
STATE OF ALASKA 

DEPARTMENT OF NATURAL RESOURCES 

DMSION OF GEOLOGICAL AND GEOPHYSICAL SURVEYS 

Steve Cowper, Governor 

Lennie Gorsuch, Commissioner 

Robert B. Forbes, Director and State Geologist 

December 1988  

This report is a preliminary publication of DGGS. 
The author is solely responsible for its content and 
will appreciate candid comments on the accuracy of 
the data as well as suggestions to improve the report. 

R e p o r t  o f  I n v e s t i g a t i o n s  8 8 - 1 4  
FLUID GEOCHEMISTRY AND FLUID-MINERAL 

EQUIL IBRIA I N  TEST WELLS AND THERMAL- 
GRADIENT HOLES AT THE MAKUSHIN GEOTHERMAL 

AREA, UNALASKA ISLAND, ALASKA 

BY 
R.J. Mo tyka ,  L.D. Queen, C.J.  J a n i k ,  

D.S. Sheppard,  R.J. Poreda ,  and  
S.A. L i s s  



STATE OF ALASKA 
Department of Natural Resources 

DIVISION OF GEOLOGICAL & GEOPHYSICAL SURVEYS 

According to Alaska Statute 41, the Alaska Division of Geological and 
Geophysical Surveys i s charged with conducting 'geological and geophysical 
surveys to determine the potential of Alaskan land for production of metals, 
minerals, fuels, and geothermal resources; the locations and supplies of ground 
water and construction materials; the potenti a1 geologic hazards to buildings, 
roads, bridges, and other install ations and structures; and shall conduct such 
other surveys and investigations as will advance knowledge of the geology of 
Alaska.' 

In addition, the Division of Geological and Geophysical Surveys shall 
collect, record, evaluate, and distribute data on the quantity, quality, and 
location of underground, surface, and coastal water of the state; publish or 
have publ ished data on the water of the state and require that the results and 
findings of surveys of water quality, quantity, and location be filed; require 
that water-well contractors file basic water and aquifer data, including but not 
limited to well location, estimated elevation, well-driller's logs, pumping 
tests, flow measurements, and water-quality determinations; accept and spend 
funds for the purposes of this section, AS 41.08.017 and 41.08.035, and enter 
into agreements with individuals, publ ic or private agencies, communities, 
private industry, and state and federal agencies; coll ect, record, evaluate, 
archive, and distribute data on seismic events and engineering geology of the 
state; and identify and inform public officials and industry about potential 
seismic hazards that might affect development in the state. 

Administrative functions are performed under the direction of the 
Director, who maintains his office in Fairbanks. The locations of DGGS offices 
are 1 i sted below: 

.794 University Avenue ,400 Wi 1 1  oughby Avenue 
(Suite 200) (3rd floor) 
Fai rban ks , A1 as ka 99709 Juneau, A1 as ka 9980 1 
(907)474-7147 (907)465-2533 

.3700 Airport Way .I8225 Fish Hatchery Road 
Fai rbanks , A1 aska 99709 P.O. Box 772116 
(907)451-2760 Eagle River, Alaska 99577 

(907) 696-0070 

This report is for sale by DGGS for $6. DGGS publications may be 
inspected at the following locations. Mail orders should be addressed to the 
Fairbanks office. 

.3700 Airport Way .400 Wi 1 1  oughby Avenue 
Fai rban ks , A1 as ka 99709 (3rd floor) 

Juneau, A1 aska 99801 

. U. S. Geological Survey . Informat i on Speci a1 i st 
Pub1 ic Information Office U. S. Geol ogi cal Survey 
701 C Street 4230 University Drive, Room 101 
Anchorage, Alaska 99513 Anchorage, A1 as ka 99508 



CONTENTS 

........................................................... Introduction 
Geologic setting ....................................................... 

.................................................. Drilling hi story ST-1 
Fluid geochemistry ..................................................... 

Sampl i ng procedures ................................................ 
Methods of analyses ................................................ 

........................................................... Water 
Gases ........................................................... 

Water chemistry .................................................... 
...................................................... Gas chemistry 

Reservoir fluid composition ........................................ 
Fluid saturation ................................................... 

Isotope analyses ....................................................... 
............................................ Oxygen 18 and deuterium 

Tritium ............................................................ 
Carbon 13 in carbon dioxide ........................................ 
He1 i um i sotopes .................................................... 

......................................................... Geot hermometry 
................................................ Hydrothermal a1 teration 

............................................................ Met hods 
Surf ace a1 terat i on ................................................. 
A1 terat i on mineral s in the core .................................... 
Paragenesis and alteration assemblages ............................. 

....................................................... Fluid inclusions 
............................................................ Methods 

..................................................... Fluid salinity 
Homogenization temperatures ........................................ 
A1 teration equilibrium in the Makushin system ...................... 

Glacier unloading: Cause of recent change in the geothermal system ..... 
Discussion of premier geophysics electrical resistivity study .......... 

.................................... Model of Makushin geothermal system 
....................................................... References cited 

............................................................. Appendix A 

FIGURES 

Figure 1 . Location map for Makushin geothermal area ................... 
2 . Geologic map o f  the Makushin geothermal area ................ 
3 . Webre mini-cyclone separator in use at well ST.1. Makushin 

geothermal area .......................................... 
4 . C02-H2S-N2 compositions of well ST-1 and fumarol ic gases 

from Makushin geothermal area ............................ 



5. N2/Ar vs. H2/Ar p l o t  f o r  we l l  ST-1 gases, Makushin 
geothermal area.......................................... 

6. Quar t z  s o l u b i l  i t y  curve and values f o r  w e l l  ST-1, Makushin 
geothermal area.......................................... 

7. C a l c i t e  s a t u r a t i o n  curve and values f o r  w e l l  ST-1, Makushin 
geothermal area.......................................... 

8. Anhydr i te  s a t u r a t i o n  curve and values f o r  w e l l  ST-1, 
Makushin geothermal area................................. 

9. Stable i so tope  analyses o f  we l l  ST-1, thermal spr ings,  and 
meteor ic  waters from t h e  Makushin geothermal area.. . . . . . . 

10. T r i t i u m  analyses o f  we l l  ST-1, thermal spr ings,  and ground 
water streams i n  the  Makushin geothermal area.. . . . . . . . . . . 

11. 613c values o f  C02 i n  gases from we l l  ST-1 (W) ( t a b l e  16), 
and fumaroles, and hot  spr ings i n  t h e  Makushin 
geothermal area.......................................... 

12. He iso tope analyses from we l l  ST-1 (W), and fumaroles, and 
h o t  spr ings  i n  t he  Makushin geothermal area ( t a b l e  17) 
comparedwi t h  values from var ious t e c t o n i c  se t t i ngs . .  . . . . . 

13. Comparison o f  geothermometry o f  we l l  ST-1, Makushin 
geothermal area ( tab les  18, 19, and 20) .................. 

14. L i t h o l o g i c  l o g  and temperature p r o f i l e  o f  geothermal 
g r a d i e n t  ho le  D-1, Makushin geothermal area.............. 

15. L i  t h o l  og i  c 1 og and temperature p r o f  i 1 e o f  geothermal 
g r a d i e n t  ho le  E-1,  Makushin geothermal area.. . . . . . . . . . . . . 

16. L i  t h o l  og i c  1 og and temperature p r o f  i 1 e o f  geothermal 
g r a d i e n t  ho le  I - 1, Makushi n geothermal area.. . . . . . . . . . . . . 

17. L i t h o l o g i c  l o g  and temperature p r o f i l e  o f  geothermal w e l l  
ST-1, Makushin geothermal area........................... 

18. L i t h o l o g i c  l o g  and temperature p r o f i l e  o f  geothermal 
g r a d i e n t  ho le  A-1, Makushi n geothermal area. . . . . . . . . . . . . . 

19. Paragenetic c h a r t  o f  Makushin a l t e r a t i o n  minera ls  ........... 
20. F l u i d  i n c l u s i o n s  i n  quar tz  from the  Makushin Geothermal 

a r e a . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .  54 
21. F l u i d  i n c l u s i o n s  showing daughter minera l  s . . . . . . . . . . . . . . . . . . 54 
22. Histogram o f  f l u i d  inc lus ions ,  temperature o f  1 as t  i c e  

m e l t i n g  .................................................. 5 6 
23. Temperatures o f  f l u i d  i n c l u s i o n  homogenization a t  

sample depth i n  w e l l s  1-1, ST-1, and E - 1  ................. 57 
24. Chemical p o t e n t i a l  diagram f o r  the  system 

Ca0-A1203-Si0 -H 0. ...................................... 2 2 6 0 
25. Makushin r e s e r v o i r  waters p l o t t e d  on t h e  a c t i v i t y  diagram 

f o r  t h e  system Ca0-A1203-Si02-H20.. . . . . . . . . . . . . . . . . . . . . . . 6 1 
26. Makushin r e s e r v o i r  waters p l o t t e d  on t h e  a c t i v i t y  diagram 

f o r  t h e  system Ca0-K20-A1203-Si02-H20 a t  200°C ........... 6 1 
27. Makushin r e s e r v o i r  waters p l o t t e d  on t h e  a c t i v i t y  diagram 

f o r  t h e  system Ca0-Na20-A1203-Si02-H20 a t  200°C.. . . . . . . . . 6 1 
28. Fugaci ty  o f  oxygen vs. pH diagram f o r  t h e  system Fe-S-H20 

a t  250°C ( a f t e r  Crerar  and Barnes, 1970). .. . .. .. . . . . . . . . . 63 



29. Boundaries and general i zed r e s u l t s  o f  E-scan e l e c t r i c a l  
r e s i  s t i v i  t y  survey o f  t h e  Makushin geothermal area 
performed by Premier Geophysics, Inc .  o f  Vancouver, 
Canada (taken from app. E o f  R G I  f i n a l  r e p o r t  t o  APA, 
1985) .................................................... 

30. Model o f  r e s i s t i v i t y  sec t i on  through E-1 and ST-1 by 
Premier Geophysics, Inc .  o f  Vancouver, Canada ( taken 
from app. E o f  R G I  f i n a l  r e p o r t  t o  APA, 1985). ........... 

31. General i zed  model o f  a geothermal system t y p i c a l  o f  a c t i v e  
i s l  and-arc andesi t e  volcanoes (reproduced from Hen1 ey and 
E l l i s ,  1983) ............................................. 

32. Cross-sect ion o f  Makushin Geothermal system ................. 
TABLES 

Tab1 e 1. F rac t i on  o f  steam separated f rom f l ashed  w e l l  f l u i d s  ........ 
2. Chemical analyses o f  waters c o l l e c t e d  from Makushin Val 1 ey 

t e s t  w e l l  ST-1, 1983.. ................................... 
3. Chemical analyses o f  waters c o l l e c t e d  from Makushin V a l l e y  

t e s t  we l l  ST-1, 1984.. ................................... 
4. Chemical analyses o f  1983 waters from Makushin Va l l ey  

t e s t  we1 1 ST-1, co r rec ted  t o  r e s e r v o i r  cond i t i ons  
w i thou t  gas.. ............................................ 

5. Chemical analyses o f  1984 waters c o l l e c t e d  from t h e  
Makushin Va l ley  t e s t  w e l l  ST-1, cor rec ted  t o  
r e s e r v o i r  cond i t i ons  w i thou t  gas.. ....................... 

6. Chemical analyses o f  exhaust p i p e  waters from Makushin 
Val l e y  t e s t  we1 1 ST-1 co r rec ted  f o r  r e s e r v o i r  c o n d i t i o n s  
assuming 60'C end p o i n t  f l a s h  temperature.. .............. 

7. Makushin t e s t  we1 1, a i r  co r rec ted  gas analyses, mole 
percent .................................................. 

8. Mass percent gas content  o f  t o t a l  discharge, us ing  O2 
cor rec ted  gas analyses ................................... 

9. Concentrat ions o f  chemical species i n  m moles/1000 gm H20 
f o r  r e s e r v o i r  waters a t  193'C w i t h  gas.. ................. 

10. P a r t i a l  pressure o f  C02 and H2S i n  so lu t i on ,  r e s e r v o i r  
co d i t i o n s  ............................................... 

11. 180/160 i n  anhydr i te  obta ined from t e s t  w e l l  core ........... 
12. Makushin Va l ley  t e s t  w e l l  ST-1, oxygen and deuter ium 

iso tope analyses--steam and water. ....................... 
13. Makushin Va l ley  t e s t  w e l l  ST-1, s t a b l e  isotope analyses 

cor rec ted  t o  r e s e r v o i r  cond i t i ons  ........................ 
14. ST-1 whole rock  oxygen iso tope d a t a .  ........................ 
15. Analyses o f  t r i t i u m  i n  waters from Makushin geothermal 

a r e a . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .  
16. Makushin Va l ley  t e s t  w e l l  ST-1, Unalaska Is land,  Alaska, 

carbon isotope analyses, C02 i n  gas and steam...... ...... 



