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S u b m a ~ e  'sinkholes': A mview 
MARCO TAVIANI CNR, Bologna, Italy 

ABST R ACT 

T h e  e x p l o r a t i o n  o f  t h e  s u b m a r i n e  r e a l m  h a s  l e d  t o  t h e  d i s c o v e r y  t h a t  
s t r u c t u r e s  c l o s e l y  r e s e m b l i n g  s u b a e r i a l  d i s s o l u t i o n  k a r s t i c  f e a t u r e s  a r e  
r e l a t i v e l y  f r e q u e n t  a t  g r e a t  d e p t h .  R o u n d e d ,  s u b c i r c u l a r  o r  o v a l  
d e p r e s s i o n s  f r o m  a  f e w  meters u p  t o  30 k m  i n  d i a m e t e r  h a v e  b e e n  r e p o r t e d '  
f r o m  d i f f e r e n t  b a s i n s  ( M e d i t e r r a n e a n ,  N o r t h  a n d  Red S e a s ,  G u l f  o f  Mexico) .  
The  o b j e c t i v e  d i f f i c u l t y  i n  m a k i n g  d e t a i l e d  s t u d i e s  o f  t h e s e  d e p r e s s i o n s  
d o e s  n o t  a l l o w  i n  m o s t  c a s e s  t o  i n e q u i v o c a l l y  u n d e r s t a n d  t h e  n a t u r e  o f  
t h e s e  s t r u c t u r e s  a n d  t h e  m e c h a n i s m s  c o n t r o l l i n g  t h e i r  f o r m a t i o n .  T h e  
p o s s i b i l i t y  o f  s u b m a r i n e  k a r s t i f i c a t i o n  o f  c a r b o n a t e s  l e a d i n g  t o  l a r g e  
s c a l e  s t r u c t u r e s  seems u n l i k e l y  b u t  h a s  n o t  y e t  b e e n  i n v e s t i g a t e d .  T h e  
f o r m a t i o n  o f  s i n k h o l e s  d u e  t o  s u b s u r f a c e  s o l u t i o n  o f  s a l t  d o e s  n o t  
n e c e s s a r i l y  r e q u i r e  a  s u b a e r i a l  e n v i r o n m e n t .  I m p o r t a n t  s a l i n e  b a s i n s ,  
s u c h  a s  t h e  G u l f  o f  M e x i c o ,  M e d i t e r r a n e a n ,  Red a n d  N o r t h  S e a s ,  d i s p l a y  
l a r g e  d e p r e s s i o n s  i n t e r p r e t e d  a s  s a l t  c o l l a p s e - s t r u c t u r e s  d u e  t o  t h e  
s o l u t i o n  o f  u n d e r l y i n g  e v a p o r i t e s .  T h e  r o l e  t h a t  t h e y  p l a y  a s  m i n i -  
s e d i m e n t a r y  b a s i n s  a p p e a r s  t o  b e  i m p o r t a n t .  I n  t h e  R e d  S e a  t h e s e  
d e p r e s s i o n s  a r e  l i k e l y  t o  b e  c o n n e c t e d  t o  t h e  f o r m a t i o n  a n d  m a i n t a n a n c e  o f  
h y p e r s a l i n e  b r i n e s  f u n d a m e n t a l  f o r  t h e  f o r m a t i o n  o f  m e t a l - e n r i c h e d  
p r e c i p i t a t e s  o f  e c o n o m i c  i n t e r e s t .  

INTRODUCTION 

T h e  i n t e n s e  i n v e s t i g a t i o n  o f  t h e  d e e p - s e a  d u r i n g  t h e  l a s t  d e c a d e s  h a s  s u b s t a n t i a l l y  
a d v a n c e d  o u r  k n o w l e d g e  o f  t h e  m o r p h o l o g y  o f  t h e  o c e a n  b o t t o m .  T h u s ,  m o r p h o l o g i c a l  
s t r u c t u r e s  a n a l o g p  t o  t h e  b e t t e r  k n o w n  s t r u c t u r e s  o f  t h e  s u b a e r i a l  e n v i r o n m e n t  h a v e  b e e n  
d i s c o v e r e d .  A c a s e  i n  p o i n t  is g i v e n  by t h e  d e t e c t i o n  o f  k a r s t - l i k e  f e a t u r e s  i n  many b a s i n s  
o f  t h e  w o r l d  t o  d e p t h s  a s  g r e a t  a s  2 0 0 0  m. T h i s  p a p e r  w i l l  g i v e  a  b r i e f  a c c o u n t  o n  t h i s  
a t t r a c t  i v e  t o p i c  by d i s c u s s i n g  s o m e  o f  t h e  t h e o r e t  i c a l  a n d  a p p l i e d  p r o b l e m s  c o n n e c t e d  w i t h  
i t .  

