
- -  
/ -DOE/ID/1%24 
-DOE/IP/12524--Tl Distribution Category; 

I i' 
A i 

I 

, DE86 014383 UC66a 
\ c 

-'r- 3 - - - -  *,_ ~. 

Received by OSTI 
AUG 1 8 1986 

GEOCHEMISTRY, ISOTOPIC COMPOSIIIOW-AND- ORIGIN - 
OF FLUIDS EMANATING FROM MUD VOLCANOES IN THE 

COPPER RIVER BASIN, -ALASKA 

Final Report 

R. 3. Motyka 
Alaska Dw. of Geological & Geophysical Surveys 

Juneau, Alaska 
D. B. Hawkins 

Institute of Water Resources 
University of Alaska 

Fairbanks, Alaska 
R. 3. Poreda 

Scripps Institute of Oceanography 

Idaho Operations o f f i c e 8  Idaho fans, ID 
Under Contract Number DE-FGO7-841D12524 

Conservation and Renewable Energy 
I Sponsored by the office of the Assistant Secretary foi 

office of Renewable Ener Washington D.C. $RJ&lJTlOtJ OF THIS OOCUMEbt7 6 



DISCLAIMER 
 
Portions of this document may be illegible in 
electronic image products.  Images are produced 
from the best available original document. 
 



DISCLAIMER 

This report was prepared as an account of work sponsored by an agency of the 
United States Government. Neither the United States Government nor any agency 
thereof, nor any of their employees, makes any warranty, express or implied, or 
assumes any legal liability or responsibility for the accuracy, completeness, or use- 
fulness of any information, apparatus, product, or process disclosed, or represents 
that its use would not infringe privately owned rights. Reference herein to any spe- 
cific commercial product, process, or seMce by trade name, trademark, manufac- 
turer, or otherwise does not necessarily constitute or imply its endorsement, recom- 
mendation, or favoring by the United States Government or any agency thereof. 
The views and opinions of authors expressed herein do not necessarily state or 
reflect those of the United States Government or any agency thereof. 



CONTENTS 

Abst rac t  ........................................... 4 

I n t r o d u c t i o n  ....................................... 
P r e v i o u s  work . . . . . . .  .......................... 
P r e s e n t  s t u d y  ................................. 
Summary of r e s u l t s  ............................ 

R e g i o n a l  geology ................................... 
S e t t i n g  ....................................... 
B a s i n  s t r a t i g r a p h y  ............................ 
T e c t o n o s t r a t a g r a p h i c  t e r r a n e  c o r r e l a t i o n s  . . . . .  
L a t e - T e r t i a r y - Q u a r t e r n a r y  Wrange l l  Mounta ins  

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

Mud v o l c a n o e s . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .  
Gene ra l .  ...................................... 
L o c a t i o n  and  d e s c r i p t i o n  ...................... 

6 
6 
7 
8 

9 
9 

I O  
I 1  

I 1  
1 2  

12  
1 2  
13  

14  
Sampl ing  p r o c e d u r e s  14  
A n a l y s e s  p r o c e d u r e s  15 

1 7  

Methods....................................,........ 
........................... ........................... 

R e s u l t s  ............................................ 
18 

19  

S o u r c e  of s a l i n e  s p r i n g  w a t e r s . . . . . . . . . . . . . . . . . . . . .  

O r i g i n  of b r i n e s  ................................... 
U l t r a f i l t r a t i o n  20 .................................... 

23 T o l s o n a - t y p e  water  chemistry. .  ..................... 
I s o t o p i c  c o m p o s i t i o n  and  e v i d e n c e  f o r  

d i l u t i o n  23 
25 Membrane f i l t r a t i o n  ........................... 

Rock l e a c h i n g  26 
27  F l u i d - m i n e r a l  i n t e r a c t i o n s .  ................... 
28 Klawasi-type f l u i d  chemistry ....................... 
28 Helium-3. ..................................... 

C 0 2  and  f l u i d - m i n e r a l  i n t e r a c t i o n s . .  29 
A r s e n i c . .  3 1  

33 613C - c02 .................................... 
Water i s o t o p i c  c o m p o s i t i o n  .................... 35 

R e s e r v o i r  t e m p e r a t u r e s  ............................. 

................................. 

................................. 

.......... ..................................... 

36 

Depth  of i n t r u s i o n  4 1  ................................. 
42 S o u r c e  of methane .................................. 



Noble and o t h e r  g a s e s . . . . . . . . . . .  . . . . . . . . . . . . . . . . . . .  
Summary and c o n c l u s i o n s  ............................ 
AcknowledBements ................................... 
References. .  ....................................... 
Tables  ............................................. 
F i g u r e s  ............................................ 
Appendix A. Water chemis try ,  Copper River Bas in  

c o l d  s p r i n g s ,  domest i c  water w e l l s ,  and 
r iver  w a t e r s . . .  ............................... 

Appendix B. Copper River  Bas in  water and g a s  
c h e m i s t r i e s ,  p r e v i o u s  s t udi ea .  . . . . . . . . . . . . . . . .  

44 

45 

48 

49 

58 

67 



4 

ABSTRACT 

Two c o m p o s i t i o n a l l y  d i f f e r e n t  g r o u p s  of mud v o l c a n o e s  e x i s t  
i n  t h e  Copper R i v e r  Basin:  t h e  T o l s o n a  g r o u p  which 
discharges Na-Ca r i c h ,  HCOJ-SO4 poor s a l i n e  waters 
accompanied  by  small  amounts  of gas, composed p r e d o m i n a t e l y  
of CH4 and  N 2 ;  and t h e  Klawasi g r o u p  which discharges C a  
poor ,  Na-HCOz r i c h  s a l i n e  waters accompanied by enormous 
amounts  of C o n .  The s a l i n e  waters a p p e a r  t o  be de r ived  from 
a n  o v e r p r e s s u r e d  zone  i n  Lower C r e t a c e o u s  d e p o s i t s .  The 
T o l s o n a - t y p e  water chemis t ry  and i s o t o p i c  c o m p o s i t i o n  c o u l d  
have  been  p roduced  t h r o u g h  t h e  f o l l o w i n g  processes:  d i l u t i o n  
of o r i g i n a l  i n t e r s t i t i a l  seawaters w i t h  p a l e o - m e t e o r i c  
waters, p o s s i b l y  d u r i n g  a p e r i o d  of u p l i f t  i n  t h e  mid- 
C r e t a c e o u s ;  l o s s  of HCO3 and  S O 4  and  m o d i f i c a t i o n  of o t h e r  
c o n s t i t u e n t  c o n c e n t r a t i o n s  by  shale-membrane f i l t r a t i o n ;  
f u r t h e r  d e p l e t i o n  of Hg, K, HCOJ,  and  S O I ,  and e n r i c h m e n t  i n  
C a  and  Sr t h r o u g h  d o l o m a t i z a t i o n ,  h y d r o l y s i s ,  and  c l ay -  
f o r m i n g  p r o c e s s e s ;  and  l e a c h i n g  of B, I ,  L i ,  and  Si02 from 
m a r i n e  s e d i m e n t s .  

Compared t o  t h e  T o l s o n a  waters, t h e  Klawasi waters a r e  
s t r o n g l y  e n r i c h e d  i n  L i ,  Na, K, Hg, H C 0 3 ,  S04, 8, Si02 and  
6 " O  and s t r o n g l y  d e p l e t e d  i n  Ca, Sr and  D. The Klawasi 
waters a l s o  c o n t a i n  h i g h  c o n c e n t r a t i o n s  of a r s e n i c  ( I O  t o  48 
ppm), s e v e r a l  o rde r s  of magni tude  more t h a n  a n y  of t h e  
T o l s o n a  waters ( <  I O  ppb) .  The d i f f e r e n c e s  i n  f l u i d  
c h e m i s t r y  be tween  Klawasi and  To losona  c a n  be e x p l a i n e d  as 
t h e  r e s u l t  of t h e  i n t e r a c t i o n  of f l u i d s  d e r i v e d  from a 
magmatic i n t r u s i o n  and  c o n t a c t  d e c a r b o n a t i o n  of l i m e s t o n e  
beds  u n d e r l y i n g  t h e  Klawasi a r ea  w i t h  o v e r l y i n g  T o l s o n a - t y p e  
f o r m a t i o n  waters. Ev idence  f o r  a magma-decarbonat ion 
i n f l u e n c e  on  t h e  Klawasi system i n c l u d e :  1) t h e  h i g h  'He/IHe 
r a t i o s  a t  Klawasi (4.11, 2)  t h e  6°C c o m p o s i t i o n s  of C 0 2  
(-4.8 t o  -3 .1  p e r  m i l )  and  HCO3 ( + 1 . 6  t o  +3.1 per  m i l l ,  3 )  
c o n s i s t e n c y  w i t h  l a rge  volumes of C 0 2  and  HCOJ,  and  w i t h  t h e  
Klawasi water c h e m i s t r y ,  4) t h e  h i g h  c o n c e n t r a t i o n s  of As, 
a n d  51 c h e m i c a l  geothermometery .  The p r o p o r t i o n  of 
metamorphic  t o  magmatic C 0 2  i s  e s t i m a t e d  t o  b e  40 to 5 0  
p e r  c e n t .  I n t e r a c t i o n  of t h e  C 0 2  w i t h  t h e  f o r m a t i o n  waters 
r e s u l t s  i n  c a r b o n i c  ac id  h y d r o l y s i s  and  d e c o m p o s i t i o n  of 
c lays  and  o t h e r  s i l i c a t e s  and  a l u m i n o s i l i c a t e s  and  
s a t u r a t i o n  w i t h  r e s p e c t  t o  C a C O 3 .  The r e s u l t i n g  waters 
e m a n a t i n g  a t  t h e  s u r f a c e  would be r i c h  i n  Si02,  a l k a l i  
metals, HCOJ,  C 0 2 ,  and  d e p l e t e d  i n  Ca and  Sr. D i f f e r e n c e s  
i n  i s o t o p i c  c o m p o s i t i o n s  be tween Klawasi and T o l s o n a - t y p e  
waters c a n  be  p a r t i a l l y  a t t r i b u t e d  t o  m i n e r a l - w a t e r  i so tope  
exchange  processes and  p e r h a p s  a l s o  t o  m i x i n g  w i t h  magmatic 
or met amorphi  c water. 

A p p l i c a t i o n  of geothermometers t o  t h e  Klawasi waters  r e m a i n s  
problematic b e c a u s e  of f l u i d - f l u i d  and f l u i d - m i n e r a l  
r e a c t i o n  r a t e s  b u t  r e s e r v o i r  t e m p e r a t u r e s  of IO0 t o  125OC 
appear  t o  be i n d i c a t e d .  The moderate r e s e r v o i r  t e m p e r a t u r e s  



and low s p r i n g  t e m p e r a t u r e s  (20OC) i n d i c a t e  t h e  i n t r u s i v e  
must be r e l a t i v e l y  d e e p - s e a t e d  w i t h  l i t t l e  or no 
h y d r o t h e r m a l  c i r c u l a t i o n  b e t  ween t h e  o v e r l y i n g  f o r m a t i o n  
waters and t h e  i n t r u s i v e .  The C h i t i s t o n e  l i m e s t o n e  may be 
t h e  s o u r c e  of c o n t a c t  metamorphic  C 0 2  which would p lace  t h e  
d e p t h  of t h e  i n t r u s i v e  a t  2 . 5  t o  3 . 0  km. The Tara l  f a u l t  
c o u l d  be a c t i n g  as a zone  of weakness  for t h e  i n t r u s i o n  and 
a l s o  be t h e  avenue  of a s c e n t  for magmatib and c o n t a c t  
metamorphic  C 0 2  gases. 

The most l i k e l y  s o u r c e s  f o r  t h e  Copper R i v e r  B a s i n  methanes  
a r e  coal  and  l i g n i t e  beds  i n  m i d -  t o  lower C r e t a c e o u s  
f o r m a t i o n s  u n d e r l y i n g  t h e  b a s i n .  The 613C of CHI from t h e  
L o w e r  Klawasi v e n t s  i s  p a r t i c u l a r l y  heavy  ( - 1 8  per  m i l ) ,  
which s u g g e s t s  a m a n t l e  component i n  t h e  Klawasi methane. 

5 
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1. I N T R O D U C T I O N  

Two c o m p o s i t i o n a l l y  d i f f e r e n t  g r o u p s  of mud v o l c a n o e s  and 
s a l i n e  s p r i n g s  e x i s t  i n  t h e  Copper R i v e r  Basin:  t h e  T o l s o n a  
g r o u p  which d ischarges  sodium and c a l c i u m - r i c h  and  
b i c a r b o n a t e  and  s u l f a t e - p o o r  s a l i n e  waters accompanied by 
small  amounts  of methane and n i t r o g e n  r i c h  gases; and  t h e  
Klawasi g r o u p  which  discharges ca l c ium-poor ,  sodium and 
b i c a r b o n a t e - r i c h  s a l i n e  waters accompanied by  enormous 
amounts  of c a r b o n  d i o x i d e  gas. The s o u r c e s  of t h e  s a l i n e  
s p r i n g  waters a n d  gases, t h e  o r i g i n s  of t h e  f l u i d  
c o n s t i t u e n t s , . a n d  t h e  c a u s e s  of t h e  d i f f e r e n c e s  i n  f l u i d  
c h e m i s t r i e s  a re  t h e  s u b j e c t s  of t h i s  pape r .  

The Copper  River B a s i n  i s  a p o o r l y  d r a i n e d ,  i n t e r m o n t a n e  
s e d i m e n t a r y  b a s i n ,  located i n  s o u t h c e n t r a l  Alaska ( f i g .  1 
and 2 ) .  The T o l s o n a  g r o u p  of mud v o l c a n o e s ,  T o l s o n a  I and 
2, Nickel Creek and  Copper C e n t e r ,  a re  loca t ed  i n  t h e  
w e s t e r n  p a r t  of t h e  b a s i n  and a re  t y p i f i e d  by broad, s h a l l o w  
e d i f i c e s  of a c c r e t i o n a r y  mud, 3 t o  2 0  m i n  h e i g h t ,  which 
f e e b l y  discharge s a l i n e  waters. I n  c o n t r a s t ,  Upper and 
L o w e r  Klawasi and S h r u b  mud v o l c a n o e s ,  which c o m p r i s e  t h e  
Klawasi g r o u p  and  a re  loca t ed  west of M t .  D r u m ,  a l a rge  
Q u a t e r n a r y  a n d e s i t i c  vo lcano ,  a r e  much l a rge r  e d i f i c e s ,  5 0  
t o  I O 0  m i n  h e i g h t ,  and  v i g o r u o s l y  e m i t  c a r b o n  d i o x i d e -  
charged s a l  i n e  wa t e 1”s. 

P r e v i o u s  Work 

The  o r i g i n s  and  s t r i k i n g  d i f f e r e n c e s  i n  chemistr ies  of 
gases and  b r i n e s  e m a n a t i n g  from t h e  mud v o l c a n o e s  and  
m i n e r a l  s p r i n g s  l o c a t e d  i n  t h e  Copper  River B a s i n  have l o n g  
i n t e r e s t e d  and  p u z z l e d  i n v e s t i g a t o r s .  Nichols  and Yehle 
( 1 9 6 l a l  c o n c l u d e d  t h a t  t h e  waters of t h e  two mud v o l c a n o  
g r o u p s  were r e l a t e d  c h e m i c a l l y  and  t h a t  t h e  h i g h  s a l i n i t y  
r e s u l t e d  from e v a p o r a t i o n  of g lac i a l  l akes  followed by 
s u b s e q u e n t  c o n c e n t r a t i o n  t h r o u g h  p e r m a f r o s t  f o r m a t i o n .  
G r a n t z  and  o thers ,  1962,  d i s c o u n t e d  t h e  ro l e  of e v a p o r a t i o n  
a n d  p e r m a f r o s t  on  t h e  g r o u n d s  t h a t  t h e  c o m p o s i t i o n  of waters 
r e s u l t i n g  from s u c h  p r o c e s s e s  is i n c o m p a t i b l e  w i t h  t h e  
o b s e r v e d  waters i n  t h a t  e v a p o r i t e  waters s h o u l d  c o n t a i n  h i g h  
c o n c e n t r a t i o n s  of s u l f a t e s  which a r e  n o t  s e e n  i n  t h e  mud 
v o l c a n o  waters. I n s t e a d ,  G r a n t z  and  o the r s  s u g g e s t e d  t h a t  
t h e  s a l i n e  waters e m e r g i n g  a t  t h e  s u r f a c e  of t h e  b a s i n  
p r o b a b l y  o r i g i n a t e  from C r e t a c e o u s  o r  o lde r  m a r i n e  s e d i m e n t s  
which u n d e r l i e  t h e  b a s i n .  They d i d  n o t  s p e c u l a t e  o n  how 
t h e s e  f o r m a t i o n  waters a t t a i n e d  t h e i r  p a r t i c u l a r  
c h e m i s t  r i  es. 

G r a n t z  and  o t h e r s  d i d  p r e s e n t  s e v e r a l  d i f f e r e n t  h y p o t h e s e s  
t o  e x p l a i n  t h e  d i f f e r e n c e s  i n  f l u i d  chemis t r i e s  be tween t h e  
two g r o u p s  of mud v o l c a n o e s .  They c o n s i d e r e d  t h e  
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p r o b a b i l i t y  f o r  d i s c h a r g e  of two t o t a l l y  u n r e l a t e d  k i n d s  of 
s a l i n e  waters i n  c lose p r o x i m i t y  t o  be s l i g h t  and  t h a t  more 
l i k e l y  t h e  Klawasi waters were T o l s o n a - t y p e  waters mod i f i ed  
b y  m i x i n g  and  r e a c t i n g  w i t h  C O P - r i c h  f l u i d s  de r ived  from a 
s e d i m e n t a r y ,  metamorphic, or v o l c a n i c  s o u r c e .  They had 
i n s u f f i c i e n t  da t a  t o  c o n c l u s i v e l y  s e l e c t  one  of t h e  
p o s s i b i l i t i e s  o v e r  t h e  o the r s  b u t  based on  t h e  p r o x i m i t y  of  
t h e  Klawasi g r o u p  t o  l a r g e  Q u a t e r n a r y  a n d e s i t i c  v o l c a n o e s ,  
G r a n t z  and  o the r s  s p e c u l a t e d  t h e  more l i k e l y  s o u r c e s  t o  be 
v o l c a n i c ,  or  a l t e r n a t e l y ,  from c o n t a c t  metamorphism w i t h  a n  
i g n e o u s  i n t r u s i v e .  

Based on  t h e  a n a l y s e s  of 6°C i n  c a r b o n  d i o x i d e  and methane,  
Reitsima ( 1 9 7 9 1  c o n c l u d e d  t h a t  t h e  c a r b o n  d i o x i d e - r i c h  gases 
of t h e  Klawasi g r o u p  o r i g i n a t e d  from t h e  d i s s o l u t i o n  of 
l i m e s t o n e  by m o i s t u r e ,  heat,  and  a c i d i t y  of v o l c a n i c  gases, 
and  t h a t  t h e  methane r i c h  gases of t h e  Tolsoha g roup  were 
formed by t h e  thermal d e c o m p o s i t i o n  of c o a l y  mater ia ls .  

Recent  g e o p h y s i c a l  i n v e s t i g a t i o n s  by  Wescott and  T u r n e r  
( 1 9 8 5 )  added c r e d e n c e  t o  t h e  p o s s i b i l i t y  of a n  i n t r u s i v e  
body u n d e r l y i n g  t h e  Klawasi group.  They s u g g e s t e d  t h a t  
a n o m o l i e s  i n  g r a v i t y  and  m a g n e t i c  s u r v e y s  could be e x p l a i n e d  
by  t h e  p r e s e n c e  of a small ,  r e l a t i v e l y  s h a l l o w  i g n e o u s  
i n t r u s i o n .  

Hawkins and  Hotyka ( 1 9 8 4 )  examined t h e  r e l a t i o n s h i p  of t h e  
mud v o l c a n o  and  s a l i n e  s p r i n g  waters t o  r e B i o n a 1  ground 
water and  f o u n d  t h a t  s i m p l e  seawater - ground  water - 
meteoric water mix ing  models were i n c o m p a t i b l e  w i t h  t h e  
s t a b l e  i so tope  c o m p o s i t i o n s  of t h e  Copper R i v e r  b a s i n  
waters. They f u r t h e r  s u g g e s t e d  t h a t  membrane f i l t r a t i o n  
p r o c e s s e s  and  f l u i d - m i n e r a l  i n t e r a c t i o n s  c o u l d  have  
s i g n i f i c a n t l y  modi f ied  t h e  o r i g i n a l  c o n n a t e  water 
c o m p o s i t i o n s .  

P r e s e n t  S t u d y  

The i m p e t u s  f o r  t h e  p r e s e n  s t u d y  arose from i n v e s t i g a t i o n s  
of t h e  s t a t e ' s  geothermal r e s o u r c e  p o t e n t i a l .  C a s u a l  
a p p l i c a t i o n  of commonly u s e d  f l u i d  chemical geothermometers 
t o  waters e m a n a t i n g  from t h e  Klawasi g r o u p  of mud v o l c a n o e s  
l e d  some r e s o u r c e  a n a l y s t s  t o  b e l i e v e  a h y d r o t h e r m a l  
r e s o u r c e  might u n d e r l i e  t h e  area. Closer e x a m i n a t i o n  of 
f l u i d  c h e m i s t r i e s  showed u p  s e v e r a l  a m b i g u i t i e s  i n  terms of 
i n t e r p r e t i n g  t h e  geothermometers and  t h a t  p r o p e r  e v a l u a t i o n  
of t h e  a r e a ' s  geothermal p o t e n t i a l  r e q u i r e d  a much b e t t e r  
u n d e r s t a n d i n g  of t h e  n a t u r e  and  o r i g i n  of t h e  b r i n e s  and  
gases e m a n a t i n g  from t h e  b a s i n ' s  mud v o l c a n o e s  and  m i n e r a l  
s p r i n g s .  

I n  t h i s  s t u d y  w e  d i s t i n g u i s h  be tween f o r m a t i o n  water, t h e  
water c u r r e n t l y  p r e s e n t  i n  t h e  s e d i m e n t a r y  f o r m a t i o n s  
u n d e r l y i n g  t h e  b a s i n ,  and  c o n n a t e  water, t h e  water which was 
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i n i t i a l l y  e n t r a p p e d  i n  t h e  i n t e r s t i c e s  of t h e  s e d i m e n t a r y  
rocks a t  t h e  t ime of t h e i r  d e p o s i t i o n .  The o r i g i n s  of t h e  
s e d i m e n t a r y  f o r m a t i o n  waters i n  t h e  Copper  R i v e r  B a s i n  and 
t h e i r  u n i q u e  chemical c o m p o s i t i o n s ,  which d i f f e r  
s u b s t a n t i a l l y  from seawater, and  t h e  processes which  cou ld  
g ive  r i s e  t o  t h e  s t r i k i n g  d i f f e r e n c e s  i n  f l u i d  c h e m i s t r i e s  
o b s e r v e d  a t  t h e  two g r o u p s  of mud v o l c a n o e s  have n o t  been  
c o n s i d e r e d  i n  a n y  d e t a i l  by p r e v i o u s  i n v e s t i g a t o r s .  
The  geothermal s t u d y  was t h e r e f o r e  b roadened  t o  i n c l u d e  
t h e s e  o b j e c t i v e s  t o  h e l p  d e c i p h e r  whether or n o t  a 
geothermal r e s o u r c e  u n d e r l i e s  t h e  Klawasi a rea  and  t o  a l s o  
d e t e r m i n e  t h e  s o u r c e ( s )  of t h e  c o p i u s  amounts  of c a r b o n  
d i o x i d e  e m a n a t i n g  from t h e  Klawasi g r o u p  and  t h e  s o u r c e s  of 
methane e m a n a t i n g  from b o t h  g r o u p s  of mud v o l c a n o e s .  

N e w  d a t a  o b t a i n e d  t h r o u g h  t h i s  s t u d y  t o  h e l p  meet t h e s e  
o b j e c t i v e s  i n c l u d e :  1) geochemical c o m p o s i t i o n s  of water and  
gas samples o b t a i n e d  from a l l  mud v o l c a n o e s  and s a l i n e  
s p r i n g s  i n  t h e  Copper  R i v e r  Bas in ;  2 )  a r s e n i c  c o n c e n t r a t i o n s  
i n  t h e  water s a m p l e s  ( a r s e n i c  a n a l y s e s  had  n o t  been  done i n  
a n y  p r e v i o u s  s t u d y ) ;  3 )  oxygen 1 8 / 1 6  r a t i o s  i n  t h e  b a s i n ' s  
b r i n e s ,  g r o u n d w a t e r s ,  and s u r f a c e  meteoric waters and  i n  
s e l e c t e d  c a r b o n a t e s ;  4) h y d r o g e n / d e u t e r i u m  r a t i o s  i n  t h e  
v a r i o u s  b a s i n  waters; 5 )  c a r b o n  13 /12  r a t i o s  i n  c a r b o n  
d i o x i d e  and  methane gases, i n  b i c a r b o n a t e s  and  i n  s e l e c t e d  
c a r b o n a t e s ;  and  6)  he l ium-3 /4  r a t i o s  i n  gases e m a n a t i n g  from 
t h e  mud v o l c a n o e s  and s a l i n e  s p r i n g s .  Drawing o n  a n a l o g i e s  
t o  o i l - f i e l d  b r i n e s  s t u d i e d  elsewhere i n  t h e  world,  t hese  
da t a  were t h e n  i n t e r p r e t e d  w i t h i n  t h e  g e o l o g i c - t e c t o n i c  
framework of t h e  Copper  R i v e r  b a s i n ,  i s o t o p i c  exchange  and  
mix ing  processes, f l u i d - f l u i d  and  f l u i d - m i n e r a l  
i n t e r a c t i o n s ,  and  u l t ra -membrane  f i l t r a t i o n  processes.  

Summary of R e s u l t s  

Re b e l i e v e  t h e  r e s u l t s  of o u r  s t u d y  s t r o n g l y  i n d i c a t e  a 
r e c e n t l y  emplaced i g n e o u s  i n t r u s i o n  i s  c a u s i n g  deep-seated 
metamorphic d e c a r b o n a t i o n  of l i m e s t o n e  beds  b e n e a t h  t h e  
Klawasi g r o u p  of mud v o l c a n o e s .  Cop ius  amounts  of C 0 2  gas 
from t h e  i n t r u s i v e  and  from c o n t a c t  metamorphic  r e a c t i o n s  
f l o w  upward unde r  p r e s s u r e  i n t o  o v e r l y i n g  J u r a s s i c  and  
C r e t a c e o u s  m a r i n e  s a n d s t o n e s  and sha le s  where t h e  gases 
i n t e r a c t  w i t h  T o l s o n a - t y p e  f o r m a t i o n  waters. F o r m a t i o n  of 
c a r b o n i c  ac id  r e s u l t s  i n  h y d r o l y s i s  and  ac id  d e c o m p o s i t i o n  
of c l a y s  a n d  o t h e r  s i l i c a t e s  and  a l u m i n o s i l i c a t e s  c a u s i n g  a n  
i n c r e a s e  i n  d i s so lved  a l k a l i  metals  and  s i l i c a .  C o n t i n u e d  
i n t e r a c t i o n  b u f f e r s  t h e  waters t o  n e u t r a l  pH, t h e  waters 
become s a t u r a t e d  w i t h  r e s p e c t  t o  C a C 0 3 ,  r e s u l t i n g  i n  
p r e c i p i t a t i o n  of c a l c i t e  and  c o n s e q u e n t  d e p l e t i o n  of c a l c i u m  
i n  t h e  waters. The r e s u l t i n g  waters e m a n a t i n g  a t  t h e  
s u r f a c e  of t h e  Klawasi mud v o l c a n o e s  a r e  r i c h  i n  a l k a l i  
metals ,  b i c a r b o n a t e ,  C 0 2  gas, and d e p l e t e d  i n  Ca.  
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Our p r i m a r y  e v i d e n c e  f o r  t h e  e x i s t e n c e  of t h e  i n t r u s i v e  and  
c o n t a c t - m e t a m o r p h i c  d e c a r b o n a t i o n  process is: lithe h i g h  
he l ium-3 /4  r a t i o s  o b t a i n e d  f o r  t h e  Klawasi gases which 
r e f l e c t  a s t r o n g  magmatic i n f l u e n c e  on  t h e  Klawasi system; 
2)  t h e  r a t e  of C02  p r o d u c t i o n  which  a p p e a r s  c o n s i s t e n t  o n l y  
w i t h  a magmatic or magmat i c -con tac t  metamorphic s o u r c e ;  3 )  
t h e  ca rbon-13 /12  s i g n a t u r e s  which p o i n t  t o  a l i m e s t o n e  
d e c a r b o n a t i o n  process as t h e  s o u r c e  of much of t h e  c a r b o n  
d i o x i d e  gas; and  4) t h e  e x t r e m e l y  e l e v a t e d  c o n c e n t r a t i o n s  of 
a r s e n i c  f o u n d  i n  t h e  Klawasi b r i n e s  ( 4 3  ppm v s  < 0 .01  ppm i n  
T o l s o n a  b r i n e s ) .  

A p p l i c a t i o n  of geothermometers t o  t h e  Klawasi waters r e m a i n s  
p r o b l e m a t i c  b e c a u s e  of t h e  f l u i d - f l u i d  and  f l u i d - m i n e r a l  
r e a c t i o n s  i n v o l v e d  b u t  a r e s e r v o i r  t e m p e r a t u r e  of I O 0  t o  
125OC a p p e a r s  t o  be i n d i c a t e d .  Such moderate r e se rvo i r  
t e m p e r a t u r e s  and  low s p r i n g  t e m p e r a t u r e s  ( 20°C) i n d i c a t e  t h e  
i n t r u s i v e  must be r e l a t i v e l y  deep-seated w i t h  l i t t l e  or no 
h y d r o t h e r m a l  c i r c u l a t i o n  o c c u r i n g  be tween t h e  o v e r l y i n g  
c o n n a t e  waters and  t h e  i n t r u s i v e .  

The f o r m a t i o n  waters t h e m s e l v e s  p r o b a b l y  o r i g i n a t e d  as 
c o n n a t e  seawater e n t r a p p e d  i n  C r e t a c e o u s  and  p e r h a p s  
J u r a s s i c  m a r i n e  s e d i m e n t s  t h a t  was s u b s e q u e n t l y  d i l u t e d  w i t h  
meteoric water d u r i n g  a Late J u r a s s i c  or mid-Cre taceous  
per iod  of r e g i o n a l  u p l i f t .  The p r e s e n t  T o l s o n a - t y p e  
chemis t ry  c o u l d  be p roduced  t h r o u g h  m i x i n g  and d i l u t i o n  of 
t h e  e n t r a p p e d  seawaters w i t h  paleo-meteoric waters, f u r t h e r  
mod i f i ed  by  shale-membrane f i l t r a t i o n  and  f l u i d - m i n e r a l  
i n t e r a c t i o n s .  D i f f e r e n c e s  i n  i s o t o p i c  c o m p o s i t i o n s  b e t  ween 
Klawasi and  T o l s o n a - t y p e  waters c a n  be  p a r t i a l l y  a t t r i b u t e d  
t o  m i n e r a l - w a t e r  i s o t o p e  exchange  processes  and  p e r h a p s  
mix ing  w i t h  a magmatic or deep-metamorphic water component. 

R E G I O N A L  GEOLOGY 

Set t i ng 

The Copper  R i v e r  B a s i n  l i e s  i n  s o u t h - c e n t r a l  Alaska 
( f i g .  1). I t  i s  a n  i n t e r m o n t a n e  s e d i m e n t a r y  b a s i n  which  
c o v e r s  1 4 , 0 0 0  sq. km. and  i s  s u r r o u n d e d  by  1 , 5 0 0  t o  5 , 0 0 0  m 
peaks of t h e  Alaska Range and  t h e  T a l k e e t n a ,  Chugach, and  
H r a n g e l l  Mountains .  The b a s i n  is d i v i d e d  i n t o  two 
p h y s i o g r a p h i c  s u b u n i t s  ( N i c h o l s  and Yehle ,  1961a).  The 
C o p p e r - S u s t i n a  Lowland l i e s  be tween 6 0 0  and 900  m and i s  
s i t u a t e d  i n  t h e  n o r t h e r n  and  w e s t e r n  p a r t s  of t h e  b a s i n .  
The Copper  R i v e r  Trough i s  a f l a t  t o  g e n t l y  s l o p i n g  
l a c u s t r i n e  p l a i n  e x t e n d i n g  i n  a n  a rc  a l o n g  t h e  n o r t h ,  west, 
and  s o u t h  s i d e s  of t h e  Wrangell Mountains. D r a i n a g e  from 
t h e  b a s i n  i s  r e s t r i c t e d  almost e n t i r e l y  t o  t h e  Copper R i v e r  
which has  i n c i s e d  a deep  canyon  t h r o u g h  t h e  Chugach Range t o  
t h e  s o u t h .  
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Rocks b o r d e r i n g  t h e  b a s i n  r a n g e  i n  age from Late Paleozoic 
t o  T e r t i a r y .  They c o n s i s t  l a r g e l y  of s c h i s t ,  g r e e n s t o n e ,  
greywacke ,  s l a t e ,  sha le ,  a n d  s a n d s t o n e ,  l o c a l l y  a s s o c i a t e d  
w i t h  minor  amounts  of a l t e r e d  l i m e s t o n e ,  t u f f a c e o u s  beds ,  
a n d  b a s a l t  f lows and  a re  i n t r u d e d  by a wide v a r i e t y  of 
i g n e o u s  rocks (Nicho l s  and  Yehle ,  1 9 6 1 a ) .  Large a reas  of 
t h e  Wrange l l  and  T a l k e e t n a  Mounta ins  and  l o c a l  a reas  of t h e  
Chugach Moun ta ins  a re  u n d e r l a i n  by  c o n s i d e r a b l e  t h i c k n e s s e s  
of b a s a l t i c  a n d  a n d e s i t i c  l a v a  f l o w s .  I n  t h e  t r o u g h ,  
bedrock e x p o s u r e s  a re  f e w  and  e x c e p t  f o r  one  g r e e n s t o n e  
e x p o s u r e  and  a f e w  s ca t t e r ed  l i m e s t o n e  o u t c r o p s ,  o n l y  
P l e i s t o c e n e  d e p o s i t s ,  i n c l u d i n g  a few e x p o s u r e s  of n e a r  
s u r f a c e  l a v a  and  d e b r i s  f l o w s ,  a r e  exposed .  