17. He1 ium iso tope data, Makushin geothermal area . . . . . . . . . . . . . . . 3 2 
18. Geothermometry f o r  Webre separator waters from Makushin 

Va l ley  t e s t  w e l l  ST-1 cor rec ted  f o r  r e s e r v o i r  
cond i t ions  ............................................... 3 5 

19. Sul fa te -water  180/160 iso tope temperatures, Makushin Val l e y  
t e s t  we l l ,  ST-1 .............................. ....... ..... 36 

20. Gas geothermometers appl i e d  t o  Makushin t e s t  w e l l  . . . . . . . . . . . 3 7 
21. Desc r ip t i on  o f  f l u i d  i n c l u s i o n  samples . . . . . . . . . . . . . . . . . . . . . . 5 2 
A l .  Chemical analyses o f  su l  fa te-carbonate sp r ing  waters i n  t h e  

Makushin geothermal area.. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 81 
A2. Chemical analyses o f  c h l o r i d e  sp r ing  waters i n  t h e  Makushin 

geothermal area.......................................... 8 2 
A3. Chemical analyses o f  c o l d  waters i n  t he  Makushin geothermal 

a r e a . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .  82 
A4. Stab1 e isotope analyses o f  su l  fa te-carbonate sp r ing  waters 

i n  t he  Makushin geothermal area.......................... 83 
A5. Stable iso tope analyses o f  c h l o r i d e  sp r ing  waters i n  t h e  

Makushin geothermal area.. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 83 
A6. Stable iso tope analyses of c o l d  waters i n  t he  Makushin 

geothermal area. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 84 
A7. Geothermometry o f  c h l o r i d e  sp r ing  waters i n  Makushin 

geothermal area.. . . . . . .. . . . . . . . . . . .. . . . . . . . . . . . . . . . . . . . . . 85 
A8. Analyses o f  gases c o l l e c t e d  from fumaroles and h o t  spr ings,  

Makushin geothermal area.. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 8 6 
A9. Makushin geothermal area, analyses o f  13c/12c i n  C02 

emanating f rom fumaroles and ho t  springs.. . . . . . . . . . . . . . . . 87 
A10. Makushin geothermal area, m i  s c e l l  aneous stab1 e i sotope 

analyses. . . . . . . . . . . . .. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 88 



F L U I D  GEOCHEMISTRY AND F L U I D - M I N E R A L  E Q U I L I B R I A  I N  TEST 
WELLS AND THERMAL GRADIENT HOLES A T  THE MAKUSHIN GEOTHERMAL 

AREA, UNALASKA I S L A N D ,  ALASKA 

by 
R.J. ~ o t y k a , '  L . D .  ~ u e e n , ~  C.J. J an i  k ,3 D.S. S h e ~ p a r d , ~  ~ . J . ~ o r e d a , ~  

and S.A. ~ i s s ~  

INTRODUCTION 

The Makushin geothermal a rea  i s  l oca t ed  on nor thern  Unalaska I s land  in  
t h e  eas t - cen t r a l  Aleut ian  Chain ( f i g .  1 ) .  The explored por t ion  of t h e  
geothermal f i e l d  1 i e s  on t h e  e a s t  and sou theas t  f l a n k s  of  Makushin volcano, 
about 20 km west of t h e  v i l l a g e s  of  Unalaska and Dutch Harbor. Surface 
man i f e s t a t ions  of  t h e  hydrothermal system inc lude  numerous fumaroles,  b i c a r -  
bona te - su l f a t e  thermal sp r ings ,  and zones of  i n t e n s e  a l t e r a t i o n  a t  t h e  heads 
of Makushin and Glac i e r  va l l eys  ( f i g .  2 ) .  Addit ional  fumaroles occur on t h e  
north and south f l a n k s  of t h e  volcano, and a r e a s  of  warm ground a r e  found 
near  Sugarloaf  and a t  t h e  head of Nateekin Valley.  Resul t s  of reconnais -  
sance i n v e s t i g a t i o n s  ind ica t ed  t h e s e  thermal a r e a s  a r e  underlain by a b o i l -  
i  ng hot-water  r e se rvo i  r capped by a s h a l l  ow vapor-dominated zone (Motyka and 
o the r s ,  1981; Motyka and o t h e r s ,  1983). 

A s ta te - funded  exp lo ra t ion  d r i l l i n g  program was i n i t i a t e d  in  1982 by 
Republic Geothermal, Inc.  (RGI) of Santa  Fe Spr ings ,  C a l i f o r n i a ,  under con- 
t r a c t  t o  t h e  Alaska Power Authori ty  (APA) (RGI, 1983).  In l a t e  August 1983, 
a t e s t  well l oca t ed  near  t h e  head of Makushin Valley (ST-1, f i g .  2 )  i n t e r -  
sected a l a r g e  f r a c t u r e  a t  a depth of 593 m from which hot  waters  were suc-  
c e s s f u l l y  produced a t  t h e  wellhead. The well was flowed over a f ive-day  
period,  shu t  down u n t i l  e a r l y  J u l y  1984, then  reopened and allowed t o  flow 
f o r  a per iod of  45 days. The flowing bottom-hole temperature (BHT) i n  both 
cases  measured 193°C. A1 though f l u i d  en tha lpy  was re1 a t i v e l y  low, r e s u l t s  
of t h e  r e s e r v o i r  engineering t e s t s  i nd ica t ed  t h a t  p roduc t iv i ty  of t h e  f r a c -  
t u r e  was s u f f i c i e n t  f o r  a t  l e a s t  two product ion we l l s  which could each d r i v e  
5 MW gene ra to r s  (RGI, 1985).  

Through t h e  cooperat ion of RGI and APA, t h e  au thors  were ab l e  t o  ob ta in  
samples of ST-1 f l u i d s  a t  t h e  wellhead dur ing  t h e  i n i t i a l  t e s t i n g  of t h e  
well i n  1983 and again in  August of 1984 a f t e r  t h e  well had flowed f o r  
approximately 40 days. Rock co res  e x t r a c t e d  from a thermal g rad ien t  hole  

'~ivision of Geological and Geophysical Surveys, 400 Wi lloughby, 3rd f l., Juneau, Alaska 99801. 
'~ivision of Geological and Geophysical Surveys, 3700 Airport Way, Fairbanks, Alaska 99709. 
3 ~ . ~ .  Geological Survey. Igneous Geothermal Processes Section, 345 Middlef ield Rd., MS-910, Menlo Park, 
California 94025. 

4~epartment of Science & Industrial Research, We1 1 ington. New Zealand. 
5~sotope Laboratory A-20. Scripps Institute of Oceanography, La Jolla, California 92037. 
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(TGH) d r i l l e d  near  Sugarloaf in  1984 (A-1, f i g .  2 )  were shipped t o  Fa i r -  
banks, examined f o r  mineral a l t e r a t i o n ,  and compared t o  well l ogs  f o r  ST-1 
and TGH E-1, D-1, and 1-1 which were previous ly  examined by Queen (1984).  
This r e p o r t  p r e s e n t s  t h e  f ind ings  of our  geothermal f l u i d ,  mineral a l t e r a -  
t i o n ,  and f l  uid-mineral i n v e s t i g a t i o n s  o f  we1 1 ST-1 and t h e  thermal g r a d i e n t  
ho les .  Appendix A of  t h i s  r epo r t  a l s o  con ta ins  updated geochemical d a t a  on 
fumaroles,  thermal sp r ings ,  and cold waters  i n  t h e  Makushin geothermal a r ea  
which were f i r s t  d i scussed  in  Motyka and o t h e r s  (1983). 

Objec t ives  of  our  i n v e s t i g a t i o n s  were: 

( 1 ) t o  determine r e s e r v o i r  f l u i d  geochemistry; 
( 2 ) t o  provide a pre-development geochemical d a t a  base; 
(3) t o  s tudy  f l  uid-mineral equi l  i b r i a ;  
( 4 ) t o  determine deeper  r e s e r v o i r  c h a r a c t e r i s t i c s  and o r i g i n  of 

chemical c o n s t i t u e n t s  i n  the r e s e r v o i r  f l u i d s ;  
(5)  t o  perform geothermometry; 
(6) t o  analyze mixing r e l a t i o n s ;  
( 7 )  t o  a s s e s s  p o t e n t i a l  s ca l ing  and environmental problems; 
(8) t o  compare i s o t o p i c  and chemical composition of ST-1 f l u i d s  t o  

neighboring fumaroles and sp r ings ;  and 
( 9 ) t o  r e c o n s t r u c t  t h e  h i s t o r y  of t h e  hydrothermal system. 

The Makushin geothermal system i s  t h e  f i r s t  i n  t h e  Aleut ian a r c  of a c t i v e  
volcanism t o  have been succes s fu l ly  d r i l l e d  and t o  produce f l u i d s  a t  
temperatures  above atmospheric boil  ing.  As such, t h e  Makushin program has 
provided us with a unique oppor tuni ty  t o  s tudy  arc- re1  a ted  hydrothermal 
systems and t h e  dynamic i n t e r a c t i o n s  between volcanism, g l a c i a t i o n ,  and hy- 
drothermal systems. 

The f i n d i n g s  of our  s tudy,  combined with our  previous observa t ions ,  and 
with r e s u l t s  of vo lcanic  i nves t iga t ions  by Nye and o t h e r s  (1985),  measure- 
ments and t e s t s  made by RGI on t h e  thermal g r a d i e n t  holes  and t e s t  well 
(RGI, 1983; 1984; 1985),  and t h e  r e s u l t s  of  an e l e c t r i c a l  r e s i s t i v i t y  survey 
conducted i n  1984 by Shore (1985), have l e d  us t o  t h e  following model f o r  
t h e  Makushin geothermal system: 

(1) The hea t  source d r iv ing  t h e  hydrothermal system i s  presumed t o  be a 
sha l low- ly ing  body of magma as  suggested by t h e  geo log ica l ly  young 
c a l d e r a  a t  t h e  summit of Makushin volcano. The magma chamber i s  
thought t o  be r e l a t e d  t o  pos t -P le i s tocene  outpouring of homogeneous 
l a v a s  on t h e  no r theas t  f l ank  of Makushin volcano and p y r o c l a s t i c  
flows a t  t h e  head of Makushin Valley.  

( 2 ) T h e  main hydrothermal r e s e r v o i r  has a temperature of 250" and i s  
l oca t ed  over  t h e  hea t  source. Hot waters  from t h e  r e s e r v o i r  ascend 
through t h e  core  region of t h e  volcano then  cool a s  they spread 
l a t e r a l l y .  Steam and gases  evolve from t h e  bo i l i ng  of t h e  outflowing 
plume of  hot  water  a s  i t  nears  t h e  s u r f a c e  and feed t h e  fumaroles and 



bicarbonate-sul  f a t e  thermal spr ings  which abound a t  mid-e l  eva t ions  on 
t h e  south and east f l a n k s  o f  t he  volcano. 

(3 )The  r e s e r v o i r  i s  recharged by meteor ic  waters t h a t  i n f i l t r a t e  the  
system along f r a c t u r e s  l oca ted  a t  mid- t o  lower e leva t i ons  o f  t h e  
volcano. The chemical composit ion o f  r e s e r v o i r  waters i s  p a r t i a l l y  
der ived from re lease o f  v o l a t i l e  gases from the  under l y ing  magma 
system, bu t  main ly  from i n t e r a c t i o n  w i t h  t h e  r e s e r v o i r  rock.  ST-1 
waters are moderately r i c h  i n  sodium and c h l o r i d e  and have r e l a t i v e l y  
h igh  concentrat ions o f  calcium. The l a t t e r  i s  a t t r i b u t e d  t o  t h e  
i n t e r a c t i o n  o f  ho t  waters w i t h  t h e  gabbronor i t i c  i n t r u s i v e  t h a t  
appears t o  a c t  as t h e  hos t  rock  f o r  a t  l e a s t  a  p o r t i o n  o f  t h e  rese r -  
v o i r  waters. 

( 4 )  F l u i d s  produced from ST-1 are  ou t  o f  e q u i l i b r i u m  w i t h  t h e  measured 
f l ow ing  BHT. Geothermometry i n d i c a t e s  the  waters were h o t t e r  and 
must have cooled before  en te r i ng  the  borehole. F l u i d s  a t  t h e  bottom 
o f  ST-1 are below the  pressure b o i l i n g  po in t ,  r u l i n g  ou t  ad iaba t i c  
coo l ing .  The remaining a l t e r n a t i v e s  are t h a t  t he  waters cooled 
conduct ive ly ,  o r  by d i l u t i o n  w i t h  co lde r  waters, o r  bo th .  

(5)  Resul ts  o f  e l e c t r i c a l  r e s i s t i v i t y  surveys, conducted by Premier Geo- 
physics o f  Vancouver, B r i t i s h  Columbia, i n d i c a t e  t h a t  t h e  hydro ther -  
mal system a t  the  head o f  Makushin Va l l ey  i s  bounded by f a u l t s  and 
f r a c t u r e s  no r th  and eas t  o f  ST-1 and t h a t  the  hydrothermal system 
extends west and south o f  ST-1 and E-1.  The e l e c t r i c a l  r e s i s t i v i t y  
survey showed no evidence f o r  any hydrothermal system east  o f  fuma- 
r o l e  f i e l d  1 nor  f o r  any 1  i nea r  hydrothermal system o f f s e t  t o  t he  
east  from the  main volcano. These f i n d i n g s  i n d i c a t e  t h a t  any f u t u r e  
product ion w e l l s  should be s i t e d  a t  o r  up -va l l ey  o f  ST-1. 

(6) A weal th o f  evidence der ived from mineral  a1 t e r a t i o n  and f l u i d  i n c l u -  
s ion  s tud ies  i nd i ca tes  t h a t  t h e  c h l o r i n e - r i c h  ho t -water  system 
extended t o  the sur face a t  t he  heads o f  Makushin and G l a c i e r  v a l l e y s  
i n  the  recent  past and t h a t  t h e  near-sur face system temperature 
reached 250°C. The change i n  h y d r o s t a t i c  pressure caused by the  
advance and r e t r e a t  o f  Holocene g l a c i e r s  i s  proposed as t h e  cause o f  
these changes i n  the  near-sur face regime o f  the  hydrothermal system. 

