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ABSTRACT 

I n t e r a c t i o n  between hot i n t r u s i v e  r o c k s  and 
hydrous  f l u i d s  es tab l i sh  and m a i n t a i n  high- 
t e m p e r a t u r e  hydro the rma l  a c t i v i t y .  M i n e r a l o g i c a l  
ev idence  from t h e  Geitafell C e n t r a l  Volcano 
SE-Ice land  shows t h a t  heat e x t r a c t i o n  from h o t  
i n t r u s i v e  rocks may p roceed  v i a  s u p e r c r i t i c a l  
and /o r  s u p e r h e a t e d  f l u i d  l a y e r s  i n t o  the hydro- 
s t a t i c a l l y  c o n t r o l l e d  hydro the rma l  sys tem hosted 
by t h e  basalt ic v o l c a n i c s .  I n  t h e  case example two 
t y p e s  of  metamorphic and  hydro the rma l  m i n e r a l  
assemblages  r e s u l t e d :  
A. The development o f  a n  i n n e r  a u r e o l e  o f  h o r n f e l s  
and a n  o u t e r  a u r e o l e  of s k a r n  m i n e r a l s  a t  t h e  
c o n t a c t s  o f  l a r g e  i n t r u s i v e  bodies ( g a b b r o s ) ;  t h e  
s k a r n  m i n e r a l s  be ing  produced  from s u p e r c r i t i c a l  
f l u i d  (TL400°C, P f l u i d  = Plead ,< 0.*3 Kbar) a n d ,  
B. The development o f  s econdary  m i n e r a l  assem- 
b l a g e s  w i t h i n  s h a l l o w  l e v e l  i n t r u s i v e s ,  of h i g h e r  
g r a d e  than  t h o s e  e x i s t i n g  w i t h i n  the host rocks a t  
t h e  same d e p t h s ;  a p p a r e n t l y  produced  from s u p e r -  
h e a t e d  steam w i t h i n  t h e .  i n t r u s i v e  rocks (T2300°C, 
P f l u i d  < 0.1 Kbar).  

INTRODUCTION 

Magma is g e n e r a l l y  assumed t o  b e  t h e  s o u r c e  of 
heat i n  high-T hydro the rma l  sys t ems ,  while  
d i s c u s s i o n s  on  t h e  a c t u a l  heat t r a n s f e r  p r o c e s s e s  
ex tend  ove r  a few decades ( r e v i e w  i n  S t e f a n s s o n ,  
1 9 8 4 , ( 1 ) ) .  One of t h e  heat t r a n s f e r  mechanisms 
o r i g i n a l l y  proposed  i n  1951 ( 2 )  assumes a 
c o n v e c t i v e  downward m i g r a t i o n  of water i n t o  a h o t  
i n t r u s i v e  body ( 3 , 4 ) ,  referred t o  below as 
!!water-penetrationI1 p r o c e s s .  The p r o c e s s  r e s u l t s  
i n  a much faster heat t r a n s f e r  t h a n  is p o s s i b l e  by 
assuming a thermal c o n d u c t i o n  from a magma body 
i n t o  a hydro thermal  sys tem.  The h i g h  thermal 
o u t p u t  o f  some of t h e  I c e l a n d i c  high-T sys t ems  has 
c o n v i n c i n g l y  been accoun ted  for by assuming t h e  
"wa te r -pene t r a t ion% p r o c e s s  e f f e c t i v e  (1,2,5). 
H i t h e r t o ,  s u p p o r t i n g  f i e l d  or  d r i l l h o l e  ev idence  
from t h e  I c e l a n d i c  high-T geo the rma l  sys t ems  h a s  
n o t  been  a v a i l a b l e ,  whi le  a n  e x p e r i m e n t a l  " lava-  
watering!! p r o j e c t  i n  Heimaey, s i n c e  1973, e n l i g h t -  
E-.L'idd t h e  !!convective downward migration! '  model 
(1,5). I n  a r e c e n t  s t u d y  of t h e  Geitafell C e n t r a l  
Volcano i n  SE-Ice land  ( 6 , 7 )  bo th  f i e l d  and 
m i n e r a l o g i c a l  e v i d e n c e  for h o t - r o c k / f l u i d  
i n t e r a c t i o n s  is a v a i l a b l e ,  p a r t  of which is 
d e s c r i b e d  i n  t h e  p r e s e n t  paper .  