B a s i n  S t r a t i g r a p h y  

F i g u r e  2 shows a s t r a t i g r a p h i c  c r o s s - s e c t i o n  of Copper  B a s i n  
B a s i n  g e n e r a l i z e d  from Church  and  o t h e r s  ( 1 9 6 9 )  and  Ehm 
( 1 9 8 3 ) .  B a s i n  s t r a t i g r a p h y  i s  based on  logs  of t e n  o i l  and  
gas e x p l o r a t i o n  wel l s  d r i l l e d  t o  d e p t h s  of 850  t o  2 , 6 8 0  m 
and  by  i n f e r e n c e  f r o m  bedrock o u t c r o p s  i n  a d j a c e n t  
moun ta ins .  Depth  t o  t h e  P e r m i a n / P e n n s y l v a n i a n  basement ,  
which i s  presumed t o  u n d e r l i e  t h e  b a s i n ,  i s  i n f e r r e d  from 
p r o p r i e t a r y  seismic and  g r a v i t y  s t u d i e s  by v a r i o u s  o i l  
e x p l o r a t i o n  compan ies  ( E h m ,  1 9 8 3 ) .  

The uppermost  u n i t  i n  t h e  b a s i n  c o n s i s t s  of u n d i f f e r e n t i a t e d  
Q u a t e r n a r y  a n d  T e r t i a r y  d e p o s i t s  which, a t  l e a s t  i n  t h e  t h e  
s o u t h w e s t  p a r t  of t h e  b a s i n  ( p e r h a p s  i n c l u d i n g  t h e  T o l s o n a  
g r o u p  of mud v o l c a n o e s ) ,  c o n t a i n  s e m i - c o n s o l i d a t e d  T e r t i a r y  
s a n d s t o n e s  a n d  c o n g l o m e r a t e s  w i t h  a few l i g n i t i c  beds  
( H i l l e r  and  o the r s ,  1959; N i c h o l s  and  Yehle ,  1 9 6 1 a ) .  These 
b e d s  u n c o n f o r m a b l y  o v e r l i e  t h e  Upper C r e t a c e o u s  Matanuska 
F o r m a t i o n  w h i c h  c o n s i s t s  of m a r i n e  s h a l e s  w i t h  o c c a s i o n a l  
f i n e - g r a i n e d  s a n d s t o n e s .  The l og  from a t  l e a s t  one  w e l l  
( l o c a t e d  n o r t h e a s t  of Gulkana)  r e p o r t e d  t r a c e s  of c o a l  and  
t h i n  l i g n i t i c  beds  s c a t t e r e d  t h r o u g h  t h e  m i d - p o r t i o n  of t h i s  
f o r m a t i o n .  

I n  t h e  c e n t r a l  p a r t  of t h e  b a s i n ,  t h e  wel l s  i n t e r s e c t  t h e  
b a s a l  p o r t i o n  of t h e  Matanuska F o r m a t i o n  - f i n e - g r a i n e d  
m a r i n e  s a n d s t o n e s  w i t h  minor  i n t e r b e d d e d  sha le s .  An 
u n c o n f o r m i t y  s e p a r a t e s  t h e  Matanuska F o r m a t i o n  f r o m  
u n d e r l y i n g  Lower C r e t a c e o u s  K e n n i c o t t ,  and  p o s s i b l y  N e l c h i n a  
F o r m a t i o n s  - m a r i n e  s h a l e s  w i t h  minor  qua r t zose  s a n d s t o n e  ' 
beds.  These  f o r m a t i o n s  unconfo rmab ly  o v e r l i e  Upper J u r a s s i c  
Naknek and  C h i t i n a  F o r m a t i o n s  - m a r i n e  t u f f a c e o u s  s a n d s t o n e s  
and  s h a l e s  - and  t h e  Middle  J u r a s i c  Tuxedni  Forma t ion ,  
c o n s i s t i n g  of m a r i n e  s h a l e s  and  i n t e r b e d d e d  s a n d s t o n e s .  

The .basal p o r t i o n  of t h e  Matanuska F o r m a t i o n  and  t h e  Lower 
C r e t a c e o u s  and  Upper and  Middle J u r a s i c  f o r m a t i o n s  a r e  n o t  
p r e s e n t  a t  e i t h e r  Amoco-Ahtna d r i l l  s i t e  i n  t h e  n o r t h e a s t e r n  
p o r t i o n  of t h e  b a s i n .  Both  w e l l s  d i d  b o t t o m  i n  t h e  Lower 
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J u r a s s i c  T a l k e e t n a  Forma t ion  which c o n s i s t s  p r i m a r i l y  of 
b a s a l t i c  and  a n d e s t i c  flows, t u f f s ,  v o l c a n i c  breccias,  and 
v o l c a n i c  s a n d s t o n e s .  

Rocks of t h e  T a l k e e t n a  Forma t ion  record a n  Ea r ly  Ju ras s i c  
magmatic a rc  v o l c a n i c  p u l s e  t h a t  a f f e c t e d  much of 
s o u t h w e s t e r n  Alaska (Moore and Conne l ly ,  1 9 7 7 ) .  The Naknek 
and  Matanuska F o r m a t i o n s  are  forearc  b a s i n  d e p o s i t s  r e l a t e d  
t o  two l a t e r  p u l s e s  of magmatic arc  volcanism.  

T e c t o n o s t r a t i g r a p h i c  T e r r a n e  C o r r e l a t i o n s  

The Lower J u r a s s i c  t h r o u g h  Lower C r e t a c e o u s  rock f o r m a t i o n s  
t h a t  u n d e r l i e  much of t h e  Copper R i v e r  B a s i n  a re  p a r t  of t h e  
P e n i n s u l a r  T e c t o n o s t r a t i g r a p h i c  t e r r a n e  as d e f i n e d  by J o n e s  
and  S i b e r l i n g  ( 1 9 7 9 ) .  Fragments  of t h i s  t e r r a n e  a re  
s c a t t e r e d  as f a r  west as t h e  end  of t h e  Alaska P e n i n s u l a .  

The Wrange l l  v o l c a n o e s  and  p r o b a b l y  t h e  e a s t e r n - m o s t  p a r t  of 
t h e  Copper River B a s i n  a re  u n d e r l a i n  by  a n  a l l o c h t h o n o u s  
t e r r a i n  of P a l e o z o i c  and  Mesozoic  c a r b o n a t e s ,  f i n e  c l a s t i c s  
and  p i l l o w  basa l t s ,  f r a g m e n t s  of which e x t e n d  d i s c o n t i n o u s l y  
a l o n g  t h e  P a c i f i c  marg in  t o  a t  l e a s t  as f a r  s o u t h  as 
Vancouver  I s l a n d .  T h i s  well-known 8 t r a t  i graphi  c assemblage 
has  been  named W r a n g e l l i a  by J o n e s  and o thers  ( 1 9 7 7 ) .  
W r a n g e l l i a  i s  t h o u g h t  t o  have a r r i v e d  i n  i t s  p r e s e n t  
p o s i t i o n  by t h e  l a t e  Mesozoic  ( J o n e s  and  o the r s ,  1977)  w i t h  
s u t u r i n g  t o  t h e  N o r t h  American p l a t e  e s t i m a t e d  t o  have 
o c c u r r e d  i n  t h e  l a t e  E a r l y  C r e t a c e o u s  ( W i n k l e r  and o t h e r s ,  
1 9 8 1 ) .  

The T a l k e e t n a  F o r m a t i o n  c o n t r a s t s  marked ly  w i t h  c o e v a l  rocks 
i n  t h e  Wrange l l  Mounta ins ,  wh ich  a r e  n o t  v o l c a n o g e n i c  
i n d i c a t i n g  t h e  P e n i n s u l a r  and  W r a n g e l l i a  t e r r a n e s  were 
p r o b a b l y  n o t  j u x t a p o s e d  u n t i l  Middle  J u r a s s i c  ( H i n k l e r  and  
o thers ,  1 9 8 1 ) .  The boundary  be tween t h e  two t e r r a n e s ,  which  
a p p e a r s  t o  be t h e  Taral  f a u l t ,  i s  h i d d e n  by Q u a t e r n a r y -  
T e r t i a r y  d e p o s i t s  i n  t h e  e a s t e r n  Copper R i v e r  B a s i n  ( W i n k l e r  
and  o t h e r s ,  1981;  J o n e s  and  o the r s ,  1 9 8 4 ) .  Northward 
p r o j e c t i o n  of t h e  f a u l t ' s  t r e n d  from where i t  s u r f a c e s  
s o u t h e a s t  of t h e  b a s i n  sugges ts  t h e  boundary  be tween t h e  
t e r r a n e s  may l i e  i n  t h e  v i c i n t y  of t h e  Klawasi g r o u p  of mud 
v o l c a n o e s .  

La te-Ter t ia ry  - Q u a r t e n a r y  Wrange l l  Mountain Volcanism 

The m a s s i v e  l a t e - T e r t i a r y  - Q u a t e r n a r y  a n d e s i t i c  v o l c a n o e s  
o n  t h e  e a s t e r n  bo rde r  of t h e  b a s i n  a r e  among t h e  l a r g e s t  
a n d e s i t i c  v o l c a n i c  e d i f i c e s  i n  t h e  world. M t .  Drum, M t  
S a n f o r d ,  and  H t .  Wrangell, have  been  l a r g e l y  b u i l t  o v e r  t h e  
p a s t  one  m i l l i o n  years  (Nye, 1 9 8 3 ) .  The c o n s t r u c t i o n  of 
t h e s e  la rge ,  c l o s e l y  s p a c e d  v o l c a n o e s  o v e r  t h e  r e l a t i v e l y  
s h o r t  time s p a n  i n d i c a t e d  by t h e  r ad iomet r i c  ages s u g g e s t s  
t h a t  t h e  r a t e  of e d i f i c e  p r o d u c t i o n  i n  t h e  W r a n g e l l s  i s  

r 
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a b o u t  f i v e  t i m e s  greater  t h a n  t h a t  r e p o r t e d  f o r  o t h e r  
c i r c u m - P a c i f i c  vo lcanoes .  Large q u a n t i t i e s  of heat must 
have  been  t r a n s p o r t e d  i n t o  t h e  uppe r  c r u s t  d u r i n g  t h e  
e x t r u s i o n  of t h e s e  magmas and  i t  i s  p robab le  t h a t  much of 
t h i s  heat  is s t i l l  r e t a i n e d  i n  s h a l l o w  magma chambers. 

H t .  Drum, loca ted  d i r e c t l y  eas t  of t h e  Klawasi g r o u p  of mud 
v o l c a n o e s ,  e r u p t e d  as r e c e n t l y  as 2 0 0 , 0 0 0  years  bp ( R i c h t e r  
and  o the r s ,  1979)  and is t h o u g h t  t o  s t i l l  house  a s h a l l o w  
c r y s t a l l i z i n g  magma chamber ( S m i t h  and  Shaw, 1 9 7 9 ) .  M t .  
Wrangel l ,  s o u t h e a s t  of t h e  b a s i n ,  i s  t h e  o n l y  v o l c a n o  
c u r r e n t l y  a c t i v e  i n  t h e  Wrange l l  Mountains ,  h a v i n g  had 
s e v e r a l  m i l d  e r u p t i o n s  d u r i n g  t h e  e a r l y  decades of t h i s  
c e n t u r y .  The v o l c a n o  i s  capped  by a 5 x 3 km diameter  i c e -  
f i l l e d  summit ca lde ra  t h a t  i s  t h o u g h t  t o  have  formed i n  t h e  
l a t e  P l e i s t o c e n e  or e a r l y - H o l o c e n e .  Three h y d r o t h e r m a l l y  
a c t i v e  c r a t e r s ,  one  of which  has  s u p e r h e a t e d  f u m a r o l e s ,  l i e  
a l o n g  t h e  r i m  of t h e  c a l d e r a  and  i n d i c a t e  l a r g e  amounts  of 
r e s i d u a l  heat  s t i l l  r ema in  i n  t h e  magma chamber (Hotyka, 
1 9 8 3 ) .  

Q u a t e r n a r y  Geology 

The Copper R i v e r  B a s i n  i s  b l a n k e t e d  by Q u a t e r n a r y  g l a c i a l ,  
a l l u v i a l ,  and  l a c u s t r i n e  d e p o s i t s  which i n  p l a c e s  p r o b a b l y  
e x c e e d s  300 m i n  t h i c k n e s s  ( Hendenha l l ,  1 9 0 5 ) .  A n d e s t i c  
l a v a  flows and  t u f f s  and  t h i c k  v o l c a n i c l a s t i c  d e b r i s  flows 
a re  i n t e r b e d d e d  w t i h  P l e i s t o c e n e  d e p o s i t s  i n  t h e  e a s t e r n  and  
s o u t h e a s t e r n  p a r t s  of t h e  b a s i n  ( R i c h t e r  and o the r s ,  1979; 
Yehle and Nicho l s ,  1980; Winkler  and  o t h e r s ,  1 9 8 1 ) .  

D u r i n g  t h e  e a r l y  P l e i s t o c e n e ,  g l a c i e r s  from t h e  s u r r o u n d i n g  
m o u n t a i n s  r epea ted ly  i n v a d e d  t h e  b a s i n ,  a t  t imes c o v e r i n g  
t h e  e n t i r e  b a s i n  f l o o r  (Nicho l s  and  Yehle ,  1 9 6 1 a ) .  D u r i n g  
l a t e r  g l a c i a t i o n s ,  i c e  may have  covered a l l  b u t  small  areas 
of t h e  basin,  b u t  d u r i n g  t h e  l a s t  major g l a c i a t i o n  l a rge  
a reas  were ice-free.  A t  v a r i o u s  t i m e s  i c e  a d v a n c e s  dammed 
t h e  Copper  R i v e r  t o  form e x t e n s i v e  p r o g l a c i a l  l akes .  
S t r a n d l i n e s  s u g g e s t  l ake  l e v e l s  reached as h i g h  as 8 5 0  m. 
F o l l o w i n g  r e t r e a t  of t h e  g l a c i e r s  and  d r a i n a g e  of t h e  lake  
( b e f o r e  9 , 0 0 0  yr  b p ) ,  p e r m a f r o s t  began  t o  form i n  l a c u s t r i n e  
and  g l a c i a l  d e p o s i t s  ( F e r r i a n s  and  o the r s ,  1 9 8 3 ) .  P r e s e n t -  
d a y  permafrost  l i e s  a b o u t  0 . 5  m below t h e  s u r f a c e  and is on 
t h e  o rde r  of 3 0  t o  6 0  f t  t h i c k .  

MUD VOLCANOES 

G e n e r a l  

I n  g e n e r a l  t h e  term "mud vo lcano"  has  b e e n  a p p l i e d  t o  
e r u p t i o n s  or s u r f a c e  e x t r u s i o n  of w a t e r y  mud or c l a y  which 
almost i n v a r i a b l y  i s  accompanied  by methane gas, and w h i c h  
commonly t e n d s  t o  b u i l d  up a s o l i d  mud or c l a y  d e p o s i t  



a r o u n d  i t s  o r i f i c e ,  o f t e n  c o n i c a l  o r  v o l c a n o - l i k e  i n  s h a p e  
(Hedberg ,  1974) .  Hud v o l c a n o e s  a r e  found  i n  many p a r t s  of 
t h e  world,  g e n e r a l l y  i n  a reas  of Cenozoic  or l a t e  Mesozoic 
s e d i m e n t s ,  and  commonly asssoc ia ted  w i t h  t h i c k ,  r a p i d l y  
depos i t ed  s u c c e s s i o n  of T e r t i a r y  and Upper Cretaceous 
s e d i m e n t a r y  beds. The mud e m a n a t i n g  from t h e s e  v o l c a n o e s ,  
which i s  a m i x t u r e  of c l a y  and  s a l t  water, i s  b e l i e v e d  t o  b e  
k e p t  i n  a s t a t e  of a s l u r r y  by t h e  c h u r n i n g  a c t i o n  of t h e  
accompanyin$ gases. The s o u r c e  of mud v o l c a n o  e f f l u e n t s  
have been  commonly t r aced  t o  s u b s t a n t i a l  s u b s u r f a c e  l a y e r s  
of o v e r p r e s s u r e d  mud or  sha le .  Hud v o l c a n o e s  a l s o  commonly 
appea r  r e l a t e d  t o  f r a c t u r e s ,  f a u l t s ,  o r  s h a r p  f o l d i n g .  

The a c t i v i t y  of a mud v o l c a n o  i s  u s u a l l y  m i l d  b u t  t h e r e  a r e  
many i n s t a n c e s  of e x p l o s i v e  e r u p t i o n s  where l a r g e  masses of 
rock have  been  blown o u t  and  s c a t t e r e d  o v e r  t h e  a d j a c e n t  
area (Sokolov and  o thers ,  1969) .  Such e r u p t i o n s  s u g g e s t  
p e r i o d i c  b u i l d u p  and r e l ease  of p r e s s u r e  from t h e  f o r m a t i o n  
of gases. 

L o c a t i o n  and  D e s c r i p t i o n  

The mud v o l c a n o e s  and  m i n e r a l  s p r i n g s  i n  t h e  Copper R i v e r  
B a s i n  have  been  desc r ibed  i n  d e t a i l  by Nicho l s  and  Yehle 
( 1 9 6 1 a ;  1961b)  and  G r a n t z  and o t h e r s ,  ( 1 9 6 2 ) .  A c o m p a r i s o n  
of c e r t a i n  p h y s i c a l  cha rac t e r i s t i c s  of t h e  mud v o l c a n o e s  i s  
r e p r o d u c e d  i n  f i g u r e  3. Mud and  s i l t  b r o u g h t  up by t h e  
s a l i n e  s p r i n g  waters and d e p o s i t e d  i n  o u t f l o w  c h a n n e l s  
a p p e a r s  t o  be t h e  p r i n c i p a l  means by  which t h e s e  c o n e s  have  
been  b u i l t .  

S h r u b  and  Upper Klawasi c o n e s  l i e  a t  s imi la r  e l e v a t i o n s  
( 9 0 0  m) on  ou twash  f a n s  b u i l t  by g l a c i a l  streams from t h e  
west s lopes  of M t .  Drum. Both c o n e s  a r e  e l l i p t i c a l  i n  p l a n  
a n d  d r u m l i n o i d  i n  p r o f i l e ,  and a re  c o v e r e d  w i t h  g l a c i a l  
d r i f t .  I n  c o n t r a s t ,  Lower Rlawasi c o n e  i s  lower i n  
e l e v a t i o n  ( 5 5 0  m ) ,  n e a r l y  s y m m e t r i c a l ,  and  has  no  t r a c e s  of 
g l a c i a l  d r i f t  o r  g l a c i a l - l a c u s t r i n e  d e p o s i t s .  

S h r u b  v o l c a n o  i s  p r e s e n t l y  dormant  a l t h o u g h  i t  i s s u e d  smal l  
amounts  of s a l i n e  water and  c a r b o n  d i o x i d e  gas as r e c e n t l y  
as  1973  ( I .  Barnes ,  U.S. Geological Survey ,  pers.  comm.). 
Upper Klawasi e x p e r i e n c e d  a s h a r p  i n c r e a s e  i n  d i scharge  of 
b o t h  gas and  water sometime be tween 1941  and  1954 ( N i c h o l s  
and  Yehle, 1 9 6 1 a ) .  Hater t e m p e r a t u r e  a t  Upper Klawasi has  
d ropped  s i n c e  t h e n ,  m e a s u r i n g  3 I 0 C  i n  1954 and  1960  v s  17OC 
i n  1 9 8 1  and  19OC i n  1985. Water t e m p e r a t u r e s  a p p e a r  t o  have  
a l s o  d r o p p e d  s l i g h t l y  a t  Lower Klawasi, m e a s u r i n g  2 8 O C  i n  
1956 b u t  20 t o  2 2 O C  i n  1960,  1983, and  1985. Upper and 
Lower Klawasi, and  Shrub  before  i t  went dormant ,  a l l  
d ischarged c a r b o n  d i o x i d e  gas and N a - C l - H C O 3  r i c h  waters. 
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Water discharge measured I10 lpm i n  1982 a t  b o t h  Upper and 
Lower Klawasi c r a t e r s ,  i n d i c a t i n g  d ischarge  has  i n c r e a s e d  
s i n c e  1960 ( c f .  t a b l e  3 ) .  

Cones of t h e  T o l s o n a  g r o u p  a re  a l l  much smaller  i n  s i z e  
compared t o  t h e  Klawasi group,  a l l  l i e  below n e a r b y  
s t r a n d l i n e s  of P l e i s t o c e n e  g l a c i a l  l akes  and a re  c o v e r e d  
w i t h  probable  g l a c i o - l a c u s t r i n e  depos i t s .  N icke l  Creek cone  
a p p e a r s  t o  have  been  modi f ied  by g l a c i a l  a c t i v i t y  w h i l e  t h e  
s h i e l d - l i k e  s h a p e  of t h e  o t h e r  c o n e s  of t h e  T o l s o n a  group,  
and  a l s o  Lower Klawasi, i n d i c a t e  t h e  g e n e r a l  form of t h e s e  
c o n e s  d e v e l o p e d  a f t e r  t h e  m e l t i n g  of g l ac i e r s .  S p r i n g s  from 
t h e  T o l s o n a  g r o u p  ( e x c e p t i n g  Shephard  mud v o l c a n o  which i s  
dormant )  emi t  sma l l  amounts  of methane gas and cool ( 2  - 
10°Cl ,  N a - C a - C 1  r i c h  waters, w i t h  r a t e s  of discharge l e s s  
t h a n  one  lpm. 

Waters from t h e  Copper C e n t e r  m i n e r a l  s p r i n g  have  t h e  
h i g h e s t  c h l o r i d e  c o n c e n t r a t i o n  of a n y  of t h e  s p r i n g  waters 
i n  t h e  b a s i n .  The s p r i n g  waters emanate  from a l o w  mound 
of s i l t  and  mud and  t h e  s i t e  appears  t o  b e  d e v e l o p i n g  i n t o  
a n  i n c i p i e n t  mud v o l c a n o  cone.  The s p r i n g  d i s c h a r g e s  N a - C a -  
C 1  r i c h  waters a t  a r a t e  of a b o u t  35 lpm accompanied b y  
minor  amounts  of methane and n i t r o g e n - r i c h  gas. 

E l e v a t e d  c h l o r i d e  c o n c e n t r a t i o n s  were f o u n d  i n  s e v e r a l  r i v e r  
waters, s u g g e s t i n g  s a l i n e  waters reach t h e  s u r f a c e  o v e r  a 
f a i r l y  broad a rea  of t h e  Copper River B a s i n  ( G r a n t z  and 
o the r s ,  1962, .  I n  a d d i t i o n  numerous water wel ls  i n  t h e  Glenn  
A l l e n  a r ea  a re  h i g h  i n  c h l o r i d e s  i n d i c a t i n g  some sha l low 
a q u i f e r s  a r e  b e i n g  c o n t a m i n a t e d  w i t h  s a l i n e  waters. 

METHODS 

S a m p l i n g  P r o c e d u r e  

Samples  of waters and  gases from Copper  R i v e r  B a s i n  mud 
v o l c a n o  and  o ther  m i n e r a l  s p r i n g  s i t e s  were c o l l e c t e d  on 
t h r e e  s e p a r a t e  o c c a s i o n s  d u r i n g  t h e  c o u r s e  of t h i s  s t u d y .  
The broadest s p e c r t u m  of s a m p l e s  were o b t a i n e d  d u r i n g  J u n e  
of 1982,  and  i n c l u d e d  s a m p l e s  from each m i n e r a l  s p r i n g ,  from 
s e l e c t e d  water wel ls ,  and  from r e p r e s e n t a t i v e  streams and  
c o l d  s p r i n g s .  A d d i t i o n a l  samples were c o l l e c t e d  from Upper 
and  Lower Klawasi, Nicke l  Creek, and  Copper  C e n t e r  i n  
September ,  1981 and  from Upper and  Lower Klawasi i n  J u l y ,  
1985. 

S p r i n g  waters s a m p l e s  were c o l l e c t e d  as c lose  t o  t h e  i s s u i n g  
v e n t  as p o s s i b l e ;  d o m e s t i c  wellwaters were c o l l e c t e d  a8 
c lose  t o  t h e  wel lhead  as p o s s i b l e  and  always before  e n t e r i n g  
a n y  p u r i f i c a t i o n  sys tem.  The samples were f i l t e r e d  t h r o u g h  
0.45 micron  f i l t e r s .  The sample  s u i t e  n o r m a l l y  c o n s i s t e d  of 
one l i t e r  ebch  of f i l t e r e d  u n t r e a t e d  and  f i l t e r e d  a c i d i f i e d  
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( H C 1 )  waters; IO0 m l  1 : l O  and  1 : 5  d i l u t e d  samples for s i l i c a  
d e t e r m i n a t i o n s ;  and  30 m l  samples for oxygen-I8  and 
d e u t e r i u m  i s o t o p i c  a n a l y s e s .  R a w  u n t r e a t e d  s a m p l e s  were 
c o l l e c t e d  f o r  f i e l d  d e t e r m i n a t i o n s  of HC03, pH, "3, and 
H 2 S .  I n  1982,  one  l i t e r  s a m p l e s  of raw waters were 
c o l l e c t e d  from Upper and  Lower Rlawasi and  t r e a t e d  w i t h  
30  m l  of ammoniacal  S r C l z  s a t u r a t e d  s o l u t i o n  t o  fo rce  
p r e c i p i t a t i o n  of b i c a r b o n a t e  and  c a r b o n a t e  as  S r C O 3 .  The 
p r e c i p i t a t e  was s u b s e q u e n t l y  used  f o r  d e t e r m i n i n g  t h e  
c a r b o n - I 3  c o m p o s i t i o n  of t h e  b i c a r b o n a t e - c a r b o n a t e  s p e c i e s  
i n  t h e  waters. A t  Upper and  L o w e r  Klawasi, one l i t e r  of 
f i l t e r e d  water was c o l l e c t e d  and  t r e a t e d  w i t h  fo rma ldehyde  
for l a t e r  d e t e r m i n a t i o n  of oxygen-I8  c o m p o s i t i o n  of t h e  
s u l f a t e  species .  

Gases were c o l l e c t e d  by  immers ing  a p l a s t i c  f u n n e l  i n  t h e  
pool  of s p r i n g  waters. The f u n n e l  was placed o v e r  a t r a i n  
of b u b b l e s  and  c o n n e c t e d  t o  a n  e v a c u a t e d  gas c o l l e c t i n g  
f l a s k  w i t h  t y g o n  t u b i n g .  The gas sample  was t a k e n  by 
a l l o w i n g  t h e  gases t o  d i s p l a c e  water i n  t h e  f u n n e l ,  p u r g i n g  
t h e  s a m p l i n g  l i n e  of a i r ,  t h e n  c o l l e c t i n g  t h e  gas i n  t h e  
e v a c u a t e d  f l a sk .  Samples were n o r m a l l y  c o l l e c t e d  i n  50 t o  
1 0 0  cc f l a s k s  c o n s t r u c t e d  from hel ium-impermeable  C o r n i n g  
1720 g lass .  A t  t h e  Klawasi mud v o l c a n o  s i t e s ,  where c a r b o n  
d i o x i d e  was known t o  be t h e  p r e d o m i n a t e  gas, 300 cc 
e v a c u a t e d  f l a s k s  charged w i t h  5 0  t o  100 cc of 4 N sodium 
h y d r o x i d e  s o l u t i o n  were a l s o  used  f o r  gas c o l l e c t i o n .  
Carbon d i o x i d e ,  s u l f u r ,  and  ammonia gases are  absorbed by  
t h e  sod ium h y d r o x i d e  a l l o w i n g  t r ace  gases t o  c o n c e n t r a t e  i n  
t h e  head space of t h e  f l a s k .  

I n  1982 and  a g a i n  i n  1985  w e  were a b l e  t o  sample  gases from 
fumaro le s  a t  t h e  h y d r o t h e r m a l l y  a c t i v e  Nor th  Crater ,  loca ted  
a t  t h e  4 , 2 7 0  m summit of n e a r b y  M t .  N r a n g e l l  vo lcano .  These 
samples  p r o v i d e  chemical  and  i s o t o p i c  c o m p o s i t i o n a l  
c o m p a r i s o n s  t o  what c o u l d  be p r e s u m e d ' t o  be a magmatic - 
v o l c a n i c  component t o  Copper  R i v e r  mud v o l c a n o  gases. 
S a m p l i n g  procedure was s imi l a r  t o  t h a t  desc r ibed  above  
e x c e p t  t h a t  ra ther  t h a n  u s i n g  a f u n n e l ,  hea t  r e s i s t a n t  
t u b i n g  was i n s e r t e d  down t h e  f u m a r o l e  v e n t  t o  o b t a i n  a flow 
of gases. 

A n a l y s e s  P r o c e d u r e s  

Hater: p H  and  HCO3, "3, and H z S  c o n c e n t r a t i o n s  were 
d e t e r m i n e d  i n  t h e  f i e l d  f o l l o w i n g  methods desc r ibed  i n  
P r e s s e r  and  B a r n e s  ( 1 9 7 4 ) .  The r e m a i n i n g  c o n s t i t u e n t s  were 
a n a l y z e d  a t  t h e  D G G S  water l a b o r a t o r y  i n  F a i r b a n k s .  Major, 
minor  and  t r ace  c a t i o n  c o n c e n t r a t i o n s  were d e t e r m i n e d  u s i n g  
B Perk in -E lmer  atomic a b s o r p t i o n  s p e c t r o m e t e r  f o l l o w i n g  
s t a n d a r d  p r o c e d u r e s  o u t l i n e d  i n  S k o u g s t a d  and o t h e r s  ( 1 9 7 9 )  
and  i n  t h e  Pe rk in -E lmer  r e f e r e n c e  manual. S u l f a t e s  were 
d e t e r m i n e d  by t h e  t i t r i m e t r i c  ( t h o r i n )  method; f l u o r i d e s  by  
s p e c i f i c  i o n  e lec t rode ;  C 1  by Mohr t i t r a t i o n ;  bromide  by  
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hypochloride ox ida t ion  and t i t r a t i o n ;  and boron by 
co lormet r ic  carminic ac id  method. S i l i c a  concent ra t ions  
were determined by the  molybdate b l u e  method. 

Gases: Gases c o l l e c t e d  i n  uncharged f l a s k s  and unabsorbed 
gases  c o l l e c t e d  i n  t he  sodium-hydroxide charged f l a s k s  were 
analyzed on dual-column gas chromatographs using both argon 
and helium c a r r i e r  gases. The chromatographic ana lyses  of 
gases  c o l l e c t e d  i n  1982  were performed a t  t he  U . S .  
Geological Survey, Menlo Park, Ca l i fo rn ia ;  gases c o l l e c t e d  
i n  1985 were analyzed a t  t he  Global Geochemistry 
Corporation. For samples c o l l e c t e d  i n  sodium-hydroxide 
charged f l a s k s ,  t h e  t o t a l  moles of gases not absorbed i n  
s o l u t i o n  were determined by measuring the  gas pressures  and 
the  head space volumes i n  t he  f l a s k s .  C 0 2  and H2S molar 
concen t r a t ions  i n  t he  s o l u t i o n  were determined by t i t r a t i o n  
and by grav imet r ic  means r e spec t ive ly ,  fo l lw ing  procedures 
o u t l i n e d  i n  Sheppard and Giggenbach ( 1 9 8 4 ) .  Ammonia was 
analyzed by s p e c i f i c  i o n  e l e c t r o d e  method. Adjustments were 
made f o r  head space gases d isso lved  i n  t h e  s o l u t i o n  using 
Henry's Law. Holes of each c o n s t i t u e n t  c o l l e c t e d  were then 
determined and the  mole percent  of each c o n s t i t u e n t  
ca l cu la t ed .  Where requi red  a c o r r e c t i o n  was made f o r  a i r  
contamination by using the  r a t i o ' o f  oxygen i n  t h e  sample t o  
oxygen i n  a i r .  The gas concen t r a t ions  i n  mole percent were 
then r e c a l c u l a t e d  on an a i r - f r e e  bas i s .  

