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CHAPTER 1 

GEOTHERMAL INVESTIGATIONS I N  HOT SPRINGS BAY VALLEY, 
AKUTAN ISLAND, ALASKA, I N  1981 
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INTRODUCTION 

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

r e s o u r c e s  i n  t h e  S t a t e  o f  A laska  was i n i t i a t e d  i n  1 9 7 9  by t h e  Alaska  D i v i s i o n  

o f  G e o l o g i c a l  and G e o p h y s i c a l  Su rveys  (ADGGS) and t h e  Geophys ica l  I n s t i t u t e ,  

U n i v e r s i t y  o f  A l a s k a ,  u n d e r  a  program j o i n t l y  s p o n s o r e d  and funded by t h e  

U.S. Depa r tmen t  o f  Energy and t h e  S t a t e  of  A l a s k a ,  Depa r tmen t  o f  N a t u r a l  

Resources .  I m p e t u s  f o r  t h e  program was d e r i v e d  i n  p a r t  f rom f e d e r a l  p o l i c y  

o f  f i n d i n g  ways o f  d e c r e a s i n g  n a t i o n a l  dependency  on f o s s i l - f u e l  e n e r g y  

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

r u r a l  a r e a s  o f  A l a s k a .  E a r l v  i n  t h e  s t u d v  i t  was r e c o g n i z e d  t h a t  t h e  b e s t  

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

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

v o l c a n i s m .  S t a t e  and  l o c a l  gove rnmen t s ,  A l e u t i a n  n a t i v e  c o r p o r a t i o n s ,  and 

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

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

s t a t e ' s  growing f i s h i n g  i n d u s t r y .  The B e r i n g  Sea  f i s h e r y  i s  acknowledged t o  

be one o f  t h e  r l c h e s t  i n  t h e  wor ld .  I n  a d d i t i o n ,  o i l  and g a s  e x p l o r a t i o n  i n  

t h e  B e r i n g  S e a  r e g i o n  h a s  i n t e n s i f i e d  i n  r e c e n t  y e a r s  p u t t i n g  a heavy  s t r a i n  

on l and -based  s u p p o r t  f a c i l i t i e s .  

An e x t e n s i v e  g e o t h e r m a l  r e c o n n a i s s a n c e  o f  t h e  A l e u t i a n  a r c  was made i n  

1980 by ADGGS. U s i n g  c h e m i c a l  and i s o t o p i c  g e o t h e n n o n e t r y  and t h e  e x i s t e n c e  

,of p e r s i s t e n t  s o l f a t a r a  f i e i d s  a s  i n d i c a t o r s ,  a t  l e z i s t  13 s i t e s  were  i d e n t i -  

f i e d  a s  p o t e n t i a l l y  h o u s i n g  h i g h - t e m p e r a t u r e  h v d r o t h e r m a l  sys t ems  (T>150° )  

(Mntvka and o t h e r s ,  1 9 8 1 :  Yo tvka ,  1 9 8 2 ) .  One o f  t h e  most  a t t r a c t i v e  o f  t h e s e  

s i t e s  i n  t e r m s  of  p o t e ~ t i a l  f u t u r e  d e v e l o p n e ~ t  i s  P o t  S p r i n g s  Bay ! ' a l lec  on 



Akutan Island. Preliminzry geothemometry applied to waters obtained from 

Akutan hot springs indicated reservoir temperatures of 180-190 CO, sufficient 

for electrical power generation. The resource is close to potential users, 

Akutan Village is 6 km away, and to Akutan Harbor, one of the few sheltered, 

deep-water harbors in the Aleutians. Several fish-processing plants operate 

in the area and a state-supported bottom-fish processing plant has recently 

been constructed near Akutan Village. For these reasons Hot Springs Bay 

Valley was chosen for more detailed geothermal exploration. The bulk of the 

field surveys were accomplished during July, 1981. This report describes 

these surveys and the results of the investigations. 

REGIONAL SETTING 

Akutan Island is located in the eastern Aleutian Islands between Unimak 

and Unalaska Islands (figs. 1-1 and 1-2). The Aleutian chain is composed 

predominately of volcanic rocks and most of the major islands, including 

Akutan, have active volcanoes. The volcanic arc lies immediately north of 

the Aleutian Trench, a convergent boundary between the North American and the 

Pacific lithospheric plates. This convergence produces a seismically active 

belt with much of the seismicity originating from the Benioff zone, the 

subcrustal region where the Pacific plate is being actively subducted under 

the North Amerfcan.plate. The eruption of Aleutian magmas, including Akutan, 

appears to be intimatelv related to this subduction process. 

Akutan Island is mountainous and rugged with shorelines dominated by 

steep cliffs and rocky headlands. Akutan volcano (1,300 m), a composite 

shield volcano has erupted numerous tjces in recorded history and remains 



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

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

g l a c i a t i o n :  s e r r a t e d  r i d g e s ,  c i r q u e s ,  hang ing  v a l l e v s ,  and  b r o a d  U-shaped 

v a l l e y s .  The e a s t  end of t h e  i s l a n d  i s  s p l i t  by Akutan H a r b o r ,  a  deep  

8-km-long f j o r d .  The l o w e r  e l e v a t i o n s  o f  t h e  i s l a n d  a r e  c o v e r e d  by a  t h i n  

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

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

The Akutan h o t  s p r i n g s  a r e  l o c a t e d  i n  Hot S p r i n g s  Bay V a l l e y ,  a b o u t  4 km 

n o r t h w e s t  o f  Akutan Harbor  and  10 km n o r t h e a s t  of  t h e  a c t i v e  Akutan v o l c a n o  
- 

f i g .  - 2  1 .  1 ) .  I n  a d d i t i o n  t o  t h e  h o t  s p r i n g s ,  a  s o l f a t a r a  f i e l d  o c c u r s  

s e v e r a l  k i l o m e t e r s  u p - v a l l e y  from t h e  s p r i n g s  and i s  l o c a t e d  a t  a b o u t  350 m 

e l e v a t i o n  on t h e  f l a n k  o f  Akutan Volcano.  The g l a c i a l  v a l l e y  c o n t a i n i n g  t h e  

h o t  s p r i n g s  h a s  been  c a r v e d  f rom a  sequence  o f  i n t e r b e d d e d  v o l c a n i c  b r e c c i a s ,  

d e b r i s  f l o w s ,  and l a v a  f l o w s  t h a t  i n  p l a c e s  e x c e e d s  700 m i n  t h i c k n e s s .  

A l though  t h e  v a l l e y  i s  r e l a t i v e l y  c l o s e  t o  t h e  v o l c a n o ,  a n  i n t e r v e n i n g  v a l l e y  

and r i d g e  h e l p  form b a r r i e r s  t o  l a v a  f l o w s  o r  d e b r i s  f l o w s  f rom t h e  a c t i v e  

v e n t  . 
Akutan V i l l a g e ,  t h e  o n l v  h a b i t a t i o n  on t h e  i s l a n d ,  i s  l o c a t e d  on t h e  

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

s h o r e  o f  Akutan H a r b o r  ( f i g .  1-2, p l .  1). The v i l l a p e  was  e s t a b l i s h e d  i n  

1879 a s  a f u r  s t o r a g e  and t r a d i n g  p o s t ; . i n  1912 a  w h a l e - p r o c e s s i n g  s t a t i o n  

was b u i l t  a c r o s s  t h e  b a y  f rom Akutan and o p e r a t e d  u n t i l  1939 (Morgan, 1980). 

-The p r e s e n t  p o p u l a t i o n  o f  a b o u t  1 2 0  i c h a b i t a n t s  d e p e n d s  on  s u h s i s t e n c e ,  

commerc ia l  f i s h i n g ,  and f i s h  p r o c e s s i n g  f o r  t h e i r  e c o n c r y .  S e v e r a l  f l o a t i n g  

f , s h  p r o c e s s o r s  ROW o p e r a t e  i n  t h e  p r o t e c t e d  w a t e r s  o f  Aku tan  H a r b o r ,  v h i c h  

b r i n g  i n  2 s e a s o n a l  i n f ! cx  cF 700 - 700 n o n r e s i d e n t  w o r k e r s .  B o a t s  and 



a m p h i b i o u s  a i r c r a f t  a r e  t h e  o n l y  means  o f  t r a n s p o r t a t i o n  i n t o  Aku tan ,  which 

h a s .  no a i r s t r i p .  

TOPOGRAPHIC RASE YAP 

U n t i l  r e c e n t l y  v e r t i c a l  a e r i a l  p h o t o g r a p h y  h a s  been  l a c k i n g  f o r  most  o f  

Akutan  I s l a n d  a n d ,  e x c e p t  f o r  t h e  c o a s t l i n e  and a r e a s  immedia t e ly  a d j a c e n t  t o  

i t ,  t o p o g r a p h i c  cove rage  on U . S .  G e o l o g i c a l  S u r v e y  and U.S. C o a s t  and 

G e o d e t i c  Su rvey  maps i s  n o n e x i s t e n t  o r  u n r e l i a b l e . *  To f a c i l i t a t e  g e o l o g i c a l  

mapping o f  Hot S p r i n g s  Bay V a l l e y  and e s t a b l i s h  a c c u r a t e  l o c a t i o n s  o f  t h e  

v a r i o u s  g e o p h y s i c a l  and geochemica l  s u r v e v s  j.t was n e c e s s a r y  t o  c o n s t r u c t  a  

t o p o g r a p h i c  map o f  t h e  v a l l e v .  T h i s  was accompl i shed  i n  t h e  f o l l o w i n g  

manner:  

I .  A b a s e  n e t w o r k  was e s t a b l i s h e d  on t h e  v a l l e y  f l o o r  and a  t h e o d o l i t e -  

d i s t a n c e  r a n g e  s u r v e y  was made o f  s e l e c t e d  p o i n t s  i n  a n d ' a r o u n d  t h e  

v a l l e y .  

2 .  Su rveyed  p o s i t i o n s  were  p l o t t e d  on a  S a s e  map and c o n t o u r s  be tween  

p o i n t s  were  ' ske t ched  i n  t h e  f i e l d .  

3 .  O b l i q u e  a e r i a l  p h o t o s  were t a k e n  o f  t h e  v a l l e y  and were s u b s e q u e n t l y  

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

f i e l d .  

*Nor th  P a c i f i c  A e r i a l  Su rvevs  (NPAS) of Anchorage  a c q u i r e d  p h o t o g r a m m e t r i c  
q u a l i t y  v e r t i c a l  a e r i a l  p h o t c s  o f  Akutan Ts l and  on J u c e  7 ,  1983. A p r o p o s a l  
h a s  b e e n  s u b m i t t e d  r o  t h e  I*.'. G e o l o g i c a l  Su rvev  by ?;PAS t o  p r o d u c e  
t o p o g r a p h i c  maps of t h e  t s l a n d .  



4 .  The c o a s t l i n e  u s e d  on  t h e  map was a d o p t e d  from a v a i l a b l e  U . S .  Coas t  

Guard n a u t i c a l  c h a r t s .  

The g e o d e t i c  s u r v e y  was a c c o m p l i s h e d  by R.D. A l l e l y  and P f .  L a r s e n  o f  

ADGGS. Con tour ing  and d r a i n a g e  l o c a t i o n s  were  i n t e r p r e t e d  by R . D .  A l l e l v .  

The f i n a l  v e r s i o n  o f  t h e  t o p o g r a p h i c  map was d r a f t e d  by G .  LaRoche,  a l s o  o f  

ADGGS ( p l .  1 ) .  Con tour s  a p p e a r i n g  on t h e  map a r e  p r o b a b l y  w i t h i n  26 m 

(20 f t )  f o r  s t e e p e r  s e c t i o n s  and '1.5 m ( 5  f t )  o r  b e t t e r  f o r  t h e  v a l l e y  

f l o o r .  

- 
The g e o p h y s i c a l  g r i d  u s e d  i n  t h i s  s t u d y  was s u r v e y e d  b y  t h e o d o l i t e  and 

d i s t a n c e - r a n g e r .  T h i s  g r i d  and l o w e r  v a l l e y  topography  a r e  p l o t t e d  on 

p l a t e  2. 

S L W R Y  OF STLrDIES 

The p r i m a r y  g o a l s  o f  o u r  s t u d i e s  were :  

1.  The c o n s t r u c t i o n  of t h e  t o p o g r a p h i c  b a s e  map d e s c r i b e d  a b o v e .  

2 .  R e c o n n a i s s a n c e  g e o l o g i c  mapping o f  n o r t h e r n  Akutan I s l a n d .  

3 .  D e t a i l e d  g e o l o g i c  mapping  o f  Hot S p r i n g s  Bay V a l l e y .  

- 
4 .  g e t a i l e d  g e o p h v s i c a l  s u r v e v s  o f  l o w e r  Hot S p r i n g s  Bay 1 7 a l l e y .  

5 .  G e o c h e z i c e l  s o i l  s c r . , e \ . s .  



6 .  Sampling,  a n a l y s i s ,  and geochemical  i n t e r p r e t a t i o n  of  h o t  s p r i n g s  w a t e r  

and f u m a r o l i c  g a s e s .  

Nor the rn  Akutan I s l a n d  and Hot  S p r i n g s  Bay V a l l e y  were mapped w i t h  t h e  

a i d  of h e l i c o p t e r  and of a  zodiac  r a f t  a n d ,  wherever  and whenever p o s s i b l e ,  

by s h o r e l i n e ,  v a l l e y  and r i d g e  t r a v e r s e s .  

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

geochemica l - so i l  s u r v e y s  t o  lower  Hot S p r i n g  Ray V a l l e y .  Geophysical  s u r v e y s  

i n c l u d e d  shallow-ground c o n d u c t i v i t y  measurements ,  u s i n g  a  Geonics EEI-31 

m e t e r ;  Schlumberger  v e r t i c a l  e l e c t r i c a l  s o u n d i n g s ;  c o - l i n e a r  d i p o l e - d i p o l e  

s e c t i o n s ;  and s e i s m i c  r e f r a c t j o n  p r o f i l e s .  G r a v i t y  p r o f i l i n g  and VLF 

ceasurements  were  c a r r i e d  o u t  b u t  d i d  n o t  p roduce  u s a b l e  r e s u l t s .  D i s t a n c e  

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

i n v e s t i g a t i o n  t o  a b o u t  150 m. 

Helium and mercury s o i l  su rveys  were  conduc ted  i n  t h e  v i c i n i t y  of  t h e  

lower v a l l e y  h o t  s p r i n g s .  

Waters  from t h e  lower  v a l l e y  t h e r m a l  s p r i n g s  were sampled i n  1980 and 

1981. Fumarol ic  g a s e s  and  w a t e r s  a t  t h e  head of  t h e  v a l l e y  were sampled i n  

1981 and a g a i n  i n  1983. Water samples were a n a l y z e d  f o r  major  and minor  

e lement  s p e c i e s  and f o r  s t a b l e  i s o t o p e  c o m p o s i t i o n ;  t h e  g a s e s  were a n a l y z e d  

f o r  m a j o r ,  minor  and t r a c e  c o n s t i t u e n t s ,  and f o r  ca rbon  13 /ca rbon  12 and 

he l ium 3 / h e l i u m  4 r a t i o s .  

S L M U R Y  OF RESULTS 

Our g e o l o g i c  r e c o n n a j r s a n c e  napp lne  found n o r t h e r n  Akutan I s l a n d  t c  he  

composed of t h r e e  d i s c l n c t  v o l c a n i c  u n i t s .  The o l d e s t ,  i n f o r m a l l y  termed t h e  



Hot Springs Bay volcanics in this report, is a Tertiary-aged sequence of 

mostly volcanic debris flows and volcanic breccias with minor intercalated 

lava flows that has been intruded bv dikes, sills, and small stocks. This 

unit is overlain by the informally named Akutan volcanics which consist of 

Pleistocene-aged lava flows with minor dikes and sills. Holocene and 

historic lava flows from Akutan Vslcano and Lava Point cinder cone overlie 

both the preceding units, and Recent \volcanic debris flows and pyroclastic 

deposits fill several Pleistocene valleys. The volcanic rocks at Akutan are 

primarily tholeiitic basalts and andesites with major element chemistry 
- 

consistent with simple low-pressure crystal fractionation of a single 

magmatic system. 

The Hot Springs Bay Valley walls consist mostly of thick, poorly bedded 

debris flows with the high parts of ridgescapped by basalt and andesite 

flows of the Akutan volcanics. The valley is floored by a Holocene volcanic 

debris flow which appears to be acting as an impermeable cap over the 

subsurface hydrothermal system. The outline of locr resistivity from EM-31 

survevs and helium and mercury soil surveys supgest that thermal waters 

ascend along buried stream channels which cut through the less permeable 

volcanic debris flows and allow the waters to emerge at the surface as 

springs along the present stream banks.. 

The electrical. resistivity and seismic refraction surveys were able to 

-distinguish three subsurface units: 1) an uppermost low velocity-high 

resistivity layer about 30 - 40 m in thickness believed to be composed of 

Holocene volcanic debris flows and.\-allev alluvium; 2) a porous, medium 

velocitv, ].ow resistivity riddle layer, 30 - 100 m thick that could be either 



h y d r o t h e r m a l l y  cemented g l a c i a l  till and g l a c i a l - f l u v i a l  d e p o s i t s  o r  an a s h  

f low t u f f ;  and 3 )  a  h i g h - v e l o c i t y  bedrock l a y e r  though t  t o  b e  s i m i l a r  t o  t h e  

Hot Spr ing  Bay V a l l e y  v o l c a n i c s  exposed i n  t h e  a d j a c e n t  w a l l s .  The zone of 

low r e s i s t i v i t y  i n  t h e  midd le  l a y e r  a p p e a r s  t o  be r e s t r i c t e d  t o  t h e  nor thwes t  

c o r n e r  of  t h e  lower  v a l l e y  and e x t e n d s  under t h e  r e g i o n  of h o t  s p r i n g  

a c t i v i t y .  

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

s u b s t a n t i a l  e v i d e n c e  t h a t  d e e p e r  the rmal  w a t e r s  a r e  mix ing  w i t h  c o l d  m e t e o r i c  

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

i n d i c a t e  p a r e n t  t h e r m a l  w a t e r  t e m p e r a t u r e s  a r e  170-190°C. The zone of  mixing 

i s  i n f e r r e d  t o  be t h e  s e i s m i c a l l y  r e c o g n i z a b l e ,  l o w - r e s i s t i v i t y  l a y e r  a t  a 

d e p t h  of 30 t o  100 m .  Cold m e t e o r i c  w a t e r s  a p p a r e n t l y  i n f i l t r a t e  a l o n g  

v a l l e y  w a l l s  end m i g r a t e  l a t e r a l l y  under t h e  impermeable s u r f a c e  l a y e r s  

th rough  t h e  porous  midd le  l a y e r  and t h e n  mix w i t h  t h e  a s c e n d i n g  t h e r m a l  w a t e r  

t o  form a  sha l low r e s e r v o i r  of  120 t o  135°C w a t e r s .  Waters  i n  t h i s  r e s e r v o i r  

a r e  under  a r t e s i a n  p r e s s u r e ;  t h e y  c o o l  c o n d u c t i v i t y  upon a s c e n t  and emeree a s  

h o t  s p r i n g s  a l o n g  t h e  w e s t  s i d e  of t h e  v a l l e y .  C h l o r i d e  c ~ n c e n t r a t i o n s  of 

t h e  mixed w a t e r  a r e  400 ppm; t h e  deeper  p a r e n t  t h e r m a l  w a t e r s  a r e  e s t i m a t e d  

t o  have c h l o r i d e  c o n c e n t r a t i o n s  of  600 ppm. 

Heat d i s c h a r g e d  by s p r i n g  f low from s p r i n g s  A t h r o u g h  D i s  e s t i m a t e d  a t  

4 . 4  t o  7 . 4  MW. S u b s t a n t i a l  amounts of t h e r m a l  w a t e r s  p r o b a b l y  a l s o  d i s c h a r g e  

d i r e c t l y  i n t o  t h e  s e a  beyond t h e  c o n f i n i n g  s u r f a c e  v o l c a n i c  d e b r i s  f low l a y e r  

a s  evidenced by sand t e m p e r a t u r e s  and h o t  w a t e r  o u t f l o w  a t  t h e  s h o r e l i n e .  

The volume of t h e  s h a l l o w  r e s e r v o i r  a s  e s t i m a t e d  from g e o p h y s i c a l  s u n r e v s  and 

6 3 
the. s i z e  of t h e  low r e s i s t i v i t y  l a y e r  i s ~ 4 . 4  x 10 m . For  an  assumed mean 

r e s e r v o i r  t e m p e r a t u r e  o f  I:TcC t h i s  i s  e q u i v a l e n t  t o ~ 3  x lo1' J of s t c r e d  



h e a t  ene rgy .  The h e a t  d i s c h a r g e  by n a t u r a l  f low- th rough ,  however, i s  on t h e  

o r d e r  of 5 t o  10 MW. The thermal  w a t e r s  under  a r t e s i a n  p r e s s u r e  i n  t h e  

s h a l l o w  r e s e r v o i r  cou ld  be tzpped th rough  r e l a t i v e l y  s h a l l o w  d r i l l i n g  (50  - 

150 m) and would b e  more than adequa te  f o r  d i s t r i c t  h e a t i n g  and i n d u s t r i a l  

p r o c e s s e s  a t  Akutan V i l l a g e .  

Geothernometry  i n d i c a t e s  t h a t  t h e  p a r e n t  t h e r m a l  waters .  a r e  d e r i v e d  f rom 

deeper  r e s e r v o i r s  a t  170 - 190°C, t e m p e r a t u r e s  s u f f i c i e n t  f o r  g e n e r a t i o n  o f  

e l e c t r i c a l  power. I f  t h e  r e s e r v o i r s  s u p p l y i n g  f l u i d s  t o  t h e  fumaro les  and 

h o t  s p r i n g s  a r e  i n t e r c o n n e c t e d ,  t h e  d e e p e r  s u b s u r f a c e  r e s e r v o i r  sys tem may 

. 
cover  a  d i s t a n c e  o f  o v e r  4 ~ I E  and would r e p r e s e n t  a  s u b s t a n t i a l  geo the rmal  

energy r e s o u r c e .  
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FIGURE CAPTIOKS 

F i g u r e  1-1: P o s i t i o n  o f  Akutan  I s l a n d  w i t h i n  t h e  A l e u t i a n  Arc. Do t s  
r e p r e s e n t  v o l c a n o  l o c a t i o n s  a l o n g  t h e  a r c .  

F i g u r e  1-2 :  ERTS-LANDSAT l n a g e  P2413-21234-7  1 t a k e n  March 10 ,  1 9 7 6 ,  showine 
Akutan I s l a n d  and v i c i n i t y .  
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INTRODUCTION 

Akutan I s l a n d  i s  l o c a t e d  i n  t h e  e a s t e r n  A l e u t i a n  c h a i n  a t  54 '05 '  l a t i t u d e  

and  165'55 '  l o n g i t u d e ,  a b o u t  4 5  km n o r t h e a s t  o f  Una la ska  I s l a n d .  The i s l a n d  

i s  29 km l o n g ,  7 1  km w i d e ,  and is  o r i e n t e d  r o u g h l y  e a s t - w e s t  ( f i g .  2 -1 ) .  I t  

i s  d o m i n a t e d  by  Akutan V o l c a n o ,  a  1 ,300  m h i g h  c o m p o s i t e  v o l c a n o .  C e n t r a l  and 

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

w h i c h  p r e d a t e  t h e  f o r m a t i o n  o f  Akutan  Vo lcano .  The r a d i a l  d r a i n a g e  p a t t e r n  of  

t h e s e  v a l l e y s  s u g g e s t s  an o l d  t o p o g r a p h i c  h i g h  i n  t h e  same a r e a  t h a t  i s  now 

o c c u p i e d  by Akutan Vo lcano .  K e s t e r n  Akutan  h a s  g e n t l e  t o p o g r a p h y - d i s s e c t e d  by 

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

The summit o f  Akutan Vo lcano  i s  capped  by a  2 km d i a m e t e r  c a l d e r a .  

W i t h i n  t h e  c a l d e r a  i s  a  c i n d e r  c o n e ,  w h i c h  e x i s t e d  p r i o r  t o  1931 ( F i n c h ,  

19351, and  a  s m a l l  l a k e .  The c a l d e r a  i s ' b r e a c h e d  on t h e  n o r t h  s i d e .  

N o r t h w e s t  of  Akutan Vo lcano  a r e  two s m a l l  e r u p t i v e  c e n t e r s ,  a n  o l d  e r o d e d  

v o l c a n i c  c e n t e r  c o n s i s t i n g  p r i m a r i l y  o f  l a v a  f l o w s  (Lava P e a k ) ,  a n d  a c i n d e r  

c o n e  ( n e a r  Lava P o i n t )  w h i c h  d e v e l o p e d  sometime b e f o r e  1870 ( R v e r s  and B s r t h ,  

1 9 5 3 ) .  

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

R u s s i a n s  v i s i t e d  t h e  i s l a n d  i n  t h e  1 8 5 0 ' s .  R . H .  F i n c h  c o n d u c t e d  t h e  f i r s t  

s c i e n t i f i c  e x p l o r a t i o n  o f  t h e  i s l a n d  i n . 1 9 3 1 ,  and b r i e f l y  d e s c r i b e d  t h e  

g e o l o g y  and  t o p o g r a p h y  of  t h ~  i s l a n d  ( F i n c h ,  1 9 3 5 ) .  F i n c h  n o t e d  t h a t  Dr. T.A. 

, J a g g a r  had  v i s i t e d  t h e  i s l a n d  i n  1907 and  1927 and had  made some c o r r e l a t i o n s  

b e t w e e n  t h e  v o l c a n i c l a s t i c  u n i t s  on Akutan  and t h o s e  on t h e  A l a s k a  P e n i n s u l a ,  

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

R y e r s  and F ~ . r t h  c o n d u c t ~ d  f i e l d  work on Akutan I s l a n d  i n  1948 a s  p a r t  o f  

t h e  L . S .  G e o l o g i c a l  Su rvev  s t u d v  o f  t h e  A l e u t i a n  I s l a n d s  a f t e r  World Gar  11, 



b u t  no o f f i c i a l  r e p o r t  was i s s u e d .  Thep p r e p a r e d  a  g e o l o g i c  map o f  Akutan 

I s l a n d ,  which  i s  i n  t h e  U . S .  G e o l o g i c a l  S u r v e v  a r c h i v e s  i n  Menlo P a r k .  Bye r s  

and B a r t h  ( 1 9 5 3 )  p u b l i s h e d  some i n f o r m a t i o n  on Akutan  I s l a n d  i n  a  p a p e r  

d i s c u s s i n g  b o t h  Akutan and Akun i s l a n d s ,  b u t  t h e i r  m a j o r  emphas is  was on t h e  

r e c e n t  1947 and  1948 e r u p t i o n s  and n o t  p a s t  v o l c a n i c  a c t i v i t y  o r  g e o l o g y .  

Motyka and  o t h e r s  (1981)  b r i e f l v  d e s c r i b e d  Akutan  geo logy  i n  t h e i r  r e p o r t  

on t h e  g e o t h e r m a l  r e s o u r c e s  of t h e  i s l a n d .  P e r f i t  and  Gust  (1981) p u b l i s h e d  

some i s o t o p e  and  m i c r o p r o b e  a n a l y s e s  o f  s a m p l e s  f r o m  Akutan I s l a n d ,  and  

d i s c u s s e d  t h e i r  r e s u l t s  r e l a t i v e  t o  o t h e r  A l e u t i a n  I s l a n d s .  McCulloch and  

P e r f i t  ( 1981)  p u b l i s h e d  j s o t o p e  and r a r e  e a r t h  e l e m e n t  d a t a  f o r  Akutan l a v a s .  

Much o f  t h e  g e o l o g y  and p e t r o l o g y  d e s c r i b e d  h e r e  i s  s u m a r i z e d  f rom 

Romick, 1982 .  R e a d e r s  i n t e r e s t e d  i n  d e t a i l e d  d e s c r i p t i o n s  o f  t h e  a n a l y t i c a l  

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

a r e  r e f e r r e d  t o  Romick ' s  o r i g i n a l  work.  

CENERAL GEOLOGY 

F i g u r e  2 - 2  i s  a  map of  t h e  p e n e r a l  g e o l o g y  o f  Akutan  I s l a n d  m o d i f i e d  f rom 

Byer s  and  R a r t h  (1948  u n p u b l i s h e d  map) .  Akutan  I s l a n d  c o n s i s t s  of  

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

o v e r l a i n  i n  p l a c e s  by younge r  v o l c a n i c  d e p o s i t s  a s s o c i a t e d  w i t h  Akutan 

Volcano.  The v o l c a n i c l a s t i c  m a t e r i a l  and f l o w s  a r e  exposed  p r i n c i p a l l y  on  

c e n t r a l  and  e a s t e r n  Akutan  I s l a n d  and a r e  h e r e  r e f e r r e d  t o  i n f o r m a l l y  a s  Hot 

S p r i n g s  Bav v o l c a n i c s .  Thev c o n s i s t  p r i m a r i l y  o f  v o l c a n i c l a s t i c  d e p o s i t s  

l o c a l l y  i n  e x c e s s  o f  7pn m e t e r s  t h i c k  (Yotyka  and  o t h e r s ,  1PP1) .  The Hot 

S p r i n g s  R 2 y  v o l c a n i c s  n r e  s l i g h t l y  t o  r n ~ d e r a t e ? ~ ~  2 l t e r e d  t o  c h l o r i t e  and 

c a r b o n z t e .  The v o l c z r l c l ~ s t i c  r o c k s  contai : :  nrirnerous & i k e s ,  e s p e c i a l l y  n e a r  



Hot S p r i n g s  Bav. D ikes  l o c a t e d  a round  P o t  S p r i n g s  Bay V a l l e y  s t r i k e  p r i m a r i l y  

n o r t h w e s t ,  w h i l e  t h o s e  l o c a t e d  t o  t h e  w e s t  o f  Hot S p r i n g s  Bay V a l l e y  a r e  

o r i e n t e d  p r i m a r i l y  n o r t h e a s t ;  however d i k e  o r i e n t a t i o n s  span  180 d e g r e e s .  

S m a l l  g a b b r o i c  b o d i e s  i n t r u d e  t h e  Hot S p r i n g s  Ray v o l c a n i c s .  The o r i e n t a t i o n  

and a r r a n g e m e n t  of  s e v e r a l  s m a l l  c u r v i l i n e a r  i n t r u s i o n s  exposed  s o u t h  o f  Open 

B i g h t  ( f i g .  2-2) s u g g e s t  t h a t  t h e v  may be r i n g  d i k e s  a s s o c i a t e d  w i t h  an  o l d e r  

c a l d e r a  s y s t e m .  Bedding a t t i t u d e s  ( f i g .  2 -21  a l s o  s u g g e s t  a n  o l d e r  c e n t e r  o f  

v o l c a n i c  a c t i v i t y  n e a r  Open B i g h t  ( B y e r s  and B a r t h ,  u n p u b l i s h e d  d a t a ) .  

On n o r t h w e s t e r n  Akutan J s l a n d  a  h i g h  r i d g e ,  h e r e  c a l l e d  Lava P e a k ,  i s  
- 

made up o f  a t  l e a s t  19 f l o w s  and 7 d i k e s .  E l e v e n  a l m o s t  f l a t - l y i n g  f l o w s  o f  

t h e  Hot S p r i n g s  Bay v o l c a n i c s  a r e  u n c o n f o n n a b l v  o v e r l a i n  by  e i g h t  o r  more 

f l o w s  wh ich  d i p  t o  t h e  w e s t .  E a s t  o f  t h e  p e a k  a  baked ,  a u t o b r e c c i a t e d  zone 

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

D i k e s  i n t r u d e  t h e  lower  e l e v e n  f l o w s  and a r e  o n l y  exposed  on t h e  n o r t h  

s i d e  o f  t h e  Lava Peak .  A l a r g e  d i k e  e s p o s e d  e a s t  of  Lava Peak  a l s o  i n t r u d e s  

t h e  l o w e r  11 i a v a  f l o w s ,  b u t  i s  t r u n c a t e d  by t h e  uppe r  s e q u e n c e  of  f l o w s .  The 

d i k e  i s  t h e  backbone  o f  t h e  r i d g e  t o  t h e  e a s t  of Lava Peak and may h a v e  been  a 

f e e d e r  d i k e  f r o m  Akutan Volcano.  T h e r e  a r e  s e v e r a l  f l o w s  t o  t h e  s o u t h  o f  Lava  

Peak  wh ich  a r e  t o p o g r a p h i c a l l y  lower  t h a n  t h e  Lzva Peak r o c k s  and a r e  m a n t l e d  

by r e c e n t  t e p h r a  d e p o s i t s  from Akutan V o l c a n o .  

T h e  Hot S p r i n g s  Bay v o l c a n i c s  a r e  unconfo rmab lv  o v e r l a i n  by  a  u n i t ,  h e r e  

c a l l e d  t h e  Akutan v o l c a n i c s ,  which  i s  d o m i n a n t l y  composed o f  b a s a l t  and 

- a n d e s i t e  f l o w s .  These  f lows  a r e  g e n e r a l l y  u n a l t e r e d  and c a p  r i d g e s  be tween 

P l e i s t o c e n e  v ~ l l e v s  a s  v e l i  a s  f o r m i n g  t h e  r e l a t i v e l v  uneroded f l a n k s  o f  

Akutan V o l c a n o .  These  flcrs a r e  i n  p l a c e s  o v e r l a i n  bv Ho locene  v o l c a n i c  

d e p o s i t s .  , 



North of  Lava Peak i s  a c i n d e r  cone and l a v a  f l o w  (Lava P o i n t  f low)  which 

may have formed i n  1852 (Simkin and  o t h e r s ,  19811. The cone i s  approx imate ly  

100 m h i g h  and 300 m a c r o s s  a t  t h e  base .  The l a v a  f l o w  i s  a b o u t  4 km2 i n  

a r e a ,  and forms Lava P o i n t  ( f i g .  2 - 2 ) .  

