio n .

F Gondi

STUART TURNER ed .: A pp lied  Geodesy (G loba l P o s it io n in g  System -  Networks -  
A c c e le ra to rs  -  M athem atical Geodesy). S p rin g e r-V e rla g , B e r l in ,  H e id e lb e rg , 
New Y o rk , London, P a ris  , Tokyo, 1987. 393 pp, 190 f ig s ,  25 ta b le s

T h is  book is  V o l. 12 o f  Lec tu re  Notes in  E arth  Sciences and was o r i g i ­
n a l ly  pub lished  as In te rn a l Report under the  t i t l e :  Proceedings o f th e  CERN 
A c c e le ra to r  School o f A p p lie d  Geodesy fo r  P a r t ic le  A cce le ra to rs , Geneva 
1987. Lec tu res  by 25 au tho rs  have been grouped under fo u r main to p ic s .

C hapter I .  G lobal P o s it io n in g  System and V .L .B . I .  con ta ins 6  le c tu re s  
w ith  th e  fo llo w in g  to p ic s : GPS, i t s  Development and deployment. GPS R eceiv­
e r Technology. Precise P o s it io n in g  w ith  the  GPS. GPS O rb it D e te rm ina tion  
U sing  th e  Double D iffe re n c e  Phase Observable. Very Long Base In te r fe ro m e try

C hapter I I .  Surface G eodetic  Networks and Underground Geodesy a lso  
com prises s ix  le c tu re s  which are the  fo l lo w in g : The LEP T r i la té r a t io n  
N e tw ork . D ev ia tion  o f the  V e r t ic a l ,  Comparison between Terram eter and GPS 
R e s u lts -  and How to  Get There. Geodetic Networks fo r  C rus ta l Movements 
S tu d ie s . Gyroscope Technology, S ta tus and Trends. Underground Geodesy.

C hapter I I I .  c o l le c ts  seven le c tu re s  in  the  to p ic  o f A pp lied  Geodesy 
f o r  P a r t ic le  A cce le ra to rs . They are the fo l lo w in g : High P re c is io n  Geodesy 
A p p lie d  to  CERN A c c e le ra to rs . Three-D im ensional Adjustments in  a Loca l 
R e fe rence  System. Computer A ided Geodesy ( I )  I n s ta l la t io n  Procedure. 
Computer Aided Geodesy ( I I )  In s tru m e n ta tio n . A pp lied  M etrology f o r  LEP ( I )  
Computing and A na lys is  Methods. A pp lied  M etro logy fo r  LEP ( I I I )  Data Log­
g in g  and Management o f G eodetic  Measurements. M etro logy fo r  Experim ents.

C hapter IV deals w ith  M athem atica l Geodesy in v o lv in g  th ree  le c tu re :  
between Three- and Two-Dimensional Geodesy. On Continuous Theory fo r  
G e o d e tic  Networks.

For the  c o n s tru c tio n  o f la rg e  a c c e le ra to rs  i t  is  necessary to  use geo­
d e t ic  techniques to  ensure p re c is e  p o s it io n in g  o f the  machines' components. 
The in c re a s in g  dimensions o f new a c c e le ra to rs  d ic ta te s  the use o f th e  best 
g e o d e tic  methods in  the  search  fo r  the g re a te s t p re c is io n . At the same tim e 
th e  p o w e rfu l computer methods now a v a ila b le  fo r  s o lv in g  d i f f i c u l t  problems 
a re  a ls o  a p p lica b le  a t the  in s tru m e n t le v e l where data c o l le c t io n  can be 
a u to m a tic a lly  checked.

T h is  book c o lle c ts  th e  most im portan t measuring methods and c a lc u la ­
t io n s  f o r  th is  purpose.

The book is  an up to -d a te  work and g ives  a u s e fu l help to  the  readers 
in v o lv e d  in  these s u b je c ts .

J Somogyi
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Th is  book is  a c o l le c t io n  o f le c tu re s  h e ld  on the X. In te rn a t io n a l 
M eeting o f Surveyors in  Munich.

The a r t ic le s  are re la te d  to  the  fo l lo w in g  two to p ic s : A) Ins tru m e n ta ­
t io n  and Data C o lle c t io n . B) P lo t t in g  Systems and In te rp re ta t io n .