Isotopes:  S t a b l e  i so tope  compositions of t h e  water samples 
( ' a O / ' b O  and D / H )  were analyzed under c o n t r a c t  by t he  S t a b l e  
I so tope  Laboratory a t  Southern Methodist Universi ty ,  Dal las ,  
Texas. Procedures followed a r e  ou t l ined  i n  Viglino and 
o t h e r s  ( 1 9 8 5 ) .  

The ' 8 0 / ' 6 0  composition of s u l f a t e  s p e c i e s  was analyzed i n  
coopera t ion  w i t h  C. J an ik  of t h e  U . S .  Geological Survey, 
Henlo Park, Ca l i fo rn ia .  Procedures followed a r e  discussed - i n  Nehring and o t h e r s  ( 1 9 7 7 ) .  

Analyses of Carbon 1 3 / 1 2  r a t i o s  i n  C O t  gas i n  t h e  1 9 8 1  and 
1982  samples were performed a t  t he  S tab le  I so tope  Laboratory 
a t  Southern Methodist Univers i ty  and a t  t h e  U.S. Geological 
Survey, Menlo Park, C a l i f o r n i a .  The CO2 absorbed i n  sod ium-  
hydroxide was f i rs t  g r a v i m e t r i c a l l y  p r e c i p i t a t e d  as S r C O s  
us ing  S r C l 2 .  The SrC03 p r e c i p i t a t e  was then r eac t ed  w i t h  
phosphoric ac id  t o  r e l e a s e  t h e  C 0 2  gas. The U . S .  Geological 
Survey a l s o  performed the  ana l se s  o f  carbon 1 3 / 1 2  r a t i o s  i n  
the  SrC03 p r e c i p i t a t e d  from t h e  1982  Klawasi waters and of 
l imestones obtained from d r i l l  c u t t i n g s  from t h e  AHTNA-AHOCO 
1 A  well. 

Carbon 7 3 / 1 2  r a t i o s  i n  C 0 2  and methane gases c o l l e c t e d  i n  
1985  were analyzed a t  Global Geochemistry Corporation. 
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Helium 3/4 r a t i o s  i n  t he  sampled gases were analyzed a t  t he  
S t a b l e  I so tope  Laboratory a t  t he  Scripps I n s t i t u t e  of 
Oceanography, La J o l l a ,  Ca l i fo rn ia .  The procedures followed 
for gas e x t r a c t i o n ,  measurement of abso lu te  helium amounts, 
mass spectrometer  measurement of 3He/4He r a t i o s ,  and 
a p p l i c a t i o n  of He/Ne c o r r e c t i o n  for a i r  contamination a r e  
descr ibed i n  Lupton and Craig (19751 ,  Torgersen and o t h e r s  
( 1 9 8 2 1 ,  and Poreda (1983). 

RESULTS 

The r e s u l t s  of our geochemical and i s o t o p i c  ana lyses  of 
water and gases  from the  Copper River Basin mud volcanoes 
and s a l i n e  s p r i n g s  a r e  presented i n  t a b l e s  1, 2, and 3. Our  
ana lyses  of wellwaters and r i v e r  waters a r e  given i n  
Appendix A, and a compilat ion of a l l  previous ana lyses  
of s a l i n e  s p r i n g  waters and gases a r e  provided i n  
Appendix B. 

Compared t o  t h e  Tolsona waters, t he  Klawasi waters a r e  
s t r o n g l y  enriched i n  a l k a l i  metals ( L i ,  Na, K ) ,  Mg, HCOJ ,  
S04, B, and S i O 2 ,  and s t r o n g l y  deple ted  i n  Ca and Sr ( t a b l e  
I; f i g .  4). The Klawasi waters a l s o  con ta in  high 
concen t r a t ions  of a r s e n i c  ( I O  t o  48 ppm), s e v e r a l  o rde r s  of 
magnitude more than any of t he  Tolsona waters ( <  I O  ppb) .  

The Tolsona and Klawasi mud volcano waters p l o t  as e a s i l y  
recognizable  and d i s t i n c t l y  s e p a r a t e  f i e l d s  on both c a t i o n  
and anion t r i l a t e r a l  diagrams ( f i g s .  5 and 6 ) .  The 
percentage anion composition of most of t he  s a l i n e  
wellwaters and the  more-dilute s a l i n e  s p r i n g s  show c l o s e  
a f f i n i t i e s  w i t h  t he  Tolsona group while the  percentage 
c a t i o n  compos i t ion8  of t hese  more-dilute waters p l o t  on a 
mixing t r e n d  between Tolsona waters and low c h l o r i d e  
meteoric  and ground waters. 

The s t a b l e  i s o t o p i c  compositions ( p e r  m i l  6 " O  and 6D) of 
s a l i n e  s p r i n g  waters, wellwaters,  and meteoric waters i n  t he  
bas in  a r e  p l o t t e d  on f i$ .  7. Included on the  graph a r e  
unpublished d a t a  for Klawasi and Tolsona water samples 
obtained and analyzed by I. Barnes i n  1973 ( U . S .  Geological 
Survey, pers. comm.; c f .  Appendix B). We make t h r e e  
observa t ions  regard ing  the  mud volcano s p r i n g  waters: (I) 
they  a r e  s t r o n g l y  enriched w i t h  r e spec t  t o  t h e  heavier  
i s o t o p e s  when compared t o  modern-day meteoric waters; (2) 
the  Klawasi waters a r e  enr iched i n  6"O and both the  Tolsona 
waters and more so t he  Klawasi waters a r e  deple ted  i n  
deuterium w i t h  r e spec t  t o  s tandard  mean ocean water (SMOH);  
and (3) t h e  Tolsona and Klawasi waters p l o t  i n  d i s t i n c t l y  
s e p a r a t e  f i e l d s .  



Gases e m a n a t i n g  from t h e  Klawasi g r o u p  a r e  almost e n t i r e l y  
COP w i t h  minor  amounts  of N 2  and CHI and t r a c e  amounts  of Ar 
and He. I n  c o n t r a s t ,  t h e  T o l s o n a  g a s e s  a r e  composed of 
r o u g h l y  e q u a l  amounts  CHI and N2 w i t h  o n l y  t race amounts  of 
C 0 2  b u t  s i g n i f i c a n t  c o n c e n t r a t i o n s  of He.  Trace amounts  of 
H2 were found  i n  s e v e r a l  of t h e  Copper R i v e r  B a s i n  gas 
samples .  

A l though  t h e  p r o p o r t i o n  of CH4 i n  t h e  gases e m a n a t i n g  from 
t h e  Klawasi mud v o l c a n o e s  i s  much smaller  t h a n  a t  t h e  
T o l s o n a  group,  t h e  o v e r a l l  r a t e  of $as d i scha rge  i s  so much 
grea te r  a t  Rlawasi t h a t  t h e  a b s o l u t e  r a t e  of discharge of 
CH4 i s  p robab ly  s i m i l a r  t o  and  p e r h a p s  e v e n  g r e a t e r  t h a n  a% 
t h e  T o l s o n a  group. 

We preface o u r  d i s c u s s i o n  of t h e s e  and  o t h e r  r e s u l t s  by 
examin in$  t h e  e v i d e n c e  which p o i n t s  t o  o v e r - p r e s s u r e d  z o n e s  
i n  t h e  C r e t a c e o u s  mar ine  s e d i m e n t s  a s  t h e  p r o b a b l e  s o u r c e  of 
t h e  b r i n e s  e m a n a t i n g  from t h e  b a s i n ' s  mud v o l c a n o e s .  He 
n e x t  b r i e f l y  r e v i e w  t h e  process of shale-membrane 
u l t r a f i l t r a t i o n  before p r o c e e d i n g  t o  examine t h e  p o s s i b l e  
o r i g i n s  of these  s e d i m e n t a r y  b r i n e s ,  t h e i r  chemical 
c o n s t i t u e n t s ,  i s o t o p i c  c o m p o s i t i o n s ,  and c a u s e s  of t h e  
d i f f e r e n c e s  be tween t h e  two g r o u p s  of mud v o l c a n o e s .  

S O U R C E  OF SALINE S P R I N G  WATERS 

18 

The  s a l i n e  s p r i n g  waters, a t  l e a s t  i n  t h e  v i c i n i t y  of t h e  
T o l s o n a  mud v o l c a n o e s ,  appear t o  be der ived  from a n  
o v e r p r e s s u r e d  zone  i n  Lower C r e t a c e o u s  d e p o s i t s .  S a l i n e  
waters, accompanied  by t a r s  and  methane, were p roduced  from 
a n  o v e r p r e s s u r e d  zone  i n  t h e  Pan-Am Moose Creek we l l  which 
i s  loca ted  n e a r  t h e  T o l s o n a  mud v o l c a n o e s  ( f i g .  2 ) .  The 
zone o c c u r s  i n  t w o  q u a r t z o s e  s a n d s t o n e  u n i t s  a t  1680 t o  
1830 m below t h e  s u r f a c e ,  i n  t h e  lower p a r t  of t h e  Lower 
C r e t a c e o u s  s e c t i o n  of . the  well. The chemical c o m p o s i t i o n  of 
t h e  Pan-Am Moose Creek waters r e p o r t e d  by  Foresman ( 1 9 7 0 )  
bear marked s i m i l a r i t i e s  t o  t h e  c h e m i s t r y  of t h e  T o l s o n a  mud 
v o l c a n o  waters (Append ix  B; f i g .  5 and  6). 

A s u i t e  of Upper C r e t a c e o u s  f o s s i l  f r a g m e n t s  f o u n d  i n  
o u t f l o w  d e p o s i t s  a t  b o t h  t h e  Klawasi and t h e  T o l s o n a  mud 
v o l c a n o e s  were a l s o  found  i n  t h e  Upper C r e t a c e o u s  s e c t i o n s  
of t h e  Pan-Am and t h e  Aledo wel ls  ( G r a n t z  and o the r s ,  1962; 
Foresman, 1970) .  A p p a r e n t l y  t h e  fossi ls  were b r o u g h t  t o  
t h e  s u r f a c e  by movement of mud and  water from t h e  
o v e r p r e s s u r e d  zone  i n  Lower C r e t a c e o u s  s e d i m e n t s  t h r o u g h  
o v e r 1  y i  n g  younger  s t r a t a .  Al though  t h e  Klawasi waters 
d i f f e r  m a r k e d l y  i n  many r e s p e c t s  t o  t h e  T o l s o n a  waters, t h e  
p r e s e n c e  of Upper C r e t a c e o u s  f o s s i l s  i n  t h e  K l B w a s i  o u t f l o w  
muds i n d i c a t e  t h e  Klawasi waters a r e  p robab ly  a l s o  p r i m a r i l y  
d e r i v e d  from a n  o v e r p r e s s u r e d  zone  i n  s t r a t a  u n d e r l y i n g  t h e  
Matanuska Forma t ion .  

., 
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O v e r p r e s s u r e d  z o n e s  appear t o  be l a c k i n g  a t  most o t h e r  w e l l s  
i n  t h e  b a s i n .  The Lower C r e t a c e o u s  f o r m a t i o n s ,  t h e  zone  of 
o v e r p r e s s u r i n g  a t  t h e  Pan-Am w e l l ,  a r e  m i s s i n g  a t  b o t h  
Amoco-Ahtna wells.  Methane g a s  and flow of s a l i n e  waters  
w i t h  a reported ch lo r ide  c o n c e n t r a t i o n  of 8400 ppm were 
p roduced  from a d e p t h  of 2 , 1 6 5  m from J u r a s s i c  s e d i m e n t s  a t  
Amoco-Ahtna I. However, t h e  f low q u i c k l y  d i e d  o u t  g i v i n g  no 
i n d i c a t i o n  of o v e r p r e s s u r i  ng. 

Methane and  s a l i n e  water f l o w s  ( C 1  = 8 5 0 0  ppm) were o b t a i n e d  
from t h e  Matanuska Forma t ion  a t  d e p t h s  of 6 4 0  t o  700 m a t  
Amoco-Ahtna I A .  The i n c r e a s e  i n  mud we igh t  r e q u i r e d  by t h e  
d r i l l e r s  t o  stem t h e  f low s u g g e s t  t h e s e  waters a r e  b e i n g  
s u b j e c t e d  t o  p r e s s u r e s  s u b s t a n t i a l l y  above  hydros t a t i c .  The 
p r o x i m i t y  of t h e  Copper  R i v e r  s a l i n e  s e e p  t o  t h e  wel l  s i t e  
s u g g e s t  t h e s e  s p r i n g  waters a r e  d e r i v e d  w h o l l y  or  i n  pa r t  
from t h i s  a p p a r e n t  zone  of o v e r p r e s s u r i n g .  

O R I G I N  OF B R I N E S  

The a s s o c i a t i o n  of t h e  s a l i n e  waters w i t h  mar ine  s e d i m e n t s  
a r g u e s  s t r o n g l y  t h a t  a t  l e a s t  a p o r t i o n  of t h e  water i s  
c o n n a t e  i n  o r i g i n ,  i . e . ,  seawater e n t r a p p e d  a t  t ime  of 
d e p o s i t i o n .  D i s s o l u t i o n  of e v a p o r i t e s  i s  u n l i k e l y  t o  have  
c o n t r i b u t e d  t o  t h e  b r i n e  c h e m i s t r y  s i n c e  no e v a p o r i t e  beds  
were r epor t ed  i n  a n y  of t h e  w e l l s  or  i n  a n y  of t h e  
f o r m a t i o n s  t h a t  u n d e r l i e  t h e  b a s i n .  The s a l i n e  s p r i n g  
waters have n e a r l y  i d e n t i c a l  b romide  t o  c h l o r i d e  r a t i o s ,  and  
v e r y  s imi l a r  i o d i d e  t o  c h l o r i d e  r a t i o s  ( t a b l e  I ;  f i g .  4). 
The s i m i l a r i t y  i n  t h e  r a t i o s  of t h e s e  c o n s e r v a t i v e  
c o n s t i t u e n t s  i n d i c a t e  t h e  v a r i o u s  s p r i n g  waters a r e  
u l t i m a t e l y  r e l a t e d  t o  t h e  same or  v e r y  s imilar  p a r e n t  
water( E.). F u r t h e r m o r e ,  a c q u i s i t i o n  ( o r  d e p l e t i o n )  of 
h a l i d e s  i n  t h e  water by e v a p o r i t e  or o t h e r  m i n e r a l  
d i s s o l u t i o n  or ( d e p o s i t i o n )  i s  u n l i k e l y  t o  have p roduced  
s u c h  s i m i l a r i t i e s  i n  h a l i d e  r a t io s .  Thus,  t h e  o n l y  o the r  
o b v i o u s  s o u r c e  f o r  t h e  h a l i d e s  is seawater. If so, t h e  
o r i g i n a l  i n t e r s t i t i a l  seawater m u s t  have  undergone  
s u b s t a n t i a l  m o d i f i c a t i o n  t o  a c c o u n t  for t h e  p r e s e n t  chemical 
and  i s o t o p i c  c o m p o s i t i o n s  ( f i g s .  4 and  7) .  

Major d i f f e r e n c e s  i n  f o r m a t i o n  b r i n e  v s  seawater chemical  
and  i s o t o p i c  c o r n p o s i t i o n s  have been  documented a t  many o t h e r  
m a r i n e  s e d i m e n t a r y  b a s i n s  and  v a r i o u s  p r o c e s s e s  have been  
advanced  t o  a c c o u n t  fo r  t h e  d i f f e r e n c e s .  Degens and  o t h e r s  
( 1 9 6 4 )  a t t r i b u t e d  t h e  d i f f e r e n c e s  i n  oxygen i s o t o p e  r a t i o s  
t o  m i x i n g  of meteoric waters w t i h  o r i g i n a l  mar ine  
i n t e r s t i t i a l  s o l u t i o n s .  C l a y t o n  and  o t h e r s ,  ( 1 9 6 6 )  based  on  
s t u d i e s  of s a l i n i t i e s  and  i s o t o p i c  c o m p o s i t i o n s  of o i l - f i e l d  
b r i n e s  from t h e  I l l i n o i s ,  Michigan,  and  A l b e r t a  b a s i n s  and 
t h e  G u l f  Coast, c o n c l u d e d  t h a t  v i r t u a l l y  a l l  t h e  o r i g i n a l  
i n t e r s t i t i a l  water was l o s t  d u r i n g  compac t ion  and  s u b s e q u e n t  
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f l u s h i n g  by f r e s h  water, and  t h a t  t h e  p r e s e n t  f o r m a t i o n  
water i s  of p r e d o m i n a t e l y  l o c a l  meteoric o r i g i n  t h a t  has  
b e e n  i s o t o p i c a l l y  s h i f t e d  t h r o u g h  oxygen i s o t o p e  exchange  
be tween t h e  water and t h e  r e s e r v o i r  rocks. H i t c h o n  and 
F r i edman  ( 1 9 6 9 )  and  H i t c h o n  and o t h e r s  (19711 a t t r i b u t e d  
v a r i a t i o n s  i n  chemical and  i s o t o p i c  c o m p o s i t i o n s  t o  a 
c o m b i n a t i o n  of t h e  two p r e v i o u s  processes and a l s o  c o n c l u d e d  
t h a t  f o r m a t i o n  waters c a n  be f u r t h e r  chemica l ly  modi f ied  by 
d i a g e n e t i c  processes, r e d i s t r i b u t i o n  of d i s s o l v e d  s o l i d s  by  
movement of f r e s h  water t h r o u g h  a b a s i n ,  and  s e l e c t i v e  
d e p l e t i o n  and  c o n c e n t r a t i o n  of c o n s t i t u e n t s  by sha le  
membrane u l t r a f i l t r a t i o n  p r o c e s s e s .  H h i t e  and o t h e r s  
(19731 ,  i n  a s t u d y  of thermal  and  m i n e r a l  waters of 
n o n m e t e o r i c  o r i g i n  i n  t h e  C a l i f o r n i a  Coast Ranges,  agreed 
w i t h  H i t c h o n  and  F r i edman ' s  i n t e r p r e t a t i o n ,  and  s u g g e s t e d  
t h a t  i n  some cases waters of metamorphic o r i g i n  may a l s o  
c o n t r i b u t e  t o  t h e  f o r m a t i o n  waters. 

Given  t h e  wide v a r i e t y  of p o t e n t i a l l y  a p p l i c a b l e  m o d i f y i n g  
processes  and  t h e  c o m p l e x i t y  of some of t h e s e  mechanisms i t  
would be i m p o s s i b l e  w i t h i n  t h e  t h e  framework of o u r  l i m i t e d  
d a t a  base t o  t r a c e  i n  d e t a i l  t h e  l i n e a g e  of t h e  Copper R i v e r  
B a s i n  f o r m a t i o n  b r i n e s .  However, t h e r e  i s  s u f f i c i e n t  
e v i d e n c e  t o  i n d i c a t e  t h a t  n e a r l y  a l l  of t h e  above  ment ioned  
processes  have p l a y e d  a p a r t  i n  e s t a b l i s h i n g  t h e  chemical 
and  i s o t o p i c  c o m p o s i t i o n  of t h e s e  b r i n e s .  Before p r o c e e d i n g  
t o  a c loser  e x a m i n a t i o n  of Tolsona -  and  Klawasi t y p e  waters 
w e  f i rs t  b r e i f l y  r e v i e w  t h e  p r o c e s s  of shale-membrane 
u l t r a f i l t r a t i o n .  

ULTRAFI LTRATI ON 

S e v e r a l  i n v e s t i g a t o r s  have  s u g g e s t e d  t h a t  c e r t a i n  f e a t u r e s  
of f o r m a t i o n  b r i n e s  c o u l d  be e x p l a i n e d  i f  s h a l e s  behaved as 
semipe rmeab le  membranes, a l l o w i n g  water m o l e c u l e s  to escape 
b u t  r e t a r d i n g  or p r e v e n t i n g  m i g r a t i o n  of d i s s o l v e d  s p e c i e s  
(Whi t e ,  1965; H i t c h o n  and  Friedman,  1969; H i t c h o n  and  
o t h e r s ,  1971)  1 .  U l t r a f i l t r a t i o n  and  t h e  r e l a t i v e  
r e t a r d a t i o n  by  geologic membranes of c a t i o n s  and  a n i o n s  was 
s u b s e q u e n t l y  e x p e r i m e n t a l l y  v e r i f i e d  by  Kharaka and  Berry 
119731 and  Hanshaw and Cop len  (19731.  A comprehens ive  
r e v i e w  and t r e a t m e n t  of u l t r a f i l t r a t i o n  by c l a y  membranes 
has b e e n  g i v e n  by  Graf (19821.  

f l y ,  t h e  semipe rmeab le  b r a n e  p r o p e r t i e s  of s h a l e s  
' r e s u l t  from charge d e f i c i e n c i e s  on  t h e  s u r f a c e s  and  edges of 
t h e  c l a y  p a r t i c l e s .  The p o r e  walls of t h e  s h a l e  have a n e t  
n e g a t i v e  charge b e c a u s e  of t h e  s u b s t i t u t i o n  of lower-charge 
c a t i o n s  for f ramework  A i 3 +  and Si4+ i n  c l ay  m i n e r a l s .  If 
t h e  p o r e s  a r e  smal l  enough so t h a t  t h e  charge i n  t h e i r  walls 
is f e l t  t h r o u g h o u t  t h e  po re ,  a n i o n s  w i l l  be r e p e l l e d  by t h e  
s u r f a c e  and  w i l l  be u n a b l e  t o  pass  t h r o u g h  t h e  pore. 
C a t i o n s  w i l l  be a t t r a c t e d  t o  t h e  charged s u r f a c e  of t h e  
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c l a y s ,  p a r t i a l l y  b a l a n c i n g  t h e  n e g a t i v e  charge and t h u s  
e n a b l i n g  o the r  c a t i o n s  t o  pass  t h r o u g h  t h e  pore. B u i l d  up  
of c a t i o n s  a t  t h e  p o r e  e x i t  and  t h e  need  t o  p r e s e r v e  o v e r a l l  
e l e c t r i c a l  n e u t r a l i t y  i n  t h e  s o l u t i o n  t e n d s  t o  impede 
f u r t h e r  c a t i o n  flow. D i f f u s e  f low toward e q u i l i b r i u m  
s o l u t i o n  w i l l  a l s o  c o u n t e r a c t  t o  some degree t h e  p r e v i o u s  
r e t a r d a t i o n  mechanisms. 

Some charged s p e c i e s  pass more e a s i l y  t h a n  o thers  t h r o u g h  
t h e  c l a y  membrane. Fac tors  c o n t r o l l i n g  t h e  m o b i l i t y  of i o n s  
i n c l u d e  s e l e c t i v e  a d s o r p t i o n  o r  r e p u l s i o n  by t h e  membrane 
and  t h e  r e l a t i v e  v e l o c i t i e s  of d i s s o l v e d  s p e c i e s  d u r i n g  flow 
of f l u i d  (Hanor ,  1 9 7 9 ) .  C a t i o n s  more s t r o n g l y  a t t r a c t e d  t o  
exchange  s i t e s  on  c l a y s  s h o u l d  be more s t r o n g l y  re ta rded .  
I o n s  of l a r g e  h y d r a t i o n  r a d i i  s h o u l d  show grea te r  h y d r a u l i c  
d rag  and  slower f low ra t e s .  F o r  s low f low ra tes ,  h y d r a u l i c  
d rag  i s  s e c o n d a r y ,  and  t h e o r y  f a v o r s  p a s s a g e  of small , 
monovalent  c a t i o n s ,  L i  > Na > K and t h e  r e t a r d a t i o n  of 
l a r g e ,  d i v a l e n t  c a t i o n s ,  Hg € C a  € Sr .  Uncharged spec ies ,  
eg. ,  H z O ,  H z C O j ,  H 2 S ,  and N a H C 0 3 ,  s h o u l d  pass  e a s i l y  t h r o u g h  
t h e  micropores as s h o u l d  n e a r l y  n e u t r a l  complexes  s u c h  a s  
N a S O r '  . 
Kharaka and  Berry ( 1 9 7 3 )  f o u n d  t h a t  t h e  r e t a r d a t i o n  of 
monovalent  and  of d i v a l e n t  c a t i o n s  i n  c l a y  membranes 
followed t h e  g e n e r a l  s e q u e n c e  d e s c r i b e d  above. A t  p r e s s u r e  
g r a d i e n t s  c h a r a c t e r i s t i c  of s u b s u r f a c e  c o n d i t i o n s ,  c a l c i u m  
s h o u l d  be s t r o n g l y  r e t a r d e d  w i t h  r e spec t  t o  sodium; c h l o r i d e  
and  s u l f a t e  a r e  more s t r o n g l y  r e t a rded  t h a n  b i c a r b o n a t e .  
Kharaka and  Berry a l s o  f o u n d  t h a t  t h e  e f f i c i e n c y  of t h e  
u l t r a f i l t r a t i o n  process i n c r e a s e s  w i t h  i n c r e a s e d  c a t i o n  ' 

exchange  c a p a c i t y  of t h e  c l a y  m i n e r a l s ,  w i t h  i n c r e a s e d  
c o m p a c t i o n  p r e s s u r e ,  w i t h  decrease i n  s a l i n i t y  of i n p u t  
s o l u t i o n  and  s l i g h t l y  w i t h  d e c r e a s i n g  t empera tu re .  

Hanshaw and  Cop len  ( 1 9 7 3 )  e x p e r i m e n t a l l y  v e r i f i e d  t h e  
e x i s t e n c e  of minor  membrane f r a c t i o n a t i o n  e f f e c t s  f o r  t h e  
s t a b l e  i s o t o p e s  of hydrogen  and  oxygen p o s t u l a t e d  b y  H i t c h o n  
a n d  F r i edman  ( 1 9 6 9 ) .  D i s t i l l e d  water and  0 . 0 1  N N a C l  
s o l u t i o n  were forced  t o  flow a t  ambien t  t e m p e r a t u r e  u n d e r  a 
p r e s s u r e  of I O 0  bars t h r o u g h  a m o n t m o r i l l o n i t e  d i s c  h a v i n g  a 
35 per  c e n t  p o r o s i t y .  The u l t r a f i l t r a t e s  i n  b o t h  cases  were 
s l i g h t l y  d e p l e t e d  i n  D b y  2 . 5  p e r  m i l  and  ' * O  b y  0 . 8  p e r  m i l  
r e l a t i v e  t o  t h e  r e s i d u a l  s o l u t i o n .  

Graf ( 1 9 8 2 )  has  d i s t i n g u i s h e d  be tween t h e  r o l e s  of chemical 
osmosis, osmotic p r e s s u r e s ,  and  r eve r se  chemical osmosis. 
I n  n a t u r e ,  chemical osmosis p r o d u c e s  a n  o v e r p r e s s u r i n g  o n  
t h e  h i g h - s a l i n i t y  s i d e  of t h e  s h a l e  membrane, i . e . ,  a f l u i d  
p r e s s u r e  g rea t e r  t h a n  t h a t  which  would e x i s t  i f  t h e  f l u i d  
column had a n  u n i n t e r r u p t e d  c o n n e c t i o n  t o  t h e  s u r f a c e  
t h r o u g h  macro-channels .  I t  i s  r e v e r s e  chemical osmosis t h a t  
has  b e e n  i n v o k e d  t o  h e l p  e x p l a i n  observed s u b s u r f a c e  
d i s t r i b u t i o n s  of chemical  c o m p o s i t i o n s .  The o p e r a t i o n  of 
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r e v e r s e  chemical osmosis r e q u i r e s  t h a t  some p r o c e s s  g e n e r a t e  
a h y d r a u l i c  p r e s s u r e  g r a d i e n t  s u f f i c i e n t  t o  d r i v e  upward 
a g a i n s t  osmotic g r a d i e n t s  t h r o u g h  compacted s h a l e  membranes. 
A s  f l o w  of water c o n t i n u e s  and membrane f i l t r a t i o n  of 
charged s p e c i e s  t akes  place,  deeper waters become 
p r o g r e s s i v e l y  c o n c e n t r a t e d  and s e l e c t i v e l y  e n r i c h e d  i n  those  
a n i o n s  and c a t i o n s  which a r e  d i s c r i m i n a t e d  a g a i n s t  by t h e  
membrane 8 .  

C a l c u l a t i o n s  by Graf i n d i c a t e  t h a t  s e d i m e n t a r y  b a s i n  
o v e r p r e s s u r i n g  i s  more t h a n  a d e q u a t e  t o  overcome chemical 
osmosis and  d r i v e  r e v e r s e  chemical osmosis i n  s e d i m e n t a r y  
s e q u e n c e s .  O v e r p r e s s u r i n g  o c c u r s  when t h e  escape of f l u i d s  
from a c o m p a c t i n g  s e d i m e n t  c a n n o t  keep p a c e  w i t h  i n c r e a s i n g  
o v e r b u r d e n  and  i n t e r n a l  p r e s s u r e s .  The i n t e r s t i t i a l  f l u i d  
t h e n  n o t  o n l y  s u p p o r t s  t h e  normal  h y d r o s t a t i c  p r e s s u r e  
c o r r e s p o n d i n g  t o  i t s  d e p t h  b u t  a l s o  a d d i t i o n a l  p r e s s u r e s  
e x e r t e d  by t h e  o v e r l y i n g  rocks. 

The most commonly d i s c u s s e d  mechanisms f o r  g e n e r a t i n g  
o v e r p r e s s u r e s  a re  (1) r a p i d  s e d i m e n t a t i o n ,  ( 2 )  l a t e r a l  
t e c t o n i c  compress ion ,  ( 3 )  thermal e x p a n s i o n  of water 
( a q u a t h e r m a l  p r e s s u r i n g ) ,  ( 4 )  d e h y d r a t i o n  of gypsum a n d / o r  
c l a y  m i n e r a l s ,  and  ( 5 )  gas g e n e r a t i o n .  The f i r s t  mechanism 
i s  n o r m a l l y  t h e  g r e a t e s t  c o n t r i b u t o r  t o  t h e  development  of 
o v e r p r e s s u r i n g  i n  s e d i m e n t a r y  b a s i n s  and  i s  c e r t a i n l y  
o p e r a t i v e  i n  t h e  Copper  River B a s i n  where t h e  a c c u m u l a t i o n  
of Q u a t e r n a r y ,  T e r t i a r y  and  Upper C r e t a c e o u s  s e d i m e n t s  i n  
t h e  c e n t r a l  p a r t  of t h e  b a s i n  r a n g e s  from 1500 t o  2 0 0 0  m i n  
t h i c k n e s s .  L a t e r a l  t e c t o n i c  c o m p r e s s i o n  i s  l i k e l y  t o  be  
a n o t h e r  c o n t r i b u t i n g  f ac to r  t o  o v e r p r e s s u r i n g  i n  t h e  Copper 
R i v e r  Bas in .  The b a s i n  l i e s  i n  a r e g i o n  which for t h e  p a s t  
s e v e r a l  m i l l i o n  years  has been  u n d e r g o i n g  c r u s t a l  
f o r s h o r t e n i n g  due  t o  t h e  c o m p r e s s i v e  t e c t o n i c  stresses b e i n g  
e x e r t e d  by t h e  mot ion  and s u b d u c t i o n  of t h e  North P a c i f i c  
P l a t e  b e n e a t h  t h e  Nor th  American P la t e .  Thus o v e r p r e s s u r i n g  
i n  t h e  b a s i n  may have e x i s t e d  f o r  some t ime,  d r i v i n g  r e v e r s e  
chemical osmosis f o r  m i l l i o n s  of y e a r s .  An a d d i t i o n a l  
f a c t o r  which would have  i n c r e a s e d  t h e  l i t h o s t a t i c  p r e s s u r e  
i n  t h e  r e c e n t  pas t  is t h e  l o a d i n g  of g lac i e r  i c e  and  l a r g e  
p rog lac i a l  l akes  t h a t  e x i s t e d  i n  t h e  b a s i n  d u r i n g  t h e  l a s t  
major g l a c i a l  a d v a n c e  4 G r a n t z  and  o t h e r s ,  1 9 6 2 ) .  