T h e  f i r s t  r e p o r t  o f  s t r u c t u r e s o n t h e  o c e a n  b o t t o m t h o u g h t t o  b e t h e  p r o d u c t o f  l a r g e  s c a l e  
d i s s o l u t i o n  a n d  c o l l a p s e  o f  s o l u b l e  r o c k s  is g i v e n  by LOHMAN ( 1 9 7 2 )  who p r o v i d e s  c o n v i n c i n g  
a r g u m e n t s  o f  s u b s u r f a c e  e r o s i o n  ( l e a c h i n g )  o f  t h e  P e r m i a n  ( Z e c h s t e i n )  s a l t  o n  t h e  b a s i s  o f  
s e i s m o g r a m s  r e c o r d e d  i n  t h e  N o r t h  S e a .  S o m e  o f  t h e  c i r c u l a r  t o  s u b c i r c u l a r  d e p r e s s i o n s  
( C h a i n ,  D i s c o v e r y ,  V a l d i v i a ,  K e b r i t  a n d  O c e a n o g r a p h e r  Deeps)  a c o u s t i c a l l x ,  d e t e r m i n e d  on t h e  
b o t t o m  o f  t h e  Red S e a  a r e  s u s p e c t e d  b y  SCHOELL e t  a l .  ( 1 9 7 4 :  p . 3 0 9 )  a n d  BACKER e t  a l .  ( 1 9 7 5 :  
p.102-103 a n d  1 1 9 )  t o  .!e u l t i m a t e l y  c o l l a p s e  s t r u c t u r e s  d u e  t o  r e m o v a l  o f  u n d e r l y i n g  sal t .  To 
s u p p o r t  t h e i r  v i e w ,  BACKER e t  a l .  ( 1 9 7 5 )  r e c a 1 1  t h e  m o r p h o l o g i c a l  s i m i l a r i t y  b e t w e e n  t h e s e  
s t r u c t u r e s  a n d  t h o s e  shown by t h e  d i a p i r s  a t  G u b b e t  Mus N e f i t  ( D a h l a k  i s l a n d s ,  s o u t h e r n  Red 
S e a )  r e p o r t e d  b y  HOOPER i n  FRAZIER ( 1 9 7 0 ) .  S a l t  c o l l a p s e  is  a l s o  c o n n e c t e d ,  a c c o r d i n g  t o  
TRABANT & PRESLEY ( 1 9 7 7 1 ,  t o  t h e  f o r m a t i o n  o f  t h e  O r c a  B a s i n ,  a n  e l b o w - s h a p e d  d e p r e s s i o n  
l o c a t e d  i n  t h e  G u l f  o f  M e x i c o .  F i n a l l y ,  ROSS & UCHUPI ( 1 9 7 7 ) ,  LORT ( 1 9 7 7 :  p. 1 9 5 1 ,  BELDERSON 
e t  a l .  ( 1 9 7 8 )  a n d  KASTENS & SPIESS (19841,  i n d e p e n d e n t l y  a r g u e  t h a t  many d e p r e s s i o n s  o b s e r v e d  
o n  s e i s m o g r a m s ,  G l o r i a  a n d  Deep-Tow r e c o r d s  f r o m  t h e  e a s t e r n  M e d i t e r r a n e a n  a r e  d u e  t o  
c o l l a p s e  l i n k e d  t o  s a ' l t  l e a c h i n g  o f  u n d e r l y i n g  e v a p o r i t e s .  I t  i s  n o t e w o r t h y  t o  r e c o r d  t h a t  
H I N Z  ( a s  q u o t e d  i n  SIGL e t  a l . ,  1 9 7 3 )  w a s  t h e  f i r s t  t o  a d v a n c e  t h e  h y p o t h e s i s  t h a t  
" c o l l a p s i n g  o f  u n d e r g r o u n d  c a v e r n s w  d u e  t o  c h e m i c a l  e r o s i o n  o f  M i o c e n e  e v a p o r i t e s  is o n e  o f  
t h e  p r o b a b l e  o r i g i n  o f  t h e  hummocky a n d  r o l l i n g  l a n d s c a p e  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 .  

T h u s ,  i t  a p p e a r s  t h a t  k a r s t - l i k e  s t r u c t u r e s  a r e  w i d e s p r e a d  phenomena i n  t h e  o c e a n s  a n d  
n o t  j u s t  l o c a l  a c c i d e n t s .  