(7) Paleotemperatures determined from f l u i d  i nc lus ions  t rapped i n  
hydrothermal quar tz  ve ins are s u b s t a n t i a l l y  h igher  t han  present-day 
temperatures i n  ST-1 and E - 1 .  The temperature change i n d i c a t e s  t h a t  
a t  l e a s t  the  upper p o r t i o n  o f  t he  geothermal system has cooled. 
Nevertheless, amp1 e  energy should remain f o r  geothermal resource 
development i n  t h e  foreseeable f u t u r e .  

GEOLOGIC SETTING 

The Makushin area i s  one o f  over 70 major vo lcan ic  centers  w i t h i n  the  
A leu t i an  arc o f  a c t i v e  volcanism. The A leu t i an  Chain l i e s  immediately no r th  
o f  t he  A leu t ian  Trench, a  convergent boundary between the  Nor th  American and 
the  P a c i f i c  l i t h o s p h e r i c  p la tes .  The e r u p t i o n  o f  A leu t i an  magmas appears t o  



be closely related to the subduction of the Pacific plate beneath the North 
American pl ate. 

Makushin Volcano (2,000 m) is a large composite, polygenetic volcanic 
center that dominates northwestern Unal aska Is1 and. The broad dome-shaped 
summit is capped by an -5-km-diam. ice-filled caldera with glaciers descend- 
ing the larger valleys to elevations as low as 300 m. Four satellitic late- 
Pleistocene to Holocene volcanic cones also occur in the area and are 
aligned in a northeasterly trend, roughly subparallel to the strike of this 
portion of the Aleutian arc. 

Geology of the Makushin study area, general ized from Nye and others 
(1984), is shown in figure 2. The oldest unit exposed in the study area is 
the Unalaska Formation which consists of Miocene to early Pliocene volcani- 
clastic rocks, dikes, sills, lava flows, and minor sedimentary rocks. The 
upper part of the formati on consists primarily of pyrocl asti c rocks, whereas 
lava flows dominate the lower section. The formation has been metamorphosed 
to grades as high as the pyroxene hornfels facies near contacts with an un- 
zoned gabbronoritic stock that is extensively exposed at the heads of 
Makushin and Glacier Valleys. The intrusive is medium-grained, equigranul ar 
to porphyritic, and consists primarily of pl agiocl ase (50-75 modal percent, 
An50-An70) with subequal amounts of clinopyroxene and orthopyroxene (Nye and 
others, 1984). The gabbronorite is thought to be roughly correlative with 
other intrusives exposed on the island and which have been dated at 10- 
13 Ma. 

Fumaroles and hot springs at the heads of Makushin and Glacier Valleys 
emanate almost exclusively from the gabbronori te and hornsfel sic border 
zone. The gabbronorite was encountered in all five holes drilled at the 
Makushin geothermal area and appears to be acting as the primary reservoir 
rock at least in the explored portions of the field. Interfingering of the 
Unalaska Formation with the gabbronorite is common, suggesting that only the 
roof of the stock has been exposed. 

The volcanic rocks which comprise Makushin Volcano and the satellitic 
vents are discussed in detail by Nye and others (1985). Makushin Volcano is 
a polygenetic composite stratovolcano that is primarily composed of basalt 
and andesite flows, lahars, and pyroclastic flows. Available K-Ar ages on 
the Makushin lavas are less than 1 Ma, indicating that the Makushin 
volcanics in the study area are exclusively Quaternary. 

The satellitic cones are post-Wisconsinan monogenic vents consisting 
primarily of chemically homogeneous basaltic to andesitic flows and pyro- 
clastic flows and cinders. A thick series of chemically homogeneous valley- 
filling, post Wisconsinan andesite flows also issued from the east flank of 
Makushin Volcano, enveloping Sugar1 oaf and fi 11 i ng Driftwood Val 1 ey. This 
1 arge outpouring of post-Wi sconsinan 1 avas and pyrocl astic rocks suggests a 
Hol ocene magmatic pul se of exceptional vol ume. However, trace element 



geochemical s t u d i e s  (Nye and o thers ,  1985) i n d i c a t e  t h a t  t h e  sate1 1  i t i c  
cones had source reg ions  and plumbing systems separate f rom t h e  ones 
supp l y i ng  Makushin Volcano. The huge amount o f  l avas  represen ted  i n  t h e  
eas t  f l a n k  Holocene Makushin e r u p t i o n  suggests t h a t  a  l a r g e  volume o f  
r e s i d u a l  magma may have lodged i n  t h e  subc rus ta l  r e g i o n  o f  t h e  vo lcano and 
may be a c t i n g  as t h e  heat  source f o r  t h e  e x i s t i n g  hydrothermal system. 

DRILLING HISTORY ST-1 

Tes t  w e l l  ST-1 i s  l o c a t e d  near t h e  head of Makushin V a l l e y  ( f i g .  2) .  The 
w e l l  head s i t s  upon t h e  upper edge o f  an apron o f  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  bot tom o f  upper Makushin Va l ley .  D e t a i l s  o f  t h e  procedures f o l -  
lowed i n  t h e  d r i l l i n g  o f  t e s t  w e l l  ST-1 (and TGH A-1) can be found i n  RGI's 
1984 r e p o r t  t o  t h e  Alaska Power A u t h o r i t y .  The s i t e  chosen f o r  ST-1 was 
based on (1 )  p r o x i m i t y  t o  E -1 ,  t h e  h o t t e s t  o f  t h e  thermal  g r a d i e n t  h o l e s  
d r i l l e d  i n  1982; ( 2 )  p r o x i m i t y  t o  fumaro le  f i e l d s  1 and 2  and t o  a  f a u l t  
which runs  up-canyon f rom ST-1; and (3 )  convenient  l o g i s t i c a l  s t a g i n g  a rea  
f o r  d r i l l i n g .  The upper p a r t  o f  ST-1 ( t o  a  dep th  o f  about 215 m) was 
d r i l l e d  t o  -15 cm diam.; below 215 m t o  w e l l  bottom, diam. i s  -7.6 cm. Be- 
low t h e  t o p  10 m, composed o f  p y r o c l a s t i c s ,  ST-1 penet ra tes  gabb rono r i t e  t o  
a  depth o f  593 m (Queen, 1984). 

D r i l l e r s  encountered a  p ressu r i zed  s t e a m - f i l l e d  f r a c t u r e  a t  210 m. We1 1  - 
head p ressures  a f t e r  s h u t - i n  i n d i c a t e d  steam temperatures o f  140-150°C. 
Samples o f  gases and steam e v o l v i n g  f rom t h e  f r a c t u r e  were ob ta ined  f rom a  
wel lhead r e l e a s e  va lve .  Subsequent d r i l l i n g  and downhole p ressure  measure- 
ments showed t h e  p ressu r i zed  hydrothermal system water  t a b l e  l i e s  -30 m be- 
low t h i s  f r a c t u r e ;  thus, steam i n  t h e  f r a c t u r e  p robab ly  evo lved  f rom b o i l i n g  
o f  t h e  wa te r  t a b l e .  

The steam f r a c t u r e  was sealed and d r i l l i n g  cont inued.  No a d d i t i o n a l  open 
f r a c t u r e s  were encountered u n t i l  585 m below sur face .  The w e l l  was shu t  and 
pressure a l lowed t o  b u i l d .  Upon opening o f  t h e  w e l l  h o t  waters  spu r ted  
i n t e r m i t t e n t l y  f rom t h e  wel lhead exhaust, b u t  cont inuous f l o w  was n o t  sus- 
t a i n a b l e .  F i e l d  measurements o f  c h l o r i d e  concen t ra t i ons  i n  t h e  f l a s h e d  
waters ranged f rom 5,000 t o  7,000 ppm. 

D r i l l  i n g  was con t inued  t o  a  depth o f  593 m whereupon t h e  d r i l l  s t r i n g  
dropped an es t ima ted  1 m, i n d i c a t i n g  a  ma jo r  open f r a c t u r e  had been i n t e r -  
sected. The w e l l  was immediately shut,  and t h e  wel lhead p ressure  was 
a l lowed t o  i nc rease  u n t i l  i t  s t a b i l i z e d  a t  approx imate ly  t h r e e  bars .  The 
w e l l  was then  opened on August 27, 1983, and t h e  r e s u l t a n t  f l u i d  f l o w  up t h e  
borehol e  became s e l  f - sus ta i n i ng .  The we1 1  was b r i e f l y  f lowed, and exhaust -  
end wate r  samples c o l l e c t e d  f o r  chemical analyses, t o  determine if any 
adverse env i ronmenta l  e f f e c t s  would occur  upon d ischarge  o f  t h e  w e l l  waters  
i n t o  a  l o c a l  stream. A f t e r  approval f o r  d i s c h a r g i n g  t h e  waters  was ob ta ined  
from t h e  a p p r o p r i a t e  agencies, t h e  w e l l  was reopened on August 29 f o r  a  
f i ve-day f l o w  t e s t  which inc luded  downhol e  p ressure  and temperature 



measurements by RGI staff scientists. During this period, the authors 
collected five separate suites of water and gas samples. 

The well was then shut down and wellhead pressure monitored through the 
winter months. Static down-hole pressure and temperature measurements were 
made on July 5, 1984, and the well was reopened on July 7. The well was 
flowed almost continuously over a 45-day period until shutdown on August 10, 
1984. Samples of well fluids were obtained by the authors on August 7 and 
again on August 9, 1984. Plans for 1984 originally called for a deepening 
of ST-1 after the flow test, but APA decided against deepening so as to 
maintain the we1 1 for demonstration purposes. Flowing bottom-hol e tempera- 
tures measured 193'C both in 1983 and 1984 (RGI, 1985). The static downhole 
temperature measurements made by RGI on July 5, 1984 gave a maximum downhole 
temperature of -198°C at a depth of -460 m. Static bottom-hole temperature 
measured -195°C. 

FLUID GEOCHEMISTRY 

Sampl i ng Procedures 

Samples of fluids produced from the test well were collected i n  both 1983 
and 1984. Most were taken from the major production zone at 593-111 depth 
between August 27 and September 3, 1983 and between August 1 and August 7, 
1984. The test well was shut down from September 3, 1983 until July 4, 1984, 
then run continuously until shutdown on August 8, 1984. 

Samples of gases and waters from ST-1 were collected with a Webre type 
mini -cyclone separator. (Design and use of the separator are described in 
Sheppard and Giggenbach, 1985; fig. 3 shows the separator in use at ST-1.) 
The separator was attached to the side of the exhaust manifold at a point 
about 5 m from we1 1 head and 2 m before the throttling orifice. Separator 
pressure was monitored with a high-pressure gauge just before the two-phase 
fluid entered the separator. Fluid collection pressures and temperatures, 
together with sampling dates and steam fractions, are given in table 1. 

The separator was first adjusted for collection of the water fraction. 
Fluids emerging from the water exhaust port of the separator were routed 
through a condensing coil immersed in an ice bath, then collected and 
fi 1 tered through 0.45-p filters. The sample suite normally consisted of 
1 liter filtered untreated, 1 liter filtered acidified (HCl), 1 liter 
filtered and treated with formaldehyde for 6180-so4 determinations, 100 ml 
of water at a dilution of 1:10 and 1:5 for silica determinations, 1 liter of 
untreated water for tritium determinations, and 30 ml of water for stable 
isotope determinations. In addition, raw untreated sampl es were col 1 ected 
for in-field determination of HC03, pH, H2S, and NH3. In two cases (samples 
77 and 02), waters were filtered through 0.1-p filters and treated in the 
field for a1 uminum analysis following methods described by Presser and 
Barnes (1974). 



Figure 3. Webre mini-cycline separator in use at well ST-1, Makushin 
geothermal area. 
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Table 1. Fraction of steam separated from flashed well fluids. 1 

Collection Collection 
Sample # pressulel temperature, Steam 

DGGS USGS Date Time bars O c 4  fraction 2 5 

7 1 1 8-27-83 (+I. 5 hr) 2.00 
7 4 2A 9-1-83 17:30 3.17 
75 3 8 9-2-83 10: 10 3.03 
7 6 4 8 9-2-83 16:20 4.48 
77 5A 9-3-83 19:50 4.55 

'~luids collected using Webre type mini-cyclone separator. 
2~arenthetical value for 71 is the time elapsed after initial discharge from fracture zone at 593 m depth. 
Well was then shut-off unti 1 9-1-83. Well was reopened at 14:40, 9-1-83 and was run continuously unti 1 
about 22:00, 9-3-83. Well was reopened again on 7-4-84 and run nearly continuously unt i 1 8-8-84. 

3 ~ t  the separator. These are absolute values calculated from gauge pressure plus atmospheric pressure 
which was assumed to be 0.96 bars. 

4~etermined from the collection pressure assuming 1 iquid-vapor equi 1 ibrium (Keenan and others, 1969).  
'steam fraction calculated using a B H T = ~ ~ ~ ~ c  and reservoir enthalpy value of 821 kJ/kg (Keenan and others, 

1969).  

As an additional check on water chemistry, water samples were collected 
from the end of the exhaust manifold, by placing a large polyethylene beaker 
beneath the pipe-end and allowing the flashed water t o  flow into the con- 
ta iner .  