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

of which formed i n  1978,  and p y r o c l a s t i c  d e p o s i t s .  The 1978 l a v a  f l o w  

fo l lowed  two s t r e a m  d r a i n a ~ e s  down t h e  n o r t h  f l a n k  o f  t h e  vo lcano  and came t o  

w i t h i n  one k i l o m e t e r  of t h e  c o a s t .  Ash e r u p t i o n s  i n t e r s p e r s e d  w i t h  t h e s e  

f lows  have mant led  some o f  t h e  d e p o s i t s  on w e s t e r n  Akutan I s l a n d ,  and have 

o c c a s i o n a l l y  reached  Akutan V i l l a g e  on t h e  e a s t  s i d e  of t h e  i s l a n d  (F inch ,  

1935; Byers and B a r t h ,  1 9 5 3 ) .  Volcanic  a c t i v i t y ,  documented on Akutan I s l a n d  

s i n c e  1790 i s  l i s t e d  i n  t a b l e  2-1.  

IGNEOUS ROCKS 

Hot S p r i n g s  Bay V o l c a n i c s  

The o l d e s t  r o c k s  exposed on Akutan I s l a n d ,  h e r e  i n f o r m a l l y  r e f e r r e d  t o  a s  

t h e  Hot S p r i n g s  Bav v o l c a n i c s ,  u n d e r l i e  most of t h e  i s l a n d  and a r e  exposed on 

about  h a l f  t h e  i s l a n d  ( f i g .  2 - 2 ) .  The b a s e  of t h e  s e c t i o n  i s  n o t  exposed,  b u t  

t h e  u n i t  i s ,  i n  p l a c e s ,  a t  l e a s t  700 m t h i c k .  T v p i c a l  e x p o s u r e s  of t h e s e  

r o c k s  a r e  found i n . t h e  s e a  c l i f f s  s u r r o u n d j n p  Hot S p r i n g s  Bay and most of  o u r  

d a t a  from t h i s  u n i t  a r e  t a k e n  from t h e s e  o u t c r o p s .  

Volcan ic  B r e c c i a  

Volcanic  b r e c c l a  i s  t h e  ?ominant l i t h o l o g y ,  b u r  d i k e s  of p o r p h v r i t i c  



b a s a l t  and  a n d e s i t e  a r e  a l s o  found w i t h i n  t h i s  u n i t .  O u t c r o p s  o f  t h e  h r e c c i a  

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

c o v e r e d  s l o p e s .  The d i k e s  a r e  more r e s i s t a n t  and o f t e n  form o u t c r o p s  on an  

o t h e r w i s e  g r a s s y  h i l l s i d e .  

The v o l c a n i c  b r e c c i a  of  t h e  Hot S p r i n g s  Ray u n i t  i s  a  p o o r l y  s o r t e d  and 

p o o r l y  s t r a t i f i e d  r o c k  composed o f  f r a g m e n t s  o f  b a s a l t  and a n d e s i t e .  I n t e r n a l  

bedd ing  i s  l a c k i n g ,  b u t  i n d i v i d u a l  l a y e r s  ( f l o w s ? )  a r e  marked by s l i g h t  h r e a k s  

i n  s l o p e  o r  e r o s i o n a l  s u r f a c e s .  Angu la r  t o  rounded  b l o c k s  up t o  3 m i n  

d i a m e t e r  a r e  e n c l o s e d  i n  a  m a t r i x  a s - f i n e - a s  c l a y - s i z e d .  The re  i s  no  - 
e v i d e n c e ,  s u c h  a s  baked c o n t a c t s  o r  b r e a d  c r u s t  bombs, t o  i n d i c a t e  t h e  

b r e c c i a s  w e r e  h o t  a t  t h e  t i m e  o f  emplacement .  We i n t e r p r e t  t h e s e  b r e c c i a s  a s  

mudflow d e p o s i t s .  C a r b o n a t e  and c h l o r i t e  a l t e r a t i o n  i s  p e r v a s i v e  t h r o u g h o u t  

t h e  b r e c c i a s .  

D ikes  

L ' e r t i c a l  d i k e s  i n t r u d ~  t h e  v o l c a n i c  b r e c c i a s .  The d i k e s  r a n g e  i n  

t h i c k n e s s  f rom 0 . 3  t o  10 m, b u t  n e s t i n g  o f  d i k e s - w i t h i n - d i k e s  l o c a l l y  p r o d u c e s  

t h i c k n e s s e s  up t o  13 m .  C o n t a c t  metamorphlsrn o f  t h e  e n c l o s i n g  b r e c c i a s  by  t h e  

d i k e s  i s  l i m i t e d  t o  a zone  of bak ing  1 - 4 c m  wide  a d j a c e n t  t o  t h e  d i k e s .  

S t r i k e  o f  t h e  d i k e s  i s  g e n e r a l l y  t o  t h e ' n o r t h w e s t ,  b u t  t h e  a t t i t u d e s  a r e  q u i t e  

v a r i a b l e ;  i n d i v i d u a l  d i k e s  can change  s t r i k e  o v e r  90" i n  a  s i n g l e  o u t c r o p .  

'Flow-banding,  d e f i n e d  bv m i n e r a l o g i c a l  l a y e r i n g  a n d / o r  v e s i c u l e  a l i g n m e n t  i s  

common i n  some of  t h e  d i k e s  2nd i s  p a r a l l e l  t o  t h e  m a r g i n s  of  t h e  d i k e s .  

P o r p h y r i t f c  b a s a l t  i s  Che dominzn: l i t h o l o g v  found i n  t h e  d i k e s .  

P h e n o c r g s t s  o f  p l a p i o c l a s e  s e t  Ir 2 f i n e - g r a i n e d  m a t r i x  o f  p l a g i o c l a ~ e ,  

c h l o r i t e  and c a r b o n a t e  f a l t e r e d  c l i n o a v r o s e n e )  i s  t h e  most  cormon m i n e r a l o g y .  



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

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

t h e s e  p h a s e s  d i f f i c u l t .  P h e n o c r y s t i c  and groundmass o l i v i n e  and a u g i t e  a r e  

o f t e n  r e p l a c e d  by f i n e - g r z i n e d  c a r b o n a t e  a n d / o r  c h l o r i t e .  T h i s  r e p l a c e m e n t  i s  

s o  c o m p l e t e  i n  many s a m p l e s  t h a t  p l a g i o c l a s e  i s  t h e  o n l y  r e c o g n i z a b l e  p r i m a r g  

p h a s e .  C a r b o n a t e - f i l l e d  amygdules  a r e  a l s o  common i n  t h e  d i k e s .  The 

a l t e r a t i o n  p a t t e r n  i s  s i m i l a r  t o  t h a t  found i n  t h e  h o s t  v o l c a n i c  b r e c c i a s  and 

p r o b a b l y  r e p r e s e n t s  a  s i n g l e  a l t e r a t i o n  e v e n t .  

The Hot S p r i n g s  Bay v o l c a n i c s  a r e  t h e  o l d e s t  r o c k s  e x p o s e d  i n  t h e  s t u d y  

a r e a .  A marked u n c o n f o r m i t y  s e p a r a t e s  t h e  v o l c a n i c  b r e c c f a s  and  dikes o f  t h e  

Hot S p r i n g s  Bay v o l c a n i c s  f rom t h e  o v e r l y i n g  Lava  Peak  flows. D i k e s  of  t h e  

Hot S p r i n g s  Bay v o l c a n i c s  exposed  i n  t h e  s e a  c l i f f s  b e t w e e n  Sandy Cove and Hot 

S p r i n g s  Bav a r e  a l s o  t r u n c a t e d  by an u n c o n f o m i t y  and o v e r l a i n  by  Lava Peak 

f l o w s .  

The Hot S p r i n g s  Bay v o l c a n i c s  o f  k k u t a n  I s l a n d  a r e  s i m i l a r  and  may be  

e q u i v a l e n t  t o  t h e  U n a l a s k a  F o r m a t i o n  (Drewes and o t h e r s ,  1961) on Una la ska  

I s l a n d .  V o l c a n i c l a s t i c  s e d i m e n t s  w i t h  minor  l a v a  f l o w s  c h a r a c t e r i z e  b o t h  t h e  

Una la ska  Format ion  and t h e  Hot S p r i n g s  Bay v o l c a n i c s .  D i k e s  and  o t h e r  

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

u n i t s .  

I n t r u s i v e  Rocks 

Three  p h a n e r i t i c  i n t r u s i v e  i g n e o u s  r o c k s  were  sampled  on  Akutan I s l a n d .  



One of t h e  i n t r u s i o n s  i s  a  150 m wide  p l u g  exposed  i n  Sandy Cove. T h i s  mass 

shows columnar j o i n t i n g  and one  s i d e  of  t h e  p l u g  i n t r u d e s  a l o n g  a  bedd ing  

s u r f a c e  i n  t h e  Hot S p r i n g s  Bay v o l c a n i c s  i n  a s i l l - l i k e  f a s h i o n .  A smal l -e r  

p l u g  of  g a b b r o ,  i n t r u s i v e  i n t o  t h e  Hot S p r i n g s  Eay v o l c a n i c s ,  i s  l o c a t e d  on 

t h e  c o a s t  a b o u t  4 lun n o r t h w e s t  o f  Hot S p r i n g s  Bay V a l l e y .  The t h i r d  sample i s  

a s m a l l  b l o c k  o f  d i o r i t e  c o l l e c t e d  from t h e  1978 t e p h r a  d e p o s i t s  n e a r  Lava 

Peak.  

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

c l i n o p y r o x e n e  a b o u t  2  - 4 mm i n  d i a m e t e r .  The d i o r i t e  b l o c k  f rom t h e  1978  

t e p h r a s  i s  a l s o  composed o f  a u g i t e  and p l a g i o c l a s e ,  b u t  h a s  a  cumula t e  t e x t u r e  

and a  s m a l l e r  g r a i n  s i z e  ( 1  - 2  mm). The S a n d v  Cove p l u g  i s  composed of  

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

p l a g i o c l a s e ,  a u g i t e  and opaque  m i n e r a l s .  

The g a b b r o i c  and  d i o r i t i c  r o c k s  f rom Akutan a r e  s i m i l a r  i n  t e x t u r e  and 

m i n e r a l o g y  t o  some o f  t h e  m a f i c  p h a s e s  of  p l u t o n s  on U n a l a s k a  I s l a n d  (Drewes 

and o t h e r s ,  1961; P e r f i t  and o t h e r s ,  1980) .  The p l u g  2 t  Sandy Cove i s  more 

s i m i l a r  t o  t h e  d i k e s  i n  t % e  Akutan v o l c a n i c s .  

A whole- rock  R-Ar a g e  d e t e r m i n a t i o n  on t h e  p l u g  i n  Sandy Cove y i e l d s  a n  

a g e  o f  1.1 2 0 .1  D . V .  ( t a b l e  2-2) .  T h i s  a g e  i s  i d e n t i c a l ,  w i - t h i n  

e x p e r i m e n t a l  e r r o r ,  t o  a g e s  of  b o t h  l a v a  f l o w s  and  d i k e s  i n  t h e  Lava Peak 

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

Akutan V o l c a n i c s  

A s e r i e s  o f  l a v a  f l o w s ,  i n f o r m a l l y  r e f e r r e d  t c  a s  t h e  Akutan v o l c a n i c s ,  

ucconformah?y o v e r l i e s  :'e Hot S ~ r i n g s  Sav v o l c a n i c s .  R e s i s t a n t  r i d g e - c a p p i n g  

l z v a  f l o w s  domina te  t h e  ;\:utan \ 7 0 1 c a n i c s .  I n d i v i d u a l  f l o w s  e i t h e r  r e s t  



d i r e c t l y  on o t h e r  f l o w s  o r  a r e  s e p a r a t e d  by t h i n  l a y e r s  o f  v o l c a n i c  b r e c c i a .  

The l a v a  f l o w s  form s t e e p  s l o p e s  w i t h  good e x p o s u r e .  D ikes  a r e  a l s o  found  

w i t h i n  t h e  Akutan v o l c a n i c s ,  b u t  a r e  n o t  a s  a b u n d a n t  a s  i n  t h e  Hot S p r i n g s  Ray 

1 - o l c a n i c s .  

F lows  

Lava  f l o w s  of  t h e  Akutan v o l c a n i c s  r a n g e  i n  t h i c k n e s s  f rom 2 t o  31 m. 

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

o f  many f l o w s  have  baked  c o n t a c t s .  Flow b a n d i n g ,  d e f i n e d  by v e s i c u l e s  and  

p h e n o c r y s t s ,  i s  found  i n  some o f  t h e  f l o w s .  Columnar j o i n t i n g ,  o r i e n t e d  

p e r p e n d i c u l a r  t o  t h e  f l o w  s u r f a c e ,  is  d e v e l o p e d  i n  some l a v a  f l o w s .  W i t h i n  

t h i c k e r  f l o w s ,  co lumnar  j o i n t i n g  i s  o n l y  d e v e l o p e d  i n  t h e  u p p e r  p o r t i o n  o f  t h e  

f l o w s .  

The Akutan  v o l c a n i c s  c o n s i s t  o f  p o r p h y r i t i c  b a s a l t  and  a n d e s i t e .  Most o f  

t h e  r o c k s  c o n t a i n  o v e r  10 p e r c e n t  p h e n o c r y s t s  s e t  i n  a  h o l o c r y s t a l l i n e  

g roundmass ,  b u t  a t  l e a s t  one  l a v a  f l o w  n e a r  A k ~ i t a n  V i l l a g e  c o n t a i n s  o n l y  r a r e  

p h e n o c r y s t s  o f  p l a g i o c l a s e .  P l a g i o c L a s e  i s  t h e  most  a b u n d a n t  p h e n o c r y s t  p h a s e  

and  i s  found i n  a l l  o f  t h e  s a m p l e s  examined .  O t h e r  p h e n o c r v s t  ~ h a s e s ,  i n  

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

o p a q u e  m i n e r a l s  s e t  i n  a  groundmass  o f  p l a g i o c l a s e ,  a u g i t e ,  and  o p a q u e s .  

F e l d s p a r s  i n  t h e  groundmass a r e  o f t e n  a l i g n e d  t o  form a  t r a c h y t i c  t e x t u r e .  

I n t r u s i o n s  

D i k e s  and  s m a l l  ?!ucs i n t r u d e  t h e  l a l la  f l o w s  of  t h e  Akutan  v o l c a n i c s  

( f i g .  2 - 2 ) .  The d i k e s  r z r g e  i n  t h i c k n e s s  from 0 . 5  - 1 5  rn and p l u g s  ~ l p  t o  0 . 5  



km i n  d i a m e t e r  i n t r u d e  t h e  l a v a  f l o w s .  Some t h i c k e r  d i k e s  i n  t h e  Lava P o i n t  

a r e a  show columnar j o i n t i n g  w i t h  t h e  columns o r i e n t e d  p e r p e n d i c u l a r  t o  t h e  

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

p a r a l l e l s  t h e  marg ins  o f  some d i k e s .  

P o r p h y r i t i c  o l i l r i n e  b a s a l t  i s  t h e  most  common l i t h o l o g y  found i n  t h e  

d i k e s ,  b u t  a b o u t  1 / 3  of  t h e  d i k e s  do n o t  c o n t a i n  any  o l i v i n e .  Common 

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

p l a g i o c l a s e ,  a u g i t e ,  and opaque  m i n e r a l s .  Minor q u a r t z ,  c a l c i t e ,  and  c h l o r i t e  

v e i n l e t s  a r e  found i n  d i k e s  s o u t h  o f  Open B i g h t .  - 
D i k e s  and p l u g s  t h a t  a r e  b e l i e v e d  t o  be c o r r e l a t i v e  w i t h  t h e  i n t r u s i o n s  

i n  t h e  Lava Peak v o l c a n i c s  a r e  found  i n  t h e  b r e c c i a s  o f  t h e  Hot S p r i n g s  Bay 

v o l c a n i c s  ( f i g .  2 - 2 ) .  T h e s e  i n t r u s i o n s  a r e  d i s t i n g u i s h e d  f r o m  t h o s e  o f  t h e  

Hot S p r i n g s  Bay v o l c a n i c s  b y  a  g e n e r a l  l a c k  o f  a l t e r a t i o n  and  a f i n e r  g r a i n  

s i z e .  

R y e r s  and B a r t h  (1948)  b e l i e v e d  t h e  c i r c u l a r  o u t c r o p  p a t t e r n  shown by 

some of  t h e s e  i n t r u s t i o n s  ( c f .  s o u t h w e s t  o f  Open R i p h t )  i s  r e l a t e d  t o  a  

r i n g - d i k e  s t r u c t u r e .  T h i s  p a t t e r n  i s  most  a p p a r e n t  e a s t  o f  Akutan  Volcano 

where  s e r i e s  of  d i s c o n n e c t e d  d i k e s  f o r n  a  s e m i - c i r c u l a r  p a t t e r n  a b o u t  t h e  

p r e s e n t  summit c a l d e r a  ( f i g .  2 - 2 ) .  Ano the r  s e r i e s  o f  d i k e s  fo rm r i d g e s  t h a t  

r a d i a t e  f rom Akutan Vo lcano  t o  t h e  s o u t h ,  s o u t h w e s t  and w e s t  ( f i g .  2 - 2 ) .  The 

r a d i a l  d i k e  p a t t e r n  may a l s o  be  r e l a t e d . t o  a n  e a r l i e r  c a l d e r a - f o r m i n g  e v e n t .  

A l t e r a t i o n  i s  u n c c c r c n  i n  t h e  w e s t e r n  Akutan v o l c a n i c s ,  b u t  i s  more 

p r e v a l e n t  on . t? .e  e a s t e r r  a i d e  of  Akutan I s l a n d .  A l t e r a t i o n  i n  t h e  samples  

f rom w e s t e r n  Akutan i s  c o n f i n e d  t o  o x i d a t i o n  cf  some o l i v i n e  p h e n o c r v s t s .  On 



e a s t e r n  Akutan Ts land ,  c h l o r i t e  a n d / o r  c a r b o n a t e  d r e  sometimes found i n  the  

groundmass. Some o l i v i c e  on  e a s t e r n  Akutan i s  p a r t i a l l y  r ep laced  b y  c h l o r i t e .  

The Akutan v o l c a n i c s  unconformably o v e r l i e  t t ie  Hot Spr ings  Bay v o l c a n i c s  

and a r e  d i s s e c t e d  by a t  l e a s t  one major p e r i o d  of g l a c i a t i o n .  Exposures i n  

t h e  s e a  c l i f f s  s o u t h e a s t  of Hot S p r i n g s  Bay and d i k e s  i n  t h e  Hot S p r i n g s  Bay 

v o l c a n i c s  a r e  t r u n c a t e d  b y  an unconformity  which i s ,  i n  t u r n ,  covered by l a v a  

f lows of  t h e  Akutan v o l c a n i c s .  There i s  l i t t l e  r e l i e f  on t h e  unconformity  and 

t h e  l a v a  f lows  above appear  t o  p a r a l l e l  t h e  c rude  bedding i n  the  u n d e r l y i n g  

b r e c c i a s .  

The l a c k  of  widespread a l t e r a t i o n  and t h e  s t 1 , a t i g r a p h i c  p o s i t i o n  s u g g e s t  

t h a t  t h e  Akutan v o l c a n i c s  a r e  s i g n i f i c a n t l y  younger  t h a n  t h e  Hot S p r i n g s  Bay 

v o l c a n i c s .  Radiometr ic  ages  measured by t h e  K-Ar  method on whole-rock samples  

from t h e  Akutan v o l c a n i c s  range from 1.1 + 0 . 2  t o  1.5 2 0.1 m.y. ( t a b l e  2-2). 

Near Lava Peak a  l a v a  f low n e a r  t h e  b a s e  of  t h e  s e c t i o n  is  d a t e d  a t  1.1 + 0.1 

m.y. A l a v a  f low wes t  of  Hot S p r i n g s  Bay t h a t  o v e r l i e s  b r e c c i a s  of  t h e  Hot 

S p r i n g s  Bay v o l c a n i c s  y i e l d s  a n  age of 1 . 4  5 0 . 2  m.y., which i s  c o n s i s t e n t  

w i t h  t h e  r e s u l t s  from Lava Peak. 

Holocene Volcan ics  

Lava Point 

A c i n d e r  cone developed i n  1852 (? )  j u s t  n o r t h e a s t  of Lava Peak. A l a v a  



f l o w  e r u p t e d  from t h e  base  of t h e  c o n e ,  c o v e r i n g  about  4 km2, and makes up 

what i s  c a l l e d  Lava P o i n t  (Byers  and B a r t h ,  1 9 5 3 ) .  The l a v a  f l o w  i s  v e r y  

b l o c k y ,  and h a s  two l o b e s  which flowed i n t o  t h e  s e a .  Eros ion  h a s  exposed 

numerous l a v a  t u b e s  on t h e  n o r t h e r n  b o r d e r  of t h e  f low which have deve loped  

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

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

g l a s s y  groundmass. The groundmass c o n t a i n s  f low-a l igned  p l a g i o c l a s e  l a t h s ,  

some opaque m i n e r a l s ,  and a  g r e a t  d e a l  o f  brown g l a s s .  

- 
Akutan 

I n  1978 a  l a v a  f low e r u p t e d  i n  t h e  s u m i t  c a l d e r a ,  f lowed down t h e  n o r t h  

f l a n k  o f  Akutan Volcano i n  two l o b e s ,  end came w i t h i n  1 km of t h e  c o a s t .  The 

f l o w  c o n s i s t s  of v e r y  b locky  ( a a )  l a v a  r a n g i n g  from v e s i c u l a r  t o  v e r y  g l a s s y  

i n  t e x t u r e .  I n  hand specimen,  t h e  r o c k s  a r e  a p h a n i t i c  w i t h  o c c a s i o n a l  

p l a g i o c l a s e  p h e n o c r y s t s .  I n  t h i n  s e c t i o n ,  p l a g i o c l a s e  makes up a b o u t  32 

p e r c e n t  of t h e  r o c k ,  whi le  c l i n o p v r o x e n e ,  o l i v i n e ,  and opaque m i n e r a l s  m:ke up 

l e s s  t h a n  7 p e r c e n t .  The groundmass h a s  a  t a c h p t i c  t e x t u r e  and c o n s i s t s  o f  

p l a g i o c l a s e  l a t h s  and brown g l a s s .  

T h e r e  have been s e v e r a l  o t h e r  h t s t o r i c  l a v a  f lows from Akutan ( t a b l e  2-1) 

and t h e  r e l a t i v e l y  uneroded s h a p e  of  most  o f  t h e  volcano i n d i c a t e s  t h a t  a  

l a r g e  p o r t i o n  of t h e  modern e d i f i c e  i s  Fo locene .  

CFO?~OXP?3OLOGY Ahm SURFICIAL DEPOSITS 

G l a c i a l  Lsndforms 



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

p a r t  of  Akutan I s l a n d .  T h e r e  a r e  U-shaped v a l l e y s ,  c i r q u e s  and a r e t e s  of  

v a r i o u s  s i z e s .  The b o t t o m s  of  ma jo r  v a l l e y s  formed by  g l a c i a l  a c t i o n  have  

been  m o d i f i e d  by s t r e a m  e r o s i o n  and t h e  d e p o s i t i o n  of  p o s t g l a c i a l  v o l c a n i c  

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

h a s  produced i n c i s e d ,  V-shaped s t r e a m  c h a n n e l s  o v e r  150 m i n  d e p t h .  Lower 

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

Only one s m a l l  g l a c i e r  e x i s t s  on Akutan.  Thi:; g l a c i e r  c o v e r s  a b o u t  1 km2 

between 1 ,100 m ( 3 , 6 0 0  f t )  and  825 m ( 2 , 7 0 0  f t )  e l e v a t i o n  on a p i n n a c l e  on t h e  

r i m  o f  t h e  c a l d e r a .  

T h e r e  a r e  s e v e r a l  w e l l - d e f i n e d  c i r q u e s  on Akutan I s l a n d .  Major  v a l l e y s ,  

such  a s  t h o s e  b e h i n d  Open F i g h t  o r  Hot S p r i n g s  Bay V a l l e y ,  a r e  headed by 

c i r q u e s .  S m a l l e r  v a l l e y s ,  s u c h  a s  t h e  o n e  b e h i n d  Sandy Cove, a r e  a l s o  headed 

by s m a l l  c i r q u e s .  C i r q u e s  on Akutan i s l a n d  a r e  c o n f i n e d  t o  e l e v a t i o n s  h i g h e r  

than 365 n (1 ,200  f t ) ,  s i m i l a r  t o  t h o s e  on U n a l a s k a  I s l a n d  (Drewes and o t h e r s ,  

1961) ,  i n d i c a t i n g  a  s n o w l i n e  of  365 m ( 1 , 2 0 0  f t )  a t  t h e  t i m e  o f  g l a c i a t i o n .  

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

However, Bye r s  and  B a r t h  (1948)  i d e n t i f i e d  a s m a l l  m o r a i n e  a s s o c i a t e d  w i t h  t h e  

g l a c i e r  on Akutan Peak .  The e x t e n s i v e  d e p o s i t s  o f  r e c e n t  t e p h r a  and v o l c a n i -  

c l a s t i c  d e b r i s  t h a t  f i l l  mos t  of  t h e  v a l l e v s  would  c o n c e ~ l  any  t i l l  t h a t  m i g h t  

be  p r e s e n t .  Morphology o f  t h e  m a j o r  v a l l e y s  s u g g e s t s  t h e  v a l l e y  g l a c i e r s  must  

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

f o r  t h e s e  g l a c i e r s  a r e  n o t  found .  

Stre2,m E r o s i o n  and D e p o s i t s  

P o s t g l a c i a l  s t r e a r  e r c s i c r  h a s  produced ! '-shel~ed c a n y o n s  up t o  150 m ic 



d e p t h  on t h e  rugged u p p e r  s l o p e s  o f  Akutan I s l a n d .  S t r eam c h a n n e l s  choked 

w i t h  l a r g e  b o u l d e r s  c o m p l e t e l y  c o v e r  t h e  canvon b o t t o m s .  T e r r a c e  r e m n a n t s  of  

outwash  g r a v e l s  a r e  found a l o n g  t h e  s t r e a m  c h a n n e l s  where t h e  s t r e a m  g r a d i e n t  

r a p i d l y  d e c r e a s e s .  I n  t h e  lower  p o r t i o n  o f  t h e  m a j o r  v a l l e y s ,  s t r e a m s  meander  

i n  r e s p o n s e  t o  2 g e n t l e  g r a d i e n t  and e x p o s e  v o l c a n i c l a s t i c  v a l l e y - f i l l  d e b r i s  

i n  t h e  s t r e a m  b a n k s  (Swanson and o t h e r s ,  t h i s  r e p o r t ) .  

Mar ine  D e p o s i t s  

. 
Beach d e p o s i t s  r a n g i n g  from b o u l d e r s  t o  s a n d  a r e  common a round  Akutan 

I s l a n d .  S t e e p  c l i f f s  immed ia t e ly  a d j a c e n t  t o  t h e  s h o r e l i n e  promote  b o u l d e r  

b e a c h e s  t h a t  a r e  o n l y  exposed  a t  low t i d e .  F u r t h e r  removed f rom t h e  c l i f f s ,  

b e a c h  d e p o s i t s  r a n g e  f rom c o b b l e s  t o  s a n d .  B a r s  and  s p i t s  a r e  found  a c r o s s  

t h e  mou ths  o f  some b a y s  ( f o r  example ,  Hot S p r i n g s  Bay and Open B i g h t )  t h u s  

i s o l a t i n g  l a g o o n s  o r  l a k e s  from t h e  s e a .  

E o l i a n  D e p o s i t s  

Dunes h a v e  formed beh ind  some o f  t h e  s a n d  b e a c h e s ,  such  a s  a t  Hot S p r i n g s  

Bay. The p r e s e n c e  o f  dunes  i s  c o n t r o l l e d  by t h e  a v a i l a b i l i t y  o f  s a n d .  Dunes 

r e a c h  a  h e i g h t  o f  10 m and a r e  s t a b i l i z e d  by  a  l u s h  growth  of  g r a s s e s .  

\ ~ o l c a n i c l a s t i c  D e p o s i t s  

L a y e r s  o f  v o l c z n i c  as!] and l a p l l l i  w i t h  o c c a s i o n a l  bombs a r e  w f d e s p r e a d  

on t h e  i c e s t e r n  h a l f  of  .iku:ar. T s l ? r \ d .  T h i c k n e s s  o f  t h e  d e p o s i t s  i s  q u i t e  

v 2 r i a h l e  and r z r g e s  f r c r  G c z  s r e e p  s l c p e s  t o  o v e r  30 rn i n  some v a l l e y  b o t -  



toms. Thick accumula t ions  o f  v o l c a n i c l a s t i c  d e b r i s  i n  v a l l e y s  a r e  p robab ly  

m a t e r i a l  from a d j a c e n t  s l o p e s  t h a t  was remobi l i zed  by f l u i d  mudflows. Bedding 

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

f l u v i a l  reworking of t h e  d e p o s i t s .  O l d e r ,  b u t  p o s t g l a c i a l ,  v o l c a n i c l a s t i c  

d e p o s i t s  wi th  some c e m e n t a t i o n  a r e  found i n  Hot S p r i n g s  Bay V a l l e y  (Swanson 

and o t h e r s ,  t h i s  r e p o r t ) .  

GEOCHEMISTRY 

Major ox ide  a n a l y s e s  f o r  o v e r  30 samples of  Akutan l a v a  f l o w s ,  d i k e s  and 

p l u g s  a r e  a v a i l a b l e  (Romick, 1 9 8 2 ) .  F i g u r e  2-3 shows a s i l i c a  v a r i a t i o n  

d iagram of t h e  major  o x i d e s  f o r  samples  from t h e  Hot S p r i n g s  Bay and Lava Peak 

v o l c a n i c s  p l u s  t h e  h i s t o r i c  l a v a  f l o w s  on Akutan. S i l i c a  r a n g e s  f rom 49 t o  63 

we igh t  p e r c e n t  on Akutan. Samples of l a v a  f l o w s . a n d  i n t r u s i o n s  f rom t h e  

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

h i s t o r i c  l a v a s  on Akutan. FeO* (FeO + 0.899 Fe203) ,  Efg, and Ca d e c r e a s e  w i t h  

i n c r e a s i n g  S i ,  w h i l e  Ka and K i n c r e a s e .  Aluminum d e c r e a s e s  s l i g h t l y  w i t h  

i n c r e z s i n g  f r a c t i o n a t i o n  and T i  remains  unchanged o v e r  t h e  o b s e r v e d  range  of 

S i  c o n t e n t s .  The Hot S p r i n g s  Bay v o l c a n i c s  show a  s i m i l a r  p a t t e r n  of  chemical  

v a r i a t i o n ,  bu t  t h e  s c a t t e r  i s  much g r e a t e r  t h a n  t h e  Akutan t r e n d  ( f i g .  2-31. 

The v a r i a b l e  a l t e r a t i o n  t o  c a l c i t e ,  c h l o r i t e  and c l a y s  o f  t h e  Hot S p r i n g s  Bay 

v o l c a n i c s  r e s u l t s  i n  s c a t t e r  i n  t h e  A l ,  Fe,  Mg, and Ca c o n t e n t s  o f  t h e s e  

r o c k s .  F u r t h e r  d i s c u s s i o n s  of t h e  minera logy  and p e t r o l o g y  w i l l  n o t  d e a l  w i t h  

t h e  Hot S p r i n g s  Bay v o l c a n i c s  because  t h e  r o c k s  a r e  e x t e n s i v e l y  a l t e r e d  making 

r e c o g n i t i o n  of pr imary r i l n e r a l o g i c  and geochemical  t r e n d s  d i f f i c u l t ,  and 

because  t h e s e  rocks  2 r e  o l d  and a r e  t h u s  u n r e l a t e d  t o  t h e  c u r r e n t  

m a g ~ a t i c / g e o t h e r m a l  sys tem.  



Akutan volcanic rocks have been characterized as tholeiitic (Perfit and 

Gust, 1981; McCulloch and Perfit, 1981; Kay and others, 1982). Rather weak 

Fe-enrichment is found in the Akutan volcanic rocks (fig. 2-4). The increase 

* 
in FeO (total Fe)/MgO ratios with increasing S i O  (fig. 2-5) is similar to 2 

the tholeiitic trend described by Kav and others (1982) for other Aleutian 

volcanoes. 

Patterns of chemical variation (figs. 2-3, 2-4, and 2-5) permit the 

interpretation that the Lava Peak volcanics and the recent lava flows at Lava 

Point and from Akutan Volcano are comapatic. The relatively smooth 

curvilinear patterns of variation are typical of the trends produced by 

fractionation in crystal-liquid systems. This relatively simple pattern of 

chemical variation is consistent with the apparently simple volcanic plumbing 

system of one central vent (Akutan Volcano) and one satellite vent (Lava 

Point). 

INTERPRETATION 

The rather simple pattern of chemical variation (fig. 2-3 and 2-4) can be 

explained by the extraction of phases rich in Ca, Fe, and Yg,  resulting in a 

decrease in these components with increasing Si. The reaoval of the commonlv 

observed phenocryst assenblage plagioclase + olivine + augite could produce 

this pattern of variation in the Akutan lavas. Hypersthene replaces olivine 

.in the phenocryst assemblage in bulk compositions with more than 52 weight 

percent SiO This change !n phenocryst mineralogy does not change the 
2 ' 

overall pattern of fr~ctionation (decreasin~ Ca, Fe, Kg; increasing Si), but 

it mav esplain a disccrtiruitv i~ the pattern of FgO variation at about 53 

weight percent CiO, (fig. Z - 3 ) .  
L 



Phase equilibria studies in a haplobasalt svs tem (CaA1 S '  O - CaYgSi 0 
2 I 2  8 2 6 

- M g  SiO - SiO ) have revealed a crystallization sequence similar to that 
2 4 2 

found in the volcanic rocks of Akutan (Presnall and others, 1978). Low 

pressure, one atmosphere, experimental studies show that bulk compositions low 

in Si will initjally crystallize some combination of plagioclase, olivine and 

augite (~lino~yroxene). Increasing fractionation in the experimental svstems 

results in a reaction of olivine (in the presence of plagioclase and augite) 

with the silicate liquid to produce hypersthene (orthopyroxene). 

