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  his r e p o r t  p r e s e n t s  p r e l i m i n a r y  r e s u l t s  of DGGS geo thermal  f l u i d  and 

- e n e - r a ' l  a l t e r a t i o n  i n v e s t i g a t i o n s  conducted on t h e  Makushin geo thermal  a r e a  

d u r i n g  t h e  1983 and 1984 f i e l d  s e a s o n s .  The r e p o r t  f o c u s e s  p r i m a r i l y  on t h e  

sampl ing  and a n a l y s e s  of t h e r m a l  f l u i d s  from t e s t - w e l l  ST-1 and o n  t h e  

l o g g i n g  of c o r e  from t h e  test-well and t h e  the rmal  . . g r a d i e n t  h o l e s .  Also 
1, I' 

i n c l u d e d  a r e  upd;ated t a b l e s  of geochemical  d a t a  on f u m a r o l e s ,  t h e r m a l  '.. - -  . . '  . .. . . . L L  

s p r i n g s ,  and co1d"waters.  The r e p o r t  is  i n t e n d e d  f o r  r a p i d  i n t e r a g e n c y  

t r a n s f e r  of d a t a  and i n f o r m a t i o n .  I n t e r p r e t i v e  d i s c u s s i o n s  are t h e r e f o r e  
- 4 

k e p t  b r i e f  and a r e  c o n s i d e r e d  p r e l i m i n a r y .  The f o r m a t  i s  i n f o r m a l  w i t h  rough - 

d r a f t e d  f i g u r e s  and t a b l e s  and a nininum of r e f e r e n c e s .  

l k d e r  t h e  p r o v i s i o n s  of t h e  FY-85 RSA e x t e n s i o n  agreement  k i t h  t h e  Alaska 

Power A u t h o r i t y ,  DGGS pr imary r e s p o n s i b i l i t i e s  - were t o  be:  

1) The sampling and a n a l y s i s  o f  f l u i d s  encounte red  d u r i n g  t h e  

4- 

deepening o f  ST-1; 
- 

2 )  Shipment of r o c k  c o r e  from thermal  g r a d i e n t  h o l e  A-1 and  from ST-1 

from Unalaska t o  F a i r b a n k s .  
- - 
d The f i r s t  t a s k  c o u l d  n o t  be  c a r r i e d  o u t  because  of APA's d e c i s i o n  n o t  t o  

deepen ST-1. The second t a s k  was accomplished f o r  c o r e  r e t a i n e d  f rom A-1. 

Approximately 1 ,860  f r  of r o c k  c o r e  was7+ipped and is  b e i n g  t e m p o r a r i l y  

stored a t  t h e  DGGS F a i r b a n k s  Warehouse. 
. - . .- . . 
c - I n  t h e  RSA agreement ,  DGGS a l s o  s t a t e d  i t s  i n t e n t  t o  pe r fo rm s e v e r a l  
: - 
L - 

a d d i t i o n a l  t a s k s  i f  t i m e  and f u n d i n g  were a v a i l a b l e :  t - =  

2) Sampling and a n a l y s e s  of t h e r m a l  f l u i d s  from-ST-1 during t h e  

t e r m i n a l  s t a g e s  o f . t h e  LO-day f l o w  t e s t  of ST-1: t h i s  t a s k  was 

accomplished d u r i n g  t h e  s e e k  of August 1-8 ,  1984. D e s c r i p t i o n  of 



t h e  sampl ing p rocedures  and prel - iminary r e s u l t s  of a n a l y s e s  a r e  

p r e s e n t e d  i n  t h i s  r e p o r t .  

  race element  a n a l y s e s  of v o l c a n i c  r o c k s  a s s o c i a t e d  w i t h  Makushin 

area magmatic sys tems:  f q d s  f o r  t h i s  t a s k  have n o t  become 

a v a i l a b l e  and it i s  p r o b a b l e  t h a t  t r a c e  element i n f o r m a t i o n  w i l l  n o t  

be i n i l u d e d  i n  our  . . f i n a l  r e p o r t  t o  APA. 1t is  our  i n t e n t  t o  

s t a n d a r d i z e  and c a l i b r a t e  o u r  in-house X-ray f l b u r e s e n c e  u n i t  f o r  . . . . - - . . 
trace e . lemen<-research.  Results f rum t h i s  ef  f  b r t  , however, a r e  

u n l i k e l y  t o  be, a v a i l a b l e  u n t i l  l a t e  n e x t  s p r i n g .  

Compila t ion and i n t e r p r e t a t i o n  of a v a i l a b l e  v o l c a n i c  r o c k  

geochemical  d a t a :  a n a l y s e s  of whole rock  geochemical  d a t a  i s  

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

X-ray and p e t r o g r a p h i c  i d e n t i f i c a t i o n  of hydro thermal  a l t e r a t i o n  

mineralogy i n  rock  c o r e s  o b t a i n e d  from d r i l l i n g :  t h i s  t a s k  h a s  been - 
accomplished f o r  t h e r m a l  g r a d i e n t  h o l e s  B1, El, and I1 and f o r  

t e s t - w e l l  ST-1. Lack o f  f u n d i n g  h a s  l i m i t e d  i n v e s t i g a t i o n  of c o r e  

from A - 1  t o  hand specimen a n a l y s e s  w i t h  only minimal t h i n - s e c t i o n  

and X-ray work. 

P r o d u c t i o n  of a  g e o l o g i c  p l a t e  showing l i t h o l o g i c  l o g s  and 

a l t e r a t i o n  mineralogy o f  c o r e  from ST-1 and the rmal  g r a d i e n t  h o l e s .  

T h i s  h a s  been accomplished f o r  Dl, E l ,  11, and ST-1 and h a s  been 
* 

p u b l i s h e d  a s  a Report  o f  i n v e s t i g a t i o n  which i s  i n c l u d e d  as Appendix 

A of  t h i s  r e p o r t .  Hand s?ecimen l o g  and d i s c u s s i o n  o f  a l t e r a t i o n  

mineralogy i n  A-1 a r e  p r e s e n t e d  i n  t h i s  r e p o r t . .  



GEoT~ERMAL FLUIDS FROM ST-1 

I n t r o d u c t i o n  

DGGS undertook t h e  sampling of geothermal f l u i d s  from tes t -wel l  ST-1 a s  

p a r t  of . an . o v e r a l l  geothermal exp lo ra t ion  d r i l l i n g  program a t  Dnalaska I s l a n d  

funded by t h e  S t a t e  of Alaska. The program i s  adminis te red  . . by t h e  Alaska 
! ' I  

Power Author i ty  v i z i f R e p u b l i c  Geothermal, I n c .  of C a l i f o r n i a  t h e  prime . .I - . .  . . .  - .  . . . , C  

c o n t r a c t o r .  FlhYd-sampling by DGGS vas accomplished through t h e  h e l p f u l  

coopera t ion  of bo th  t h e s e  organiza t ions .  
. --. * 

Test-well  'ST-1 is loca t ed  n e a r  . t he  head of Makushin Valley ( f i g .  1 ) .  The 

wellhead s i ts  upon t h e  upper edge of a n  apron of p y r o c l a s t i c  d e b r i s  t h a t  

, ,  
f i l l s  t h e  bottom of upper Makushin Valley (Nye and o t h e r s ,  1984). Except f o r  

t h e  t o p  10 meters  which a r e  composed of p y r o c l a s t i c s ,  - ST-1 p e n e t r a t e s  a 

gabbro-nor i t ic  p lu ton  t o  a  depth of 1 ,946  f t  (Queen, 1984).  The product ion 

zone . for  t h e  w e l l  is  an  approximately 3 f o o t  wide open f r a c t u r e  a t  t h e  bottom 
.- 

of t he  ho le .  Bottom h o l e  tempera tures  during t h e  1983 and 1984 f low t e s t s  

were measured t o  be 193°C by R G I  s c i e n t i s t s .  A s t a t i c  ho le  teEpera ture  check 
- - 
. . 

made J u l y  2 ,  1984 by RGI gave a bottom hole temperature of -202OC wi th  a  

maximum tempera ture  of r20L°C occur r ing  a t  t h e  1.600 f o o t  depth. Water t a b l e  

- i n  t h e  system a s  es t imated  from dovn-hole e r e s s u r e  measurements appea r s  t o  

- - - - l i e  between 750 and 800 f e e t  belox t n e  s u r f a c e .  

Samples of f l u i d s  produced from ~ h e  t e s t - w e l l  were c o l l e c t e d  both i n  1983 
-- 

and 1984. The ma jo r i t y  of t h e  s a q l e s  a r e  of f l u i d s  from t h e  n a j o r  J 

--- _ .-.. - -..+.... -- - -  - product ion  zone a t  1,946 f o o t  d e p ~ ! .  T h e s e  samples  were obta ined  between . 