Steam and gas samples were collected af te r  f i r s t  adjusting the separator 
for  pure steam phase flow. The steam and gases were routed through the con- 
densing coil then collected in evacuated flasks par t ia l ly  f i l l e d  with sodium 
hydroxide Additional samples were collected in evacuated f lasks without 
NaOH for ' ~ e / ~ ~ e  analyses. A 500-1111 sample of the steam condensate was col- 
lected for  chloride analyses as a check against water phase contamination; 
30-1111 samples of the condensate were also collected for  s table  isotope 
analyses. 

Methods of Analyses 

Water 

HC03, pH, H2S, and NH3 were determined in the f ie ld  by methods described in 
Presser and Barnes (1974).  The remaining constituents were analyzed a t  the 
DGGS water laboratory in Fairbanks. Major and minor cation concentrations 
were determined using a Perkin Elmer atomic absorption spectrometer and 
fol l  owing standard procedures. Sul fa te  and bromide concentrat ions were 
determined on a Dionex ion chromatograph. Fluoride was determined by 
specific ion electrode methods. Chlorides were analyzed by Mohr t i  t ra t ion  
and boron by carminic acid spectroscopy. Sil ica concentrations were deter- 
mined by the molybdinate blue method. 



18 16 S tab le  i so topes  ( 0/ 0 and D/H) were analyzed a t  Southern Method is t  
U n i v e r s i t y ,  Da l las ,  Texas and a t  U.S. Geo log ica l  Survey, Menlo Park, 
Cal i f o r n i  a. T r i t i u m  concen t ra t i ons  were determined a t  t h e  T r i t i u m  Labora- 
t o r y ,  U n i v e r s i t y  o f  Miami, Miami, F l o r i d a .  

Gases 

Residual  gases, t h a t  i s ,  gases n o t  absorbed i n  t h e  sodium hydrox ide  so lu -  
t i o n  (He, Hz, 

Ar9 O£, N2, 
and CH ) were analyzed on a dual -co lumn gas 

chromatograph w i t h  0 t h  argon an ! he l i um c a r r i e r  gases a t  t h e  U.S. Geolog i -  
c a l  Survey, Menlo Park, Cal i f o r n i a .  Moles o f  r e s i d u a l  gas were c a l c u l a t e d  
f rom measured gas pressures and head space volumes. Cop and H2S concentra-  
t i o n s  i n  t h e  sodium hydrox ide  s o l u t i o n s  were determined by t i t r a t i o n  and by 
i o n  chromatography r e s p e c t i v e l y .  Concent ra t ions  o f  these  gases were a l s o  
checked by g r a v i m e t r i c  methods us ing  SrC12 and BaC12 t o  p r e c i p i t a t e  SrC03 
and BaS04. The SrC03 p r e c i p i t a t e  was then  reac ted  w i t h  phosphor ic  a c i d  t o  
determine C02 y i e l d .  The evolved gas was saved and analyzed f o r  13c/12c. 
Steam con ten t  o f  t h e  gases was determined by we igh t  d i f f e r e n c e  b e f o r e  and 
a f t e r  sampling. Ammonia was analyzed by s p e c i f i c  i o n  e l e c t r o d e  method. 

Adjustments were made f o r  head space gases d i s s o l v e d  i n  t h e  s o l u t i o n  by 
u s i n g  Henry's Law. Moles o f  each c o n s t i t u e n t  c o l l e c t e d  were t hen  determined 
and t h e  mole percentage o f  each c o n s t i t u e n t  was ca l cu la ted .  I f  a i r  was p re -  
sen t  i n  t h e  sample, a c o r r e c t i o n  was made f o r  a i r  by u s i n g  t h e  r a t i o  o f  oxy- 
gen i n  t h e  sample t o  oxygen i n  a i r .  The gas concen t ra t i ons  i n  mole percen t  
were then  r e c a l c u l a t e d  on an a i r - f r e e  bas i s .  

He1 ium i so tope  r a t i o s  ( 3 ~ e / 4 ~ e )  were determined a t  t h e  Sc r i pps  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  C02 

13 12 ( C/ C) were analyzed a t  t h e  U.S. Geolog ica l  Survey, Menlo Park, 
Cal i f o r n i a .  

Water Chemistry 

Resu l ts  o f  geochemical analyses o f  ST-1 waters  ob ta ined  f r om t h e  Webre 
m in i - cyc lone  separa to r  and f rom t h e  end o f  t h e  exhaust p i p e  a r e  g i v e n  i n  
t a b l e s  2 and 3. To ta l  d ischarge  wate r  chemis t r ies ,  g i v e n  i n  t a b l e s  4 and 5, 
were c a l c u l a t e d  us ing  t h e  separa to r  wa te r  and steam f r a c t i o n s  g i v e n  i n  
tab1 e 1, which a re  based on separa to r  p ressure  and a d ischarge  en tha lpy  o f  
821 kJ/kg (which corresponds t o  t h e  measured f l o w i n g  bo t tom-ho le  temperature 
o f  193°C). 

End-of-exhaust water  analyses gave t o t a l  d ischarge  c o n s t i t u e n t  concentra-  
t i o n s  10 t o  15 percent  h i ghe r  than  separa to r  va lues where exhaust  wa te r  
f r a c t i o n  was c a l c u l a t e d  on t h e  assumption o f  atmospheric p r e s s u r e - b o i l  i n g  
p o i n t  cond i t i ons .  However, f l a s h i n g  a t  t h e  exhaust end appa ren t l y  occurs a t  
pressures w e l l  below atmospheric (D. Michaels,  personal commun., R G I ,  1984). 



Cat ions 
Na 
K 
Ca 
Mg 
L i 
S r 
Cs 
N H 
4 3 Total 

Anigns 
HCO 

I 

Balance percent 

S i02 

H2S 
B 
A1 
As 
Fe 
T D S ~  
pH, field 

Date sampled 

Table 2. Chemical analyses of waters collected from Makushin Valley test well ST-1. 1983 1 

(Concentrat ions in mg/l unless otherwise specified) . 

From Webre-separator 2 Off end of exhaust 

7 1 74 75 76 7 7 64 7 4 7 5 7 6 77 

'~laska Division of Geological and Geophysical Surveys, Fairbanks, M.A. Moorman and R .  J .  Motyka, analysts. 
%sampling conditions and steam fraction given in table 1. 
'cation and anion totals in milliequivalents/liter. 
4~alculated. 
5~ample 64 measured at T=50eC; all others measured after cooling to 15'C. 
nd = not determined. 



Table 3. Chemical analyses of waters collected from Makushin Valley test well ST-1, 1984. 1 

(Concentrations in mg/l unless otherwise specified. ) 

From webre-separatorL Off end of exhaust 
1W 2W 1 E 2 E 

Cat ions 
Na 
K 
Ca 
Mg 
L i 
Sr 
Cs 
N H 
4 3 Total 

Anions 

C 1 
8r 
Tota 1 3 

Balance percent 

Fe 
T O S ~  
pH, field5 
Date sampled 

'~laska Division of Geological and Geophysical Surveys, Fairbanks, R. J. Motyka and M.A. Moorman, analysts. 
'sampling conditions and steam fraction given in table 1. 
3~ation and anion totals in milliequivalents/liter. 
4~alculated. 
'p~ measured after waters cooled to 15'C. 
nd = not determined. 

Supporting evidence for the latter comes from a temperature measurement of 
the center of fluid flow from the exhaust made by P. Parmentier (RGI). The 
temperature measured was 60°C, which indicated that low-pressure effects 
that are not well understood cause increased flashing of the exhaust fluid. 
Use of the 60°C temperature in our calculations resulted in an exhaust-end 
water fraction of 0.75, and application of this water fraction to exhaust 
analyses gave total discharge chemistries which were in close harmony with 
those obtained from the separator method (table 6). 

Additional support for basing total discharge chemistry on the separator 
water analyses comes from RGI's reported analyses of 1983 S T - 1  water 
samples. Two of their samples were obtained under high pressures, using an 
entirely different technique than the mini -cycl one separator method (RGI 



Table 4. Chemical analyses of 1983 waters from Makushin Valley test well ST-1, corrected to reservoir 
conditions without gas. 

(Concentrat ions in mg/l unless otherwise specified. ) 

71 74 7 5 7 6 7 7 Average S.D. 

Cat ions 
Na 
K 
Ca 
Mg 
L i 
S r 
Cs 

NH4 

Anions 

Trace 
A 1  
As 
Fe 

TDS 5790 5750 5680 5430 5700 5670 141 

Date sampled 8/27/83 9/1/83 9/2/83 9/2/83 9/3/83 

nd = not determined 
S.D. = Standard deviation 

F i n a l  Report, 1984, pg. X I I ) .  These samples y i e l d e d  t o t a l  d ischarge 
chemis t r ies  nea r l y  i d e n t i c a l  t o  our  separator  samples. 

The ST-1 waters are moderately s a l i n e  and low i n  bicarbonate. Comparison 
o f  1983 t o  1984 chemist r ies show the  waters t o  be nea r l y  i d e n t i c a l ;  t he  1984 
waters are  s l i g h t l y  l ess  s a l i n e  and s l i g h t l y  r i c h e r  i n  HC03. Although the  
ST-1 waters are moderately s a l i n e  when compared t o  o ther  geothermal systems 
i n  t h e  world, they nevertheless con ta in  more c h l o r i d e  than can be reasonably 
accounted f o r  by leaching from the  bas ic  gabbronori t i c  wa l l  rock .  Apparent ly 
t h e  r e s e r v o i r  waters e i t h e r  c i r c u l a t e  through marine-1 a i d  depos i ts  w i t h i n  
t h e  Unalaska Formation o r  t he  r e s e r v o i r  i s  being contaminated by seawater 
i n f i l t r a t i o n .  The C1/Br r a t i o  o f  t he  Makushin Reservoir  water  i s  very  
s i m i l a r  t o  t h a t  o f  seawater (-280). A t h i r d  p o s s i b i l i t y  i s  t h a t  t h e  ch lo -  
r i d e  o r i g i n a t e s  from the  s i  1 iceous magmatic heat source. 

The ST-1 waters are h igh  i n  arsenic which could pose a p o t e n t i a l  water 
po l  1 u t i o n  problem f o r  salmon spawning areas i f  exhaust waters are  discharged 



Table 5. Chemical analyses of 1984 waters collected from the Makushin 
Valley test well ST-1, corrected to reservoir conditions without gas. 

(Concentrations in mg/l unless otherwise specified.) 

1W 2W Average 

Cat ions 
Na 
K 
Ca 
Mg 
L i 
S r 
Cs 

NH4 

An ions 
HC03 23. 

S04 83. 
F 1.0 
C 1 3040. 
8 r 10. 

TDS 5570. 5570. 

Oate sampled 8/4/84 8/7/84 

nd = not determined. 

d i r e c t l y  i n t o  Makushin V a l l e y  streams. Compared t o  waters  i n  o t h e r  geo- 
thermal systems, ST-1 waters  a re  r e l a t i v e l y  r i c h  i n  ca lc ium,  most 1  i k e l y  
f rom a l t e r a t i o n  o f  p l a g i o c l a s e  i n  t h e  g a b b r o n o r i t i c  h o s t  r e s e r v o i r  rock .  
The p l  ag ioc l  ase has a composi t ion o f  An50-An70, which i n d i c a t e s  t h a t  more 
ca lc ium than  sodium should be d i sso l ved  by t h e  waters .  Much o f  t h e  d i s -  
so lved calc ium, t h e r e f o r e ,  must be removed f r om r e s e r v o i r  waters through 
p r e c i p i t a t i o n  o f  anhydr i  t e ,  c a l c i t e ,  and f o r m a t i o n  o f  zeol  i t e s .  

Gas Chemistry 

A i r  c o r r e c t e d  analyses o f  gases c o l l e c t e d  f r om t e s t  w e l l  ST-1 i n  mole 
percentages a re  g i v e n  i n  t a b l e  7. Gas con ten t  i n  t o t a l  d ischarge  i s  g i ven  
t a b l e  8. MVTW-2G-B i s  t h e  l e a s t  a i r - con tam ina ted  o f  t h e  1984 samples, and 
i t s  ana l ys i s  i s  cons idered  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  o f  t h e  
August 1984 geothermal system. 

Gas concen t ra t i ons  i n  t o t a l  d ischarge a r e  ex t reme ly  low (0.02 percen t ) ,  
and a s l  i g h t  dec l  i n e  i n  t o t a l  gases occur red  between 1983 and 1984. Hydrogen 



Table 6. Chemical analyses of exhaust pipe waters from Makushin Valley test well ST-] 
corrected for reservoir conditions assuming 60'~ end point flash temperature. 1 

(Concentrat ions in mg/l unless otherwise specified). 

Cat ions Anions 
Sample # Date Na K Ca Mg L i  Sr Cs HC03 SO4 F C 1 8r Si02 6 As Fe 

Steam 
TDS fraction 

6780 0.252 
5540 0.252 
5760 0.252 
5690 0.252 
5740 0.252 
5660 0.252 
5640 0.252 

'~laska Division of Geological and Geophysical Surveys, Fairbanks. Alaska, M.A. Moorman, analyst. 



Table 7. Makushin test well, air corrected gas analyses, mole percent 

Sample code Date sampled R02 xg C02 CH4 "3 N2 Ar N2/Ar C/S 

DS/CJ = D. Sheppard, Department of Scientific and Industrial Research. New Zealand, and C. Janik, U.S. Geological Survey. Menlo Park, analysts. 
RM/CJ = R. Motyka, Alaska Division of Geological and Geophysical Surveys. Fairbanks, and C. Janik, U.S. Geological Survey. Menlo Park, analysts 
Xg = Ratio, moles gas to moles steam in percent. 
R02 = Ratio, oxygen i n  sample to oxygen in air. 