Topic A: A new concept fo r  a p a r t ia l  autom ation o f le v e l l in g  system.
The Hannover pendulum -  a computer c o n tro lle d  mechanical pendulum measuring 
the  p o s it io n  o f the w ire  a t any h e ig h t w ith o u t mechanical c o n ta c t. A sug­
g e s tio n , how the su rvey ing  o f a water body can be performed w ith  th e  he lp  o f 
in s tru m e n ts , a surveyor a f f ic e  should have a t  h is  d isp o sa l. Strapdown -  in ­
e r t i a l  na v ig a tio n  system. The h yb rid  a p p lic a t io n  o f a combined INS-GPS sys­
tem in  su rvey ing . An apparatus fo r  c a l ib r a t in g  h o r iz o n ta l and v e r t ic a l  -  
c i r c le  systems o f e le c tro n ic  th e o d o lite s . A computer c o n tro lle d  t o t a l  s ta ­
t io n  to  measure d is tances  and h o r iz o n ta l and v e r t ic a l  ang les. TOPOMAT a 
modulor f u l l y  automated p o la r  measuring system . A summary o f the  executed 
experiences and exam inations o f the W ild DIOR 3002. In fo rm a tio n  about the 
Mekometer ME 5000. D e s c r ip t io n  o f a tw o -c o lo u r d is tance m eter. C o n d itio n s  
and p o s s ib i l i t ie s  o f e le c tro n ic  to ta l  s ta t io n s  and f ie ld  com puters. Concep­
t io n  o f a f u l l y  automated measurement system . A measurement method a llo w in g  
an autom atic  and permanent enforcement o f the  measurements.

Topic B: D ig i ta l  C lose-range photogram m etry. Functiona l aspects  o f a 
ty p ic a l  re a l- t im e  v is io n  system. "O n - lin e "  coo rd in a te  measurement w ith  
th e o d o lite s . The pros and cons o f K a lm a n - f i lte r in g  technique a g a in s t the 
e la s t ic a l  deform ation ana lyses. T heodo lite  measurement systems in  in d u s try ,  
so ftw a re  c o n s tru c tio n , o p e ra tin g  systems, e x p e rt systems and in fo rm a tio n -  
systems in  eng inee ring . CAD -  g raph ic system . The a c q u is it io n , management 
and a n a lys is  o f s p a t ia l  in fo rm a tio n  in  in fo rm ationsystem s. The concept o f a 
G eo-in form ationsystem . H ybrid  g raph ic  in  geo in form ationsystem . Development 
o f  Land In fo rm a tion  Systems.

The book g ives ve ry  u s e fu l in fo rm a tio n  fo r  p ra c t ic io n e rs .

К SCHNÄDELBACH (H Ebner H rs g .) :  Ingen ieu rve rm essung  88. B e iträ g e  zum X. I n ­
te rn a t io n a le n  Kurs f ü r  Ing en ieu rve rm essu ng . Band 1. D üm m ler-V erlag ’, Bonn,
1988, 328 pp, 128 f ig s ,  14 ta b le s

J Somogyi

К SCHNÄDELBACH (H Ebner H rs g .) : Ingenieurvermessung 8 8 . B e iträ g e  zum X. In ­
te rn a tio n a le n  Kurs fü r  Ingenieurverm essung. Band 2. Dümmler-Verlag, Bonn, 
1988, 421 pp, 216 f ig s ,  16 ta b le s

Th is book is  the second p a rt o f c o lle c te d  le c tu re s  he ld  on th e  X. In ­
te rn a t io n a l Meeting o f Surveyors in  Munich. The a r t ic le s  jo in  th e  fo llo w in g  
th re e  to p ic s :