I t  c a n  b e  n o t e d  t h a t  t h e  e v i d e n c e  a v a i l a b l e  a t  p r e s e n t  is l i m i t e d  t o  s o l u t i o n  o f  s a l t .  I n  
t h e  s u b a e r i a l  e n v i r o n m e n t  t r u e  k a r s t  i s  a  p h e n o m e n o n  p r i  m a r i l y  l i n k e d  t o  s o l u t  i o n  o f  
c a r b o n a t i c  r o c k s  ( l i m e s t o n e ,  d o l o m i t e )  t h r o u g h  g r o u n d  w a t e r  c i r c u l a t i o n .  Even i f  s u s p e c t e d  
( s e e  f o r  e x a m p l e ,  BIJU-DUVAL e t  a l . ,  1 9 8 2 ,  1 9 8 3 a ,  1 9 8 3 b 1 ,  t h e  o c c u r r e n c e  o f  d e e p  o c e a n  
k a r s t i c  d i s s o l u t i o n  o f  c a r b o n a t i c  r o c k s  is y e t  t o  b e  p r o v e n .  On t h e  o t h e r  h a n d ,  i t  is  
i m p o r t a n t  t o  p o i n t  o u t  t h a t  d i s s o l u t i o n  o f  v e r y  s o l u b l e  r o c k s  s u c h  a s  Na,Mg,K s a l t s  n e e d  n o t  
t a k e  p l a c e  o n l y  i n  s u b a e r i a l  c o n d i t i o n s .  S a l t  c o u l d  b e  i n f a c t  e a s i l y  r e m o v e d  by s e a w a t e r  
c i r c u l a t i o n  w h e n  o u t c r o p p i n g  o r  w i t h i n  t h e  s u b s u r f a c e  ( s u b e r o s i o n  a c c o r d i n g  t o  t h e  G e r m a n  
l i t e r a t u r e ) .  T h i s  k i n d  o f  l e a c h i n g  i s  t h e r e f o r e  s o m e w h a t  i n d e p e n d e n t  f r o m  t h e  s u r r o u n d i n g  
e n v i r o n m e n t  i n  t h e  s e n s e  t h a t  t h e  m o s t  i m p o r t a n t  r e q u i r e m e n t  seems t o  b e  water ( e i t h e r  f r e s h  
o r  m a r i n e )  c i r c u l a t i o n  w i t h i n  t h e  s a l t - b e a r i n g  e v a p o r i t e s .  D i s s o l u t i o n  a n d  c o l l a p s e  f e a t u r e s  
i n  s a l t y  r o c k s  a r e  we l l  k n o w n  a l s o  o n  l a n d  ( s e e  r e f e r e n c e s  i n  KASTENS & S P I E S S ,  1 9 8 4 ) .  A s  
o b s e r v e d  by LOHMAN ( 1 9 7 2 ) ,  who w i s e l y  d i s c r i m i n a t e s  b e t w e e n  " t r u e "  k a r s t  a n d  s a l t  l e a c h i n g  
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t h e  l a t t e r  p h e n o m e n o n  c a n  e v e n t u a l l y  e v o l v e  i n  c o l l a p s e  s t r u c t u r e s  t t h e  s i n k h o l e s ,  w h e n  
s a l t l e a c h i n g  o n t h e t o p  o f a d i a p i r i s  f a s t e r t h a n t h e  f l o w  o f  s a l t  f r o m  d o w n w a r d s .  A l t h o u g h  
t h e  f i n a 1  r e s u l t  o f  t h e  p r o c e s s  may p r o d u c e  f e a t u r e s  r e s e m b l i n g  d o l i n e s ,  p o l j e s  and  o t h e r  
s u b a e r i a l  k a r s t  m o r p h o l o g i e s ,  t h i s  d o e s  n o t  s t r i c t l y  i m p l y  t h a t  t h e y  f o r m e d  u n d e r  s u b a e r i a l  
k a r s t  c o n d i t i o n s .  I f  c o m p a r e d  t o  t h e  d e t a i l e d  m o r p h o l o g i c a l ,  l i t h o l o g i c a l  and  s t r u c t u r a l  
a n a l y s e s  t h a t  c a n  b e  c a r r i e d  o u t  o n  t h e  k a r s t  l a n d s c a p e  o n  l a n d ,  a n y  a p p r o a c h  t o  s t u d y  t h e  
u n d e r w a t e r  e n v i r o n m e n t  s t i l l  a p p e a r s  v e r y  p r i m i t i v e .  B a s i c a l l y  a l 1  t h e  i n f o r m a t i o n  we h a v e  
a b o u t  t h e  u n d e r w a t e r  s i n k h o l e s  d e r i v e s  f r o m  i n d i r e c t ,  a c o u s t i c  o b s e r v a t i o n s  w h i c h  s u p p l y  
l i t t l e  m o r e  t h a n  a r o u g h  m o r p h o l o g y .  LOHMAN ( 1 9 7 2 )  h a s  s t u d i e d  s e i s m o g r a m s  w h i c h  g i v e  a  
v e r t i c a l  s e c t i o n  o f  t h e  s i n k h o l e s .  T h e  h y p o t h e s i s  t h a t  t h e  Red S e a  d e e p s  a r e  e f f e c t i v e l y  
c o l l a p s e  s t r u c t u r e s  is n o t  s u p p o r t e d  by a n y  d e f i n i t i v e  d i r e c  t o b s e r v a t i o n  b u t  r a t h e r  t h e i r  
p e c u l i a r  m o r p h o l o g y ,  d e t e c t e d  b y  a  t r a d i t i o n a l  b a t h y m e t r i c  s u r v e y .  T h e  same a p p r o a c h  is  
s h a r e d  b y  ROSS & UCHUPI ( 1 9 7 7 )  a n d  b y  TRABANT L PRESLEY - ( 1 9 7 8 ) .  E v e n  t h e  u s e  o f  m o r e  
s o p h i s t i c a t e d  d e v i c e s  s u c h  a s  t h e  GLORIA (BELDERSON e t  a l . ,  1 9 7 8 )  a n d  Deep-Tow (KASTENS & 
SPIESS,  1 9 8 4 )  s y s t e m s  p r o v i d e  o n l y  m o r p h o l o g i c a l  i n f o r m a t i o n .  