Compositional and textural data from the phenocrysts are consistent with 

low pressure fractionation. The phenocrvsts show a very restricted range of 

compositions, especially in c~mparison to other andesitic systems (Gill, 

1978). Such a restricted compositional range argues for a simple, 

near-surface crystallization history. Zones of glass inclusions within Akutan 

plagioclase were formed as a result of the fast growth of plagioclase at a 

somewhat undercooled temperature. Such dramatic temperature fluctuations 

within a crystallizing magma chamber also indicate a near-surface environment. 

Shallow-level fractionation of the Akutan lavas suggests the existe~ce of 

a shallow-level magma chamber under Akutan Volcano. Partial draining of such 

a magma chamber could explain the small caldera on Akutan Volcano as well as 

the compositional and mineralogic trends within the lavas. High heat flow 

associated with a shallow magma may produce the thermal anorr,alies on Akutan 

that are removed from the active volcanic vents. 
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T a b l e  2-1:  V o l c a n i c  a c t i v l t y  on Akutan I s l a n d  s i n c e  1 7 9 0 .  

D a t e  

17 3 0 

1828 

1838 

1845 

March 1848 

1852 

1862 

1865 

1867 

1883 

1887 

1892 

Type cf E r u p t i o n  L o c a t  i o n  

Smoking 

Smoking 

Smoking 

Smoking 

Sma l l  e x p l o s i v e  e r u p t i o n  

P a r a s i t i c  c o n e  e r u p t i o n  

Smoking 

Glow s e e n  f rom Unimak P a s s  

? 

Smal l  s t e a m  and a s h  e r u p t i o n  

Lava f l o w  

? 

NW o f  Summit 

1896 Glowing 

1P07 C o n t i n u o u s l y  a c t i v e  

Feb. 2 2 ,  1908 Lava f l o w  

191 1 Ash f e l l  on Akutan V i l l a g e  

19 12 Smoking 

1928 Smoke and " f l a m i n g t '  

Kay 1929 E x p l o s i v e  e r u p t i o n  and  l a v e  f l o w  

-1931 E x p l c s i v e  e r u p t i o n  

1946-47 Lava f l o w  2 n d  e x p l o s i v e  e r u p t i o n  

19G8 E x p l o s i v e  e r u p t i o n  

O c t .  1951 E x p l o s i \ , e  e r u p t i o n  



West flank? 

E x p l o s i v e  e r u p t i o n  

Parsitic c o n e ,  a s h  e r u p t i o n  

a n d  l a v a  f l o w  

1976-77 E x p l o s i v e  e r u p t i o n s  

S e p .  25,  1978 Lava f l o w  a n d  a s h  e r u p t i o n s  

1980 E x p l o s i v e  e r u p t i o n  

Sources: Finch ( 1 9 3 5 ) ,  Byers a n d  E a r t h  (19531,  and  Simkin and o t h e r s  (1981) .  
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INTRODUCTION 

Hot S p r i n g s  Bay Vallex. i s  l o c a t e d  on t h e  e a s t e r n  s i d e  o f  Akutan  I s l a n d  i n  

t h e  e a s t e r n  A l e u t i a n  I s l a n d s .  The v a l l e y  i s  a b o u t  4 . 2  km l o n g  and  0 . 9  km wide  

and  t r e n d s  a p p r o x i m a t e i y  NE.  S t e e p  v a l l e y  w a l l s  r i s e  a l m o s t  500 m above  a  

f l a t  v a l l e y  f l o o r  ( p l .  1 ) .  Hot S p r i n g s  Creek  meanders  o v e r  t h e  g e n t l y  s l o p i n g  

f l o o r  o f  Hot  S p r i n g s  Bay V a l l e y  and d r a i n s  i n t o  t h e  s e a  a t  Hot S p r i n g s  Bay. 

H e l i c o p t e r  and  Zod iac  r a f t - s u p p o r t e d  g e o l o g i c  mapping of Hot  S p r i n g s  Bay 

V a l l e y  h a s  p roduced  a 1:20,000 s c a l e  g e o l o g i c  map ( p l .  1). The v a l l e y  w a l l s  

a r e  composed o f  v o l c a n i c  b r e c c i a  w i t h  mino r  i n t e r c a l a t e d  l a v a  f l o w s .  Lava  

f l o w s  a r e  more abundant  on t h e  h i g h e r  s l o p e s .  D i k e s  15 cm t o  2 m  t h i c k  

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

i n t r u d e  t h e  f l o w s ,  a l o n g  t h e  c o a s t  n o r t h  and s o u t h  o f  Hot S p r i n g s  Bay V a l l e y  

( 1  1 ) .  O u t c r o p s  of  v a l l e y  f i l l  c o n s i s t s  o f  v o l c a n i c  d e b r i s  f l o w s ,  dune  

s a n d s  and  con tempora ry  b e a c h  d e p o s i t s .  

VALLEY WALLS 

P r e g l a c i a l  D e b r i s  Flows 

Much o f  t h e  l ower  v a l l e y  w a l l s  a d j a c e n t  t o  Hot S p r i n ~ s  Bay V a l l e y  a r e  

composed o f  v o l c a n i c  d e b r i s  f l o w  d e p o s i t s  o f  t h e  i n f o r m a l l y  named Hot S p r i n g s  

Bay v o l c a n i c s  (Swanson and Romick,  t h i s  r e p o r t ! .  I n d i v i d u a l  f l o w s  l a c k  

i n t e r n a l  s t r a t i f i c a t i o n .  Beddjng  a t t i t u d e s  c a n ,  however ,  b e  d e t e r n i n e d  f rom 

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

u n s o r t e d  and corrpr5sed o f  a n g u l a r  b l o c k c  up t o  1 rn i n  d i a m e t e r  i n  a s a n d - s i z e  

m a t r i x .  P e t r o l n g i c a l l l ; ,  t h e  f1.ous a r e  b e s t  t e n n e d  v r l c a n i c  b r e c c i a .  



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

b l o c k s  j.n t h e  d e b r i s  f l o w s .  B l o c k s  w i t h i n  t h e  d e b r i s  f l o w s  do n o t  show any 

e v i d e n c e ,  s u c h  a s  o x i d i z e d  rims o r  r a d i a l  f r a c t u r e s ,  t h a t  t h e  f l o w s  were  h o t  

a t  t h e  t i m e  of emplacemen t .  T h e s e  f l o w s  p r o b a b l v  r e p r e s e n t  r e m o b i l i z e d  d e b r i s  

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

B a s a l t  and B a s a l t i c - A n d e s i t e  Lava Flows 

Lava  f l o w s  a r e  more a b u n d a n t  on t h e  h i g h e r  e l e v a t i o n s  s u r r o u n d i n g  Hot 

- 
S p r i n g s  Bay V a l l e y  ( p l .  1 ) .  The l a v a  f l o w s  t e n d  t o  b e  more r e s i s t a n t  t o  

e r o s i o n  t h a n  t h e  b r e c c i a s  and  t h e r e f o r e  form c a p s  on r i d g e s .  F lows  r a n g e  i n  

t h i c k n e s s  from 3.5 t o  10 m and  some show c r u d e l y  d e v e l o p e d  c o l u m n a r  j o i n t i n g  

p e r p e n d i c u l a r  t o  t h e  b a s e .  Lava  f l o w s  d i p  a t  s h a l l o w  ( 3  - 5 " )  a n g l e s  toward  

t h e  s e a .  

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

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

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

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

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

a l t e r e d  t o  a  m i x t u r e  o f  c a r b o n a t e  and c h l o r i t e .  O f t e n ,  t h e  g roundmass  

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

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

. o l i v i n e .  Flows t h a t  c a p  t h e  r i d g e  i m m e d i a t e l y  n o r t h  o f  t h e  v a l l e y  ( p l .  1) 

h a v e  a  v e r y  f i n e - g r a i n e d  n 2 t r i x  and  c o n t a i n  a b o u t  15X p h e n o c r v s t s .  P l a g i c -  

c l a s e  Ls t h e  doninan:  p h e n o c r v s t  p h a s e ,  f o l l o w e d  by s u g i t e  and  h y p e r s t h e n e  

v h i c h  a l s o  form p h e n o c r y s ~ s .  Opaque z i n e r a l s  a r e  u n u s u a l l y  a b c n d a n t  i n  t h e s e  



l a v a s  and c o n s t i t u t e  about  2 p e r c e n t  o f  t h e  r o c k s .  Except f o r  r a r e  c a r b o n a t e  

amygdules t h e s e  l a v a s  show no s i g n  of a l t e r a t i o n .  

The upper  f l o w s  unconformably o v e r l i e  t h e  Hct Spr ing  Bay v o l c a n i c s  and 

a r e  i n f o r m a l l y  r e f e r r e d  t o  a s  t h e  Akutan v o l c a n i c s  (Swanson and Romick, t h i s  

r e p o r t ) .  

Dikes and O t h e r  I n t r u s i o n s  

Numerous d i k e s  a r e  exposed i n  t h e  s e a  c l i f f s  and h i l l s i d e s  around Hot 

S p r i n g s  Bay V a l l e y  ( p l .  1 ) .  The d i k e s  i n t r u d e  t h e  n e a r - h o r i z o n t a l  l a v a  and 

b r e c c i a  f l o w s  and a r e  o f t e n  wel l -exposed b e c a u s e  t h e v  a r e  more r e s i s t a n t  t o  

e r o s i o n  t h a n  t h e  v o l c a n i c  b r e c c i a s .  Dikes  a r e  more abundant i n  t h e  lower  

p o r t i o n  of  t h e  s t r a t i g r a p h i c  s e c t i o n .  A t  l e a s t  one  d i k e  exposed i n  the w a l l s  

of Hot S p r i n g s  Bay V a l l e y  i s  t r u n c a t e d  a g a i n s t  t h e  bot tom s u r f a c e  of  a  l a v a  

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

l e a s t  s o n e  of t h e  d i k e s .  

O r i e n t a t i o n  of  t h e  d i k e s  v a r l e s  c o n s i d e r a b l v ,  b u t  t h e y  g e n e r a l l y  t r e n d  

n o r t h w e s t e r l y  t o  w e s t e r l y  around Hot S p r i n g s  Bay V a l l e y .  Dips of t h e  d i k e s  

a r e  v a r i a b l e ,  b u t  t y p i c a l l y  a t  a  h i g h  a n g l e .  Dike t h i c k n e s s  r a n g e s  from 0 . 4  - 

5.0 m e t e r s .  N e s t i n g  of d i k e s  w i t h i n  d i k e s  h a s  been no ted  i n  some l o c a l i t i e s  

r e s u l t i n g  i n  a n  a g g r e g a t e  t h i c k n e s s  of  up t o  13 m e t e r s .  

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

p h e n o c r y s t s  of  p l a g i o c l a c e  and,  more r a r e l y ,  a u g i t e ,  o l i v i n e  o r  h o r n b l e n d e .  

The m a t r i x  i s  s o m e t i ~ e s  t r a c h y t i c  and u s u a l l y  a  h o l o c r v s t a l l i n e  m i x t u r e  of 

p l a g i o c l a s e ,  2 u g i t e  a n d  op2que minerels, b u t  g l a s s  was no ted  i n  t h e  groundmass 

of scme d i k e  s a m p l e s .  Z i n e r z l  h a n d i n ?  e ~ i s t s  i n  some d i k e s ;  a u e i t e  and 



o l i v i n e  a r e  c o n c e n t r a t e d  toward t h e  d i k e  i n t e r i o r s  and p l a g i o c l a s e  i s  con- 

c e n t r a t e d  n e a r  t h e  marg ins .  The band ing  may be t h e  r e s u l t  of f l o w  d i f f e r e n t a -  

t i o n  d u r i n g  d i k e  emplacement. 

Dike a l t e r a t i o n  i n  t h e  v i c i n i t y  of  Hot S p r i n g s  Bay V a l l e v  i s  v a r i a b l e ,  

b u t  g e n e r a l l y  more p e r v a s i v e  than  e l s e w h e r e  on Akutan Tsl.and. Commonly 

pyroxene and o l i v i n e  (when  resent) a r e  a t  l e a s t  ~ a r t i a l l y  a l t e r e d  t o  an  

assemblage  of c h l o r i t e  p l u s  c a r b o n a t e .  Degree of a l t e r a t i o n  v a r i e s  g r e a t l y  

b o t h  a c r o s s  t h e  wid th  of i n d i v i d u a l  d i k e s  and between a d j a c e n t  d i k e s  o n l y  a  

few m e t e r s  a p a r t .  

A s m a l l  p l u g  of a u g i t e  ~ a b b r o  i s  exposed i n  t h e  s e a  c l i f f  n o r t h  of  Hot 

S p r i n g s  Bay V a l l e y  ( ~ 1 .  1 ) .  The r o c k  i s  f i n e  g r a j n e d ,  o p h i t i c ,  and a p p e a r s  t o  

b e  a  h y p a b y s s a l  e q u i v a l e n t  of many o f  t h e  d i k e s .  

SURFICIAL DEPOSITS 

Sand Dunes 

Two p a r a l l e l  sand dunes  d e r i v e d  p r i n c i p a l l y  from beach d e p o s i t s  a r e  

p r e s e n t  n e a r  t h e  mouth of  Hot S p r i n g s  Bay V a l l e y  ( p l .  1 ) .  A dune' a b o u t  7 m 

h i g h  i s  l o c a t e d  behind t h e  p r e s e n t  b e a c h .  T h i s  dune i s  p a r t i a l l y  overgrown by 

g r a s s ,  e s p e c i a l l y  on t h e  landward side;and i s  s t i l l  a c t i v e .  A second ,  o l d e r ,  

dune i s  l o c a t e d  about  300 m u p - v a l l e v  from t h e  beach dune and i s  a b o u t  130 m 

-wide and 1 2  m h i g h .  The o l d e r  dune i s  c o m p l e t e l y  overgrown w i t h  g r a s s .  

S t u d i e s  of  s e a  l e v e l  changes  i n  t h e  A l e u t i a n  I s l a n d s  (R.F. B l a c k ,  p e r s o n a l  

c o m u n . ,  1987;  F l a c k ,  19821  s u g g e s t  t h ~ t  t h e  o l d e r  dune was formed d u r i n g  2 

p e r i o d  of a  2 - 3 c l - , i rhe r - than-presen t  s e a  l e v e l  s t a n d  t h a t  o c c u r r e d  Setweep 

10 ,000  and 3 , 0 0 0  yr z ~ c .  !,Icst o f  t h e  Eot S p r l n ~ s  Eav  Va'ley f i l l  must have  



been i n  p l a c e  o f  t h e  t i m e  o f  s e a  l e v e l  r i s e  i n  o r d e r  t o  form a  p l a t f o r m  f o r  

c o n s t r u c t i o n  o f  t h e  o l d e r  s a n d  dune.  The a c t i v e  c o a s t a l  dune  began fo rming  

s i n c e  3 , 0 0 0  y r  a g o  a s  s e a  l e v e l  s l o w l y  dropped t o  i t s  p r e s e n t  l e v e l .  Both 

dunes  a r e  c u t  by Hot S p r i n g s  Creek .  

P o s t g l a c i a l  V o l c a n i c  D e b r i s  Flows 

Our g e o l o g i c  mapping shows t h a t  t h e  p r e s e n t  v a l l e y  f l o o r  i s  c o m p l e t e l y  

cove red  b y  a  v o l c a n i c  d e b r i s  f l o w  o f  unknown t h i c k n e s s .  S i m i l a r  v o l c a n i c  

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

(Swanson and Romick, t h i s  r e p o r t ) .  These  d e p o s i t s  a r e  b e l i e v e d  t o  h a v e  formed 

when w a t e r  s a t u r a t e d  p y r o c l a s t i c  d e b r i s  f rom t h e  u p p e r  f l a n k s  o f  Akutan  

Volcano f lowed  down i n t o  t h e  v a l l e y s  t h a t  d r a i n  t h e  v o l c a n o .  

Two s t r e a m  b a n k  o u t c r o p s  of  d e b r i s  f l o w  d e p o s i t s  w e r e  found on  t h e  

n o r t h w e s t  s i d e  o f  Hot S p r i n g s  Bay v a l l e v ,  o n e  be tween  s p r i n g s  C and D ,  ( t a b l e  

3-1) and one  u p - v a l l e y  f rom t h e r e .  S e v e r a l  s h a l l o w  a u g e r  h o l e s  n e a r  t h e  

c e n t e r  of t h e  v a l l e y  a l s o  e q c o u n t e r e d  t h e  same c n i c .  The u n i t  i s  h i g h l y  

i n d u r a t e d  and g r a v  where  f r e s h  and brown where  w e a t h e r e d .  The m a t r i x  i s  

c l a y - r i c h  and e n c l o s e s  a b u n d a n t  d a r k - g r e y  t o  b l a c k  s c o r i a  r a n g i n g  i n  s i z e  f rom 

1.5 rmn t o  5 c m .  

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

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

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

2 m-deep s e i s m i c  s h o t  h o l e s  l o c a t e d  500 and 845 m up v a l l e y  f rom t h e  o l d e r  

dune a l s o  e n c o u n t e r e d  h a r d  c ' r i l l l n g  and b r o u g h t  up s i m i l a r  c u t t i n g s .  Both 

s h o t s  b l ew o u t  l a r g e  f r a g ~ , e r t s  of  t h e  m a s s i v e  c l e b r i s  f l o w  u n i t .  These  r anged  

up t o  0 .7  m a c r o s s  i n  t h e  sou the rnmos t  s h o t  h o l e .  The f r a g m e n t s  were  f r e s h ,  



i n d u r a t e d ,  g r a y  i n  c o l o r  and c o n t a i n e d  z b u n d a n t  da rk -g ray - to -b l ack  b a s a l t i c  

s c o r i a  i n  a  c l a y - r i c h  n a t r i x .  Vhere s e e n  i n  t h e  s h o t  h o l e s ,  t h e  u n i t  i s  

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

d e s c r i b e d  p r e v i o u s l v .  

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

o v e r  t h e  o l d e r  dune n e a r  t h e  mouth of  t h e  v a l l e y  ( p l .  I ) ,  s i x  1 . 2  m deep  h o l e s  

were  d r i l l e d  a l o n g  a  t r a v e r s e  a c r o s s  t h e  d u n e ,  spaced  a b o u t  1  - 2 m a p a r t  i n  

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

p r e s e n t  a l o n g  t h e  b a c k  s i d e  o f  t h e  dune  t o  w i t h i n  a b o u t  1 . 7  m o f  t h e  t o p  o f  

t h e  d u n e .  Two a d d i t i o n a l  h o l e s  were  d r i l l e d  a t  t h e  seaward  edge  i f  t h e  dune  

and a t  a b o u t  10  n f a r t h e r  s eaward .  Both  h o l e s  produced c u t t i n g s  indicative o f  

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

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

t h a t  t h e  s t i l l - f l u i d  d e p o s i t s  t h e n  s lumped  o f f  t h e  t o p  o f  t h e  dune .  An 

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

t h e  dune  and t h e n  f l o o d e d  t h e  a r e a  s e a w a r d  o f  t h e  dune .  The p r e s e n c e  o f  t h e  

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

s e a - l e v e l  r e c e s s i o n  of  2 , 0 0 0  - 3 , 0 0 0  vr a g o .  Val ley-dune  t o p o g r a p h y  

c o n s t r a i n s  t h e  t h i c k n e s s  a t  t h e  d i s t a l  end  o f  t h i s  d e b r i s  f l o w  t o  < 3  m. 

About  0 . 3  k i l o m e t e r s  up t h e  E-W t r i b u t a r y  v a l l e y  a t  t h e  head  o f  t h e  main 

v a l l e y  ( p l .  l ) ,  a v o l c a n i c  d e b r i s  f l o w  d e p o s i t  a t  l e a s t  3 . 6  m t h i c k ,  i s  

exposed  ( t e b l e  3-2). The d e p o s i t  i s  l i g h t  brown i n  c o l o r ,  e x t r e m e l y  w e l l -  

. bedded ,  p o o r l y  c o n s o l i d a t e d ,  and i s  composed o f  l a p i l l i  and c l a s t s ,  up t o  & 6  

cm i n  d i a m e t e r .  The a h s e n c e  of d r a p i n g  o f  b e d s  o v e r  l a r g e  c l a s t s  and t h e  l a c k  

of  d e p r e s s i o n  of  u n d e r l \ r i n ~  beds  by t h e s e  c l a s t s  i n d i c a t e  t h a t  t h i s  i s  n o t  an 

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

s t r e a m - l a i d  d e p o s i t :  



1. A l l  c l a s t s  and m a t r i x  g r a i n s  a r e  s h a r p l y  a n g u l a r .  

2 .  There i s  no c r o s s - b e d d i n g  o r  c u t - a n d - f i l l  s t r u c t u r e  i n  t h e  e n t i r e  

4 x 30 m e x p o s u r e .  

3.  Bedding i s  c o n t i n u o u s  around t h e  l a r g e  c l a s t s  w i t h  no ev idence  of 

back eddy t u r b u l e n c e .  

4 .  The d e p o s i t  i s  v e r v  p o o r l y  s o r t e d .  

The con t inuous  n a t u r e  of  t h e  bedding s u g g e s t s  l a m i n a r  f l o w  of a  w e t ,  mass 

of dominant ly  sand-s ize  m a t e r i a l  c o n t a i n i n g  a  few l a r q e r  c l a s t s .  T h i s  u n i t  i s  

i n t e r p r e t e d  a s  r e p r e s e n t i n g  a p rox imal  f a c i e s  of  t h e  v a l l e y - f i l l i n g  l a h a r  

d e s c r i b e d  p r e v t o u s l y .  I t  Eppears  t h a t  t h i s  d e b r i s  f l o w  came down t h e  E-W 

t r i b u t a r y  v a l l e y  from t h e  f l a n k s  o f  Akutan Volcano and c o m p l e t e l y  covered t h e  

f l o o r  of Hot S p r i n g s  Bay V a l l e y ,  p r o b a b l y  f lowing  o v e r  p r e v i o u s  d e b r i s  f low 

d e p o s i t s  and v a l l e y  f i l l  a l l u v i u m  which were d e p o s i t e d  p r i o r  t o  t h e  fo rmat ion  

of  t h e  a n c i e n t  dune d i s c u s s e d  above.  

J . W .  Reeder ( p e r s o n a l  commun., 1985) r e p o r t e d  f i n d i n g  a  s i m i l a r  s e c t i o n  

i n  t h e  same v i c i n i t v  c o n s i s t i n g  o f  s o i l  o v e r l a i ~  by p y r o c ? - a s t i c s  which i n  t u r n  

a r e  o v e r l a i n  by t h e  v o l c a n i c  d e b r i s  f low.  Reeder (1983) o b t a i n e d  C-14 d a t e s  

on t h e  u n d e r l y i n g  s o i l  l a y e r  and on s o i l  l a y e r s  u n d e r l y i n g  s i m i l a r  

p y r o c l a s t i c s  a t  two o t h e r  l o c a t i o n s  on Akutan I s l a n d .  The t h r e e  

d e t e r m i n a t i o n s  y i e l d e d  an a v e r a g e  age of 5 ,200  + 200 rybp .  Thus t h e  v o l c a n i c  

d e b r i s  f l o w  c o v e r i n g  Po t  S p r i n g s  Ray V a l l e y  i s  younger  t h a n  5 ,200  r y b p ,  which 

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

d i s c u s s e d  p r e v i o u s l v .  



Eeach D e p o s i t s  

M a t e r i a l  on t h e  b e a c h e s  r a n g e s  i n  s i z e  from sand t h r o u g h  b o u l d e r s .  On 

t h e  g e o l o g i c  map ( p l .  1) sand and graxvel  beaches  have been mapped s e p a r a t e l y  

w h i l e  b o u l d e r  b e a c h e s  have no t  been d i s t i n g u i s h e d .  Sand and g r a v e l  beaches  

t y p i c a l l y  form an apron  l e a d i n g  t o  dunes behind t h e  b e a c h ,  t h u s  l e a v i n g  some 

of t h e  sand from t h e  beach-dune svstem exposed,  even a t  h i g h  t i d e .  Boulder  

beaches  c o n s i s t  o f  b l o c k s  of v o l c a n i c  rock  d e r i v e d  from t h e  s e a  c l i f f s  l o c a t e d  

immediate ly  beh ind  t h e  b e a c h .  The b o u l d e r  b e a c h e s  a r e  s m a l l  and t y p i c a l l y  a r e  
- 

o n l y  exposed a t  low t i d e .  

GEOKORPROLOGY 

Recent s t u d i e s  of r e p r e s e n t a t i v e  i s l a n d s  i n  t h e  A l e u t i a n s  have shown t h a t  

i c e  caps  covered a l l  m a j o r  i s l a n d s  i n  t h e  l a t e  Wiconsinan S t a g e  and extended 

c o n s i d e r a b l e  d i s t a n c e s  e v e r  t h e  now submerged A l e u t i a n  p l a t f o r m  (Gard,  1980; 

R i a c k , . l 9 8 1 ;  B l a c k ,  1 9 8 3 ) .  Thus,  g l a c i e r  e r o s i o n  i s  l a r g e l y  r e s p o n s i b l e  f o r  

t h e  s e r r a t e d  r i d g e s  r a d i a t i n g  from Akutan s u m i t  and f o r  t h e  l a r g e  U-shaped 

v a l l e y s  d r a j n i n g  t h e  i n t e r i o r  of Akutan I s l a n d .  R e t r e a t  o f  t h e  Wisconsinan 

i c e  s h e e t  i n  t h e  A l e u t i a n  Ts lands  i s  though t  t o  have o c c u r r e d  abou t  10,000 t o  

12,000 yr ago,  i n d i c a t i n g  2 f a i r l y  young a g e  f o r  Hot S p r i n g s  Bay V a l l e y .  The 

V-shaped lower  p a r t s  o f  t h e  wes te rn  t r i b u t a r y  v a l l e y s  t o  Hot S p r i n g s  Bay 

- V a l l e y  a r e   apparent?^ due t o  p o s t g l a c i a l  d o w n c u t t i n g  by s t r e a m s .  The p r e s e n t  

v a l l e y  f l o o r s  were  formed i n  p a r t  by i n - f i l l i n g  of v o l c a n o c l a s t i c ,  

g l a c i a l - f l u v i a l ,  and alluvizi d e p o s i t s .  



G E O L O G I C  HISTORY 

The e a r l i e s t  g e o l o g i c  e v e n t  i n  t h e  deve lopaen t  of Hot S p r i n g s  Bay V a l l e y  

was t h e  d e p o s i t i o n  of t h e  t h i c k  sequence  of  v o l c a n i c  b r e c c i a s .  These  d e p o s i t s  

were  p r o b a b l y  formed by v o l c a n i c  d e b r i s  f l o w s  from an a n c e s t r a l  Akutan Volca- 

no. The d e b r i s  f lows were c o o l  mudflows t h a t  formed from m e l t e d  snow o r  r a i n  

t h a t  r e m o b i l i z e d  v o l c a n i c  d e b r i s  on t h e  upper  s l o p e s  of t h e  v o l c a n o .  These 

e a r l i e s t  d e p o s i t s  cou ld  n o t  be d a t e d  d i r e c t l y .  

A s e r i e s  of n e a r - v e r t i c a l  d i k e s  of  b a s a l t i c  a n d e s i t e  was i n t r u d e d  i n t o  

t h e  sequence  and b r e c c i a s .  The s t r i k e  of t h e  d i k e s  toward t h e  p r e s e n t  summit 

of  Akutan Volcano s u g g e s t  d i k e  i n t r u s i o n  mav be  r e l a t e d  t o  some e v e n t  a t  t h e  . 

summit,  s u c h  a s  c a l d e r a  f o r m a t i o n .  Byers  and Ber th  (1953) s u g g e s t e d  s u c h  a 

r e l a t i o n  i n  t h e i r  1948 r e c o n n a i s s a n c e  o f  Akutan I s l a n d .  S m a l l  p l u g s  t h a t  

i n t r u d e  t h e  l a v a  f lows  and b r e c c i a s  a r e  p r o b a b l y . r e l a t e d  t o  t h i s  p e r i o d  of 

d i k e  emplacement. 

An e x t e n s i v e  p e r i o d  of e r o s i o n  f o l l o w e d  t h e  d i k e  i n t r u s i o n  i n  t h e  lower 

p c r t i c n s  of  t h e  s e c t i o n .  A r e l z t i v e l y  f l a t  e r o s i o n  s u r f a c e  was produced 

r e s u l t i n g  i n  t r u n c a t i o n  of  some d i k e s  i n  t h e  lower s e c t i o n .  Ex t r t l s ion  of  a  

s e r i e s  o f  e a r l y  P l e i s t o c e n e  b a s a l t  and b a s a l t i c - a n d e s i t e  l a v a  f l o w s  marked t h e  

end o f  t h e  e r o s i o n a l  p e r i o d .  

Wisconsinan g l a c i a t i o n  was w i d e s p r e a d  on Akutan I s l a n d .  The g l a c i e r s  

h e a v i l y  d i s s e c t e d  t h e  o l d e r  s e r i e s  of  b r e c c i a s ,  l a v a s ,  and d i k e s .  The g l a c i e r  

t h a t  c a r v e d  Hot S p r i n g s  Ray V a l l e y  p r o b a b l y  overf lowed t h e  low d i v i d e  t h a t  

s e p a r a t e s  t h i s  v a l l e y  from Akutan F a r b o r  and flowed down t h a t  v a l l e y  a s  w e l l .  

G l a c i e r s  t e r m i n a t e d  seaward of t h e  p r e s e n t  beach l i n e .  

Fo l lowing  r e t r e a t  o f  t \ e  C'isconsinar.  g l a c i e r s  ahout  10 ,000  t o  12,000 v r  

z g o  ( B l a c k ,  ! 9 7 5 ) ,  g l a c i a l - f l u ~ r i a l  d e p o s i t s ,  a l l u v i u m ,  and c i n d e r - l a d e n  l a h a r s  



f rom t h e  u p p e r  s l o p e s  o f  Akutan  Vo lcano  began  t o  f i l l  Hot S p r i n g s  Bay V a l l e y .  

A g e n e r a l  r i s e  i n  s e a  l e v e i  o f  3  m r e s u l t e d  i n  s and  dune  f o r m a t i o n  i n  t h e  

l o w e r  s e c t i o n  o f  t h e  v a l l e v  somet ime be tween 1 0 , 0 0 0  and  3 , 0 0 0  y r  ago  (Slzck, 

1982 ,  p e r s o n a l  copnun . ,  1 9 8 2 ) .  E x t e n s i v e  p o s t p l a c i a l  v a l l e y - f i l l i n g  

p y r o c l a s t i c  d e p o s i t s  and  d e b r i s  f l o w s  were  emplaced  i n  s e v e r a l  v a l l e y s  

d r a i n i n g  Akutan Volcano and n a y  b e  r e l a t e d  t o  t h e  f o r m a t i o n  o f  Akutan  C a l d e r a .  

Carbon-14 d a t e s  o b t a i n e d  by  R e e d e r  (1983)  shows t h e s e  d e p o s i t s  a r e  younge r  

t h a n  5 , 2 0 0  rybp.  The v o l c a n i c  d e b r i s  f l o w  t h a t  f l o w e d  down Hot S p r i n g s  Bay 

V a l l e y  was emplaced  some t ime  a f t e r  s e a - l e v e l  r e c e s s i o n  b e g a n  3 , 0 0 0  y r  ago .  
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T a b l e  3-1. S e c t i o n  1 ,  V o l c a n i c  d e b r i s  f low d e p o s i t  between S p r i n g  C and D 
( l o c a t i o n ,  p l .  1 ) .  

T h i c k n e s s  
( c e n t i m e t e r s )  

1 .  Tundra c a p ,  a c t i v e  zone o f  p l a n t  growth 

2 .  S o i l ,  b l a c k ,  sandy 

3. S o i l ,  dark-brown, r i c h  i n  o r g a n i c  m a t t e r  

4 .  S o i l ,  dark-grev 

5 .  S o i l ,  brown, c l a y - r i c h  

6 .  S o i l ,  v e r y  dark-brown, c l a y - r i c h  

7 .  L a p i l l i  b r e c c i a ,  g r a y ,  c l a y - r i c h  m a t r i x  
w i t h  b l a c k  s c o r i a c e o u s  c i n d e r s  up t o  5 cm 
d i a m e t e r .  M a t e r i a l  i s  p o o r l v  s o r t e d  and does  
not show any s t r a t i f i c a t i o n .  H i c r o s c o p i c a l l y  
t h e  m a t r i x  c o n s i s t s  of  a b o u t  9 9 %  f i n e - g r a i n e d  
c l a y  e n c l o s i n g  p l a g i o c l a s e  ( 0 . 1  - 0.2 mm 
d i a m e t e r ) .  The m a t r i x  i s  w e l l  i n d u r a t e d .  Base 
of  t h i s  u n i t  i s  n o t  exposed.  

T o t a l  exposed s e c t i o n  185 cm 



T a b l e  3-2. S e c t i o n  2 ,  V o l c a n i c  d e b r i s  f l o w  d e p o s i t  i n  u p p e r  t r i b u t a r y  o f  Hot 
S p r i n g s  Rav V a l l e y  ( l o c a t i o n ,  on p l .  1). 