Mechanisms 3, 4 and 5 c a n  o n l y  be v e r y  minor  c o n t r i b u t o r s  t o  
o v e r p r e s s u r i n g  a t  t h e  T o l s o n a  group. The bottom hole  

w e l l ,  i n d i c a t e s  a geothermal g r a d i e n t  t h a t  i s  a t  o r  s l i g h t l y  
be low t h e  world average t h e r m a l  g r a d i e n t .  D e h y d r a t i o n  of 
gypsum a p p e a r s  t o  be a n  u n l i k e l y  c o n t r i b u t o r  a s  no  gypsum or 
a n h y d r i t e  b e d s  were r e p o r t e d  i n  t h e  w e l l  logs. D e h y d r a t i o n  
of c l a y  m i n e r a l s  a l s o  a p p e a r s  t o  be u n l i k e l y  c o n t r i b u t o r  
b e c a u s e  mica d e h y d r a t i o n  u s u a l l y  does n o t  b e g i n  u n t i l  T 2 

I O O O C .  The amount of gas e m a n a t i n g  from t h e  T o l s o n a  g r o u p  

- t e m p e r a t u r e  which measured  = 5 4 O C  a t  2 ,680  m i n  t h e  Pan-Am 

\ 
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a p p e a r s  t oo  minor  f o r  gas f o r m a t i o n  t o  be a s i g n i f i c a n t  
c o n t r i b u t o r  t o  o v e r p r e s s u r i n g .  

However, t h e  l a r g e  amounts  of c a r b o n  d i o x i d e  gas e m a n a t i n g  
from t h e  Klawasi g r o u p  s u g g e s t  t h a t  gas p r e s s u r e s  t h e r e  c a n  
b e  a s i g n i f i c a n t  fac tor .  Also, r e s u l t s  of t h i s  s t u d y  
d i s c u s s e d  l a t e r ,  i n d i c a t e  t h e  r e s e r v o i r  temperatures  a t  
Klawasi g r o u p  may be s u b s t a n t i a l l y  h i g h e r  t h e n  a t  t h e  
T o l s o n a  a rea  so t h a t  thermal  e x p a n s i o n  of water may b e  a n  
i m p o r t a n t  p r o c e s s  c o n t r i b u t i n g  t o  o v e r p r e s s u r i n g  a t  Klawasi. 
These a d d i t i o n a l  o v e r p r e s s u r i n g  mechanisms c o u l d  i n t e n s i f y  
membrane f i l t r a t i o n  and  c o u l d  also e x p l a i n  t h e  much l r e a t e r  
r a t e  of water d i scharge  and l a rge r  mud v o l c a n o  e d i f i c e s  a t  
Klawasi compared t o  Tolsona .  

TOLSONA-TYPE WATER CHEMISTRY 

I s o t o p i c  Cornpositon and Ev idence  fo r  D i l u t i o n  

The T o l s o n a  and  Klawasi waters a re  i s o t o p i c a l l y  s i m i l a r  t o  
many o t h e r  o i l - f i e l d  b r i n e s  ( c f .  Taylor, 1 9 7 9 ) .  However, 
t h e  i s o t o p i c  c o m p o s i t i o n s  of b r i n e s  f o r  most o t h e r  b a s i n s  
f a l l  on d i s t i n c t i v e  l i n e a r  t r e n d s  c h a r a c t e r i s t i c  of t h e  
s p e c i f i c  b a s i n .  Such  t r e n d s  have  been  t a k e n  as e v i d e n c e  
t h a t  t h e  b r i n e s  i n  a s p e c i f i c  b a s i n  a r e  r e l a t e d  t o  each 
o t h e r  w i t h  t h e  l i n e a r  t r e n d s  i n d i c a t i v e  of meteoric - 
f o r m a t i o n  water mix ing  (Whi t e  and o thers ,  1973; H i t c h o n  and  
Friedman,  1969; C l a y t o n  and o the r s ,  1 9 6 6 ) .  No l i n e a r  t r e n d  
i s  e v i d e n t  be tween  t h e  T o l s o n a  and Klawasi waters d e s p i t e  
t h e i r  geographical  p r o x i m i t y  t o  each o the r ,  n o r  do t h e  da t a  
s e t s  w i t h i n  e i t h e r  g r o u p  show a n y  o b v i o u s  mix ing  t r e n d  w i t h  
p r e s e n t - d a y  meteoric waters. S i g n s  of a n y  a p p a r e n t  m i x i n g  
t r e n d s  w i t h  p r e s e n t - d a y  meteoric  waters a re  a l s o  l a c k i n g  on 
plots of b o t h  6160 v s  C 1  or 6D v s  C 1  a l t h o u g h  a r g u m e n t s  c a n  
be made for p o s s i b l e  m i x i n g  w i t h  a much h e a v i e r ,  pe rhaps  
p a l e o - m e t e o r i c  water ( f i g s .  8 and  9 ) .  

A t  t h e  Copper  R i v e r  B a s i n  t h e  c h l o r i d e  c o n c e n t r a t i o n s  i n  t h e  
mud v o l c a n o  waters r a n g e  from 8 , 6 0 0  t o  1 4 , 4 0 0  ppm compared 
t o .  18,000 ppm for seawater which  i n d i c a t e s  t h e  o r i g i n a l  
i n t e r s t i t i a l  seawater must have  been  d i l u t e d .  D i l u t o n  p r i o r  
t o  e n t r a p m e n t  seems u n l i k e l y  g i v e n  t h e  wide r a n g e  of 
c h l o r i d e  c o n c e n t r a t i o n s  and t h e  s h o r t  d i s t a n c e  be tween 
s i t e s .  The s i m i l a r i t y  i n  c h l o r i d e  c o n c e n t r a t i o n  be tween t h e  
b r i n e  p roduced  from t h e  o v e r p r e s s u r e d  zone  i n  ' t h e  Pan-Am 
well  and  t h e  T o l s o n a  waters a r g u e s  a g a i n s t  a n y  c o n t a m i n a t i o n  
of t h e  b r i n e  upon a s c e n t  before e m e r g i n g  as  s p r i n g s .  I n  a n y  
e v e n t ,  i s o t o p i c  e v i d e n c e  i n d i c a t e s  t h a t  modern meteoric  
waters c a n n o t  be t h e  d i l u t i n g  agent as no s i m p l e  mix ing  
t r e n d s  e x i s t  be tween seawater (SHOW), t h e  mud v o l c a n o  
waters, and p r e s e n t - d a y  meteoric water ( f i g s .  7, 8, and 9 ) .  
C o n s e q u e n t l y ,  t h e  o r i g i n a l  i n t e r s t i t i a l  seawaters p r o b a b l y  
became d i l u t e d  a f t e r  e n t r a p m e n t  b u t  a p p a r e n t l y  d u r i n g  a n  
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epoch  when t h e  l o c a l  meteoric  water was i s o t o p i c a l l y  much 
h e a v i e r  t h a n  today. T h i s  i s  most l i k e l y  t o  have  o c c u r r e d  
d u r i n g  a p e r i o d  of r e g i o n a l  u p l i f t ,  s u c h  a s  must have 
o c c u r r e d  d u r i n g  t h e  Late J u r a s s i c  or mid-Cre taceous ,  d u r i n g  
which  t ime c i r c u l a t i o n  of f r e s h  water wou ld  have  had t h e  
o p p o r t u n i t y  t o  mix w i t h ,  d i l u t e ,  and p o s s i b l y  f l u s h  t h e  
i n t e r s t i t i a l  b r i n e s .  

The s t a b l e  i s o t o p e  c o m p o s i t i o n  of t h e  T o l s o n a  waters c o u l d  
be e x p l a i n e d  by  s i m p l e  d i l u t i o n  of o r i g i n a l  i n t e r s t i k i a l  
seawaters  w i t h  paleo-meteoric waters and a s h i f t  i n  ' * O  
t h r o u g h  i s o t o p i c  exchange  w i t h  r e s e r v o i r  rocks. If 
f r a c t i o n a t i o n  by  shale-membrane f i l t r a t i o n  i s  assumed t o  be  
n e g l i g i b l e  and  Copper C e n t e r  m i n e r a l  s p r i n g  i s  e x c l u d e d ,  a 
m i x i n g  l i n e  from SHOW t h r o u g h  T o l s o n a  waters on  t h e  p l o t  of 
6 D  vs C 1  ( f i g .  8) g i v e s  a n  e s t ima ted  bD c o m p o s i t i o n  of t h e  
d i l u t i n g  water of -35  per  m i l ;  t h e  c o r r e s p o n d i n g  6 ' " O  would 
be - 5 . 5  per  m i l .  F r a c t i o n a t i o n  by membrane f i l t r a t i o n  t e n d s  
t o  c o n c e n t r a t e  t h e  h e a v i e r  i so topes  i n  t h e  r e s i d u e  a l t h o u g b  
t h e  e f f e c t  i s  c o n s i d e r e d  minor  ( C o p l e n  and  Hanshaw, 1973; 
H i t c h o n  and  Friedman,  1 9 6 9 ) .  Thus, t h e  paleo-meteoric 
d i l u t i n g  water may have  b e e n  s l i g h t l y  l i g h t e r  or h e a v i e r  
t h a n  t h e  above e s t ima te  d e p e n d i n g  on  whether  t h e  To l sona  
water sampled i s  t h e  f i l t r a t e  or r e s i d u e .  Ev idence  
p r e s e n t e d  l a t e r  s u g $ e s t s  t h a t  m o d i f i c a t i o n  of t h e  T o l s o n a  
water b y  membrane f i l t r a t i o n  i s  e q u i v o c a l  and  t h a t ,  i f  
a n y t h i n g ,  t h e  water i s  t h e  p r o d u c t  of a n  i n t e r m e d i a t e  s t age  
of f i 1 t r a t i o n .  

Assuming d i l u t i o n  o n l y ,  t h e  r e s u l t i n g  mixed water would have  
had a b l * O  v a l u e  of a b o u t  -4 per m i l  compared t o  0 p e r  m i l  
for t h e  T o l s o n a  mud v o l c a n o  waters. The  i s o t o p i c  s h i f t  
c o u l d  have  been  p roduced  t h r o u g h  exchange  of ' * O  w i t h  m a r i n e  
c a r b o n a t e s  and  p o s s i b l y  a l so  s h a l e s  i n  t h e  s e d i m e n t a r y  
formations. Marine c a r b o n a t e s  are c h a r a c t e r i s t i c a l l y  h i g h l y  
e n r i c h e d  i n  " 0 .  For example,  a l i m e s t o n e  sample from 
Ahtna-Amoco wel l  7 A  h a s  a b ' * O  v a l u e  of +25 p e r  m i l t s e e  
t a b l e  4). The a v e r a g e  for marine pe lag ic  s e d i m e n t s  i s  + I 9  
p e r  m i l  ( S a v i n  and E p s t e i n ,  1 9 7 0 ) .  The magn i tude  of t h e  
i s o t o p i c  s h i f t  i s  t e m p e r a t u r e  d e p e n d e n t  w i t h  i n c r e a s e d  
s h i f t s  f a v o r e d  by h i g h e r  r e s e r v o i r  t e m p e r a t u r e s .  The l a c k  
of a s imi la r  s h i f t  i n  " 0  a t  Nicke l  Creek is p u z z l i n g  b u t  
may i n d i c a t e  a l a c k  of c a r b o n a t e s  or t h a t  r e s e r v o i r  
t e m p e r a t u r e s  t h e r e  a re  too low t o  a l low exchange  t o  occur .  

The i s o t o p i c  c o m p o s i t i o n s  of some of t h e  more d i l u t e  s a l i n e  
s p r i n g s  s u c h  a s  t h e  T a z l i n a  m i n e r a l  s p r i n g  and  some of t h e  
w e l l  waters t h a t  a r e  h i g h  i n  c h l o r i d e  c o u l d  be d e r i v e d  from 
m i x t u r e s  of meteoric waters w i t h  e i t h e r  T o l s o n a  or Klawasi 
t y p e  w a t e r s .  Water from t h e  Copper River s a l i n e  seep 
appea r s  t o  l i e  o n  a t r e n d  be tween p r e s e n t - d a y  meteoric  
waters and  seawater ( f i g s .  8 and 9 ) .  If t h e  seep  b r i n e s  a r e  
b e i n g  most ly  de r ived  from from t h e  middle  of t h e  Hatanuska  
F o r m a t i o n  as s u g g e s t e d  by  t h e  n e i g h b o r i n g  we l l ,  t h e  6 " O  and 
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6 D  vs C 1  t r e n d s  s u $ g e s t  t h a t  t h e  waters i n  t h i s  zone  a r e  
most ly  modern meteoric waters. 

A l though  t h e  Copper C e n t e r  m i n e r a l  s p r i n g  water has  a n  
i s o t o p i c  c o m p o s i t i o n  n e a r l y  i d e n t i c a l  t o  T o l s o n a  waters,  i t  
i s  more s a l i n e  and  more c o n c e n t r a t e d  i n  C a  t h e n  t h e  To l sona  
waters  ( t a b l e  I ;  f i g .  4). I t  i s  p o s s i b l e  t h a t  membrane 
f i l t r a t i o n  has s e l e c t i v e l y  c o n c e n t r a t e d  C 1 ,  C a ,  and o t h e r  
c o n s t i t u e n t s  a t  Copper C e n t e r  b u t  w i t h o u t  s i g n i f i c a n t l y  
a f f e c t i n g  i s o t o p i c  c o m p o s i t i o n  t h e r e b y  e x p l a i n i n g  t h e  
a p p a r e n t  s h i f t  from t h e  T o l s o n a  mix ing  l i n e  o n  t h e  6D v s  C 1  
diagram. However, t h e  Copper C e n t e r  water does l i e  on a n  
a p p a r e n t  l i n e a r  t r e n d  be tween seawater and t h e  Klawasi 
waters, s u g g e s t i v e  of m i x i n g  w i t h  a meteoric end  member 
c o n s i d e r a b l y  l i g h t e r  t h a n  e s t i m a t e d  for t h e  T o l s o n a  waters. 
If s u c h  m i x i n g  d i d  o c c u r ,  t h e  d i f f e r e n c e  i n  ‘ * O  c o m p o s i t i o n  
be tween Copper  C e n t e r  and Klawasi c o u l d  be r e c o n c i l e d  i f  t h e  
Klawasi waters a r e  presumed t o  have  b e e n  more s t r o n g l y  
s h i f t e d  t h r o u g h  i s o t o p i c  exchange  processes. However, t h e  
e x i s t a n c e  of two s u c h  c o m p o s i t i o n a l l y  d i f f e r e n t  meteoric 
m i x i n g  end  members seems improbable  g i v e n  t h e  s h o r t  d i s t a n c e  
be tween s i t e s  and  t h e  former e x p l a n a t i o n  i s  p r e f e r r e d .  

I n  c o n c l u s i o n ,  a l t h o u g h  the re  i s  s t r o n g  e v i d e n c e  t h a t  
d i l u t i o n  has  modi f ied  o r i g i n a l  c o n n a t e  waters,  t h e  degree of 
f l u s h i n g  and  t h e  p r o p o r t i o n  of o r i g i n a l  s e a w a t e r  r e m a i n i n g  
i s  d i f f i c u l t  t o  e s t ima te  b e c a u s e  of c o m p l i c a t i o n s  a r i s i n g  
from t h e  u n c e r t a i n t i e s  i n  t h e  e f f i c i e n c y  of u l t r a f i l t r a t i o n  
processes,  i s o t o p e  exchange ,  and  i s o t o p e  f r a c t i o n a t i o n .  

Membrane F i l t r a t i o n  

He w i s h  now t o  examine what e f f e c t ,  i f  any,  membrane 
f i l t r a t i o n  has had on  t h e  T o l s o n a  water chemistry and,  i f  w e  
can d i s t i n g u i s h  w h e t h e r  t h e  waters a re  I) a n  u l t r a f i l t r a t e ,  
i . e . ,  t h e  end  r e s u l t  of m u l t i - s t e p  u p - s e c t i o n  f i l t r a t i o n ;  2 )  
t h e  r e s i d u e  l e f t  b e h i n d  from l o n g - t e r m  f i l t r a t i o n  ; or 31 
some i n t e r m e d i a t e  be tween t h e  two end p r o d u c t s .  

C o n c e n t r a t i o n  of s u r f a c e  d i scharge  a t  s p r i n g  v e n t s  i n d i c a t e s  
t h a t  f low of f l u i d s  from t h e  o v e r p r e s s u r e d  zone  i s  
p r i m a r i l y ,  i f  n o t  t o t a l l y ,  by way of macro-poros i t ic  
c h a n n e l s .  Thus, membrane f i l t r a t i o n  i s  u n l i k e l y  t o  have 
a f f e c t e d  f l u i d s  d u r i n g  t h e i r  a s c e n t  from t h e  o v e r p r e s s u r e d  
z o n e  as  e v i d e n c e d  by t h e  s i m i l a r i t y  be tween c h e m i s t r i e s  of 
f l u i d s  from t h e  T o l s o n a  s p r i n g s  and  t h e  Pan-Am wel l .  The 
s p r i n g  water chemistry,  t h e n ,  i s  p r o b a b l y  r e p r e s e n t a t i v e  of 
f o r m a t i o n  waters i n  t h e  o v e r p r e s s u r e d  q u a r t z o s e  s a n d s t o n e  
beds.  

Compared t o  seawater, t h e  T o l s o n a  waters a re  d e p l e t e d  i n  Na, 
K,  Mg, HC03, S 0 4 ,  C1 and Br and s l i g h t l y  t o  h i g h l y  e n r i c h e d  
i n  L i ,  C a ,  Sr, I ,  S i02 ,  and B. A s  d i s c u s s e d  above ,  paleo-  
meteoric waters have p r o b a b l y  d i l u t e d  t h e  o r i g i n a l  
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i n t e r s t i t i a l  seawaters and  c a n  a c c o u n t  f o r  some of t h e  
a p p a r e n t  d e p l e t i o n s .  I n  a n  a t tempt  t o  i s o l a t e  and compare 
c o m p o s i t i o n a l  c h a n g e s  c a u s e d  by p r o c e s s e s  o t h e r  t h a n  
d i l u t i o n ,  i o n i c  c o n c e n t r a t i o n s  were r a t i o e d  t o  c h l o r i d e  
( f i g u r e  I O ) .  C h l o r i d e  was c h o s e n  because i t s  c o n c e n t r a t i o n  
i s  u n l i k e l y  t o  have been  a l t e r e d  by p r e c i p i t a t i o n  or  
d i s s o l u t i o n  of h a l i t e  or  o t h e r  c h l o r i d e  m i n e r a l s  and  b e c a u s e  
t h i s  i o n  i s  among t h e  most e f f i c i e n t l y  r e t a i n e d  i n  t h e  
r e s i d u a l  p o r e  f l u i d s  by membrane f i l t r a t i o n .  L e a c h i n g  of C 1  
from s e d i m e n t a r y  rocks,  wh ich  have  a n  a v e r g e  c h l o r i d e  
c o n t e n t  of 1 0 0  t o  2 0 0  ppm, c a n  a t  bes t  i n t r o d u c e  o n l y  minor  
amounts  of a d d i t i o n a l  c h l o r i d e .  

The n e a r l y  i d e n t i c a l  B r / C 1  r a t i o  i n  t h e  Copper R i v e r  B a s i n  
b r i n e s  has a l r e a d y  been  no ted .  The r a t i o  i s  lower t h a n  i n  
seawater  ( 0 .  0 0 2 5  v s  0 .  0036)  i n d i c a t i n g  t h e r e  h a s  been  a n e t  
d e p l e t i o n  of B r ,  a s suming  a d d i t i o n  of C 1  from o t h e r  s o u r c e s  
c a n  be r u l e d  o u t .  Whatever processes  are  i n v o l v e d ,  t hese  
processes  a p p e a r  t o  have been  u n i f o r m  across t h e  b a s i n  t o  
a c c o u n t  f o r  t h e  s i m i l a r i t i e s  i n  B r / C 1  r a t io s .  R e s u l t s  of 
u l t r a f i l t r a t i o n  e x p e r i m e n t s  i n d i c a t e  t h a t  shale-membrane 
f i l t r a t i o n  r e t e n t i o n  e f f i c i e n c y  f o r  B r  s h o u l d  be s i m i l a r  t o  
or  s l i g h t l y  b e t t e r  t h a n  t h a t  f o r  c h l o r i d e  (Kharaka and  
Berry ,  1973)  t h u s  s u g g e s t i n g  t h e  T o l s o n a  water i s  a f i l t r a t e  
end  member. 

R e g a r d i n g  t h e  r e m a i n i n g  i o n i c  spec ies ,  t h e  e n r i c h m e n t s  and 
d e p l e t i o n s  r e l a t i v e  t o  seawater c o r r e s p o n d i n g  t o  what wou ld  
be e x p e c t e d  f o r  t h e  r e s i d u e  end of a n  u l t r a f i l t r a t i o n  
process i n c l u d e  d e p l e t i o n  of H C 0 3  and  SO4 r e l a t i v e  t o  C 1  and  
B r  and e n r i c h m e n t  of t h e  d i v a l e n t  c a t i o n s  C a  and Sr r e l a t i v e  
t o  t h e  monovalen t  c a t i o n s  Na and  K. However, t h e  o rde r  of 
d e p l e t i o n  r e l a t i v e  t o  seawater of t h e  monovalen t  c a t i o n s ,  
K < Na < L i ,  i s  t h e  r e v e r s e  of what would be e x p e c t e d  f o r  a 
r e s i d u a l  water and more i n  l i n e  w i t h  a f i l t r a t e  end-member 
as a r e  t h e  e n r i c h m e n t s  of I and  B r e l a t i v e  t o  C 1  and  B r .  I n  
a d d i t i o n ,  t h e  c o n c e n t r a t i o n s  of Ca, S r ,  L i ,  I ,  and  B a r e  
much g r e a t e r  t h a n  i n  seawater,  and  f a r  i n  e x c e s s  of 
comparable c o n c e n t r a t i o n s  of C 1  r e l a t i v e  t o  seawater, 
i n d i c a t i n g  some p r o c e s s  o t h e r  t h a n  membrane f i l t r a t i o n  must 
be i n t r o d u c i n g  t h e s e  i o n s  i n t o  t h e  f o r m a t i o n  s o l u t i o n s .  The 
l a r g e  d e p l e t i o n s  i n  Hg a l s o  seem much g rea t e r  t h a n  c a n  
r e a s o n a b l y  be a c c o u n t e d  f o r  b y , s e l e c t i v e  f i l t r a t i o n .  

The T o l s o n a  water t h u s  appears  t o  be of a more i n t e r m e d i a t e  
t y p e ,  b u t  c l o s e r  t o  a r e s i d u a l  water. F u r t h e r m o r e ,  
f i l t r a t i o n  processes  c a n  o n l y  e x p l a i n  a p o r t i o n  of t h e  
T o l s o n a  c h e m i s t r y  and  o t h e r  mechanisms m u s t  have  also been  
i n s  t rument  a1  i n modi f y i  ng  t h e  waters. 

Rock l e a c h i n g  

The e n r i c h m e n t  i n  i o d i n e  compared t o  seawater c a n  b e  
e x p l a i n e d  by d e c o m p o s i t i o n  of mar ine  p l a n t s  c o n t a i n e d  i n  t h e  
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s e d i m e n t a r y  rocks ( W h i t e ,  1 9 6 5 ) .  ~ A l a r g e  p r o p o r t i o n  of t h e  
b o r o n  e n r i c h m e n t  i s  a l s o  probably  d e r i v e d  from t h e  mar ine  
s e d i m e n t s  themselves. Boron h a s  been  shown t o  be 
s e l e c t i v e l y  adsorbed  o n  c l a y  p a r t i c l e s  d u r i n g  seawater 
c i r c u l a t i o n  t h r o u g h  b o t h  n e a r - s h o r e  and  deep  sea pelagic  
m a r i n e  s e d i m e n t s  ( P a l m e r  and  o t h e r s ,  1 9 8 5 ) .  The a v e r a g e  
c o n c e n t r a t i o n  of boron  i n  s h a l e s  i s  100 ppm ( K r a u s k o p f ,  
1 9 7 9 ) .  L i  i s  a l s o  e n r i c h e d  i n  s h a l e s  ( 6 0  ppm) compared t o  
o t h e r  rocks and  seawater, and l e a c h i n g  of L i  by t h e  pore 
s o l u t i o n s  c o u l d  a c c o u n t  for t h e  i n c r e a s e d  L i .  The Si02 
c o n c e n t r a t i o n  i n  t h e  T o l s o n a - t y p e  waters i s  about  what would 
be e x p e c t e d  i f  s i l i c a  i n  t h e  s o l u t i o n  i s  i n  e q u i l i b r i u m  w i t h  
q u a r t z .  

F l u i d  - M i n e r a l  I n t e r a c t i o n s  

One chemical p r o c e s s  which would b e  e f f e c t i v e  i n  i n c r e a s i n g  
t h e  C a  and Sr c o n c e n t r a t i o n s  i n  t h e  water w h i l e  a t  t h e  same 
time removing  H g  i s  d o l o m i t i z a t i o n :  

However, compared t o  r e l a t i v e  seawater c o n c e n t r a t i o n s ,  t h e  
i n c r e a s e  i n  C a  c o r r e s p o n d i n g  t o  t h e  decrease  i n  Hg t h r o u g h  
d o l o m i z a t i o n  i s  i n s u f f i c i e n t  by  i t s e l f  t o  b a l a n c e  t h e  e x c e s s  
Ca. For example,  based on  t h e  r e l a t i v e  r a t i o  of C 1  
c o n c e n t r a t i o n ,  t h e  o r i g i n a l  d i l u t e d  i n t e r s t i t i a l  seawater a t  
T o l s o n a  2 A  w o u l d  have had Ca and Mg c o n c e n t r a t i o n s  of 210 
and  650  m g / l  r e s p e c t i v e l y  compared t o  1 6 2 0  and 40 m g / l  
r e s p e c t i v e l y  i n  t h e  water now. D o l o m i t i z a t i o n  c a n  o n l y  
a c c o u n t  for a t  most 6 1 0  mgIl of added Ca l e a v i n g  t h e  s o u r c e  
of t h e  r e m a i n i n g  h a l f  of t h e  C a  u n e x p l a i n e d .  

Another  r e a c t i o n  which would  r e l e a s e  ea++ i n t o  t h e  f o r m a t i o n  
waters  i s  t h e  h y d r o l y s i s  of m a r i n e  c a r b o n a e s :  

C a C O j  + H 2 O  = C a + +  + HCOJ' + OH' 

If t h e  C a * + i o n s  a r e  r e t a i n e d  b u t  HCOJ' and  OH' l o s t  t h r o u g h  
s e l e c t i v e  membrane f i l t r a t i o n  t h e n  a d d i t i o n a l  c a r b o n a t e  may 
be  d i s s o l v e d  r e s u l t i n g  i n  a n e t  a c c u m u l a t i o n  of Ca i n  t h e  
r e s i d u a l  f o r a m t i o n  waters. 

The C a  i o n s  r e l eased  by t h e  d o l o m i t i z a t i o n  and  h y d r o l y s i s  
processes ,  combined w i t h  t h e  o r i g i n a l  seawater Ca c o u l d  have  
become c o n c e n t r a t e d  t h r o u g h  s e l e c t i v e  r e t e n t i o n  d u r i n g  
f i l t r a t i o n .  If so, t h e n  r e t e n t i o n  e f f i c i e n c y  for C a  i s  much 
g rea t e r  t h a n  for C1. The h i g h  c o n c e n t r a t i o n  of C a  would 
t h e n  i n d i c a t e  t h e  T o l s o n a  waters a re  c lose r  t o  t h e  r e s i d u e  
of t he  f i l t r a t i o n  spec t rum.  If so t h e n  t h e  d e p l e t i o n  i n  K 
w i t h  r e s p e c t  t o  seawater r e m a i n s  p r o b l e m a t i c .  One p o s s i b l e  
mechanism for removal  of K ( a n d  a l s o  Mg) i s  t h e  f o r m a t i o n  of 
c l a y  m i n e r a l s  s u c h  as g l a u c o n i t e .  Even i f  new c l a y s  a r e  n o t  
formed o u t  of d i s s o l v e d  s u b s t a n c e s ,  t h e  p r e p o n d e r a n c e  of 
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i l l i t e  i n  m a r i n e  s h a l e s  s u g g e s t s  t h a t  K +  t akes  p a r t  i n  
a l t e r a t i o n  of o the r  c l a y  m i n e r a l s  (Krauskopf ,  1 9 7 9 ) .  

To summarize,  t h e  T o l s o n a - t y p e  w a t e r  c h e m i s t r y  c o u l d  have  
b e e n  p roduced  t h r o u g h  t h e  f o l l o w i n g  processes: d i l u t i o n  of 
o r i g i n a l  i n t e r s t i t i a l  seawaters w i t h  p a l e o - m e t e o r i c  waters, 
p o s s i b l y  d u r i n g  a p e r i o d  of u p l i f t  i n  t h e  Late J u r a s s i c  or 
mid-Cre taceous ;  loss  of HCOJ and S O 4  and  m o d i f i c a t i o n  of 
o t h e r  c o n s t i t u e n t  c o n c e n t r a t i o n s  by shale-membrane 
f i l t r a t i o n ;  f u r t h e r  d e p l e t i o n  of Mg, K, H C 0 3 ,  and  S04, and  
e n r i c h m e n t  i n  C a  and Sr t h r o u g h  d o l o m a t i z a t i o n ,  h y d r o l y s i s ,  
and c l a y - f o r m i n g  processes;  and l e a c h i n g  of B, I, L i ,  and  
Si02 from m a r i n e  s e d i m e n t s .  The i s o t o p i c  c o m p o s i t i o n s  c o u l d  
have  been  p roduced  by  s i m p l e  d i l u t i o n  w i t h  paleo-meteoric 
waters fol lowed by a p o s i t i v e  s h i f t  i n  * ' O  t h r o u g h  i s o t o p i c  
exchange  w i t h  mar ine  c a r b o n a t e s  and o the r  s e d i m e n t s .  
E n r i c h m e n t s  i n  h e a v i e r  i so topes  may a l s o  have  been  c a u s e d  by  
u l t r a f i l t r a t i o n  f r a c t i o n a t i o n  b u t  t h e  e f f e c t s  of t h i s  
process a r e  t h o u g h t  t o  be s l i g h t  ( H i t c h o n  and Friedman,  . 

1969; Coplen  and  Hanshaw, 1 9 7 3 ) .  

KLAHASI-TYPE CHEMISTRY 

I n  t h i s  s e c t i o n  we p r e s e n t  a r g u m e n t s  t h a t  t h e  d i f f e r e n c e s  i n  
f l u i d  chemis t ry  be tween Klawasi and  To losona  a re  p r i m a r i l y  8 
r e s u l t  of t h e  i n t e r a c t i o n  of f l u i d s  der ived  from a magmatic 
i n t r u s i o n  and  c o n t a c t  d e c a r b o n a t i o n  of l i m e s t o n e  beds 
u n d e r l y i n g  t h e  Klawasi area. Ev idence  for a magma- 
d e c a r b o n a t i o n  i n f l u e n c e  on  t h e  Klawasi s y s t e m  i n c l u d e :  1) 
t h e  h i g h  3 H e / 4 H e  r a t i o s  a t  Klawasi, 2)  t h e  " C  c o m p o s i t i o n s  
of t h e  C 0 2  gas and b i c a r b o n a t e ,  3)  c o n s i s t e n c y  w i t h  l a r g e  
volumes of C 0 2  gas and w i t h  t h e  Klawasi water c h e m i s t r y ,  4) 
t h e  h i g h  c o n c e n t r a t i o n s  of As, and 5 )  chemical 
geothermometers which i n d i c a t e  r e s e r v o i r  t e m p e r a t u r e s  a t  
Klawasi a re  s u b s t a n t i a l l y  above those  a t  Tolsona .  

Heli urn-3 

Samples  of gases o b t a i n e d  from each major  s a l i n e  s p r i n g  v e n t  
and  a l s o  from f u m a r o l e s  a t  t h e  summit of H t .  H r a n g e l l  have 
been  a n a l y z e d  for 'He  c o n t e n t  and  t h e  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  3 and  o n  f i g .  2. E n r i c h m e n t s  i n  3He w i t h  r e spec t  
t o  a t m o s p h e r i c  l e v e l s  have been  c o r r e l a t e d  w i t h  magmatic 
a c t i v i t y  o n  a worldwide b a s i s  w i t h  t h e  e x c e s s  'He t h o u g h t  t o  
be d e r i v e d  from t h e  m a n t l e  ( C r a i g  and  Lupton,  1 9 8 1 ) .  The 
R/R. v a l u e s  ( 3 H e / 4 H e  r a t i o  of sample  vs a i r )  of 6. 0 and 6 . 1  
for H t .  Wrange l l  f a l l  w i t h i n  t h e  r a n g e  of v a l u e s  of 5 t o  8 
f o u n d  a t  v o l c a n i c  v e n t s  in t h e  A l e u t i a n  Arc and  a t  
c o n v e r g e n t  marg in  v o l c a n i c  a r c  s e t t i n g s  elsewhere i n  t h e  
world (Poreda ,  1983; Hotyka and  o t h e r s ,  1985; Craig and 
o t h e r s ,  1 9 7 8 ) .  The M t .  WranSel l  $as samples  were o b t a i n e d  
from t h e  Nor th  Cra te r  which  c o n t a i n s  s e v a r a l  s u p e r h e a t e d  
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f u m a r o l e s  t h a t  a r e  d i s c h a r i n g  C O z -  and S O z - r i c h  gases. 
These  gases a re  t h o u g h t  t o  be d i r e c t l y  d e r i v e d  from a 
c r y s t a l l i z i n g  body of magma u n d e r l y i n g  t h e  North Cra te r  
(Hotyka,  1983)  and t h e  R/R. v a l u e s  a r e  t h e r e f o r e  p r o b a b l y  
r e p r e s e n t a t i v e  of magmatic h e l i u m  i n  t h e  w e s t e r n  H r a n g e l l  
Mount a i  ns.  