- - 

8/27/83 and 9 /3 /83  and between 8i i /SA and 8 /7 /84 .  The t e s t -we l l  was c losed  ~. 

from 9 /3 /83  u n c i l  7 /4 /84 ,  then r.;: nea r ly  cont inuous ly  u n t i l  shut-down on 



O b j e c t i v e s  of t h e  geo thermal  f l u i d s  i n v e s t i g a t i o n s  i n c l u d e :  

1) c h a r a c t e r i z a t i o n  of r e s e r v o i r  water and g a s  c h e m i s t r y .  
. . 

2)  Determina t ion  o f  p o t e n t i a l  s c a l i n g  and env i ronmenta l  p o l l u t i o n  

- - problems. 
- - 

3) P r o v i s i o n  of 'pre-development geochemical  d a t a  base .  . 

4 )  Study i f  f l u i d - m i n e r a l  e q u i l i b r i a .  

5 )  I n f o r m a ~ i o n  on deeper  reservoir 'characteris t ics  and o r i g i n  of . . -- -- 
chemica l  c o n s t i t u e n t s  i n  r e s e r v o i r  w a t e r s .  

6 )  Geothermometry. 

7 )  Mixing r e l a t i o n s h i p s .  

8) Comparison of i s o t o p i c  and cheuiical  compos i t ion  of r e s e r v o i r  f l u i d s  

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

3) Research d a t a  b a s e  f o r  underscanding A l e u t i a n - a r c  t y p e  hydrothermal  

sys tems.  

With  r e g a r d  t o  ' t h e  l a t t e r ,  t h e  Makushin hydro thermal  sys tem i s  t h e  f i r s t  i n  .- 

t h e  Aleu t ian-a rc  t o  be  s u c c e s s f u l l y  d r i l l e d  and produce t h e r m a l  f l u i d s  a t  

t e m p e r z t u r e s  above a t m o s p h e r i c  b o i l i n g .  

. S a m ~ l i n q  P r o c e d u r e s  

S a n p l e s  of g a s e s  and w a t e r s  f r o 2  t e s t - w e l l  P ST-1 were c o l l e c t e d  us ing a  

Webre Eype mini-cyclone s e p a r a t o r .  3ezig?,  2nd u s e  of t h e  s e p a r a t o r  a r e  

d e s c r i b e d  i n  Nehring and T r u e s d e l l ,  !%2. The s e p a r a t o r  was a t t a c h e d  o f f  t h e  

s i d e  of exhaus t  mani fo ld  a t  a  p o i n t  abocr  15 f e e t  f r o n  t h e  u e l l h e a d  and 

s e v e r a l  f e e t  b e f o r e  t h e  t h r o t t l i n g  o r i f i c e .  S e p a r a t o r  p r e s s u r e  was moni tored 

- i 
L , L  a h i g h  p r e s s u r e  gauge l o c a t i d  b e f ~ r e  che s e p a r a t o r ' s  x a t e r  exhaust  

vz lve .  F l u i d  c o l l e c t i o n  p r e s s u r e s  znc t e n 9 e r a t u r e s  t o g e t h e r  wi th  s a r n ~ l i n g  

dares m d  steam f r a c t i o n s  a r e   give^ iz t ~ b l e  1. 



The s e p a r a t o r  was f i r s t  a d j u s t e d  f o r - c o l l e c t i o n  o f  t h e  water f r a c t i o n .  
. - 

- -. 

F l u i d s  emerging from t h e  w a t e r  e x h a u s t  p o r t  of t h e  s e p a r a t o r  were r o u t e d  

t h r o u g h  a condensing c o i l  immersed i n  an i c e  b a t h ,  t h e n  c o l l e c t e d  and 

- - f i l t e r e d  through 0.45 micron f i l t e r s .  The sample s u i t e  n o r m a l l y  c o n s i s t e d  of 
- - 

1 l i t e r  f i l t e r e d .  u n t r e a t e d ,  1 l i t e r  . f i l t e r e d  . a c i d i f i e d  (HCl) ,  1 l i t e r  

f i l t e r e d  and t r e a t e d  w i t h  formaldehyde f o r  180-so4 d e t e r m i n a t i o n s ,  100 m l  

of  w a t e r  a t  a  d i l u t i o n  of 1:10 and 1:5 f o r  s i l i c a  d e t e r m i n a t i o n s ,  1 l i t e r  of 
. . 

u n t r e a t e d  water  f o r - i k i t i u m  d e t e r m i n a t i o n s ,  and 30 ml of w a t e r  f o r  s t a b l e  
,.,.,, . ; 
. _ I  . . .. . . . 

i s o t o p e  d e t e r n i n a t 2 u n s .  I n  a d d i t i o n ,  raw u n t r e a t e d  samples  were c o l l e c t e d  
. . 

f o r  i n - f i e l d  d e t e r m i n a t i o n  of HC03, pH, H20, and hT3. 1n"two cases 

a 
( s a m p l e s  77 and 0 2 ) ,  waters were f l l t e r e d  th rough  0 . 1  micron f i l t e r  and 

- 
t r e a t e d  i n  t h e  f i e l d  f o r  A 1  a n a l y s i s  f o l l o w i n g  methods d e s c r i b e d  by P r e s s e r  

and  Barnes ,  1974. 

A s  a n  a d d i t i o n a l  check  on c h e m i s t r y ,  wa te r  samples  were  c o l l e c t e d  from 
- 

t h e  end of t h e  e x h a u s t  mani fo ld .  T h i s  was done by p l a c i n g  a  bucke t  beneath  

t h e  pipe-end and a l l o w i n g  t h e  f l a s h e d  water  t o  f low i n t o  t h e  b u c k e t .  
- - 

Steam and g a s  samples  were t h e n  c o l l e c t e d  a f t e r  f i r s t  a d j u s t i n g  t h e  

s e p a r a t o r  f o r  pure  steam phase  f low.  The steam and g a s e s  were r o u t e d  through 
- - -. t h e  condensing c o i l  t h e n  c o l l e c t e d  i n  sodium hydrox ide  c h a r g e d  evacua ted  

f l a s k s .  A d d i t i o n a l  samples  were c o l l e c t e d  i n  uncharged e v a c u a t e d  f l a s k s  f o r  

3 ~ e / 4 ~ e  a n a l y s e s .  A 500 r n l  s ample  of t h e  steam c o n d e n s a t e  was c o l l e c t e d  
w 

f o r  C1 a n a l y s e s  as  a  check  a g a i n s t  water phase c o n t a m i n a t i o n .  30 ml samples . 

of t h e  condensa te  were a l s o  c o l l e c t e d  f o r  s t a b l e  i s o t o p e  a n a l y s e s .  



Methods of Analyses 

E a t e r :  HC03, pH, H2S, and h313 xere  determined i n  t he  f i e l d  

- fo l lowing  methods descr ibed i n  P r e s s e r  m d  Barnes (1974) .  The remaining 
- - 

c o n s t i t u e n t s  were analyzed a t  t h e  DKS Geothermal F l u i d s  Laboratory i n  . . 

Fai rbanks .  .Major and minor c a t i o n  concen t r a t ions  were determined us ing  a 

Perkin-Elmer atomic absorp t ion  s p e c t r o a e t e r  fo l lowing  s tandard  procedures .  
. . 

S u l f i d e  and bromide . de re  determined on a Dionex ion chromatograph. F luo r ide  
,+ ., . . . 

was determined uiihi.ng t h e  s p e c i f i c  ion  e l e c t r o d e  methods. Ch lo r ides  were 

ana lyzed  by Mohr ' t i t r a t i o n  and boron, br  carminic  a c i d  method. Aluminum, 

.I! 

a r s e n i c ,  and i r o n  were determined by z r o a i c  a3sorp t ion  spectroscopy.  S i l i c a  

c o n c e n t r a t i o n s  were determined by the  zc lybedina te  blue method. 

S t a b l e  i s o t o p e s  ( 1 8 0 1 ~ ~ 0  and D/H) were analyzed a t  Southern Methodist  

Univers i ty ;Dal las ,  Texas and a t  U.S. Geologica l  Survey, Menlo Park, 

C a l i f o r n i a .  Tr i t ium concen t r a t ions  u e r e  determined a t  t h e  U n i v e r s i t y  of 

Y i a n i ,  Miami,, F l o r i d a .  

Gases: Residual  gases ,  i . e . ,  gz ses  no t  absorbed i n  t he  sodium hydroxide 

s o i u t i o n  (He, Hz, Ar, 02, S 2 ,  and CEb; *-.ere analyzed on a dual-column 

g a s  chromatograph with both argon 2nd helium c a r r i e r  gases  a t  t h e  U.S. 