I 



Table 8. Mass percent gas content of total discharge, using O2 corrected gas analyses, 

Sample no. 
Steam 

fraction 
Mass percent Mass percent gas 
gas in steam total discharge 

content in particular seems to have decreased significantly, nearly an order 
of magnitude since the well was first opened. Methane concentrations appear 
also to have declined and were present only in trace amounts in the 1984 
samples. Hydrogen sulfide, although 2 to 2.5 percent of total non-steam 
gases, has such a low concentration in the total discharge that it should 
not pose significant pol 1 ution problems. 

The C02-H2S-N2 composition of ST-1 gases are plotted on a tri -1 ateral 
diagram which also shows compositions of fumarolic gases in the Makushin 
geothermal area (fig. 4). The ST-1 gases are similar in composition to 
gases from fumarole fields 1 and 2, which suggests they are derived from a 
common source at depth. Gases from the superheated fumarole (3sh, 150°C) 
show the highest relative concentrations of H2S. Gases from other fumaroles 
and from ST-1 trend to increasingly greater proportions of N2, which indi- 
cates that the H2S in these discharges is being selectively removed by 
oxidation with air or air dissolved in water. At ST-1, H2S may also be 
being removed by reactions with the drillhole casing. 

The decrease in Hz during the 1983 well -test period and the nearly order- 
of-magnitude decrease in the proportion of Hz between 1983 and 1984 may also 
be attributable to interaction of hot water with the casing. Once a protec- 
tive scale is deposited on the casing, excess Hz gas generation would 
decline. Alternatively, the decrease in Hz may indicate a preferential out- 
gassing of the lighter gases from the reservoir fluids early in the well- 
test. 

The ratio of N2 to Ar is plotted against Hz to Ar in figure 5. The N2/Ar 
ratios in the atmosphere and for air dissolved in water at 25°C are also 
shown for comparison. Except for 688, all ST-1 samples fall between these 
two values, indicating air is the primary source of N2 dissolved in the 
reservoir waters. 
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Figure 4 .  C02-H2S-N2 compositions of well ST-1 and fumarolic gases from 
Makushi n geothermal area. 

Figure 5. N2/Ar vs. H2/Ar plot for well ST-1 gases, Makushin geothermal 
area. 
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Reservo i r  F l u i d  Composit ion 

Concent ra t ions  of chemical spec ies d i s s o l v e d  i n  t h e  a q u i f e r  wa te rs  feed-  
i n g  ST-1 a t  t h e  593 m f r a c t u r e  were c a l c u l a t e d  us ing  ENTHALP, a  program 
o r i g i n a l l y  developed by T ruesde l l  and S ingers  (1973) and r e c e n t l y  updated by 
S ingers  and Henley (personal commun., 1984). Resu l ts  o f  t h e  computer c a l -  
c u l a t i o n s  i n  mola l  u n i t s  a re  g i ven  i n  t a b l e  9. Water a n a l y s i s  2W was used 
w i t h  b o t h  gas analyses 2G-A and 2G-B. Because t h e  2G-B gas sample i s  con- 
s i d e r e d  more r e l i a b l e ,  o n l y  t h e  2W, 2G-B modal composi t ion was used i n  
de te rm in ing  t h e  average c o n s t i t u e n t  concen t ra t i ons  and s tandard d e v i a t i o n s .  
The average pH o f  ST-1 waters a t  t h e  r e p o r t e d  f l o w i n g  down-hole temperature 
i s  5.6, compared t o  n e u t r a l  pH o f  5.65 f o r  waters  a t  t h i s  temperature.  

The p a r t i a l  pressures o f  C02 and H2S i n  t h e  a q u i f e r  waters  a r e  g i v e n  i n  
t a b l e  10. The average PC0 i n  1983 was 0.58 bars  compared t o  0.49 ba rs  i n  
1984. PH2S a l s o  dec l i ned  $ rom 0.005 bars  i n  1983 t o  0.004 ba rs  i n  1984. 

The oxygen p a r t i a l  pressures, PO2, o f  t h e  ST-1 f l u i d s  can be es t ima ted  
f rom t h e  r e l a t i o n  between temperature and PO2 determined by D'Amore and 
Pan i ch i  (1980), 

where T  i s  t h e  f l u i d  temperature i n  OK. For 193"C, t h e  PO2 o f  t h e  ST-] 
f l u i d s  i s  on t h e  o rde r  o f  10-43 atm. A  check can be made on PO2 u s i n g  t h e  
equa t i on  

(D'Amore and Pan ich i ,  1980). Us ing va lues  f rom t a b l e  10 i n  equa t i on  ( 2 )  
g i v e s  r e s u l t s  n e a r l y  i d e n t i c a l  t o  those  d e r i v e d  us ing  equat ion  ( 1 ) .  

F l u i d  S a t u r a t i o n  

Three hydrothermal l y  depos i ted  m ine ra l  s  were found 1  ayered on t h e  gab- 
b r o n o r i  t e  w a l l r o c k  r e t r i e v e d  f rom t h e  open f r a c t u r e  a t  t h e  bo t tom o f  ST-1. 
The innermost  l a y e r  was composed p r i m a r i l y  o f  quar tz ;  t h e  second l a y e r  was 
m o s t l y  c a l c i t e ;  w h i l e  t h e  outermost l a y e r  cons i s ted  p r i m a r i l y  o f  a n h y d r i t e .  
The degrees o f  s a t u r a t i o n  o f  S i O  , CaC03, and CaS04 were examined t o  d e t e r -  
mine whether any o f  these minera s  a re  p r e s e n t l y  be ing  depos i ted  i n  t h e  
system. 

f 

The s o l  i d  curve i n  f i g u r e  6  i s  t h e  s o l u b i l  i t y  o f  qua r t z  i n  wa te r  a t  t h e  
vapor  p ressure  o f  t h e  s o l u t i o n  f rom Fou rn ie r  and P o t t e r ,  1982. A1 1  t h e  
samples ob ta i ned  from ST-1 are s l i g h t l y  supersa tu ra ted  w i t h  r e s p e c t  t o  t h e  
measured bot tom-hole temperature o f  193°C. The q u a r t z - s i l i c a  e q u i l i b r i u m  



Table 9. Concentrat ions o f  chemical species i n  m moles/1000 gm H20 f o r  r e s e r v o i r  waters a t  193'C w i t h  gas. 

S a m ~ l e  
Water Gas pH L i Na K Cs M9 Ca 

71 1 5.9 
74 2A 5.9 
7 5 38 5.7 
76 48 5.4 
77 5A 5.7 
1W 1G-C 5.1 
2W 2G-A 5.9 
2W 26-8 5.8 

Average* 5.6 
Std. dev.* 0.3 

Samole 
Water Gas Fe A1 F HF C1 NaC 1 KC 1 

Average* 0.003 0.048 0.006 84.5 2.3 0.076 
Std. dev.* 0.002 0.005 0.004 1.8 0 .1  0.003 

Samole 
Water Gas Br  

Average* 0.14 
Std. dev.* 0.01 

Samole 
Water Gas HB02 802 Si02 H4Si04 H3Si04 As 

71 1 5 .4  0.007 4.9 4.9 0.009 0.14 
74 2A 5.3 0.005 5.0 5.0 0.007 0.13 
7 5 30 5.3 0.004 5.0 5.0 0.005 0.15 
76 48 5.0 0.002 4.6 4.6 0.002 0.15 
7 7 5A 5.2 0.004 4.9 4.9 0.006 0.15 
1W 1G-C nd nd  4.8 4.8 0.001 0.14 
2W 2G-A 5.5 0.006 4.8 4.8 0.008 0.13 
2W ZG-0 5.5 0.005 4.8 4 .8  0.006 0.13 

Average* 5.3 0.005 4.9 4.9 0.005 0.14 
Std, dev.* 0.2 0.002 0.1 0.1 0.002 0.01 

Samole 
Water Gas H2C03 HC03 CaC03 CaHC03 H2S HS 

7 1 1 4.3 0.38 0.0010 0.20 0.09 0.009 
7 4 2A 5.2 0.34 0.0007 0.17 0.23 0.017 
7 5 38 4.6 0.22 0.0003 0.11 0.15 0.008 
76 48 5 . 0  0.13 0.0001 0.06 0.18 0.005 
77 5A 4.7 0.25 0.0004 0.14 0.14 0.009 
1W 1G-C 5.3 0.06 0.0002 0.03 0.16 0.002 
2W 2G-A 3 .1  0.25 0.0006 0.12 0.11 0.010 
2W 26-8 4.0 0.25 0.0005 0.12 0.11 0.008 

Average* 4.7 0.23 0.0004 0.12 0.15 0.008 
Std. dev.* 0.5 0.10 0.0003 0.05 0.04 0.004 

*Average and standard d e v i a t i o n  does not  inc lude 2W. 2G-A. 



Table 10. P a r t i a l  pressure o f  C02 and H2S i n  so lut ion.  reservo i r  conditions. 

m i l l i m o l e  f r a c t i o n  P a r t i a l  pressure 
i n  t o t a l  f l u i d  bars 

Sample 

1983: 
MVTW- 1 
MVTW-PA 
MVTW-3B 
MVTW-4B 
MVTW-5A 

Average 
Std. dev. 

Average 
Std. dev. 

A l l  samples 
Average 
Std. dev. 

temperature f o r  t h e  ST-1 waters i s  -207"C, which suggests t h a t  t he  waters 
have cooled before  en te r i ng  t h e  borehol e. 

The s o l i d  curve i n  f i g u r e  7  i s  the  c a l c i t e  s a t u r a t i o n  curve, and the  
crosses are t h e  values f o r  ST-1 waters as determined by ENTHALP. The ST-1 
waters are a l l  undersaturated a t  193°C. However, c a l c i t e  was found 
deposited on an inst rument  cable t h a t  was l e f t  i n  t h e  borehole f o r  several 
days i n  mid-July ,  1984. The ST-1 waters apparent ly  became supersaturated 
w i t h  respect  t o  c a l c i t e  as they b o i l e d  upon ascending the  borehole. The 
p o t e n t i  a1 f o r  c a l c i t e  scal  i n g  o f  product ion we1 1  boreholes there fore  e x i s t s  
and must be reckoned w i t h  i n  f u t u r e  development. 

An est imate o f  t h e  temperature o f  depos i t i on  o f  t h e  c a l c i t e  was obtained 
by determin ing t h e  degree o f  f r a c t i o n a t i o n  o f  180 between t h e  water and t h e  
c a l c i t e .  The 6180 o f  t h e  c a l c i t e  scale was analyzed by t h e  Stab le  Isotope 
Laboratory a t  Southern Methodist U n i v e r s i t y  and determined t o  be t0 .6  w i t h  
respect  t o  standard mean ocean water (SMOW) . Using a  value o f  -10.2 f o r  6180 
o f  t he  water (cf. t a b l e  13) and the  f r a c t i o n a t i o n  equat ion o f  OINeil and 
others (1969) g i ves  a  temperature o f  depos i t i on  o f  -177°C. 

The s t a t e  o f  anhydr i te  s a t u r a t i o n  i n  ST-1 waters i s  shown by crosses i n  
f i g u r e  8. The anhyd r i t e  e q u i l i b r i u m  s o l u b i l i t y  curve ( s o l i d )  i s  taken from 
Helgeson (1969), w i t h  t h e  a c t i v i t y  product o f  anhydri  t e  as de f ined by Helge- 
son p l o t t e d  on t h e  Y-axis .  A c t i v i t y  c o e f f i c i e n t s  and mol a1 concentrat ions 
f o r  Ca and SO4 i o n i c  species were determined us ing  ENTHALP. As can be seen 
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Table 11. 180/160 in anhydrite obtained from test well core. 1 

Depth. 
m (ft) 

1 8 ~ / 1 6 ~  - Cas04, 
WRT SMOW 

T 'C, equil. 2 

(3) (4) 

1 Analyzed at U.S. Geological Survey, Menlo Park. 
2~ .C. equil. = equilibration fractionation temperature assuming 180/16~ for H20 is -10.2. the current 
reservoir water value (U.S. Geological Survey analysis). 

3~emperature computed using Lloyd (1968) fractionation equation: 
6 2 1000 In = 3.88 (10 )/T - 2.90, T = 'K. 

4~emperature computed using fractionation equation of Chiba and others (1981): 
6 2 1000 In = 3.21 (10 )/T - 4.72, T = 'K. 

from the figure, the waters would have to be somewhat warmer for anhydrite 
deposition to occur at ST-1. 

An estimate of the temperature at which the anhydrite deposition occurred 
was obtained by determining the degree of fractionation of 180 between the 
anhydri te and the reservoir waters (tab1 e 11). Usin the fractionation 

78 equation of Chiba and others (1981) and assuming a 6 0 of (-10.2) for the 
reservoir waters gives a temperature of deposition of -208°C for anhydrite 
found at the bottom-hole fracture. In contrast, using the same technique, 
anhydrite found in a vein 592.5 m deep has an estimated temperature of depo- 
sition of 226'C, whereas anhydrite found in a vein 148 m deep has an esti - 
mated temperature of deposition of 249°C. 