A l though  t h e  R/R. v a l u e s  f o r  gases from s i tes  i n  t h e  Copper 
R i v e r  B a s i n  a r e  a l l  lower t h a n  t h a t  from H t .  Wrangel l ,  t hose  
f o r  t h e  Klawasi g r o u p  a re  s t i l l  s u b s t a n t i a l l y  above  
a t m o s p h e r i c .  The h i g h e s t  v a l u e s  a re  a t  Lower Klawasi (4.0 - 
4.1) w i t h  p r o g r e s s i v e l y  lower v a l u e s  towards T o l s o n a  (1.01 
and N i c k e l  Creek ( 0 . 7 5 ) .  

The h i g h  v a l u e  f o r  RIR. a t  L o w e r  Klawasi i n d i c a t e s  a more 
d i r e c t  c o n n e c t i o n  t o  magmatic s o u r c e s  w i t h  l i t t l e  o r  no 
c r u s t a l  c o n t a m i n a t i o n .  The lower v a l u e s  a t  t h e  o t h e r  s i t e s  
i n d i c a t e  a g rea t e r  c r u s t a l  i n f l u e n c e  of r a d i o g e n i c  ' H e  which 
is d e r i v e d  t h r o u g h  decay of U and Th. However, e v e n  t h e  
n e a r - a t m o s p h e r i c  v a l u e s  found  a t  t h e '  T o l s o n a  g r o u p  a re  
s u b s t a n t i a l l y  above  what would b e  e x p e c t e d  f o r  a s e d i m e n t a r y  
b a s i n  of t h i s  age. F o r  example,  s e d i m e n t a r y  b a s i n s  i n  
Alberta  have  R/R.  r a t i o s  of 0 . 0 2  (H. Kennedy, U. of 
C a l i f o r n i a ,  B e r k e l e y ,  p e r s .  c o m m .  1 .  

The a p p a r e n t  3 H e  g r a d i e n t ,  d e c r e a s i n g  ou tward  from L o w e r  
Klawasi, would s u g g e s t  t h a t  t h e  f o c u s  of a n y  magmatic 
a c t i v i t y  u n d e r l i e s  Lower Klawasi. Hel ium is  h i g h l y  mobile 
and  t h e  magmatic h e l i u m  may be d i f f u s i n g  o u t w a r d s  and  m i x i n g  
w i t h  c r u s t a l  r a d i o g e n i c  ' H e  t o  p roduce  t h e  v a l u e s  f o u n d  a t  
t h e  s u r r o u n d i n g  s i t e s .  

C 0 2  and  F l u i d  - M i n e r a l  I n t e r a c t i o n s  

D i s s o l u t i o n  of c a r b o n a t e s  w i t h i n  t h e  s e d i m e n t a r y  beds 
c o n t a i n i n g  t h e  Klawasi f o r m a t i o n  water c a n n o t  e x p l a i n  t h e  
e x t r e m e l y  h i g h  c o n c e n t r a t i o n  of H C O J ,  t h e  enormous 
q u a n t i t i e s  of COZ gas, accompanied  b y  t h e  s i m u l t a n e o u s  n e a r  
d e p l e t i o n  of Ca and  Sr. Al though  d i s s o l u t i o n  of r e s e r v o i r  
c a l c i t e  would l i b e r a t e  C 0 2  and  HCOJ i t  w o u l d - a l s o  
s u b s t a n t i a l l y  i n c r e a s e  t h e  Ca c o n c e n t r a t i o n ,  i n  e x c e s s  of 
5 , 0 0 0  mg/l j u s t  t o  b a l a n c e  t h e  HCOJ f o u n d  i n  t h e  surface 
s p r i n g  waters. The r e v e r s e  is  f o u n d  i n  t h e  Klawasi waters 
and  t h e r e f o r e  some e x t e r n a l  a g e n t  m u s t  be i n t r o d u c i n g  t h e  
C 0 2  i n t o  t h e  r e s e r v o i r  waters. 

Many of t h e  d i f f e r e n c e s  i n  f l u i d  chemis t ry  t h a t  e x i s t  
be tween Klawasi and  T o l s o n a  c a n  be e x p l a i n e d  by  a s suming  a 
small  magma body has i n t r u d e d  deep-seated l i m e s t o n e  beds  
underlying t h e  Klawasi area. I n  t h e  s implest  model, s i l i c a -  
r i c h  s o l u t i o n s  from t h e  magma i n v a d e  and i n t e r a c t  w i t h  t h e  



con tac t  l imestone beds t o  form Wollastoni te  and r e l e a s e  C 0 2  
gas: 

The r e a c t i o n  i s  dependent on the  p a r t i a l  p ressure  of CO2 
w i t h  high PCO2 i n h i b i t i n g  formation of wol la s ton i t e  . If 
the  system i s  more open so t h a t  C 0 2  i s  f r e e  t o  escape, eg. 
v i a  f a u l t s  and f r a c t u r e s ,  t h e  process can take  place a t  
r e l a t i v e l y  low temperatures,  T = 4 0 0  t o  500 C (Krauskopf, 
1979). More complex r e a c t i o n s  involv ing  impure l imestones 
and dolomites have been reviewed by Kerrick ( 1 9 7 4 )  and 
g e n e r a l l y  fo l low the  same pa t t e rn .  

Under our model, t he  l a r g e  q u a n t i t i e s  of C 0 2  degassing from 
the  magma, toge the r  w i t h  C 0 2  produced by decarbonation 
r e a c t i o n s  escape v i a  f r a c t u r e s  or f a u l t  zones, poss ib ly  the  
Tara l  f a u l t ,  and invade formation waters i n  t he  over ly ing  
marine sediments r e s u l t i n g  i n  t he  formation of carbonic  
acid:  

The carbonic  ac id  causes hydro lys is  of s i l i c a t e s  and clays.  
A simple example for s i l i c a t e s  i s  f o s t e r i t e :  

and a genera l  r e a c t i o n  f o r  c lays ,  is given by: 

c l a y  + H 2 C O 3  = (Na+, K + )  + aluminum s i l i c a t e  + H 4 S i 0 4  + 
H C 0 3  - 

T h u s  hydro lys is  r e a c t i o n s  would inc rease  a l k a l i s ,  s i l i c a  and 
HCOJ c o n c e n t r a t i o n s  i n  t h e  water. Breakdown of m a r i n e  c l ays  
might a l s o  f a c i l i t a t e  r e l e a s e  of boron which had been 
adsorbed on t h e  c l a y  p a r t i c l e s ,  i n c r e a s i n g  i t s  concen t r a t ion  
i n  t he  formation water. 

The hydro lys is  r e a c t i o n s  w i l l  qu i ck ly  bu f fe r  t h e  system and 
t h e  pH w i l l  i ncrease .  Despite t h e  probable high p a r t i a l  
p re s su res  of C 0 2  w i t h i n  t he  r e s e r v o i r ,  which would tend t o  
i n c r e a s e  c a l c i t e  s o l u b i l i t y ,  t he  high i n i t i a l  concent ra t ion  
of calcium i n  the  formation water r e s u l t s  i n  t he  water 
becoming qu ick ly  s a t u r a t e d  w i t h  respec t  t o  calcium carbonate 
and p r e c i p i t a t i o n  w i l l  occur. Figure 11, taken from Holland 
and Malinin (19791, shows t h e  s o l u b i l i t y  s u r f a c e  f o r  c a l c i t e  
a s  a f u n c t i o n  of P C 0 2  and temperature f o r  t he  system CaC03- 
C 0 2 - H 2 0 .  Appl icat ion of chemical geothermometers, discussed 
l a t e r ,  sugges ts  formation water r e s e r v o i r  temperatures l i e  
between IO0 and 1 2 5 O C .  The s o l u b i l i t y  of c a l c i t e  i nc reases  
w i t h  s a l i n i t y ,  and for molar concent ra t ions  r e p r e s e n t a t i v e  
of Klawasi ( =  0.3 t o  0 . 4 )  t he  CaCO3 s o l u b i l i t y  f o r  t he  
temperature range 100 t o  1 2 5  O C  would be approximately 1 . 5  
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t o  2 . 0  grea te r  t h a n  f o r  p u r e  water. For C 0 2  p a r t i a l  
p r e s s u r e s  of 3 0  t o  S O  atm c a l c i t e  s a t u r a t i o n  would t h e n  
r a n g e  from 900  t o  2,000 mg/1. The e q u i v a l e n t  C a  
c o n c e n t r a t i o n s  a r e  3 6 0  t o  800 m g / l ,  s u b s t a n t i a l l y  below C a  
c o n c e n t r a t i o n s  i n  n e a r b y  Copper Center m i n e r a l  s p r i n g  
waters. 

A l though  t h e  s o l u b i l i t y  of c a l c i u m  c a r b o n a t e  i n c r e a s e s  w i t h  
d e c r e a s i n g  t e m p e r a t u r e ,  t h e  r a p i d  d r o p  i n  PC02 a s  C 0 2  
e x s o l v e s  upon a s c e n t  of t h e  f l u i d s  c o n t r o l s  c a l c i t e  
s o l u b i l i t y  and  c a l c i t e  w i l l  c o n t i n u e  t o  p r e c i p i t a t e  from 
s o l u t i o n  r e s u l t i n g  i n  almost complete d e p l e t i o n  of Ca ( a n d  
Sr) i n  t h e  s u r f a c e  s p r i n g  waters. The s u r f a c e  s p r i n g  waters  
a re  i n  f a c t  s a t u r a t e d  w i t h  r e s p e c t  t o  c a l c i t e  and  t r a v e r t i n e  
has  been  depos i t ed  i n  t h e  o u t f l o w  c h a n n e l s .  

The p r e c e d i n g  model i s  c o n s i s t e n t  w i t h  t h e  o b s e r v e d  
d i f f e r e n c e s  i n  w a t e r  c h e m i s t r y  be tween Klawasi and  T o l s o n a  
( f i g .  4 and I O ) .  If t h e  f o r m a t i o n  waters a t  Klawasi were 
o r i g i n a l l y  s i m i l a r  t o  T o l s o n a - t y p e  waters t h e n  t h e  above  
r e a c t i o n s  would have caused e n r i c h m e n t s  i n  L i ,  Na, K, Hg. , 
S i O 2 ,  and  B, s h a r p  i n c r e a s e s  i n  H C 0 3  and CO2 gas, and s h a r p  
d e p l e t i o n s  i n  Ca and  Sr. The i n c r e a s e d  SO4 and p e r h a p s  a l s o  
some of t h e  B may have been  d e r i v e d  from H 2 S  and  B gases 
e s c a p i n g  w i t h  t h e  C 0 2  gases from t h e  metamorphic c o n t a c t  
zone.  

A s  d i s c u s s e d  p r e v i o u s l y ,  t h e r m a l  e x p a n s i o n  of waters and t h e  
l a r g e  i n f u s i o n  of C 0 2  gas c o u l d  b o t h  be e n h a n c i n g  f i l t r a t i o n  
processes  a t  Klawasi. Many of t h e  r e l a t i v e  d e p l e t i o n s  and  
e n r i c h m e n t s  of i o n s  i n  t h e  Klawasi waters a re  c o n s i s t e n t  
w i t h  t h e  p a t t e r n  e x p e c t e d  f o r  a n  u l t r a f i t r a t e  end  member, 
a l t h o u g h  t h e  r e l a t i v e  e n r i c h m e n t s  of t h e  monovalen t  c a t i o n s  
a r e  i n  r e v e r s e d  order  for a n  u l t r a f i l t r a t e .  

A r s e n i c  

A r s e n i c  is h i g h l y  c o n c e n t r a t e d  i n  t h e  Klawasi waters ( I O  t o  
4 8  ppm), s e v e r a l  orders  of magni tude  g rea t e r  t h a n  t h e  
T o l s o n a  waters ( 0 . 0 0 7  t o  0 . 0 0 8  ppm) or seawater  (0.004 ppm). 
R e p o r t e d  c o n c e n t r a t i o n s  of As i n  o i l - f i e l d  b r i n e s ,  
s e d i m e n t a r y  f o r m a t i o n  waters, and almost a l l  o t h e r  n a t u r a l  
waters a r e  g e n e r a l l y  e i t h e r  below d e t e c t i o n  or i n  t r a c e  
amounts  ( <  0 . 0 5  ppm) ( W h i t e  and  o t h e r s ,  1 9 6 3 ) .  
C o n c e n t r a t i o n s  of A s  for s a l i n e  h o t  s p r i n g  waters which a re  
p r o b a b l y  d e r i v e d  from s e d i m e n t a r y  f o r m a t i o n s  i n  t h e  Wilbur  
m i n i n g  d i s t r i c t  of t h e  e a s t e r n  C a l i f o r n i a  Coast Range, a re  
r e p o r t e d  t o  be 0 . 5  t o  0 . 9  ppm (J. Thompson, USGS, p e r s .  
comm.) b u t  a l a rge  f r a c t i o n  of t h e  s p r i n g  f l u i d s  a r e  t h o u g h t  
t o  be d e r i v e d  from a g e o t h e r m a l  r e s e r v o i r  w i t h  a n  es t imated 
t e m p e r a t u r e  of 230 O C  (Thompson, 1 9 7 9 ) .  I n  f a c t ,  h o t  s p r i n g  
and  well waters i n  geothermal a r eas  commonly have  
c o n c e n t r a t i o n s  of As r a n g i n g  from 1 t o  s e v e r a l  ppm. For 
example ,  A s  c o n c e n t r a t i o n s  i n  Ye l lows tone  ho t  s p r i n g s  r a n g e  
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f rom 0 . 2  t o  3 . 6  ppm and 2 t o  3 ppm a t  Steamboat S p r i n g s ,  
Nevada ( S t a u f f e r  and  Thompson, 1 9 8 4 ) ;  4. 5 ppm a t  Waireki and 
5 . 7  ppm a t  B r o a d l a n d s  ( E l l i s ,  1 9 7 3 ) ;  I O  t o  1 2  ppm a t  t h e  
Makushin geothermal a rea  (Motyka and o the r s ,  1 9 8 5 ) .  
E x t r e m e l y  e leva ted  c o n c e n t r a t i o n s  of A s ,  comparable t o  t h a t  
f o u n d  a t  L o w e r  Klawasi, have  been  r e p o r t e d  f o r  E l  Ta t io ,  
C h i l e ,  47 ppm ( C u s i c a n q u i  and o the r s ,  1976) ;  Kiz i lde re ,  
Turkey,  39 ppm ( E l l i s ,  1 9 7 3 ) ;  and t h e  L a s s e n  geothermal 
a rea ,  27 ppm (Thompson and o the r s ,  1 9 8 5 ) .  What a l l  t hese  
a reas  have  i n  common a re  t h a t  a r e  a s soc ia t ed  w i t h  
hydro the rma l  systems w i  t h e s  t i mated reser  v o i  r t e m p e r a t u r e s  
of 200 O C  o r  h ighe r .  

A v a i l a b l e  thermodynamic d a t a  s u g g e s t  t h e  s o l u b i l i t y  of As 
i n c r e a s e s  s h a r p l y  w i t h  i n c r e a s i n g  t e m p e r a t u r e  and  pH and  
l a b o r a t o r y  e x p e r i m e n t s  suggest  t h a t  As l e v e l s  i n  most 
geothermal waters c a n  be a t t r i b u t e d  t o  a r o c k - l e a c h i n g  
( S t a u f f e r  and  Thompson, 1 9 8 4 ) .  A r s e n i c  o c c u r s  i n  t r a c e  
amounts  i n  most rocks and s o i l s ,  a v e r a g i n g  2 ppm i n  i g n e o u s  
r o c k s ,  I O  ppm i n  s h a l e s ,  and 1 ppm i n  s a n d s t o n e s  and 
c a r b o n a t e s  ( K r a u s k o p f ,  1 9 7 9 ) .  O n i s h i  and S a n d e l l  ( 1 9 5 5 )  
f o u n d  t h a t  s i l i c i c  v o l c a n i c  rocks and e s p e c i a l l y  v o l c a n i c  
g lasses  ( A s  > 1 2  ppm) have  e l e v a t e d  A s  c o n c e n t r a t i o n s .  
S t a u f f e r  and  Thompson (19841  c o n c l u d e d  t h a t  a t  l e a s t  30 t o  
5 0  per  c e n t  of t h e  As i n  t h e  Ye l lows tone  hot  s p r i n g  waters 
was d e r i v e d  by  l e a c h i n g  of r h y o l i t i c  t u f f s  i n  t h e  r e s e r v o i r .  

The  o r i g i n s  of e x t r e m e l y  e l e v a t e d  c o n c e n t r a t i o n s  of A s  a r e  
s t i l l  u n c e r t a i n .  Thompson and  o t h e r s  ( 1 9 8 5 )  a r g u e d  t h a t  
s o u r c e s  o t h e r  t h a n  rock-water i n t e r a c t i o n  were r e q u i r e d  t o  
e x p l a i n  t h e  e l e v a t e d  A s  c o n c e n t r a t i o n s  a t  Lassen .  I n  v iew 
of t h e  s e d i m e n t a r y  r e se rvo i r  rocks a t  Klawasi i t  seems 
i m p r o b a b l e  t h a t  t h e  h i g h  a r s e n i c  c o n c e n t r a t i o n s  t h e r e  c a n  be 
a t t r i b u t e d  s o l e l y  t o  r o c k - l e a c h i n g .  

A magmatic s o u r c e  f o r  As i n  g e o t h e r m a l  s y s t e m s  r e m a i n s  
c o n t r o v e r s i a l .  There is s c a n t  i n f o r m a t i o n  on  a r s e n i c  i n  
v o l c a n i c  gases b u t  G r e e n l a n d  and  Aruscavage ( 1 9 8 6 )  r e p o r t e d  
molar c o n c e n t r a t i o n s  of 7 . 7  t o  4 . 5  ppm i n  e r u p t i v e  gases 
from K i l a u e a  vo lcano .  A r s e n i c  is a h i g h l y  v o l a t i l e  metal 
and  a p p a r e n t l y  i s  c o n c e n t r a t e d  i n  f u m a r o l i c  e m i s s i o n s  from 
some v o l c a n i c  s y s t e m s  as e v i d e n c e d  by  t h e  d e p o s i t i o n  of 
o r p i m e n t  and  r ea lga r  a r o u n d  h i g h  t e m p e r a t u r e  v e n t s  ( Z i e s ,  
1 9 2 9 ) .  

O t h e r  p o s s i b l e  s o u r c e s  f o r  a t  l e a s t  some of t h e  a r s e n i c  a re  
v o l c a n i c  f o r m a t i o n s  t h a t  may u n d e r l i e  t h e  Rlawasi a r e a .  The 
s i t u a t i o n  i s  complicated b y  t h e  u n c e r t a i n t y  i n  t h e  l o c a t i o n  
of t h e  Taral  f a u l t ,  t h e  a p p a r e n t  boundary  be tween t h e  
W r a n g e l l i a  and  P e n i n s u l a r  terranes. The mid- t o  upper  
T r i a s s i c  N i k o l a i  Greens tone ,  one of t h e  key u n i t s  t h a t  
d e f i n e s  H r a n g e l l i a ,  c o n s i s t s  p r i m a r i l y  of a l t e r e d  t h o l e i i t i c  
b a s a l t s .  T h i s  f o r m a t i o n ,  whose aggregate t h i c k n e s s  i s  on  
t h e  o r d e r  of 3 , 0 0 0  m, i s  e x t e n s i v e l y  exposed  a l o n g  b o t h  t h e  
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s o u t h e r n  and  n o r t h e r n  borders of t h e  N r a n g e l l  Mounta ins  
(MacKevett, 1978; R i c h t e r ,  1976)  and was t h e  s o u r c e  of ore  
f o r  t h e  HcCarhty  and  K e n n i c o t t  c o p p e r  mines.  T h o l e i i t i c  
b a s a l t s  u s u a l l y  have v e r y  l o w  c o n c e n t r a t i o n s  of As and a re  
t h e r e f o r e  u n l i k e l y  t o  be t h e  s o u r c e  of t h e  Klawasi A s .  
However, a r s e n o p y r i t e ,  t h e  p r i n c i p a l  ore  of a r s e n i c ,  i s  
commonly a s soc ia t ed  w i t h  c o p p e r  d e p o s i t s  and  a r s e n i c  may 
have  been  c o n c e n t r a t e d  a l o n g  w i t h  t h e  c o p p e r  d u r i n g  
s e c o n d a r y  d e p o s i t i o n  i n  t h e  i n t e r s t i a l  f r a c t u r e s  of t h e  
p i l l o w  l a v a s .  I f  t h e  Niko la i  G r e e n s t o n e  does u n d e r l i e  t h e  
Klawasi a rea ,  h o t  f l u i d s  c o u l d  be r e m o b i l i z i n g  a r s e n i c  
w i t h i n  t h i s  f o r m a t i o n  and  i n t r o d u c i n g  i t  i n t o  t h e  o v e r l y i n g  
s e d i m e n t a r y  f o r m a t i o n  waters. 

The Lower J u r a s i c  T a l k e e t n a  Forma t ion ,  which i s  a s soc ia t ed  
w i t h  t h e  P e n i n s u l a r  T e r r a n e ,  i s  a n o t h e r  p o t e n t i a l  s o u r c e  of 
a r s e n i c .  The f o r m a t i o n ,  which  c o n s i s t s  of magmatic a r c  
r e l a t e d  v o l c a n i c  rocks,  i s  repor ted  t o  have a l a r g e  
p r o p o r t i o n  of s i l i c i c  flows ( R .  F o r b e s ,  pe r s .  c o m m . ,  1986) .  

I n  a n y  e v e n t ,  a l l  t h e s e  processes f o r  e x p l a i n i n g  l a r g e  
c o n c e n t r a t i o n s  of As i n  water i n v o l v e  e l e v a t e d  temperatures .  
Thus, wha teve r  t h e  s o u r c e  of t h e  a r s e n i c ,  t h e  h i g h  
c o n c e n t r a t i o n s  i n  t h e  Klawasi waters c l e a r l y  i m p l i e s  some 
h i g h  t e m p e r a t u r e  r eg ime  most e x i s t  b e n e a t h  Klawasi. 

6'3C - c02 

The c a r b o n - I 3  c o m p o s i t i o n  of C 0 2  gas e m a n a t i n g  from t h e  
Klawasi v e n t s  h e l p  c o n s t r a i n t  p o s s i b l e  o r i g i n s  of C 0 2 .  
P o t e n t i a l  s o u r c e s  of C 0 2  i n  t h e  Copper R i v e r  B a s i n  i n c l u d e  
(1) o x i d a t i o n  of r e d u c e d  c a r b o n  ( m e t h a n e ,  c o a l ,  and o t h e r  
o r g a n i c  ma te r i a l  c o n t a i n e d  i n  s e d i m e n t a r y  rocks and  r e c h a r g e  
water ) ,  ( 2 )  d e c a r b o n a t i o n  r e a c t i o n s  i n v o l v i n g  t h e  
d e s t r u c t i o n  of c a l c i t e  t o  form c a l c - s i l i c a t e  m i n e r a l s ,  ( 3 )  
d i s s o l u t i o n  r e a c t i o n s  i n  which c a l c i t e  i s  l eached  from t h e  
s e d i m e n t a r y  rocks i n  t h e  a q u i f e r ,  (4) p r i m a r y  COS from a 
magmatic s o u r c e ,  and  ( 5 )  atmospheric  C 0 2  d i s s o l v e d  i n  
g r o u n d w a t e r  recharge. Carbon of d i f f e r e n t  6 I3C v a l u e s  may 
be  c o n t r i b u t e d  by each of t hese  s o u r c e s .  

F i g u r e  1 2  compares c a r b o n  i s o t o p e  c o m p o s i t i o n  of C02 from 
t h e  Klawasi s p r i n g s  w i t h  a v a i l a b l e  d a t a  f o r  c a r b o n - I 3  i n  
o the r  c a r b o n  components  i n  t h e  Copper R i v e r  Bas in .  The 6°C 
ranges of c a r b o n - b e a r i n g  mater ia l s  r epor t ed  by C r a i g  (19631 ,  
and  Ohmoto and  Rye ( 1 9 7 9 )  a re  a l s o  shown. The r a n g e  of 
c a r b o n - I 3  i n  C 0 2  from t h e  Klawasi s p r i n g s  ( b * ' C  = -3. I t o  - 
4.88) r u l e s  o u t  a n y  major c o n t r i b u t i o n  from s o u r c e  ( I ) .  
Atmospheric C 0 2  ( 6 ' 3 C  = -7 per  m i l )  seems a n  improbab le  
source  g i v e n  t h e  l a r g e  q u a n t i t i e s  of C 0 2  a t  KlaWasi, t h e  
v e r y  low c o n c e n t r a t i o n  of C 0 2  i n  a i r  and t h e  H e \ N e  and 
C 0 2 \ A r  r a t i o s  i n  t h e  Klawasi gases which  i n d i c a t e  n e a r l y  
n e g l i g i l b l e  a tmospheric  gas c o n t a m i n a t i o n .  F o r  t h e  r e a s o n s  
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d i s c u s s e d  above, d i s s o l u t i o n  of a q u i f e r  c a l c i t e  ( 3 )  i s  a l s o  
u n l i k e l y  t o  be a major source of t h e  C O 2 .  

The r a n g e  of 6 l S C  - C 0 2  does o v e r l a p  t h e  l o w  end  of t h e  
r a n g e  f o r  m a r i n e  c a r b o n a t e s  and  t h e  h i g h  end of magmatic COz 
which i n d i c a t e s  t h e  C 0 2  i s  a m i x t u r e  of gases d e r i v e d  from a 
magmatic s o u r c e  and  from d e c a r b o n a t i o n  of mar ine  c a r b o n a t e s .  
However, t h e  e x a c t  p r o p o r t i o n  of t h e  C 0 2  coming from each of 
t hese  s o u r c e s  i s  d i f f i c u l t  t o  e s t ima te  b e c a u s e  of 
c o m p l i c a t i n g  exchange  r e a c t i o n s  which  o c c u r  d u r i n g  t h e  
f o r m a t i o n  and  a s c e n t  of t h e  C 0 2  gas. 

F o r m a t i o n  of b i c a r b o n a t e ,  p r e c i p i t a i o n  of c a l c i t e ,  and 
exchange  r e a c t i o n s  be tween C 0 2  and o t h e r  c a r b o n  b e a r i n g  
spec ie s  i n  t h e  Klawasi system would  a l l  t e n d  t o  d e p l e t e  
c a r b o n - I 3  i n  t h e  c o e x i s t i n g  C 0 2 .  E q u i l i b r i u m  f r a c t i o n a t i o n  
be tween d i s s o l v e d  b i c a r b o n a t e  and c a r b o n  d i o x i d e  gas i s  z e r o  
f o r  T = 125OC w i t h  1 3 C  becoming i n c r e a s i n g l y  more d e p l e t e d  
i n  t h e  c o e x i s t i n g  C 0 2  as t h e  t e m p e r a t u r e  decreases  ( F r i e d m a n  
and  O ' N e i l ,  1 9 7 7 ) .  The HCOJ b e i n g  discharged from t h e  
Klawasi v e n t s  has  6 1 3 C  r a n g i n g  from +1 .6  t o  +3.1 per  m i l  and 
i s  e n r i c h e d  i n  c a r b o n - I 3  w i t h  r e spec t  t o  t h e  C 0 2  gas by  6 t o  
7 per m i l ,  i n d i c a t i n g  f r a c t i o n a t i o n  has o c c u r r e d  be tween t h e  
two s p e c i e s  d u r i n g  t h e  a s c e n t  and c o o l i n g  of t h e  f l u i d s  
( f i g .  1 2 ;  t a b l e s  1 and 3 ) .  

No measurement  c o u l d  be made of t h e  r a t e  of gas d i scha rge  
b u t  j u d g i n g  from t h e  s t a t e  of e b u l a t i o n  o b s e r v e d  a t  b o t h  
Klawasi c r a t e r s ,  f l ow r a t e s  must be i n  e x c e s s  of s e v e r a l  
l i t e r s  p e r  s e c o n d  ( I p s ) .  One mole of gas a t  su r f ace  
c o n d i t i o n s  i s  a p p r o x i m a t e l y  22 l i t e r s  i n  volume so t h a t  t h e  
molar r a t e  of gas d ischarge  would be a b o u t  0 . 5  t o  I mole per  
second.  The r a t e  of water d i s c h a r g e  i s  = 2 I p s  so f o r  a 
H C 0 3  c o n c e n t r a t i o n  of 8100 ppm ( 1 2 1  m m o l / l l ,  t h e  r a t e  of 
bicarbonate discharge is = 0.240 mole per second and t h e  
r e l a t i v e  molar p r o p o r t i o n  of C02 t o  HC03 b e i n g  d ischarged  i s  
t h e n  a b o u t  2 t o  4. Thus, a c c o u n t i n g  f o r  t h e  f r a c t i o n a t i o n  
be tween C 0 2  and  HCOs d u r i n g  a s c e n t  of t h e  f l u i d s  i n d i c a t e s  
t ha t  r e s e r v o i r  COS had a 6 1 3 C  c o m p o s i t i o n  a t  l e a s t  1 t o  2 
p e r  m i l  h e a v i e r  t h a n  t h e  s u r f a c e  s p r i n g  C 0 2 .  

The f o r m a t i o n  and  p r e c i p i t a t i o n  of calci l te  would a l s o  
d e p l e t e  t h e  "C i n  t h e  c o e x i s t i n g  C 0 2  f o r  t e m p e r a t u r e s  l e s s  
t h a n  190°C, w i t h  t h e  magni tude  of t h e  e q u i l i b r i u m  
f r a c t i o n a t i o n  i n c r e a s i n g  t o  1 0  p e r  m i l  f o r  T = 25OC 
( Fr iedmen and  0' Neil,  3 9 7 7 ) .  I s o t o p e  exchange  be tween C 0 2  
and c a r b o n a c e o u s  s e d i m e n t s  which a r e  h i g h l y  d e p l e t e d  i n  "C 
c o u l d  have  c a u s e d  a d d i t i o n a l  d e p l e t i o n  of "C i n  C 0 2 .  

Based on  t h e s e  p r e c e d i n g  a rgumen t s ,  t h e  C 0 2  e n t e r i n g  t h e  
r e s e r v o i r  water would p resumab ly  have  a 6°C c o m p o s i t i o n  
2 -3  per  m i l .  The C 0 2  i n  gases e v o l v i n g  from f u m a r o l e s  a t  
M t .  H r a n g e l l  have 6I3C of - 6 . 5  t o  - 6 . 7  and s e r v e s  a s  a t a g  
f o r  t h e  p r o b a b l e  c o m p o s i t i o n  of a n y  magmatic component t o  
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t h e  Klawasi gases. If t h e  C 0 2  gas g e n e r a t e d  d u r i n g  t h e  
d e c a r b o n a t i o n  process i s  k i n e t i c a l l y  removed, t h e  613C of 
t h e  gas s h o u l d  be s imilar  t o  t h e  o r i g i n a l  c a r b o n a t e .  
C o m p l i c a t i o n s  a r i s e  because of e v i d e n c e  t h a t  C 0 2  l i b e r a t e d  
d u r i n g  c o n t a c t  metamorphism of c a r b o n a t e  rocks becomes 
i s o t o p i c a l l y  e n r i c h e d  w i t h  r e spec t  t o  t h e  c o e x i s t i n g  c a l c i t e  
( S h i e h  and  Taylor,  1 9 6 9 ) .  A t  temp z 250 C e q u i l i b r i u m  
f r a c t i o n a t i o n  be tween C 0 2  and  C a C 0 3  r e m a i n s  f a i r l y  c o n s t a n t  
a t  = +2 t o  + 3  per m i l  ( F r i e d m a n  and O ' N e i l ,  19771. Thus t h e  
l i b e r a t e d  C 0 2  c o u l d  have  a 613C c o m p o s i t i o n  r a n g i n g  from 
ze ro  t o  +2 t o  + 3  per  m i l  g r e a t e r  t h a n  t h e  c a r b o n a t e  s o u r c e  
rock. 