T h i c k n e s s  
( c e n t i m e t e r s )  

1. Tundra  c a p ,  i n t e r g r o w n  mass of modern r o o t s  
2 .  S o i l ,  dark-brown t o  b l a c k  
3 .  S o i l ,  m o d e r a t e  o l i v e  brown,  sandy 
4 .  S o i l ,  g r a y ,  s a n d y  
5 .  S o i l ,  l i g h t  o l i v e  b rown ,  s andy  
6 .  S o i l ,  g r a y ,  s a n d v  
7 .  S o i l ,  l i g h t  o l i v e  grown,  s andv  
8.  L a p i l l i  b r e c c i a ,  l i g h t - b r o w n ,  s a n d  t o  s i l t -  

s i z e  m a t r i x  w i t h  b l a c k ,  a n g u l a r  s c o r i a c e o u s  
c i n d e r s  w i t h  some b l o c k s  t o  4 6  cm. P l a n a r  
b e d d i n g  i s  n o t  d i s r u p t e d  by t h e  p r e s e n c e  o f  
l a r g e  b l o c k s .  No c l a y - s i z e d  p a r t i c l e s  a r e  
p r e s e n t .  Base o f  u n i t  i s  n o t  exposed .  

t h i c k n e s s  o f  
exposed  s e c t i o n  
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INTRODUCTION 

Geophysical  methods x e r e  used a t  Hot S p r i n g s  Bay v a l l e v  t o  de te rmine  t h e  

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

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

geothermal  r e s e r v o i r s .  A s  t h e r e  were no e x i s t i n g  d a t a  on any  of t h e s e  

s u b j e c t s ,  s e v e r a l  t e c h n i q u e s  were used t o  p r o v i d e  a s  much i n f o m a t i o n  a s  

p o s s i b l e .  

The n e a r - s u r f a c e  ( 6  m) e a r t h  c o n d u c t i v i t i e s  measured w i t h  a  Geonics  

EM-31 n o n c o n t a c t i n g  c o n d u c t i v i t y  mete r  have been used  e l s e w h e r e  t o  map a r e a s  

~ f  anomalous t e m p e r a t u r e s  (Wescott  and Turner ,  1981; T u r n e r  and Forbes ,  1980; 

Osterkamp and o t h e r s ,  1983). EM-31 r e a d i n g s  were  t a k e n  a t  25 m i n t e r v a l s  

a l o n g  n o r t h w e s t - s o u t h e a s t  g r i d  l i n e s  spaced 100 m a p a r t .  The g r i d  sys tem i s  

shown on p l a t e  2 .  The e l e c t r i c a l  r e s i s t i v i t y  a t . g r e a t e r  d e p t h s  was measured 

bv Schlumberger v e r t i c a l  e l e c t r i c a l  sound ings  and by c o - l i n e a r  d i p o l e - d i p o l e  

s e c t i o n s .  The l a y e r i n g  of  d e b r i s  f lows  and s e d i m e n t s  and d e p t h  t o  basement 

was i n v e s t i g a t e d  by u s e  of  t h e  s e i s m i c  r e f r a c t i o n  ? r o f i l e .  t e c y n i q u e .  Gr;lvity 

p r o f i l i n g  and VLF m e a s u r e z e n t s  were  c a r r i e d  o u t ,  b u t  t h e s e  t e c h n i q u e s  d i d  n o t  

produce u s a b l e  r e s u l t s .  

A n a l y s i s  o f '  t h e  r e s u l t s  h a s  produced an i n t e g r a t e d  model of t h e  lower 

v a l l e y  t o  a d e p t h  o f  a b o u t  150 m .  

SHALLOW GROLrha COh'DUCTIVITY MEASUREMENTS 

The s p e c i f i c  c o n d u c t a n c e s  of  w a t e r s  from s p r i n g s  A,  and D, a r e  1775 and 
L &. 

700 mhos/cr  a t  2 5 O C ,  r e s p e c t i v e l y  (Motyka and o t h e r s ,  1 9 8 1 ) .  A t  t h e  a c t u a l  

s p r i n g  c e c p e r a t u r e s  of  E i  and 5F.R°C, t h e  r e c i p r o c a l s  of t h e  conductances  



( t h e  r e s i s t i v i t i e s )  o f  t h e  w a t e r s  a r e  2 .39  and 8 . 0 3  ohm-m r e s p e c t i v e l y ,  u s i n g  

t h e  r e l a t i o n s h i p  t h a t  t h e  c o n d u c t i v i t y  a t  t e n p e r a t u r e  T: o = o  [ l  + 0.023 T  2 5 

(T - 2 5 ) ] .  The r e s i s t i v i t i e s  o f  t h e  f o r m a t i o n s  f i l l i n g  t h e  v a l l e y  a r e  i n  

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

a p p a r e n t  by low r e s i s t i v i - t v  ( h i g h  c o n d u c t i v i t v ) .  

The G e o n i c s  L t d .  EM-31 n o n c o n t a c t i n g  t e r r a i n  c o n d u c t i v i t y  m e t e r  

measu res  t h e  a p p a r e n t  c o n d u c t i v i t y  o f  t h e  g round  w i t h  a n  e f f e c t i v e  d e p t h  o f  

p e n e t r a t i o n  o f  a b o u t  6 m when t h e  c o i l s  a r e  h o r i z o n t a l .  I t  o p e r a t e s  by 

t r a n s m i t t i n g  a  9 . 8  kHz s i g n a l  i n t o  t h e  g round  v i a  a  s e l f - c o n t a i n e d  d i p o l e  

t r a n s m i t t e r  c o i l  a t  one  end of  a  boom which  i n d u c e s  c i r c u l a r  eddy c u r r e n t  

l o o p s  i n  t h e  g r o u n d .  The magni tude  o f  t h e s e  c u r r e n t  l o o p s  1 s  d i r e c t l y  

p r o p o r t i o n a l  t o  t e r r a i n  c o n d u c t i v i t y  i n  t h e  v i c i n i t y  o f  t h e  loop .  Each 

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

l o o p .  The r e c e i v e r  c o i l  a t  t h e  o t h e r  end  o f  t h e  4 m boom d e t e c t s  a  p o r t i o n  

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

t o  t e r r a i n  c o n d u c t i v i t y .  

I f  t h e  ground i s  homogeneous t o  a b o u t  6 m ,  t h e  a p p a r e n t  c o n d u c t i v i t y  i s  

t h e  t r u e  c o n d u c t i v i t y .  However, i f  t h e r e  a r e  l a y e r s  of  d i f f e r e n t  

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

c o n d u c t i v i t y  w i l l  b e  a n  i n t e n c e d i a t e  v a l u e .  

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

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

-compared t o  c o l d  w a t e r  ( K e l l e r  and F r i s h k n e c h t ,  1 9 6 6 ) .  

In  o u r  i n v e s t i g a t i o n s  a t  P i l g r i m  S p r i n g s  ( T u r n e r  and  F o r b e s ,  1980), 

Chena Hot S p r i n g s  (Wesco t t  and T u r n e r ,  1981) and a t  )!anley Hot S p r i n g s ,  

( E a s t ,  1981).  t h e  E?:-3! h a 5  ~ r o \ ~ e d  v e r y  u s e f u l  i n  l o c a t i ~ g  n e a r - s u r f a c e  zones  



of anomalous temperatures, even where the salinity of the geothermal water is 

not high. The correlation between ground temperature and shallow 

conductivity has proved to be so good that we decided to use the EM-31 to 

locate areas of near surface temperature anomalies rather than making a more 

time consuming ground temperature survey. 

EX-31 readings were made along the northwest-southeast 100 rn grid lines 

at 25 m intervals, or closer in regions of steep gradients. The results of 

the survey, converted into resistivity in ohm-m, have been contoured and are 

shown in figure 4-1. The lowest resistivity zone forms a discontinuous, 

sinuous pattern near the northwest edge of the valley from about 1,100 m SW 

to 400 NE. The lowest resistivity, less than 10 ohm-m, forms narrow z m e s  

about 10 m wide near the A ,  C, and D hot springs, and a broad zone on the 

beach around the E springs. 

The sinuous pattern of the anomaly suggests.that the hot water may rise 

to or near the surface via an ancient stream channel which cuts through more 

impervious volcanic debris flow deposits covering a deeper reservoir (Swanson 

and others, this report). 

Some EY-31 lines, not shown on the grid of figure 4-1, were run across 

the full width of the valley to determine if any other temperature anomalies 

existed. Ic all cases the resistivity was 100 ohm-m or greater all the way 

to the southeast edge of the valley. The anomalies seem to end at 1,100 m 

SW, as no low resistivity readings were found further up the valley. 

The highest near-surface resistivities were found on the dune formation 

near 0 SV 2t greater than 500 ohm-m and also on the recent dune near 400 m 

XE . 



DEEP RESISTII1!TP MEASURDIFSTS 

S c h l u m b e r g e r  I ' e r t i c a l  E l e c t r i c  S o u n d i n g s  

The Sch lumberge r  v e r t j c a l  e l e c t r i c  s o u n d i n g  ( V E S )  t e c h n i q u e  i n v o l v e s  

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

o u t e r m o s t  e l e c t r o d e s  A and  S w h i l e  t h e  r e s u l t i n g  v o l t a g e  i s  m e a s u r e d  a c r o s s  a  

p a i r  o f  e l e c t r o d e s  MN i n  t h e  c e n t e r  of  A B  w i t h  MN << AB.  TO make a VES t h e  

c u r r e n t  e l e c t r o d e s  AB a r e  moved o u t w a r d s  w h i l e  t h e  p o t e n t i a l  e l e c t r o d e s  

r e m a i n  f i x e d .  The l a r g e r  t h e  s p a c i n g  A B ,  t h e  g r e a t e r  t h e  d e p t h  of  

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

w h e r e  AB and MhT a r e  t h e  c v r r e n t  e l e c t r o d e  and p o t e n t i a l  e l e c t r o d e  

s e p a r a t i o n s ,  V is  t h e  v o l t a g e  a c r o s s  !-T and I i s  t h e  c u r r e n t  ( K e l l e r  and 

F r i s c h k n e c h t ,  1 9 6 6 ) .  The a p p a r e n t  r e s i s t i v i t y  v s  1 / 2  AB i s  p l o t t e d  on 

l o g - l o g  p a p e r  f o r  i n t e r p r e t a t i o n  by  compar i son  w i t h  se ts  o f  t h e o r e t i c a l  

c u r v e s  o r  by compu te r  m o d e l l i n g  t o  g i v e  t r u e  r e s i s t i v i t y  v s  d e p t h .  The 

i n t e r p r e t a t i o n  model  a s s u m e s  h o r i z o n t a l  l a v e r s  o f  u n j f o r m  r e s i s t i v i t v .  

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

112 AB s p a c i n g s  r a n g i n g  f r o m  0.68 m t o  316 m l o c a t e d  a s  shown i n  f i g u r e  4 - 2 .  

VES d l  ( f i g .  4 - 2 )  was r u n  n o r t h e a s t - s o u t h w e s t  a l o n e  t h e  same l i n e  2s 

s e i s n i c  p r o f i l e  R-B '  ( s e e  f i g .  A-10). I t  was c e n t e r e d  a t  0 hW, 400 m SW, and 

was c a r r i e d  o u t  t o  a % A B  s p a c i n p  o f  316 m.  The  d a t a  a r e  p l o t t e d  on l o g - l o p  

p a p e r  i n  f i g u r e  4-3 a l c r g  w i t h  a  t r u e  r e s i s t i v i t y - t r u e  d e p t h  model  c a l c u l a t e d  

h y v  c e a n s  o f  an  a u t o m a t i c  c u r v e  f i t t i n ~  r r o g r a m  (Zhody,  ! a 7 4 ) .  The p r o g r a E  



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

mode l ,  t h e  model VES c u r v e  i s  s h o ~ n  2s w e l l  a s  t h e  t r u e  r e s i s t i v i t y  vs d e p t h ,  

w i t h  t h e  s p a c i n g  s c a l e  s e n - i n g  a s  d e p t h  i n  m e t e r s .  The model  i n d i c a t e s  t h a t  

a  l ow r e s i s t i v i t y  l a y e r  b e g i n s  a t  a  d e p t h  of  5 2  m where t h e  r e s i s t i v i t v  d r o p s  

t o  1 2  ohm-m, and i s  42 n t h i c k .  An even  lower  r e s i s t i v i t y  l a y e r  o f  7 ohm-m 

s t a r t i n g  a t  a  d e p t h  of 148  m i s  s u g g e s t e d  by t h e  d a t a .  

VES # 2 ,  ( f i g .  4-2) was r u n  p a r a l l e l  t o  and 7 5  m n o r t h w e s t  of  VES / I1 and 

c e n t e r e d  a t  75 m hW, 2 7 5  m SW. I t  was c a r r i e d  o u t  t o  a  1 1 2  A B  s p a c i n g  o f  136  

m. The l o c a t i o n  was chosen  t o  sample  t h e  r e s i s t i v i t y  o f  t h e  v o l c a n i c  d e b r i s  

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

and a  t r e n c h  i n  t h e  t e r r a c e  hank  (Swanson and o t h e r s ,  t h i s  r e p o r t ) .  F i g u r e  

4-4 shows t h e  obse rved  a p p a r e n t  r e s i s t i v i t y  v a l u e s ,  a  model  a p p a r e n t  

r e s i s t i v i t y  c u r v e  and t r u e  r e s i s t i v i t y  v s .  d e p t h ,  w i t h  a d e p t h  s c a l e  e q u a l  

t o  t h e  1 / 2  A R  s p a c i n g  s c a l e .  The model  u s e s  s i x . l a v e r s  t o  make a  good f i t  t o  

t h e  d a t a .  

The v o l c a n i c  d e b r i s  f l o w  u n i t  h a s  a  r e s i s t i v i t y  o f  181-517 o h - m  t o  a  

d e p t h  o f  1  m ,  be low t h a t  t h e  r e s i s t i v i t y  d e c r e a s e s  t o  45 m a t  a  d e p t h  o f  20 

m. An u n d e r l y i n g  low r e s i s t i v i t y  l a v e r  h a s  a  r e s i s t i v i t y  o f  10 .5  ohm-m, a  

t h i c k n e s s  of  40 m and s t a r t s  a t  a  d e p t h  o f  20 m. The r e s i s t i v i t v  o f  t h e  

u n d e r l y i n g  p r o b a b l e  b e d r o c k  u n i t  i s  much h i g h e r ,  1 , 5 2 4  ohm-m, and b e g i n s  a t  

60 m .  

VES # 3 ,  was r u n  on t h e  s t r e a m  t e r r a c e  n o r t h w e s t  of  Hot S p r i n g s  Creek  

be tween  s p r i n g s  C and D ( f i g .  4 -2 ) .  Owing t o  s p a c e  l i m i t a t i o n s  t h e  maximum 

112 A B  s p a c i n g  was o n l v  68 n. F i g u r e  4-5 shows t h e  o b s e r v e d  a p p a r e n t  

r e s i s t i v i t v  v a l u e s ,  and a node! u s i n g  e i g h t  l a v e r s .  I n  t h i s  s i t u a t i o n  t h e  

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



t h e  s t e e p  h i l l s i d e  w i t h  h i g h  r e s i s t i v i t y  b e d r o c k  b e g i n s  a b o u t  10 m n o r t h w e s t  

of  t h e  a r r a y ,  and t h e  h i g h  r e s i s t i v i t y  p r o b a b l y  e x t e n d s  s t e e p l y  b e n e a t h  t h e  

a r r a y .  R e v e r t h e l e s s ,  t h e  i n t e r p r e t a t i o ~  v i a  a  h o r i z o n t a l  l a v e r e d  model  i s  

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

d e e p e r  l a y e r i n g .  The re  i s  a  t h i n  n e a r - s u r f a c e  l a v e r  of  r e s i s t i v i t y  2 . 9  ohr-m 

i n d i c a t e d ,  and d e e p e r  l a v e r s  o f  6 .1 -4 .2  ohm-m w i t h  a  combined t h i c k n e s s  of  

23 m s t a r t i n g  a t  a  d e p t h  of  1 3 . 5  m .  The f o u r t h  VES was a l s o  r u n  i n  t h e  

v i c i n i t y  of one  o f  t h e  s p r i n g s ,  t h e  A g r o u p  ( f i g .  4 - 2 ) .  F i g u r e  4-6 shows t h e  

o b s e r v e d  a p p a r e n t  r e s i s t i v i t i e s ,  and a  model. w i t h  s even  l a y e r s .  The 
- 

i n t e r p r e t a t i o n  s u g g e s t s  a ?ow r e s i s t i v i t y  l a v e r  o f  2 . 2  ohm-m s t a r t i n g  a t  a  

d e p t h  o f  9 . 1  m ,  u n d e r l a i n  by a  l a y e r  o f  9 . 8  ohm-m. A s  t h e  a r r a y  c o u l d  o n l y  

b e  e x t e n d e d  t o  6 8  m t h e  r e s o l u t i o n  o f  t h e  d e e p e s t  l a y e r  i s  n o t  v e r y  c e r t a i n .  

Deep R e s i s t i v i t y  P r o f i l i n g  

Deep e l e c t r i c a l  r e s i s t i v i t y  measu remen t s  were  made u s i n g  a Zonge 

E n g i n e e r i n g  and  R e s e a r c h  O r g 2 n i z a t i o n  GDP-12 i n d u c e d  polarization/resistivity 

r e c e i v e r  s y s t e m .  A G e o t r o n i c s  FT-4 t r a n s m i t t e r  c a p a b l e  o f  a  4  ampere  s q u a r e  

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

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

improve  t h e  s i g n a l - t o - n o i s e  r a t i o  and c a l c u l z t e  t h e  r e s i s t i v i t y  and p h a s e  

s h i f t .  The s y s t e m  can  be u sed  w i t h  1 6  d i f f e r e n t  f r e q u e n c i e s  f r o m  1 / 1 2 5  t o  

- 2 5 6  Hz t o  p r o d u c e  a  complex r e s i s t i v i t y  c u r v e ,  b u t  due t o  t h e  t i m e  a v a i l a b l e  

we r a n  114  Hz a s  t h e  s t a n d a r d  c e a s u r e m e n t  on b o t h  Sch lumberge r  and 

d i p o l e - d i p o l e  m e a s u r e n e 3 t s .  

As shown i n  f i ~ u r e  I-? :!-,ree d l ? o l e - d i p o l e  p r o f i l e s  were  r u n  a l o n g  and  

a c r o s s  t h e  v a l l e y .  i : ~  r:ced 1 0 C  r, c l ? o l e s  an?  g e n e r a l l v   ste ended each  



r e c e i v i n g  s p r e a d  o u t  t o  n  = 5 .  F i g u r e  7 shows t h e  d i p o l e - d i p o l e  r e s i s t i v i t y  

s u r v e y  e l e c t r o d e  c o a f i g u r a t i o n .  The who le  a r r a y  can  b e  moved h o r i z o n t a l l y  t o  

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

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

i n t e r s e c t i o n s  o f  l i n e s  drawn a t  45O f rom t h e  h o r i z o n t a l  be tween t h e  c e n t e r  o f  

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

Apparao  and Roy (1973)  have  d e f i n e d  t h e  d e p t h  of i n v e s t i g a t i o n  f o r  

homogeneous ground t o  be  t h a t  d e p t h  wh ich  c o n t r i b u t e s  t h e  maximum t o  t h e  

s i g n a l  measu red  a t  t h e  ground s u r f a c e .  F o r  t h e  c o - l i n e a r  d i p o l e - d i p o l e  

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

0.195 (n+Z)a,  where  a  i s  t h e  d i p o l e  l e n g t h .  I n  o u r  c a s e  t h e  d e p t h  o f  

i n v e s t i g a t i o n  a t  n = 5  would be 137 m .  However, t h e  e f f e c t s  o f  d e e p e r  l a y e r s  

a r e  s e e n  i n  model  s t u d i e s  and t h e  d a t a  c a n  b e  i n t e r p r e t e d .  

I n  common p r a c t i c e  t h e  nomina l  d e p t h  o f  i n v e s t i g a t i o n  i s  u s u a l l v  assumed 

t o  b e  a b o u t  1 / 2  t h e  d i s t a n c e  be tween t h e  t r a n s m i t t i n g  and r e c e i v i n g  d i p o l e s .  

Thus t h e  s u r v e y  a t  n=5 i s  assumed t o  h a v e  sampled  t o  abou t  300 m d e p t h ,  y e t  

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

F i g u r e  4-8 shows a l l  t h r e e  p s e u d o - s e c t i o n s  p l o t t e d  t o  show where  t h e y  

i n t e r s e c t  e a c h  o t h e r .  There  i s  a  s h e r p  r e s i s t i v i t y  d i s c o n t i n u i t y  a t  a 

pseudo-dep th  o f  150 m i n  a l l  t h r e e  p s e u d o  s e c t i o n s ,  where t h e  r e s i s t i v i t y  

d e c r e a s e s  f rom v a l u e s  i n  t h e  1 0 ' s  o f  ohm-m t o  lower  v a l u e s .  The l o n g e s t  

p s e u d o - s e c t i o n  C2 shows some v e r y  i n t e r e s t i n g  e f f e c t s .  The i n l a n d  dune  wh ich  

r u n s  a c r o s s  t h e  v a l l e v  h a s  2 t o p o g r a p h i c  h i g h  c e n t e r e d  a t  0 m SW. Such a  

t o p o g r a p h i c  f e a t u r e  v i l ?  3 roduce  a  t y p e  of  anomaly which h a s  b e e n  m o d e l l e d  

f o r  hor?ogeneous ground bv  FOY 2nd o t h e r s  ( 1 9 7 8 ) .  The e f f e c t  would be t o  

p r o d u c e  a  s m a l l  z c r e  c i  h i g h e r  r e s i s t i v i t y  S e n e a t h  s t a t i o n  0 w i t h  two z o n e s  

o f  l o w e r  r e s i s t i v i ? \ -  sic-l-e doh-r 2 t  45'  away f r o n  s t a t i o n  0. I n  f a c t ,  t h e  



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

a t  a  p seudo-dep th  o f  200 n between s t a t i o n  0 and  100 m NE. To t h e  s o u t h w e s t  

of t h e  dune  t h e r e  i s  a  c l e e r  b r e a k  i n  r e s i s t i v i t y  a t  a  p seudo-dep th  o f  1 5 0  m ,  

w i t h  a  low r e s i s t i v i t v  l a v e r  i n d i c a t e d  be low t h e  u p p e r  l a y e r s .  K e l l e r  and  

F r i s c h k n e c h t  ( 1 9 6 6 )  h a v e  p u b l i s h e d  t w o - l a v e r  t a b l e s  f o r  p l o t t i n g  a s e t  o f  

two- l ave r  i n t e r p r e t a t i o n  c u r v e s  f o r  t h e  d i p o l e - d i p o l e  a r r a y .  U s i n g  t h e  

a p p a r e n t  r e s i s t i v i t y  v s .  pseudo-depth  a t  400  m SW a s  t y p i c a l ,  t h e  c u r v e  

f i t t i n g  f o r  two l a y e r s  s u g g e s t s  an u p p e r  l a y e r  40  m t h i c k  o f  r e s i s t i v i t y  100 

ohm-m u n d e r l a i n  by a  l a y e r  of  11 o h - m .  The  r e s i s t i v i t y  i n c r e a s e s  w i t h  d e p t h  

- 
below t h e  s e c o n d  l a y e r ,  i n d i c a t i n g  a  t h i r d  l a y e r ,  h i g h e r  i n  r e s i s t i v i t y .  

T h i s  s i m p l e  i n t e r p r e t a t i o n  a p r e e s  f a i r l y  w e l l  w i t h  c u r  VES :I1 i n t e r p r e t a t i o n  

( f i g .  4-3 ) .  A s  t h e  r e s i s t i v i t y  d e c r e a s e s  t o w a r d s  t h e  n o r t h e a s t  and  t h e  zone  

becomes a p p a r e n t l y  t h i c k e r ,  i t  i s  r e a s o n a b l e  t o  s u g g e s t  t h a t  t h e  l o w  

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

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

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

s t r a i g h t f o r w a r d  e x c e p t  i n  s i m p l e  h o r i z o n t a l  ' l a y e r i n g  s i t u a t i o n s .  Two o r  

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

p s e u d o - s e c t i o n s  f o r  compar i son  w i t h  t h e  c b s e r v e d  d a t a .  F o r  d i p o l e - d i p o l e  1 ,  

which  e x t e n d s  c o m p l e t e l y  a c r o s s  t h e  17al.ley ( f i g s .  4-2 and 4 -8 ) ,  t h e  s i t u a t i o n  

i s  e s s e n t i a l l y  t w o - d i m e n s i o n a l ,  and y e  h a v e  made a  number o f  two-d imens iona l  

model  c a l c u l a t i o n s  u s i n g  t h e  computer  c c d e  d e v e l c p e d  by Dey and M o r r i s o n  

. ( 1 9 7 5 ) .  T h i s  m o d e l l i n g  program u s e s  a n  a r r a v  o f  d i s c r e t e  resistivity v a l u e s .  

Cwing t o  t h e  17ery  l a r g e  s i z e  of  t h i s  a r r a y  and  t h e  c o s t  of  compu te r  r u n s  f o r  

s u c h  a  l a r e e  F r o g r a n ,  L:e r e s t r i c t e c '  t h e  a r r a y  t o  113 x 16  e l e m e n t s .  The 

s m a l l e s t  f e a t u r e  we zolelled i s  a  r e s i s t l ~ v i t y  e l e m e n t  10 rn deep  x 20 m w i d e .  

- 
Xumerous ~ c d e l s  were  rc:. i h o s e  1;hich had  a f a i r  f i t  t o  t h e  d a t a  shoved  t h e  



same b a s i c  s t r u c t u r e :  a  r e s i s t i v e  cap l a v e r  of 40  t o  70 m t h i c k n e s s  u n d e r l a i n  

bv a l a y e r  of  low r e s i s t i v i t y  t h i n n i n g  o u t  t o  t h e  s o u t h e a s t  and u n d e r l a i n  by  

a more r e s i s t i v e  basement .  An exac t  f i t  t o  t h e  obse rved  psuedo s e c t i o n  was 

n o t  o b t a i n e d ,  p e r h a p s  because  we d i d  n o t  i n c o r p o r a t e  topography ( t h e  v a l l e y  

w a l l s ) .  F i g u r e  4-9 shows t h e  observed d a t a ,  a  model pseudo-sect ion and t h e  

model c r o s s  s e c t i o n  w i t h  no v e r t i c a l  e x a g g e r a t i o n .  

Summary of Deep R e s i s t i v i t y  Measurements 

The two VES measurements V E S  /I1 and #2 were  f a r  enough away from t h e  

v a l l e y  edges  t o  g i v e  a r e a s o n a b l e  i d e a  of t h e  r e s i s t i v i t y  v s  d e p t h  of t h e  

v a l l e y  s u b s u r f a c e  between s p r i n g s  B and C .  Both show an upper  l a y e r  of  a b o u t  

10 m t h i c k n e s s  o f  modera te  r e s i s t i v i t y ,  a b o u t  120 ohm-my u n d e r l a i n  by l a y e r s  

of d e c r e a s i n g  r e s i s t i v i t y .  VES # 2 ,  which i s  c l o s e r  t o  t h e  NW v a l l e y  s i d e  

where t h e  s p r i n g s  r e a c h  t h e  s u r f a c e ,  i n d i c a t e s  a  low r e s i s t i v i t y  zone o f  10.5  

ohm-m e x t e n d i n g  t o  a  d e p t h  of 60 m .  I'ES B1 n e a r e r  t h e  c e n t e r  of t h e  v a l l e y  

st.cws s l i g h t l y  lower  r e s i s t ' v i t y ,  which may w e l l  be  i n f l u e n c e d  by t h e  h i g h e r  

r e s i s t i v i t y  i n  t h e  same l a v e r  towards t h e  S E  s i d e  of  t h e  v a l l e y .  

The d i p o l e - d i p o l e  measurements r e q u i r e  3-dimensional  mode l l ing  f o r  

d e t a i l e d  i n t e r p r e t a t i o n ,  b u t  by two l a y e r  c u r v e  match ing  and 2-dimensional  

mode l l ing  t h e  same g e n e r a l  p i c t u r e  i s  found.  The uppermost l a y e r  h a s  a  model 

r e s i s t i v i t y  of abou t  100 ohm-m and a  t h i c k n e s s  of 40 - 70 m.  The low 

r e s i s t i v i t y  l a y e r  may have a r e s i s j t i v i t y  a s  low a s  3 ohm-m towards  t h e  

a o r t h w e s t  s i d e  of t h e  v a l l e y  and 100 ohm-m towards  t h e  s o u t h e a s t  s i d e .  The 

u n d e r l y i n g  basement r o c k s  r o d e l  w i t h  1 , 5 0 0  ohn-m. 



3 e t h o d s  Csed 

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

t h i c k n e s s e s ,  and a t t i t u d e s  o f  l a y e r s  b e n e a t h  a  s u r v e y  l i n e .  T h i s  i s  t r u e  i f  

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

l a y e r s  a r e  t h i c k  enough - o t h e r w i s e  t h e y  may n o t  be  d e t e c t e d  a t  a l l  and t h e  

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

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

s e i s m i c  d a t a  a r e  a f f e c t e d  b y  t h i s  problem.  A n a l y s i s  of  t h e  f i r s t  a r r i v a l  

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

bounda ry .  

. Ke used  two G e o m e t r i c s  Kimbus EC-1210F p o r t a b l e  s e i s m o g r a p h s  t o  

i n v e s t i g a t e  t h e  s t r u c t u r e  o f  t h e  v a l l e v .  The Nimbus-12 s e i s m o g r a p h  i s  a  1 2  

c h a n n e l  a n a l o g - t o - d i g i t a l  r e c o r d e r ,  w i t h  memory s t o r a g e  f o r  s t a c k i n g  m u l t i p l e  

s h o t s  o r  harmer  s t r o k e s  f o r  s i g n a l - t o - n o i s e  enhancement  and  p o s t - s h o t  

v a r i a t i o n  of  o u t p u t  a m p l i t u d e  f o r  optimum t r a c e s .  Twenty f o u r  s e i s m o m e t e r s  

were  l a i d  o u t  i n  a  l i n e  w i t h  a  15 m s p a c i n g .  S i x t y  p e r c e n t  s e i s m i c  dvnsmi t e  

i n  2 t o  3 m h o l e s  s e r v e d  a s  t h e  s h o t  e n e r g y  s o u r c e .  I n  t h e  f i r s t  s h o t s ,  b o t h  

s e i s m o g r a p h s  w e r e  t r i g g e r e d  by t h e  same b l a s t e r ,  t o  p r o d u c e  a  24 c h a n n e l  

r e c o r d  w i t h  a s i n g l e  s h o t .  L'e found s e v e r a l  i n s t a n c e s  whe re  t h e  s e i s m o g r a p h s  

. d id  n o t  t r i g g e r  s i m u l t a n e o u s l y ,  and a l l  t h e  l a t e r  s h o t s  were  s i n g l e  12 

c h a n c e l  s p r e a d s .  

I n  o r d e r  t o  d e t e c t  d i ~ ? I r , ;  r e f r a c t o r s ,  s e i s m i c  s p r e e d s  ~ u s t  be  s h o t  i n  

b o t h  directions 2nd t h l ~  r;as C C ? ~  i n  " o t  S p r i n g s  Bay V a l l e y .  F i p u r e  4-10 



shows a  map of Hot S p r i n g s  Bay V a l l e y  w i t h  t h e  l c c a t i o n s  o f  t h r e e  s e i s m i c  

r e f r a c t i o n  p r o f i l e  l i n e s .  R-R', t h e  l o n g e s t ,  r a n  n o r t h e a s t - s o u t h w e s t  a l o n g  

t h e  0 b a s e l i n e  f rom 50 SK t o  670 SW. Seven s h o t s  were  u sed  t o  o b t a i n  

r e v e r s e d  t r a v e l  t i m e s .  L'e used  a  m u l t i - l a v e r  d i p p i n g  s e i s m i c  r e f r a c t o r  

program (Campbel l ,  1981)  t o  a n a l y z e  t h e  t r a v e l  t i n e  c u r v e s .  T h i s  program 

assumes:  t h a t  t h e  v e l o c i t v  i n  a l l  l a y e r s  i s  c o n s t a n t  w i t h i n  t h e  l a y e r ;  t h a t  

a l l  r e f r a c t o r  i n t e r f a c e s  a r e  p l a n a r ;  and t h a t  t h e r e  a r e  no  h i d d e n  l a y e r s .  I n  

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

a r e  o f t e n  cu rved  o r  show some t o p o g r a p h v ,  and t h e r e  may b e  h i d d e n  l a y e r s .  

R e s u l t s  

F i g u r e  4-11 shows t h e  t r a v e l  t i m e  c u r v e s  and t h e  c a l c u l a t e d  c r o s s  

s e c t i o n  f o r  p r o f i l e  B - B ' .  b?ote t h a t  whe re  t h e  r e f r a c t o r  i n t e r f a c e s  a r e  shown 

dashed  t h e r e  a r e  no  d a t a  a t  a l l  due t o  t h e  f a c t  t h a t  t h e r e  t h e  a n g l e  o f  

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

and shows up a s  a  s e c o n d  a r r i v a l ,  o r  i s  r e f r a c t e d  downward. The re  a r e  t h r e e  

m a j o r  r e f r a c t o r s  e v i d e n t  i n  t h e  d a t a .  The t o p  u n i t  v a r i e s  i n  t h i c k n e s s  from 

45 m a t  50 m SW t o  31  m n e a r  670 m S V ,  and h a s  a  v e l o c i t v  o f  a b o u t  1 ,630 m / s .  

The u p p e r  po r t fo r !  o f  t h i s  u n i t  was obse ry~ed  t o  b e  a  v o l c a n i c  d e b r i s  f l o w  w i t h  

a p p a r e n t  low p o r o s i t y  and  p e r m e a b i l i t v  (Swanson and  o t h e r s ,  t h i s  r e p o r t ) .  