ISOTOPE ANALYSES 

Oxygen 18 and Deuterium 

Results of oxygen and deuterium isotope analyses of water and steam 
samples that were collected using the mini-cyclone separator at the ST-1 
wellhead are given in table 12. The corresponding pre-flash isotopic compo- 
sitions of ST-1 waters are given in table 13 and plotted in figure 9. 
Because of suspected sampling and analyses problems, samples 76 and 84-1 are 
not included on figure 9. Also plotted on figure 9 are isotopic com- 
positions of local meteoric waters (LMW), low C1, high HC03-SO4 thermal 
spring waters, C1 -rich thermal spring waters, the meteoric water 1 ine 
defined by Craig (1961), and the Adak precipitation line (Motyka, 1982). 

The majority of meteoric and 1 ow-chl oride thermal spring water samples 
plot to the left of both meteoric water lines; chloride thermal spring and 
ST-1 waters plot to the right. Meteoric stream waters whose source regions 
lie at mid- to lower elevations on the volcano have heavier isotopic compo- 
sitions than meteoric stream waters whose source regions are at higher ele- 
vations. The range of isotopic compositions for low-chloride thermal spring 



Table 12. Makushin Valley test well ST-1, oxygen and deuterium isotope analyses--steam and water. 
(Parts permil with respect to SMOW). 

S a m ~  le Water Steam 

DGGS USGS O/H 180/160 180/160 O/H 180/16~ 180/160 
no. no. Date (SMU) (SMU) (USGS) (SMU) (SMU) (USGS) 

SMU = Southern Methodist University, Stable Isotope Laboratory; R .  Harmon and J. Borthwick, analysts 
USGS = U.S. Geological Survey, Menlo Park, C. Janik, analyst. 

Table 13. Makushin Valley test well ST-1, stable isotope analyses corrected to reservoir conditions. 
(Parts permil with respect to SMOW). 

1983 - 71 - - 74 - 7 5 - 76 - 77 Average S.O. - 
D/H (SMU) -81 -78.5 -79 -78.5 -78.5 -79.1 1.1 

'80/160 (SMU) -10.3 -10.4 -10.3 (-8.8)l -10.1 -10.3 0.13 

180/160 (USGS) -10.2 -9.9 -10.0 -9.9 -9.9 -10.0 0.13 

D/H (SMU) -69 -83 

180/160 (SMU) -10.4 -10.2 

'suspect value; not used in computing average. 
'A large amount of chloride was detected in the 84-1 condensate indicating incomplete 
separation. Values for this sample are therefore not considered to accurately represent 
reservoir isotope composition. 

waters d i r e c t l y  over laps t h e  mid-range f o r  meteoric waters, which i nd i ca tes  
t h a t  thermal waters are de r i ved  from meteor ic  waters a t  mid-e levat ions .  

On the  bas is  o f  s i m i l a r i t i e s  i n  deuterium composit ion o f  meteor ic  and 
thermal waters, r e s e r v o i r  waters i n  the  m a j o r i t y  o f  explored hydrothermal 
systems are thought t o  be de r i ved  most ly  from meteor ic  sources (Craig, 
1963). The Makushin system i s  no exception, al though t h e  h igh  c h l o r i d e  con- 
c e n t r a t i o n  suggests a smal l  amount o f  seawater contaminat ion. The seawater 
mix ing  would tend t o  s h i f t  t he  deuterium t o  s l i g h t l y  heav ier  values. Deu- 
te r i um values o f  ST-1 waters c o r r e l a t e  w i t h  the  mid- t o  upper range f o r  
meteor ic  waters, which suggests t h a t  waters charging t h e  r e s e r v o i r  feeding 
ST-1 o r i g i n a t e d  as p r e c i p i t a t i o n  on the  mid- t o  lower f l a n k s  o f  t he  volcano 





i f  seawater contaminat ion i s  minimal. These meteor ic  waters probably 
f i l t r a t e  i n  t h e  r e s e r v o i r  system through f rac tures  on the  per iphery  of t h e  
hydrothermal system. 

ST-1 waters show a p o s i t i v e  s h i f t  of 1 permi l  i n  6180 w i t h  respect  t o  t h e  
two meteor ic  water l i n e s  and a s h i f t  of about 1.5 permi l  w i t h  respect  t o  
Makushin meteor ic  waters. Such s h i f t s  are commonly observed i n  geothermal 
systems and are  caused by high-temperature oxygen iso tope exchange between 
the  thermal waters and the  r e s e r v o i r  rock.  S i m i l a r  s h i f t s  are no t  seen f o r  
deuterium because o f  the  l a c k  o f  hydrogen-bearing minera ls  i n  the  r e s e r v o i r  
rock. The magnitude o f  an oxygen iso tope s h i f t  i s  a f u n c t i o n  of water 
temperature, d u r a t i o n  o f  contact ,  and t h e  magnitude o f  t he  d i f f e r e n c e  i n  t he  
water vs. r o c k  i s o t o p i c  composit ions. The gabbronor i te  r e s e r v o i r  rock  a t  
Makushin was found t o  have a S180 composit ion ranging from -4.0 f o r  h i g h l y  
a l t e r e d  rocks  t o  t2 .8  f o r  s l i g h t l y  a l t e r e d  rocks ( t a b l e  14).  The d i f f e r e n c e  
i n  una l te red  vs, a1 te red  composit ion i n d i c a t e s  i soto e exchange has occurred 

1E i n  t he  Makushin hydrothermal system, and thus t h e  S 0 s h i f t  observed f o r  
ST-1 waters i s  probably due t o  h igh  temperature exchange. However, a p a r t  
of t he  s h i f t  cou ld  a l so  be due t o  seawater mix ing.  

Table 14. ST-1 whole rock oxygen isotope data. 1 

Sample # 180/160 Description 

ST-1-201 -4.0 Gabbro. Plagioclase altered to clays 

ST-1-664 -2.7 Gabbro altered to wairakite. Steam entry 

ST-1-1066 -2.0 Albite-K spar-biotite-epidote vein. 

"Unaltered" gabbro. Pyroxenes altered to anthophyllite- 
cumningtonite. 

ST-1-1937 -0.1 Chlorit ical ly altered gabbro. 

- - +6.4 Average of 11 Makushin area volcanic rocks. 

'~nalyzed at U.S. Geological Survey, Menlo Park, CA., I. Barnes lab. 

T r i t i u m  

Resul ts  o f  t r i t i u m  analyses f o r  waters c o l l e c t e d  from ST-1 and from 
var ious spr ings  and streams are g iven i n  t a b l e  15 and p l o t t e d  i n  f i g u r e  10. 
Panichi and G o n f i a n t i n i  (1978) have reviewed t h e  use o f  t r i t i u m  as an i n d i -  
ca to r  o f  age and mix ing  o f  waters i n  geothermal systems. T r i t i u m  was i n t r o -  
duced i n t o  t h e  atmosphere i n  l a r g e  q u a n t i t i e s  du r ing  the  years o f  thermo- 
nuclear  weapons t e s t i n g  f o l l o w i n g  1952. Since t h e  t e s t  ban t r e a t y  o f  1963, 
t r i t i u m  i n  t h e  atmosphere has s t e a d i l y  diminished, b u t  f a r  exceeds pre-1952 
l e v e l s .  Because o f  i t s  r e l a t i v e l y  sho r t  h a l f - l i f e  (12.3 y r ) ,  t r i t i u m  p ro -  
vides a good marker f o r  waters of recent  age. To prov ide  a comparison f o r  
Makushin waters, t h e  t r i t i u m  l e v e l s  i n  1980 p r e c i p i t a t i o n  a t  Anchorage 



(the nearest station and most recent year for which data are available) are 
also plotted on figure 10. The weighted-average tritium content of 
precipitation in Anchorage in 1980 was 29 Tritium Units (T.U.), with a 
seasonal variation ranging from a winter minimum of 16 T.U. to a late-spring 
maximum of 51 T.U. 

Table 15. Analyses of tritium in waters from Makushin geothermal area. 

Date 
Sample code Locality collected TU 

cold str., Mk. Val 
hot spr. M-c 
hot spr. G-j 
hot spr. 6-1 
hot spr. G-m 
hot spr. G-p 

Analyst: H. Gote Ostlund, U. of Miami, Miami, Florida. 
TU = Tritium units. 

A water sample collected from a cold stream in Makushin Valley fed by 
snow melt has a tritium level of 11 T.U., which is consistent with winter 
precipitation. Tritium concentrations in low-C1, HC03-SO4 thermal springs 
ranged from 16 to 36 T.U., which indicates these waters are very young and 
probably originated as local precipitation. The two samples collected from 
C1-rich thermal springs, although lower in tritium (6 and 10 T.U.) than any 
of the other spring waters sampled, are still high enough in tritium to 
indicate that thermal waters are probably mixing with meteoric waters near 
the surface before emerging as springs. 

In contrast, two water samples collected from ST-1 have tritium con- 
centrations of 0.3 and 0.5 T.U. Concentrations this low indicate the waters 
are at least 25 yr old, probably older (Panichi and Gonfiantini, 1978). 
Furthermore, the low level of tritium in the ST-1 waters argues against any 
mixing of present-day meteoric water at ST-1. Tritium concentrations in 
waters older than 60 yr would be expected to be (0.1 T.U. (Truesdell and 
Hulston, 1980). If we assume this value as the limit for deep thermal 
waters at Makushin and use 29 T.U. for a cold water end member, then the 
fraction of any present-day meteoric water would be at most 1.4 percent. 

Carbon 13 in Carbon Dioxide 

Results of analyses of 613c composition of C02 gas collected from ST-1 
are given in table 16 and plotted in figure 11. Also plotted are 613c com- 
positions of Cop gas coll ected from various fumaroles and hot springs. 
Mantle-derived C02 is thought to have 613c compositions ranging from -4 to - 
8 permil (Craig, 1953; We1 han, 1981), while C02 from organic-sedimentary 
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Figure 10. Tr i t ium ana lyses  of  well ST-1, thermal s p r i n g s ,  and ground water  s t reams i n  t h e  Makushin 
geothermal a rea .  Sample s i t e s  a r e  keyed t o  t a b l e  15. The t h r e e  va lues  a t  r i g h t  g ive  1980 d a t a  from 
Anchorage f o r  comparison. 



Table 16. Makushin Valley test well ST-1, Unalaska Island, Alaska, carbon isotope analyses, C02 in 
gas and steam. 1 

Sample # Date collected 0 T, C Sep 13 
C~~~ 

MVTW- 1G-C 
MVTW-2G-A 
MVTW-2G-B 

'c. Janik, U . S .  Geological Survey, Menlo Park, California, analyst. 

sources have 613c values < -11 permil. The heaviest 613c compositions at 
the Makushin geothermal area were found for the samples from the summit and 
from the superheated fumarole in field 3. The majority of sampled gases, 
including those from ST-1 in 1983, fall in the narrow range of -11.5 to 
-13.5 permil which lies at the upper end of values for organic-sedimentary 

13 C02. The 6 C-C02 in 1984 ST 1 fluids was found to be -15 permil, 1.5 per- 
mil less than the 1983 values. This change could be attributable in part to 
fractionation between the C02 and the calcite being deposited on the well 
casing. 

The 613c-co2 compositions at Makushin suggest that the C02 is being 
generated in part from thermogenic breakdown of organi c-sedimentary materi a1 
underlying the volcano, with a magmatic intrusion acting as the heat source. 
These thermogenic gases then mix with C02 outgassing from the magma body 
itself and migrate into the hydrothermal reservoir. 

He1 i um Isotopes 

Samples of gases obtained from ST-1 were analyzed for helium isotope com- 
positions. Enrichments in 3 ~ e  with respect to atmospheric levels have been 
correlated with magmatic activity on a worldwide basis, and the excess 3 ~ e  
is thought to be derived from the mantle (Craig and Lupton, 1981). Samples 
of gases for 3 ~ e / 4 ~ e  testing were collected in 50-cc glass flasks (Corning 
1720) fitted with high-vacuum stopcocks. The procedures foll owed for gas 
extraction, measurement of absolute helium amounts, mass spectrometer 
measurement of 3 ~ e / 4 ~ e  ratios, and appl ication of He/Ne correction for air 
contamination are described in Lupton and Craig (1975), Torgersen and others 
(1982), and Poreda (1983). 

Table 17 presents helium isotope data for ST-1 and for gases collected 
from fumaroles and hot springs in the Makushin geothermal area. The R/Ra 
value (3~e/4~e ratio of sample vs. air) of 7.8 obtained for the summit 
fumaroles falls within the range of values of 5 to 8 found at other volcanic 
vents in the Aleutian Arc and convergent margin volcanic arc settings else- 
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13 Figure 11. 6 C values o f  C02 i n  gases from wel l  ST-1 ( W )  ( t a b l e  16) ,  and fumaroles, and hot springs i n  
the  Makushin geothermal area ( t a b l e  A 9 ) .  



Table 17. Helium isotope data, Makushin geothermal area. 1 

Locat ion 
Year 

collected 

Fum. field #1 
Fum. field #2 
Fum. field #2 
Fum. field #3, sp 
Fum. field 13 
Fum. field #3, SH 
Fum. field #5 
Fum, field #6, SU 
Fum. field #7 
Spring G-p 
Test well ST-1 

'R. Poreda analyst, Scripps Institute of Oceanography, Stable Isotope Lab. 
3 4 2~ 5 3 ~ e / 4 ~ e  ratio in sample, Ra = He/ He ratio in air. 

3 ~ c  s Sample ratio corrected for air contamination using He/Ne ratios. 
4~elium concentration in sample was extremely low. 

where i n  t he  wor ld  ( f i g .  12) (Craig and others,  1978a; Poreda, 1983). R/Ra 
values f o r  gases f rom t h e  f l a n k s  o f  Makushin are  a l l  lower than those from 
the  summit, w i t h  t h e  lowest  values occu r r i ng  a t  fumarole f i e l d  3  and f o r  
ST-1. 