THE GEITAFELL HIGH-TEMPERATURE SYSTEM 

The T e r t i a r y  Cei tafel l  C e n t r a l  Volcano was formed 
w i t h i n  t h e  e a s t e r n - I c e l a n d  r i f t  zone  some 6-5 m.y. 
ago .  Thus,  by assuming s p r e a d i n g ,  its pa laeopos i -  
t i o n  was w i t h i n  t h e  Cr imsvo tn -Kverk f jo l l  r e g i o n  
( 6 ) ,  p r e s e n t l y  n e s t i n g  two o f  I c e l a n d ' s  most 
a c t i v e  c e n t r a l  v o l c a n o e s  and covered  by t h e  Vatna- 
j o k u l l  ice-sheet ( f i g u r e  1 ) .  The geo the rma l  area 
w i t h i n  t h e  Cr imsvotn  vo lcano ,  for  i n s t a n c e ,  y i e l d s  
a heat flow of some 5000 MW thermal, t h i s  excep- . 
t i o n a l l y  h i g h  thermal o u t p u t  be ing  e x p l a i n e d  by 
the  ! Iwater -penet ra t  ion'! process (5) .  O f  a f i g u r a -  
t i v e  i n t e r e s t  is t h e  similar s e t t i n g  o f  t he  
e x t i n c t  Geitafell  vo lcano  t o  t h e  p r e s e n t l y  a c t i v e  
volcanoes .  Two s u b g l a c i a l l y  formed h y a l o c l a s t i t e  
u n i t s  w i t h i n  t h e  Cei tafel l  vo lcano  were emplaced 
i n  a similar regime tha t  now r e i g n s w a t e r  the 
V a t n a j o k u l l  ice-sheet. A p a r t  of the  younger 
h y a l o c l a s t i t e  is c o n s i d e r e d  t o  be fed by dykes ,  
s l i g h t l y  p o s t - d a t i n g  t h e  major gabbro  i n t r u s i v e  
e v e n t  ( IP .2 )  d i s c u s s e d  below. 

I n  a combined s t u d y  o f  the  magmatic- and  hydro- 
thermal e v o l u t i o n  of t h e  T e r t i a r y  vo lcano ,  i t  has 
been shown t h a t  a h igh - t empera tu re  hydro the rma l  
sys tem was es tab l i shed  i n  t h e  wake o f  a major  
gabbro  i n t r u s i o n  ( I P . 2 )  emplaced i n  t h e  c e n t r e  of 
t h e  vo lcano  a t  approx ima te ly  1 km d e p t h  ( 6 , 7 ) .  The 
high-T geo the rma l  sys t em is estimated t o  have  
l a s t e d  some 2-3 x 105 y r s ,  or t h e  last  q u a r t e r  of 
the  v o l c a n o ' s  lifetime. Thermal ene rgy  was 
s u p p l i e d  by v i g o r o u s  i n t r u s i v e  a c t i v i t y ,  t h e  
i n t e n s i t y  o f  i n t r u s i v e  rocks r a n g i n g  from approx i -  
mate ly  10 - 100% w i t h i n  t h e  exposed  p a r t  of t h e  
volcano  and e x t e n d i n g  some 2 km down from t h e  
p a l a e o s u r f a c e  ( 6 , 7 ) .  Twelve i n t r u s i v e  phases  ( I P .  
1-12) are d i s t i n g u i s h e d  i n  the vo lcano ,  t e n  of 
which were emplaced d u r i n g  t h e  a c t i v e  lifetime o f  
t h e  high-T hydro the rma l  sys tem.  D i s t i n c t i v e  
ev idence  f o r  h o t - r o c k l f l u i d  i n t e r a c t i o n  is found 
attached t o  I P .  2 , 5 , 6  and  10. 