C) Surface c o n s tru c tio n  and in d u s t r ia l  es tab lishm ent.
D) S tru c tu ra l eng inee ring  and underground c o n s tru c tio n .
E) Environment and c o n s tru c tio n  m o n ito r in g .
Topic C: S pecia l equipment fo r  c o n tro l o f pa ra b o lic  antennas. Geodetic 

problems re la te d  to  the c o n s tru c tio n  o f the  b u ild in g  o f a W ater-W ater-Ener­
gy Reactor o f a to n ic  power s ta t io n s . The m athem atical and e lastom echan ica l 
p r in c ip le s  governing the  fo rm fin d in g  and a n a ly s is  o f th in  p re s tre sse d  s u r­
face  s tru c tu re s . The fo rm fin d in g  and d e te rm in a tio n  o f working d raw ings fo r  
s o p h is tic a te d  s p a t ia l tim b e r s tru c tu re . Test c o n tro ll in g  measurement o f a 
b rid g e  across a v a lle y  and an autom atic p ipe  ja c k in g  measurement. About 
la te r a l  re f ra c t io n  in  eng inee ring  su rve y in g . Using photogrammetry in  s u r­
face  eng inee ring . Basic concepts in  the use o f TRANSIT and GPS f o r  marine
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p la tfo rm  p o s it io n in g . In v e s t ig a t io n  o f d isp lacem ents  and deform ations o f 
d ry  dock. A geographic in fo rm a tio n  system. Three-d im ensiona l survey te c h ­
n iq u es  and th e ir  in d u s t r ia l  a p p lic a tio n s .

Top ic D: Tunne l-ne tw orks . The use o f GPS in  an A lps -c ross ing  tu n n e l.
The e n g inee ring -su rvey ing  problems o f the p la n n in g  and co n s tru c tio n  o f r a i l ­
way tu n n e ls . The use o f th e  GYROMAT by the c o n s tru c t io n  o f the EUROTUNNEL. 
The ge o d e tic  co n tro l by th e  c o n s tru c tio n  o f a new la rg e  a cce le ra to r.

Measuring and s u rve y in g  fo r  the ra ilw a y  netw ork o f the Zürich S-Bahn. 
C heck ingpo in t system fo r  th e  co n s tru c tio n  and th e  maintenance o f a ra ilw a y  
t r a c k .  A system p ro v id in g  th e  data fo r  the h o r iz o n ta l and v e r t ic a l  a l ig n ­
ment o f  ra ilw a y  des ign. The in te rp re ta t io n  o f g e o te ch n ica l measurements by 
tu n n e l c o n s tru c tio n s . G eographic in fo rm a tion  system developed by W ild . A 
modern, comprehensive ne tw ork  in fo rm a tio n  system . G eographic-Technical In ­
fo rm a tio n  Systems.

Top ic E: The concept and design o f a h y b r id  ne tw ork: Specia l com puter- 
- c o n t r o l le d  d isp la y  and w arn ing  systems fo r  e ng inee r su rveying . Automation 
o f  da ta  c o lle c t io n  and p ro ce ss in g  o f de fo rm ation  measurement. Photogram- 
m e tr ic  m on ito ring  in  b u i ld in g  c o n s tru c tio n . Photogram m etric deform ation 
su rv e y s . T e rra in  and image data  processing fo r  env ironm enta l s u rv e illa n c e . 
The development o f a n a tio n -w id e  environm ental in fo rm a tio n  system. The 
s ta te  o f the a r t  fo r  the  a p p lic a t io n  o f the d e fo rm a tio n  an a lys is .

The book g ives u s e fu l in fo rm a tio n  fo r  those in te re s te d  in  th is  th re e  
t o p ic s .

J Somogyi

H MILITZER and F WEBER eds: Angewandte Geophysik. Band 3. Seism ik. Akademie 
V e r la g , B e r lin  and S p r in g e r , Vienna -  New York, 420 pp, ÜM 6 8

T h is  is  the la s t  volume o f a three volume s e r ie s  on E xp lo ra tion  geo­
p h y s ic s , w r it te n  by R S chm ö lle r and F Weber from  the  Leoben U n iv e rs ity  in  
A u s tr ia  and B Forkmann, H M i l i t z e r  and R R osie r from  the  Fre iberg  M in ing  
Academy in  the GDR. I t  i s  meant as a handbook fo r  u n iv e rs ity  s tudents in  
geophys ics  a t both u n iv e r s i t ie s .