Va r ia t i ons  i n  R/Ra have been found a t  o ther  v o l c a n i c a l l y  r e l a t e d  geo- 
thermal systems (Cra ig  and others, 1978b; We1 han, 1981 ; Torgersen and 
others, 1982; Torgerson and Jenkins, 1982). A h igh  value f o r  R/Ra i n  gases 
from geothermal systems suggests a  more d i r e c t  connect ion t o  magmatic 
sources w i t h  l i t t l e  o r  no c r u s t a l  contaminat ion--a l though i t  may a lso  r e s u l t  
from leach ing  o f  young vo lcan ic  rock  (Truesdel l  and Hulston, 1980). Lower 
values i n d i c a t e  a  g r e a t e r  c r u s t a l  i n f l uence  o f  rad iogen ic  4 ~ e .  

I f  the  summit va lue  o f  R/Ra i s  taken t o  represent  t he  3 ~ e / 4 ~ e  r a t i o  o f  
t he  parent  c o o l i n g  magma, then the  R/Ra values f o r  s i t e s  on the  f l anks  o f  
the  volcano represent  va ry ing  degrees o f  mix ing  w i t h  a  c r u s t a l  4 ~ e  com- 
ponent. One e f f e c t i v e  method f o r  inc reas ing  t h e  amount o f  4 ~ e  present i n  
t he  gases i s  by hot -water  i n t e r a c t i o n  w i t h  and l each ing  o f  r e s e r v o i r  wa l l  
rock. A t  Makushin t h e  host  r e s e r v o i r  rock  i s  a  gabbronor i t i c  p lu ton .  Cal- 
cu la t i ons  by Torgersen and Jenkins (1982) i n d i c a t e  t h a t  t he  R/Ra r a t i o  i n  an 
i n t r u s i v e  would f a l l  t o  t O . l  through rad iogen ic  decay o f  U and Th f o r  
emplacement ages >1.0 Ma. A mix ing  o f  55 percent  c r u s t a l  He and 45 percent 
magmatic He would produce an R/R value o f  3.7 w i t h  7.8 f o r  t he  magmatic 
component and 0.1 f o r  t h e  c rus ta?  component. 



Makushin Geothermal Area 

Helium Isotope Data 

Table 12. He isotope analyses from well ST-I ( W ) ,  and fumaroles, and hot springs in the Makushin 
geothermal area (table 17)  compared with values from various tectonic settings. 



GEOTHERMOMETRY 

The results of applying water, isotope, and gas geotherrnometers to ST-1 
thermal fluid geochemistry are given in tables 18, 19, and 20 and compared 
in figure 13. 

Nearly all the geotherrnometers that were applied to ST-I predict tempera- 
tures substantially higher than the reported flowing bottom-hole temperature 
of 193°C. Only two of the geotherrnometers, the chalcedony geothermometer of 
Fournier (1981) and the Na-Li geothermometer of Foullic and Michard (1981), 
give temperatures in agreement with the fl owing bottom-hol e temperature of 
193°C reported by RGI. Free quartz is found in the gabbronorite, and, for 
temperatures greater than 180°C, quartz is the silica phase most likely to 
control dissolved silica (Fournier, 1981). Thus, for ST-1 the quartz 
temperatures which average about 207°C are the more appropriate estimates to 
use. 

Of the three Na-K geotherrnometers that have been proposed, Arnorsson's 
(1983) equation for basaltic rocks is chosen as the most appropriate for 
ST-1 since the host reservoir rock is a gabbronorite. The average 
temperature of 225°C given by this geothermometer is slightly higher than 
Truesdell's (1976) Na-K geothermometer and 17°C lower than Fournier's (1981) 
geothermometer for Na-K. Because calcite appears to have precipitated 
during the ascent and boiling of the ST-1 thermal waters, caution must be 
exercised in applying the Na-K-Ca geothermometer of Fournier and Truesdell 
(1973). Disequilibrium removal of Ca from the ST-] water would yield 
temperature estimates that are too high. However, the close agreement of 
the Na-K-Ca geothermometer with the results of Arnorsson's (1983) Na-K 
geothermometer suggests Ca removal by calcite precipitation is too small to 
appreciably affect the Na-K-Ca geotherrnometer. 

The gas geothermometer of D'Amore and Panichi (1980) is based on an 
empirical relationship between ratios of H2S, Hz, and CH4 to C02 and the 
partial pressure of C02 in the reservoir. For analyses in which CH4 was 
present in only trace amounts, a value of 0.001 mole percent was used in the 
computations. The H2S geothermometer of D'Amore and Truesdell (1983) is 
based on equilibria between constituents affecting H2S concentrations. The 
CO geothermometer of Arnorsson and others (1983) is based on an empirical f re ationship between temperature and PC02 observed in geothermal waters from 
drill holes in Iceland. The average temperature given by the gas geother- 
mometers, 217, 217, and 21g°C, respectively, are in close agreement with 
each other and the Na-K geotherrnometers of Truesdell (1976) and Arnorsson 
(1983) and the Na-K-Ca results. However, calcite precipitation and inter- 
actions between the thermal fluids and the well casing could be affecting 
gas compositions, and caution must be exercised in interpreting these 
geotherrnometers. 



Table 18. Geothermometry for Webre separator waters from Makushin Valley test well ST-1 corrected for reservoir conditions. (Temperatures in 'C.) 

Qz. cond Chal. cond Na/K Na/K Na/K Na-K-Ca Na/L i 
Sample X Date (1 (2) (3) (4) ( 5 )  (6) (7) 

Average 207 190 242 219 225 226 194 

Std. dev. 2 2 3 4 4 2 I 

'Fournier and Potter. 1982. improved SiOp (quartz). 
'Fournier , 1981, chalcedony. 
3~ournier, 1981, Na/K. 

I 
4~ruesdel 1. 1976, NaIK. 

W 
WI 5~rnorsson, 1983, Na/K, basalt. 
I 'Fournier and Truesdell, 1973. 

7~ouillac and Michard, 1981. 



Table 19. Sulfate-water 180/160 isotope temperatures. Makushin Valley test well, ST-1. 1 

Temp 1 8 0 / 1 6 ~ - ~ 2 ~  180/160-~20. 
Date sep. 1 8 ~ / 1 6 ~ - ~ ~ 4 ,  WRT SMOW WRT SMOW 

Sample # collected 'C WRT SMOW at sep res T1, 'C 3 T2. 'C 4 

Average 235 248 

Std. dev. 5 4 

l~sotope analyses performed at U.S. Geological Survey. Menlo Park, except as noted. 
'~nalysis performed at Southern Methodist University, Stable Isotope Laboratory. 

I 

W 3~emperature calculated usin method described in McKenzie and Truesdell (1977) for the case of single-stop steam-loss. The separator water 
Q, composition was used for 1'0/160 - H-0. 
I 

'~emperature calculated using the l80;l6O - H20 value determined for the reservoir water and the equi 1 ibrium fractionation equation of Mirutani and 
6 2 Rafter (1969): 1000 In = 2.88 (10 /T ) - 4.1, T='K. 



Table 20. Gas geothermometers applied to Makushin test well 

Sample # Date sampled T.C~ T'C' T'C~ 

MVTW-1G-C RMICJ 
MVTW-ZG-A RMICJ 
MVTW-2G-B RMICJ 

Average 217 217 219 

Std. dev. 17 5 9 

l ~ a s  geothermometer of D'Amore and Panachi, 1980. 'H S geothermometer of D'Amore and Truesdell, 1980. 
3~62 geothermometer of Arnorsson and others. 1983. 

The water-sul fate oxygen isotope geothermometer of McKenzie and Truesdell 
(1977) predicts significantly higher temperatures than all but Fournier's 
(1981) Na-K geothermometer (table 19). Using the isotopic composition of 
ST-1 waters (cf. table 13) the average temperature given by this geother- 
mometer for the reservoir is 248°C. 

The highest reservoir temperatures predicted by the geothermometers indi- 
cate that the ST-1 fluid chemistry is in equilibrium with hotter parts of 
the reservoir and that the reservoir fluids have cooled before entering the 
ST-1 borehole. Differences in the quartz, cation, and sul fate-water oxygen 
isotope geothermometers have been observed at many other high-temperature 
hot-water systems and have been commonly attributed to the combination of 
cooling of the thermal fluids upon ascent and the differences in the re- 
equilibration times of the various geothermometers (Fournier, 1981). For 
example, quartz equilibrates fairly rapidly, on the order of days to weeks 
at T -200°C, whereas the cations in saline solution equilibrate on the order 
of weeks to months for T -200°C. 

In contrast, the sulfate-water oxygen isotope geothermometer takes much 
1 onger to equil i brate at lower temperatures. Experimental studies by Chi ba 
and Sakai (1985) on the fractionation of 180 between H20 and SO4 showed the 
equilibration time to be weakly dependent on pH and strongly dependent on 
temperature. For a pH of 6 (similar to ST-1 waters) and a temperature of 
250°C, the equilibration half time, TlI2 is on the order of 10 to 20 yr. 
Thus, the sulfate-water oxygen isotope geothermometer is a good indicator of 
deep reservoir temperatures. 

Temperature-pressure conditions at the bottom of ST-1 preclude boiling as 
a cooling mechanism and leave conduction and dilution as alternatives. The 
correlation of lower calculated temperatures with shorter equilibration 
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ST 1 Qz Na/K NaKCa t4a;'Li SO4 G 1 G2 G3  

Geothermometer 

Figure 13. Comparison of geothermometry of well ST-1, Makushin geothermal area (tables 18, 19, and 20). 
Qz = quartz conductive of Fournier and Potter (1983) ; Na-K = basalt cation of Arnorsson (1983) ; 
Na-K-Ca = cation of Fournier and Truesdell (1973); Na-Li = cation of Fouillac and Michard (1981); 
SO4 = 6180, H20-SO4 of McKenzie and Truesdell (1977) ; 61 = gas geothermometer of D'Amore and Panichi 
(1980); 62 = H2S geothermometer of D'Amore and Truesdell (1980); 63 = C02 geothermometer of Arnorsson 
and others (1983). 



times for the geothermometers applied to ST-1 fluids suggests that the 
thermal waters have cooled slowly by conduction upon ascent, before entering 
the S T - 1  borehole. However, dilution may have a1 so played a role in cool ing 
the reservoir water and could explain the differences between the quartz and 
cation geothermometer temperatures. Cation geothermometers, which are based 
on ratios of constituents, are not as susceptible to the effects of dilution 
as the silica geothermometers which are directly related to silica con- 
centrations. The effect of dilution on the Na-K-Ca geothermometer is 
generally negl igi ble if the high-temperature geothermal water is much more 
saline than the diluting water and the diluting fraction is less than 20 to 
30 percent (Fournier, 1981). 

Foll owing methods described in Truesdell and Fournier (1977), the mixing 
line shown on the silica vs. temperature diagram (fig. 6) uses a cold-water 
end member similar to surface meteoric waters (Si02 = 10 ppm; T = 10°C) and 
the average for the analyzed ST-1 silica concentrations corrected to bottom- 
hole conditions (291 ppm). This mixing line intersects the quartz 
solubility curve at a temperature of 220°C, in close agreement with both the 
cation geothermometers and the gas geothermometers. The estimated cold 
water fraction for this mixing model is 12 percent. Thus, waters entering 
ST-1 could have cooled by a combination of conduction from 248°C to 220- 
225°C and by dilution from 220-225°C to 193°C. As seen from the results of 
the tritium analyses, mixing with present-day cold meteoric waters appears 
minimal. If the mixed water is assumed to have a tritium concentration of 
0.4 T.U., the average of the two ST-1 analyses, then the tritium concentra- 
tion of the diluting water must be on the order of, at most, 4 T.U. If sur- 
face meteoric waters having a tritium concentration of 20-30 T.U. are the 
ultimate source of the diluting waters then 25-35 yr would be required for 
these surface waters to reach the zone of mixing. Such infiltration times 
are not unreasonable for most confined aquifers (Panichi and Gonfiantini, 
1978) . 

HYDROTHERMAL ALTERATION 

Methods 

The description of 1 ithology and minerals is based largely on hand- 
samples. As a control, selected sampl es were chosen for additional study by 
X-ray diffraction and optical petrography. Locations of the samples taken 
from the cores are shown on the core logs (figs. 14, 15, 16, 17, 18). 
A1 teration minerals that could not be immediately identified by physical 
properties, because of either their fine-grained nature (clays) or their 
rarity (zeolites), were identified using X-ray diffraction. Once positively 
identified, these mineral s could be located elsewhere in the core by their 
physical properties. Thin sections of representative samples, both from the 
core and from similar rocks at the surface, were used to assist in the 
description of the lithology. The lithologic units used in this paper are 
those of Nye and others (1984). 
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Figure 1 4 .  L i tho logic  log and temperature p r o f i l e  of geothermal g rad ien t  
hole  D-1,  Makushin geothermal a r e a .  
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F i g u r e  15. L i t h o l o g i c  l o g  and t empera tu re  p r o f i l e  o f  geothermal  g r a d i e n t  
h o l e  E-1, Makushin geothermal a r e a .  
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Figure 18. Lithologic log and temperature profile of geothermal gradient 
hole A - 1 ,  Makushin geothermal area. 
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F i g u r e  17.  L i t h o l o g i c  l o g  and t e m p e r a t u r e  p r o f i l e  o f  geo the rma l  w e l l  ST-1, 
Makushi n g e o t h e r m a l  a r e a .  