HOT-ROCK/HYDROUS FLUID INTERACTIONS 

A c o n t a c t  a u r e o l e  attached t o  t h e  IP.2 gabbro i n  
Ceitafell  c o n s i s t s  of a n  i n n e r  a u r e o l e  of 
s a n i d i n i t e  facies basa l  t i c  l a v a  h o r n f e l s  .enveloped 
2y a n  o u t e r  a u r e o l e  of s k a r n  d e p o s i t s ,  formed i n  
m y g d a l e s  w i t h i n  hydro the rma l ly  altered a c t i n o l i t e  
-$par ing  1 a v . w .  O f  impor t ance ,  w h i l e  n o t  d i s c u s s e d  
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F i g u r e  1 .  L o c a t i o n  of h i g h  t e m p e r a t u r e  geottvnri.iZ areas i n  I c e l a n d ,  a l so  showing 
5 5 6 .  l o c a t i o n  of t h e  G e i t a f e l l  C e n t r a l  Vol~.?.. ., 

much f u r t h e r ,  are t h e  e x c e p t i o n a l l y  w e l l d e v e l o p e d  
chlor i te-albi te  amygdale halo z o n e s  formed w i t h i n  
the  o u t e r  a u r e o l e  l a v a s ,  b a s i c a l l y  imply ing  a 
"massive" Ca2+ - l e a c h i n g  from t h e  c o n t a c t  a u r e o l e  
rocks. The s e c o n d a r y  m.inerals  d i s c u s s e d  below have  
a l l  been c h e m i c a l l y  a n a l y s e d  by a n  e l e c t r o n  
microprobe (6). 

'The i a v a  h o r n f e l s  c o n s i s t s  of s e c o n d a r y  a u g i t e -  
a n d e s i n e - o r e ,  which r e p l a c e s  t h e  pr imary  l a v a  
m a t r i x ,  wi th  t h e  a u g i t e  and a n d e s i n e  a d d i t i o n a l l y  
forming amygdales. The metamorphic h o r n f e l s  is 
c r o s s - c u t  by igneous  rocks b e l o n g i n g  t o  IP.3 
(basalt ic d y k e s )  and IP.4 ( f e l s i t e  i n t r u s i o n s ) .  
The i g n e o u s  v e i n s  of IP.4 are n o t  ch i l led  a g a i n s t  
t h e  metamorphic h o r n f e l s .  T h i s  is t a k e n  t o  imply * 

t h a t  the metamorphic temperature were close to 
magmatic, and  t h e  h o r n f e l s ,  a c c o r d i n g l y ,  grouped 
w i t h i n  t h e  s a n i d i n i  te facies ,  formed a t  tempera- 
t u r e s  above  a p p r o x i m a t e l y  800OC. 

I n f o r m a t i o n  s u g g e s t i n g  t ha t  a metamorphic f l u i d ,  
r i c h  i n  g a s e s ,  was moving w i t h i n  t h e  i n n e r  a u r e o l e  
a p p e a r s  t o  be p r e s e r v e d  by rather u n u s u a l  m i n e r a l  
v e i n s  which occur  w i t h i n  a n  unmetamorphosed dyke 
( I P . 3 )  c r o s s - c u t t i n g  t h e  h o r n f e l s .  The v e i n s ,  
which look l ike t r a i l s  of e l o n g a t e d  amygdales 
connec ted  by narrow c h a n n e l s ,  s t r i k e  n e a r l y  
p e r p e n d i c u l a r  t o  t h e  dyke walls. Narrow wall-rock 
zones  are found p ! a n ~ s i d e  t h e  m i n e r a l  v e i n s  

- a  .!: i.hess t I c e l a n d .  

composed of a n d e s i n e  and sa l i  t i c  pyroxene {YOG~- : :T  
En30-34 Fs21-23) whose composi t I o n  s u g g ? ? ' ; ~  a 
g e n e t i c  r e l a t i o n  t o  +ho.*c :JF t h e  hornfe?sc?s .  
Cicser t o  t h e  -.rei? centre  he pyroxene c o m p o s i t i o n  
riiinges frqm sa l i t e  v i a  f e r r o a u g i t e ,  ferro- 
h e d e n b e r g i t e  t o  h e d e n b e r g i t e  i n  the v e i n  c e n t r e .  
A d d i t i o n a l  m i n e r a l s  i n  t h e  vein-wal l - rock z o n e s  
include g a r n e t ,  a c t i n o l i t e ,  sphene  and apa t i t e ,  
w i t h  t h e  f u r t h e r  a d d i t i o n  of q u a r t z ,  e p i d o t e ,  
a lb i t e ,  K . f e l d s p a r ,  p r e h n i t e ,  and s t i l b i t e  i n  t h e  
v e i n  c e n t r e .  Part of t h i s  m u l t i m i n e r a l i c  assem- 
blage relates t o  s u p e r i m p o s i t i o n  by l a te r  hydro-  
thermal e v e n t s  (6). 