Geo log ica l  Survey, Yenlo Park,  C a l i i o r n i a .  Moles of r e s i d u a l  gas were 

c a l c u l a t e d  from measured gas p re s su re  z ~ d % h e a d  space volume. Carbon d ioxide  
v 

and hydrogen- su l f ide  concen t r a t ions  iz :he s o d i w  hydroxide s o l u t i o n s  were 

d e t e n i n e d  by t i t r a t i o n  and by i o n  c?.rotatography r e s p e c t i v e l y .  

Concen t r a t ions  of these  gases  were z l s z  checked b~ g rav ime t r i c  methods us ing  

SrC12 and BaC12 t o  p r e c i p i t a t e  SrC03 . a 5  BaS04. The SrC03 . - 

p r e c i p i t a t e  was then  reac ted  w i i :  ;:-os>:.aric a c i i  ;o determine C02 y i e l d .  

The evoived gas was saved and anz lyzez  f o r  1 3 c / l Z ~ .  Steam con ten t  



// , ..L 
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-. of t h e  g a s e s  was de te rmined  by weight  d i f f e r e n c e  b e f o r e  and a f t e r  sampl ing.  

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. 

Adjustments  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 each c o n s t i t u e n t  c o l l e c t e d  were t h a n  de te rmined  

and mole % 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  o f  oxygen i n  t h e  sample 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 X 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  
!' I' 

" : *  
b a s i s .  

. _ , . .L .. 
Helium i s o t d p e  i a t i o s  ( 3 ~ e / 4 ~ e )  were  de te rmined  a t  t h e  . . S c r i p p s  

I n s t i t u t e  of 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  
..! 

1-  ca rbon  d i o x i d e  (13c/12c) were a n a l i z e d  a t  U.S. G e o l o g i c a l  Survey,  Menlo 

P a r k ,  C a l i f o r n i a .  

- 
- . -  j .. . - - R e s u l t s  

. . . . . - 

. -.  he r i s u l t s . o f  t h e  geochemical  and  i s o t o p i c  a n a l y s e s  of t h e  geo thermal  

f l u i d s  £ram ST-1 a r e  p r e s e n t e d  i n  t a b l e s  2 t h r o u g h  17. Sew a n a l y s e s  and 

- u p d a t e s  of p r e v i o u s  a n a l y s e s  of ~ a t e r s  and g a s e s  from fumarole  f i e l d s ,  h o t  
- - . - 

s p r i n g s  and  c o l d  w a t e r s  i n  t h e  Makushin geo thermal  a r e a  are given i n  t a b l e s  

- 
18 t h r o u g h  30. 

Waters: R e s e r v o i r  v a t e r  chemistry c a l c r l a t e d  from s e p a r a t o r  c o n d i t i o n s  

,-. 
are g i v e n  i n  t a b l e s  4 and 5 .  The r e s e r v o i r  c h e m i s t r y  c z l c u l a t e d  f rom e x h a u s t  

water a n a l y s e s  g i v e s  concentrations o f  c o n s t i t u e n t s  10 t o  1 5  p e r c e n t  h i g h e r  
- - 

t h a n  s e p a r a t o r  v a l u e s  if t h e  exhaus t  v a t e r  f r a c t i o n  i s  c a l c u l a t e d  on t h e  I 

. . 
, . - - -  - - - - . - ~ s s u m p t i o n  of -atmospheric p;essure-boi l ing p o i n t  c o n d i t i o n s .  D. M i c h a e l s  

( p e r s .  comm., RGI, 1984)  however b e l i e v e s  f l a s h i n g  a t  t h e  exhaus t  end o c c u r s  

t o  p r e s s u r e s  well-be lo^ a tmospher ic .  S u p p o r t i n g  e v i d e n c e  comes from a  



t e m p e r a t u r e  measurement made b i  P.  Pa rment ie r  (RGI) of t h e  c e n t e r  of f l u i d  

f l o v  from t h e  e x h a u s t .  The temperature$ measured was-6O0C i n d i c a t i n g  t h a t  

low-pressure  e f f e c t s  t h a t  a r e  n o t  y e t  w e l l  unders tood  is  c a u s i n g  i n c r e a s e d  

- Y l a s h i n g  of t h e  e x h z u s t  f l u i d .  Using t h e  60°C t e m p e r a t u r e  a s  t h e  end p o i n t  

r e s u l t s  i n  a n  exhaust-end wate r  f r a c t i o n  of 0.75. Applying t h i s  water 

f r a c t i o n  t o  e x h a u s t  c h e m i s t r y  g i v e s  r e s u l t s  i n  c l o s e  harmony w i t h  t h o s e  

o b t z i n e d  from t h e  s e p a r a t o r  chemis t ry .  
I 

A d d i t i o n a l  s u p p p r r  f o r  bas ing  r e s e r v o i r  c h e m i s t r y  on t h e  a n a l y s i s  of t h e  
-. . . . 

s e p a r a t o r  w a t e r  f r a i t i o n  comes from R G I ' s  r e p o r t e d  a n a l y s e s  of 1983 ST-1 

. . water  samples .  Two of  t h e i r  samples  were o b t a i n e d  under  h igh-pressure  
. - a 

c o n d i t i o n s  u s i n g  a t e c h n i q u e  e n t i r e l y  d i f f e r e n t  than  DGGS used.  These h igh  

p r e s s u r e  v a t e r  samples  y i e l d e d  r e s u l t s  n e a r l y  i d e n t i c a l  t o  DGGS r e s u l t s  when 

. back-ca lcu la ted  t o  r e s e r v o i r  c o n d i t i o n s  (RGI, 1983,  pg. X I I ) .  

The r e s e r v o i r  weters c a n  be c h z r a c t e r i z e d  as modera te ly  s a l i n e  

low-bicarbonate  w a t e r s .  Comparison of 1983 t o  1984 c h e m i s t r y  show t h e  w a t e r s  

t o  be n e a r l y . i d e n t i c z 1 ;  t h e  1984 w a t e r s  a r e  s l i g h t l y  less s a l i n e  and s l i g h t l y  

r i c h e r  i n  HCO3. The r e s e r v o i r  w a t e r s  a r e  h i g h  i n  a r s e n i c  which mag pose a 

p o t e x r i a l  water p o l l u t i o n  problem, 

k i n g  t h e  a v e r a g e  back-ca lcu lz tea  i s o t o p i c  c o m p o s i t i o n  ( t a b l e  8) t h e  

r e s e r v o i r  w a t e r s  z p p e a r  to be s h i f t e d  zpproxirnate ly  1.5 t o  2.0 m i l s  w i th  

. r e s p e c t  t o  m e t e o r i c  w a t e r s .  w 

The r e s u l t s  0% z p p l y i n g  geo themozie te r s  based  on v a t e r  chemis t ry  and 

i s o t o p i c  compos i t ion  t o  t h e  Makushl? r e s e r v o i r  wacers  a r e  g iven  i n  t a b l e s . 9 ,  

1 0 ,  2nd 11. S i l i c a  c o n c e n t r a t i o n  E ; ? E ~ ~ s  t o  b e  s l i g h t l y  o u t  of e q u i l i b r i u m  

w i t h  q u z r t z  a t  t h e  n e a s u r e d  -f lowiag b s t t o m  h o l e  t e m p e r a t u r e  (BHT) of 193°C 

b u t  is  n e a r  e q u i l i b r i u m  v i ~ h  quarzz  a: t h e  measured naximum s t a t i c  BtfT of 



S i n c e  t h e  h o s t  rock  i s  a  g a b b r o - n o r i t e  t h e  b a s a l t i c  Na/K geothermometer 
- - - 

o f  Arnorsson (1983) i s  probably  t h e  most ' a p p l i c a b l e  o f  t h e  Na/K 

geothermomet,er. The r e s u l t s  of t h i s  geothermometer a r e  i n  c l o s e  agreement  

, w i t h  t h e  Na-K-Ca geothermometer o f  F o u r n i e r  and T r u e s d e l l  (1973) .  These 
. - 

c a t i o n  geothermometers s u g g e s t  t h a t  e i t h e r  t h e  sys tem is  o u t  . . of e q u i l i b r i u m  

o r  t h a t  t h e . w a t e r s  were warmer and  have coo led  b e f o r e  e n t e r i n g  t h e  boreho le .  

C o o l i n g  could  come a b o u t  e i t h e r  by c o n d u c t i o n  o r  n i x i n g  o f  c o o l e r  w a t e r s  o r  
. . 

combina t ion  of b o t h  -:. , 4 b t o c e s s e s .  . 
. .' . " ... . ' 

The 180/160,. SO[-H20 geothermometer of McKenzie and T r u e s d e l l  
. . 