T h e  m o r p h o l o g i c a l  s t u d i e s  d e r i v e d  f r o m  t h e  a c o u s t i c  m e t h o d s  a l o n e  c a n  n o t  b e  c o n s i d e r e d  
d i a g n o s t i c a l l y  s u f f i c i e n t .  The g e o l o g i c a l  a n d  s t r u c t u r a l  s e t t i n g  o f  a  g i v e n  a r e a  m u s t  a l s o  
b e  c a r e f u l l y  a n a l y z e d .  T h i s  f a c t o r  is wel l  u n d e r s t o o d  by t h e  a b o v e  m e n t i o n e d  i n v e s t i g a t o r s  
w h i c h  d e r i v e  t h e i r  f i n a 1  i n t e r p r e t a t i o n  f r o m  a  t h o r o u g h  a n a l y s i s  o f  a l 1  t h e  g e o l o g i c a l  and  
g e o p h y s i c a l  e v i d e n c e  a t  t h e i r  d i s p o s a l .  I n  f a c t ,  c i r c u l a r  o r  o v a l  d e p r e s s i o n s  o n  t h e  o c e a n  
b o t t o m  c a n  b e  a s s o c i a t e d  w i t h  o t h e r  m e c h a n i s m s  o t h e r  t h a n  s a l t  d i s s o l u t i o n ,  f o r  e x a m p l e ,  t h e  
c o l l a p s e  o f  t h e  r o o f  o f  p i l l o w - l a v a s  (SARTORI, p e r s .  com. ) ,  s u b s i d e n c e  r e l a t e d  t o  m e t h a n e  
e s c a p e  f r o m  t h e  s e d i m e n t  ( M i s s i s i p p i  R i v e r  Delta: PRIOR & COLEMAN, 1980) ,  d y n a m i c  s e d i m e n t a r y  
p r o c e s s e s  ( M a l t a - S i r a c u s a  e s c a r p m e n t :  BIJU-DUVAL e t  a l . ,  1983b)  etc. F u r t h e r m o r e ,  k a r s t i c  
f e a t u r e s  o r i g i n a l l y  p r o d u c e d  u n d e r  s u b a e r i a l  c o n d i t i o n s  c a n  b e  e n c o u n t e r e d  o n  r o c k s  l a t e r  
s u b s i d e d  b e l o w  t h e  s e a .  