Not t h e  less i n t e r e s t i n g  is t h e  o u t e r  c o n t a c t  
a u r e o l e .  By t h e  s t u d y  of amygdale i n f i l l i n g  
sequences  and m i n e r a l  v e i n  sys tems (6,7) i t  is 
clear t h a t  p r i o r  t o  t h e  IP .2  gabbro emplacement, 
t h e  l a v a  hos t  had  o n l y  s u f f e r e d  p a t c h y ,  low-grade 
m i n e r a l  i n f i l l i n g s ,  i n c l u d i n g  l i m o n i t e ,  mud- 
d e p o s i t s ,  s i l i ca ,  and c l a y s .  The l i m o n i t e ,  i n  
p a r t i c u l a r ,  was i n v o l v e d  i n  a n  i n t e r e s t i n g  
metamorphic react i o n  sequence ,  i n f o r m a t i v e  o n  t h e  
thermodynamic c o n d i t i o n s  w i t h i n  t h e  metamorphic 
a u r e o l e .  I n  short ,  t h e  v e s i c l e  l i m o n i t e  was 
metamorphosed v i a  hematite to  m a g n e t i t e ,  which 
f u r t h e r  reacted t o  produce a t y p i c a l  s k a r n  m i n e r a l  
assemblage ,  namely hedenbergi te , ,  - a n d r a d i t e .  
Fol lowing  retrograde c o n d i t i o n s  t h e  h e d e n b e r g i t e  
was p a r t l y  r e p l a c e d  by a n d r a d i t e ,  which c o n t a i n s  
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Figure 2. Temperature - oxygen diagram in the system CaO - FeO - Fez03 - A1203 - 
si02 - H20 - C02 at Xco2 = 0 , l  and P = 0,3 Kbar, depicted by Shimizu and Hyama 
(8). The position of the broken curve is shown approximately from data provided by 
Burton et al. (9). Abbreviations: C: calcite, E: epidote, G: andradite, H: 
hedenbergite, Hm: hematite, J: johannesite, M: magnetite, P: plagioclase, Po: 
pyrrhotite, Py: pyrite, Q: quartz, W: wollastonite. Stippled field: see text. 

minute inclusions of calcite (which did not thrive 
elsewhere in the aureole) and Mn-enriched heden- 
bergite. These minerals form assemblages with 
wairakite, quartz,and epidote. 

The fluid pressure within the gabbro contact 
aureole is estimated, from a lithostatic load of 
near 1 km and an uplifting episode that accompa- 
nied the gabbro emplacement, to have been close to 
0.3 Kbar (6). Figure 2 shows a T-fo2 diagram for 
the skarn minerals discussed above, depicted at 
0.3 Kbar and xco2 = 0.1 by Shirnizu and Hyama (8). 
The effect of increased Mn-content in hedenbergite 
on the univariant equilibria involved is also 
shown ( 9 ) .  The stippled area in fig. 2 shows the 
field of coexistence of andradite and heden- 
bergi te, which accordingly may have formed at 
temperatures below 4OOOC at f02 -value as low as 
10-30, and evidently at higher 'temperatures and 
oxygen fugacities within the stippled field. Of 
significance is the recognition of a former 
supercritical fluid within the extinct hydro- 
thermal system, as the P-T estimates are both 
above the critical point value. 

Within the IP.2 gabbro itself, the earliest 
hydrothermal mineral veins consist of an 
actinolite-sphene assemblage, deposited within 
early shrinkage joints in the gabbro, and also 
formed in vein-wall-rock zones at the expense of 
augite and ilmenite respectively. The thickness of 
the actinolite-sphene veins is usually S 1.0 mm, 
and often irregular micro-veins ((0.1 mm) branch 
the veins. Elsewhere in the gabbro, the primary 
augite is either unaltered or marginally replaced 
by actinolite. The actinolitization ( +  sphene) 
within the gabbro contrasts markedly with the 
development of other secondary minerals, which is 
more restricted to the wall-rock zones associated 
with later hydrothermal vein systems. The earliest 
hydrothermal fluid affecting the gabbro thus 
appears to have fluxed the gabbro body via major- . 
and micro-joints and along crystal boundaries. The 
actinolite-sphene veins slightly post-date the 
IP.4 felsite veins, discussed above, but were 
formed during the cooling period of the gabbro 
( 6 ) .  While the P-T condition o f  their formation 
Is not known, the actinolite-sphene veins may 
relate to an effective "water-penetration" 
process, discussed earlier. 
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E r i e f l y  summarized, t h e  phys ico-chemica l  imp l i ca -  
t i o n s  from t h e  Geitafell gabbro  c o n t a c t  a u r e o l e  
i n c l u d e :  

A: P f l u i d  i n  t h e  c o n t a c t  a u r e o l e  approached  
P l i t hos t a t i c  ( d  0.3 Kbar).  