In  the  In tro d u c t io n , M i l i t z e r  gives an o u t l in e  o f the development o f 
s e is m ic s , being the most im p o rta n t method in  e x p lo ra t io n  geophysics. The 
fo l lo w in g  pa rts  deal w ith  se ism ic  waves, p e tro p h y s ic a l p r in c ip le s , p r in c i ­
p le s  o f instrum ents and methods, seism ic m ethodology, de te rm ination  o f the  
v e lo c i t y ,  processing o f r e f le x io n  data, in te r p r e ta t io n  and re p re se n ta tio n  
o f s e ism ic  data, g e o lo g ic a l in te rp re ta t io n  and w ith  se lec ted  sp e c ia l se ism ic  
methods. A l l  these p a rts  a re  very r ic h ly  i l l u s t r a t e d  in  many cases from  the  
c o u n tr ie s  o f the a u th o rs , th u s  they have d ir e c t  access to  the data and are 
th e re fo re  c h a ra c te r is t ic  f o r  the  area. A tte n tio n  i s  pa id  to  spec ia l p rob­
lem s, as e .g . deep se ism ic  measurements in  C e n tra l Europe. The d i f fe r e n t  
p o in ts  o f view from the  two c o u n tr ie s  add to  the  va lue  o f the book as i t  
h e lp s  to  avoid b ias o r p re ju d ic e .  Both m athem atica l p r in c ip le s  and se ism ic  
in s tru m e n ts  are adequate ly d e a lt  w ith , being im p o rta n t fo r  students o f geo­
p h y s ic s  as w e ll as fo r  p r a c t ic iz in g  g e o p h y s ic is ts . T h is  book is  and w i l l  be 
f o r  s e v e ra l years an u n a vo idab le  companion fo r  anybody dea ling  w ith  geo­
p h y s ic s  in  a German speaking  coun try .

J Verő
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W О STUART and К AKI eds: In te rm e d ia te -T e rm  E arth qua ke  P re d ic t io n .  (R e p r in t
from  Pure and A p p lie d  G eophys ics , 126, 1988, no . 2 -4 )  B irk h ä u s e r, B a s e l,
1988

The re p r in t  volume co n ta in s  the m a te r ia l o f th e  in te rn a t io n a l c o n fe r­
ence, "P hys ica l and O bse rva tiona l Basis o f In te rm ed ia te -Term  Earthquake 
P re d ic tio n "  in  Monterey, C a li fo rn ia ,  November 14-17, 1986, sponsored by the  
US G eo log ica l Survey. I t  co n ta in s  th ree  main p a r ts ,  the  f i r s t  on "H ydro- 
lo g ic  and Geochemical P recursors" (100 pages), the  second on "S eism olog ie  
and Geodetic P recursors" (250 pages), and a t h i r d  on "Mechanical Models"
(190 pages). The bu lk  o f the  papers are from US a u th o rs , in  each p a rt w ith  
one o r two Japanese c o n tr ib u t io n s  in d ic a t in g  th a t  m a in ly  re s u lts  from these 
two co u n tr ie s  are to  be found here. Roughly one h a l f  o f the volume co n ta in s  
rev iew s, the o the r h a l f  o r ig in a l  c o n tr ib u t io n s  in  r e s t r ic te d  sense. As a 
whole, the book g ives a c le a r  p ic tu re  on methods which are considered in  
these two co u n tr ie s  as most hopefu l fo r  in te rm e d ia te - te rm  earthquake p re ­
d ic t io n .  These methods are based on the fo l lo w in g  phenomena: h y d ro lo g ic a l 
p re cu rso rs , geochemical p re cu rso rs , se ism ic qu iescence, re ta rd a tio n  o f f a u l t  
creep ra te s . O bse rva tiona l m a te ria l fo r  the p re d ic t io n  may be very d i f f e r ­
e n t, e .g . groundwater m o n ito r in g  is  c a rr ie d  ou t in  Japan by an amateur 
network (C a tf is h  C lu b ), w h ile  se ism o log is ts  have extended networks -  never­
th e le ss  in  the l a t t e r  case any change in  the  netw ork may cause changes in  
d e te c ta b i l i t y  (low er l im i t  in  magnitude o f d e tec ted  earthquakes) and th is  
is  one o f the most se rio u s  problems in  the d e te rm in a tio n  o f se ism ic 
quiescence.