THE TERM INOLOCICAL PROBLEM 

T h e  u s e  i n  m a r i n e  g e o l o g y  o f  terms i n t r o d u c e d  t o  d e s c r i b e  t h e  s u b a e r i a l  k a r s t  is 
m i s l e a d i n g  when t h e r e  is n o  d e f i n i t i v e  P r o o f  o f  t h e  g e n e s i s  o f  a g i v e n  u n d e r w a t e r  w k a r s t i c t t  
f e a t u r e .  I n  o r d e r  t o  a v o i d  c o n f u s i o n  b e t w e e n  a  s u p e r f i c i a l ,  m o r p h o l o g i c a l  a p p e a r a n c e  a n d  t h e  
m e c h a n i s m  w h i c h  o r i g i n a t e d  i t ,  i t  is p r u d e n t  t o  u s e  terms a s  " d o l i n e - l i k e 1 * ,  " p o l j e - l i k e "  o r  
p h r a s e s  as  " r e s e m b i n g  d o l i n e s "  a n d  s o  on. An u n c o r r e c t  t e r m i n o l o g y  c a n  g e n e r a t e  more  t h a n  a 
wrong  i n t e r p r e t a t i o n .  F o r  e x a m p l e ,  KASTENS & SPIESS ( 1 9 8 4 )  u s e  t h e  terms d o l i n e  a n d  z a n j o n e s  
r e f e r r i n g  t o  s o m e  c o l l a p s e  a n d  d i s s o l u t i o n  f e a t u r e s  p r e s e n t  o n  t h e  E a s t e r n  M e d i t e r r a n e a n  
Ridge .  However ,  f r o m  t h e i r  p a p e r  i t  a p p e a r s  t h a t  t h e i r  d o l i n e s  ( t y p i c a l l y  a  k a r s t  s t r u c t u r e  
o f  s u b a e r i a l  c a r b o n a t e  r o c k s )  a r e  c o l l a p s e  s t r u c t u r e s  d u e  t o  s a l t  l e a c h i n g  a n d  t h a t  t h e i r  
z a n j o n e s  ( o r i g i n a l l y  d e s c r i b e d  b y  MONROE, 1 9 6 4 ,  a s  a  l o c a l  k a r s t  f e a t u r e  o f  c a r b o n a t e s  i n  
P u e r t o  R i c o ,  a n d  by t h e  s a m e  a u t h o r ,  1 9 7 6 :  p .4 ,  d e f i n e d  a s  a  l o c a l  term f o r  c o r r i d o r )  a r e  
s o l u t i o n  f e a t u r e s  a g a i n  i n  e v a p o r i t e s .  A c c o r d i n g l y ,  i t  c a n  b e  a r g u e d  t h a t  t h e  m e c h a n i s m s  
k n o w n  t o  p r o d u c e  t h o s e  s t r u c t u r e s  o n  l a n d  a r e  a l s o  r e s p o n s i b l e  f o r  t h e  o r i g i n  o f  t h o s e  
d i s c o v e r e d  a t  s e a .  A s  a c o n s e q u e n c e ,  o n e  c a n  c o n c l u d e  t h a t  d o l i n e s  a n d  z a n j o n e s  ( a n  
u n n e c e s s a r y  t e r m )  may f o r m  a l s o  i n  e v a p o r i t i c  s e q u e n c e s  ( n a m e l y  h a l i t e  a n d / o r  K,Mg s a l t s )  
e x a c t l y  a s  t h e y  d o  i n  c a r b o n a t e  r o c k s ;  o r ,  t h a t  t h e  s o l u b l e  b e d r o c k  w a s  n o t  m a d e  u p  b y  
e v a p o r i t e s  b u t  by c a r b o n a t e s .  M o r e o v e r ,  a z a n j o n  is t h o u g h t  t o  f o r m  u n d e r  s p e c i a l  c o n d i t i o n s  
t h r o u g h  t h e  a c t i o n  o f  " a c i d i c  w a t e r s  d e r i v e d  l a r g e l y  f r o m  d e c a y  o f  f o r e s t  v e g e t a t i o n l *  
( M o n r o e ,  1 9 6 4 ) .  S i m i l a r  c o n d i t i o n s  a r e  h i g h l y  u n l i k e l y  i n  t h e  d e e p  o c e a n .  I t  c o u l d  b e  
l o g i c a l l y  a r g u e d  t h a t  t h e  " k a r s t i c n  m o r p h o l o g y  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  b o t t o m  is  
i n h e r i t e d  b y  a n  a n c i e n t  s u b a e r i a l  k a r s t  l a n d s c a p e .  I t  is e v i d e n t  t h a t  t h e  d a t a  a t  o u r  
d i s p o s a l  d o  n o t  a l l o w  u s  t o  o b j e c t i v e l y  r e c o g n i z e  t h e  m e c h a n i s m  ( s )  w h i c h  f o r m e d  t h e s e  
u n d e r w a t e r  s t r u c t u r e s  a n d  a  less r i g i d  u s e  o f  t h e  t e r m i n o l o g y  w o u l d  h a v e  g e n e r a t e d  l e s s  
c o n f u s i o n  b e t w e e n  t h e  o b s e r v e d  m o r p h o l o g y  ( t h e  o b j e c t i v e  d a t u m )  a n d  i t s  i n t e r p r e t a t i o n  
( s u b j e c t i v e ) .  

I n  t h e  p r e s e n t  p a p e r  I s h a l l  u s e  t h e  i n f o r m a 1  term s i n k h o l e  w h e n  r e f e r i n g  t o  t h e  
u n d e r w a t e r  m o r p h o l o g i c a l  e x p r e s s i o n s  r e c o g n i z a b l e  as  c o l l a p s e  s t r u c t u r e s  d u e  t o  s u b s u r f a c e  
d i s s o l u t i o n  o f  s o l u b l e  r o c k s  w h a t e v e r  ( k a r s t  o r  s a l t  l e a c h i n g )  is t h e i r  l i k e l y  o r i g i n .  

SUBMARINE SINKHOLES: THEIR CEOLOCICAL ASPECTS 

The s u b m a r i n e  s i n k h o l e s  b u r i e d  i n  t h e  N o r t h  Sea s u b s u r f a c e  (LOHMAN, 1 9 7 2 )  r a n g e  f r o m  a 1  m 
u p  t o  5 k m  i n  d i a m e t e r .  T h o s e  o f  ' t h e  Red S e a  h a v e  a c o m p a r a b l e  m a g n i t u d e  ( 1 - 4  k m  a b o u t )  a s  
well  as  t h e  c o l l a p s e  s t r u c t u r e s  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  (1-6 km). T h e  maximum d i a m e t e r  
o f  t h e  O r c a  B a s i n  i s  a b o u t  3 0  km. .  T h e  v e r t i c a l  r e l i e f  v a r i e s  f r o m  a  f e w  t e n s  t o  many  
h u n d r e d s  o f  meters. I t  is i m m e d i a t e l y  e v i d e n t  t h a t  t h e s e  s t r u c t u r e s  c o l l e c t  a n d  p r e s e r v e  
s e d i m e n t  a c t  i n g  as m i n i -  s e d i m e n t a r y  b a s i n s  (LOHMAN, 1972)  w h o s e  g e o l o g i c a l  i m p o r t a n c e  c a n  b e  
r e g i o n a l  d e p e n d i n g  upon  t h e i r  s i z e  a n d  s e t t i n g .  