(1977)  p r e d i c t  even h i g h e r  r e s e r v o i r  t e m p e r a t u r e s .  Using t h e  . r e s e r v o i r  
e 

-. -. 

i s o t o p i c  v a l u e  f o r  l801160, g i v e s  r e s e r v o i r  '&mpera tu res  of 245-250°C. 
- 

Gases: Air c o r r e c t e d  a n a l y s e s  o f  gases  i n  mole p e r  c e n t  are g i v e n  i n  

t a b l e  12 .  Gas c o n t e n t  i n  t o t a l  d i s c h a r g e  and  p a r t i a l  p r e s s u r e  of C02 i n  

t h e  r e s e r v o i r  are g iven  i n  t a b l e s  13 and 14 r e s p e c t i v e l y .  O f  t h e  1984. g a s  
- 

s a m p l e s ,  MVTW-2GB i s  t h e  least air con tamina ted  and i t s  a n a l y s e s  i s  

c o n s i d e r e d  t h e  most r e l i a b l e  and r e p r e s e n t a t i v e  of t h e  g e o t h e r m a l  sys tem.  

I n s p e c t i o n ' o f  t h e  gas  t a b l e s  shows a s l i g h t  d e c l i n e  i n  t h e  o v e r a l l  

c o n c e n t r a t i o n  of g a s e s  i n  t h e  t o t a l  mass d i s c h a r g e  between 1983  and 1984. 

Hydrogen c o n t e n t  a p p e a r s  t o  have dropped s i g n i f i c z n t l y ,  n e a r l y  an  o r d e r  pf 

magni tude  s i n c e  t h e  w e l l  was f i r s t '  opened i n  1983. Hethane c o n c e n t r a t i o n  

a p p e a r s  t o  have a l s o  dropped and was p r e s e n t  i n  on ly  t r a c e  amounts i n  t h e  
w 

1984 samples .  

O v e r a l l  gas  c o n c e n t r a t i o n s  i n  t h e  r e s e r v o i r  f l u i d  is  e x t r e m e l y  low, 0.02 

% of t o t a l  d i s c h a r g e .  Hydrogen s u l f i d e ,  a l t h o u g h  2  t o 2 . 5  X o f  t h e  t o t a l  

. gases 0 n . a  s t eam-f ree  b a s i s ,  is i n  s u c h  low c o n c e n t r a t i o n  i n  t h e  o v e r a l l  - 

d i s c h a r g e  it shou ld  n o t  pose any s i g n i f i c a n t  h e a l t h  hazard  o r  p o l l u t i o n  

problems.  



b p p l i c a t i o n  of t h r e e  d i f f e r e n t  g a s  geothermometers t o  t h e  ST-1 gas 

a n a l y s e s  is  given i n  t a b l e  15. I n  t h e  major i ty  of ca ses  t h e  t h r e e  

t h e n o m e t e r s  'agree q u i t e  c l o s e l y  wich temperature estimates vary ing  between 

,190°C and 250°C. The major i ty  of e s t i m a t e s ,  however, f a l l  between 210 and 
. - 

225OC which is  i n  f a i r l y  c l o s e  agreement w i th  t h e  ca t ion  geothernometers.  

Noce t h a t  . f o r  ca ses  i n  . which . CHq concen t r a t ion  i s  not  known, a va lve  of 

0.001 w a s  used i n  t h e  D'Amore-Panichi geothermometer. 

Carbon i s o t o p e  ana'iyses g iven  i n  t a b l e  16 ,  show a drop of 1.7 m i l  i n  

13c composi t io i  of C02 between 1983 and  1984. The values of -13 t o  

-15 sugges t  a poss ib l e  organic-sedimentary o r i g i n  f o r  C02 i n  t h e  geothermal ' 

s y s t m .  

K i th  t h e  except ion of a b r i e f  comment on gas geothermometry, t h e  t a b l e s  

of dzta on chemistry and i s o t o p i c  composition of fwriarolic gases ,  thermal  

s p r i c g  w a t e r s ,  and cold waters  ( t a b l e s  18 through 20) a r e  presented  here  

w i thou t  comment. Discussion of much of  t h i s  d a t a  can be found i n  Motyka and 

o t h e r s ,  1983. 

The gas geothermometer of D'Amore and Pan ich i  eppl ied  t o  z n a l y s e s  of 

f u s a r o l e  gases  i s  given i n  t a b l e  20.  Tenpera tures  T1 were c s l c n l a t e d  using a 

p a r t i a l  p re s su re  of C02 equal  t o  one b a r  a s  per i n s t r u c t i o n s  i n  D ' h o r e  and 

P a n i c h i ,  1980. Temperatures T2 were c a l c u l a t e d  using a p a r t i a l  p re s su re  of 

0.5 tar ,  approximately t h a t  found a t  ST-1. m From comparison of . the two 

t e r p f r a t u r e s  i t  i s  apparent  t h a t  t he  $eoinermometer i s  q u i t e  s e n s i t i v e  it 

C O i  i e r r i a l  p re s su re .  However, even  he T2 temperatures  average  about  20°C 

l o ~ e r  t han  t h e  T1 t empera tures ,  i n  ca ses  t he  tempera tures  Ere s t i l l  

s u b s - a n t i a l l y  higher  than  t e m p e r a t u e s  found a t  ST-1. Th i s  i s  . p a r t i c u l a r l y  

0, - t r u e  f o r  fumaroles i n  f i e l d  ~ 2 ,  S u g g e s c i ~ g  e i t h e r  t h a t  t h e  D'Arncre-Panichi 

geaz5eraometer i s  not a c c u r a t e  wher a;p?ied t o  f r z a r o l e s  o r  thi:  t h e  system 

i s  r ~ c h  h o t t e r  a t  t h e  head of G lac i e r  Y ~ l l e g .  



DESCRIPTION OF CORE FROX A-1 

Rock Un i t s  

- 
. - 

A p re l imina ry  l o g  of core  from d r i l l - h o l e  A-1 is  given in. Appendix B. 

The rocks  frbm t h e  c o r e  can be div ided  i n t o  t h r e e  bas i c  u n i t s .  The una l t e r ed  

v o l c a n i c s ,  t h e  Unalaska Formation, and t h e  gabbro-hornfels  .. complex: t h e  
1' ,' 

una l t e r ed  volcanic.s;&e present  a t  t h e  s u r f a c e  and extend t o  a depth  of 122 
' I . .  . .. . . . '.' ' '. 

f t .  T h i s  u n i t  i n c l u d e s  su r f ace  a sh  and c i n d e r s ,  a n d e s i t e  flows and a b a s a l  

l a h a r .  These rocks  a r e  Quaternary i n  age  and a r e  e s s e n t i a l l y  una l t e r ed  
. -. a 

- except  f o r  s u r f a c e  weathering.  

The Unalaska Formation inc ludes  t h e  Unalaska c l a s t i c s  and t h e  Unalaska 

. vo lcan ic s .  Both a r e  metamorphosed t o  lower g r e e n s c h i s t  f a c i e s  and a r e  

- - ... s i m i l a r  i n  composi t ion and permeabi l i ty .  The Unalaska - Formation ex tends  from 
d_ . a 
. - 

122 f t  t o  about  1 ,620 f t .  There a r e  two minor gabbro d i k e s  i n  t h i s  

- ,  i n t e r v a l .  Ohe from 458-478 f t  and t h e  o the r  from 942 t o  1,020 f t .  The - 

former l a c k s  a h o r n f e l s  envelope and t h e  l a t t e r  has only a minor h o r n f e l s  

au reo le .  
- 

The gabbro-hornfels  complex ex tends  from 1 ,620  f t  t o  t h e  bottom of t h e  

h o l e  a t  1 ,864  f t .  From 1,620-1684 the complex c o n s i s t s  of gabbro d i k e s  
-. . - - 

c u t t i n g  ho rn fe l sed  Unalaska Formation. Belo,w t h i s  t h e  w e l l  appea r s  t o  - 
- 

intersect t h e  p lu ton  proper .  