People in te re s te d  in  earthquake p re d ic t io n  o b ta in  uptodate in fo rm a tio n  
about the present s i tu a t io n  in  th is  f ie ld  from  the  book, w ith  emphasis on 
methods used in  the  two mentioned co u n tr ie s . T h is  r e s t r ic t io n  is  a drawback 
o f the volume, even i f  the  numerous e x c e lle n t rev iew s t r y  to  c o l le c t  data 
and re s u lts  from o th e r c o u n tr ie s , too . Geomagnetic and g e o e le c tr ic  methods 
are e .g . n e a rly  com p le te ly  om itted . Anyway, the  in c re a s in g  number o f suc­
c e s s fu l p re d ic t io n s , re p o rte d  and exp la ined here shows th a t i t  can be 
s tro n g ly  hoped th a t more s o p h is tic a te d  methods o f earthquake p re d ic t io n  
combined w ith  la rg e  o b s e rva tio n a l networks may re s u l t  in  the near fu tu re  in  
s ig n i f ic a n t  developments in  th is  f ie ld .

J Verő

H FRÖHLICH: Vermessungstechnische H a n d g riffe . Basisw issen fü r  den Aussen­
d ie n s t. Dümmler-Verlag, Bonn, 1988, 93 pp, 109 f ig s

In  f ie ld  work th e re  are a lo t  o f knacks which make eas ie r the measure­
ments. Th is  book g ives a he lp  fo r  te c h n ic a l people who are u n s k ille d  in  
p ra c t ic a l su rvey ing . For th is  reason the te x t  is  combined w ith  l i f e l i k e  
f ig u re s .

J Somogyi

J B0ISS0NNAS and P 0MENETT0 eds: M inera l d e p o s its  w ith in  the European Com­
m un ity . S p rin g e r-V e rla g , B e r l in ,  H eide lberg , New York, London, P a ris , Tokyo, 
1988, 558 pp, 221 f ig s

A fte r  the o i l  c r i s is  in  1973-74 the C ounc il o f  M in is te rs  o f the 
European Community adopted a se rie s  o f m u ltia n n u a l research programmes,
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among o th e rs  the programmes on "P rim ary Raw M a te r ia ls "  (1978-81) and 
"M e ta ls  and M inera l Substances" (1982-85). W ith the help o f the  research  
and development programmes o f the European Community a c o l le c t io n  o f r e ­
sea rch  papers o r ig in a te d  m ostly  from the  1982-85 programme has been pub­
l is h e d  in  th is  volume which rep resents  th e  6 th  S pecia l P u b lic a tio n  o f the  
S o c ie ty  fo r  Geology A pp lied  to  M ine ra l D e p o s its .

The book is  d iv id e d  in to  th re e  p a r ts .  The f i r s t  p a rt c o n s is ts  o f  the 
papers dea ling  w ith  the tungsten  and more o r le s s  associated m in e ra liz a ­
t io n s ,  such as t i n ,  l i t h iu m ,  molybdenum and tan ta lum . The problems con­
nec ted  w ith  the chrom ite  and p la tinum  group elements are d iscussed in  the 
2 nd p a r t ,  w h ile  the new re s u lts  concern ing the  base m eta l, phosphate and 
p la c e r  m ine ra l depos its  are  o u tlin e d  in  the  3rd p a r t .  This th re e fo ld  d i v i ­
s io n  corresponds rough ly  to  the  th ree  m ajor g e o lo g ic a l environm ents: 
g ra n i te s ,  u ltra b a s ic  rocks and sedim entary ro cks .

Most o f the papers are the re s u lts  o f the  coopera tion  o f s c ie n t is ts  
from  a t le a s t two c o u n tr ie s , thanks to  the  "c o n ta c t groups" s e t up by the  
programme management.

The scope and s u b je c t m a tte r v a r ie s  from  the  in d iv id u a l d e p o s its  to  
th e  m é ta llo g é n ie  p ro v in ce s . S pec ia l a t te n t io n  is  paid on the qu e s tio n s  o f 
e x p lo ra t io n  methodology. Thus, f i r s t  o f a l l  s t r u c tu ra l  and geochemical 
te ch n iq u e s  are described .

T h is  s e le c tio n  o f papers g ives a re a l p ic tu re  on the p resen t s ta te  o f 
th e  Western European research  in  the f i e l d  o f economic (o re ) geo logy.