The second  m a j o r  u n i t  h a s  a  v e l o c i t y  v a r y i n g  be tween  3 , 2 4 0  and 3 ,505  

m / s .  T h i s  i n t e r m e d i a t e  v e l o c i t y  zone  i s  o f  i n t e r e s t  b e c a u s e  i t  c o i n c i d e s  

w i t h  a  low r e s i s t i v i t y  l a v e r  found from t h e  S c h l u m b e r g e r  ~ ~ e r t i c a l  e l e c t r i c  

s o u n d i n g s  and d i p o l e - d i p o l e  t r a v e r s e s .  The d e p t h  t o  t h e  b a s e  n e a r  t h e  

n o r t h e a s t  end c f  t h e  p r o f i l e  i s  a b o u t  :35 m. The b a s e  s l o p e s  up t h e  v a l l e v  

a t  z b o u t  7 " ,  w i t h  a d e p t h  of - 8  m n e a r  b 8 5  Sh'. The r e v e r s e d  s h o t s  8, 9 ,  and 



10 c o v e r e d  a  s p r e a d  of  o n l v  1 6 5  m, which  w 2 s  n o t  l o n g  enough t o  r e a c h  t h e  

b o t t o m  o f  t h e  3 ,505  m/sec  l a v e r .  

Benea th  t h e  low r e s i s t i v i t y  l a y e r  t h e  v e l o c i t y  i n c r e a s e s  t o  4 ,900  m/sec .  

We have  l a b e l e d  t h e  b a s e  l a y e r  a s  p r o b a b l e  v o l c a n i c  b e d r o c k .  

P r o f i l e  A - A '  was r u n  a l o n g  108 m SW, p e r p e n d i c u l a r  t o  p r o f i l e  B-R '  ( f i g .  

4-10). F i g u r e  4-12 shows t h e  f i r s t  a r r i v a l  t r a v e l  t i m e  c u r v e s .  The d a t a  a r e  

v e r y  c l e a n ,  showing t h e  p r e s e n c e  of  a  t h i n  low v e l o c i t y  l a y e r  o f  1 ,250  m / s e c ,  

4  t o  6 m t h i c k  w i t h  two d e e p e r  l a y e r s  i n d i c a t e d  bv t h e  b r e a k s  i n  s l o p e .  The 

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

The v e l o c i t y  o f  t h e  second  l a y e r  i s  1 , 9 6 0  m / s ,  which  c o r r e s p o n d s  t o  t h e  

t o p  v o l c a n i c  d e b r i s  f l o w  u n i t  i n  p r o f i l e  B-B' of  1 , 6 1 0  n / s .  Ry t h e  d i p p i n g  

r e f r a c t o r  program (Campbe l l ,  1981) t h e  t h i r d  l a v e r  would h a v e  a  v e l o c i t v  o f  

4 , 5 5 0  m / s  and t h e  i n t e r f a c e  would d i p  a t  abou t  10" which would  c o r r e s p o n d  t o  

t h e  v o l c a n i c  basement .  Eowever ,  t h e r e  i s  r e a s o n  t o  s u s p e c t  t h i s  a n a l y s i s  due 

t o  t h e  h i d d e n  l a y e r  p rob lem d i s c u s s e d  p r e v i o u s l v .  T h e r e  i s  no i n d i c a t i o n  of  

t h e  i n t e m e d i a t e  l a y e r  o f  u = 3 , 2 4 0  m / s  t o  3 , 5 0 5  m / s  s e e n  i n  p r o f i l e  B-B ' .  

T h i s  l a y e r  can  be h i d d e n  e v e n  though  i t s  v e l o c i t y  i s  i n t e r m e d i a t e  be tween t h e  

1 , 9 6 0  m / s  and 4 , 9 0 0  m/s i f  i t  i s  n o t  t h i c k  enough t o  show up on t h e  f i r s t  

a r r i v a l  t r a v e l  t i m e  c u r v e .  I t  may t h i n  towards  t h e  v a l l e y  e d g e s  even  though 

i t  was s e e n  i n  B - B ' .  

By r a y  t r a c i n g  t e c h n i q u e s  we h a v e  c a l c u l a t e d  t h a t  a  b l i n d  zone  can  e x i s t  

w i t h  a  t h i c k n e s s  o f  a b o u t  4 5  m i f  we u s e  t h e  v e l o s i t i e s  o f  3 , 2 4 0  and 4 , 9 0 0  

. m / s  o b s e r v e d  i n  p r o f i l e  B - B '  n e a r  t h e  i n t e r s e c t i o n  o f  AA' and  B B ' .  The 

i n t e r p r e t e d  c r o s s  s e c t i o n ,  usLng t h e s e  2 s s u m p t i o n s ,  i s  shown a t  e a c h  end of 

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

i f  t h e  h idden  l a y e r  was r r i c s i n g .  The l ~ y e r  t h i c k n e s s  and v e l o c L t i e s  where 

p r o f i l e  R-E' i n t e r s e c t s  F r o f i l e  A - A '  a r e  s h o r n .  The a g r e e c e n t  i n  d e p t h  i s  



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

1 , 9 5 0 / 3 , 2 4 0  m / s  i n t e r f a c e  may s l o p e  towards  t h e  c e n t e r  of  t h e  v a l l e y  a t  about  

7 " ,  b u t  i t  might be more n e a r l y  h o r i z o ~ t a l  because  t h e  h i d d e n  l a p e r  problem 

makes t h e  s l o p e  u n c e r t a i n .  The r e f r a c t o r  i n t e r f a c e s  a r e  shown w i t h  s h o r t e r  

dashed l i n e s  where no s e i s m i c  d a t a  a r e  p o s s i b l e  due  t o  t h e  r a y  p a t h .  

P r o f i l e  C-C' s t a r t s  a t  500 m SW, 50 m SE  of p r o f i l e  B - B ' ,  and r u n s  

s o u t h w e s t  p a r a l l e l  t o  B-B'  ( f i g .  4-13).  Again t h e  d a t a  seem v e r y  c l e a n  w i t h  

o n l y  two major  l a y e r s  i n d i c a t e d  a s  i n  P r o f i l e  A - A ' ;  t h e  v = 3 , 2 4 0  m / s  l a y e r  

i s  m i s s i n g  ( f i g .  4-13]. By r a y  t r a c i n g  and use  of h i d d e n  l a y e r  nornographs 

(Hawkins and Maggs, 1 9 6 1 )  we found t h a t  a  17 m t h i c k  l a y e r  of t h e  

i n t e r m e d i a t e  v e l o c i t y  c o u l d  be hj.dden, and ,  due t o  o u r  1 5  m se ismometer  

s p a c i n g ,  pe rhaps  a s  much a s  25 m t h i c k n e s s  of  t h e  l a y e r  c o u l d  p o s s i b l y  b e  

p r e s e n t .  T h i s  i s  l e s s  than  p r o j e c t e d  from B-B', b u t  we would e x p e c t  l e s s  due 

t o  t h e  d i p  towards  t h e  c e n t e r  of  t h e  v a l l e y  s e e n  i n  A-A' ( f i g .  4-12) .  The 

i n t e r p r e t e d  p r o f i l e  z t  t h e  bo t t cm of f i g u r e  4-13 shows t h e  more c o n s e r v a t i v e  

nomograph model. The d o t t e d  l i n e s  n e a r  each end of  t h e  p r o f i l e  i n d i c a t e s  t h e  

z e r o  t h i c k n e s s  h idden l a y e r  i n t e r f a c e  s o l c t i o n .  Also shoan bv s h o r t e r  dashes  

on t h e  i n t e r f a c e  l i n e s  a r e  t h e  l i m i t s  o f  s e i s m i c  d a t a  due t o  t h e  r a v  p a t h .  

D i s c u s s i o n  of S e i s m i c  R e s u l t s  

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

t h a t  a r e  c r i t i c a l l v  r e f r a c t e d  a l o n g  t h e  s u r f a c e  of t h e  l a y e r .  T h e r e f o r e ,  no 

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

of t h e  m a t e r i a l  from s e i s m i c  s h o t  h o l e s  and a  t r e n c h  shows t h a t  t h e  upper  

p o r t i o n  o f  t h e  1 2 y e r  :;it5 v e i o c i t v  rang in^ between 1 ,630  and 1 , 9 6 0  m/sec  i s  a  

v o l c a r i c  d e b r i s  f low.  The e n t i r e  t h i c k n e s s  of t h e  1 ,630  - 1 , 9 6 0  m/sec  l a y e r  



may be composed of several debris flows or might have layers of sediments of 

similar velocity. 

The next unit has a velocity about twice that of the top unit, and its 

upper surface is possibly an erosional surface as it appears to slope up the 

valley and also up towards the center of the valley. It is interpreted as a 

hidden layer in profiles A-A' and C-C'. It has low resistivity extending 

from the northwest valley side to near the valley center, and probably is a 

reservoir for hot or saline waters. The velocity is at the upper 80 percent 

fiducial limit for sandstones and shales, and falls at the center of the 

- 
velocity distribution characteristic of limestone and dolomite but is less 

than the 80 percent fiducial limit of granites and metamorphics (Grant and 

West, 1965). Thus it would appear to be a fairly rigid rock. It has a 

velocity slightly lower than found by Wescott and others for the Unalaska 

formation under Summer Fay vallev on Unalaska (unpublished data). 

The basal layer with a velocitv of 4,900 m/s is obviously a much more 

solid rock than those lying above it. The resistivitv data show that the 

basal unit is higher in resistivity than the low resistivity unit. Its 

velocity falls near the center of the velocity distribution of granitic and 

metamorphic rocks (Grant 2nd West, 1965). The basal layer could also be an 

intrusive rock, a volcanic flow, a pyroclastic flow, or a well-cemented 

volcanic debris flow. Kienle (personal commun.) investigated seismic 

velocities on Augustine Volcano, Alzska, and found a unit with a similar 

.velocity to be a sedinentarv rock cenented with zeolites, presumably from 

hydrothermal activity. 



SLMMARY Ah9 DISCUSSION OF GEOPHYSICAL SURVEYS 

Figure 4-14 shows three-dimensional perspective cross sections of the 

lower valley and presents a composite model of the seismic and resistivity 

data. 

The near-surface conductivity (reciprocal r2sistivity) measurements show 

a narrow sinuous pattern about 1,500 m long near the northwest side of the 

valley. Assuming that there is excellent correlation between conductivity 

and temperature, the 2nornaly pattern shows where hot water rises to near the 

surface. No other zones of anomalous near-surface conductivity were found 

further up the valley or towards the southeast part of the valley. The 

surface layer seen in the valley, particularly southwest of the dune near 0 m 

SW, is composed of a volcanic debris flow with low porosity and permeability. 

For hot water to rise through this impermeable cap laver there must be a 

zone of higher porositv/permeability or a fracture system. The sinuous form 

of the near-surface conductivity anomaly suggests the high porosity/ 

permeability zone could be 2 buried stream channel. 

Deeper electrical resistivity measurements with Schlumberger vertical 

electric soundings have led to a resistivity model. There i.s a near surface 

layer of 2 to 10 m thickness of moderate resistivity (120 ohm-m), underlain 

by a thicker layer 12 to 55 m in thickness, increasing in thickness towards 

the center of the valley. This is underlain by a layer of low resistivity 

(4.2 to 12 ohm-m) with a depth to basement ranging from 36 m near springs C 

and D to 96 rn near the northeast-southwest 0 baseline. The basenect layer 

has a resistivitv rergins fron 514 to 1,524 ohn-n. 



Motyka end o t h e r s  ( t h i s  r e p o r t )  p r e s e n t  e v i d e n c e  t h a t  t h e  t h e r m a l  s p r i n g  

w a t e r s  a r e  d e r i v e d  from a sha l low r e s e r v o i r  where c o l d  m e t e o r i c  w a t e r s  a r e  

mixing w i t h  t h e r m a l  w a t e r s  t h a t  a r e  a s c e n d i n g  from deeper  l e v e l s .  The 

t e m p e r a t u r e  o f  t h e  p a r e n t  t h e m a l  w a t e r  i s  e s t i m a t e d  a t  170 - 190°C w h i l e  

t h a t  of t h e  c o l d  w a t e r  f r a c t i o n  a t  10°C. The zone of mixing i s  i n f e r r e d  t o  

be t h e  r e g i o n  of low r e s i s t i v i t y  u n d e r l y i n g  t h e  n o r t h w e s t  c o r n e r  of t h e  

v a l l e y  w i t h  t h e  r e s u l t i n g  mixed r e s e r v o i r  w a t e r  h a v i n g  t e m p e r a t u r e s  of  120 t o  

135°C. The r e s e r v o i r  i s  shown by c r o s s  h a t c h i n g  i n  f i g u r e  4-14. The h i g h e r  

r e s i s t i v i t y  o f  t h e  s o u t h e a s t  s i d e  of  t h i s  l a v e r  may be due t o  c o l d  w a t e r  
- 

e n t r y  from t h a t  s i d e .  

By t h e  g e n e r a l  form of  Arch ies  L a w ,  t h e  f r a c t i o n a l  p o r o s i t y  of  a  r o c k  

can  b e  e s t i m a t e d  by:  

( T e l f o r d ,  1 9 7 6 ) ,  where p i s  t h e  r e s i s t i v i t y  of  t h e  f o r m a t i o n  w a t e r  and p i s  
w a  

t h e  a p p a r e n t  r e s i s t i v i t y  of t h e  b u l k  r o c k .  Using t h e  25OC r e s i s t i v i t y  of h o t  

s p r i n g  A w a t e r ,  5.63 ohm-m (Yotyka and o t h e r s ,  t h i s  r e p o r t )  w e  c a l c u l a t e  t h e  

r e s i s t i v i t y  a t  t h e  mixing r e s e r v o i r  t e m p e r a t u r e  of  135°C t o  be 1.53 ohm-m. 

Using t h e  r e s e r v o i r  l a y e r  r e s i s t i v i t y  v a l u e s  from VES /I1 and # 2 ,  t h e  

e s t i m a t e d  p o r o s i t y  of t h e  l a y e r  r a n g e s  from 37 t o  48 p e r c e n t .  These  

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

- m i n e r a l s ,  which v o u l d  l o v e r  t h e  c a l c u l a t e d  p o r o s i t y .  K e l l e r  avd F r i s c h k n e c h t  

(1966)  show t h e  n o r c a l  range o f  p o s t - P a l e o z c i c  c l a s t i c  v o l c a n i c s  a s  10 t o  60 

p e r c e n t  p o r o s i t y .  The o t h e r  i m p o r t a n t  f a c t c r ,  p e r m e a b i l i t y ,  canno t  be  

e s t i m a t e d   fro^ t h e  ava<l? .%e d a t a .  



For the basement rock, using 1.53 ohm-m for the hot water resistivity, 

and, a resistivity of 514 to 1,5000 ohm-m, we estimate a porosity of three to 

five percent. 

The 100 m dipole-dipole survey produced a similar model differing 

somewhat in depths and resistivity. One and two-dimensional interpretations 

suggest a cap rock of resistivity about 100 ohm-m and thickness 40 to 70  m 

underlain by a reservoir layer of resistivity 3 ohm-m and perhaps having a 

base 150 m deep in the center of the valley. The basement resistivity was 

modelled using a value of 1,500 ohm-m. 

Although no computer models were produced for the long northeast- 

southwest pseudo-section F 2  it appears that the reservoir layer thickens 

toward the northeast and thins up the valley to the southwest. From the 

geophysical measurements we cannot determine whether this is an effect of the 

reservoir layer becoming thicker in that direction or whether there is 

saltwater intrusion from the ocean. R.F. Black (personal commun., 1982) 

argues for hot water to produce the zone of low resistivity, stating that "In 

the Aleutians, in general, sufficient precipitation occurs and enough 

hydraulic head is available to keep salt water out of most valleys." 

The basement layer, presumed to be an extension of the Hot Springs 

volcanic sequence exposed in the valley walls, has a high resistivity and 

also a surface which dips towards the center of the valley and also to the 

northeast towards the mouth of the valley. This suggests that the basement 

surface was glaciated into 2 1'-shape prior to filling the valley with glacial 

till, glacial-fluvial deposits, debris flows and sediments. 

The seismic refractlor profiling agrees fairly well with the resistivity 

data although the interpretation is complicated by the hidden laver problem. 



There are three basic layers. The uppermost, ?isregarding the weathering 

layer, has a range in velocitv from 1,610 to 1,96@ m/s and a thickness 

ranging from 31 to 45 n. This corresponds to the upper layer of medium 

resistivitv seen by the resistivitv mpasurements. The second layer, which is 

inferred as a hidden layer in two o f  the profiles, has a velocity of 3,240 to 

3,505 m/s corresponds to the low resistivity reservoir layer. Bedrock, with 

the relatively high velocity of 4,900 m/s could be composed of volcanic 

debris flows or volcanic flows, instrusive rock, or possibly a well-cemented 

sedimentary or pyroclastic unit. The possible occurrence of hydrothermal 

cementation is consistent with a higher temperature reservoir beneath the 

basement interface predicted by water geochemistry (Motvka and others, this 

report). 

The geophysical datz cannot delineate a conduit system bringing the hot 

water up into the reservoir laver. Although the expression of near-surface 

hot water is a sinuous pattern, suggesting a buried stream channel, the hot 

water may be entering the reservoir elsewhere. The pattern of helium soil 

gas and mercury anomal5es (Wescott and otherz, this report! tends to show 

high values further out into the valley than the near surface conductivitv. 
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F I G U R E  CAPTIONS 

F i g u r e  4-1. Map o f  Hot S p r i n g  Eay V a l l e y ,  Akutan I s l a n d ,  A l a s k a ,  w i t h  
s u p e r p o s e d  n e a r - s u r f a c e  (6 m) e l e c t r i c a l  r e s i s t i v i t y  c o n t o u r s  f rom a  ground 
c o n d u c t i v i t y  s u r v e y .  We assume f rom p a s t  e x p e r i e n c e  t h a t  t h e  r e s i s t i v i t y  
v a l u e s  a r e  i n v e r s e l y  r e l a t e d  t o  a n o m a l o u s l y  h i g h  ground t e m p e r a t u r e s .  Zones 
o f  l e s s  t h a n  I0 ohm-m a r e  c r o s s  h a t c h e d .  

F i g u r e  4-7. Map of  Hot S p r i n g s  Bay V a l l e y ,  Akutan I s l a n d ,  A l a s k a ,  w i t h  
l o c a t i o n s  o f  f o u r  v e r t i c a l  e l e c t r i c  s o u n d i n g s  (VES) made u s i n g  t h e  
S c h i u m b e r g e r  a r r a y  and  t h r e e  d i p o l e - d i p o l e  p r o f i l e s .  

F i g u r e  4-3. VES $ 1  p l o t  o f  a p p a r e n t  r e s i s t i v i t y  v s .  112 AB s p a c i n g  - 
o b s e r v e d  d a t a ,  a s t e r i s k s  and  computed mode l ,  cu rved  s o l i d  l i n e .  The t r u e  
r e s i s t i v i t y  v s .  d e p t h  o f  t h e  model  i s  shown by s t r a i g h t  l i n e  s e g m e n t s .  

F i g u r e  4-4. VES # 2  on t h e  v o l c a n i c  d e b r i s  f l o w  t e r r a c e .  S e e  f i g u r e  3 f o r  
e x p l a n a t i o n .  

F i g u r e  4-5. VES # 3  p l o t  n e a r  h o t  s p r i n g s  C and D .  See f i g u r e  3  f o r  
e x p l a n a t i o n .  

F i g u r e  4-6. VES /,I4 p l o t ,  n e a r  h o t  s p r i n g s  A .  See  f i g u r e  3  f o r  e x p l a n a t i o n .  

F i g u r e  4-7. D i p o l e - d i p o l e  r e s i s t i v i t y  e l e c t r o d e  c o n f i g u r a t i o n .  

F i g u r e  4-8. 100 m d i p o l e - d i p o l e  r e s i s t i v i t y  p s e u d o - s e c t i o n s  p l o t t e d  t o  show 
where  t h e  n o r t h w e s t - s o u t h e a s t  s e c t i o n s  i n t e r s e c t  t h e  n o r t h e a s t - s o u t h w e s t  
s e c t i o n .  The s e c t i o n s  g e n e r a l l y  show a  medium r e s i s t i v i t y  c a p  l a y e r  40  t o  70 
m t h i c k  o v e r l y i n g  a  low r e s i s t i v i t y  l a y e r  which  i s  u n d e r l a i n  by b e d r o c k .  The 
p s e u d o - d e p t h  s c a l e  i s  i d e n t i c a l  t o  t h e  h o r i z o n t a l  s c a l e .  A p p a r e n t  
r e s i s t i v i t y  v a l u e s  a r e  i n  ohm-m. 

F i g u r e  4-9. P s e u d o - s e c t i o n  p l o t s  o f  d i p o l e - d i p o l e  1  p r o f i l e  a c r o s s  Hot 
S p r i n g s  Bay V a l l e y .  The u p p e r  f i g u r e  shows t h e  p s e u d o - s e c t i o n  p r o d u c e d  f rom 
t h e  o b s e r v e d  d a t a .  The b o t t o m  f i g u r e  i s  a two-d imens iona l  r e s i s t i v i t y  model  
c r o s s - s e c t i o n  w i t h  i t s  c o r r e s p o n d i n g  p s e u d o - s e c t i o n  shown a b o v e .  No v e r t i c a l  
e x a g g e r a t i o n .  

F i g u r e  4-10. Map o f  Hot S p r i n g s  Bay V a l l e y ,  Akutan I s l a n d ,  A l a s k a ,  showing 
t h e  l o c a t i o n s  o f  t h r e e  s e i s m i c  r e f r a c t i o n  p r o f i l e  l i n e s .  

F i g u r e  4-11. Top:. F i r s t  a r r i v a l  t r a v e l  t i m e  c u r v e s .  Bottom: I n t e r p r e t e d  
c r o s s  s e c t i o n ,  p r o f i l e  B - B '  p a r a l l e l  t o  v a l l e y .  The l a y e r  w i t h  v e l o c i t y  
3 ,240 -3 ,505  m / s  c o r r e s p o n d s  t o  t h e  low r e s i s t i v i t y  l a v e r .  The i n t e r f a c e  
where  d a s h e d  i n d i c a t e s  t h e  z o n e s  whe re  no i n f o m a t i o n  i s  a v a i l a b l e  f rom t h e  
r e f r a c t e d  s e i s m i c  e n e r g y .  The i n t e r s e c t i o n  of  c r o s s  v a l l e y  p r o f i l e  A-A'  w i t h  
d e p t h s  t o  c o r r e s p o n d i n g  s e i s m i c  r e f r a c t o r s  i s  shown i n  t h e  c r o s s  s e c t i o n .  

f i g u r e  4 -12 .  Top: F i r s t  z r r i v a l  t r a v e l  t i m e  c u r v e s  f o r  s e i s m i c  p r o f i l e  A - A ' .  
a o t t o m :  I n t e r p r e t e d  c r o s s  s e c t l c n .  T5e v = 3 , 2 4 0  m/ sec  l a y e r  i s  i n f e r r e d  a s  
a  h i d d e n  l a y e r  which  c o u l d  r o t  b e  s e e n  i n  t h e  f i r s t  a r r i v a l  t r a v e l  t i m e  



c u r v e s .  Because  i t  i s  a  h i d d e n  l a y e r  t h e  1 , 9 6 0 1 3 , 2 4 0  m / s  i n f e r r e d  i n t e r f a c e  
m i g h t  b e  c l o s e r  t o  h o r i z o n t a l .  The s t e e p  d i p  of t h e  3 , 2 0 0 / 4 , 9 0 0  m / s  
i n t e r f a c e  s u g g e s t s  a  g l a c i a t e d  s u r f a c e .  

F i g u r e  4 - 1 3 .  Top: F i r s t  a r r i v a l  t r a v e l - t i m e  c u r v e s  f o r  s e i s m j c  p r o f i l e  C-C '  
p a r a l l e l  t o  B - B ' .  Below: I n t e r p r e t e d  c r o s s  s e c t i o n .  The v = 3 , 5 0 5  m / s  l a v e r  
is  i n f e r r e d  a s  h i d d e n  l a y e r  which  c o u l d  n o t  b e  d e t e c t e d  i n  t h e  f i r s t  a r r i v a l  
t r a v e l  t i m e  d a t a .  The d o t t e d  l i n e s  n e a r  e a c h  e n d  of t h e  p r o f i l e  show t h e  
z e r o  t h i c k n e s s  h i d d e n  l a y e r  i n t e r f a c e .  

F i g u r e  4 - 1 4 .  Composi te  c r o s s  s e c t i o n s  showing t h e  p r o p o s e d  s h a l l o w  
g e o t h e r m a l  r e s e r v o i r  ( c r o s s - h a t c h e d )  b a s e d  on t h e  c o m b i n a t i o n  o f  electrical 
r e s i s t i v i t y  a n d  s e i s m i c  d a t a .  
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CHAPTER 5 

HELIUM AND MERCURY SOIL  S U R V n S  

Eugene M .  Wesco t t ,  Donald L .  T u r n e r ,  Wil l iam W i t t e ,  

and Becky P e t z i n g e r  

Geophys ica l  I n s t i t u t e ,  U n i v e r s i t y  of  Alaska ,  

F a i r b a n k s ,  Alaska 99701 



INTRODUCT IOh' 

The c o n c e n t r a t i o n s  of  h e l i u m  and mercu ry  i n  s o i l  and i n  w a t e r  h a v e  been  

shown t o  be  u s e f u l  i n d i c a t o r s  of  g e o t h e r n a l  r e s o u r c e s  [ R o b e r t s ,  ( 1 9 7 5 ) ;  

R o b e r t s ,  e t  a l . ,  ( 1 9 7 5 ) ,  B e r g q u i s t ,  ( 1 9 8 0 ) ;  M a t l i c k  and Buseck ,  ( 1 9 7 5 ) l .  I n  

A l a s k a ,  h e l i u m  and mercu ry  s u r v e y s  i n  t h e  Chena Hot S p r i n g s  a r e a  ( W e s c o t t  and 

T u r n e r ,  1 9 8 1 a ) ,  a t  P i l g r i m  S p r i n g s  (Wesco t t  and T u r n e r ,  1 9 8 1 b ) ,  Summer Bay 

Warm S p r i n g s ,  Unalaska  I s l a n d  (Wesco t t  and  T u r n e r ,  1982a) ( R e p u b l i c  

G e o t h e r m a l  I n c . ,  1983) and Manley Hot S p r i n g s ,  ( E a s t ,  1982) h a v e  shown 

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

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

t h e  e a r t h .  Helium i s  c h e m i c a l l y  i n e r t ,  p h y s i c a l l y  s t a b l e ,  and q u i t e  s o l u a b l e  

i n  g round  w a t e r  a t  d e p t h ,  b u t  s p a r i n g l y  s o l u a b l e  u n d e r  ambien t  c o n d i t i o n s .  

I t ' s  p r a c t i c a l l y  n o n a b s o r b a b l e ,  h i g h l y  m o b i l e  and t h e r e f o r e  a b l e  t o  p e n e t r a t e  

t h o u s a n d s  of  m e t e r s  o f  o v e r b u r d e n .  Hel ium i s  p r e s e n t  i n  t h e  a t m o s p h e r e  a t  a  

s p a t i a l l y  and t e m p o r a l l y  low c o n s t a n t  abundznce  l e v e l  o f  5 .239  ppm ( G l u e k a u f ,  

1946 ;  P o g o r s k i  and Q u i r t ,  1 9 8 1 ) .  The s o l u b i l i t y  o f  h e l i u m  i n  w a t e r  i n c r e a s e s  

w i t h  t e m p e r a t u r e s  above 30°C,  making g e o t h e r m a l  w a t e r s  e f f i c i e n t  s c a v e n g e r s  

o f  h e l i u m  (Mazor, 1972) .  A s  t h e  g e o t h e r m a l  w a t e r s  r i s e  t o w a r d s  t h e  s u r f a c e ,  

h e l i u m  i s  r e l e a s e d  due t o  c o o l i n g  and d e - p r e s s u r i z a t i o n .  

Helium o c c u r s  i n  s o i l  i n  s e v e r a l  ways :  a )  t r z p p e d  i n  t h e  c r v s t a l  l a t t j c e  

of  s o i l  g r a i n s ;  b )  a s  g a s  i n  n a c r o  o r  i n t e r c r u m b  p o r e  s p a c e ;  c )  d i s s o l v e d  i n  

t h e  w s t e r  f i l m  on s o i l  g r a i n s :  a )  i n  n i c r o  o r  crumb p o r e  s p a c e s ;  e )  Tn g a s  

b u b b l e s  i n  t h e  s o i l  f l u i d ;  ; ~ 1  f) d i s s o l v e d  i n  w a t e r .  Hel ium i n  macro  o r  



i n t e r c r u m b  pore  s p a c e s  was sampled by d r i v i n g  a  hol low c o l l e c t i o n  t u b e  about  

75 cm i n t o  t h e  ground 2nd drawing o f f  a g a s  sample i n  a  s y r i n g e .  The g a s  was 

t h e n  i n t r o d u c e d  i n t o  a  smal l  e v a c u a t e d  s t e e l  ' C 0 2 '  c a r t r i d g e  and s e a l e d .  

T h i s  t e c h n i q u e  o n l y  works w e l l  where t h e  s o i l  i s  f a i r l y  d r y  and f r e e  of 

r o c k s .  

Helium i n  w a t e r  f i l m s  on s o i l  g r a i n s ,  i n  micro  o r  crumb pore  s p a c e s  and 

i n  b u b b l e s  i n  w a t e r - f i l l i n g  pore  s p a c e s  was sampled by a u g e r i n g  a  s o i l  c o r e  

sample r  a b o u t  75 cm i n t o  t h e  ground,  p l a c i n g  t h e  bottom s o i l  c o r e  i n  a  s t e e l  

can  and s e a l i n g  i t .  

Water  samples  were c o l l e c t e d  i n  a  500 ml sample b o t t l e  t o  85% of  volume, 

capped immedia te ly  w j t h  an a i r  t i g h t  c a p  equipped w i t h  a  septum. The b o t t l e  

was shaken  v i g o r o u s l y  f o r  30 seconds  t o  a l l o w  t h e  hel ium d i s s o l v e d  i n  t h e  

w a t e r  t o  e q u i l i b r a t e  w i t h  t h e  a i r  s p a c e  above t h e  w a t e r ,  t h e n  a  g a s  sample  

v a s  drawn o f f  by s y r i n g e  th rough  t h e  septum and i n s e r t e d  i n t o  an  e v a c u a t e d  

s t e e l  c a r t r i d g e  a s  i n  t h e  s o i l  g a s  sampl ing  t e c h n i q u e .  I n  t h e  c a s e  of  s o i l  

s a m p l e s ,  a  g a s  sample i s  drawn o f f  from t h e  head space  i n  t h e  c a n  a f t e r  

s u f f i c i e n t  t i s p  h a s  e lapsed  t o  a l l o w  t h e  he l ium i n  t h e  s o i l  t o  e q u i l i b r a t e  

w i t h  t h e  a i r  i n  t h e  head s p a c e .  

The h e l i u m  a n a l y s i s  was done a t  Western  Systems,  I n c . ,  M o r r i s o n ,  

Co lorado ,  by n a s s  s p e c t r o m e t r y  w i t h  a  p r e c i s i o n  of 10 ppb. 

Resea rch  i n  t h e  p a s t  few y e a r s  h a s  .shown t h a t  we canno t  s i m p l y  r e l a t e  

t h e  h e l i u m  c o n c e n t r a t i o n  v a l u e s  d e r i v e d  from t h e  t h r e e  s e p a r a t e  sampl ing  

.methods. The ' w a t e r '  samples a r e  u s u a l l y  much h i g h e r  t h a n  t h e  s o i l  head 

s p a c e  o r  s o i l  g a s  v a l u e s .  S o i l  head s p a c e  v a l u e s  must be  c o r r e c t e d  f o r  a  

number of  p z r z m e t e r s  t o  d e r i v e  a pore  s p a c e  c o n c e n t r a t i o n  i n c l u d i n g :  s o i l  

and a i r  t e m p e r a t u r e ,  b z r o ~ e t r i c  p r e s s u r e  a t  t h e  t ime of c o l l e c t i o n ,  a n 6  wa te r  

c o p t e n t  and s o i l  d e n s i t ; , .  Tn a d d i t i c n ,  i t  i s  impor tan t  t o  a l s o  measure  ar.d 



c o r r e c t  f o r  l i g h t  hydrocarbons ,  some of which may be genera ted  i n  t h e  s o i l  by 

b a c t e r i a l  a c t i o n  a f t e r  cann ing .  Only raw u n c o r r e c t e d  v a l u e s  were used  i n  t h e  

s u r v e y  of Hot S p r i n g s  Bav Va l ley .  We know from o u r  r e c e n t  r e s e a r c h  t h a t  

anomalously  h i g h  raw he l ium v a l u e s  r e p r e s e n t  v a l i d  anomal ies  r e g a r d l e s s  of 

whe the r  o r  n o t  t h e  c o r r e c t i o n s  d i s c u s s e d  above a r e  made. 

The a v e r a g e  a t m o s p h e r i c  c o n c e n t r a t i o n  of  he l ium i s  5.239 ppm (Gluekauf ,  

1946).  Depending on t h e  p r o d u c t i o n  r a t e ,  t r a n s p o r t ,  and t r a p p i n g  i n  t h e  

s o i l ,  t h e  background pore  space  He c o n c e n t r a t i o n  may v a r y  somewhat from t h a t  

v a l u e .  

The A l e u t i a n  b a s a l t i c  and b a s a l t i c - a n d e s i t e  r o c k s  a r e  l i k e l y  t o  c o n t a i n  

much l e s s  uranium and thor ium t h a n  t h e  more a c i d i c  igneocs  and metamorphic  

r o c k s  of  t h e  i n t e r i o r  Alaska and Seward P e n i n s u l a  h o t  s p r i n g s  a r e a s .  T e l f o r d  

and o t h e r s  (1976) l i s t  t h e  average  b a s a l t  t o  have 13% Th and 15X U o f  t h e  

a v e r a g e  g r a n i t e .  Thus we would e x p e c t  A l e u t i a n  he l ium anomal ies  t o  b e  l e s s  

pronounced.  I t  i s  of i n t e r e s t  t o  compare t h e  v a l u e s  o b t a i n e d  from 4 Akutan 

h o t  s p r i n g  w a t e r  samples  w i t h  samples  from !?anley Eot S p r i n g s  i n  t h e  Alaskan 

i n t e r i o r .  The Akutan w a t e r  samples a r e  a b o u t  2 2 %  above t h e  a t m o s p h e r i c  

background:  6 . 5 6 ,  6 .41 ,  6 . 5 7  and 6 . 0 5  ppm. I n  compar ison,  w a t e r  samples  

from Manlev Hot S p r i n g s  a t  30 ppm a r e  573% above background, c o n s i s t e n t  w i t h  

t h e  h i g h e r  Be p r o d u c t i o n  r a t e  i n  t h e  a c i d i c  p l u t o n i c  and metamorphic r o c k s  of  

t h a t  a r e a  ( E a s t ,  1982) .  T h i s  r e s u l t  s u p p o r t s  o u r  s u g g e s t i o n  t h a t  s i g n i f i c a n t  

He a n o m a l i e s  on Akntan shou ld  be of l e s s  a b s o l u t e  v a l u e  than  a t  Manley Pot  

S p r i n g s  o r  o t h e r  s i m i l a r  Alaskan geo the rmal  a r e a s .  