The  m o s t  common m e c h a n i s m  p r o p o s e d  by t h e  a u t h o r s  i m p l i e s  t h a t  t h e  c o l l a p s e  takes p l a c e  a t  
t h e  t o p  o f  a  s a l t  d i a p i r ;  h o w e v e r ,  s u b s u r f a c e  d i s s o l u t i o n  o f  t h e  N o r t h  S e a  P e r m i a n  e v a p o r i t e s  
is a l s o  t h o u g h t  (LOHMAN, 1982)  t o  t a k e  p l a c e  i n  t h e  a b s e n c e  o f  d i a p i r i s m .  



L i m i t i n g  o u r  c o n s i d e r a t i o n  t o  t h e  f i r s t  mechanism, we o b s e r v e  t h a t  s i n k h o l e s  g e n e r a t e d  by 
s a l t - l e a c h i n g  p a s s  t h r o u g h  t h e  f o l l o w i n g  s t e p s :  1 )  p r i m a r y  d e p o s i t i o n  o f  s a l t - b e a r i n g  
e v a p o r i t e s ;  2 )  s u b s e q u e n t  d e p o s i t i o n  o f  a  s e d i m e n t a r y  c o v e r ;  3 )  h a l o k i n e s i s  a n d / o r  
h a l o t e c t o n i c s  (TRUSHEIM, 1960)  due  t o  t h e  e f f e c t s  o f  s e d i m e n t a r y  l o a d i n g  a n d / o r  t e c t o n i c  
a c t i v i t y  l e a d i n g  t o  d i a p i r i c  u p l i f t ;  4 )  s u b s u r f a c e  removal  o f  s a l t  g r e a t e r  t h a n  its inward  
f l o w  w i t h i n  a  d i a p i r  w i t h  c o n s e q u e n t  f o r m a t i o n  o f  c a v e r n s ;  5 )  f o r m a t i o n  o f  t h e  s i n k h o l e  f o r  
t h e  c o l l a p s e  o f  t h e  c a v e r n ' s  r o o f .  

I n  t h e  Red Sea  t h e  w idesp read  o c c u r r e n c e  o f  a  t h i c k  Miocene s a l t - b e a r i n g  e v a p o r i t i c  
s e q u e n c e  is w e l l  known f rom s e i s m i c s  and d r i l l i n g  (BONATTI e t  a l . ,  1984,  w i t h  r e f e r e n c e s  
t h e r e i n ) .  Al though t h e  P l i o - Q u a t e r n a r y  s e d i m e n t a r y  c o v e r  r a r e l y  e x c e e d s  t h e  100-200 m ,  
e x t e n s i v e  s a l t  movement i s  f a v o u r e d  by a c t i v e  t e c t o n i c  movements c o n n e c t e d  t o  t h e  b a s i n ' s  
o c e a n i z a t i o n .  F u r t h e r m o r e  t h e  r e g i o n a l  h e a t  f l ow  is h i g h  imp ly ing  h i g h  s u b s u r f a c e  
t e m p e r a t u r e ;  h i g h  t e m p e r a t u r e  is known (CUSSOW, 1968)  t o  enhance  t h e  p l a s t i c i t y  o f  s a l t  which 
c a n ,  t h e r e f o r e ,  move a l s o  i n  a b s e n c e  o f  c o n s i d e r a b l e  l o a d i n g .  " D i a p i r i c W  subbo t tom 
c o n f i g u r a t i o n s  c a n  b e  s e e n  i n  many s e i s m i c  r e f l e c t i o n  p r o f i l e s  o f  t h e  Red Sea  (ROSS & SCHLEE, 
1973; BONATTI e t  a 1 . , 1 9 8 4 ) .  BACKER e t  a l .  ( 1975)  o b s e r v e  t h a t  t h e  Red Sea  d e e p s  which t h e y  
t h i n k  t o  b e  c o l l a p s e  f e a t u r e s ,  a r e  c o n n e c t e d  w i t h  presumed t r a n s f o r m  f a u l t s .  T h i s  o b s e r v a t i o n  
seems t o  be  c o r r e c t  s i n c e  t h e  Oceanographer  Deep is s i t u a t e d  i n  t h e  a r e a  o f  t h e  B r o t h e r s  
F r a c t u r e  Zone (CRANE & BONATTI, i n  p r e s s ) ,  V a l d i v i a ,  D i scove ry  and Chain  Deeps a r e  s i t u a t e d  
i n  t h e  A t l a n t i s  F r a c t u r e  Zone (CRANE & BONATTI, i n  p r e s s )  and K e b r i t  Deep can  w e l l  b e  
r e l a t e d  t o  a  t r a n s f o r m  p a r a l l e l  t o  t h e  Dead Sea-Aqaba t r a n s f o r m  a s  s u g g e s t e d  by some 
b a t h y m e t r i c  a l i gn tmen t s  ( s e e  p l a t e  5  o f  BACKER e t  a l . ,  1975) .  Whether t h i s  c o n n e c t i o n  is 
p u r e l y  c a s u a l l y  o r  u ~ r e c t l y  c o n n e c t e d  t o  t h e  s i n k h o l e  f o r m a t i o n  is s t i l l  t o  b e  i n v e s t i g a t e d .  