P Á rka i

REN OISHUN, HANG CHONFA, ZHANG ZHENGKUN, QIN DEYO under the  d ir e c t io n  o f 
P ro f .  HUANG JIQING: G eotecton ic  E v o lu tio n  o f China. Science Press, B e ij in g  
and S p rin g e r-V e rla g , B e r l in ,  H e ide lbe rg , New York, London, P a r is , Tokyo, 
1987, 203 pp, 30 f ig s ,  14 p la te s

The present monograph is  a b r ie f  e xp la na to ry  te x t  to  the  "G eo tec ton ic  
map o f  China" in  sca le  o f 1:4000000 f in is h e d  in  1978, as w e ll as a fu r th e r  
e lu c id a t io n  o f the p re v io u s  work "An o u t l in e  o f the te c to n ic  c h a ra c te r is ­
t i c s  o f  China" w r it te n  by Huang J iq u in g  e t a l .  (1977). This book p resen ts  
th e  condensed summary o f the  enormous g e o lo g ic  work made by thousands o f 
Chinese g e o lo g is ts  in  the  la s t  fo r t y  years .

The f i r s t  chapter o f the  monograph o u t l in e s  the th e o re t ic a l and métho­
d o lo g ie  background o f the  fu r th e r ,  d e ta ile d  d iscu ss io n . A lthough the 
a u th o rs  o f the book acknowledge the im p o rta n t changes caused by the  theo ry  
o f  p la te  te c to n ic s , they do not apply them f u l l y  in  th e ir  in te rp r e ta t io n s .  
D iscu ss in g  the main problems o f g e o te c to n ic s , sp e c ia l a t te n t io n  is  p a id  to  
th e  s p e c i f ic  fe a tu re s  o f c o n tin e n ta l and oceanic c ru s ts , th e ir  co n ta c ts  and 
re la t io n s h ip .  The c o n tra s t in g  c h a ra c te r is t ic s  o f mobile b e lts  and p la tfo rm s  
and t h e i r  tra n s fo rm a tio n s  are a lso  o u t l in e d . The authors emphasize the  
s ig n if ic a n c e  o f the p o ly c y c lic  e v o lu tio n  o f c ru s ta l pa rts  in c lu d in g  the  
s t a b i l iz a t io n  o f m obile  b e l ts  as w e ll as the  re -a c t iv a t io n  o f s ta b le  areas. 
In  th e  view o f th is  Chinese g e o te c to n ic  schoo l the deep fra c tu re s  o f d i f ­
fe r e n t  o r ig in  p lay an im p o rta n t ro le  in  the  te c to n ic  c la s s i f ic a t io n  o f the 
g ive n  area.

The su b d iv is io n  and c h a ra c te r iz a t io n  o f the te c to n ic  cyc les  o f China 
(C h a p te r I I )  is  fo llo w e d  by the d e s c r ip t io n  o f the main te c to n ic  u n its  
(p a ra p la tfo rm s , p la tfo rm s , g é o syn c lin a l fo ld  re g io n s , e p ic o n tin e n ta l and 
m a rg in a l sea bas ins) in  Chapter I I I .  A f te r  a more d e ta ile d  e xp la n a tio n  o f 
g é o s y n c lin a l e v o lu tio n , deep fra c tu re s  and deep-seated s tru c tu re s



BOOK REVIEWS 479

(Chapters IV and V) the  f in a l  (V lth )  p a rt o f  the  book g ives the  g e n e tic  in ­
te rp re ta t io n  o f the g e o te c to n ic  e v o lu tio n  o f China from the  Archean up to  
the  A lp in e  cyc le s . Beginning w ith  the Indonesian (T r ia s s ic )  c y c le , p la te  
movements are in troduced  to  e x p la in  the  e v o lu tio n  o f the Tethys-H im alayan 
and the m a rg in a l-P a c if ic  domains.

U n t i l  now very few , spo rad ic  data have been published in  E n g lis h  about 
the  geology, and e s p e c ia lly  about the te c to n ic  co n d ition s  o f C hina. T h is  
fa c t  g ive s  an e x tra o rd in a ry  va lue to  th is  book. Th is volume p ro v id e s  bas ic  
data to  everybody who is  in te re s te d  in  the  g e o te c to n ic  e v o lu tio n  o f E u ras ia , 
o r who in te n d  to  co lo u r the w h ite  areas in  p la te  te c to n ic  models.