The i s o t o p i c  c o m p o s i t i o n  of some c a r b o n a t e s  found  i n  t h e  
Copper  R i v e r  area a re  g i v e n  i n  t a b l e  4. The c a r b o n a t e s  i n  
t h e  Ahtna-Amoco w e l l  and  t h e  N e l c h i n a  L imes tone  a re  p r o b a b l y  
t o o  s h a l l o w  t o  be t h e  s o u r c e  of t h e  metamorphic C o n .  A more 
l i k e l y  c a n d i d a t e  i s  t h e  Upper T r i a s s i c  C h i t i s t o n e  l i m e s t o n e  
which i s  e x t e n s i v e l y  exposed  a l o n g  t h e  west and  s o u t h  f l a n k s  
of t h e  H r a n g e l l  M o t h t a i n s  and has  a n  aggregate t h i c k n e s s  of 
u p  t o  1100 m ( MacKevett, 1978; H i n k l e r  and  o t h e r s ,  1 9 8 1 ) .  
The C h i t i s t o n e  L imes tone  o v e r l i e s  t h e  N i k o l a i  G r e e n s t o n e  and 
i s  c o n s i d e r e d  t o  be p a r t  of W r a n g e l l i a .  O t h e r  p o t e n t i a l  
c a n d i  t a t e s  a r e  Pe,rmian l i m e s t o n e s  and  marbles which u n d e r l i e  
t h e  N i k o l a i  Greens tone .  Pe rmian  l i m e s t o n e s  a re  a l s o  p a r t  of 
t h e  P e n i n s u l a r  t e r r a n e  and a r e  t h o u g h t  t o  u n d e r l i e  most of 
t h e  w e s t e r n  Copper R i v e r  Basin.  No 6'3C v a l u e s  have  been  
r epor t ed  f o r  e i t h e r  of t h e s e  Permian  u n i t s  b u t  K e i t h  and 
Weber ( 1 9 6 4 )  r e p o r t  t h a t  t h e  m a j o r i t y  of Permian  l i m e s t o n e s  
found  elsewhere i n  t h e  world a v e r a g e  +I f 2 p e r  m i l .  

If we assume t h e  s o u r c e  c a r b o n a t e  rock has  a 6 ' jC  of = + 2 . 5 ,  
t h e n  t h e  c o n t a c t  metamorphic  C 0 2  wou ld  have  a 6°C of +2. 5 
t o  + 5 . 0  d e p e n d i n g  on  t h e  degree of f r a c t i o n a t i o n  w i t h  t h e  
r e s i d u a l  carbonate  rock. I f  w e  f u r t h e r  assume t h a t  t h e  
magmatic C 0 2  has a 6I3C of - 6 . 5  and t h a t  t h e  mixed C 0 2  
e n t e r i n g  t h e  f o r m a t i o n  water r e s e r v o i r  has  a 6'3C of - 2 . 0 ,  
t h e  p r o p o r t i o n  of metamorphic  t o  magmatic C 0 2  would be on  
t h e  order  of 40 t o  5 0  p e r  c e n t .  

Water I s o t o p i c  Compos i t ion  

Compared t o  b o t h  T o l s o n a  waters and  SMOW, t h e  Klawasi waters 
a r e  e n r i c h e d  i n  * 4 0  by +I t o  +4 p e r  m i l  and h i g h l y  d e p l e t e d  
i n  d e u t e r i u m ,  by  -15 t o  -20  per m i l  w i t h  r e s p e c t  t o  T o l s o n a  
and -33 t o  -46  p e r  m i l  w i t h  r e s p e c t  t o  SMOH ( t a b l e  1; f i g .  
71,  The a p p a r e n t  e n r i c h m e n t  i n  ' "0  c o u l d  be due  t o  
i n c r e a s e d  i s o t o p i c  exchange  r e a c t i o n s  be tween t h e  Klawasi 
water and t h e  r e s e r v o i r  s i l i c a t e s  and c a r b o n a t e s ,  
p a r t i c u l a r l y  i f ,  as we s h a l l  argue l a t e r ,  t h e  Rlawas i  
r e s e r v o i r  waters  a r e  s u b s t a n t i a l l y  yarmer t h a n  t h e  T o l s o n a  
r e s e r v o i r s .  The s h i f t  i n  d e u t e r i u m  i s  h a r d e r  t o  e x p l a i n  b y  
exchange  r e a c t i o n s .  The o n l y  m i n e r a l s  i n  mar ine  s e d i m e n t s  
c o n t a i n i n g  hydrogen  a r e  c l a y s  and,  a l t h o u g h  c l a y s  t e n d  t o  be 



h i g h l y  d e p l e t e d  i n  D compared t o  SHOW ( - 5 0  t o  -80  per  m i l  
d e p e n d i n g  o n  t h e  c lay;  S a v i n  and E p s t e i n ,  19701,  t h e  
hydrogen  c o n t e n t  of c l a y s  i s  so small  t h a t  i s o t o p i c  exchange  
i s  u n l i k e l y  t o  have  s i g n i f i c a n t l y  a f f e c t e d  water 
c o m p o s i t i o n .  

One o t h e r  process which  c o u l d  have  d e p l e t e d  D i n  t h e  Klawasi 
waters  i s  shale-membrane u l t r a f i l t r a t i o n .  A s  d i s c u s s e d  
e a r l i e r ,  t h e  r e l a t i v e  e n r i c h m e n t - d e p l e t i o n  o rde r  of t h e  
c a t i o n  and  a n i o n  c o n s t i t u e n t s  of t h e  Klawasi waters  i s  
r o u g h l y  c o n s i s t e n t  w i t h  what  would be e x p e c t e d  a s  a n  
u l t r a f i l t r a t e  end-member. The D c o n t e n t  i n  a n  u l t r a f i l t r a t e  
would be e x p e c t e d  t o  be d e p l e t e d  w i t h  r e s p e c t  t o  t h e  
r e s i d u e .  However, t h e  process s h o u l d  a l s o  c a u s e  a 
c o r r e s p o n d i n g  d e p l e t i o n  i n  ' * O ,  by  a s  much a s  - 6 . 5  per m i l  
i f  w e  a p p l y  t h e  r e s u l t s  of e x p e r i m e n t s  pe r fo rmed  by  Coplen  
and  Hanshaw (19731 ,  c o n t r a s t e d  t o  t h e  e n r i c h m e n t  i n  l a 0  s e e n  
i n  t h e  Klawasi water. 

The p o s s i b i l i t y  of m i x i n g  of seawater w i t h  a paleo-meteoric  
water h a v i n g  a n  i s o t o p i c  c o m p o s i t i o n  d i s t i n c t l y  d i f f e r e n t  
from t h a t  a t  T o l s o n a  has  a l r e a d y  been  d i s c u s s e d  and  
c o n s i d e r e d  u n l i k e l y .  

Two o t h e r  p o t e n t i a l  c a n d i d a t e s  for a mix ing  end member a r e  
metamorphic  and  p r imary  magmatic waters. The r a n g e s  of 
i s o t o p i c  c o m p o s i t i o n s  of s u c h  waters have been  e s t i m a t e d  b y  
T a y l o r  ( 1 9 7 9 )  and a r e  p l o t t e d  on f ig .  7. The m i x i n g  of a 
T o l s o n a - t y p e  water w i t h  e i t h e r  or b o t h  of t h e s e  components  
c o u l d  have  p roduced  t h e  Klawasi water i s o t o p i c  c o m p o s i t i o n .  

R E S E R V O I R  TEMPERATURES 

B o t t o m  hole  t e m p e r a t u r e s  r epor t ed  for o l d e r  o i l  and gas 
e x p l o r a t i o n  we l l s  are o f t e n  d i f f i c u l t  t o  i n t e r p r e t  b e c a u s e  
of t h e  d i s r u p t i o n  and  c o n t a m i n a t i o n  of t h e  r e s e r v o i r  by 
c i r c u l a t i o n  of d r i l l i n g  f l u i d s ,  and  because u s u a l l y  t h e  
method of measurement  used and  t h e  t ime l a p s e  be tween 
c e s s a t i o n  of d r i l l i n g  and  t e m p e r a t u r e  measurement  a r e  
u n s p e c i f i e d .  However, s u c h  measurements  a r e  commonly t h e  
o n l y  d i r e c t  i n f o r m a t i o n  a v a i l a b l e  on  r e s e r v o i r  t empera tures ,  
a s  i s  t h e  case a t  Copper R i v e r  Bas in .  T a b l e  5 g i v e s  t h e  
d e p t h  and bottom h o l e  t e m p e r a t u r e s  o b t a i n e d  from d r i l l e r ' s  
l ogs  f o r  w e l l s  i n  t h e  b a s i n  a l o n g  w i t h  t h e  c a l c u l a t e d  
e q u i v a l e n t  l i n e a r  t e m p e r a t u r e  g r a d i e n t .  These t e m p e r a t u r e s  
and  g r a d i e n t s  a r e  n o t  p a r t i c u l a r l y  u n u s u a l  ( t h e y  a r e  s imi l a r  
o r  b e l o w  t h e  world-wide a v e r a g e ) ,  b u t  t h e  s l i g h t l y  h i g h e r  
t e m p e r a t u r e  and  g r a d i e n t  a t  Ahtna-Amoco 1 A  compared t o  
e q u i v a l e n t  d e p t h s  a t  n e a r b y  d e e p e r  wells h i n t s  a t  t h e  
p o s s i b i l i t y  t h a t  t e m p e r a t u r e  g r a d i e n t s  may b e  i n c r e a s i n g  
g o i n g  eastward towards t h e  Klawasi group.  
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The Klawasi s p r i n g  waters a r e  warmer than the  Tolsona waters 
which could r e f l e c t  d i f f e r e n c e s  i n  r e s e r v o i r  temperatures 
between t h e  two groups. However, t he  d i f f e r e n c e  i n  vent 
temperatures  could be a l s o  be ascr ibed  t o  t h e  d i f f e r e n c e  i n  
f low r a t e s .  The much lower r a t e  of flow a t  Tolsona would 
r e s u l t  i n  g r e a t e r  conductive heat l o s s e s  a s  t h e  f l u i d s  
ascend, p a r t i c u l a r l y  dur ing  passage through the  permafrost 
t a b l e ,  than a t  Klawasi. 

Chemical and i s o t o p i c  geothermometers a r e  commonly used f o r  
e s t  i mat i ng r e s e r  voi r temper t a t ures  i n hydrothermal sys tems 
where no  d i r e c t  temperature da t a  i s  ava i l ab le .  
Geothermometers a r e  based on temperature s e n s i t i v e  r e a c t i o n s  
i n  hydrothermal f l u i d s  t h e t  may c o n t r o l  the  abso lu te  amount 
of an element ( e .  g . ,  s i l i c a ) ,  r e l a t i v e  concen t r a t ions  of 
elements ( e .  g . ,  c a t i o n s ) ,  or f r a c t i o n a t i o n  of i so topes .  
However, for geothermometers t o  a c c u r a t e l y  r e f l e c t  
subsurface temperatures  s e v e r a l  cond i t ions  mus t  be met: I) 
c o n s t i t u e n t s  involved i n  t he  temperature dependent r e a c t i o n s  
m u s t  be s u f f i c i e n t l y  abundant t o  permit s a t u r a t i o n ;  2)  
water-rock equ i l ib r ium occurs  a t  depth; 3 )  r e - e q u i l i b r a t i o n  
m u s t  be n e g l i g i b l e  a s  t h e  f l u i d s  ascend t o  the  sur face ;  and 
4) t he  f l u i d s  coming from depth must not mix w i t h  shal low 
ground water. S t ab le  i so tope  compositions of t he  mud 
volcano mineral  s p r i n g  waters i n d i c a t e  cond i t ion  4) i s  
probably met. The v a l i d i t y  of t he  remainin$ cond i t ions  w i l l  
be examined on a case  by case bas i s .  I n  p a r t i c u l a r ,  
geothermometers must  be appl ied  w i t h  cons iderable  cau t ion  
for the  Klawasi system because of i n t e r p r e t a t i o n a l  
ambigui t ies  a r i s i n g  from the  Cot induced f l u i d  - mineral 
i n t e r a c t i o n s  which we be l i eve  a r e  occur r ing  i n  t h e  r e s e r v o i r  
waters. 

Table 6 g ives  t h e  r e s u l t s  of those geothermometers which we 
feel have the best applicability to the Copper River B a s i n  
mud volcanoes. He present  our r a t i o n a l e  f o r  s e l e c t i n g  t h e s e  
geothermometers and d ismiss ing  o thers .  

m8 The o r i g i n  and a p p l i c a t i o n  of t h e  s i l i c a  
geothermometer has been e x t e n s i v e l y  reviewed by  Fournier 
(1977;  1981) and by Arnorsson ( 1 9 8 3 ) .  The s o l u b i l i t i e s  of 
a l l  t he  var ious  s i l i c a  phases inc rease  w i t h  i n c r e a s i n g  
temperature w i t h  amorphous s i l i c a  having t h e  h ighes t  
s o l u b i l i t y  and qua r t z  t he  l e a s t .  The s i l i c a  geothermometers 
most commonly appl ied  t o  hydrothermal systems a r e  t h e  qua r t z  
and chalcedony geothermometers. Hydrothermal waters a r e  
u s u a l l y  supe r sa tu ra t ed  w i t h  r e spec t  t o  amorphous s i l i c a  and 
p r e c i p i t a t i o n  of s i l i c a  can occur dur ing  the  ascent  and 
coo l ing  of t he  f l u i d  so s i l i c a  temperatures  a r e  commonly 
i n t e r p r e t e d  a s  minimum temperatures.  A more d i f f i c u l t  
problem is  judging which s i l i c a  phase i s  c o n t r o l l i n g  s i l i c a  
s o l u b i l i t y  i n  t h e  r e s e r v o i r .  Arnorsson ( 1 9 8 3 )  cons iders  t h e  
formation of quar t z  or chalcedony t o  be determined b y  t he  
r a t e  of s i l i c a  d i s s o l u t i o n  from the  primary c o n s t i t u e n t s  of 
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t h e  rock ,  and  t h e  k i n e t i c s  of p r e c i p i t a t i o n .  Release of 
s i l i c a  i n t o  s o l u t i o n  a t  r e l a t i v e l y  h i g h  r a t e s  r e s u l t s  i n  t h e  
more s o l u b l e  s i l i c a  m i n e r a l ,  c h a l c e d o n y ,  becomimg t h e  
c o n t r o l l i n g  phase,  a t  l e a s t  a t  temperatures  s 1 8 0 ° C .  On t h e  
o t h e r  hand, f o r  l o w  r a t e s  of l e a c h i n g ,  q u a r t z  may form a t  
r e l a t  i v e l  y lower t e m p e r a t u r e s .  

F o r  t h e  T o l s o n a  g roup ,  where t h e  r a t e  of l e a c h i n g  has 
p r o b a b l y  b e e n  very slow, q u a r t z  may be t h e  c o n t r o l l i n g  phase  
and  t h e  c o r r e s p o n d i n g  t e m p e r a t u r e  es t imates  f o r  t h e  T o l s o n a  
and  Copper C e n t e r  mud v o l c a n o e s  a r e  5 5  t o  570C, which i s  i n  
c lose  ag reemen t  w i t h  t h e  bottom hole  temperature measured i n  
n e a r b y  wells. The lower s i l i c a  t e m p e r a t u r e s  a t  t h e  Nicke l  
Creek  s i t e  i m p l i e s  a c o r r e s p o n d i n g l y  lower r e s e r v o i r  
t e m p e r a t u r e  there .  Because  of t h e  p r o b a b l e  r a p i d  r e l ease  of 
s i l i c a  by h y d r o l y s i s  r e a c t i o n s ,  t h e  c h a l c e d o n y  c o n d u c t i v e  
geothermometer a p p e a r s  t o  be t h e  more l i k e l y ' c o n t r o l l i n g  
p h a s e  f o r  t h e  Klawasi group.  Therre t e m p e r a t u r e  es t imates  
r a n g e  from 101  t o  1 3 2 O C  f o r  L o w e r  Klawasi and  Shrub ,  and  
from 61 t o  8 8 O C  f o r  Upper Klawasi. 

Na/K: The sodu im-po tas s ium c a t i o n  geothermometer i s  b a s e d  
on a n  e m p i r i c a l l y  d e r i v e d  r e l a t i o n s h i p  be tween N a / K  and 
t e m p e r a t u r e .  The e q u a t i o n  u s e d  i n  c a l c u l a t i n g  t h e  N a / K  
geothermometer t e m p e r a t u r e s  i n  t a b l e  5 was d e t e r m i n e d  by 
F o u r n i e r  ( 1 9 8 1 )  t o  be t h e  b e s t  f i t  f o r  wel l  water da t a  
p o i n t s  above  8 0 O C .  Data p o i n t s  below 8 O o C  were n o t  i n c l u d e d  
b e c a u s e  of t h e  l a c k  of c o r r e l a t i o n  be tween N a / K  and  
t e m p e r a t u r e  a t  t hese  lower t e m p e r a t u r e s .  

D e s p i t e  b e i n g  beyond t h e  a p p a r e n t  r a n g e  of a p p l i c a b i l i t y ,  
t h e  N a / K  t e m p e r a t u r e s  f o r  t h e  T o l s o n a  g r o u p  a p p e a r  
r e a s o n a b l y  c o n g r u e n t  w i t h ,  b u t  g e n e r a l l y  l e s s  t h a n  t h e  
q u a r t z  t e m p e r a t u r e s .  The N a / K  t e m p e r a t u r e s  f o r  t h e  Lower 
K l a w a s i  are very  s imi la r  t o  t h e  c h a l c e d o n y  tempera tures  b u t  
are  s u b s t a n t i a l l y  h i g h e r  t h a n  c h a l c e d o n y  t e m p e r a t u r e s  f o r  
S h r u b  and  Lower Klawasi waters. Rock d i s s o l u t i o n  would  
i n c r e a s e  N a  and  K c o n c e n t r a t i o n s  i n  r o u g h l y  e q u a l  amounts ,  
t h u s  t h e  N a / K  would t e n d  t o  decrease as  a r e s u l t  of 
h y d r o l y s e s  r e a c t i o n s .  If t h e  water d o e s  n o t  r e - e q u i l i b r a t e ,  
t h e  N a / K  geothermometer wou ld  t e n d  t o  provide a n  
o v e r e s t i m a t e  of d e e p  t e m p e r a t u r e s  and  t h i s  may e x p l a i n  t h e  
d i f f e r e n c e  be tween t h e  N a / K  and  c h a l c e d o n y  geothermometers. 
A l t e r n a t i v e l y ,  t h e  S h r u b  and  Upper Klawasi waters may be 
e q u i l i b r a t i n g  w i t h  q u a r t z  r a t h e r  t h a n  c h a l c e d o n y .  

- -  Ca: The Na-K-Ca  geothermometer of F o u r n i e r  and 
T r u e s d e l l  ( 1 9 7 3 )  was d e v e l o p e d  s p e c i f i c a l l y  t o  d e a l  w i t h  
c a l c i u m - r i c h  waters t h a t  g i v e  anomously  h i g h  c a l c u l a t e d  
t e m p e r a t u r e s  by t h e  Na/K method, p a r t i c u l a r l y  a t  l o w e r '  
t e m p e r a t u r e s .  However, t h i s  geothermometer c a n n o t  be  
a c c u r a t e l y  a p p l i e d  t o  t h e  Klawasi g r o u p  b e c a u s e  of t h e  
p robab le  d i s e q u i l i b r i u m  removal  of t h e  Ca++ i o n  by c a l c i t e  
p r e c i p a t i o n  b o t h  i n  t h e  r e s e r v o i r  and d u r i n g  t h e  a s c e n t  of 
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t he  f l u i d s .  The l o s s  of aqueous Ca*+ would r e s u l t  i n  Na-R- 
Ca temperatures  t h a t  a r e  t o o  high. I n  f a c t ,  t h e  c a l c u l a t e d  
Na-K-Ca temperatures  f o r  the  Klawasi group, which range from 
155 t o  194*C, a r e  much higher than temperatures der ived from 
most of t h e  o t h e r  geothermometers. Applicat ion of t he  Mg 
c o r r e c t i o n  f o r  magnesium-rich waters suggested by  Fournier 
and P o t t e r  makes mat te rs  worse because i t  provides anomously 
low temperatures,  g e n e r a l l y  l e s s  than vent temperatures.  

I n  c o n t r a s t ,  t he  Wa-K-Ca temperatures f o r  t he  Tolsona mud 
volcanoes a r e  i n  genera l  agreement w i t h  t h e  o the r  
geothermomters though s l i g h t l y  higher than the  corresponding 
qua r t z  and Na/K temperatures.  Congruency between the  Na-K- 
Ca geothermometer and o the r  geothermometers i s  not a s  good 
f o r  Copper Center o r  Nickel Creek, though the  Nickel Creek 
values agree well w i t h  t he  quar tz  and Na/R temperatures.  

Na/: Thermal waters a r e  o f t e n  enriched i n  L i  a s  well a s  
o the r  a l k a l i s ,  which l ead  F o u l l i c  and Hichard 41981) t o  
propose a new geothermometer based on empir ica l  
r e l a t i o n s h i p s  between the  molar r a t i o  of Na/Li and 
temperature. However, a p p l i c a t i o n  of t h i s  geothermometer by 
a t  l e a s t  two o the r  i n v e s t i g a t o r s  has given anomously high, 
d i scordant  r e s u l t s  compared t o  o the r  temperature e s t ima tes  
(Sheppard and Lyon, 7984; H u t s i n p i l l e r  and Parry,  1985). 
Such i s  a l s o  the  case f o r  t h e  Klawasi group and the  Tolsona 
group, where t h i s  Na/Li geothermometer gave temperature 
e s t ima tes  ranging from 183 t o  2 6 I 0 C ,  and 92  t o  1 9 0 ° C ,  
r e spec t ive ly .  Because of the  inconclusiveness  regard ing  the  
a p p l i c a t i o n  of t h i s  geothermometer, t he  Na/Li temperatures 
a r e  not used. 

K/MR: Giggenbach and o t h e r s  (1983) r e c e n t l y  proposed a K-Mg 
geothermometer based on an empir ica l  r e l a t i o n s h i p  between 
K / H g  and  t e m p e r a t u r e ,  v a l i d  for rock-water equi l ibrat io 'n  
temperatures  from 50 t o  300OC. The geothermometer was found 
use fu l  i n  s i t u a t i o n s  when Na and Ca do not e q u i l i b r a t e  
r a p i d l y  enough and provided good correspondence between K/Mg 
temperatures  and s i l i c a  temperatures  f o r  Himalayan 
geothermal discharges.  Reasonable concordance between 
s i l i c a  and K/Mg geothermometers was a l s o  found f o r  
geothermal f l u i d s  of t he  Orakeiko Fie ld ,  New Zealand 
( Sheppard and Lyon, 1984). Applicat ion of the  Giggenbach 
geotherrnometer t o  the  Klawasi group g ives  reasonable  t o  good 
correspondence w i t h  chalcedony and Na/K geothermometers. 
The K/Hg temperatures  f o r  t he  Tolsona mud volcano waters a r e  
g e n e r a l l y  s i m i l a r  t o  the  Ma-K-Ca and Hg/Li temperatures b u t  
a r e  higher  than the  corresponding Na/K and qua r t z  
temperatures.  

Ma/Li: Kharaka and Mariner (Mariner,  pers.  comm., USGS, 
1985) r e c e n t l y  der ived a Mg-Li geothermometer based on an 
empir ica l  r e l a t i o n s h i p  between JHg/Li and temperature,  using 
d a t a  s p e c i f i c a l l y  r e s t r i c t e d  t o  sedimentary-type 
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e n v i r o n m e n t s .  A p p l i c a t i o n  of t h i s  geothermometer t o  t h e  
Copper  R i v e r  B a s i n  mud v o l c a n o e s  g i v e s  g i v e s  r e a s o n a b l e  t o  
good c o r r e s p o n d e n c e  w i t h  o the r  geothermometers f o r  t h e  
Klawasi g r o u p  and  f o r  t h e  To l sona  mud v o l c a n o e s  b u t  p r o v i d e s  
s i g n i f i c a n t l y  h igher  t e m p e r a t u r e  e s t ima tes  f o r  t h e  Copper 
C e n t e r  and Nickel Creek s p r i n g s .  

- W: The s u l f a t e - w a t e r  oxygen i s o t o p e  
geothermometer ha8 found  i n c r e a s i n g  a c c e p t a n c e  a s  a r e l i a b l e  
i n d i c a t o r  of deep  geothermal r e s e r v o i r  t e m p e r a t u r e s .  A 
summary of prev ious  e x p e r i m e n t a l  work l e a d i n g  t o  t h e  
deve lopmen t  of t h i s  geothermometer and d e t a i l e d  e x p l a n a t i o n  
of i t s  a p p l i c a t i o n  c a n  be found  i n  HcKenzie and T r u e s d e l l  
( 1977) .  The e q u a t i o n  for t h e  e q u i l i b r i u m  f r a c t i o n a t i o n  
be tween d i s s o l v e d  s u l f a t e  and water suggested by  HcKenzie 
and  T r u e s d e l l  is: 

jjl'o so 

IO00 I n  a = 2.88 ( 1 0 6 / T 2 )  - 4 . 1  

where 

and  T is i n  OK. 

E x p e r i m e n t a l  s t u d i e s  by Ch iba  and  Sakai ( 1 9 8 5 )  on  t h e  
f r a c t i o n a t i o n  of " 0  between H20 ,and  SO4 showed t h e  
e q u i l i b r a t i o n  time t o  be  s t r o n g l y  d e p e n d e n t  on  b o t h  pH and  
t e m p e r a t u r e .  F o r  n e a r  n e u t r a l  waters a t  2 5 0  t o  3OO0C, t h e  
e q u i l i b r a t i o n  h a l f  t ime  i s  on  t h e  order  of a few days  t o  
s e v e r a l  weeks. I n  c o n t r a s t ,  t h e  e x t r o p o l a t e d  h a l f  t ime  of 
t h i s  r e a c t i o n  t o  o c e a n i c  t e m p e r a t u r e  and  pH c o n d i t i o n s  i s  
a b o u t  I O 9  y e a r s .  U n l e s s  t h e  r e s e r v o i r  waters a r e  e x t r e m e l y  
acidic ( p H  s 3. 51,  t h e  e q u i l i b r a t i o n  h a l f  t i m e  f o r  
t e m p e r a t u r e s  of IO0 t o  1 2 5 O C  a r e  on t h e  order  of s e v e r a l  
hundred  t o  t h o u s a n d s  of y e a r s .  The a d v a n t a g e s  of u s i n g  t h e  
6 ' 8 0 ,  so4 - H20 geo the rmomete r  f o r  h y d r o t h e r m a l  systems a r e  
r e a d i l y  a p p a r e n t  for once  e q u i l i b r i u m  i s  a t t a i n e d  a t  h i g h  
temperature ,  l i t t l e  r e - e q u i l i b r a t i o n  i s  l i k e l y  t o  o c c u r  
d u r i n g  movement of t h e  water t o  t h e  s u r f a c e .  

U n f o r t u n a t e l y ,  i n t e r p r e t a t i o n  of t h i s  geothermometer becomes 
c l o u d e d  when t h e  waters of i n t e r e s t  a re  l i k e l y  t o  have  a 
seawater component o r  c o n t a i n  c o n s t i t u e n t s  of seawater 
o r i g i n .  I n  s u c h  cases,  i t  becomes u n c l e a r  w h e t h e r  t h e  
c a l c u l a t e d  f r a c t i o n a t i o n  t e m p e r a t u r e s  r e f l e c t  r e l i c t  
seawater c o m p o s i t i o n s  or r e - e q u i l i b r a t i o n  i n  a h i g h  
t e m p e r a t u r e  r e s e r v o i r .  I n  f ac t ,  u s i n g  t h e  a v e r a g e  s e a w a t e r  
c o m p o s i t i o n  f o r  6 " O  i n  H20 and S04,  t h e  Qeothermometer  
g i v e s  a seawater t e m p e r a t u r e  es t imate  of a b o u t  2 0 0 O C .  

Two water samples c o l l e c t e d  from Klawasi s p r i n g s ,  one from 
Lower Klawasi i n  1981,  t h e  o t h e r  from Upper Klawasi i n  1982,  
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were analyzed f o r  6""O composition of t he  s u l f a t e  spec ies .  
The r e s u l t s  of t h e  ana lyses  and the  c a l c u l a t i o n  of the  
corresponding geothermometer temperatures a r e  given i n  t a b l e  
7. The temperature e s t ima tes  a r e  s u b s t a n t i a l l y  above most 
of t h e  the  o t h e r  geothermometer temperatures,  p a r t i c u l a r l y  
a t  Upper Klawasi, i n d i c a t i n g  t h a t  e i t h e r  t h e  i s o t o p i c  
compositions were f i x e d  i n  a much h o t t e r  p a r t  of t he  
r e s e r v o i r ,  or more probably r e f l e c t  t he  in f luence  of marine 
s u l f a t e s .  The s u l f a t e  concent ra t ions  i n  t h e  Klawasi waters 
a r e  s u b s t a n t i a l l y  above those  i n  t he  Tolsona waters which 
sugges ts  t h a t  some s u l f a t e s  having a marine o r i g i n  a r e  being 
d isso lved  dur ing  hydrolyses r e a c t i o n s  a t  Klawasi. Reported 
values  of 6 ' " O  i n  marine s u l f a t e s  range from t 7 . 2  t o  t 9 . 8  
w i t h  t h e  ma jo r i ty  of the  samples near t h a t  of seawater 
s u l f a t e  of + 9 . 5  ( L o n g i n e l l i  and Craig, 19671.  The 6 " O  
compositions of t he  Klawasi water s u l f a t e  s p e c i e s  bracket 
the  seawater value. 

An a l t e r n a t e  p o t e n t i a l  source of the  s u l f a t e s  i n  t he  Klawasi 
waters a r e  s u l f e r  gases t h a t  may accompany the  C 0 2  gas and 
r e a c t  w i t h  t he  r e s e r v o i r  waters. A f u r t h e r  complication i s  
t h a t  i f  t h e  apparent s h i f t  i n  6 " O  of Klawasi waters w i t h  
r e spec t  t o  Tolsona waters occurred a f t e r  t he  H z O - S O 4  i so tope  
f r a c t i o n a t i o n  had been a l r eady  e s t ab l i shed ,  t h e  
geothermometer would give e r roneous ly  high temperatures.  

r v  of Geothermomtry: We d i s r ega rd  t h e  high 
temperatures  given by  the  Na-K-Ca geothermometers for t h e  
Klawasi waters because of the  probable d i sequ i l ib r ium 
d e p l e t i o n  of Cat+ ions  through c a l c i t e  p r e c i p i t a t i o n .  We 
a l s o  d iscount  t he  high temperatures  given b y  the  Na/Li 
geothermometer of F o u l l i c  and Michard because of evidence 
from o t h e r  hydrothermal systems t h a t  t h i s  geothermometer 
g ives  disconcordant  high temperature es t imates .  
I n t e r p r e t a t i o n  of the  su l f a t e -wa te r  oxygen i so tope  
geothermometer remains problematic because of u n c e r t a i n t i e s  
r ega rd ing  the  source of t h e  s u l f a t e s  and the  p r o b a b i l i t y  
t h a t  some of t he  formation water and i o n i c  s p e c i e s  have a 
seawater  o r i g i n ,  We a l s o  note t h a t  r e s e r v o i r  temperatures  
exceeding 2 O O O C  seem i n c o n s i s t e n t  w i t h  t h e  r e l a t i v e l y  high 
r a t e  of d i scharge  ( I 1 0  lpml and r e l a t i v e l y  low temperature 
of t he  mineral  s p r i n g s  ( 2 0 ° )  

Based on t h e  concordance of t he  remaining geothermometers a s  
given i n  t a b l e  6 we es t ima te  t h e  Klawasi r e s e r v o i r  
temperatures t o  be i n  t he  range of 100 t o  12S°C,  and the  
r e s e r v o i r  temperatures  a t  Tolsona t o  be s i m i l a r  t o  bottom 
hole temperature measurements i n  nearby wells,  5 0  t o  6 O O C .  
Despite t he  u n c e r t a i n t i e s  i n  e s t i m a t i n g  r e s e r v o i r  
temperatures,  i t  appears c l e a r  t h a t  r e s e r v o i r s  underlying 
Klawasi a r e  s u b s t a n t i a l l y  warmer than those a t  Tolsona. 



DEPTH OF I N T R U S I O N  

Wescott and  T u r n e r ( 1 9 8 5 )  r e p o r t e d  a g r a v i t y  h i g h  i n  t h e  
r e g i o n  be tween Lower and Upper Klawasi mud v o l c a n o e s .  
G r a v i t y  m o d e l l i n g  showed t h e  anomaly t o  be c o n s i s t e n t  w i t h  a 
small ,  r e l a t i v e l y  s h a l l o w  ( 9 0 0  t o  1500 m deep)  p l u g  or  d i k e -  
l i k e  i n t r u s i v e .  However, Wescott ( p e r s .  c o m m . ,  1986)  
r epor t ed  t h a t  t h e  a v a i l i b l e  g r a v i t y  d a t a  a re  i n s u f f i c i e n t  t o  
f u l l y  c o n s t r a i n t  t h e  d e p t h  of t h e  modelled i n t r u s i v e  and 
t h a t ,  i n  f a c t ,  based on  p r o p r i e t a r y  g r a v i t y  d a t a  from Amoco, 
t h e  anomoly may a c t u a l l y  have a grea te r  wid th ,  which would 
place t h e  i n t r u s i v e  d e e p e r .  A d e e p e r  l e v e l  f o r  t h e  p roposed  
i n t r u s i v e  would be more c o n s i s t e n t  w i t h  t h e  es t imated 
f o r m a t i o n  water r e s e r v o i r  t e m p e r a t u r e s  and  t h e  low s u r f a c e  
s p r i n g  t e m p e r a t u r e s .  
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The r e l a t i v e l y  low r e s e r v o i r  t e m p e r a t u r e  would a l s o  i n d i c a t e  
t h a t  l i t t l e  or no h y d r o t h e r m a l  c o n v e c t i o n  i s  o c c u r r i n g  
be tween t h e  u n d e r l y i n g  i n t r u s i v e  and t h e  s a l i n e  f o r m a t i o n  
waters  i n  t h e  o v e r p r e s s u r e d  zone. The p r e s s u r e  of C 0 2  gas 
e s c a p i n g  from t h e  i n t r u s i v e  and  zone  of c o n t a c t  
d e c a r b o n a t i o n  may be h i g h  enough t o  p r e v e n t  t h e  o v e r l y i n g  
water from e n t e r i n g  t h e  f r a c t u r e  sys tem.  A l t e r n a t i v e l y ,  t h e  
i n t r u s i v e  may be t o o  young for a n y  a p p r e c i a b l e  c o n v e c t i o n  t o  
have  become e s t a b l i s h e d  as yet .  