F i g u r e  5-1 shows an e n l a r g e d  p o r t i o n  o f  Hot S p r i n g s  Bay V a l l e y  ~ v i t h  t h e  

he l ium s o i l  c o n c e n t r a t i c ? ~  a r d  t h e  25 and 10 ohm-m n e a r - s u r f a c e  El!-31 

r e s i s t i v i t y  c o n t o u r s .  ? n < l  r a s  samples  z r e  n o t  shown because  t h e  two t y p e s  

of h e l i u m  sample d a t a  c a - ~ c t  be d i rec t :y  compared.  



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

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

t h i s  a n a l y s i s ,  we have  chosen  a s o i l  He v a l u e  of 5 . 4 0  ppm and above a s  

anomalous .  Compared t o  o t h e r  Alaskan l o c a l i t i e s  w i t h  h i g h e r  U and Th 

backgrounds  t h i s  i s  a  c o n s e r v a t i v e  v a l u e .  A s  c a n  b e  s e e n  i n  f i g u r e  5-1, most  

of  t h e  s a m p l e s  a r e  anomalous  b y  t h i s  c r i t e r i o n .  S e v e r a l  a r e  g r e a t e r  t h a n  6 . 0  

ppm. No te  t h a t  t h e  anomalous Fe v a l u e s  e x t e n d  s e v e r a l  hundred  m e t e r s  t o w a r d s  

t h e  c e n t e r  o f  t h e  v a l l e y  away from t h e  h o t  s p r i n g s  and  t h e  n e a r - s u r f a c e  low 

r e s i s t i v i t y  c o n t o u r s .  

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

o f  o t h e r  g a s e s  i n  t h e  o r g a n i c - r i c h  marsh .  T h e r e  a r e  t h r e e  samples  wh ich  a r e  

be low t h e  a t m o s p h e r i c  c o n c e n t r a t i o n  o f  5 . 2 4  ppm, one  a s  low a s  4 .84  ppm. 

Fr iedman ( p e r s o n a l  communica t ion ,  1981) h a s  f o u n d  s i m i l a r  anomalous ly  l o w  

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

o f  t h e  h e l i u m  c o n t e n t  o f  t h e  s o i l  gas by o t h e r  g a s e s  s u c h  a s  CH and C 0 2 .  
4  

Thus ,  s i n c e  we know some sample s i t e s  show a n o m a l o u s l y  low v a l u e s  be low t h e  

a t m o s p h e r i c  v a l u e  o f  5 . 2 4 ,  o t h e r s  which  a r e  above  5 .24  may have  a l s o  b e e p  

lowered  by  t h i s  e f f e c t .  Because t h e  sample  a n a l y s i s  d i d  n o t  i n c l u d e  o t h e r  

g a s e s ,  s u c h  a s  CO and CH4, w e  c a n n o t  c o r r e c t  f o r  t h i s  e f f e c t .  However, t h e  2 

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

a n o m a l i e s .  

MERCIlFY SURVEY 

Mercury  c c n t e n t  i n  s o i l s  h a s  a l s c  heen  r e p o r t e d  a. a p o s s i b l e  i n d i c a t o r  

of g e o t h e r n a l  r e s o u r c e s  (?:atlick 2r.d E u s e c k ,  1 0 7 5 ) .  They conf i rmed  a s t r o n g  

a s s o c i a t i o n  of  Fe  v i t h  g e o t h ~ r r a l  a c t i ~ ~ f t y  i n  t h r e e  o f  f o u r  a r e a s  r e s t e d  



(Long V a l l e y ,  C a l i f o r n i a ;  Summer Lake and Klamathe  F a l l s ,  Oregon) .  Mercury 

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

such  a s  h o t  s p r i n g s  ( K h i t e ,  1 9 6 7 ) .  

Mercurv i s  h i g h l y  v o l a t i l e .  I t s  h i g h  v a p o r  p r e s s u r e  makes i t  e x t r e m e l y  

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

i n c r e a s e  t h i s  m o b i l i t y .  The Fg m i g r a t e s  upwards  and o u t w a r d s  away from t h e  

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

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

We c o l l e c t e d  1 5  s o i l  s amples  a b o u t  10 cm be low t h e  o r g a n i c  l a y e r .  The 

samples  were  a i r  d r i e d  i n  t h e  shade  and s i z e d  t o  -80 mesh u s i n g  a  s t a i n l e s s  

s t e e l  s i e v e .  The -80 p o r t i o n s  were  s t o r e d  i n  a i r t i g h t  g l a s s  v i a l s  f o r  l a t e r  

a n a l y s i s .  The Hg c o n t e n t  o f  t h e  sample  was d e t e r m i n e d  by u s e  o f  a  Jerome 

I n s t r u m e n t  Corp . ,  mode l  301 Gold F i lm  Mercurv  d e t e c t o r  w i t h  s e n s i t i v i t y  of 

b e t t e r  t h a n  0 . 1  ng  o f  Eg. A s t a n d a r d  volume o f  -80 mesh s o i l  (0 .25  c c )  was 

p l a c e d  i n  a  q u a r t z  b u l b  and h e a t e d  f o r  o n e  m i n u t e  t o  v o l a t a l i z e  a b s o r b e d  Hg 

which was c o l l e c t e d  on a  g o l d  f o i l .  H e a t i n g  of t h e  g o l d  f o i l  r e l e a s e s  t h e  Hg 

f o r  a n a l y s i s  a s  2 g a s  i n  t h e  s t a n d a r d  manner .  C a l i b r a t i o n  i s  a c c o m p l i s h e d  by  

i n s e r t i n g  a  known c o n c e n t r a t i o n  o f  Hg v a p o r  w i t h  a  hypode rmic  s y r i n g e .  

The background  c o n c e n t r a t i o n  of Hg i n  s o i l s  v a r i e s  w i d e l y  from a r e a  t o  

a r e a ,  and must  b e  d e t e r m i n e d  from a  l a r g e  number of  s a m p l e s .  I t  i s  g e n e r a l l y  

on t h e  o r d e r  o f  10 p a r t s  p e r  b i l l i o n .  We c a l c u l a t e d  a  mean v a l u e  o f  139 ppb 

f o r  t h e  15 s a m p l e s . c o l l e c t e d  a t  Hot S p r i n g s  Bay V a l l e y  and u s e d  t h a t  a s  an  

anomaly l e v e l .  

R e p u b l i c  G e o t h e r n a ?  conduc ted  a mercu rv  s o i l  s u r v e y  on Makushin Vo lcano ,  

Unalaska  I s l a n d ,  a s  p a r t  of  t h e i r  e x p l o r a t i o n  f o r  g e o t h e r r a l  d r i l l i n g  s i t e s  

( R e p u b l i c  G e o t h e r m a l ,  ! ? P 3 ) .  They found an  a n a l y t i c a l  r a n g e  o f  230 s o i l  

s amples  be tween P end 31,LSO ppb,  w i t h  a n  a v e r a g e  v a l u e  of  4 5 4  ppb,  a  median 



v a l u e  o f  60 ppb and a mode o f  36 ppb.  On t h e i r  map t h e s  u s e d  36 ppb a s  t h e  

background v a l u e ,  and c c n t o ~ i r e d  3 x background (108 p p b ) ,  5 x background (180 

p p b ) ,  and 7 x background  ( 3 2 4  p p b ) .  

F i g u r e  5-2 shows a  map w i t h  t h e  Akutan m e r c u r y  v a l u e s  p l o t t e d  on o u r  

g r i d  sys t em.  One o f  t h e  l a r g e s t  v a l u e s  o f  395 ppb u s  a t  0 NW, 100 S ,  s e v e r a l  

hundred  m e t e r s  away f rom t h e  n e a r - s u r f a c e  t e m p e r a t u r e  a n o m a l i e s .  A s  we d i d  

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

r e g a r d i n g  t h e  m e r c u r y  p a t t e r n .  We n o t e ,  howeve r ,  t h a t  p r a c t i c a l l y  a l l  o f  o u r  

s amples  a r e  above  t h e  Makushin background ,  and t h r e e  a r e  g r e a t e r  t h a n  s e v e n  

- 
t i m e s  t h e  Makushin b a c k g r o u n d .  

DISCUSSION AND CONCLUSIONS 

Compared t o  o t h e r  a r e a s  where  we h a v e  i n v e s t i g a t e d  He and Hg s o i l  

c o n c e n t r a t i o n s  i n  g e o t h e r m a l  a r e a s ,  v a l u e s  i n  Hot  S p r i n g s  Bay V a l l e y  would b e  

c o n s i d e r e d  a n o m a l o u s l y  h i g h .  From t h e  w a t e r  s a m p l i n g  t h e  He v a l u e s  a r e  low 

compared t o  c o n t i n e n t a l  h o t  s p r i n g s  a r e a s ,  wh ich  makes t h e  He s o i l  a n o m a l i e s  

even  more s i g n i f i c a n t .  The m e r c u r v  v a l u e s  w e r e  n o t  r e a l l y  numerous enough t o  

draw many c o ; ~ c l u s i o n s ,  b u t  i n  t e r n s  of t h e  Makushin  Vo lcano  s u r v e v s  ( R e p u b l i c  

Geo the rma l ,  1983) t h e  v a l u e s  would be s i g n i f i c a n t  a n o m a l i e s .  

Both  He a n d  Hg v a l u e s  a r e  h i g h  toward  t h e  c e n t e r  o f  t h e  v a l l e y ,  away 

f rom t h e  h o t  s p r i n g s  and t h e  s i n u o u s  n e a r - s u r f a c e ,  low r e s i s t i v i t y  p a t t e r n s .  

.Wescott and o t h e r s  (this r e p o r t ) ,  h sve  s u g g e s t e d  t h e  s i n u o u s  p a t t e r n  

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

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

g e o t h e r n z l  r e s e r v o i r .  T h e  He and Pg d a t a  a r e  t h e  o n l y  d a t a  which  n i g h t  

i n d i c a t e  where  t h e  hot T;ater 1s c o m i ~ g  up i n t o  t h e  r e s e r v o i r  frcrn be low.  



D a t a  s u g g e s t s  t h e  r e s e r v o i r  may b e  f e d  from a  c o n d u i t  s y s t e m  f u r t h e r  o u t  i n t o  

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

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

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

i n t o  t h e  r e s e r v o i r ,  whe re  m i x i n g  w i t h  c o l d e r  w a t e r  nav o c c u r .  
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FIGURE CAPTIONS 

F i g u r e  1. Map of  Hot  S p r i n g s  Bay V a l l e y  w i t h  h e l i u m  s o i l  s a m p l e  
c o n c e n t r a t i o n s .  The c o n t o u r s  a r e  2 5  ohm-m and 10 ohm-m n e a r - s u r f a c e  
r e s i s t i v i t y  v a l u e s  f r o m  Wesco t t  and  o t h e r s  ( t h i s  r e p o r t ) .  Note t h e  
p r e s e n c e  o f  anoma lous ly  h i g h  He v a l u e s  n e a r  t h e  v a l l e y  c e n t e r ,  away f rom 
t h e  h o t  s p r i n g s .  

F i g u r e  2 .  Map of  Hot S p r i n g s  Bav V a l l e y  w i t h  mercu ry  s o i l  c o n c e n t r a t i o n s .  
The c o n t o u r s  a r e  25 ohm-m and 10 ohm-m n e a r - s u r f a c e  r e s i s t i v i t y  v a l u e s  
f rom Wesco t t  and o t h e r s  ( t h i s  r e p o r t ) .  Note t h e  a n o m a l o u s l y  h i g h  HE 
v a l u e s  e x t e n d i n g  o u t  i n t o  t h e  v a l l e y  away from t h e  h o t  s p r i n g s  and  low 
r e s i s t i v i t y  p a t t e r n s .  







CHAPTER 6 

GEOCHEMISTRY OF THERMAL SPRINGS A%?) FUMAROLES, HOT SPRINGS BAY VALLEY 
AKUTAN ISLAND, ALASKA 

Roman J .  I4otykn1, Mary A .  ~ o o r m a n '  , and R o h e r t  J .  Pc reda  2 

1 
,A la sk2  D f ~ v i s i o n  of  G e o l o g i c a l  a n d  G e o p h y s i c a l  S u r v e y s ,  F a i r b a n k s ,  Aleska - '. 

S c r i p p s  I n s t i t u t e  of O c e a n o g r a p h y ,  La Jolla, C a l i f o r n i a  



ISTRODUCTION 

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

f i e l d  l o c a t e d  i n  P o t  S p r i n g s  Eav L a l l e y  we re  u n d e r t a k e n  t o  h e l p  a s s e s s  t h e  

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

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

we re  made b y  B y e r s  and  R a r t h  ( 1 9 5 3 ) ,  Baker  a n d  o t h e r s  ( 1 9 7 7 ) ,  and Motvka a n d  

o t h e r s  ( 1 9 8 1 ) .  The l a t t e r  s t u d y  p r o v i d e d  t h e  i m p e t u s  F o r  s e l e c t i n g  Akutan  f o r  

t h e  more d e t a i l e d  g e o t h e r m a l  e x p l o r a t i o n  wh ich  was  c a r r i e d  o u t  i n  J u l y ,  1981 .  

- 
The s p r i n g s  and  f u m a r o l e s  we re  sampled o n c e  a g a i n  d u r i n g  a one-das  v i s i t  t o  

t h e  s i t e  on Augus t  3 1 ,  1983 .  

The r e s u l t s  o f  t h e  a n a l y s e s  and g e o t h e m o m e t r v  d i s c u s s e d  be low p r o v i d e  

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

r e s e r v o i r s  w i t h  t e m p e r a t u r e s  of  170-190°C. Upon a s c e n t  f r o m  t h e  r e s e r v o i r s ,  

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

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

f u r t h e r  c o o l  c o n d u c t i v e l y  b e f o r e  emerg ing  a t  t h e  s u r f a c e .  Thermal  s p r i n g  

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

XaCl w a t e r s  w i t h  C 1  l e v e l s  o f - 6 0 0  ppm. The s i r n j . l a r i t y  o f  s t a b l e  i s o t o p i c  

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

r e s e r v o i r  i s  c h a r g e d  by  l o c a l  m e t e o r i c  v a t e r s .  

F u m a r o l e s  a t  t h e  head  of  t h e  v a l l e y  a r e  p r o b a b l y  f e d  b y  g a s e s  and s t e a m  

. b o i l i n g  o f f  f r o m  a  h o t  w a t e r  r e s e r v o i r  a t  d e e p e r  l e v e l s .  Gas geo the rmomet ry  

s u g g e s t s  a r e s e r \ y o i r  t e n p e r z t u r e  of -lPO°C. The c a r b o n  i s o t o ~ e  r a t i o s  i n  CO 2 

and CH and  t h e  large p r c ~ o r t i o n  of  CP, p r e s e n t  i n  t h e  g a s e s  c o l l e c t e d  f rom 
4 - 

t h e  f u m a r o l e s  and h o t  q p r i ~ r s  i n d i c z t e  t ' 7 e r r roeen i c  breakdown cf  c r g a n i c  

s ~ d i s e n t s  a s  o n e  of t h e  ccurc.1.5 p i  c a r b o n  i n  t h e  s v s t e m .  The r e l a t i v e l v  h e a v y  



4 carbon 13 composition of fumarolic carbon dioxide and the 3 ~ e /  He ratios of 

6.5-7.0 reflect a probable magmatic influence on the hvdrothennal system. 

THERMAL AREAS 

The Akutan hot springs are located in lower Hot Springs Bay Valley, about 

4 km northwest of Akutan Harbor and 10 km northeast of Akutan Volcano (fig. 

6-1, plates 1 and 2). Five separate groups of thermal springs emanate along 

Hot Springs Creek in a 1.5 km long zone at the base of the west valley wall. 

The thermal spring waters issue from fissures in travertine cemented volcanic 

debris-flow deposits exposed in stream banks (groups A ,  C, and I?), from pools 

in the valley floor ( A ,  B, and D), and through beach sands ( E ) .  Temperature 

measurements made in creek-bed gravels and increases in chemical concentra- 

tions of stream waters show that thermal waters are also discharging directly 

into Hot Springs Creek and its western tributary below A .  

The hottest springs are the southern most, group A ,  with temperatures as 

high as 85OC. Temperatures at B, which consists of several shallow pools, 

range from 38.5 to 50°C .  Vent temperatures at C range from 40 to 75°C. Warm 

te~peratures were measured in an adjacent gravel bar indicating discharge of 

thermal waters directly into the stream. Vent temperatures at site D vary 

from 26 to 54°C. Elevated temperatures were measured in stream gravels and 

bars indicating direct discharge of thermal waters into the stream here also. 

The most northerly group, E, occurs on the shores of Hot Springs Rav in the 

intertidal zone east of the mouth of Pot Springs Creek (fig. 6 - 1 ) .  

Temperatures greater than l o c a l  surface waters were found at depths of 10 cm 

7 
or more in the sands cL1er 3 7,500 m area of intertidal besch. The highest 

temperatures ( 6 3 O C )  are adincent tc the outflcw channel of Pot Springs Creek. 



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

a t  a n  e l e v a t i o n  of  350 m ( i 1 5 0  f t ) ,  n e a r  t h e  h e a d  o f  Hot  S p r i n g s  Bay V a l l e y  

( P l a t e  1 ) .  The f i e l d  c o n s i s t s  o f  a s e r i e s  o f  l o w  t o  m o d e r a t e l y  p r e s s u r i z e d  

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

7 
a n  a r e a  of  a b o u t  5 , 0 0 0  m . T e m p e r a t u r e s  of t h e  f u m a r o l e s  a n d  p o o l s  a r e  a t  o r  

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

t h e  s o l f a t a r a  f i e l d .  

A r e c o n n a i s s a n c e  was  made of  t h e  r e s t  o f  t h e  i s l a n d  a n d  v i s i b l e  t h e r m a l  

a c t i v i t v  e l s e w h e r e  a p p e a r s  r e s t r i c t e d  t o  t h e  a c t i v e  Aku tan  C a l d e r a  and a  

s t i l l - w a r m  1978 a n d e s i t i c  l a v a  f l o w  on t h e  n o r t h  f l a n k  o f  t h e  vo lcano .  

THERMAL WATERS 

Wate r  C h e m i s t r y  

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

v e n t  a s  p o s s i b l e ,  t h e n  f i l t e r e d  t h r o u g h  0 . 5 5  m i c r o n  f i l t e r s .  The s a m p l e  s u i t e  

n o r m a l l y  c o n s i s t e d  o f  1 l i t e r  e a c h  o f  f i l t e r e d  u n t r e a t e d  a n d  f i l t e r e d  

a c i d i f i e d  ( K C 1 1  w a t e r s ;  I 0 0  m l  1:10 and  1:5  d i l u t e d  s a m p l e s  f o r  s i l i c a  

d e t e r m i n a t i o n s ;  and  30 m l  s a m p l e s  f o r  s t a b l e  i s o t o p e  d e t e r m i n a t i o n s .  I n  

a d d i t i o n ,  raw u n t r e a t e d  s a m p l e s  w e r e  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  

H C 0 3 ,  pH, and  H 2 S  A t  s p r i n g  A 3 ,  ! l i t e r  o f  f i l t e r e d  w a t e r  was c o l l e c t e d  and 

18 
- t r e a t e d  w i t h  f o r m a l d e h y d e  f o r  6 0, H 0-SO g e o t h e r n o m e t r y ,  and  1 l i t e r  o f  2 4 

u n t r e a t e d  k - z t e r  was c o l l e c t e d  f o r  t r i t i u r  a n a l ? . s i s .  R e p r e s e n t a t i v e  s t r e a m  and 

c o l d  s p r i n p  w a t e r s  we re  sl.cc c o l l e c t e d .  

HC03, p 3 ,  and t! C c c n c e - c r a t i o n s  [;ere d e t e r n t n e d  i n  t h e  f i e l d  fo1lowir .g  
2 ' 

methods  described I n  F r e s s e r  a n d  F a r n e s  1 ! " 4 ) .  The r e r a i n i n g  c o n s t i t u e n t s  



w e r e  a n a l y z e d  a t  t h e  DGGS Geothe rma l  F l u i d s  L a b o r a t o r v  i n  F a i r b a n k s  e x c e u t  a s  

n o t e d  i n  t a b l e s  6-1 and 6 - 2 .  Ma jo r  and  minor  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  a P e r k i n - E l x e r  a t o m i c  a b s o r p t i o n  s p e c t r o n 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 .  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 )  

me thod ;  f l u o r i d e s  by s p e c i f i c  i o n  e l e c t r o d e ;  C1 by Mohr t i t r a t i o n ;  b romide  hv  

h y p o c h l o r i t e  o x i d a t i o n  and t i t r a t i o n ;  and  bo ron  by c o l o r m e t r i c  c a r m i n j c  a c i d  

me thod .  S i l i c a  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  by t h e  m o l v b d a t e  b l u e  method.  

S t a b l e  i s o t o p e  r a t i o s  ( " 0 1 ~ ~ 0  and D/H) were  a n a l y z e d  a t  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 ,  D a l l a s ,  T e x a s ,  a n d  a t  U.S. G e o l o g i c a l  S u r v e y ,  Menlo 

P a r k ,  C a l i f o r n i a .  T r i t i u m  c c n c e n t r a t i o n s  were  d e t e r m i n e d  a t  t h e  U n i v e r s i t y  of  

Miami,  Miami,  F l o r i d a .  

R e s u l t s  of  t h e  chemFcal  a n a l y s e s  o f  t h e  t h e r m a l  s p r i n g  w a t e r s  a r e  g i v e n  

i n  t a b l e  6-1; t h o s e  f o r  s t r e a m  and  c o l d  s p r i n g  w a t e r s  a r e  i n  t a b l e  6-2. 

Thermal  s p r i n g  w a t e r s  f rom A t h r o u g h  D a r e  m o d e r a t e l y  c o n c e n t r a t e d  sodium- 

c h l o r i d e - b i c a r b o n a t e  w a t e r s  w i t h  s i g n i f i c a n t  l e v e l s  o f  b o r o n .  T h e r m a l  w a t e r s  

f r o m  E a r e  much more s a l i n e ,  r e f l e c t i n g  p r o b a b l e  m i x i n g  w i t h  s e a w a t e r  i n  t h e  

i ~ t e r t i d a l  zone .  S t r eam 2nd c o l d  s p r i n g s ,  a s  e x p e c t e d ,  a r e  mxch more  d i l u t e  

b u t  s e v e r a l  of t h e  s a m p l e s  e x h i b i t e d  r e l a t i v e l y  h i g h  l e v e l s  o f  s i l i c z i .  These  

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

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

The p e r c e n t a g e  c a t i o n  c o n t e n t  o f  Hot S p r i n g s  Bav V a l l e y  t h e r m a l  and  

s u r f a c e  m e t e o r i c  w a t e r s  a r e  p l o t t e d  i n  f i g u r e  6-2. The s e a w a t e r  d i l u t i o n  of 

s p r i n g s  E (No. 6)  i s  r e a d i l y  a p p a r e n t  a s  i s  t h e  d i l u t i o n  o f  t h e r m a l  w a t e r s  a t  

S p r i r g s  D w i t h  c o l d e r  s u r f a c e  c :a te rs  ( c f .  No. 5 t o  No. 1 6 ) .  The ?;a + K t r e n d  

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

and b e l o w  s i t e  A r e s p e c t i q : e l v .  



Thermal  w a t e r s  a s s o c i a t e d  w i t h  t h e  f u m a r o l e  f i e l d  a t  t h e  head  o f  t h e  

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

h e a t e d  by c o n d e n s i n g  s t e a m  and v o l c a n i c  g a s e s .  The c o n s t i t u e n t s  i n  t h e s e  

t h e r m a l  w a t e r s  were  p r o b a b l y  l e a c h e d  f rom l o c a l  r o c k s  by t h e  h o t  a c i d  w a t e r s .  

The s i l i c a  c o n t e n t  o f  220 ppm i n  one  of  t h e  a c i d  p o o l s  r e f l e c t s  t h e  breakdown 

o f  s i l i c a t e s  and e q u i l i b r a t i o n  o f  t h e  w a t e r s  t o  amorphous  s i l i c a .  

S t a b l e  I s o t o p e s  

S t a b l e  i s o t o p e  c o m p o s i t i o n s  o f  t h e  sampled  w a t e r s  a r e  g i v e n  i n  t a b l e s  6-1 

and  6-2 and  p l o t t e d  i n  f i g u r e  6-3. A l s o  p l o t t e d  a r e  C r a i g ' s  (1961) m e t e o r i c  

w a t e r  l i n e  and t h e  Adak p r e c i p i t a t i o n  l i n e  (Motyka ,  1 9 8 2 ) .  S e v e r a l  

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

t h e  1980 and  1981 i s o t o p i c  c o m p o s i t i o n s .  E x c e p t  f o r  15 ,  b o t h  s u r f a c e  and 

t h e r m a l  s p r i n g  w a t e r s  s ampled  i n  1980 p l o t  t o  t h e  r i g h t  of  t h e  m e t e o r i c  w a t e r  

l i n e s .  No 6D a n a l y s i s  i s  a v a i l a b l e  f o r  A 3 .  1980 ( 1 1 )  b u t  t h e  6180 i s  s i m i l a r  

t o  t h e s e  s a m p l e s .  W a t e r s  sampled  i n  1981 a r e  l i g h t e r  and  a l l  p l o t  l e f t  o f  t h e  

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

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

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

i n d i s t i n g u i s h a b l e  f rom t h e  s u r f a c e  w a t e r s  f o r  e a c h  y e a r .  The rma l  w a t e r s  f rom 

18  
h o t  w a t e r  s y s t e m s  (T>150°C\  a r e  commonly found t o  halye 6 0 p o s i t i v e l y  s h i f t e d  

.wi th  r e s p e c t  t o  l o c a l  m e t e o r i c  w a t e r s  bv  1 t o  5 a i l s  t h r o u g h  h i g h - t e m p e r a t u r e  

exc3ange  w i t h  s i l i c a t e s  ( T r u e s d e l l  an?  E u l s t o n ,  19801. F o r  example  a t  t h e  

E a k u s k l n  g e o t h e r m a l  a r e a  on n e i g h b o r i n g  Una la ska  I ~ l z n c ! ,  r e s e r v o i r  w a t e r s  w i t h  

t e n p e r a t u r e s  o f  1 9 0 ° C  shov a  s h i f t  o f  1 . 5  t o  2 n i l  (Yotyka  and o t h e r s ,  1 9 8 5 ) .  

18 
The l a c k  o f  a  d e t e c t . 2 k l e  s h i f t  i n  t i n  Akutar. t h e r n a l  s p r i n ~  w a t e r s  



indicates the waters are being diluted with meteoric water or the resenroir 

terperatures are insufficient to produce significant exchange. Geothermometry 

and evidence for mixing discussed later supports the former case. 

A third feature of the isotope geochemistry is the distinctly hea~rier 

composition of spring E water which probablv reflects the influence of 

seawater mixing. 

Not plotted in figure 6-2 is the isotopic composition of waters from a 

fumarole field acid-sulfate pool (table 6-1). Its much heavier composition 

probably reflects evaporative concentration of heavv isotopes in the pool 

waters. 

Geothennometry 

Application of the more commonly used and accepted geothermometers to the 

Hot Springs Eay Valley thermal spring waters is given in table 6-3. Probable 

mixing of cold waters discussed below clouds the choice and interpretation of 

the geothermometers. Those based cn ratios such as the c ~ t i o n  geothemcmeters 

are the least susceptible to mixing problems. Of the Na/K thermometers, the 

one suggested by Arnorrson (1983) for basaltic terranes is considered the most 

applicable to th; Akutan case. The Ka-K-Ca thermometer generallv g i v e s  a 

sliphtlv higher or simllar temperature. The single water-sulfate oxppen 

isotope geothermometer for spring A 3  of 186°C is consistent with the two 

cation thermometers. Ouartz geothermometers are likely to be affected by 

dilutfon and thus predict ~ ~ 1 1 .  rinimum temperatures. 

The cation and sulfzte-water Lsotope geothermometers ~enerally vary from 

170 to 190°C; 1 6 5 ° C  is c h c ~ e -  liere as tt,e cost probahle reservoir temperature 



b a s e d  on t h e  a v e r a g e  o f  t h e  Ka/K ( 4 ) ,  Ka-K-Ca ( 5 ) ,  and H @-SO (8 )  g e o t h e r -  2 4 

mometer  d e t e r m i n a t i o n s  f o r  s p r i n g  A ? .  

S e v e r a l  l i n e s  of  e v i d e n c e  i n d i c a t e  t h a t  t h e  t h e r m a l  s p r i n g  w a t e r s  a r e  a 

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

s t r o n g e s t  i n d i c a t i o n  o f  m i x i n g  i s  t h e  t r i t i u m  c o n t e n t  of  20 .3  T.U. ( t r i t i u m  

u n i t s )  found  i n  a w a t e r  s ample  c o l l e c t e d  from s p r i n g  A3. P a n i c h i  and  - 
G o n f i a n t i n i  (1978) have  r ev iewed  t h e  u s e  of t r i t i u m  a s  an  i n d i c a t o r  o f  a g e  and 

m i x i n g  i n  g e o t h e r m a l  s y s t e m s .  T r i t i u m  was i n t r o d u c e d  i n t o  t h e  a t m o s p h e r e  i n  

l a r g e  q u a n t i t i e s  d u r i n g  t h e  y e a r s  of  t he rmo-nuc lea r  weapons t e s t i n g  f o l l o w i n g  

1952.  S i n c e  t h e  t e s t  ban  t r e a t y  of  1963,  t r i t i u m  i n  t h e  a t m o s p h e r e  h a s  

s t e a d i l y  d e c l i n e d ,  b u t  s t i l l  r e m a i n s  a t  l e v e l s  much g r e a t e r  t h a n  pre-1952.  

Because  o f  i t s  r e l a t i v e l y  s h o r t  h a l f - l i f e  ( 1 2 . 3  y r s ) ,  t r i t i u m  p r o v i d e s  a  good 

m a r k e r  f o r  w a t e r s  of r e c e n t  a g e .  

As a c o ~ p a r i s o n  t o  t h e  Akvtan A-3 v a t e r s ,  t h e  w e i g h t e d - a v e r a g e  t r i t i u m  

c o n t e n t  o f  p r e c i p i t a t i o n  I n  Anchorage i n  1980 v a s  29 T.U.,  w i t h  s e a s o n a l  

v a r i a t i o n  r a n g i n g  from t h e  w i n t e r  minimum of !h T.U. t o  t h e  l a t e - s p r i n g  

maximum o f  51 ' r . U .  Samples  o f  w a t e r s  t h o c g h t  t o  be  ~ r h o l l y  o r  p a r t i a l l y  of  

r e c e n t  m e t e o r i c  o r i g i n  c o l l e c t e d  i n  1982 from t h e  Makushin g e o t h e r m a l  a r e a  on 

U n a l z s k a  I s l a n d  v a r i e d  f rom 6  T.U. t o  37  T.U. I n  c o n t r a s t ,  t h e m a l  r e s e r v o i r  

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

0 . 1 0  T.U. (Motyka and o t h e r s ,  1 9 8 5 ) .  

The h i g h  t r i t i u c  c c r t e n t  o f  A ?  v a t e r s  t h a n  r p a n s  o f  one  o f  two t h i n g s :  

1 )  t h e  t h e m a l  r e s e n o i r  v a t e r z  a r e  e s t r e c l e l y  voung a n +  t u r n - o v e r  t l n e  i n  t h e  

r e s e r v o i r  i s  17ery shor::  c r  1') t h e  t h e z a l  v a t e r s  a r e  b e i n g  d i l u t e d  w i t h  a  



significant amount of surface meteoric vaters. Evidence from Makushin and 

almost all other investigated hot water systems indicate residence times of 

waters in geothermal reservoirs are far greater than 25 yrs. Thus the mixing 

hypothesis is much nore probable. 

Additional evidence for mixing is the similarity in isotopic composition 

of surface meteoric waters and thermal spring waters. The presence of 

magnesium in all the spring waters, particularly D, is also indicative of cold 

water mixing. Magnesium is usually removed from high temperature waters 

(T>150°C) through hydrothermal reactions. 

Further evidence for mixing comes from consideration of silica and 

chloride vs. enthalpy trends (figs. 6-4 and 6-5) and geothermometry (table 

6-3). Geothermometrv predicts reservoir temperatures of 170-190°C but spring 

temperatures are 85°C or less. Thus the reservoir waters must cool upon 

ascent either by conduction or mixing. The large flow rates of the springs 

indicate cooling must at least partially be due,to mixing. 