P Á rka i

J GANGULY and S K SAXENA: M ix tu re s  and m in e ra l re a c tio n s . S p rin g e r-V e rla g , 
B e r l in ,  H e ide lberg , New York, London, P a r is , Tokyo, 1987, 291 pp, 108 f ig s

The 19th volume o f the w ell-known s e r ie s  o f the S p rin g e r-V e rla g  
("M in e ra ls  and Rocks", e d ito r  in  c h ie f :  P 0 W y llie , e d ito rs : A E l Goresy,
W von Engelhardt and T Hahn) presents an e x c e lle n t summary o f th e  enormous 
progress which has been achieved in  the  la s t  twenty years in  the  konwledge 
o f physicochem ical changes o f rocks based on the  thermodynamic a n a ly s is  o f 
e q u i l ib r ia  and re a c tio n s  o f s o l id  s o lu tio n s  (m in e ra ls ).

In  a d d itio n  to  the  concepts o f the c la s s ic a l thermodynamics, s o l id  
s o lu t io n ,  atomic o rd e rin g  and in te ra c t io n  are o u tlin e d  in  the  p re se n t work 
in  o rde r to  so lve d i f fe r e n t  subso lidus  ( f i r s t  o f a l l  metamorphic) p e tro lo g ­
ic a l  problems.

A lthough the book assumes fa m i l ia r i t y  w ith  the  basic p r in c ip le s  o f 
thermodynamics, the f i r s t  chap te r con ta ins  an up -to -d a te  review  o f  d i f f e r ­
en t bas ic  thermodynamic fu n c tio n s  ( a c t iv i t y ,  fu g a c ity ,  standard s ta te s ,  
excess fu n c tio n s  e t c . ) ,  the in te rp re ta t io n  o f id e a l and d i lu te  s o lu t io n s .

Th is  is  fo llow ed  by the  d e s c r ip tio n  o f the  m ixing models and a c t i v i t y -  
-com pos ition  re la t io n s  o f the  re a l s o l id  s o lu t io n s . Chapter 3 de a ls  w ith  
the  phase separa tion  in  s o lu t io n s  w ith  a d e ta ile d  in v e s tig a t io n  o f  P-T de­
pendence o f unmixing as w e ll as o f the d isp lacem ent o f b in a ry  s o lv i  due to  
a d i lu te  th i r d  component. A f te r  the c a lc u la t io n  methods o f heterogeneous 
chem ical re a c tio n s  and e q u i l ib r ia  (Chap. 4) thermodynamic p ro p e r t ie s  o f the 
most im portan t m inera l s o l id  s o lu t io n s  (g a rn e ts , o l iv in e ,  pyroxenes, m icas, 
fe ld s p a rs , n e p h e lin e -k a ls i l i te ,  s p in e ls  and rhombohedral ca rbona tes) are 
described  (Chap. 5 ) . The d iscu ss io n  o f exchange e q u ilib r iu m  and in t e r -  
- c r y s ta l l in e  fra c t io n a t io n  p rov ides  the th e o re t ic a l basis o f one o f  the  
most im po rtan t a p p lic a t io n  o f the  s u b je c t, namely the  geothermometry and 
geobarometry (Chap. 6 ) .  Th is to p ic  is  c lo s e ly  re la te d  w ith  the  thermodynam­
ic s  o f c a tio n  o rde ring  and w ith  the  re la t io n s h ip s  between o rd e r -d is o rd e r  
s ta te  and therm al h is to ry  (Chap. 7 ) . The la s t  chapter (e s tim a tio n  and e x tra ­
p o la t io n  o f the thermodynamic p ro p e r tie s  o f m ine ra ls  and s o l id  s o lu t io n s )  
g ives  a s ta b le  basis fo r  fu r th e r  developments.

The main te x t is  completed w ith  th ree  appendices. The f i r s t  one con­
ta in s  d iv e rs e , m ain ly th e o re t ic a l to p ic s  such as c ry s ta l f i e ld  th e o ry , 
e le c tro n e g a t iv i ty ,  in te r d i f f u s io n  c o e f f ic ie n t ,  tem perature -  tim e  -  t ra n s ­
fo rm a tio n  (TTT) diagram, w h ile  Appendix В dea ls  w ith  the geotherm om etric 
and geobarom etric a p p lic a t io n s  o f continuous and d iscon tinuous re a c t io n s .
The behaviour o f f lu id s  under h igh  pressure and tem perature is  o u t l in e d  in  
Appendix C.