Miocene ( ~ e s s i n i a n )  e v a p o r i t e s  a r e  p r e s e n t  a l s o  i n  t h e  M e d i t e r r a n e a n  Sea where t h e y  form 
a n  e x t e n s i v e  s u b s u r f a c e  f o r m a t i o n ;  t h e  p r e s e n c e  o f  Na,Mg,K s a l t s  w i t h i n  t h e  e v a p o r i t i c  
f o r m a t i o n  h a s  been  d e m o n s t r a t e d  by DSDP d r i l l s  I R Y A N ,  HSU e t  a l . ,  1973) .  D i a p i r i c  s t r u c t u r e s  
have  been  e x t e n s i v e l y  r e p o r t e d  from t h e  E a s t e r n  M e d i t e r r a n e a n  (LORT & CRAY, 1974; SMITH, 
1976,  1977;) ' ,  a l t h o u g h  n o t  w i t h o u t  c r i t i c i s m  ( e . g . ,  COCUEL, 1978; HIEKE, 1982) .  I t  is 
i n t e r e s t i n g  t o  n o t e  t h a t  a t  p r e s e n t  c o l l a p s e  f e a t u r e s  a t  t h e  t o p  o f  presumed d i a p i r s  a r e  
r e p o r t e d  o n l y  f rom t h e  E a s t e r n  M e d i t e r r a n e a n  w h i l e  t h e y  a r e  a p p a r e n t l y  a b s e n t  f rom t h e  

' W e s t e r n  b a s i n  where d i a p i r i c  s t r u c t u r e s  a r e  f a r  numerous (ERICKSON e t  a l . ,  1977: p .270) .  T h i s  
f a c t  c o u l d  be  r e l a t e d  t o  t h e  d i f f e r e n t  g e o l o g i c  and t e c t o n i c  framework o f  t h e  two b a s i n s .  In 
t h e  l i g h t  o f  t h e  p r e v i o u s  d i s c u s s i o n ,  i t  is i n t e r e s t i n g  t o  re -examine  t h e  c o n c l u s i o n  o f  HSU 
e t  a l .  ( 1973)  which a d v a n c e  t h e  h y p o t h e s i s  t h a t  t h e  hummocky l a n d s c a p e  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  l a r g e l y  d e r i v e s  from t h e  k a r s t i f i c a t i o n  o f  t h e  e v a p o r i t i c  d e p o s i t s  exposed  t o  
s u b a e r i a l  c o n d i t i o n s  when t h e  b a s i n  c o m p l e t e l y  d r i e d  up. They c o r r e c t l y  r e a s o n  t h a t  t h e  
s o l u t i o n  o f  s u l p h a t e s  and c a r b o n a t e s ,  o r i g i n a t i n g  c o l l a p s i n g  c a v e r n s ,  o c c u r r e d  a s  a  r e s u l t  
o f  ground w a t e r  c i r c u l a t i o n .  They a l s o  a r g u e  t h a t  t h e  c o l l a p s e  o f  c a v e r n s  formed d u r i n g  t h e  
s u b a e r i a l  p h a s e  may have  c o n t i n u e d  a l s o  a f t e r  m a r i n e  c o n d i t i o n s  r e - e s t a b l i s h e d  i n  t h e  
M e d i t e r r a n e a n .  However, i f  t h e  w k a r s t i c w  morphology is due  t o  d i s s o l u t i o n  o f  s a l t  and n o t  o f  
less s o l u b l e  p r o d u c t s  ( a s  gypsum, a n y d r i t e  and c a r b o n a t e s )  t h e r e  is no need o f  s u b a e r i a l  
e x p o s u r e .  Lack ing  d e f i n i t i v e  i n f o r m a t i o n ,  none o f  t h e  h y p o t h e s i s  can  be r u l e d  o u t  w i t h  t h e  
p o s s i b i l i t y  t h a t  b o t h  p r o c e s s e s  may have  o c c u r r e d .  

The C u l f  o f  Mexico,  where t h e  Orca B a s i n  is s i t u a t e d ,  is a n  a r e a  o f  t h i c k  a c c u m u l a t i o n  o f  
s a l t  which was d e p o s i t e d  i n  J u r a s s i c  time i n  a  g e o l o g i c a l / t e c t o n i c a 1  s e t t i n g  c l o s e l y  
r e s e m b l i n g  t h e  Miocene Red Sea  (HUMPHRIS, 1977) .  Sed imen t  l o a d i n g  t r i g g e r e d  i m p o r t a n t  
h a l o k i n e t i c  movements r e s u l t i n g  i n  s a l t  t e c t o n i c s .  TRABANT L? PRESLEY (1977)  a r g u e  t h a t  Orca 
B a s i n ,  t h e  l a r g e s t  l l s i n k h o l e n  . u n t i 1  n o w , r e p o r t e d  i n  t h e  deep  s e a ,  is l i n k e d  t o  m a s s i v e  
c o l l a p s e  due  t o  s a l t  removal  from a n  u n d e r l y i n g  s a l t  mass o r  exposed  s a l t  d i a p i r .  