- - 

A l t e r a t i o n  
I 

. -  
The a l t e r a t i o n  p a t t e r n  o b s e r v e d i n  A 1  i s ,  i n  gene rz l ,  c o n s i s t e n t  wi th  t h e  

p re sen t  tempera ture  p r o f i l e .  In  z l l i t i o n ,  t h e  changes i n  the  a l t e r a t i o n  



12 

appear t o  mark changes  i n  t h e  f l u i d  compos i t ion  of t h e  d i f f e r e n t  p o r t i o n s  of 

t h e  r e s e r v o i r .  Only i n  t h e  lower p o r t i o n s  of t h e  c o r e  a r e  a l t e r a t i o n  

assemblages  i n d i c a t i v e  of h i g h e r  t e n p e r a t u r e s  p r e s e n t :  

- The upper 122 f t  o f  t h e  c o r e  c o n s i s t s  of u n a l t e r e d  Q u a t e r n a r y  v o l c a n i c s .  
- - 

Below t h e s e ,  down t o  aibout 400 f t ,  t h e  a l t e r a t i o n  i s  a r g i l l i c .  T h i s  

c l a y - b e a r i h g  a l t e r a t i o n  i s  i n d i c a t i v e  of low t o  moderate  t e m p e r a t u r e ,  a c i d i c  

waters. These c o g d i t i o n s  a r e  t y p i c a l  of ' s u r f a c e  w e a t h e r i n g  and steam . . * _  .- - 
dominated of ;he geothermal  sys tem.  . - 

From 400 f t  down t o  approx imate ly  900 f t  t h e  a l t e r a t i o n  c o n s i s t s  of 

b laded  c a l c i t e ,  amorphous s i l i c a ,  p y r i t e  and some c l a y .  Much of t h i s  . . 
a l t e r a t i o n  i s  l o c a l i z e d  around t h e  b r e c c i a  z o n e s  which mark t h i s  . s e c t i o n .  . 

The noted assemblage  was shown t o  be r e l a t e d  t o  b o i l i n g  o f  low s a l i n i t y ,  

n e a r - n e u t r a l  waters i n  t h e  Yellowstone a r e a .  The t e m p e r a t u r e  p r o f i l e  is 

i s o t h e r m a l ,  a t  a b o u t  100°C, through t h i s  s e c t i o n  i n d i c a t i n g  i t  is  l i k e l y  a - 
z o n e  of steam. 

Below 900 f t  t h e  b o i l i n g  r e l a t e d  zssemblage  i s  r e p l a c e d  by "dogs-tooth" 

c a l c i t e ,  q u a r t z ,  a n h y d r i t e ,  and z e o l i t e s .  P y r i t e ,  w h i l e  s t i l l  p r e s e n t ,  i s  

less abundant .  These  changes  r e s u l t  from an  i n c r e a s e  i n  t e m p e r a t u r e  and a  . 

c e s s a t i o n  of b o i l i n g  ( d u e  t o  i n c r e z s e d  p r e s s u r e ) .  The f l u i d s  d e p o s i t i n g  

t h e s e  m i n e r a l s  are l i k e l y  s l i g h t l y  s a l i n e  and n e a r  n e u t r a l .  The presence o f  

z e o l i t e s  ( m o r d e n i t e  t o  a b o u ~  1 .200  i t  a n d - l a u m o n t i t e  from 1,500-1,780 f t )  
w 

i n d i c a t e s  t h a t  t h e  C02 p a r t l a l  p r e s s u r e  i s  low. 

k 'h i le  z e o l i t e s  a r e  s o m e ~ h a t  i n c i c a t i v e  of t e r p e r a t u r e  t h e y  a r e  no t  

abundant  i n  t h i s  c o r e .  However, t h e  p r e s e n c e  of l a u m o n t i t e  a t  1 , 7 8 0  f t  

i n d i c a t e s  t h a t  s i n c e  its - d e p o s i ~ i o n  t h e  t e m p e r a t u r e  a t  - t h i s  -depth has n o t  

exceeded 200°C: 



While most of t h e  a l t e r a t i d n  can b e  assumed t o  r e f l e c t  c u r r e n t  c o n d i t i o n ,  
- 
- t h e r e  are some v e i n s  p r e s e n t  which s e e n  t o  be r e l i c t s  of a n  earl ier,  h o t t e r  

s t a g e  of geothermal  a c t i v i t y .  These  v e i n s  have an assemblage of e p i d o t e  - + 

- a n h y d r i t e  + magne t i t e  + c a l c i t e .  The t h e o r e t i c a l  s t a b i l i t y  l i m i t s  o f  t h i s  
- - - - 

assemblage  exceeds  t h e  c u r r e n t  bottom h o l e  t e m p e r a t u r e  of t h i s  w e l l .  

The v e i n s '  are l o c a l l y  c u t  b y  younger  y e i n s  i n d i c a t i n g  t h e y  are n o t  i n  

e q u i l i b r i u m  wi th  t h e  p r e s e n t  sys tem.  The v e i n s  b e a r i n g  . - t h e  assemblage occur  
I' 4. 

f r o m  1 ,100  f t  t o  t k h o t t o m  of t h e  h o l e .  S i m i l a r  v e i n s  o c c u r  i n  E l  and ... . 
*,'. . 

. . - 
FLUID INCLUSION STUDIES 

a 

. . . . . . F l u i d  i n c l u s i o n s  i n  h y d r o t h e r m a l  q u a r t z  from c o r e s  E l  and ST-1 have been 

examined on a  h e a t i n g - c o o l i n g  s t a g e  t o  de te rmine  f l u i d  c o m p o s i t i o n s  and - - -  - 
' homogenizat ion t e m p e r a t u r e s .  The f l u i d  composi t ions  a g r e e  w e l l  

- ,  w i t h  t h e  c u r r e n t  . r e s e r v o i r  c o n d i t i o n s  zs i n d i c a t e d  by waters sampled from 
- - 

ST-1. A l l  t h e  i n c l u s i o n s  measured i n d l c a t e  a  f r e e z i n g  p o i n t  d e p r e s s i o n  of 

between -0.1 and -0.7"C. The mean d e p r e s s i o n  is -0.3S°C. T h i s  g i v e s  a  

c o m p o s i t i o n  of a p p r o x i m a t e l y  6,200 ppm NaCl e q u i v a l e n t ,  t h u s  it seems t h a t  

t h e  f l u i d  compos i t ion  h a s  n o t  v a r i e d  g r e a t l y  w i t h  time. 

The homogenizat ion t e m p e r a t u r e s  i n d i c a t e , t h e  t e m p e r a t u r e  a t  x h i c h  t h e  

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

t e m p e r a t u r e  of t h e  sys tem.  The mean temperatures measured a r e  c o n s i s t e n t l y  

80-100OC h i g h e r  t h a n  t h e  c u r r e n t  t e z p e r a t u r e  a t  t h e  d e p t h  .from wkich t h e  

- s a m p l e  w a s x e c o v e r e d .  Some samples  e x h i b i t  a  s y s t e m a t i c  d e c r e a s e  in 

t e m p e r a t u r e  i n d i c a t i n g  t h a t  t h e  h i g h e r  t empera tu res  r e p r e s e n t  a n  e a r l i e r  

s t a g e  of t h e  p r e s e n t  s y s t e m  . The 1zck of abundant f l u i d  i n c l u s i c n  a t  t h e  



p r e s e n t  t h e r m a l  g r a d i e n t  i n d i c a t e s  t h a t  t h e  sys tem i s  e i t h e r  n o t  d e p o s i t i n g  
.. . - 

m i n e r a l s  o r  h a s  n o t  been a t  t h e  c u r r e n t  s ta te  f o r  a  g e o l o g i c a l l y  s i g n i f i c a n t  
. . 

amount of time. 

DISCUSSION OF OTHZR PRELIMINARY RESULTS 

Evidence  g a t h e r e d  from g e o l o g i c  mapping and d e t a i l e d  s t u d y  of v o l c a n i c  

stratigraphy i n d i c a t e  massive  f l u x e s  o f  magma passed th rough  t h e  c r u s t  and 

were  e r u p t e d  o n t o  t h e  s u r f a c e  i n  t h e  p e r i o d  between t h e  end o f  t h e  Wisconsin 

G l a c i a t i o n  (10 ,000  yrs a g o )  and abou t  6 ,000 y r s ,  t h e  t ime  of a n e o g l a c i a l  

advznce .  Heat t r a n s f e r r e d  from t h i s  nagma t o  t h e  s h a l l o w  c r u s t  d u r i n g  i t s  

a s c e n t  and h e a t  from r e s i d u a l  magma emplaced i n  t h e  s h a l l o w  c r u s t  d u r i n g  t h i s  

e p i s o d e  may be t h e  s o u r c e  of h e a t  d r i v i n g  t h e  p r e s e n t  day hydro thermal  sys tem 

a t  Fkkush in .  
- - 

Evidence  f o r  a  r e c e n t  and r a p i d  change i n  water t a b l e  and c o o l i n g  of t h e  . 

.- . upper  p a r t  of t h e  Makushin geo thermal  system c o n t i n u e s  t o  mount: 
. . 