D e p t h  t o  basement  rocks u n d e r l y i n g  t h e  Klawasi $roup i s  n o t  
known b u t  i f  we e x t r a p o l a t e  from Ahtna-Amoco ? A  i t  i s  l i k e l y  
t o  be on  t h e  order  of 1700 m. T h i s  c o n s i s t e n t  w i t h  g r a v i t y  
models d e r i v e d  by Wescott and T u r n e r ( l 9 8 5 )  and  w i t h  E h m ' s  
( 1 9 8 3 )  O i l  and  Gas b a s i n s  map of Alaska. If t h e  C h i t i s t o n e  
l i m e s t o n e  i s  t h e  s o u r c e  of c o n t a c t  metamorphic  C 0 2  ( a n d  t h e  
Nikola i  G r e e n s t o n e  t h e  s o u r c e  of As) t h e n  d e p t h  of i n t r u s i v e  
would be on t h e  order of 2 . 5  t o  3 . 0  km. The Taral fault 
c o u l d  be a c t i n g  as a zone  of weakness  for t h e  i n t r u s i o n  and  
c o u l d  a l s o  be t h e  avenue  of a s c e n t  for magmatic and  c o n t a c t  
metamorphic  C 0 2  gases. 

SOURCE OF METHANE 

The 613C c o m p o s i t i o n s  of t h e  Copper R i v e r  B a s i n  methanes  
h e l p  c o n s t r a i n  t h e i r  p o s s i b l e  o r i g i n s  ( t a b l e  3; f i g .  7 2 ) .  
The c a r b o n  i s o t o p i c  c o m p o s i t i o n s  of n a t u r a l  gas methanes  
s p a n  a broad r a n g e  of v a l u e s  ( - 7 6  t o  -27 p e r  m i l ;  De ines ,  
1 9 8 0 ) .  Based o n  s i m i l a r i t i e s  i n  613C c o m p o s i t i o n s ,  n a t u r a l  
gas me thanes  w i t h  l i g h t  i s o t o p i c  c o m p o s i t i o n s  ( - 7 0  t o  -60 
p e r  m i l )  a r e  t h o u g h t  t o  be t h e  p r o d u c t  of b a c t e r i a l  
processes i n  r e c e n t  s e d i m e n t s  w h i l e  i s o t o p i c a l l y  heavy  
me thanes  ( t  -25  per  m i l )  a r e  t h o u g h t  t o  have  been  g e n e r a t e d  
d u r i n g  c o a l i f i c a t i o n  p r o c e s s e s .  
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Although methanes  assoc ia ted  w i t h  p e t r o l e u m  s p a n  a broad 
r a n g e  of v a l u e s ,  t h e  methanes  from t h e  m a j o r i t y  of o i l  
f i e l d s  have  613C of less t h a n  -35  p e r  m i l ,  s u g g e s t i n g  t h a t  
me thanes  w i t h  i n t e r m e d i a t e  i s o t o p i c  c o m p o s i t i o n  might b e  
r e l a t e d  t o  p e t r o l e u m  m a t u r a t i o n  processes ( D e i n e s ,  1 9 8 1 ) .  
A t  t h e  Cook I n l e t  o i l  and gas f i e l d s ,  t h e  c l o s e s t  p r o d u c i n g  
p e t r o l e u m  p r o v i n c e  t o  t h e  Copper R i v e r  Bas in ,  6'3C f o r  
methane r a n g e s  from - 6 2  t o  -44 p e r  m i l  w i t h  t h e  m a j o r i t y  of 
t h e  samples  f a l l i n g  be tween -60  t o  -58  per  m i l  ( C l a y p o o l  and 
o the r s ,  19801.  The Cook I n l e t  o i l  and a s soc ia t ed  gas a re  
t h o u g h t  t o  have  migrated from H i d d l e  J u r a s s i c  Tuxedni  G r o u p  
s e d i m e n t a r y  rocks i n t o  o v e r l y i n g  T e r t i a r y  r e s e r v o i r  rocks  
(Hagoon and  Claypool ,  19771.  The Tuxedni Group a l s o  
U n d e r l i e s  t h e  w e s t e r n  pa r t  of t h e  Copper R i v e r  Bas in ,  so 
would be t h e  l i k e l y  s o u r c e  of a n y  p e t r o l e u m  a s s o c i a t e d  
methanes  i n  t h e  b a s i n .  

The 6°C c o m p o s i t i o n s  of t h e  mud v o l c a n o  methanes  r a n g e  from 
- 3 3 . 4  a t  T o l s o n a  I t o  - 1 7 . 9  per  m i l  a t  Lower Klawasi. The 
methanes  from t h e  T a z l i n a  m i n e r a l  s p r i n g  and  t h e  Copper 
R i v e r  s eep  a r e  c o n s i d e r a b l y  l i g h t e r  a t  - 4 3 . 6  and - 7 6 . 7 .  Ne 
agree w i t h  Reitsima ( 1 9 7 9 1  t h a t  - t h e  most l i k e l y  s o u r c e  f o r  
t h e  T o l s o n a  and  most i f  n o t  a l l  of t h e  Klawasi methane a r e  
coa l  and  l i g n i t e  beds  i n  t h e  mid and lower C r e t a c e o u s  
f o r m a t i o n s  u n d e r l y i n g  t h e  b a s i n .  The r a n g e  of 613C 
c o m p o s i t i o n s  of l i g n i t e  and coal  i s  - 2 1  t o  -28  p e r  m i l  
( D e i n e s ,  19801.  Rei ts ima ( 1 9 7 9 1  r e p o r t e d  a 6°C v a l u e  of 
- 2 1 . 4  p e r  m i l  f o r  a n  o u t c r o p  sample of Lower C r e t a c e o u s  
N e l c h i n a  F o r m a t i o n  coa l  from t h e  west s i d e  of Copper R i v e r  
Bas in .  The N e l c h i n a  F o r m a t i o n  u n d e r l i e s  t h e  T o l s o n a  mud 
v o l c a n o e s .  Hid-Cretaceous o u t c r o p s  on  t h e  f l a n k s  of H t .  
Drum, eas t  of t h e  Klawasi g roup ,  were r e p o r t e d  t o  c o n t a i n  
l i g n i t e  and  f o s s i l  wood f r a g m a n t s  ( R i c h t e r  and o t h e r s ,  
1 9 7 9 ) .  Fragmen t s  of coa l  and l i g n i t e  were a l s o  r epor t ed  i n  
d r i l l  c u t t i n g s  from t h e  Upper Cre t aceous  Ha tanuska  F o r m a t i o n  
i n t e r s e c t e d  by w e l l s  i n ' t h e  c e n t r a l  p a r t  of t h e  b a s i n .  Thus 
ample s u p p l i e s  of coal  and  l i g n i t e  appea'r  t o  p r e s e n t  i n  t h e  
b a s i n  t o  a c c o u n t  f o r  t h e  g e n e r a t i o n  of methane. 

E x p e r i m e n t a l  r e s u l t s  i n d i c a t e  t h e  COZ gas produced  d u r i n g  
t h e  c o a l i f i c a t i o n  process  has  a 613C c o m p o s i t i o n  s i m i l a r  t o  
t h e  o r i g i n a l  ma te r i a l  whereas t h e  co -p roduced  CHI i s  
i s o t o p i c a l l y  l i g h t e r  by s e v e r a l  p e r  m i l  ( D e i n e s ,  1 9 8 0 ) .  
With i n c r e a s i n g  r e a c t i o n  t ime t h e  613C of t h e  CH4 a p p r o a c h e s  
t h a t  of t h e  o r i g i n a t i n g  coal.  

The 613C v a l u e s  of t h e  T o l s o n a  and  Klawasi g r o u p  methanes  
t h u s  a p p e a r  c o n s i s t e n t  w i t h  methanes  p roduced  d u r i n g  
c o a l i f i c a t i o n  processes. Methane from t h e  Copper R i v e r  s e e p  
a p p e a r s  more c o n s i s t e n t  m i c r o b i a l  o r i g i n s  w h i l e  methane from 
t h e  T a z l i n a  m i n e r a l  s p r i n g  c o u l d  be a m i x t u r e  of 
c o a l i f i c a t i o n  g e n e r a t e d  methane w i t h  mic rob ia l  methane. 
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The 613C of CHI from t h e  Lower Klawasi v e n t s  i s  p a r t i c u l a r l y  
heavy  ( - 1 8  per  m i l ) ,  which s u g g e s t s  t h e  p o s s i b i l i t y  of a 
m a n t l e  component i n  t h e  Klawasi methane. Helhan  ( 1 9 8 1 )  
r e p o r t e d  v a l u e s  r a n g i n g  from -15  t o  -20  p e r  m i l  f o r  613C i n  
me thanes  t h o u g h t  t o  be d e r i v e d  from t h e  m a n t l e  from 
l o c a t i o n s  o n  t h e  East  P a c i f i c  Rise  and i n  Ye l lows tone  
N a t i o n a l  Park .  The p r o p o r t i o n  of m a n t l e  methane i n  t h e  
Lower Klawasi gases c o u l d  be s u b s t a n t i a l  g i v e n  t h e  -22  t o  
-30 per  m i l  v a l u e  of t h e  methane a t  t h e  o t h e r  mud v o l c a n o e s .  

F r a c t i o n a t i o n  of t h e  "C i s o t o p e  be tween C 0 2  and CH4 h a s  
b e e n  s u g g e s t e d  as a geothermometer based  on  t h e  a s s u m p t i o n  
t h e  gases a c h i e v e  i s o t o p i c  e q u i l i b r i u m  ( C r a i g ,  1953; 
B o t t i n g a ,  1 9 6 9 ) .  However, a p p l i c a t i o n  of t h i s  
geothermometer i s  q u e s t i o n a b l e ,  p a r t i c u l a r l y  f o r  
temperatures  below 4OO0C, where e x p e r i m e n t a l  and t h e o r e t i c a l  
i n v e s t i g a t i o n s  i n d i c a t e  1 3 C  e q u i l i b r a t i o n  r e q u i r e s  r e s i d e n c e  
t i m e s  on  t h e  order  of t e n s  of t h o u s a n d s  of years  ( S a c k e t t  
and  Chung, 1979; Giggenbach,  7 9 8 2 ) .  If a major p o r t i o n  of 
t h e  methane a t  Lower Klawasi i s  magmatc i n  o r i g i n  and  
i s o t o p i c  e q u i l i b r i u m  was achieved be tween t h e  magmatic C02 
and  C H 4 ,  and  t h e  C 0 2  g e n e r a t e d  from c o n t a c t  metamorphism, 
t h e  d i f f e r e n c e  i n  v a l u e s  of 6I3C be tween CO2 and CHI 
i n d i c a t e s  f r a c t i o n a t i o n  e q u i l i b r i u m  t e m p e r a t u r e  was g r e a t e r  
t h a n  5 0 0 O C .  

NOBLE A N D  OTHER GASES 

The gases e m a n a t i n g  from b o t h  t h e  Klawasi and t h e  T o l s o n a  
mud v o l c a n o e s  c o n t a i n  s i g n i f i c a n t  amounts  of N 2  and,  e x c e p t  
a t  Upper  Klawasi, h e l i u m  i s  a l s o  p r e s e n t  i n  amounts  f a r  i n  
e x c e s s  of what c a n  be a t t r i b u t e d  a t m o s p h e r i c  s o u r c e s .  High 
c o n c e n t r a t i o n s  of b o t h  h e l i u m  and n i t r o g e n  a r e  o f t e n  f o u n d  
in a s s o c i a t i o n  w i t h  n a t u r a l  gas o c c u r r e n c e s  and  i t  i s  
commonly presumed t h e s e  g a s e s  have  migrated upward from 
u n d e r l y i n g  rocks i n t o  n a t u r a l  gas r e s e r v o i r s .  T h r e e  main 
s o u r c e s  have  been  p r o p o s e d  f o r  n i t r o g e n :  a t m o s p h e r i c  
n i t r o g e n ,  r e l e a s e  from o r g a n i c  compounds i n c o r p o r a t e d  i n  t h e  
s e d i m e n t s  d u e  t o  b a c t e r i a l  a c t i v i t y ,  r e l e a s e  from deep-  
s ea t ed  magmatic processes ( D e i n e s ,  1 9 8 0 ) .  The N 2 / A r  r a t i o  
a t  Upper Klawasi i s  s imi la r  t o  t h a t  i n  a i r - s a t u r a t e d  water 
(=381  i n d i c a t i n g  a n  a t m o s p h e r i c  o r i g i n  f o r  t h e s e  g a s e s .  The 
N t / A r  r a t i o  a t  t h e  r e m a i n i n g  v e n t s  i s  much g r e a t e r  t h a n  i n  
e i t h e r  a i r - s a t u r a t e d  water or  a t m o s p h e r i c  a i r  ( = 8 2 ) ,  
i n d i c a t i n g  s o u r c e s  o t h e r  t h a n  a t m o s p h e r i c  a r e  c o h t r i b u t i n g  
n i t r o g e n  a t  t h e s e  l o c a t i o n s .  

P e r e i r a  and  Adams ( 1 9 8 2 )  c o n s i d e r e d  t h a t  most h e l i u m  
c o n c e n t r a t i o n s  i n  n a t u r a l  gas occurrences c o u l d  be e x p l a i n e d  

R a d i o g e n i c  'He from decay of uran ium and t h o r i u m  is  a 

R i v e r  B a s i n  b u t  t h e  5 H e / 4 H e  r a t i o s  i n d i c a t e  t h e  m a n t l e  m u s t  

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

, p r o b a b l e  s o u r c e  f o r  some of t h e  e x c e s s  h e l i u m  a t  t h e  Copper I 

I 

I 
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a l s o  be a s o u r c e  f o r  some of t h e  hel ium. S imi l a r  
c o n c l u s i o n s  were o b t a i n e d  by  Urabe and o t h e r s  ( 3 9 8 5 )  i n  
t h e i r  s t u d y  of n o b l e  gases a s s s o c i a t e d  w i t h  n a t u r a l  gases i n  
t h e  fo rea rc  b a s i n s  of Japan .  They a l s o  sugges ted  t h a t  some 
of t h e  e x c e s s  n i t r o g e n  f o u n d  i n  J a p a n e s e  fo rea rc  n a t u r a l  
gases may have  a m a n t l e  o r i g i n  and  may a l s o  have  been  

- d e r i v e d  from s e d i m e n t s  a s soc ia t ed  w i t h  t h e  s u b d u c t e d  s l a b  
u n d e r l y i n g  t h e  arc .  

The lower c o n c e n t r a t i o n s  of H e ,  C H I ,  and N 2  a t  Upper Klawasi 
compared t o  t h e  o t h e r  Copper River B a s i n  v e n t s  may d u e  t o  
t h e  l a c k  of a s u i t a b l e  n a t u r a l  gas t r a p  u n d e r l y i n g  t h i s  
l o c a t i o n .  Upper Klawasi l i e s  a t  t h e  e a s t e r n  edge of t h e  
b a s i n  and  t h e  s e d i m e n t a r y  f o r m a t i o n s  u n d e r l y i n g  t h i s  mud 
v o l c a n o  a r e  p r o b a b l y  much t h i n n e r  t h a n  a t  t h e  o t h e r  s i t e s .  

Trace amounts  of H2 gas were d e t e c t e d  i n  s e v e r a l  of t h e  
samples.  The H2 gas may have o r i g i n a t e d  from r e a c t i o n s  
i n v o l v i n g  o x i d a t i b n  of CHI s u c h  as, 

or from t h e  breakdown of ammonia, 

The minor  amount of H 2 S  gas r e p o r t e d  i n  t a b l e  2 f o r  Lower 
Klawasi s p r i n g ,  6-16-82, i s  s u s p e c t  b e c a u s e  no o t h e r  gas 
sample c o n t a i n e d  e v e n  t r a c e  amounts  of H z S .  I t  i s  p o s s i b l e  
some s p r i n g  water may have  been  s u c k e d  up i n t o  t h e  sodium 
h y d r o x i d e  charged f l a s k  used  f o r  c o l l e c t i o n .  The s u l f a t e  i n  
t h e  c o n t a m i n a t i n g  water would cause a n  e r r o n e o u s  i n d i c a t i o n  
of s u l f u r  gas d u r i n g  a n a l y s i s  of t h e  sodium h y d r o x i d e  
s u p e r n a t e .  

SUMMARY AND C O N C L U S I O N S  

. We b e l i e v e  t h e  r e s u l t s  of o u r  s t u d y  s t r o n g l y  i n d i c a t e  a 
r e c e n t l y  emplaced i g n e o u s  i n t r u s i o n  is c a u s i n g  deep-seated 
metamorphic d e c a r b o n a t i o n  of l i m e s t o n e  beds  b e n e a t h  t h e  
Klawasi g r o u p  of mud v o l c a n o e s .  Cop ius  amounts  of C 0 2  gas 
from t h e  i n t r u s i v e  and  from c o n t a c t  metamorphic  r e a c t i o n s  
f low upward u n d e r  p r e s s u r e  i n t o  o v e r l y i n g  J u r a s s i c  and 
C r e t a c e o u s  m a r i n e  s a n d s t o n e s  and s h a l e s  where t h e  gases  
i n t e r a c t  w i t h  T o l s o n a - t y p e  f o r m a t i o n  waters. Forma t ion  of 
c a r b o n i c  a c i d  r e s u l t s  i n  h y d r o l y s i s  and  ac id  d e c o m p o s i t i o n  
of c lays  and  o t h e r  s i l i c a t e s  and  a l u m i n o s i l i c a t e s  c a u s i n g  a n  
i n c r e a s e  i n  d i s s o l v e d  a l k a l i  m e t a l s  and  s i l i c a .  C o n t i n u e d  
i n t e r a c t i o n  b u f f e r s  t h e  waters t o  n e u t r a l  pH, t h e  waters 
q u i c k l y  become s a t u r a t e d  w i t h  r e spec t  t o  C a C 0 3 ,  r e s u l t i n g  i n  
p r e c i p i t a t i o n  of c a l c i t e  and c o n s e q u e n t  d e p l e t i o n  of c a l c i u m  
i n  t h e  waters. The r e s u l t i n g  waters e m a n a t i n g  a t  t h e  

I 
I 
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s u r f a c e  of t h e  Klawasi mud v o l c a n o e s  a r e  r i c h  i n  a l k a l i  
metals,  b i c a r b o n a t e ,  C 0 2  gas, and  d e p l e t e d  i n  C a .  

O u r  p r i m a r y  e v i d e n c e  f o r  t h e  e x i s t e n c e  of t h e  i n t r u s i v e  and 
c o n t a c t - m e t a m o r p h i c  d e c a r b o n a t i o n  process is: I) t h e  h i g h  
he l ium-3 /4  r a t i o s  o b t a i n e d  f o r  t h e  Klawasi gases which 
r e f l e c t  a s t r o n g  magmatic i n f l u e n c e  on  t h e  Klawasi system; 
2)  t h e  r a t e  of C 0 2  p r o d u c t i o n  which a p p e a r s  c o n s i s t e n t  o n l y  
w i t h  a magmatic or magmat i c -con tac t  metamorphic s o u r c e ;  3)  
t h e  ca rbon-13 /12  s i g n a t u r e s  wh ich  p o i n t  t o  a l i m e s t o n e  
d e c a r b o n a t i o n  process  as t h e  s o u r c e  of much of t h e  c a r b o n  
d i o x i d e  gas; and 4 )  t h e  e x t r e m e l y  e l e v a t e d  c o n c e n t r a t i o n s  of 
a r s e n i c  f o u n d  i n  t h e  Klawasi b r i n e s  ( 4 3  ppm vs < 0 . 0 1  ppm i n  
T o l s o n a  b r i n e s ) .  

The f o r m a t i o n  waters t h e m s e l v e s  p r o b a b l y  o r i g i n a t e d  as 
c o n n a t e  seawater e n t r a p p e d  i n  C r e t a c e o u s  and  p e r h a p s  
Ju ra s s i c  marine s e d i m e n t s  t h a t  was s u b s e q u e n t l y  d i l u t e d  w i t h  
meteoric d u r i n g  a Late  J u r a s s i c  o r  mid -Cre taceous  p e r i o d  of 
r e g i o n a l  u p l i f t .  The p r e s e n t  T o l s o n a - t y p e  chemis t ry  c o u l d  
have  been  p roduced  t h r o u g h  m i x i n g  and d i l u t i o n  of t h e  
e n t r a p p e d  seawaters  w i t h  p a l e o - m e t e o r i c  waters, f u r t h e r  
mod i f i ed  by  shale-membrane f i l t r a t i o n ,  d o l o m i t i z a t i o n ,  
h y d r o l y s i s  of c a r b o n a t e s ,  c l a y - f o r m i n g  p r o c e s s e s ,  and rock 
l e a c h i n g .  The i s o t o p i c  c o m p o s i t i o n s  c o u l d  have been  
p roduced  by s imple  d i l u t i o n  w i t h  paleo-meteoric w a t e r s  
fo l lowed  by a p o s i t i v e  s h i f t  i n  * * O  t h r o u g h  i s o t o p i c  
exchange  w i t h  mar ine  c a r b o n a t e s  and o t h e r  s e d i m e n t s .  
E n r i c h m e n t s  i n  h e a v i e r  i so topes  may a l s o  have b e e n  c a u s e d  b y  
u l t r a f i l t r a t i o n  f r a c t i o n a t i o n .  D i f f e r e n c e s  i n  i s o t o p i c  
c o m p o s i t i o n s  be tween Klawasi and  T o l s o n a - t y p e  waters c a n  be 
p a r t i a l l y  a t t r i b u t e d  t o  m i n e r a l - w a t e r  i s o t o p e  exchange  
processes and  pe rhaps  a l s o  t o  m i x i n g  w i t h  a magmatic o r  
metamorphic  water component.  

The s a l i n e  s p r i n g  waters a p p e a r  t o  be d e r i v e d  f r o m  a n  
o v e r p r e s s u r e d  zone  i n  Lower C r e t a c e o u s  d e p o s i t s .  The 
a c c u m u l a t i o n  of Q u a t e r n a r y ,  T e r t i a r y  and  Upper C r e t a c e o u s  
s e d i m e n t s  i n  t h e  c e n t r a l  p a r t  of t h e  b a s i n ,  which r a n g e s  
from 7 5 0 0  t o  2000 m i n  t h i c k n e s s ,  is p r o b a b l y  t h e  primary 
mechanism g e n e r a t i n g  t h e  o v e r p r e s s u r i n g .  L a t e r a l  t e c t o n i c  
c o m p r e s s i o n  i s  l i k e l y  t o  be a n o t h e r  c o n t r i b u t i n g  f a c t o r  t o  
o v e r p r e s s u r i n g  i n  t h e  Copper R i v e r  B a s i n  as t h e  b a s i n  l i e s  
i n  a r e g i o n  which f o r  t h e  p a s t  s e v e r a l  m i l l i o n  years  h a s  
been  u n d e r g o i n g  c r u s t a l  f o r s h o r t e n i n g  due  t o  t h e  compressive 
t e c t o n i c  stresses b e i n g  e x e r t e d  by  t h e  mot ion  and s u b d u c t i o n  
of t h e  N o r t h  P a c i f i c  P l a t e  b e n e a t h  t h e  N o r t h  American P l a t e .  
The thermal  e x p a n s i o n  of water and  C 0 2  gas p re s su res  may be 
i m p o r t a n t  processes  c o n t r i b u t i n g  t o  o v e r p r e s s u r i n g  a t  
Klawasi. These  a d d i t i o n a l  o v e r p r e s s u r i n g  mechanisms c o u l d  
i n t e n s i f y  membrane f i l t r a t i o n  and  c o u l d  a l s o  e x p l a i n  t h e  
much g r e a t e r  r a t e  of water d i scharge  and l a r g e r  mud v o l c a n o  
e d i f i c e s  a t  Klawasi compared t o  To l sona .  



47 

If we assume the  source carbonate  rock has a 613C of = t2. 5, 
then t h e  contact-metamorphic C 0 2  being generated under 
Klawasi would have a 613C of + 2 . 5  t o  + 5 . 0  depending on the  
degree of f r a c t i o n a t i o n  w i t h  t he  r e s i d u a l  carbonate  rock. 
If  we f u r t h e r  assume t h a t  t h e  magmatic C 0 2  has a 613C of 
-6.5 and t h a t  t h e  mixed C 0 2  e n t e r i n g  the  formation water 
r e s e r v o i r  has a 6I3C of -2.0, t he  propor t ion  of metamorphic 
t o  magmatic C 0 2  would be on the  order  of 40 t o  5 0  per cent.  

We agree w i t h  Reitsima ( 1 9 7 9 )  t h a t  the  most l i k e l y  source 
f o r  t he  Tolsona and most, i f  not a l l ,  of t he  Klawasi methane 
a r e  coa l  and l i g n i t e  beds i n  t he  mid and lower Cretaceous 
formations underlying the  basin.  However, t he  613C of CH4 
from the  Lower Rlawasi vents  i s  p a r t i c u l a r l y  heavy ( - 1 8  per 
m i l ) ,  which sugges ts  t h e  p o s s i b i l i t y  of a mantle component 
i n  t he  Klawasi methane. 

The gases  emanating from both the  Klawasi and the  Tolsona 
mud volcanoes con ta in  s i g n i f i c a n t  amounts of N 2  and, except 
a t  Upper Klawasi, helium is  a l s o  present  i n  amounts f a r  i n  
excess  of what can be a t t r i b u t e d  atmospheric sources.  The 
3He/4He r a t i o s  i n d i c a t e  the  mantle m u s t  be a source for some 
of t he  helium. S imi l a r  conclusions were obtained by  Urabe 
and o t h e r s  ( 1 9 8 5 )  i n  t h e i r  s t u d y  of noble gases  a s s soc ia t ed  
w i t h  n a t u r a l  gases i n  t he  f o r e a r c  bas ins  of Japan. They 
a l s o  suggested t h a t  some of t he  excess n i t rogen  found i n  
Japanese f o r e a r c  n a t u r a l  gases may have a mantle o r i g i n  and 
may a l s o  have been der ived from sediments a s soc ia t ed  w i t h  
t he  subducted s l a b  underlying the  a rc .  

We discount  t h e  high temperatures given by the  Na-K-Ca 
geothermometers f o r  t he  Klawasi waters because of t h e  
probable d i sequ i l ib r ium dep le t ion  of Ca+* ions  through 
c a l c i t e  p r e c i p i t a t i o n .  Ue a l s o  discount  t he  high 
temperatures  given by t h e  N a / L i  Seothermometer of F o u l l i c  
and Hichard because of evidence from o the r  hydrothermal 
systems t h a t  t h i s  geothermometer g ives  disconcordant high 
temperature es t imates .  I n t e r p r e t a t i o n  of t he  su l f a t e -wa te r  
oxygen i so tope  geothermometer remains problematic because of 
u n c e r t a i n t i e s  regard ing  the  source of t h e  s u l f a t e s  and t h e  
p r o b a b i l i t y  t h a t  some of t h e  formation water and i o n i c  
s p e c i e s  have a seawater o r i g i n .  

Based on t h e  concordance of t he  remaining geothermometers we 
e s t ima te  the  Klawasi r e s e r v o i r  temperatures  t o  be i n  t he  
range of 100 t o  125OC, and the  r e s e r v o i r  temperatures a t  
Tolsona t o  be s i m i l a r  t o  bottom hole temperature 
measurements i n  nearby wel ls ,  50  t o  6 O O C .  Despite t he  
u n c e r t a i n t i e s  i n  e s t ima t ing  r e s e r v o i r  temperatures,  i t  
appears c l e a r  t h a t  r e s e r v o i r s  underlying Klawasi a r e  
s u b s t a n t i a l l y  warmer than those a t  Tolsona. 

The r e l a t i v e l y  low r e s e r v o i r  temperatures  i n d i c a t e  the  
i n t r u s i v e  i s  deep-seated and t h a t  l i t t l e  o r  no hydrothermal 
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c o n v e c t i o n  i s  o c c u r r i n g  be tween t h e  u n d e r l y i n g  i n t r u s i v e  and 
t h e  s a l i n e  f o r m a t i o n  waters i n  t h e  o v e r p r e s s u r e d  zone.  The 
p r e s s u r e  of CO2 gas e s c a p i n g  from t h e  i n t r u s i v e  and  zone  of 
c o n t a c t  d e c a r b o n a t i o n  may be h i g h  enough t o  p r e v e n t  t h e  
o v e r l y i n g  water from e n t e r i n g  t h e  f r a c t u r e  system. 
A l t e r n a t i v e l y ,  t h e  i n t r u s i v e  may be t oo  young f o r  a n y  
a p p r e c i a b l e  c o n v e c t i o n  t o  have become e s t a b l i s h e d  a s  ye t .  

If t h e  C h i t i s t o n e  l i m e s t o n e  i s  t h e  s o u r c e  of c o n t a c t  
metamorphic COS ( a n d  t h e  Nikolai  G r e e n s t o n e  t h e  source of 
As) t h e n  d e p t h  of i n t r u s i v e  would b e  on  t h e  o rde r  of 2 . 5  t o  
3 .0  km. The Tara l  f a u l t ,  which i s  t h o u g h t  t o  be t h e  
boundary  be tween  t h e  P e n i n s u l a r  and  W r a n g e l l i a  
t e c t o n o s t r a t a g r a p h i c  t e r r a n e s ,  c o u l d  be a c t i n g  as  a zone  of 
weakness  f o r  t h e  i n t r u s i o n  and  c o u l d  a l s o  b e  t h e  avenue  of 
a s c e n t  f o r  magmatic and  c o n t a c t  metamorphic  C 0 2  gases. 
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TABLES 



T a b l e  I. Water c h e m i s t r y ,  Copper  R i v e r  B a s i n  mud v o l c a n o e s  a n d  m i n e r a l  s p r i n g s .  
U n i t s  a r e  m g / l  u n l e s s  o t h e r w i s e  n o t e d .  nd = n o t  done;  t r  = t r ace .  

Sample  
No S i t e  Name Date T,OC pH Na K C a  MS L i  S r  N H a  As cs 
- r -  ________________________________________--------- - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - -  
1 Upper  Klawas i  CL 7-19-85 I 9  7 . 0  9115 207 105 5 7 1  9 . 3  1 . 9  nd I O .  I 0. 04 
2 6-17-82 17  nd I O 8 1 0  230 5 425 8 . 8  nd I 3  nd nd 
3 8-21-81 1 3  7 . 2  10095 223 165 3'15 9 . 0  0 . 3  nd nd nd 
4 L o w e r  Klawasi CL 7-19-85 22 7 . 5  10705 280 
5 6-16-82 20 7 . 2  11235 299 84 140 6 . 0  1 . 9  1 0  4 8 . 2  nd 
6 8-22-81 20 nd 10820 275 5 0  1 4 1  6 . 2  1 . 8  nd nd nd 
7 L o w e r  Klawasi s p r  6-16-82 1 4  6 . 0  9450 240 142 252 6 . 8  4 . 0  1 4  nd nd 
8 Copper  C e n t e r  s p r  8-23-81 20  8 . 1  6300 36 3240 6 1 . 8  1 3 . 9  nd 0 . 0 0 8  nd 
9 Tolsona 2 ( A )  6-13-82 1 0  7 . 4  4375 17 1 6 3 0  4 1  0 . 7  2 4 . 7  15 t r  nd 

1 0  T o l s o n a  1 ( B )  6-13-82 2 7 . 2  4360 17 1665 36 0 . 7  nd nd nd nd 
11 N i c k e l  C r e e k  HV 6-19-82 1 0  8 . 0  2658 8 2215 I 1  1 . 2  nd 3 0 . 0 0 2  nd 
1 2  8-26-81 7 8 . 1  2560 I 1  2720 9 1 . 5  1 7 . 2  nd < O . O O l  nd 
1 3  Copper  R i v e r  S p r  6-14-82 3 6 . 7  1517 17  2150 366 0 . 6  2 2 . 1  5 < O . O O l  nd 
14 T a a l i n a  R i v e r  Spr 6-14-82 5 7 . 7  645 5 299 3 1  0 .  I 4 .  2 6 0 . 0 0 7  nd 

5 0  177 6 . 6  1 2 . 9  nd 42. 9 0. 1 4  

_ _ _  . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .  