3: S u p e r c r i t i c a l  f l u i d  e x i s t e d  i n  the v i c i n i t y  of 
t h e  c o o l i n g  magma f o r  a n  unknown l e n g t h  of time. 

C: The s u p . . - z r i t i c a l  f l u i d  was Z32 - poor  and  
r educ ing ,  Lilt f 0 2  - v a l u e s  ranged between 10’30 
t o  10-15 ( f ig .2 ) .  

D: Wi th in  t h e  c o n t a c t  a u r e o l e  wel l -deve loped  
f l u i d - r o c k  r e a c t i o n  zones  formed i n  env i ronmen t s  
of h igh  f l u i d / r o c k  ra t io ,  d r i v i n g  Ca+2 and a l l  
o t h e r  e l e m e n t s  n o t  p a r t i c i p a t i n g  i n  the rock 
rep lacement  by chlori  te-albi t e  i n t o  s o l u t i o n .  
Apar t  from Ca2+, t h i s  would i n c l u d e  T i2+  amongst 
o t h e r  e l emen t s ,  t h e  two mentioned b e i n g  e s s e n t i a l  
for sphene  development which c o i n c i d e n t l y  ( ? )  took  
p a r t  i n  t h e  c o n s t r u c t i o n  o f  t h e  ear l ies t  hydro- 
thermal v e i n s  w i t h i n  t h e  gabbro. 

E: Upon the i n t r u s i v e  e v e n t ,  p r e v a i l i n g  hydrous  
f l u i d  w i t h i n  t h e  c o n t a c t  a u r e o l e  must have  
undergone b o i l i n g  and  phase s e p a r a t i o n ,  d r i v i n g  
gases ( 0 2 ,  S02) o u t  of t h e  c o n t a c t  a u r e o l e  
sys tem.  The b o i l i n g ,  n e c e s s a r i l y ,  would have  
proceeded outwards  from t h e  h e a t - s o u r c e  and  
subsequen t ly  inwards  upon c o o l i n g .  A few hundred 
meters up- and  outwards  from t h e  IP .2  heat source, 
and  time-related t o  t h e  i n t r u s i v e  e v e n t ,  ex t en -  
s i v e l y  c a r b o n a t i z e d  rocks are found which a r e  
t e n t a t i v e l y  r e l a t e d  t o  a b o i l i n g  zone doming t h e  
I P . 2  gabbro ( 6 ) .  

F: Upon c o o l i n g  t h e  hydro the rma l  f l u i d  i n  t h e  
c o n t a c t  a u r e o l e  o x i d i z e d  and f02  - v a l u e s  crossed 
the HmM-buffer c u r v e  as t h e  f l u i d  a d j u s t e d  tc 
ambient  h y d r o s t a t i c  P-T v a l u e s .  

Contemporaneously or n o t ,  D a n d  E above  imply  t ha t  
a two d i r e c t i o n a l  f l u i d  flow took place w i t h i n  t h e  
c o n t a c t  a u r e o l e ,  i.e. towards t h e  heat s o u r c e ,  and  
away from i t .  Temporar i ly  a l s o ,  t h e  f l u i d  is 
proposed  t o  have  been a t  s u p e r c r i t i c a l  condi -  
t i o n s .  Quest ionable  as s u p e r c r i t i c a l  p r e s s u r e s  
t h r i v i n g  w i t h i n  hydro the rma l  s y s t e m s  may be, the  
i n d i r e c t  e v i d e n c e  p rov ided  re la tes  t o  a major 
u p l i f t i n g  e v e n t  accompanying t h e  I P . 2  gabbro 
( 6 , 7 ) .  The periodic u p l i f t i n g / s u b s i d e n c e  e v e n t s  
w i t h i n  t h e  a c t i v e  Krafla vo lcano  (10)  may be - comparable ,  though a t  d i f f e r e n t  scale. An impor- 
t a n t  a l t e r n a t i v e ,  t ha t  a par t  of t h e  high-T 
m i n e r a l  assemblages  described above  might be 
produced from s u p e r h e a t e d  steam, is d i s c u s s e d  
below. 