The linear trend of S i O  in spring waters vs. enthalpv is readily 
2 

apparent in figure h-4. The ledst squares fit (LSF) for the spring data 

(excluding D), however, intersects the silica axis at 53 ppm which is ar. 

improbable concentration for a cold water nixing end member. More probable is 

that mixing is occurring at deeper levels and the waters then cool 

conductively before emerging at the surface. Mixing line (MI) is drawn 

parallel to the LSF but constrained to pass through a point representing a 

cold water having silica composition of 10 ppm and temperature of 10°C, 

similar to uncontaminated surface stream waters in the valley. Intersection 

of M1 with the quartIz solubility curve predfcts a hot water temperature of 

& 1 7 O 0 C  rather than the rest probable estimated reservoir tecperature based on 

cation and sulfate-water c x v g e n  isotope geothermometer o f w 1 8 5 O C .  It is 



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

t o  t h e  s u r f a c e .  These  t r e n d s  a r e  i l l u s t r a t e d  b y  mix ing  l i n e  F2 and p o i n t s  

i d e n t i f i e d  by pr imed l e t t e r s .  F o r  e x a n p l e ,  w a t e r s  emerging  a t  S p r i n g  A a r e  a  

m i x t u r e  o f  r e s e r v o i r  c o l d  w ~ t e r s  ( p o i n t  A ' )  wh ich  t h e n  c o n d u c t i v e l y  c o o l  f rom 

d 1 3 5 " C  t o  8 4 ° C  and i n  t h e  p r o c e s s  l o s e  a b o u t  15 ppm of  S i 0 2 .  

A l t h o u g h  t h e  r e l a t i v e  amounts  o f  c o o l i n g  by mix ing  and c o n d u c t i o n  a r e  

c o n j e c t u r a l ,  t h e  g e n e r a l  f e a t u r e s  of  t h e  p r e c e d i n g  mix ing  model  a p p e a r  

c o n s i s t e n t  w i t h  v a l l e y  g e o l o g y .  The r e l a t i v e l y  impermeable  v o l c a n i c  d e b r i s  

f l o w  c a p p i n g  t h e  v a l l e y  would p r e v e n t  p e n e t r a t i o n  and m i x i n g  o f  c o l d  w a t e r s  a t  - 
s h a l l o w  l e v e l s .  N ix ing  would h a v e  t o  o c c u r  a t  i n t e r m e d i a t e  l e v e l s  p e r h a p s  

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

v a l l e y .  

M i x i n g  i s  a l s o  a p p a r e n t  f rom t h e  c h l o r i d e - e n t h a l p y  d i a g r a m  ( f i g .  6-5) b u t  

t h e  s i t u a t i o n  a p p e a r s  n o r e  c o n f u s e d  t h a n  t h e  s i m p l e  two-component mixing-model  

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

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

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

e n t h a l p y  mode l .  

The c o l d  w a t e r  end member i s  a s s u r e d  t o  h a v e  10 ppm c h l o r i d e  and a  

t e m p e r a t u r e  o f  10°C ( p t .  S ) ,  s i m i l a r  tc u n c o n t a m i n a t e d  v a l l e y  w a t e r s .  

F o l l o w i n g  t h e  p r o c e d u r e s  o u t l i n e d  by F o u r n i e r  ( 1 9 7 9 ) ,  a  r a y  i s  p r o j e c t e d  f rom 

t h e  c o l d  w a t e r  p o i n t  t h r o u g h  t h e m a 1  s p r i n ~ s  A t o  a  deep  t h e r m a l  w a t e r ,  a .  

-The  e n t h a l p y  a t  a  i s  a s s u n e d  t o  b e  t h a t  o f  w a t e r  a t  18S°C, t h e  r e s e r v o i r  

t e m p e r a t u r e  p r e d i c t e l  b y  c a t i o n  a r d  c a t e r - s u L f a t e  oxygen S s o t o p e  g e o t h e r -  

n o m e t r v .  T h i s  l i n e  p a s s e s  c l o s e  t o  s p r i n g  5 ,  i n d i c a t i n g  a  cocmon m i x i n g  l j n e  

f o r  t h e s e  s p . r i n g s  which is c c n s i s t e r t  v i ik ,  t h e i r  c l o s e  p r o x i m i t y  t o  e a c h  

o t h e r .  S p r i n g s  C a r l  C ? l e t  f a r  o f f  t 3 e  s p r i n p  A riving l i n e  i n d i c a t i n g  w a t e r  



from more t h a n  one  r e s e r v o i r  i s  i n v o l v e d .  ( S p r i n g  E  i s  e x c l u d e d  from t h e  

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

s i l i c a - e n t h a l p y  model  p r e d i c t s  c o n d u c t i v e  c o o l i n g  a s  w e l l  a s  mix ing  i s  

o c c u r r i n g .  To a c c o u n t  f o r  t h i s  l a t t e r  e f f e c t ,  p o i n t  A '  i s  chosen  a s  t h e  mixed 

w a t e r  which  t h e n  c o n d u c t i v e l y  c o o l s  t o  A .  E n t h a l p v  o f  A '  i s  from mixing  l i n e  

M2 o f f  t h e  s i l i c a - e n t h a l p y  d i a g r a m .  A r a y  f rom S t h r o u g h  A '  i n t e r s e c t s  t h e  

1 8 5 O C  e n t h a l p y  l i n e  a t  a '  w i t h  a c h l o r i d e  c o n c e n t r a t i o n  o f  590 ppm. Al though 

t h i s  new A '  mix ing  l i n e  c a n  a c c o u n t  f o r  s p r i n g s  A ,  B, and C ,  i t  c a n n o t  a c c o u n t  

f o r  s p r i n g  D ,  i n d i c a t i n g  t h a t  D i s  t h e  p r o d u c t  o f  a  d i f f e r e n t  mix ing  t r e n d .  

I n  a d d i t i o n  t h e  s i l i c a  model  p r e d i c t s  c o n s i d e r a b l y  more c o n d u c t i v e  c o o l i n g  f o r  

s p r i n g  C t h a n  u s i n g  m i x i n g  l i n e  A '  would a l l o w .  

I n  t h e  c h l o r i d e - e n t h a l p v  d i a g r a m ,  mix ing  l i n e  C' was c o n s t r u c t e d  i n  a 

manner a n a l o g o u s  t o  t h a t  u s e d  f o r  l i n e  A ' ,  i . e . ,  u s i n g  t h e  s p r i n g  C c a t i o n  

geothermometer  t o  d e f i n e  end p o i n t  c ' .  Ano the r  m i x i n g  l i n e  c o u l d  b e  drawn f o r  

s p r i n g  D b u t  would u n n e c e s s a r i l y  c o m p l i c a t e  t h e  d i ag ram.  The p r i n c i p a l  p o i n t  

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

c o m p o s i t i o n c  mus: be c a l l e d  u?on t o  e x p l a i n  t h e  m i x i n g  l i n e s  and s p r i n g  

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

A ,  B ,  C ,  and D a l l  h a v e  s i r n i l - a r  c h l o r i d e  t o  b o r o n  r a t i o s  (-40) which  s u g g e s t s  

a  c o m o n  p a r e n t  r e s e r v o i r .  

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

r e p r e s e n t e d  by  p o i n t s  S and X ' .  P o i n t  X was d e t e r m i n e d  bv  t h e  i n t e r s e c t i o n  o f  

r a y  c '  and t h e  b o j l i n g  l i n e ,  X-a ' ,  t h r o u g h  p o i n t  a ' .  A w a t e r  X c o u l d  form C '  

and D '  by mix ing  w i t h  S  and f o r m  A '  and B' by f i r s t  S o i l i n g  t o  p o i n t  a ' ,  t h e n  

mix ing  w i t h  S .  P o i n t  X' p r c v i d e s  a n o t h e r  a l t e r n a t i v e  whereby w a t e r s  a '  a r e  

formed by 1 )  c o n d u c t i v e  c ~ o l i n p  from X ' ;  o r  2 )  m i x i n g  f r cm Y '  t o  X t hen  

h o l l i n g  t o  a ' ;  o r  31 boiling from X '  t o  a "  t h e n  mix ing  t o  a ' .  



The problem with either X or X' is that there are no geothermometric 

indications of such high temperature fluids. Thus waters 2t a' and c' would 

need to remain in these intermediate reservoirs for a substantially long tlme 

to allow re-equalibration of cation geochemistrv and water-sulfate oxvgen 

isotopes. Furthermore, the only evidence for boiling are the fumaroles at the 

head of the valley, almost 5 lan from the springs. 

Thus, although evidence for mixing and conductive cooling of thermal 

spring waters appears overwhelming, and the existence of different 

intermediate reservoirs seems probable, the question of the existence and 
- 

temperature of deeper reservoirs remains unresolved. 

Heat Pischarge by Spring Flow 

Thermal waters from A l ,  A2, and A 3  flaw at 40, 51, 118 lpm, respectively, 

directly into the west fork channel of Hot Springs Creek. The stream bed of 

the west fork above the outflow basin A 1  measured 75.0" to 8 3 . 2 O C  just a few 

cm below the ground surface, which indicates thermal waters are discharging 

directlv into the cold stream channei. The silica and chloride content of 

stream waters above and below slte A and in the sampled thermal waters provide 

a means of estimating the cold and hot-weter mixing fractions in the strean. 

Using the equation: C = (1-X)C + XC where C is the concentration of either 
m h c 

silica or chloride in the nixed (m), hot (h), and cold (c) fractions, X, the 

-cold water fraction cap he calculated. The values from table 6-2, analvses 14 

and 15, give a cold-vater ~ixing fractions of 0.922 for C 1  and 0.928 for Si02. 

Total water flow In the vest f o r k  channel Selow site A veasured 4280 lpm 2 5 

percent. The average cf ; $ P  $10,- and C1-determined rixing fractions gives a p  - 



estimated total hot-water discharge from site A of 320 lpm. Stream temper- 

atures above and below site A veasured 9.8" and 15.4"C, respectivelv. 

Substituting these velues into the equation T = (1-X)T + XT gives an 
r[! h c 

estimated temperature of 84.5'C for the hot-water fraction, a temperature 

consistent with the hottest spring vent temperature measured at the site. The 

heat flux loss represented by this hot-water discharge relative to the stream 

temperature of 9 . 8 ' C  is about 1.6 MJ. 

Measurements of individual spring discharges were not possible at sites 

other than A. Determination of the total discharge of thermal waters from 

sites A ,  R ,  C plus TI was attempted b y  measuring the strean flow in Hot Springs 

Creek below D and comparing water chemistries of the stream above A to below D 

(analyses 8 and 13 respectively in table 6-2). Unfortunately, the thermal 

water in the stream becones highly diluted hy  the large cold water fraction 

and only a crude estimate of overall heat discharge can be made. The hot 

water fraction at point 13 based on comparisons of Si02, Ka+K, and C 1  is 

0.027, 0.016, or 0.008, respectivelg. The total stream flow below l7 was 

measured to be 52,700 lpm t 5 2 ,  so that the corresponding hot water discharge 

estimates above this point are 1,420, 840, and 420 lpm. If the hot water 

fraction is assumed to he 8S°C, then the corresponding estimated heat 

discharges referenced to 10°C are 7.4, 4.4, and 2.2 MW respectively. The 

estimated flow from proup A alone w a s ~ 3 2 0  Ipm so that using C1 concentrations 

to calculate the hot water fraction below D appears to give too low an 

estimate, and the more probable heat discharge is between 4.4 and 7.4 ML1. A 

substantial amount o f  thernal rater is probably also dischargine at and beyond 

the beach as evidenced S v  s p r i n ~  E 2 n d  the elevated terperatures measured 1~ 

the surrounding sands. 



GAS CHEMISTRY 

Gases emanating from the fumarole field and from the lower valley hot 

springs were collected in 1981; fumarole gases were sampled again in 1983 

during a one day reconnaissance visit. Fumarole samples were collected by 

placing a plastic funnel over a suitablv pressurized vent and packing the 

exterior with mud to prevent air contamination. The funnel was connected to a 

sodium hydroxide-charged evacuated flask with tygon tubing. The sampling line 

was purged of atmospheric air, the stopcock in the flask opened and gases 
- 

allowed to bubble through the sodium hydroxide solution. Carbon dioxide and 

sulfur gases are absorbed by the sodium-hydroxide allowing trace gases to 

concentrate in the head space of the flask. Gases from hot springs were 

sampled in a similar manner except that the funnel was first immersed in a 

pool over a train of bubbles. The gas sample was taken by allowing the gases 

to displace water in the funnel then collecting the gas in the evacuated 

flask. 

Gases collected in 1981 were analyzed at the Scripps Institute of 

Oceanography and at ADGGS, Fairbanks. The 1983 samples were analyzed at U.S. 

Geological Survey, Menlo Park and ADGGS, Fairbanks. Residual gases, i.e., 

gases not absorbed in the sodium hydroxide solution (He, Hz, Ar, 02, N2. and 

CH ) were analyzed on a dual-column gas-chromatograph with both argon and 
4 

helium carrier gases. Moles of residual gas were calculated from measured gas 

-pressure and head space volume. Carbon dioxide and hydrogen sulfide 

coccentrations in the sodium hvdroxide solutions were determined bv titratioc 

and by ion chrom~trography respectively, or by gravinetric methods using SrCl 2 

and R a C l ?  to precipitate SrCC and 3aSO 
& 3 4 .  3 

The SrCO precipitate wzs then 

reacted I,-5:h phosphoric acid tn deter~ime CP yield. The e~~olved g a s  T-as 
2 



s a v e d  a r d  a n a l y z e d  f o r  I3c/l2c. Steam c o n t e n t  of t h e  g a s e s  was d e t e r m i n e d  by 

w e i g h t  d i f f e r e n c e  b e f o r e  and s f t e r  s a m p l i n g .  Ammonia was a n a l y z e d  by s p e c i f i c  

i o n  e l e c t r o d e  method.  

A d j u s t m e n t s  were made f o r  head  s p a c e  g a s e s  d i s s o l v e d  i n  t h e  s o l u t i o n  

u s i n g  H e n r y ' s  Law. Moles of  e a c h  c o n s t i t u e n t  c o l l e c t e d  were  t h e n  d e t e r m i n e d  

and  t h e  mo le  p e r c e n t  of  e a c h  c o n s t i t u e n t  was c a l c u l a t e d .  A c o r r e c t i o n  was  

t h e n  made f o r  a i r  c o n t a n i n a t i o n  by u s i n g  t h e  r a t i o  of oxygen i n  t h e  s ample  t o  

oxygen i n  a i r .  The g a s  c o n c e n t r a t i o n s  i n  mole p e r c e n t  were  t h e n  r e c a l c u l a t e d  

on a n  a i r - f r e e  b a s i s .  

3 il 
Hel ium i s o t o p e  r a t i o s  ( He/ He) w e r e  d e t e r m i n e d  a t  t h e  S c r i p p s  I n s t i t u t e  

o f  Oceanography ,  La J o l l a ,  C a l i f o r n i a .  Carbon i s o t o p e  r a t i o s  i n  c a r b o n  

13 1 2  
d i o x i d e  ( C /  C) were  a n a l y z e d  a t  U . S .  G e o l o g i c a l  Su rvey ,  Menlo P a r k ,  

C a l i f o r n i a .  

The r e s u l t s  o f  t h e  a n a l y s e s  i n  mo le  p e r c e n t  a r e  g i v e n  i n  t a b l e  6-4. 

Sample AL-11 i s  f rom h o t  s p r l n g  A 3 ;  s a m p l e  AL-9 i s  from an  a c i d - s u l f a t e  

s p r i n g ;  and B N 4 ,  BK14, and Mi3 a r e  f rom f u m a r o l e s  i n  t h e  s o l f a t a r a  f i e l d .  The 

much h i g h e r  p e r c e n t a g e s  of  n i t r o g e n  and  a r g o n  g a s e s  i n  h o t  s p r i n g  A g a s e s  

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

w i t h  oxygen b e i n g  s e l e c t i v e l y  removed t h r o u g h  o x i d a t i o n  r e a c t i o n s .  The 

f u m a r o l e  s a m p l e s  a r e  a l l  r e l a t i v e l y  g a s  r i c h  (Cf. Xg) and h a v e  s i m i l a r  

p r o p o r t i o n s  o f  m a j o r ,  m i n o r ,  and t r a c e  g a s e s .  A s  i s  common f o r  f u m a r o l e s  

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

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

r e l a t i v e l y  l a r g e  p r o ? c r t i o n s  o f  me thane  w i t h  v e r v  s i m i l a r  hydrogen-methane  

r a t i o s .  By c o m p a r i s o n ,  t h e  ~ a j o r i t v  o f  f u m a r o l e s  a t  t h e  Makushin g e o t h e r m a l  

a r e a  h a v e  methane  i n  ~ ~ 1 . .  : r a c e  a rc \u r . t s  and a r e  v e r v  w a t e r  r i c h  w i t h  Sg's 17. 

?!ethane and h y d r o p r . n  c ~ r c ~ n t r a t i o n s  c2n  5 e  c o n t r o l l e d  by t h e  r e a c t i o n  



with higher temperatures favoring the right side of the equation (Giggenbach, 

1980). Thus the high methane content and low H2/CH4 ratio could indicate a 

cooler geothermal system than at Makushin where reservoir temperature 

estimates range from 200 to 250°C. Alternatively, the higher methane content 

could reflect thermogenic breakdown of carbonaceous sediments. The carbon-13 

compositions of the fumarolic carbon dioxide and methane are -11 and -35 per 

nil, respectively. Kantle-derived carbon dioxide is estimated to have 

carbon-13 compositions ranging from -4 to -9 per mil (Truesdell and Bulston, 

1980) while mantle methane is estimated to range from -14 to -20 per mil 

(Welhan, 1981). Carbon dioxide derived from organic-sedimentary sources has 

carbon-13 compositions ranging from -12 to less than -20 per mil (Truesdell 

and Hulston, 1980); thermogenically derived methane has carbon-13 compositions 

ranging from -35 to -50 per mil (Scheoll, 1980). Thus the fumarolic methane 

may be primarily from themogenic breskdown of organic sediments while the 

carbon dioxide is primarily mantle derived with a slight admixture of carbon 

dioxide from sedimentary sources. 

At the elevation of the fumarole field the source of the org'anic material 

is unlikely to lie near the surface unless it is entrapped between layers of 

volcanic flows. A more likely source region would be deep-lying marine 

sandstones and shales which are thought to underlie the Aleutian Islands 

-(Marlow and others, 1973). Circulation of thermal waters through such rocks 

could cause thernogenic reactions giving rise to the  ethane and the 

organic-sedimentarv con?orent of cal-bo~ dioxide found in the funarole gsses. 

The contributicn of gases fror, tthercoeenic breakdown of organic raterial. 

must be greater at ti-,e hot s p ~ L ~ p s  to a c c o c n t  for :he lzrger propertion of 



methane, and the lower carbon-13 compositions of the carbon dioxide (-18 per 

mil') and methane (-39 per nil) in the hot spring gases. The source region for 

the increased organic component could be the near-surface region beneath the 

valley floor where organic material may have become entrapped during infilling 

of the \.alley following deglaciation. Subsequent circulation of thermal 

waters through these recent valley sediments would have heated the organic 

material, causing the thennogenic breakdown. 

3 4 
The high helium isotope ratios ( He/ He of 6.5-7.0) of both the springs 

and fumaroles do indicate a magmatic influence on the hydrothermal system. 

Procedures for determining helium isotope ratios and applying air corrections 

based on He/Ne ratios can be found in Poreda, 1983. Enrichments in 3 ~ e  with 

respect to atmospheric levels have been correlated with magmatic activity on a 

4 
world-wide basis (Craig and Lupton, 1981). Values for the ratio of 3 ~ e /  He 

for Akutan fumarole and hot springs Rases compared to atmospheric ratios 

( R / R e \  are tvpfcal of other island arc settings (Poreda, 1983). The excess 

3 4 
He/ He ratio in gases  fro^ hydrothermal systems suggests a more direct 

connection to magmatic sources with little crustal contamination, although it 

may also result from leaching of young volcanic rock (Truesdell and Hulston, 

1980). Lower values indicate a crustal influence of radiogenic 4 ~ e .  

 a am ore and Panichi (1980) have suggested a gas geothermometer for 

estimating reservoir temperatures based on the proportions of C 0 2 ,  H2S, Hz, 

and CH Application of this geothermometer to the 1983 gas analyses gives an 4 ' 

estimated reservoir temperature of -190°C which is consistent with both the 

geothermometry for the lower valley hot springs and the low H /CH ratio in 2 4 

the fumarole g ~ s e s .  4 l t h c u ~ h  190°C is considered relatively low, it 

nevertheless is sufficlest for generaticn c f  electric power provided the 

reservoir h ~ s  sufficie-t ?roductivity. 



The g a s e s  and s t eam e n a n a t i n 8  f r o m  t h e  s o l f a t a r a  f i e l d  p r o b a b l y  o r i g i n a t e  

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

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

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

c o u l d  c o v e r  a d i s t a n c e  of  o v e r  4 km. 

DISCUSSION 

T h e r e  i s  s u b s t a n t i a l  e v i d e n c e  f o r  t h e  mix ing  of  t h e r m a l  w a t e r s  w i t h  c o l d  
- 

w a t e r s  b e f o r e  t h e  w a t e r s  ernerpe a s  s p r i n g s  i n  t h e  lower  v a l l e y .  S i l i c a -  and 

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

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

f rom 120' t o  1 3 5 O C .  The w 2 t e r s  t h e n  f u r t h e r  c o o l  by c o n d u c t i o n  upon l a t e r a l  

m i g r a t i o n  ard a s c e n t  b e f o r e  e m a n a t i n g  a t  t h e  s u r f a c e .  A s c h e m a t i c  c r o s s -  

s e c t i o n  o f  s u g g e s t e d  h y d r o l o g i c  pa thways  i s  g i v e n  i n  f i g u r e  6-6. The zone o f  

m i x i n g  may b e  a  s e i s m i c a l l y  r e c o g n i z a b l e  l o w - r e s i s t i v i t y  l a y e r  a t  a  d e p t h  o f  

30 t o  100 m 6 i s c u s s e d  bv V e s c o t t  and o t h e r s ,  t h i s  r e p o r t .  S u r f a c e  w a t e r  on 

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

f l o w  l a y e r .  Cold w a t e r s  p r o b a b l y  i n f i l t r a t e  a l o n g  t h e  v a l l e y  s i d e s  and  w a l l s  

and  m i g r a t e  down-val ley  and l a t e r a l l y  i n t o  t h e  zone of m i x i n g .  T h e r e ,  t h e y  

come i n t o  c o n t a c t  w i t h  t h e r m a l  w a r e r s  a s c e n d i n g   fro^ i n t e r m e d i a t e  r e s e r v o i r s .  

Thermal  w a t e r s  and s t eam and g a s e s  emerg ing  frorc t h e  s p r i n g s  i n  t h e  lower  

- v a l l e y  and f rom t h e  f u n a r o l e  f i e l d  a t  t h e  head  of  t h e  \ ? a l l e y  a p p e a r  t o  

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

f rom 170" t o  190°C. T h e  r e s e r v o i r  s u p p l y i n g  w ~ t e r s  t o  s p r i n g  A h a s  a n  

e s t i m a t e d  c h l o r i d e  c c n c e n t r a ~ i o n  o f ~ 6 C C )  pprc ichich i s  w e l l  be low t h e  c h l o r i d e  

c o n c e n t r a t l o n  o f  3 ,00n  ?F- c h l o r i d e  f c c n d  a t  t 5 e  ? 'akushin g e o t h e r m a l  r e s e r v o i r  



on neighboring Unalaska Island (Motyka and others, 1985). Either a deeper, 

much more saline reservoir exists and supplies waters to the intermediate 

reservoirs of Akutan, or the Akutan hydrothermal svstem is considerably more 

dilute than the Makushin svstem. 

Chloride-enthalpy analvses and Cl/B ratios suggest the existence of a 

deeper, hotter reservoir. However, the higher temperatures predicted by the 

chloride-enthalpy diagram are unsubstantiated by available geothermometry. If 

waters are ascending from a deep, master reservoir and mixing to form 

intermediate reservoirs, then the residence times in these intermediate 

reservoirs must be long enough to allow re-equilibration to geothermometer 

temperatures of 170' to 190°C. Carbon 13 data indicates that carbon dioxide 

emanating from the geothermal system is of a mixed origin: thennogenic 

breakdown of organic sediments plus outgassing from mantle material. 

Thennogenic breakdown may also be the source of the relativelv high methane 

content of the gases.  Helium isotope data confirm a mapmatic influence on the 

Akutan geothermal system. 

Heat discharge at the surfzce by spring flow from springs A through D 

referenced to 10°C is estimated at 4.4 to 7.4 Mk'. Substantially more thermal 

waters are probably discharging at the beach and directly into the sea beyond 

the end of the confining surface volcanic debris flow deposits. If the 

reservoirs supplving fluids to the fumaroles and hot springs are 

interconnected, the subsurface reservoir system may cover a distance of over 4 

km. The estimated reservoir temperatures of 170-190°C are high enough for 

generation of electrical power provided the reservoir productivity is 

sufficiently high. 
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Sample P 

T a b l e  6-4. A n z l y s i s  o f  f u m a r o l i c  and h o t  s p r i n g  g a s e s ,  
Hot S p r i n g s  Ray [ ' a l l e y ,  A k u t a n ,  A l a s k a .  

Vent  t v p e  
d 

AC-HS AcS-HS F F F 

D a t e  c o l l e c t e d  7-09-81 7-07-81 8-31-83 8-3 1-83 8-3 1-83 

T°C s u r f a c e  8 4 . 5  8 6 . 6  9 8 . 5  98 .5  9 8 . 5  
e 

0 . 0 0 0  0 . 0 0 0  0 . 0 0 0  0 .002  0 . 0 0 1  
- - 

A - 2 . 0 6  2 .40  2 .72  

A i r  c o r r e c t e d  a n a l y s e s ,  mole Z 

R a t i o s  

Gas Geo the rmomete r  g 

T°C -- 208 

13c  c o m p o s i t i o n  and  3 ~ e / i ~ e  r a t i o s  
1 3  

6 C-CO 
h 

-18 .1  - 1 1 . 2  -10. P -10 .8  nd 
13  2h 

6 C-CH4 -39 .2  -34 .9  n d  n  d n  d  
4 

- R C  / ~ a -  6 . 0 - 6 . 3  7 . 1  n  d  nd nd 

a  
C o l l e c t e d  by R .  F c r e d a  z-d R .  ? lo tyka .  Ana lyzed  bv R .  P o r e d a  and  J. K e l h a n ,  

- S c r i p p s  I n s t i t u t e  c  f Oceancgraphy, La.Toll a ,  C a l i f o r n i a ,  and R .  ?!ntyka, 

b 
A l a s k e  D i v i s i o n  of  C e c l c ~ i c a l  a n d  C e c p b , y s i c a l  S u r v e y s ,  F a i r S a n k s ,  A i e s k a .  
C o l l e c t e d -  and  n n ~ : . : . . z i . 6  5~ P ,  SShe??ard, D e p a r t m e n t  o f  S c i e n c e  a n d  I n d u s t r y  
R e s e a r c h ,  Yew Z e z l z n c .  



C 

d  
C o l l e c t e d  by D .  S h e p p a r d ;  a n a l y z e d  by R .  Motyka.  
AC-HS = A l k a l i - c h l o r i d e  h o t  s p r i n g ;  AcS-HS = a c i d i c - s u l p h a t e  h o t  s p r i n g ;  
F = f u m a r o l e .  

e 
f 

R a t i o  o f  mole X 0 i n  s a m p l e  t o  mole  2 O1 i n  a i r .  
2 

Gas-s team r a t i o ,  mo le s  g a s / m o l e s  s t e a m ,  i n  p e r c e n t .  
geo the rmomete r  of  D'Amore and P a n i c h i  ( 1 9 8 0 ) ;  PC0 assumed t o  b e  1  b a r .  

C i n  p r m . 1  r e f e r e n c e d  t o  "PDR" ( F r i t z  and Fon esT 1 9 8 0 ) .  
i 5 i k 

R a t i o  o f  He/ He i n  s a m p l e  ( a i r  c o r r e c t e d )  t o  3 ~ e /  He i n  a t m o s p h e r e  
( P o r e d a ,  1983) . 



FIGURE CAPTIONS 

Figure 6-1: Thermal springs and stream water sampling locations in lower 
Akutan Srings Rev Valley. 

Figure 6-2: Trilateral cation diagran for waters from Akutan Hot Springs 
Bay Valley. 

Figure 6-3: Diagram of stzble isotope composition of Akutanfs waters. 
Values are relative to S?lOhl. Numbers are keyed to tables 1 and 
2. Craig's (1961) meteoric water line and the Adak 
precipitiation line are included for comparison. 

Figure 6-4: Silica - Enthalpy and mixing relationships for Akutan Hot 
Spring waters. Quartz soluabilitv curve from Fournier (1983). 

Figure 6-5: Chloride - Enthalpy relationships for Akutan Hot Springs. 

Figure 6-6: Schematic cross-section of lower Hot Springs Bay Valley showing 
suggested hydrologic pathways for cold and hot waters. 
Meteoric waters percolate down along valley walls. The waters 
flow under capping volcanic debris flows and valley alluvium 
and infiltrate into a porous middle layer. Mixing with 
upwelling thennal water is thought to occur in a zone of low 
resistivity found to underlie the northwest corner of the 
valley. Subsurface boundaries are inferred from seismic and 
electrical resistivitv survevs (Wescott and others, this 
report). 





SAMPLE CODE 
Hot S o r i n ~  

1 .  A 
2. A 
3. B 
4. C 
5. D 
6. E 

Streams 
7. Notch 
8. Uppw W m  Fork 
9. Upper Valley 
10. Ean Fork 
11.  Below Confluenu 
12. Out ln  
13. Wm Fork B ~ O W  '0' 
14. Above A' 
15. Below 'A' 
18. Cold Spr~ng 











CHAPTER 7 

APPFAISAL OF GEOTHERMAL POTENTIAL 

Roman J. Motyka, '  Eugene M.  h ' e ~ c o t t , ~  D n a l d  L.  T u r n e r ,  2 
and  Samuel  E .  Swanson 

9 

1 
S t a t e  o f  Alas42  P i v i s i o n  cf C e c l o g i c a !  2 n d  G e o p h v s i c a l  S u r v e y s ,  F a i r b a n k s ,  

,,Alaska. 
. .  . 

L G e o p h ; ~ s i c a l  T n s t i t c : ~  , , ? :.:ers:t>. clf A l a c i a ,  F a i r b a n k s .  



The r e s u l t s  o f  o u r  i n l r e s t i g a t i o n s  a l l o w  deve lopmen t  o f  a c o n c e p t u a l  

model of  t h e  g e o t h e m a l  r e g i c e  a t  Hot S p r i n g s  Bay V a l l e y  a s  d e p i c t e d  i n  

f i g u r e  7 -1 .  S e i s m i c  and  r e s i s t i v i t y  s u r v e y s  h a v e  d e l i n e a t e d  t h r e e  

f u n d a m e n t a l  l a y e r s  i n  t h e  v a l l e y :  1 )  an  u p p e r  l a y e r ,  30-70 m t h i c k  w i t h  

s e i s m i c  v e l o c i t y  o f  1630-1960 m / s ,  and r e s i s t i v i t v  o f  100 ohm-m; 2 )  an  

i n t e r m e d i a t e - v e l o c i t y  l a y e r  of a b o u t  3240 m / s ,  25  t o  75 m  t h i c k  wh ich  

c o n t a i n s  a  r e g i o n  o f  low r e s i s t i v i t y  ( 3  ohm-m); 3 )  u n d e r l a i n  by h i g h - v e l o c i t y  
- 

(4900 m / s ) ,  h i g h - r e s i s t i v i t y  (1500 ohm-m) v o l c a n i c  b e d r o c k  presumed t o  b e  

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

D e t a i l e d  r e s i s t i v i t y  measu remen t s  s u g g e s t  more c o m p l i c a t e d  b e d d i n g  s t r u c t u r e s  

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

Kev f e a t u r e s  o f  t h e  h y d r o t h e r m a l  s y s t e m  i n c l u d e :  1 )  d e e p  h y d r o t h e r m a l  

r e s e r v o i r s  a t  t e m p e r a t u r e s  r a n g i n g  from 170 t o  190°C f rom which  t h e r m a l  

w a t e r s  w i t h  c h l o r i d e  c c n c e n t r n t i o n s  o f -600  ppm, a s c e n d  t o  s h a l l o w e r  l e v e l s ;  

2 )  a  s h a l l o w  m i x i n g  r e s e r v o i r  u n d e r l y i n g  t h e  n o r t h w e s t  c o r n e r  o f  t h e  v a l l e v  

and c o n t a i n i n g  d i l u t e d  r a t e r s  w i t h  c h l o r i d e  c o n c e n t r a t i o ~ s  o f r ~ 4 0 0  ppm and 

t e m p e r a t u r e s  o f  120 t o  135°C;  3 )  a b o i l i n g  h o t - w a t e r  r e s e n ~ o i r  f e e d i n g  s t e a m  

and g a s e s  i n t o  t h e  f u m a r o l e  f i e l d  a t  t h e  head  o f  t h e  v a l l e y ;  and 4 )  h o t  

s p r i n g s  a l o n g  t h e  l o w e r  w e s t e r n  marg in  o f  t h e  v a l l e v .  

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

- s h a l l o w - l y i n g  body  of  rFCca  a s  s u g g e s t e d  bv p e t r o l o g i c  and g e o c h e m i c a l  d a t a  

2nd h e l i u m  i s o t o p e  r a t 5 o s .  



Upper l a y e r  - Hydro the rma l  Cap 

The g e o p h y s i c a l  s u r v e y s  have  d e l i n e a t e d  an i n t e r m e d i a t e - r e s i s t i v i t y ,  

l o w - v e l o c i t y  u p p e r  l a y e r  i n  t h e  v a l l e v  t h a t  i s  40 t o  70 m t h i c k  n e a r  t h e  

v a l l e y  c e n t e r  and which t h i n s  u p - v a l l e y  and towards  t h e  v a l l e y  m a r g i n s .  The 

uppe rmos t  u n i t  i n  t h i s  l a y e r  was found  t o  be  a  v o l c a n i c  d e b r i s  f l o w  o f  

r e l a t i v e l y  r e c e n t  a g e  (<3000  v b p ) .  By i n f e r e n c e ,  t h e  r e m a i n d e r  o f  t h i s  l a y e r  

i s  presumed t o  be composed o f  s i m i l a r  d e b r i s  f l ows  ( such  a s  a r e  exposed  i n  

a d j a c e n t  v a l l e y s ) ,  i n t e r b e d d e d  w i t h  v a l l e y  a l l u v i u m .  T h i s  l a y e r  a p p e a r s  t o  

b e  a c t i n g  2s a n  impermeable c a p  on t h e  s h a l l o w  s u b s u r f a c e  h v d r o t h e r m a l  s y s t e m  

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

The t h e r m a l  s p r i n g s  a l l  o c c u r  a l o n g  t h e  lower  w e s t  v a l l e y  n a r g i n .  