Table 1. Cont inued 

6 ' l t C  
N o  HCOlt so4 F c1 Br I Si02 B TDS 6 ' 8 0  6D HCOJ B r / C l  _ _ _  . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .  
1 10144 479 0 . 5  10696 24 1 0 . 0  40 1 3 0  2 6 4 9 8 . 3  nd nd nd 0.  0004 

3 9268 6 4 0  0 . 1  10892 27  7 . 4  42 146 2 7 2 0 7 . 3  1 . 9  -37  nd 0. 0025 
4 8059 676 0 . 4  12343 25 1 2 . 9  112 195 2 8 7 7 4 . 4  nd nd nd 0. 0004 

8164 647 0 . 4  12000 29  6 . 3  1 3 8  174 2 8 7 9 0 . 2  2 . 5  -35 2. 7 0 . 0 0 2 4  
6 nd 660 0 . 1  12100 29 7 . 9  1 2 1  184 2 . 5  - 3 4  nd 0. 0024 
5 

7 8103 584 0 . 3  10700 26 5 . 5  85 152 2 5 6 4 9 . 6  0 . 7  -46 3 . 1  0 . 0 0 2 4  
8 8 8  6 0 . 5  14370 37 1 0 . 8  17  84 24165.4  0 .  3 - 1 8  nd 0 . 0 0 2 5  

112 1 . 2  9540 22 5 . 8  16  3 1  1 5 7 6 2 . 0  - 0 . 1  - 1 7  nd 0. 0023 - 0. 2 -18  nd 
9 5 1  

1 0  nd 42 1 . 3  9470 nd nd 1 6  3 1  - 
11 44 116 0 . 9  8570 2 1  b . 1  9 11 1 3 6 5 1 . 0  - 3 . 7  - 7 9  nd 0 . 0 0 2 5  
1 2  99 1 2 0  0 . 1  8620 2 1  6 . 3  9 1 0  1 4 1 5 3 . 4  - 2 . 3  -12  nd 0. 0024 
13  361 39 0 . 4  7070 1 9  2 . 1  4 1  5 1 1 4 0 9 . 2  - 1 5 . 9  -132 nd 0. 0027 

2 nd 5 1 0  0 . 4  IO800 28  6 . 1  6 8  138 - nd nd 1. 6 0.  0026 

I 4  3 4 1  3 0 . 3  1500 3 0 . 5  29 2 2 6 9 0 . 7  - 7 8 . 7  -150 nd 0 . 0 0 2 0  _ _ -  . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .  



T a b l e  2. Copper  R i v e r  B a s i n  a i r - c o r r e c t e d  g a s  a n a l y s e s ,  t h i s  s t u d y ,  i n  mole p e r  c e n t .  

Date 
L o c a t  i on s a m p l e d  RO2 co2 H 2  S H2 C H I  He N 2  A r  N 2  / A r  . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .  
Upper K l a w a s i  CL 7-19-85 0.005 9 8 . 8  - - 
Lower K l a w a s i  s p r  7-19-85 0 , 0 0 2  9 8 . 0  - - 
Lower Klawasi s p r  6-16-82 0 . 0 8 9  9 7 . 6  ( 0. 1 6 )  - 
Lower R l a w a s i  s p r  6-16-82 0 . 0 0 2  98. 4 - - 
Copper  C e n t e r  s p r  7-19-85 0 . 0 1 6  0 . 0 7 1  - - 
Copper  C e n t e r  s p r  8-23-81 . 0 . 0 1 2  t r  * 0. 05 
N i c k e l  C r e e k  XV 7-20-85 0 . 2 1  0 . 0 5 4  - - 
N i c k e l  C r e e k  XV 8-26-81 0 . 1 3  t r  * 0. 04 
T a z l i n a  s p r  7-20-85 0.005 0 .050  - - 
T o l s o n a  2 7-20-85 0 . 0 2 8  0 . 1 0  - - 
T o l s o n a  2 8-27-81 0. 006 t r  * t r  
T o l s o n a  1 7-20-85 0 . 0 0 8  0 . 0 9 0  - 
C o p p e r  R i v e r  s p r  7-20-85 0 . 0 8 0  2 . 0 2  - - 

Upper K l a w a s i  CL 8-21-81 0 . 1 9  98. 5 * t r  

- 

. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .  
0 . 0 4  0 . 0 0 0 1  1 . 2 7  0 . 0 3 9  3 3  
0. 1 4  0 . 0 0 0 1  I. 3 4  0. 058 23 
0 . 2 8  0 . 0 0 2 9  1 . 6 3  0 . 0 0 4  406 
0. 42 - I. 86 0. 004 424 
0. 3 1  - 1 . 5 4  - - 

49. 3 0 . 0 0 2 1  5 0 . 6  0. 15 3 4 3  
57. 4 0 . 0 0 5 6  4 2 . 4  0. 1 3  322 

5 4 . 1  ( 0 . 0 1 2 ) L  - 4 5 . 9  
60. 6 0 . 1 0  3 9 . 2  0 . 0 9 1  430 
58. 3 0 . 0 7 8  41. 6 0 . 0 9 6  4 3 3  
68. 9 0 . 0 2 3  30. 9 0. 15 208 
72. 3 0. 079 27. 6 0 .085 324 
68. 7 0. 040 29. 6 0 . 0 8 3  356 
24. 9 0. 074 73. I 0. 44 165 

0. 0 3 1  

RO2 = r a t i o  of oxygen  i n  s a m p l e  t o  oxygen  i n  a i r .  
t r  = t r a c e .  
- = be low d e t e c t i o n .  
* = r e p o r t e d  a s  CO2 + H2S. 

S u s p e c t  a n a l y s i s  b e c a u s e  of p o s s i b l e  s u l f a t e  c o n t a m i n a t i o n  f r o m  s p r i n g  w a t e r s .  
S u s p e c t  a r g o n  a n a l y s i s .  



T a b l e  3. I s o t o p i c  a n a l y s e s  i n  p e r  m i l ,  Copper R i v e r  B a s i n  g a s e s .  
A l l  c a r b o n  and  n i t r o g e n  i s o t o p i c  a n a l y s e s  pe r fo rmed  a t  G l o b a l  
G e o c h e m i s t r y  C o r p o r a t i o n  u n l e s s  o t h e r w i s e  n o t e d .  A l l  h e l i u m  
i s o t o p e  a n a l y s e s  pe r fo rmed  a t  S c r i p p s  I n s t i t u t e  of Oceanography.  

L o c a t i o n  sampled  '3C-C02' " C - C H I '  1 5 N - N 2 2  R / R a 3  

M t .  Wrange l l  7-18 -85  -6. 5 - - 6. 0 
M t  . W r ange  11 6 - 1 3 - 8 2  -6.  7 4  - - 6. 1 
Upper Klawas i  C L  7-19 -85  -4.  8 -23.  4 - 3 . 5  3. 3 
Upper Klawasi C L  8 - 2 1 - 8 1  -4 .  3 - - 2. 6 
Lower Klawas i  C L  8 - 2 2 - 8 1  - 3 . 1  - - 4 . 0  
Lower Klawas i  s p r  7-19 -85  -4 .  I -17.  9 - 4- 1 

Lower Klawas i  s p r  6 - 1 6 - 8 2  -4 .  l4 
Copper C e n t e r  s p r  7 - 1 9 - 8 5  - -28.  0 +I. 6 2 . 7  

8 - 2 3 - 8 1  - - - 2. 6 Copper  C e n t e r  s p r  
N i c k e l  C r e e k  MV 7-20 -85  - - 2 2 . 1  -0. 7 0. 75  
N i c k e l  Creek  MV 8 - 2 6 - 8 1  - - 2 2 . 9  - 0. 76  
T a z l i n a  s p r  7 - 2 0 - 8 5  - -43 .  6 -I. 8 0 . 9 5  
T o l s o n a  2 7 -20 -85  -28.  4 -I. 6 0. 96  
T o l s o n a  2 8 - 2 7 - 8 1  - -28. 8 - 1 . 0  
T o l s o n a  1 7 - 2 0 - 8 5  - - 3 3 . 4  -1.1 0. 9 7  

- * L - L Q . - X . J  €Q"Pp-F! r_RFrcr_sglr -I_- --..z....2"QzB-5--- 

Date  3He/4He 

. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .  

- - Lower Klawas i  s p r  6-16 -82  -4 .  6 4  -18.  l5 
- - - 

- 

' With r e s p e c t  t o  PDB. 

' R / R .  = r a t i o  i n  s ample  o v e r  r a t i o  i n  a i r .  

a n a l  ys t s . 

W i t h  r e s p e c t  t o  a t m o s p h e r e .  

U. S. G e o l o g i c a l  Su rvey ,  Henlo Pa rk ,  W .  Evans and  D.  White 

U.S. G e o l o g i c a l  Su rvey ,  Menlo Pa rk ,  M. S t a l l a r d ,  a n a l y s t .  



T a b l e  4. I s o t o p i c  c o m p o s i t i o n  of s e l e c t e d  c a r b o n a t e s ,  p e r  
m i l .  

L imes tone  f o r m a t i o n s  i n  v i c i n i t y  of Copper R i v e r  B a s i n  f rom 
Rei t s ima ( 1 9 7 9 ) :  

C h i t i s t o n e  
( T r i a s s i c )  

I U . S .  Geologica l  Survey ,  Menlo Pa rk ,  T. P re s se r  a n d  D. 
White,  a n a l y s t s .  

S t a b l e  I s o t o p e  L a b o r a t o r y ,  S o u t h e r n  M e t h o d i s t  U n i v e r s i t y ,  
J .  Bor thwick ,  a n a l y s t .  

2 .9  
2. 3 



Table 5 .  Bottom h o l e  temperatures f o r  o i l  8, gas 
w e l l s  i n  Copper River Basin.  

Tanawe Lake #I 
Taz l ina  Ill 
Pan/Am Moose Creek 
Ahtna-Amoco Ill 
Ahtna-Amoco I I I A  
Salmon Berry Lake Ill 
Rainbow Fed 411 
Rainbow Fed 112 

2 0 4 8  
2 6 9 3  
2 4 2 9  
2 4 2 0  
1 7 0 0  
2 4 1 2  

9 1 4  
8 5 2  

4 0  
4 7  
5 4  
5 9  
4 8  
5 2  
2 8  
2 7  

2 0  
1 8  
2 2  
2 4  
2 8  
2 2  
3 1  
3 2  



Table 6. Geothermometry appl ied  t o  Copper River Basin mud 
volcano s p r i n g  waters. Temperatures i n  O C .  

S i t e  and 
- - s a m ~ l e  da t e  
Shrub MV 
1973 148 
Klawasi - Upper, C . L .  
7-19-85 92 
6-17-82 117 
8-21-81 94 
1973 105 
Klawasi - Lower, C . L .  
7-19-85 144 
6-16-82 156 
8-22-81 148 
1973 157 
Klawasi - Lower, s p r  
6-16-82 128 
Copper Center,  min s p r .  
8-23-81 57 
Tolsona 2 ( A )  
6-13-82 5 5  
1973 
Tolsona I ( B )  
6-13-82 55 
1973 
Nickel Creek MV 
6-19-82 36 
8-26-81 34 

- 

- 

122 137 - 112 118 

61 116 - 92 101 
88 112 - 99 104 

115 - 99 105 
75 119 - 105 105 
63 

118 124 - 117 108 
125 - 122 108 

123 122 120 709 
132 

133 127 121 107 
- 

101 122 - 107 104 

25 53 75 107 120 

23 40 62 64 68 
- 41 61 65 62 

23 40 62 65 69 
50 78 64 43 - 

3 30 31 61 IO0 
1 43 36 71 108 

Geothermometry formulas, a l l  concent ra t ions  i n  mg/kg: 
1) T°C = 1309/(5.19 - l o g  Si021 - 273.15; r e f . :  Fournier ,  1981. 
2) T*C = 1032/(4.69 - l o g  Si021 - 273.15; r e f . :  Fournier,  1981. 
3 )  TOC = 1217/(log(Na/K) + 1.483) - 273.15; ref.: Fournier, 1981. 
4) T O C  = 1647/(log(Na/K) + R[log(JCa/Nal + 2.061 t 2. 47) - 
273.15; r e f .  : Fournier ,  1981. 
5 )  T°C = 4410/[13.95 - log(K2/Mg)I - 273.15; r e f . :  Giggenbach and 
o the r s ,  1983. 
6) TOC = 2 2 0 0 / ( l o ~ ( J M g / L i )  + 5. 47) - 273.15; r e f .  : Kharaka and 
Mariner (Mariner ,  pers  comm, 19851. 

\ 
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Table 7 .  S u l f a t e - w a t e r  oxygen i s o t o p e  geothermometer 
temperatures  ( O C I  for Klawasi mud vocanoes.  

S i t e  6' 0-so .  6160-H20 Geothermometer 
SMOW S M O W T a m P s r a f ; u r _ e  

Lower Klawasi,  
1981 + 1 1 . 0  + 2 . 5  2 0 5  

Upper Klawasi,  
1 9 8 2  +7.  5 +I. 9 2 7 2  

C .  Janik,  U. S. G e o l o l o g i c a l  Survey, Menlo Park, C A ,  and R.  
Motyka, Alaska D i v i s i o n  of G e o l o g i c a l  and Geophysica l  
Surveys ,  a n a l y s t s .  
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F I G U R E S  

Figure 1. Geologic map of the  Copper River Basin, Alaska, 
genera l ized  from Beikman (1974) and Winkler and o t h e r s  
(1981) .  

Figure 2. Location map of Copper River Basin mud volcanoes, 
mineral  sp r ings ,  and o i l  and gas exp lo ra t ion  wells.  
S t r a t a g r a p h i c  c ros s - sec t ion  genera l ized  from Church and 
o t h e r s  ( 1 9 6 9 1  and E h m  (1983) .  Helium i so tope  r a t i o s  
a r e  'He/'He i n  a i r  over atmospheric r a t i o .  S i t e s  
d i s p l a y i n g  two value9 were sampled on sepa ra t e  
occasions.  

Figure 3. Comparison between c e r t a i n  physical  
c h a r a c t e r i s t i c s  of mud volcanoes, Copper River Basin, 
Alaska, taken from Nichols and Yehle, 196la.  

Figure 4. Comparison of water compositions of Copper River 
Basin mud volcanoes and seawater. K 1  = Klawasi group; 
C C  = Copper Center; To1 = Tolsona; NC = Nickel Creek; 
and Sea = seawater. 

Figure 5 .  T r i l a t e r a l  c a t i o n  diagram i n  r e l a t i v e  r e a c t i v e  
percentages f o r  waters from Copper River Basin mud 
volcanoes, mineral sp r ings ,  s a l i n e  wells,  and o i l  and 
gas well. 

Figure 6.  T r i l a t e r a l  anion diagram i n  r e l a t i v e  r e a c t i v e  
percentages f o r  waters from Copper River Basin mud 
volcanoes, mineral spr ings ,  s a l i n e  wel ls ,  and o i l  and 
gas well. 

Figure 7. S t a b l e  i so tope  composition of waters from the  
Copper River Basin. Symbols: + = Tolsona group; Ct = 
Klawasi group; 0 = mineral spr ings ;  X = domestic wel ls ;  
A = cold  s p r i n g s  'and r i v e r s .  C r a i g ' s  meteoric water 
l i n e  and s tandard  mean ocean water (SMOW) shown For 
comparison. F i e l d s  f o r  metamorphic and primary 
magmatic waters were taken from Taylor ( 1 9 7 9 ) .  

Figure 8 .  Deuterium vs c h l o r i d e  concent ra t ion  i n  Copper 
River Basin waters. I d e n t i f y i n g  symbols def ined i n  
cap t ion  f o r  f i g .  7. 

Figure 9.  Oxygen-18 vs c h l o r i d e  concen t r a t ion  i n  Copper 
River Basin waters,  I d e n t i f y i n g  symbols def ined i n  
cap t ion  f o r  f i g .  7. 



6 8  

F i g u r e  I O .  Comparison of w a t e r  c o m p o s i t i o n s  of Copper R i v e r  
B a s i n  mud v o l c a n o e s  and s e a w a t e r  w i t h  c o n c e n t r a t i o n s  
r a t i o e d  t o  c h l o r i d e  c o n c e n t r a t i o n s .  K 1  = Klawasi 
group;  CC = Copper C e n t e r ;  T o 1  = T o l s o n a ;  NC = 
N i c k e l  C r e e k ;  and Sea = seawater .  

F i g u r e  11. The s o l u b i l i t y  s u r f a c e  of c a l c i t e  i n  t h e  s y s t e m  
C a C O z - C 0 2 - H 2 0  betw’een 5 0 °  and  300° C and  be tween 0 and 
7 0  a t m  C 0 2 .  Taken f rom H o l l a n d  and M a l i n i n  (1979). 

F i g u r e  1 2 .  Carbon-I3  c o m p o s i t i o n s  of c a r b o n  s p e c i e s  f rom 
t h e  Copper  R i v e r  Bas in .  Carbon-I3 c o m p o s i t i o n s  of 
n a t u r a l  m a t e r i a l s  shown f o r  compar i son .  
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COMPARISON EETWEEN CERTAIN PRYSICAL CHARACTERlSTlCS OF MUD VOLCANOES, COPPER RIVER BASIN, ALASKA 

Mud 
Volcano 

Shrub 

Upper 
Klawasi 

Lower 
Klawasi 

Creek 

Shepard 

Tolsona 
No. 1 

Toleona 
No, 2 

Dlagrammatlc 
cross-scctlon 
N S 

A a 

* =in feet, *=active spring, orin 

Appraxlrnate 
dimension * '-. 
A 

Bare 
3600 
4200 

4200 
6700 

6000 
8200 

800 
1000 

1300 
1600 

600 
900 

2000 
2300 

- 
310 

300 

150 

- 
60 

25 

25 

40 

- 
live spring. 

F i g .  3 

- 
Alt. 4 
of 

:rest 

29 50 
- - 

30 17 

1875 

- 
2025 

2172 

2045 

2085 

- 

Lpprax. 
diun. 

Of 
crater" 

120 

150 

I 

175 

150 

15 

30 

150 

surf. 
water 

54 

86.5 

82 

cold 

- 
38-55 

40- 60 

Eat. 

dirch., 

'9 

water 

Imm. 

2- 5 

5- 10 
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Copper  River  B a s i n  
Cl 

Y Tolsona Group 

kl-l 

- 9  

Cn 

r- 

Trilateral anion diagram in relative reactive percentages. a= Klawasi Group: Shrub, lower, upper, += Tolsona Group: Copper River, Tolsona 1 & 2, Nickel Creek; o= Saline springs; 
A= Saline wells; o= Pan-Am Moose drill hole; *= Seawater. 

HC03 10S04 
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A P P E N D I X  A 

Water Chemistry, Copper River Basin Cold Spr ings ,  Domestic 
Water Wells ,  and River Waters. 

\ 
I 



T a b l e  A I .  Water c h e m i s t r y ,  Copper  R i v e r  B a s i n  c o l d  s p r i n g s ,  domest ic  water w e l l s ,  
a n d  r i v e r  waters. U n i t s  a r e  m $ / l  u n l e s s  o t h e r w i s e  n o t e d .  nd = n o t  done;  t r  = t r a c e .  

Sample  
No S i t e  Name Date T , O C  pH Na K C a  Mg L i  S r  NHI As c s  _ _ _  . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .  

C o l d  s p r i n g s :  
1 M e n d e l t n a  S p r  6-15-82 1 0  7 . 2  I 1  1 4 3  6 < O .  0 1  nd nd nd nd 
2 S t .  Anne Lake S p r  6-15-82 2 7 . 6  5 2 ’ 26 6 < O . O l  nd nd nd nd 

3 Ahtna  6-22-82 4 6. 9 82  4 . 3  1 4 0  35 0 . 0 5  nd 1 . 0  < O . O O l  nd 
4 B i s h o p  6-21-82 8 7 . 3  1 2  3 . 2  4 9  15 0 . 0 1  nd 2. 2 ~ 0 . 0 0 1  nd 
5 C o p p e r v i l l e  6-’18-82 14 7 . 4  564 1 3 . 8  469 139 0 . 1 2  5 . 9  5 . 7  0 . 0 0 3  nd 
6 E l l i s  6-18-82 2 7 . 2  129 9 . 5  69 57 0 . 0 1  nd 2. 8 nd nd 
7 Eaton ,  S i l v e r  S p r  6-18-82 1 6 . 9  4 7 1  6. 7 136 84 0 . 4 4  nd 2. 0 < O .  001  nd 
8 F i s h e r  7 6-19-82 5 7 . 5  2 1  0 . 2  3 1  I O  ~ 0 . 0 1  nd nd nd nd 
9 F i s h e r  2 6-19-82 1 2  6 . 3  5 0 . 7  1 7  7 ~ 0 . 0 1  nd nd nd nd 

I O  G u l k a n a  Hotel  6-24-82 100 6 . 8  1 7  9 t o .  0 1  nd nd nd nd 
11 P a r k ’  s Place 6-19-82 1 6  7 . 3  11 3 . 1  46 14 0. 0 1  nd nd nd nd 
1 2  T a a l i n a  Wayside 6-21-82 3 7 . 6  330 7 . 9  386 124 0. 0 6  4 .  2 5. 2 < O .  0 0 1  nd 
1 3  Cache  Store 6-21-82 6 nd 1 4 3  3 . 6  93 21 nd nd nd nd nd 

1 4  Klawasi R i v e r  I 6-17-82 1 6  6 . 6  5 0 . 7  5 3 < O .  0 1  nd nd 0 . 0 0 1  nd 
15 Klawasi R i v e r  2 6-16-82 I O  7 . 7  2 4  0 . 2  3 1  1 0  0 . 0 2  0 . 0 4  nd nd nd 
16 T a z l i n a  River  nd nd nd nd nd nd nd nd nd nd nd 
17 K l u t i n a  R i v e r  nd nd nd nd nd nd nd nd nd nd nd 

Domestic wel ls :  

River Water: 

_ _ - ,  . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .  



3 398 77 0.3 1 8 1  nd nd 29 CO.5 
4 282 2 0.2 2 n d  nd 32 < O .  5 
5 210 9 0 .4  2050 5 .5  1 .3  4 1  1 . 3  
6 737 102 0 . 6  25 nd nd 23 < 0 . 5  
7 1517 24 0 .4  326 0.9 0 .4  49 4.5 
8 185 10  0.2  1 2  nd n d  24 < 0 . 5  
9 106 2 0. I 2 nd n d  9 co .5  

10 nd 8 0. 7 8 nd 6 .  0 34 < 0 . 5  
11 257 6 0. 2 6 nd n d  30 < 0 . 5  
1 2  202 1 0 . 4  1470  4.3 0 .6  30 < O .  5 
1 3  nd 9 0. 5 268 nd  nd 39 0 .8  

745.2 -20.5 
256.2 -18 .0  

3403.3 -18. 3 
781.0  -79 .5  

1851.7  -20 .8  
798.8  -19.5 

93 .8  -18. 3 - -18.9 
241.9 -17 .8  

2458.8 -19. 8 - -20.3 

-164 
-150 
-157 
-155 
-162 
-154 
-150 
-156 
-150 
-157 
-160 

nd 
n d  - 

0. 0027 nd  
n d  -6.3 0 .0028 - 
nd 
nd - 
n d  
n d  - 
n d  
nd - 

- 

- 

0. 0029 

C3 
w 
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APPENDIX B 

Copper  River Basin Water and Gas C h e m i s t r y ,  P r e v i o u s  
S t  u d i  e s .  



T a b l e  B I .  H a t e r  c h e m i s t r y ,  p r e v i o u s  s t u d i e s ,  Copper  R i v e r  B a s i n  mud v o l c a n o e s ,  m i n e r a l  
s p r i n g s ,  a n d  s a l i n e  d o m e s t i c  wells, A l l  u n i t s  a re  i n  mg/ l  u n l e s s  o t h e r w i s e  n o t e d .  

No S i t e  Name Date T, O C  _ _ _  . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .  
7 S h r u b  M V  1973 - 
2 7-13-60 - 
3 8-11-56 1 2  
4 Upper K l a w a s i  C L  1973 
5 7-13-60 3 1  
6 Lower Klawasi CL 7973 - 
7 7-13-60 20  
8 9-07-56 28  
9 Copper  C e n t e r  s p r  8-07-60 17  

- 

I O  7-13-60 - 
11 T o l s o n a  2 ( A )  7973 
1 2  7-25-60 10 
1 3  7-14-58 1 0  
I 4  Tolsona I ( B) 7973 - 
15 9-21-56 8 
16  N i c k e l  C r e e k  M V  6-19-58 - 
1 7  Copper  R i v e r  S p r  5-26-55 - 
1 8  S p r  e a s t  of Gakona 1973 18  
1 9  S p r  n e a r  Cakona 9-23-58 - 
20 T a a l i n a  R i v e r  S p r  8-07-60 4 
2 1  Pan A m  Moose C r  w e l l  1963 ( B O ? )  

- 

pH Na K Ca Mg L i  Sr N H I  

330 2 1  350 1 3 . 0  - 7 . 2  10000 - 
8. 2 12 272 - - - 
8 . 2  9390 275 94 502 - 11 
7 . 1  10000 240 7 300 7 . 9  - - 
7 . 5  9490 232 63 248 9 . 1  1 
7 . 6  10500 290 1 8  150 5 . 8  - - 
7 . 7  10000 271 3 1  136 6 . 9  8. 0 7 
7 . 7  10400 433 I 1 9  130 - - - 
8 . 0  5960 55 3060 24 - - - 
8 . 7  5910 33 3040 14 - - - 
6 . 8  4200 17  1700 37 0 . 5  - - 
6 . 6  3970 I 9  1150 39 2 . 0  2 6 . 0  6 
6 . 3  4000 26 1580 94 0 . 0  - - 
7. 5 4750 25 8 2 0  86 0. 3 - - 
7 . 1  4660 60  787 111 - 6 
6 . 8  2600 24 2760 65 8 . 0  - - 
8 . 5  2200 140 400 200 1 . 2  - - 
7. 8 100 8 9 1  52 - 6 

6 7 . 3  1170 11 909 48 - 
3871 2603 12 - - - 

. - -_-------- - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - -  

- - 
- 
- 

- 
- 670 2080 392 - - - 

- 
- 

- - 
22 S e a w a t e r  10770 380 412 1290 0 . 2  8 . 0  - 
23 Moose Lake spr 11-52 - - - 7600 - - - - 

S a l i n e  w e l l s ,  p r e v i o u s  s t u d i e s  
I 1 8  - - - 

- 2 9 0  118 - 24 5 0 2 ' .  Glen  HH 10-25-59 - 8 767 27 
25 3 2 7 ' .  Rich.  HH 8-06-57 - 429 693 - - 
26 4 3 3 ' ,  Gulk  Air 1945 - 7 2630 82 4780 984 - - - 
27 3 5 4 ' ,  Gulk  Air 12-28-54 - 7 1150 44 1900 520 - - - - - -  ---c------------_----------------------------------------------------------------------- 

L 
,'r . 

. 

1) I. Barnes, U . S .  G e o l o g i c a l  S u r v e y  d a t a  f i l e s ,  pers. comm., 1980.  
2 )  G r a n t z  and  o t h e r s ,  1962.  
3 )  N i c h o l s  and  Yehle ,  1961a; 1961b. 
4) Foresman,  1970.  
5 )  K r a u s k o p f ,  1979. 
6 )  U. S. G e o l o g i c a l  S u r v e y ,  A laska  w a t e r  c h e m i s t r y  d a t a  f i l e s ,  Anchorage ,  A l a s k a  



T a b l e  81, Continued 

No HCOJ SO4 F c1 Br I S i 0 2  B TDS 6‘ ‘ 0  6 0  R e f e r e n c e  _ _ _  . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .  
- 460 0 . 2  10000 - 1 2 0  170 26351 3 . 1  -36 I 

2 
3 

1 5 9 9 8  
1 9920 

9670 6 5 0  - 10300 - - 2 
7350 0 . 4  12000 - 65 120 26078 - 53 140 26296 1 . 6 ,  1 . 0  -38.  - 4 1  1 

3 

2 
4 7730 
5 8 2 8 1  614 0 . 6  10800 22 6 . 2  34 773 25773 
6 7190 7 5 0  0 . 3  12000 - - 1 4 0  190 27586 3 . 8 ,  3 . 4  -33,  -36 1 

7230 664 0 . 3  12100 29 6 . 8  123 169 27114 2 
8 7290 666 - 12500 - - 132 - 27971 - - 3 
7 

124 4 1 . 7  14400 - 24 - 23590 3 
I O  9 -  14500 - 18 - 23556 2 

9 

- 15299 0. 7 -17 I 
2 
3 

1 2  46 1 . 3  8790 20 4 . 4  9 30 

18  14795 0 .  3 -78  1 
1 3  

0 .3  8870 1 7  3 . 7  16  35 14636 3 
1 4  9 7  

3 
15 143 

8993 3 
I 6  9 0  
1 7  226 60  - 5680 - 
1 8  5720 5 0  0 . 9  340 - - 16 100 6266 - 1 5 . 2  -137 1 

2 
3 

79 458 1 6 1  - 9 0  - 734 
20  216 4 0 . 3  3400 - 24 - 5678 
2 1  525 742 - 9752 - 17239 4 

22 140 2715 1 . 3  18800 67 0 . 1  3 4 34520 0. 0 0 5 

23 16  15000 - 22608 2 

- - - - - - - 
740 0 . 4  I 1 0 0 0  - - - 

- - 
- - - - - - 

- - - 
11 ” 5 7  75 1 .0 9200 - 6 34 

14090 
48 6 -  9450 - 7 -  15186 - - - - - 98 0 . 3  8950 - - - - 

- - 230 0 . 4  9100 1 7  2 . 2  9 -  14860 - - - - - 
- - - - - 

- - 
- - - - - 

- - - - 

- - - 6 
7 6 

6 
6 

- - 24 201 20  - I 9 0 0  - 22 - 3243 
2300 - 47 - 3745 

23922 
25 290 
26 84 
27 53  6470 - 19 - I 0 1  29 

- - - - - 15 - 
5 -  15400 - - - - - - _ _ _  . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .  



T a b l e  B2 .  Copper R i v e r  Bas in  g a s  a n a l y s e s ,  p r e v i o u s  s t u d i e s ,  mole p e r  c e n t .  

Date 
L o c a t i o n  sampled CO2 H2 S H2 CHI He N2 A r  Re fe rence  . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .  
Shrub  MV 8 - 1 1 - 5 6  9 9 . 3  - - - t r  0. 6 t r  7 a 3  
Upper Rlawasi MV 6 - 1 8 - 5 8  9 8 . 9  - - 0 . 1  t r  1. I t r  l a 3  
Upper Klawasi HV 6 - 7 4  99 .  6 0 . 3 7  0 . 0 1 0  0 . 4  n r  4 
L o w e r  Klawasi CL 6 - 1 7 - 5 8  9 6 . 4  - - t r  t r  3 . 4  0 . 2  l a 3  
L o w e r  Rlawasi CL 6 - 7 4  99 .  5 0. 2 n r  4 0. 026 
Copper C e n t e r  s p r  8 - 0 7 - 6 0  0 . 1  - - 44. 6 t r  55 0. I 2 a 3  
N i c k e l  Creek  MV 6 - 1 9 - 5 8  0. 4 .. t r  5 4 . 4  0 . 1  4 4 . 9  0 . 1  l a 3  
Nicke l  Creek  HV 6 - 7 4  - - 0 . 0 1 4  5 4 . 9  0. 1 8  45 n r  4 
T a z l i n a  s p r  8 - 0 8 - 6 0  0 . 9  - 0 . 1  5 8 . 2  0. I 40. 4 0. 2 s a 3  
Tolaona  2 M V  7 - 1 4 - 5 8  0. 4 - - 69. 4 0 . 1  30 0 . 1  l a 3  
Tolsona  2 HV 6 - 7 4  0. 36 - - 70.  6 0. 1 0  28. I n r  4 
Tolsona  I MV 9 - 0 7 - 5 7  0 .  2 - 66.  9 0. 1 32. 6 0. -l 3 
Tolsona  I HV 6 - 7 4  0. 37  - - 69. 2 0 . 0 6 1  3 0 . 5  n r  4 
Moose Lake s p r  1 1 - 0 9 - 5 2  0. 2 - - 48. 6 0 . 1  50. 6 0 .  1 l a 3  

- - 
- - - 

- 

--------------_-----____c_______________--------------------------------------------------- 

1. Nicho l s  and Yehle,  
2. Nicho l s  and Yehle,  
3. Grantz  and o t h e r s ,  1962.  
4. Reitsima, 1979 .  

t r  = t r a c e  
n r  = no t  r e p o r t e d -  - = below d e t e c t i o n  

a, 
J 
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