THE ECONOMIC IMPORTANCE 

The d i s r u p t i o n  o f  s a l t - b e a r i n g  e v a p o r i t e s  i n  a  t e c t o n i c a l l y  a c t i v e  s e t t i n g  can  f a c i l i t a t e  
i n t r a e v a p o r i t i c  w a t e r  c i r c u l a t i o n ;  s a l t  w i t h i n  t h e  e v a p o r i t e s  c a n  b e  e a s i l y  d i s s o l v e d  fo rming  
b r i n e s  which c a n  e v e n t u a l l y  a c c u m u l a t e  i n  n e a r b y  d e p r e s s i o n s .  The s i n k h o l e s  emplaced on 
s a l i n e  f o r m a t i o n s ,  a s  t h o s e  t r e a t e d  i n  t h e  p r e s e n t  p a p e r ,  a r e  a n  i d e a 1  p l a c e  where  b r i n e s  c a n  
b e  formed and p r e s e r v e d  from d i s s i p a t i o n .  The more o r  l e s s  p ro longed  s t a g n a t i o n  o f  t h e s e  
b r i n e s  c o u l d  b r i n g  t h e  bo t tom o f  t h e  b a s i n  t o  a n o x i c  c o n d i t i o n s .  The Red Sea  Deeps and Orca  
B a s i n  a r e  two e x c e l l e n t  examples  o f  t h i s  phenomenon. The c h l o r i n i t y  ( %  C1) o f  t h e  Red Sea  
b r i n e s  o f  t h e  d e e p s  r e p o r t e d  i n  t h i s  p a p e r  r a n g e s  be tween 136.6  t o  156 (BACKER lì SCHOELL, 
1972)  comparab le  t o  t h a t  f i l l i n g  t h e  bo t tom 200 m o f  Orca B a s i n  t h a t  is 149.5  (TRABANT L? 
PRESLEY, 1977) .  Anoxic c o n d i t i o n s  a t  bo t tom a l l o w  t h e  p r e s e r v a t i o n  o f  o r g a n i c  m a t t e r ;  t h u s ,  
u n d e r  f a v o r a b l e  geodynamic ( l ow h e a t  f l o w ,  a b s e n c e  o f  v o l c a n i s m . .  . ) and h y d r o g r a p h i c  
( e s p e c i a l l y  h i g h  s u r f a c e  p r o d u c t i v i t y )  c o n d i t i o n s ,  a  s i n k h o l e  c a n  become a  s o u r c e  o f  

- h y d r o c a r b o n s ,  a s  s u g g e s t e d  by TRABANT & PRESLEY (1977) .  These  geodynamic p r o c e s s e s ,  a c t i v e  i n  
t h e  Red Sea  s i n c e  a t  l e a s t  t h e  t i m e  o f  t h e  e v a p o r i t e  d e p o s i t i o n  ( e . g . ,  BONATTI e t  a l . ,  1984) ,  
p r e v e n t  t h e  f o r m a t i o n  and p r e s e r v a t i o n  o f  t h i s  k ind  o f  hyd roca rbons .  However, i n  t h e  Red Sea  
d e e p s  m e t a l - e n r i c h e d  s e d i m e n t s  a c c u m u l a t e  i n  r e l a t i o n  t o  t h e  i n t e n s e  h y d r o t h e r m a l i s m  
accompanying t h e  s e p a r a t i o n  o f  t h e  Nubian and Arab ian  p l a t e s  from e a c h  o t h e r  (BACKER, 1982; 
THISSE e t  a l . ,  1983) .  I n  t h i s  c o n t e x t ,  t h e  s i n k h o l e  may have  a  two-fo lded  impor t ance :  f i r s t ,  



as a site where the brine (in which useful base metals are dissolved) can easily form through 
seawater circulation within the steep walls exposing evaporites, and second as a collector 
able to keep the brine itself which would otherwise be quickly dissipated. 

Considering the striking geological, lithological and tectonic similarities between the Red 
Sea Miocene to Recent setting and the early phase of separation of the Atlantic margins, it 
is likely that fossi1 deeps which acted as sinkholes in the past (eventually enriched in base 
metals as the Red Sea ones) lay more or less deeply buried at places of the Eastern and 
western Atlantic margins where evaporites of that age has been reported. 

CONCLUSIONS 

1 )  Submarine collapse structures (sinkholes) probably due to leaching of underlying salt 
have been detected in many oceans where thick salt-bearing evaporites are present (Gulf of 
Mexico, North, Red and Mediterranean seas). 

2) In order to avoid confusion between a simple morphological configuration of the ocean 
subbottom and the ultimate nature and genesis of these features, it is recommended to avoid 
as much as possible the use of a terminology strictly connected to subaerial geomorphologies. 

3) Sinkholes form in a different sets of tectonic environments. The presence of diapirism 
seems to be an idea1 pre-requisite, although exceptions to this rule have been reported. 

4) The submarine sinkholes could act as mini-sedimentary basins and can be an important 
source for ore formation and/or preservation (young passive margin: Red Sea) as well as for 
hydrocarbons (mature passive margin, Gulf of Mexico). 
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