C i r c u m s t a n t i a l  e v i d e n c e  from t h e  I P . 5  and 6 
basalt ic cone - shee t s  of t h e  Ceitafell  v o l c a n i c  
system i m p l i e s  t h a t  s u p e r h e a t e d  steam may 
be  q u i t e  common i n s i d e  c o o l i n g  i n t r u s i v e  bod ies .  
While a c t i n o l i t e  is a b s e n t  from t h e  host rocks o f  
t h e  e p i d o t e  zone  i n  t h e  Geitafell vo lcano  ( 6 , 7 ) ,  
e x t e n s i v e  pyroxene  r ep lacemen t  by a c t i n o l i t e  is  
common w i t h i n  t h e  cone - shee t s  i n s i d e  t he  e p i d o t e  
zone, even  a t  d e p t h s  of o n l y  100-200 m below the  

indeed  

p a l a e o s u r f a c e  (6). The low- tempera ture  l i m i t  f o r  
a c t i n o l i t e  development i n  the  I c e l a n d i c  a c t i v e  
high-T systems a p p e a r s  t o  be above  2 8 O O C  ( 1 1 ) .  
Assuming t h e  n e a r  300°C t o  be close t o  t h e  minimum 
tempera tu re ,  t h e  a c t i n o l i t e  development w i t h i n  
t h e  i n t r u s i v e  rocks a t  d e p t h s  less t h a n  approx i -  
mate ly  1 km must have  a r i s e n  from s u p e r h e a t e d  
steam - u n l e s s  a n  ice-cap, s e v e r a l  hundered metre 
t h i c k  was added on  t o p  o f  t h e  volcano .  Yet, o n e  
would be le f t  w i t h  e x p l a i n i n g  t h e  a c t i n o l i t e  
conf inement  t o  t h e  i n t r u s i v e  rocks. Therefore, a 
model of hot-rock a c t i n o l i t i z a t i o n  from s u p e r -  
heated steam is f avoured ,  assuming t h e  P-T 
estimates v a l i d  (6). Once t h e  h y d r o s t a t i c  P-T 
c o n t r o l  is of f ,  a n  upper  thermal barrier for  a 
hydrous  f l u i d  ceases t o  e x i s t .  Q u i t e  l i k e l y  t h e  
f l u i d s  i n  the Geitafell gabbro and  its c o n t a c t  
a u r e o l e  may t h u s  have  passed  th rough  both t h e  
s u p e r c r i t i c a l  and  supe rhea ted  f l u i d  r e g i o n s ,  
e v e n t u a l l y  a d j u s t i n g  t o  h y d r o s t a t i c  v a l u e s .  

PRACTICAL APPLICATION 

The idea has  been  forwarded, t h a t  d r i l l i n g  of 
w a t e r - i n j e c t i o n  wells i n t o  h o t -  rock b o u n d a r i e s  i n  
w a t e r - d e f i c i e n t  s y s t e m s  c o u l d  be a possible a id  i n  
steam g e n e r a t i o n  (5) .  Due t o  the thermal effect of 
b o i l i n g  w i t h i n  r e s e r v o i r s  and  c o o l i n g  by c i r c u l a -  
t i o n  f l u i d  i n  c o n v e n t i o n a l  geothermal d r i l l i n g ,  
however, problems may ar ise  i n  r e c o g n i z i n g  s u c h  
p o t e n t i a l  ho t -  rock zones ,  p a r t i c u l a r l y  i n  t h e  
case o f  t h i n  t a b u l a r  i n t r u s i v e  bodies a t  economic 
d e p t h s  (e.g. sheets similar t o  those of IP.5 and  
6). One p l a u s i b l e  method, however, would i n v o l v e  a 
d e t a i l e d  s t u d y  of m i n e r a l  v e i n s  and amygdale 
t i m e - r e l a t i o n s h i p s  i n  core samples ,  p r o v i d i n g  
similar ev idence  as d i s c u s s e d  i n  t h i s  paper .  
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