1 )  A l t e r a t i o n  m i n e r a l  a s s e m b l a g e s  and t race-element  geochemis t ry  found 

i n  t h e  rock  c o r e s  i n d i c a t e  a h o t - v a t e r  system e x i s t e d  n e a r l y  t o  t h e  

p r e s e n t  day s u r f a c e  i n  t h e  v e r y  r e c e n t  p a s t .  

2 )  Evidence of f o s s i l  c h l o r i d e  t h e r m a l  s p r i n g s  on n e o g l a c i a l  mora ines  

i n  t h e  upper p a r t  of G l a c i e r  Va l ley  a l s o  i n d i c a t e s  a  hot-water 

.' sys tem reached  t h e  s u r f a c e  i n  r e c e n t  t imes .  

3) Present-day w a t e r  t a b l e  d e p t h ,  2s determined from d r i l l - h o l e s ,  l i e s  

a t  a  d e p t h  of 750-800 f e e t  below t h e  s u r f a c e  in :upper  Makushin 

Val ley  Thus,  a -vapor-dominated -zone p r e s e n t l y  -extends , - -  from t h i s  . 

d e p t h  t o  t h e  s u r f a c e .  - 



4 )  F l u i d  i n c l u s i o n  s t u d i e s  on v e i n - d e p o s i t e d  q u a r t z  and a n h y d r i t e  
- .- 
-- 

geothermometry i n d i c a t e  t e m p e r a t u r e s  i n  t h i s  upper zone were 50 t o  

100°C h o t t e r  t h a n  present-day t e m p e r a t u r e s .  

- 
. 5) - The f l u i d  i n c l u s i o n  s t u d i e s ,  a l s o  i n d i c a t e  t h e  w a t e r s  from which t h e  

q u a r t z  v e i n s  were p r e c i p i t a t e d  had a s a l i n i t y  n e a r l y . t h e  same as  t h e  

hydrothermal  system . 
Our working h y p o t h e s i s  t o  e x p l a i n  t h e s e  p h e n 0 m e n a . i ~  t h a t  t h e  e l e v a t e d  

1. ' 
t e m p e r a t u r e s  r e c o r w t b y  t h e  f l u i d  i n c l u s i o n s  were t h e  r e s u l t  of a n  i n c r e a s e  ... . . I ,  .. . ' . . 
i n  h y d r o s t a t i c  p ~ e s s u r e  caused by i c e - l o a d i n g  d u r i n g  a n e o g l a c i a l  advance .  

F l u i d  i n c l u s i o n  t e m p e r a t u r e s  i n d i c a t e  h y d r o s t a t i c  head would have t o  have 
. -. a . - 

. -  -. been 300 m e t e r s  . h i g h e r  t h a n  t h e  p resen t -day  s u r f a c e  a t  ST-1. T h i s  head cou ld  
V - 

e a s i l y  have  been s u p p l i e d  by a v a l l e y  g l a c i e r .  Subsequent  d e g l a c i a t i o n  would 

. .  d e c r e a s e  t h e  p r e s s u r e  r a p i d l y  c a u s i n g  b o i l i n g  i n  t h e  upper zone of t h e  

hydro thermal  sys tem.  A n e t  l o s s  of water from t h e  b o i l i n g  and perhaps  f rom 
---- - 
-- - 

d e c r e a s e  o f  r e c h a r g i n g  g l a c i e r  m e l t w a t e r  would c a u s e  t h e  water  t a b l e  t o  

- drop .  . 
- 

The d r o p  i n  t e m p e r a t u r e  i n  t h e  upper  p a r t  o f  t h e  sys tem t h e n ,  may r e f l e c t  

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

t h e  sys tem.  I f  s o ,  t h e n  t h e  deeper  p a r t  of t h e  hydrothermal  sys tem might.  

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

- i n c l u s i o n  t e m p e r a t u r e s  found i n  t h e  upper  p y t  of t h e  system. The 

s u l f a t e - = a t e ;  i s o t o p e  geochermometrr d o e s  p r e d i c t  a maximum -,. r e s e r v o i r  

t e m p e r a t u r e  of -250°C which i s  s i m i l a r  bu t  l o w e r  t h a n  f l u i d  i n c l u s i o n  - 

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

.,. - e. - - .-- 3 -  - - T h e  q u e s t i o n  o f  -whether  o r  n o t  s h e  .%kushin geo thermal  sys tem i s  i n  
. - 

r e t r o g r a d e  ( i . e . ,  c o o l i n g )  i s  i m p o r t z n t  f o r  e s t i m a t i n g  t h e  geothhermal  energy 

poten:ial  of t h e  a r e a  and i t s  f u t u r e  dece lopment .  
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Figure 1. Well locatio?-s, V2kushin geothermal ares. 
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- 
- Table 3. Chemi~al~analyses of waters collected from Wakushin Valley . - 

test well ST-1, 1984. (Concentrations in mg/l unless otherwise specified). 

From Webre-separator 
b 

1 W 2W 

Anions 
HC03 2 6 

S 0 95 ' * - 1.2 
C 1 3480 

BE 12 
Total - 100.9 

-* 
- - 

msd 
r - pH, fielde 

- Date ' 
8/7/84 A - -- .-- -- .Sampled . 8/4/84 . - .  

Off end of exhaust 
1 E 2 E 

.a) Alaska ~ivision of Geological and Geophysical Surveys, Fairbanks, R.J. Motyka 
. 

and X.A. Moorman, analysts. 
b) Sacpling conditions and steam fracricn given in Table 1. 
c) Cation and anion totals in milliequivalents/liter. 
d) Calculated. 
e)  pH measured after waters cooled to 15°C. 

nd= not determined 



Table 4. Chemical analyses of 1983 waters from Makushin Valley 
test well ST-1, corrected to reservoir conditions. 
(toncentrations in mg/l unless otherwise specified). 

- - 7 1 7 4 7 5 7 6 7 7 Average 

Cations 
Na 
K 
Ca 

- Mg 
Li 
Sr 
Cs 

m4 

Anions 
HC03 < 5  < 5 < 5  . < 5 < 1.0 < 5 

- "9 7 8 7 6 75  . 7 0 7 3 7 4 
- .  1.0 1.1 1.1 1.1 0.9 1 . C  

C1 3140 3130 3080 2930 3060 3070 
Br 12 11 11 11 12 11 

S i0 294 296 300  278 293 29 2 
H 5 nd 2.4 1.3 nd nd 1.9 

.- 
< _  A - 2~ 5 8  5 7 5 7 5 4 - 56 56 

Trace 
- ,  -- A1 . nd nd nd nd 0.02 0.02 

As 11 10 11 11 11 10.5 
Fe nd nd nd nd 0.12 0.12 

Date 
Sampled 8 / 2 7 / 8 3  9 / 1 / 8 3  9 / 2 / 8 3  9 / 2 / 8 3  9 /3 /83  

nd = not determined 



Table 5 .  Chemical analyses  of 1984 waters c o l l e c t e d  from the Makushin Valley 
t e s t  w e l l  ST-1, corrected to  re servo ir  condit ions.  

(Concentrations i n  mg/l u n l e s s  otherwise spec i f i ed )  . 

Average 
Cat i ons  

Ka 
K 

Ca . 
Mg 
Li 
Sr 
C s 

Anions 
HCO, 

.. sio 
H 8 

- 
- 

2~ 

Al 
As 
Fe . 

' TDS . 

- Date 
Sampled 

nd= not  determined 



O O O O O O t  
m - h Y I D C I N  

- . o w - - - - -  
Unnnnnnn 

L C \  
n e b ?  
n E 
3 E 
m c c  

L O -  



.m In In 
U O C  

m m m  
4 4 4  

I I 1  

r ' l  

In 
P- 



ci - - E z 
e O d  
r. E L ;  
> a u  



Tnble  9. Crotllermomrtry f o r  Wchre a e p n r n * n i  w n t e r a  from t lnk t~ah ln  V n l l r y  t e n t  w e l l  ST-l 
. c o r r e c t e d  f o r  r c n e r v o l r  concll t lonn,  (Trmpern tu ree  i n  *c). 

b a t e  q x .  =and ( I )  Chal .  cond (2) Na/K (3)  Snmple I - 8-27-83 208 19 1  240 RH83- 7  1 
9-01-83 208 192 247 RM83-74 
9-02-83. 209 193 243 RHO3-75 

203 186 9-02-83 24 1 
RH83-76 

9-03-83 208 191 238 RH83-77 
8-04-84 nd nd 245 RH84-01 
8-07-81e 206 189 240 . RH86-02 

( I )  F o r ~ r n l ~ r ,  1983, improved S102. 
( 7 )  F o t ~ r n l r r .  1983. .Improved SlO2- 
(3)  F o r ~ r n l r r ,  1981; Na/K. 
( 4 )  ~ r r l e ~ d ~ l l .  1976, 
(5 )  Arnoreson,  1983, N ~ / K .  n n s a l t -  
(6)  F o ~ l r n l c r  6 T r u e s d e l l ,  1973. 
(7 )  F o t ~ l l l l c  b Hlrllnrcl, 19111- 



Tnhle  10. Ceo t l i r rmnne t ry  f o r  exhnust  p i p e  w a t e r s  r rom m a k ~ ~ r l i l n  V n l l e y  t e n t  w e l l  ST-1 
c o r r e c t e d  f o r  r e u e r v o l r  conditions n s s r ~ m l t t ~  60 'C end p o l n t  Clnnl i  tempernt r i re .  