The s tru c tu re  o f the  te x t  is  lo g ic a l ,  c le a r ,  w e ll o rgan ized. The 
complete l i s t  o f re fe rences and the  w e ll s e le c te d , d id a c tic  f ig u re s  h ig h ly
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in c re a s e  the s c ie n t i f i c  v a lu e  o f the book.
T h is  volume o f th e  s e r ie s  "M inera ls and Rocks" can be recommended to  

g radua te  students and g e o lo g is ts  (m ainly p e t r o lo g is ts  and geochemists) who 
in te n d  to  s ta r t  o r deve lop  t h e i r  knowledge in  th e  f i e l d  o f geothermometry 
and geobarometry o f m etam orphic rocks, o r who want to  understand the na tu re  
o f  g e o lo g ic  processes re a c h in g  (more p re c is e ly ,  approaching) e q u ilib r iu m .

P Á rka i

V A MILASHEV: E xplosion p ip e s . S p ringe r-V e rlag , B e r l in ,  H eide lberg, New 
Y o rk , London, P a ris , Tokyo, 1988, 249 pp, 51 f ig s

According to  the  a u th o r ,  the explosion p ip e s  (o r  diatrem es) are very 
common among g e o lo g ic a l fo rm a tio n s . The e x p lo s io n  p ipes which are the re ­
s u l t s  o f magmatic gas e ru p t io n s  are ch a ra c te rize d  by p e c u lia r shape, s iz e , 
in t r u s iv e  con tacts , d iv e rs e  i n f i l l i n g s  and m in e ra liz a t io n s .

A lthough a lo t  o f  w orks have been pub lish e d  on the d i f fe r e n t  aspects 
o f  d ia trem es, a m onog raph -like  summary o f the  p re se n t s ta te  o f our know­
ledge  was lack ing  so f a r .  T h is  book in tends to  f i l l  th is  gap.

The book c o n s is ts  o f  th re e  main chap te rs . In  the  f i r s t  and second ones 
th e  b a s ic  p ro p e rtie s  o f k im b e r l i te  and la m p ro ite  p ipes  as w e ll as the  non- 
k im b e r l i te  diatrem es a re  d e scrib e d , in c lu d in g  th e  morphology, types, in ­
te r n a l  (endogenous and exogenous) s tru c tu re , x e n o l ith  con ten t, co n ta c t e f ­
fe c ts  and raw m a te r ia l occurrences of the p ip e s . The main a tte n tio n  is  
focused  on the tem poral and s p a t ia l d is t r ib u t io n s  o f k im b e r lite s , th e i r  
s t r u c tu r a l  co n tro ls  and o th e r  fa c to rs  o f t h e i r  lo c a l iz a t io n .  The hypotheses 
on th e  character o f k im b e r l i t ic  magma chamber a re  c r i t i c a l l y  eva lua ted . The 
поп- k im b e r l i t ic  d ia trem es (C hapter 2) are connected m ain ly w ith  a l k a l i -  
- b a s a lto id  -  c a rb o n a t ite , tra c h y te  and b a s a lt ic  t ra p  fo rm ations o f th e  con­
t in e n ta l  c ru s t.

Chapter 3 p resen ts  an up -to -d a te  syn th e s is  o f  the  mechanism and con­
d i t io n s  o f pipe fo rm a t io in .  Eva luating the p h y s ic a l s ta te  o f the m a te r ia ls  
in v o lv e d  in  diatrem e fo rm a tio n , and the dynamics and mechanism o f the  
p ro ce ss , the e n e rg e tics  o f  t h is  p e cu lia r phenomenon is  described.

The author c o lle c te d  and in te rp re te d  a l l  o f  th e  a v a ila b le  da ta . The 
s t r u c tu re  o f the book i s  c le a r ,  the fig u re s  a re  d id a c t ic .  Both s p e c ia lis ts ,  
f i e l d  g e o log is ts  and s tu d e n ts  may p r o f i t  t h is  e x c e l le n t  monograph.

P Á rka i
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