A l though  s e a r c h e d  f o r ,  c o  g e o l o g i c  o r  g e o p h y s i c a l  e v i d e n c e  c o u l d  b e  found  f o r  

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

r e s i s t i v i t y  p a t t e r n  o f  s h a l l o w  g round  IT-31 measurements  s u g g e s t s  t h a t  t h e  

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

t h e r m z l  s p r i n g s  ~ r e s e n t l y  o c c u r  on o r  v e r v  n e a r  s t r e a m  b a n k s  and t h e r m a l  

w a t e r s  a r e  a l s o  d i s c h a r g i n g  t h r o u g h  s t r eam-bed  g r a v e l s  d i r e c t l y  i n t o  Hot 

S p r i n g s  Creek .  The c r e e k  h a s  a p p a r e n t l y  c u t  t h rough  t h e  uppe rmos t  v o l c a n i c  

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

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

would  a l l o w  t h e r m a l  w a t e r s  u n d e r  a r t e s i a n  p r e s s u r e  i n  t h e  s h a l l o w  m i x i n g  

r e s e r v o i r  t o  m i g r a t e  upward a l o v g  t h e  pe rmeab le  g r a v e l s  and  emerge  a t  t h e  

s u r f a c e .  The he l ium and mercu ry  s o i l  sample  s u r v e y s  (Wesco t t  and  o t h e r s ,  

t h i s  r e p o r t )  show a n o n a l o u s l v  h i g h  v a l u e s  away from t h e  s i n n u s  p a t t e r n  

t o w a r d s  t h e  c e r i t e r  of  tk ,e  v a l l e v .  T h i s  c c g g e s t s  t h e  s o u r c e  o f  u p w e l l i n g  h o t  

w a t e r  t o  t h e  r i x i n g  r e s e r L 7 0 i r  ma!: be f u r t h e r  o u t  ir t h e  v a l l e y .  



I n t e r m e d i a t e  Laye r  - Low R e s i s t i v i t y  Zone o f  Mix ing  

The l o n g i t u d i n a l  s e i s m i c  r e f r a c t i o r  s u r v e y  B B '  d e l i n e a t e d  a  m i d d l e  l a v e r  

i n  t h e  l ower  v a l l e y  h a v i n g  a  t h i c k n e s s  o f - 1 0 0  m n e a r  t h e  a n c i e n t  dune  a n d  

t h i n n i n g  r a p i d l y  t o  l e s s  t h a n  40 n ,  500 m u p - v a l l e y  f r o m  t h e  d u n e .  The u p p e r  

s u r f a c e  o f  t h i s  l a y e r  d i p s  g e n t l y  down-val ley  and l i e s  a t  d e p t h s  o f  30 t o  40 

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

c o m p a r a t i v e l y  s t e e p e r  s l o p e  w i t h  a  d e p t h  t o  b e d r o c k  a t  t h e  d u n e  o f  130 m v s .  

75 rn a t  500 m u p - v a l l e v .  

T h i s  i n t e r m e d i a t e  l a y e r  was n o t  d e t e c t e d  by t h e  down-va l l ey  t r a n v e r s e  

s e i s m i c  s u r v e y  A A '  n o r  by t h e  l o n g i t u d i n a l  s u r v e y  C C '  t a k e n  u p - v a l l e y  from 

B B ' .  However, W e s c o t t  and  o t h e r s  have  a r g u e d  t h a t  a  g h o s t  l a y e r  up  t o  30 o r  

40 m c o u l d  e x i s t  a n d  go u n d e t e c t e d  by t h e  s e i s m i c  s u r v e y s .  F u r t h e r m o r e  t h e  

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

r e s i s t i v i t y  s u r v e y s .  

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

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

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

c l a y - r i c h  u n i t .  S e i s m i c  p r o f i l e s  s u g g e s t  t h a t  t h e  l o w e r  v a l l e y  b e d r o c k  was 

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

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

B i s c o n s i n a n  G l a c i a t i o n .  The r i g i d i t y  o f  t h e  l a v e r  c o u l d  a r i s e  f rom 

- s u b s e o u e n t  h y d r o t h e m . 2 1  c e c e n t e t i o n .  A l t e r n a t e l y  t h e  l a y e r  c o u l d  be composed 

of  p a r t i a l l y  cemented  2 s h  f l o w  t u f f s  which  c o u l d  a c c o u n t  f o r  b o t h  r i g i d i t y  

and  p o r c s i t v .  I n  e i t h c r  c a s e ,  t h e  7 s y e r  must a l s o  be  r e l a t i ~ ~ e l y  p e m e a b l e  t o  

a l l o w  m i g r a t i o n ,  r i ~ i ~ c  2 7 2  v p w e l l l n p  of  w a t e r s .  



We n e x t  examine t h e  p o s s i b l e  c a u s e s  of t h e  low r e s i s t i v i t y  i n  t h e  

i n t e r m e d i a t e  l a y e r ,  The dep th  t o  bedrock  n e a r  t h e  a n c i e n t  dune is  120  m 

below p r e s e n t  mean s e a  l e v e l .  Korldwide e u s t a t i c  s e a  l e v e l  d e p r e s s i o n  d u r i n g  

t h e  Wisconsinan maximum i s  e s t i m a t e d  t o  have heen 75 t o  100 m below t h e  

p r e s e n t  mean s e a  l e v e l  (C la rk  a n d  L i n g l e ,  1 9 7 9 ) .  R e l a t i v e  s e a  l e v e l s  and s e a  

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

t h e  Holocene i n  t h e  A l e u t i a n s  a r e  n o t  well-known because  of  t h e  c o m p l i c a t i o n s  

i n v o l v e d  i n  u n r a v e l i n g  i s o s t a t i c ,  e u s t a t i c  and t e c t o n i c  p r o c e s s e s  (Black ,  

1982) .  However, i t  does  appear  p o s s i b l e  t h a t  g l a c i o f l u v i a l  s e d i m e n t s  j n  

lower  Hot S p r i n g s  Bay V a l l e v  were d e p o s i t e d  i n  a  mar ine  environment  d u r i n g  

t h e  waning s t a g e s  of t h e  Wisconsinan G l a c i a t i o n .  Thus t h e  low r e s i s t i v i t y  

could  b e  due  t o  t h e  s a l i n i t y  of mar ine  s e d i m e n t s .  The low carbon-13 

c o m p o s i t i o n s  o f  t h e  carbon d i o x i d e  and methane and t h e  l a r g e  p r o p o r t i o n  of 

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

exists i n  t h e  n e a r - s u r f a c e  r e g i o n  of t h e  v a l l e y  b u t  we canno t  d i s t i n g u i s h  

whe the r  t h i s  m a t e r i a l  i s  of mar ine  o r  t e r r e s t i a l  o r i g i n .  

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

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

We r e j e c t  b o t h  t h e s e  p o s s i b i l i t i e s  and p r e f e r  t o  a s c r i b e  t h e  low 

r e s i s t i v i t v  t o  t h e  p r e s e n c e  of t h e r m a l  w a r ? r s  f o r  t h e  f o l l o w i n g  r e a s o n s :  

1) The h y d r a u l i c  p r e s s u r e  head acd t h e  c o n s t a n t  f l o w  of  m e t e o r i c  w a t e r  

th rough  t h e  v a l l e y  f i l l  a r e  p robab lv  s u f f i c i e n t  t o  keep t h e  v a l l e v  f l u s h e d  of 

s a l t  w a t e r  and c l e a n s e d  of s a l t s  from any  e a r l y  Holocene mar ine  sed iment -  

a t i o n .  2 )  The r e g i o n  of low r e s i s t i v i t y  i s  cocf i r , ed  t o  t h e  west  s i d e  of  t h e  

v a l l e y  and e x t e n d s  t o  w i t h i n  30 n of t h e  s u r f a c e  z t  1 km from t h e  p r e s e n t  

c o a s t .  I f  t h e  low r e s i s t i v i t v  was d u e  t o  mar ine  sed iments  o r  s a l t  w a t e r  



i n t r u s i o n ,  we would e x p e c t  t h e  low r e s i s t i v i t y  t o  e x t e n d  a c r o s s  t h e  e n t i r e  

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

p e n e t r a t e  a s  f a r  i n l a n d  a s  1 km. 3 )  The most  c o m p e l l i n g  r e a s o n  f o r  a s c r i b i n g  

t h e  l ow  r e s i s t i v i t y  t o  t h e r m a l  v a t e r s  i s  t h e  p r o x i m i t y  o f  t h i s  zone  t o  t h e  

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

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

w a t e r s  a r e  a  m i x t u r e  of  d e e p e r  t h e r m a l  w a t e r s  and  s h a l l o w  c o l d  m e t e o r i c  

w a t e r s .  We i n f e r  t h a t  t h e  n i x i n g  o c c u r s  i n  t h e  r e g i o n  o f  l o w  r e s i s t i v i t y  

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

e s t i m a t e d  t o  b e  a t  t e m p e r a t u r e s  cf 170 t o  190°C. These  w a t e r s  would  n o r m a l l y  

b e g i n  b o i l i n g  when t h e v  r e a c h e d  d e p t h s  o f  100  t o  120 m b u t  we b e l i e v e  

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

and  f r o m  u p - v a l l e y  i n t e r c e p t  t h e  h o t  t 7 a t e r s  and e i t h e r  q u e n c h  t h e  b o i l i n g  o r  

p r e v e n t  b o i l i n g  f rom o c c u r r i n g  a t  a l l .  The mixed w a t e r s ,  i n i t i a l l y  a t  120 t o  

135"C, are  f u r t h e r  c o o l e d  c o n d u c t i v e l y  a s  t h e y  m i g r a t e  l a t e r a l l y  t o w a r d s  t h e  

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

s p r i n g s .  

Deep R e s e r v o i r  

The h i g h  r e s i s t i v i t y ,  h i g h  v e l o c i t y  b e d r o c k  u n d e r l y i n g  t h e  v a l l e v  i s  

i n f e r r e d  t o  b e  a  c o n t i n u a t i o n  of  t h e  Ho t  S p r i n g s  Bav v o l c a n i c s  e x p o s e d  jn t h e  

- v a l l e y  w a l l s .  \?hat u n d e r l i e s  t h e  v o l c a n i c s  i s  unknown. The d e p t h  of  

p e n e t r a t i o n  of  t h e  g e o p h y s i c a l  s u r v e y s  was  i n s u f f i c i e n t  t o  d e l i n e z t e  c o n d u i t s  

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

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



t h e s e  r e s e r v o i r s  a r e  unknown. A t  t h e  Makushin g e o t h e r m a l  a r e a  on n e i g h b o r i n g  

Unalaska I s l a n d ,  a n  e x p l o r a t i o n  w e l l  s i t e d  a t  370 m ( 1 2 0 0  f t )  above s e a  l e v e l  

e n c o u n t e r e d  a  p r o d u c i n g  f r a c t u r e  i n  a h o t - w a t e r  s y s t e m  a t  a d e p t h  o f  600 m 

( 2000  f t ) ,  a b o u t  240 m be low s e a  l e v e l .  The w a t e r  t a b l e  o f  t h e  Makushin 

ho t -wa te r  s y s t e m  i t s e l f  i s  e s t i m a t e d  t o  be a t  a b o u t  120 m above  s e a  l e v e l .  

Thus i t  seems r e a s o n a b l e  t o  assume t h a t  t h e  r e s e r v o i r s  a t  Akutan l i e  w i t h i n  1  

km of  t h e  s u r f a c e  and a r e  p e r h a p s  a s  s h a l l o w  a s  300 m be low t h e  v a l l e y  f l o o r .  

A l though  t h e r e  a r e  s i m i l a r i t i e s  i n  t h e  c o m p o s i t i o n s  o f  t h e  Akutan h o t  

4 
s p r i n g  and f u m a r o l e  g a s e s  and  t h e i r  3 ~ e /  He r a t i o s ,  t h e  d a t a  a r e  i n s u f f i c i e n t  

t o  unambiguous ly  d e t e r m i n e  whe the r  t h e  t h e r m a l  f l u i d s  s u p p l y i n g  t h e  two z o n e s  

a r e  d e r i v e d  f rom t h e  same r e s e r v o i r .  However, g a s  g e o t h e m o m e t r y  a p p l i e d  t o  

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

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

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

s h a l l o w - l y i n g  body o f  magma. Akutan i s  a  younp ,  a c t i v e  v o l c a n o  w i t h  a  s m a l l  

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

s h a l l o w  c r u s t a l  r e g i o n  o f  Akutan I s l a n d .  F u r t h e n w r e ,  g e o c h e a i s t r y  and 

p e t r o l o g y  o f  v o l c a ~ i c  r o c k s  a t  Akutan Volcano a r e  c o n s i s t e n t  w i t h  f r a c t i o n a l  

c r y s t a l l i z a t i o n  of  a  s i n g l e  s h a l l o w  magma s y s t e m .  A d d i t i o n a l l y ,  t h e  h e l i u m  

i s o t o p e  r a t i o s  and carbon-13 c o m p o s i t i o n  of  t h e  f u m a r o l e  g a s e s  i n d i c a t e  a 

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

GEOTHERYAL POTEKTIAL 

L'e a t t e m p t  i n  t h i s  s e c t i o n  t o  p r o v i ? e  e s t i m a t e s  o f  t h e  ene rgv  p o t e n t i a l  

o f  t h e  g e o t h e r m a l  r e s o u r c e  b a s e  a t  Got S p r i n g s  Ray V a l l e y .  C u r  e s t i m a t e s  ? r e  



n e c e s s a r i l y  p r e l i m i n a r y  b e c a u s e  p r e c i s e  d e t e r m i n a t i o n  of  p a r a m e t e r s  r e q u i r e d  

f o r  r i g o r o u s  r e s o u r c e  a s s e s s m e n t ,  s u c h  a s  r e s e r v o i r  d e p t h ,  vo lume ,  permea- 

b i l i t y ,  and  t e m p e r a t u r e  can  o n l y  b e  o b t a i n e d  t h r o u g h  an e x p l o r a t i o n  d r i l l i n g  

program.  Our e s t i m a t e s  a r e  b e s t  f o r  t h e  n e a r - s u r f a c e  r e g i o n  o f  l o w e r  Hot 

S p r i n g s  Bay V a l l e y  where  o u r  i n v e s t i g a t i o n s  h a v e  c o n c e n t r a t e d .  E s t i m a t e s  a r e  

more u n c e r t a i n  f o r  t h e  d e e p e r  r e s e r v o i r s .  

I n  mak ing  o u r  e s t i m a t e s  we h a v e  a d o p t e d  t h e  methodology d e v e l o p e d  by 

Brook a n d  o t h e r s  ( 1 9 7 9 )  f o r  a s s e s s i n g  g e o t h e r m a l  s y s t e m s  t h a t  h a v e  n o t  y e t  

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

t h e  t o t a l  amount o f  t h e r m a l  e n e r g y  a v a i l z b l e  i n  t h e  r e s e r v o i r ,  i s  g i v e n  by: 

Qr = p c  V (T - T r e f )  (7-1) 

w h e r e ,  

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

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

V = r e s e r v o i r  volume 

T  = r e s e r v o i r  t e m p e r a t u r e  

T r e f  = r e f e r e n c e  t e m p e r a t u r e .  

The r e f e r e n c e  t e m p e r a t u r e ,  T r e f ,  i s  t h e  mean a n n u a l  s u r f a c e  t e m p e r a t u r e  

w h i c h  f o r  Akutan  i s  a p p r o s i c a t e l y  10°C. 

The r e c o v e r a b l e  g e o t h e r m a l  e n e r g y ,  i . e . ,  t h e  amount o f  h e a t  t h a t  c a n  

a c t u a l l y  b e  e x t r a c t e d  a t  t h e  w e l l h e a d ,  @:h, i s  est.4-nated by I i a theson  and 

M u f f l e r  ( 1 9 7 5 )  t o  be  a F p r o x i m a t e l y  25 p e r c e n t  of  t h e  s t o r e d  e n e r g y .  I n  

mak ine  t h e  l a t t e r  e s t i c a t e  ' i a t h e s o n  2nd ? : u f f l e r  assume t h a t  t h e r m a l  e n e r g v  i n  

t h e  r e s e r v o i r  can  be 2 d d i t l c n a l l y  e : : t r zc t ed  by a s v e e p  p r o c e s s  j n v o l v i n e  



injection of cold water into the reservoir to replace the original hot water 

withdrawn during production. If cold-water reinjunction is not done, the 

recoverable energy would he somewhat less, although colder groundwaters would 

still be expected to replace some of the extracted thermal water. 

Electricity is produced from geothermal resources by converting part of 

the thermal energy into mechanical energy (work) and then using this work to 

generate electrical energy. The change in fluid enthalpy minus the waste 

heat involved in the process is the work that is available, Ea. 

The ratio of work to the accessible energy base, Qr/Ea, has been 

calculated by Brook and others (1979) for hot-water systems for a broad range 

of temperatures and for reservoir depths of 1 and 3 km using a number of 

simplifying assumptions. The reader is referred to Brook and others (1979) 

for details on the calculations and assumptions made. For a reservoir depth 

of 1 km and temperature of 180°C, conditions we night expect for the deeper 

reservoirs at Akutan, the ration Qr/Ea is 0.0525. 

Shallow Reservoir 

Stored Energy 

The volume of the shallow reservoir residing in the intermediate layer 

was estimated by assuming the reservoir occupies only the western half of the 

lower valley, that it has a valley-center thjckness of 100 m at the coast, 

and that the reservoir layer gradually thins to 0 m, 1.5 km up-valley. The 

reservoir layer is slso zssuned to graduallv thin to 0 m at the western 

vallev margin to g l v e  t 5 e  reserlroir width of 0.25 km. The resulting ~rolume 

6 
i s ~ 9 . 4  x 16 m3. 



Wesco t t  and o t h e r s  ( t h i s  r e p o r t )  e s t i m a t e  t h e  r e s e r v o i r  p o r o s i t y  a t  33 

t o  47 p e r c e n t .  F o r  t h i s  a n a l y s i s  w e  u s e  t h e  more c o n s e r v a t i v e  p o r o s i t y  

e s t i m a t e  t o  a l l o w  f o r  t h e  p o s s i b l e  p r e s e n c e  o f  clays, which  would s h i f t  

c a l c u l a t e d  p o r o s i t y  toward  t h e  h i g h e r  end of  t h e  e s t i m a t e d  r a n g e .  The 

v o l u m e t r i c  s p e c i f i c  h e a t  of  r o c k ,  ( p c ) r ,  i s  2 .5  J / c ~ ~ / ' c ,  and t h a t  of  w a t e r ,  

(pc )w ,  i s  4 . 1  J / c ~ ~ / " c  g i v i n g  an o v e r a l l  a v e r a g e  s p e c i f i c  h e a t  f o r  t h e  

r e s e r v o i r  o f  3.0 J / c ~ ~ / " c .  F l u i d  g e o c h e m i s t r y  and  m i x i n g  r e l a t i o n s h i p s  

s u g g e s t  r e s e r v o i r  t e m p e r a t u r e s  a r e  120 t o  135°C and a  mean v a l u e  of  127°C i s  

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

o b t a i n e d  by a p p l y i n g  e q u a t i o n  7 - 1  i s  g i v e n  i n  t a b l e  7-1. 

Because  t h e  s h a l l o w  r e s e r v o i r  i s  r e l a t i v e l v  s m a l l ,  t h e  amount o f  e n e r g y  

s t o r e d  would b e  d e p l e t e d  i n  r e l a t i v e l v  s h o r t  t i m e .  However t h i s  d o e s  n o t  

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

by n a t u r a l  f l o w - t h r o u g h  d i s c h a r g e  o f  t h e  s y s t e m .  Tn f a c t ,  a s  w i l l  b e  sho tm,  

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

t h e  p r e s e n t  n e e d s  of  t h e  Alcutan community. 

Flow-Through Heat  D i s c h a r g e  

The r a t e  a t  which  h e a t  i s  b e i n g  d i s c k a r g ~ d  f rom t h e  g e o t h e r m a l  s y s t e m  bv 

n a t u r a l  f l u i d  f l o w  i n  t h e  lower  v a l l e y  Gas e s t i m a t e d  a t  5 t o  10 MW. T h i s  

power r e p r e s e n t s  t h e  r a t e  a t  which h e a t  c o u l d  p o t e n t i a l l y  b e  e x t r a c t e d  f rom 

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

r e s e r v o i r  e n e r g y .  The e s t i r z t e  of n a t u r e 1  h e a t  d i s c h a r g e  i s  b a s e d  on t h e r m a l  

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

l io t  S p r i n g s  C r e e k ,  a n d  t h e  d i s c h a r g e  of  t h e m a l  w a t e r s  a t  and Sevond t h e  F o t  



S p r i n g s  Bay beach .  I f  t h e s e  t h e r m a l  w a t e r s ,  which a r e  p r e s u m a b l v  u n d e r  

a r t e s i a n  p r e s s u r e  i.n t h e  s h a l l o w  r e s e r v o i r ,  c o u l d  be  t a p p e d  and d i v e r t e d  by 

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

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

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

t h e  5 t o  10 MW e s t i m a t e .  

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

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

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

u s e ,  S o r e y  and o t h e r s  (1983)  d e r i v e d  a n  e m p i r a c a l  r e l a t i o n s h i p  b e t w e e n  t h e  

u s a b l e  t e m p e r a t u r e  d r o p ,  AT, t h a t  o c c u r s  a s  e n e r g y  i s  e x t r a c t e d  i n  some 

p r o c e s s ,  s u c h  a s  d i s t r i c t  h e a t i n g ,  and t h e  r e s e r v o i r  t e m p e r a t u r e ,  T: 

Thus i f  w a t e r s  a r e  e x t r a c t e d  f rom t h e  w e l l h e a d  a t  a  t e m p e r a t u r e  o f  127°C 

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

o f  5 t o  10 F;W o r  2 . 5  t o  5 ?n? would p o t e n t i a l l v  h e  a v a i l a b l e  f o r  h e a t i n g  

p u r p o s e s  . 
Based  on d a t a  o b t a i n e d  f o r  t h e  Wes te rn  U n i t e d  S t a t e s ,  t h e  maximum h e a t  

l o s s  o f  n o r m a l - s i z e  r e s i d e n t i a l  b u i l d i n g s  wzs found t o  v a r y  be tween  4 7  t o  189 

u/m2 o f  f l o o r  a r e a ;  d e p e n d i n g  upon i n s u l a t i o n  and i n s i d e - o u t s i d e  t e m p e r a t u r e  

d i f f e r e n c e  (Anderson and Luna ,  e d s . ,  1 9 7 9 ) .  Fo r  Akutan we assume t h a t  t h e  

a v e r a g e  house  Ls 100mZ ( i o n @  f t 2 )  and i s  m o d e r a t e l y  i n s u l a t e d .  F o r  o u t s i d e  

t e m p e r a t u r e s  o f  -25'C f - l S ° F \  ( t h e  p r o b z b l e  c o l d e s t  c ~ i n t e r  t e m p e r a t u r e s  a t  

A k u t a n ) ,  t h e  r : a v j n u ~  ! ? c a r  less i s  100 h'/n2 c r  1 0 , 0 0 0  W p e r  h o u s e h o l d .  



Assuming a 20 p e r c e n t  h e a t  l o s s  i n  t h e  p i p e l i n e  and d i s t r i b u t i o n  n e t w o r k ,  2 . 5  

t o  5 MW of h e a t  e n e r g y  would  be c a p a b l e  of  h e a t i n g  200 t o  400 homes d u r i n g  

t h e  c o l d e s t  p e r i o d s  a t  Aku tan .  

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

s u p p l y  t h i s  h e a t  i s  g i v e n  by  

where  HL i s  t h e  h e a t i n g  l o a d  i n  KW and AT i s  i n  " C .  Such f l o w - r a t e s  c o u l d  h e  

p r o v i d e d  by one  o r  two s h a l l o ~ ~  w e l l s  i f  t h e  r e s e r v o i r  p r e s s u r e  i s  

s u f f i c i e n t l v  h i g h .  

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

u s e d  f o r  a v a r i e t y  of i n d u s t r i a l  and a g r i c u l t u r a l  a p p l i c a t i o n s .  F o r  an  

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

t o  ' D i r e c t  U t i l i z a t i o n  o f  Geo the rma l  Energy:  A T e c h n i c a l  Handbook, '  Andersen  

and  Lund,  e d s . ,  1979 .  

Deep R e s e r v o i r  

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

h y d r o t h e r m a l  r e s e r v o i r s  r a n g i n g  i n  t e m p e r a t u r e  f rom 170 t o  190°C. 

G e o c h e m i s t r v  and  m i x i n g  m o d e l s  i n d i c a t ~  t h e  r e s e r v o i r  w a t e r s  are r e l a t i v e l v  

- d i l u t e  w i t h  c h l o r i d e  c o n c e n t r a t i o n s  o f - 6 0 0  ppm. A l though  t h e  d e p t h  and 

volume of  t h e s e  r e s e r 1 7 0 1 r s  a r e  unknown, we c z n  s t i l l  a t t e m p t  an  a p p r a i s a l  o f  

t h e i r  g e o t h e m a l  p o t e n t i p 1  !IT making r e a s o n a b l e  e s t i n a t e s  cf t h e s e  

p a r a m e t e r s .  As d i s c u s c e ?  D r e v l c u s : \ ~ ,  e e o t h e ~ i l  drilling c ? t  neighboring 

l ' n a l a s k a  T s l a n d  i n t e r s e c t e d  a ~ r o d u c i n g  h o t - \ l a t e r  ' r a c t ~ l r e  zone  a t  a  c ' ec th  ci 



a p p r o x i m a t e l y  600 m below t h e  p o i n t  of  d r i l l i n g .  I t  thus  seems r e a s o n a b l e  t o  

assume t h a t  r e s e r v o i r s  a t  Akutan l i e  w i t h i n  1 km of  t h e  s u r f a c e  and a r e  

pe rhaps  s h a l l o w e r .  

Brook and o t h e r s  (1979) e s t i m a t e  t h a t  t h e  minimum volume of a  ho t -wa te r  

r e s e r v o i r  i s  1 km3. Using t h e  mean t e m p e r a t u r e  o f  our  geothermometry,  180°C, 

and t h e  p r e c e e d i n g  pa ramete r s  i n  e q u a t i o n  7-1, and u s i n g  a  Qr/Ea r a t i o  of  

0.0525 g i v e s  t h e  r e s u l t s  i n  t a b l e  7-1.  Thus a  s i n g l e  r e s e r v o i r  a t  180°C, 1 

km d e p t h ,  and 1 km3 i n  volume cou ld  p r o v i d e  0 . 2  MW of e l e c t r i c a l  power f o r  a  

p e r i o d  of  30 y e a r s .  Higher t e m p e r a t u r e s  and l a r g e r  o r  m u l t i p l e  r e s e r v o i r s ,  

a s  s u g g e s t e d  by t h e  p resence  of  t h e  fumaro le  f i e l d ,  would s i g n i f i c a n t l y  

i n c r e a s e  t h e  e s t i m a t e d  e l e c t r i c  power p o t e n t i a l  a t  Akutan. However, even o u r  

minimum e s t i m a t e  of t h e  e l e c t r i c  power p o t e n t i a l  a t  Akutan would be  more t h a n  

s u f f i c i e n t  t o  meet t h e  energy needs  of  t h e  Akutan communitv f o r  he f o r s e e a b l e  

f u t u r e .  

RECOWENDATIONS 

The p r o x i m i t y  of  t h e  Hot S p r i n g s  Fay V a l l e v  geothermal  r e s o u r c e  a r e a  t o  

Akutan v i i l a g e  and h a r b o r  make t h i s  r e s o u r c e  a  p a r t i c u l a r l v  a t t r a c t i v e  one 

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

c o a s t  and i s  a c c e s s i b l e  by  s e a .  E x p l o r a t i o n  and d r i l l i n g  equipment c a n  be  

b r o u g h t  t o  t h e  s i t e  by ba rge  and t r a c t o r ,  and would n o t  r e q u i r e  much, i f  a n y ,  

h e l i c o p t e r  s u p p o r t .  Development of  t h e  r e s o u r c e  c o u l d  be t a i l o r e d  t o  t h e  

needs  of  t h e  Akutan c o r , r u n i t v .  I f  d i s t r i c t  h e a t i n g  of t h e  ~ ~ l l l a g e  and 

i n d u s t r i a l  l i r e c t  h e a t  s p p l l c a t i o n s  a r e  t h e  g o a l s  of then  we recommend 

s h a l l o w  d r i l l i n g  (100  t o  !5C n' i n t o  t h e  r e s e r v o i r  s u s p e c t e d  t o  u n d e r l i e  t h e  

lower  n c r t h w e s t  c o r n e r  of Eot S p r i n g s  P2y ! ' a l l ey .  Szmpljng and a n a l y s i s  of 



f l u i d s  p roduced  from t h e  w e l l  would  b e  r e q u i r e d  t o  d e t e r m i n e  w h e t h e r  t h e r e  

a r e  a n y  p o t e n t i a l  e n v i r o n m e n t a l  p r o b l e m s .  The a n a l y s e s  would  a l s o  be  used  t o  

r e f i n e  m i x i n g  models  and p r o v i d e  b e t t e r  e s t i m a t e s  o f  d e e p  r e s e r v o i r  

t e m p e r a t u r e s .  

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

t h e  d e s i r e d  t a r g e t  t h e n  w e  recommend t h e  f o l l o w i n g  e x p l o r a t i o n  p rog ram:  

P h a s e  1 

1 )  E l e c t r i c a l  r e s i s t i v i t y  s u r v e v  o f  t h e  e n t i r e  v a l l e y  a n d  e x t e n d i n g  

o v e r  a r e a s  o v e r  t h e  p a s s  t o  Akutan h a r b o r  w i t h  d e p t h s  of  

p e n e t r a t i o n  of  o v e r  1  km. A 2 km t r a n s m i t t i n g  d i p o l e  f o r  

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

i n s t a l l e d  i n  Broad  B i g h t  v a l l e y  on t h e  s o u t h  s i d e  of t h e  i s l a n d  f o r  

t h e s e  measu remen t s .  

2 )  A d e t a i l e d  h e l i u m  and m e r c u r y  s o i l - s u r v e y  o f  t h e  v a l l e y .  

3 )  S e l f - p o t e n t i a l  s u r v e v  o f  t h e  v a l l e y .  

4)  C o z t i n u e d  p , o n i t o r i n g  o f  t h e r m a l  s p r i n g s  and f u m a r o l e s .  

P h a s e  2 

1) S i z i n g  o f  e x p l o r a t o r y  t e s t  w e l l  b a s e d  on r e s u l t s  o f  p h a s e  1. 

2 )  D r i l l i n g  of  v e i l  t o  a p p r o p r i a t e  d e p t h .  

3 )  Sampl ing  and a n a l y s e s  o f  w e l l  t h e r m a l  f l u i d s .  

4 )  Wel l  t e s t  and r e s e r v o i r  e n g i n e e r i n g  a n a l y s i s .  

The g o a l  of  t h e  f i r s t  p h a s e  i s  t o  r e f i n e  e s t i m a t e s  o f  r e s e r v o i r  s i z e  and  

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

c o n l u i t  s v s t e ~ s  i n  o r j e r  t o  b,e!p g u i d e  t h e  s i t i n g  o f  e x p l o r a t i o n  and  



p r o d u c t i o n  w e l l s .  I f  t h e  r e s u l t s  o f  p h a s e  1 a r e  p r o m i s i n g  t h e n  d r i l l i n g  o f  

an  e x p l o r a t o r y  w e l l  s h o u l d  p r o c e e d .  I f  t h e  r e s u l t s  of  t h e  p h a s e  1 

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

d e s i g n e d  t o  become a  p r o d u c t i o n  w e l l  a f t e r  c o m p l e t i o n  o f  t h e  w e l l  t e s t s .  
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Table  7-1. E s t i m a t e s  of ene rgv  p o t e n t i a l  of H o t  S p r i n g s  Bay V a l l e y ,  
Akutan I s l a n d ,  Alaska.  

Shal low R e s e r v o i r  

Temperature 

Volume 

S t o r e d  energy ,  Qr 

Flow-through h e a t  d i s c h a r g e  

Heat d i s c h a r g e  p o t e n t i a l l y  a v a i l a b l e  a t  
we l lheads  
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FIGURE C A P T I O N  

F i g u r e  7-1 .  Model o f  g e o t h e r m a l  s v s t e m  a t  Hot S p r i n g s  Rap V a l l e y ,  Akutan 
I s l a n d ,  A l a s k a .  The rma l  w a t e r s  from d e e p  r e s e r v o i r s  a s c e n d  i n t o  a  p o r o u s  
l a y e r  u n d e r l y i n g  t h e  l o w e r  \ ? a l l e y .  The t h e r m a l  w a t e r s  a r e  d i l u t e d  w i t h  
i n f i l t r a t i n g  c o l d  m e t e o r i c  w a t e r s  i n  a  zone  o f  m i x i n g  t h e n  a s c e n d  and emana te  
a s  h o t  s p r i n g s .  S t eam and g a s e s  e v o l v i n g  f r o m  e i t h e r  t h e  same r e s e r v o i r s  o r  
d i f f e r e n t  r e s e r v o i r s  f e e d  f u m a r o l e s  a t  t h e  head  o f  t h e  v a l l e y .  The 
u n d e r l y i n g  d r i v i n g  f o r c e  i s  assumed t o  b e  a  s h a l l o w - l y i n g  bodv of magma 
a s s o c i a t e d  w i t h  a c t i v e  Akutan Volcano.  