(Temperntc~res in O C ) .  

Nn/K (3) Nn/K (4) Na/K ( 5 )  Na-K-Ca (6) N a / L l  (7)  Snmplc I DnLe 214 220 q z .  concl (I) Chnl .  cond (2) 
224 191 - 

8-24-83 2 18 204 238 Rti83-64 (1931a ( 1 5 7 ) ~  ( 166)' ( 190)' 194 
RH83-74 9-01-83 208 191 

211 218 . 222 193 
9-02-83 208 192 236 RH83-75 212 . . . 218 222 196 2 10 193 236 

RH83-76 9-02-83 2 13 . j  - 219 222 195 
9-n3-81 208 192 237 

218 - . - 224 . 225 192 RHBJ-77 
8-04-84 209 I 9 2  24 l RHR~I-01 222 . - 228 228 189 
8-07-86 206 189 244 PHRft-02 r 'I 

(I) F o r ~ r n l e r .  1983. 1mprOv~' i  SlOZ. 
(2) F o i ~ r n i e r .  1983. improved S102, 
(3) For r rn ler ,  1981, Na/K. 
(4) T r r ~ e b d e l l ,  1976. NalK. 
( 5 )  Arnorsuon, 1983, Nn/K. Rnnn l t .  
(6) P o r ~ r n l c r  b T r r l r n d c l l .  1973. 
( 7 )  ~ o ~ t l l l l c  6 H l r l in rc l ,  1981. 

(n) I 'otnnnlrlm n n n l y n l n  nnornoloc~nly low. 
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Table 12 .  M a k t ~ ~ h i n  t e s t  w e l l ,  a i r  c o r r e c t e d  gas  a n a l y s e s ,  mole Z. , 

Sninp 1 c Cotlc D n t e  Snlnpled R02 xg CO 2 1125 112 CHI4 NH 3 N 2 Ar N2/Ar C I S  

MVTW-I DSICJ 
MVTW-2A DsICJ 
MVTW-3B DSICJ 
MVTW-4B DsIcJ 
MVTW-5A D S / C ~  

DS1C.J = IT. Sheppard, DSIR, New Zealand, and C .  J a n i k ,  USGS, Menlo Park,  a n a l y s t s .  

RM1C.J = R .  Motykil, AIIGCS,  Fairbanks,  and C. . lanik.  USGS, a n a l y s t s .  

* 
KO2 = R a t i o ,  oxygen i n  s a m p l e  to oxygen i n  a i r .  



Table 14. P a r t i a l  pressure C02 i n  s o l u t i o n ,  r e se rvo i r  condi t ions .  

Mole f r a c t i o n  CO2 7- . . 
S q l e  # i n  t o t a l  fluida P C02, barsD 
mri -1  DS/CJ 8.824E-05 0.57 

a) Computed from C02 = XCO --+--- Xg X s  
1 + Xg X s  . 

where XC02 and Xg a r e  the C02 2nd gas fractions from Table 8 and X s  i s  
t h e  steam f r a c t i o n  from Table 1. 

b) Computed from the  PCOZ = Kh CO &ere Kh i s  Benry's 12w conszant (6500 
bars/mole f r a c t i o n  a t  T = 193'8). 



Table 15. Gas geothermometers applied to Makushin test well. 

Sample # Date Sampled T C (a)  T C (b) T C (c) 

MVTW-1GC R.M/CJ 8-04-84 218 220 225 
MVTW-2G-A RM/CJ 8-07-84 216 . . 211 199 
MVTW-2G-B RM/CJ I *  8-07-84 190 2 12 213 

" - ..., 4 . .  . -  . 
(a) Gas geoth-~meter of D' Amore and- Panachi, 1980. 

(b) H2S geothermometer of D'Amore and Truesdell, 198. .' 

(c)  ~ 0 2 -  geothermometer of Arnorsson and others, 1983. 



Table 1 6 .  Makushin Valley t e s t  we l l  ST-1, Unalaska I s lagd ,  Alaska, 
carbon i so tope  analyses ,  CO i n  gzs  and steam. 

. . 2 

Date c o l l e c t e d  T,  " C  Sep 

a)  C .  Janik, U.S. Geological  Survey, Menlo Park, a n a l y s t .  



a 
Table 17. 1801160 in anhydrite obtained from test well core. 

. . 

180/160 - CaS04, b T OC, equil . 
Depth, m(ft) WRT SMOW (c) ( d l  

a) Analyzed at USGS, Menlo Park. 
b) T O C ,  equil. = equilibration fractionation temperature assdng 180/160 

for H20 is -10.0, the current reservoir water value (USGS analysis). 
c) Temperature compbted using Lloyd (1968) fractionation equation: 

d) ~em~erature'com~uted using fractionation equation ofa%hiba and others 
(1981) : 

a 
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- --  - Table 21. S t ab le  i s o t o p e  ana lyses  o f  su l f a t e - ca rbona te  s p r i n g  w a t e r s  i n  t h e  
Makushin geothermal a r ea .  a 

S i t e  Name Date T D / H ~  
- 

180/ 160b 
GV - Ga- 7-05-81 ' nd -83 -11.9 
GV - Gb 
GV - GC 
GV - Gdl 
GV - Gd2 
GV - Gd3 
GV - Ge 
GV - Gf 
GV - Gh 
GV - G j  
GV - G I  
MV - Ma 
MV - Mb 
MV - Mb 
MV - MC 
MV - MC 
MV - Md 
NV - Na 

GV - G l a c i e r  Valley 
. MV - Makushin ValJey 

- NV - Nateekin Valley 

-. b)  Values a r e  i n  
- 

tab12 I s o t o p e  Labora tory ,  Southern Methodist  U., D a l l a s ,  Texas. 
pe rmi l  w i t h  r e s p e c t  t o  SMOW. 



Table 22. S t a b l e  i s o t o p e  a n a l y s e s  of c h l o r i d e  (1 s p r i n g  wa te r s  i n  t he  ' 
I Makushin geothermal  area: 

S i t e  Nnme Date T D/II" 1801 i d b  
1)V - s t ream 8-21-83 14 -76 -9.9 
GV - Ctn~ 7-20-82 3 9 -80 -11.1 
GV - Gn 7-20-82 2 7 -82 -11.1 
GV - Gp 7-20-02 4 0 -78 -10.9 
GV - Gp 7-16-83 44 -80 -11.2 

D V  - Driftwood Valley 
GV - Glacier Valley 

a )  Analyzed a t  S t a t e  I so tope  Labora tory ,  Southern Methodist  U . ,  D a l l a s ,  Tl.:ras. 
b)  Values are  i n  permil  wi th  r e s p e c t  t o  SMOW. 



Table 23. Stable i so tope  analyses  of coid  waters  i n  t h e  
Makushin geothermal area .  

S i t e .  Name Date T D / H ~  1801 160b 
DV - stream 8-21-83 14 -76 -9.9 

- FF 1 - s t ream 7- 18-83 nd -8 1 -11.2 
FF 3 - s t ream 7-11-83 nd -89 -13.5 
FF 6 - snow 7-18-82 nd -121 -15.9 
FF 7 - snow melt  8-20-83 nd -88 -12.7 
FF 9 - snow m i l t  7-1 1-83 nd -65 -11.0 
GV - Gd s p r i n g  7-05-81 5 -93 -14.2 
GV - Gd s p r i n g  8- 11-80 nd .. -7 7 -11.1 
GV - Gd s t ream I. 1 8-1 1-80 7 -87 -12.0 
GV - Gk s p r i n g  ,. :.; t,, 7-15-82 16 -77 -10.0 

.r - G V - G l s t r e a m  . . . '  . L  7-18-82 5 " -88 -12.6 
GV.-Gnspr ing  - - '  7-09-83 nd -7 8 -11.3 
GV - West Fork River  7-05-81 5 -'-93 -14.2 
GV - c l e a r  r i v e r  mouth 7-19-83 7 -7 7 -11.5 

- GV - muddy r i v e r  mouth 7- 19-83 --- 5 -85 -12.8 &' 

GV - snow mel t  8- 11-80 nd -76 -11.2 
MV - Camp spr ing  7-19-82 nd -67 -9.7 
MV - Mb stream 8- 13-80 nd -89 -13.0 
MV - Mc s t ream 7-04-8 1 nd -82 -11.9 

. MV - ~d  s t ream 8- 11-80 nd -83 -11.3 
MY - s p r i n g  7- 19-82 6 -82 -11.9 
NV - s t ream 8-20-83 nd -88 -12.7 

- - i  -- - - 

DV - Driftwood Valley - .  FF - Fumarole f i e l d  - ' GV - Glac ie r  v a l l e y  
MV - Fakushin Valley 
NV - Nateekin Valley 

a )  Analyzed a t  S t a b l e  Iso tope  Laboratory, Southern Methodist U . ,  Da l l a s ,  Texas. 
b) Values a r e  i n  permil  w i t h  respect  t o  SXOW. 

- 



- _ 
Table 24. Analyses  of t r i t i u m  i n  wa te r s  from Hakushin geothermal a rea .  

Sample code . L o c a l i t y  Date  c o l l e c t e d  TU 
MVTW-3 ST- 1 9-02-83 0.4620.08 

0 '  

RM82MV-cs c o l d  s t r . ,  Mk. Val 7-21-82 11.3i0.3 
RM82MV-ru h o t  s p r .  M-c 7-22-82 16.420.4 
RM8 2GV-E h o t  spr: Gj 7-20-82 36.520.8 
RM8 2GV-w h o t  s p r .  G-1 . 7-20-82 28.250.7 
RM82GV-24 hot s p r  G m  7-20-82 10.520.3 
RM82PV h o t  s p r .  G p  7-20-82 6.120.2 

Analyst :  H. Gote Os t lund ,  U .  of Miami, Miami, F l o r i d a .  
TU = Tr i t i um u n i t s  - 



Tnh le  25. Gcot l~ermometry  o f  c h l o r i d e  s p r i n g  w n t e r ~  i n  tlnkuellln g e o t h e r m a l  n reo .  
(Tr tqpcrnturcn  I n  'C). 

Date  g r .  cond. (1) ~ 1 ~ ~ 1 .  cond.  (2)  Na/K (3 )  Na/K ( I )  a /  5  N0-K-C. (6 )  Na-r-Ca ( I )  ('1 
S l t e  Name 

6  5  210 178 187 157 7  1  17 1  
DV - s t r e a m  8-2 1-81 96 . 

144 I  lR 225 197 205 166 129 139 CV - Cm 7-20-82 
122 225 197 204 167 99 126 

CV - Gn 7-20-82 147 
113 2 2 1 .  192 200 175 . - 64 143 

CV - Gp 7-20-82 139 f .9 .  . ~. ..' 
7 . .  -- 

DV.9 Dr i f twood  V a l l e y .  GV - C l a c l e r  V a l l e y  

F o u r n l e r .  1983. i h p r o v e d  5102. 
F o u r n i e r .  1983. improved 5102- 
F o u r n l e r ,  1981,  Na/K. 
Trctesdell , .  1976. N O l K .  

Arnoreson.  ,1983. Na/K, Basnl t -  
Fnctrnicr (C ~ r u e a d t f l ,  1973- 
F o u r n l c r  b P o t t e r ,  1979. 
~ o t t l l l ~ c  h Mlclinrcl,- 19RI. 
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- Table  27. Makushin geothermal a r e a ,  ana lyses  of 13C112C i n  C02 
emanating from fumzroles and h o t  sp r ings .  

Year 
Loca t ion  . Col lec ted  13C, PDB Type Analyst 

- - 
F&. - f i e l d  8 1 

Fum. f i e l d  #2 

Fun. f i e l d  U3,sp 
1. ' 

lower.t ,  v i - .  
s u p e r  h e a t e d .  

wes t  
Fum. f i e l d  # 4  
Fum. f i e l d  /I5 

Fum. f i e l d  t 6  

Fum. f i e l d  #9 
. Spr ing  'Gj 

Spr ing  G p  

USGS 
USGS 

GC 
SMU 

USGS 
GC 

SMU 
GC 

SIO 
USGS 
USGS 
USGS 
USGS' SI 
USGS 
USGS 

SMU 
USGS 
USGS 

. USGS 

- -  - 
USGS = U.S. Geologica l  Survey, Menlo Park,  C a l i f o r n i a .  

SMU = Southern Methodist  Un ive r s i t y ,  S t a b l e  I so tope  Lzboratory , D a l l a s ,  
. ' Texas. . 

GC = Global  Geochemistry, Inc . ,  Canoga P a r k ,  C a l i f o r n i a .  
SIO = S c r i p p s  I n s t i t u t e  of Oceanogrzphy, S t a b l e  I so tope  Labora tory ,  

La J o l l a ,  C l a i f o r n i a .  



t - . -  
=- - Table 28. Helium isotope data, Makushin geothermal aread. a 

. . Year 
Location Collected R / R ~ ~  (He/Ne) /airC RcIRa d 

, 
Fum. field #l , 1980 
Fum. field #2,., 1980 
Fum. field 02 1981 
Fum. ffeld 113, sp . 1981 
Fum. field,#3 ' - '  1981 
Fum. field #3, SH 1982 
Fum. field- 85 -:-- - 1982 
Fum. field P6,-'SU 1982 
Fum. field #7 1983 
Spring G-p 1983 
Test well ST-1 1983 

a)  R. Poreda analyst, Scripps Institute of Oceanography, Stable Isotope 
Lab. 

b) R = 3He/4He ratio in sample. 
c) Ra = 3Hel4He ratio in air. 
d) Rc = Sample ratio corrected for air contamination using HelNe ratios. 
e) Belium concentration in' sample was extremely low. 



Table 29. Makushin geothermal a r e a ,  misce l laneous  s t a b l e  
i soeope  ana lyses .  

13C/ 12C - HC03, thermal  wa te r s .  (USGS , Menlo Park,  a n a l y s t s ) .  

Year 
Locat ion Col lec ted  13C; PDB 

. S p r i n g .  G h  1982 
Tes t  w e l l  ST-1 1984 

13C/12C and- 186/160 i n  CaC03, - c a l c i t e  s i n t e r  d e p o s i t e d  on downhole 
ins t rument  :&abje i n  t e s t  w e l l  ST-1, mid-July , ' 1984. (SMU a n a l y s t s ) .  

13C/12C, PDB 180/160, PDB: C02 

13C/12C i n  methane, fumarole gases .  

Year 
Loca t ion  Co l l ec t ed  13C, PDB Analyst  

Fun. f i e l d  $2 1982 -4T. 3 USGS 
Fum. f i e l d  t 6  1982 -30.6 SIO 

D/H i n  hydrogen and methane, fumarole gases .  

Year 
Loca t ion  Co l l ec t ed  D / H  - H2, SMOW D/H -. C H 4 ,  SMOW Analyst 

Fum. f i e l d  #3, s p  1981 -60 1 
Fun. f i e l d  #3,  

superhea ted  1982 -582 
Fum f i e l d  t 6 ,  

summit 1982 -7 19 

GC 

USGS 

USGS 



a  
Table 30. St-1 whole r o c k  oxygen i so tope  da t a .  

Sample 3 . . 180/160 D e s c r i p t i o n  
ST-1-201 -4.0 Gabbro. P l a g i c l a s e  a l t e r e d  t o  c l a y s .  

S~-1-664 -2 .7  , Gabbro a l t e r e d  t o ,  wa i r ak i t e .  Steam e n t r y .  

ST-1-1066 -2.0 Albite-K spa r -b io t i t e - ep ido te  ve in .  

ST-1-1638 +2.8 - "unal te red"  gabbro. Pyroxenes a l t e r e d  t o  
anthophyllite-cumingtonite. 

. '  - 
ST- 1- 1937 -0.1 .-- C h l o r i r i c a l l y  a l t e r e d  gabbro. 

- - +6.4 Average o f  11 Makushin a r e a  v o l c a n i c  rocks .  

a) Analyzed a t  U.S.  Geologica l  Survey, Menlo Park ,  CA. ,  I. Barnes l a b .  



L i t h o l o g i c  Log and Hydrothermal A l t e r a t i o n  a t  Core from t h e  Makushin 

. Geothermal  Area,  Unalaska I s l a n d ,  Alaska  

. by 
- . -  - .  

L. D; Queen 



Li rho log ic  l b g  and Hydrothermal A l t e r t ~ i o n  of Core f;om Drill Hole A-1.  

Yakushin Geothermal Area, Unalaska I s l a n d ,  Alaska. 
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