Sur face  A1 t e r a t  i on 

A l t e r a t i o n  m ine ra l s  r e 1  a ted  t o  t h e  a c t i v e  hydrothermal  system i n  t h e  
Makushin area occur bo th  a t  t h e  su r f ace  and a t  depth.  The a l t e r a t i o n  
m i n e r a l s  a t  t h e  su r f ace  r e f l e c t  t h e  vapor-dominated n a t u r e  o f  t h e  upper p o r -  
t i o n  of t h e  Makushin hydrothermal  system. Since su r f ace  a l t e r a t i o n  may n o t  
r e f l e c t  t h e  c o n d i t i o n s  o f  t h e  deep p roduc t i on  zones, t h i s  s t udy  focused 
m a i n l y  on subsurface a1 t e r a t i o n .  D i s t r i b u t i o n  and m ine ra l  assembl ages of t h e  
sur face a l t e r a t i o n  a re  d iscussed  i n  Parment ier  and o t h e r s  (1983). A b r i e f  
d i s c u s s i o n  o f  t h e  su r f ace  a l t e r a t i o n  f o l l o w s .  

A t  t h e  su r face ,  hydrothermal  a1 t e r a t i o n  i s  r e s t r i c t e d  t o  areas around 
fumarole f i e l d s - - b o t h  a c t i v e  and f o s s i l .  A1 t e r a t i o n  m ine ra l  s  a1 so occur  t o  
a  l e s s e r  degree near  a c t i v e  and f o s s i l  h o t  sp r i ngs .  Both a c t i v e  and f o s s i l  
fumarole f i e l d s  e x h i b i t  t h e  same a l t e r a t i o n  assemblage. K a o l i n i t e  i s  t h e  
dominate m inera l  i n  t h e  fumaro le  f i e l d s  w i t h  l e s s e r  amounts o f  p y r i t e ,  i r o n  
ox ides,  and amorphous s i l  i c a .  S u l f u r  and p i c k e r i n g i  t e  have been i d e n t i f i e d  
from t h e  fumaro le  e n c r u s t a t i o n s .  Py rophy l l  i t e  i s  a1 so 1  oca l  l y  p resen t .  
Ou ts ide  t h e  area o f  t h e  main ven t s  m o n t m o r i l l o n i t e  becomes t h e  ma jo r  c l a y  
m i n e r a l .  Th i s  assemblage i s  i n t e r p r e t e d  t o  be a  r e s u l t  o f  a c i d  a1 t e r a t i o n  
caused by t h e  s h a l l  ow vapor-domi na ted  zone ( Parment ier  and o t h e r s ,  1983; 
Reeder , 1982) . 

The a c t i v e  h o t  sp r i ngs  i n  t h e  area a re  l o w - c h l o r i d e  b i ca rbona te ,  s u l f a t e  
sp r i ngs .  A c t i v e  f o r m a t i  on o f  a u t h i g e n i c  m ine ra l s  around t hese  s p r i n g s  
appears r e s t r i c t e d  t o  t r a v e r t i n e .  However, i n  G l a c i e r  V a l l e y  t h e r e  a re  
severa l  a l t e r e d  zones, i n t e r p r e t e d  t o  be f o s s i l  h o t  s p r i n g  d e p o s i t s ,  i n  
r e c e n t  mora ina l  depos i t s  which c o n t a i n  s i g n i f i c a n t  amounts o f  ha1 i t e .  
Motyka and o the rs  (1983) suggested t h a t  t h i s  i s  evidence o f  c h l o r i d e - r i c h  
h o t  sp r i ngs  i n  t h e  area i n  t h e  r e c e n t  p a s t  

A l t e r a t i o n  M ine ra l s  i n  t h e  Core 

Quartz i s  common i n  a l l  t h e  a1 t e r a t i o n  groups. I t s  h a b i t  v a r i e s  from g ray  
c r y p t o c r y s t a l l  i n e  ve ins  t o  c l e a r ,  doub ly  te rm ina ted ,  1-2 cm l o n g  c r y s t a l s  i n  
an a n h y d r i t e  m a t r i x .  The most common occurrence i s  as v e i n s  r a n g i n g  i n  
w i d t h  from 0.5 mm t o  2.0 cm. The q u a r t z  i n  t h e  ve ins  i s  o f t e n  an opaque 
m i l k y - w h i t e .  The g r a i n s  o f  q u a r t z  i n  t h e  ve ins  a re  anhedral  t o  euhedral  and 
range i n  s i z e  f rom c r y p t o c r y s t a l l i n e  t o  1 cm i n  l e n g t h .  The f i n e r  g ra i ned  
m a t e r i a l  t y p i c a l l y  con ta i ns  numerous f l u i d  and c l a y  i n c l u s i o n s  w h i l e  t h e  
l a r g e r  euhedral  c r y s t a l s  c o n t a i n  o n l y  a  few s c a t t e r e d  f l u i d  i n c l u s i o n s .  The 
q u a r t z  ve i ns  o c c a s i o n a l l y  show f r a c t u r i n g  and r e s e a l i n g  by second gene ra t i on  
q u a r t z ,  b u t  more f r e q u e n t l y  t h e  q u a r t z  ve ins  a re  c u t  by c a l c i t e  and 
a n h y d r i t e  ve i ns .  

C a l c i t e  occurs i n  ve ins ,  as f i n e - g r a i n e d  m ix tu res  w i t h  c l a y  a1 t e r a t i o n ,  
and as euhedral  c r y s t a l s  i n  open-space qua r t z  and c a l c i t e  ve i ns .  Most o f  
t h e  c a l c i t e  ve i ns  a re  t h i n  ( 1 - 2  mm) and c o n t a i n  f i n e - g r a i n e d  ( t 0 . 5  mm) 



anhedral ca l c i t e .  The ca lc i te  crystals  in open-space veins are principally 
scal enohedral , b u t  in the upper parts of we1 1 A-1 bladed ca lc i te  crystals  
also occur. A t  the bottom of well D-1, ca l c i t e  i s  present in the brecciated 
hornfels as a sparry breccia f i l l i n g  with pyri te .  The sparry ca lc i te  i s  
translucent and i s  re lat ively free of inclusions. These ca lc i te  grains are 
anhedral and are -2 mm diam. 

Anhydrite i s  present in two d is t inc t  habits.  The more common i s  as a 
fine-grained vein f i l l i n g .  These anhydrite veins also contain ca lc i te ,  
quartz, pyri te ,  and occasional zeol i tes .  Some veins are vuggy and lined 
with terminated anhydrite crystals .  The fine-grained anhydrite veins are 1- 
20 mm wide and are composed of subhedral anhydrite blades 0.5-1.0 mm wide 
and 1-3 mm long. The al terat ion around these anhydrite veins i s  about 
equal t o  the thickness of the veins. Plagioclase in the al terat ion envelope 
i s  typically altered t o  montmorillonite. The mafic minerals are altered to  
ei ther  ch lor i te  or pyrite.  

The second habit of anhydrite i s  as sparry, coarsely crystal l ine ( t o  3 mm 
wide and 15 mm long) vein and breccia f i l l i n g s .  The sparry anhydrite occurs 
with quartz, ca l c i t e ,  and magnetite. Vugs containing euhedral crystals  of 
anhydrite, quartz and ca lc i te  are common in the breccia zone of ST-1. The 
veins and breccia cl as t s  commonly exhibit an a1 terat ion envelope of ch lor i te  
rather than montmorillonite. The fine-grained anhydrite veins are younger 
t h a n  the sparry anhydrite veins. 

Epidote occurs both in veins and as disseminated anhedral grains in the 
gabbro. When present in a vein i t  i s  never the dominant mineral. Epidote i s  
absent from the fine-grained anhydrite veins and i s  uncommon in the other 
vein types. The epidote-bearing quartz and ca lc i t e  veins are among the old- 
es t  veins in the core and many show multiple stage fracturing and deposi- 
t ion.  Epidote occurs as euhedral crystal s  in irregul arly shaped miarol i  t i c ,  
albite-epidote-quartz veins. I t  can make up t o  10 percent of the mode in 
the albite-quartz-epidote veins. In i t s  disseminated form epidote occurs as 
anhedral grains (0.5-1.0 mm diam.) scattered throughout altered zones, 
especi a1 ly  those near contacts between hornfel s  and gabbro. 

Albite and K-feldspar are among the oldest a l terat ion minerals. The 
a lb i te  occurs as white subhedral t o  euhedral c rys ta l s  (0.5-1 mm) in short 
(1  cm) pegmati t i c  veins found scattered t h r o u g h o u t  the gabbro. K-feldspar 
occurs with the a lb i t e  in these veins. The K-feldspar grains are typically 
larger ( 3 - 4  mm) than those of the a lb i te  and are a pinkish gray. They are 
always anhedral . 

Chlorite and ac t inol i te  were logged together because of the i r  intimate 
association in some assemblages and the general d i f f i cu l ty  in distinguishing 
them in the hand samples. They are pale green and appear fibrous in hand 
sample. They occur in veins and as disseminated replacement of pyroxenes. 
The veins are generally short (0.5-1.5 cm), thin ( t 2  m m ) ,  and monomineral i c .  



They lack alteration envelopes. The disseminated al terat ion i s  more common 
than the veins. Pyroxenes in much of the pluton have been completely 
altered to  chlor i te-act inol i te .  The alteration of pyroxenes i s  the only 
a1 teration present in some parts  of the core. 

The a1 teration of pyroxenes, particularly orthopyroxenes, t o  anthophyl- 
lite-cummingtonite i s  probably the most widespread al terat ion in the core. 
I t  i s  d i f f i cu l t  t o  see in hand specimens, b u t  in thin section i t  i s  readily 
apparent that  most of the orthopyroxene has been altered to  anthophyllite- 
cummingtonite, and much clinopyroxene shows some degree of a l terat ion.  Like 
the chlori te-actinol i t e  a1 terat ion,  i t  appears to  be unrelated to  hydro- 
thermal vein a1 terat ion.  The anthophyll ite-cummingtonite i s  thought to  be 
the oldest a l terat ion in the area. 

Sphene i s  locally present in the al terat ion envelopes around anhydrite 
veins and less  commonly in the veins themselves. I t  i s  most abundant in the 
altered rock of the hydrothermal breccia found in ST-1. I t  commonly occurs 
as irregularly shaped aggregates of grains, although some subhedral crystals 
have been found in the veins. 

I l l i t e  i s  found a t  a single occurrence, a clay zone in 1-1 a t  a depth of 
358 m.  The clay i s  greenish gray and contains a mixture of montmorillonite, 
i l l  i t e ,  chlor i te  and ca lc i te .  

Montmorillonite i s  the most abundant clay mineral in the Makushin 
Geothermal Area. I t  i s  the dominant mineral in the clay zones which occur 
throughout the upper portions of the cores. Generally the clay zones d o  n o t  
occur much deeper than 40 m below surface, b u t  in well 1-1, montmorillonite 
clay zones occur t o  a depth of 450 m below surface. The clay zones are 2 - t o  
20-cm-wide fractures f i l l e d  with a f r iab le ,  fine-grained mixture of clay, 
chlor i te  and ca lc i te .  The clay mixture i s  gray-green t o  gray t o  blue-green. 

Montmori 11 oni t e  a1 so rep1 aces pl agi ocl ase in the a1 t e r a t  i  on envelopes 
around the anhydri t e  veins. The montmori 11 oni t e  forms s o f t ,  white pseudo- 
morphs af te r  pl agioclase 1 aths. 

Kaol in i t e  i s  rare in the core samples from Makushin, even though i t  i s  
abundant i n  the fumarole f i e lds  in the area. I t  has been identified i n  some 
of the clay samples from the upper portions of wells ST-1 and E - 1 .  

Laumontite i s  the most common zeol i te  from the core. I t  occurs as white, 
euhedral crystals in open-space ca lc i te  veins. The crys ta l s  are typically 
2-3 mm in length and may local ly  form clusters .  

Mordenite occurs as white acicular crystals in an open-space ca lc i te -  
quartz vein in well 1-1. The crystals  are 6-7 mm in length. 



Yugawaralite i s  res t r ic ted  t o  two occurrences in well E-1. The 
yugawaralite occurs as t i ny ,  0.5-mm euhedral crystals  in an altered gabbro 
honeycombed with small vugs. 

Wairakite has been identified in two samples from ST-1 and one from E-1. 
The sample from E-1 occurs a t  426 m .  The wairakite in t h i s  sample occurs as 
white, euhedral crystals  on ca lc i t e  crystals  which, in turn,  are on a  quartz 
vein. The wairakite from ST-1, a t  158 m and 202 m ,  forms massive, white 
a l terat ion zones in the gabbro. In thin-section, euhedral c rys ta l s  o f  
wairakite can be seen. The al terat ion zones are about 15-20 cm wide. The 
202-111 occurrence i s  associated with a  steam producing fracture.  

S t i lb i t e  i s  restr ic ted to  a  single occurrence a t  65 m in well ST-1. The 
s t i l  bi t e  forms numerous small (0.5 mm) euhedral c rys ta l s  on the faces of 
quartz crystals in a  vuggy quartz-clay vein. 

Hematite i s  present as s t a ins ,  small crystals l ining fractures ,  and 
rarely,  as replacement of magnetite. The hematite c rys ta l s  are t0.5 mm 
euhedral and metallic red. The occurrences seem res t r ic ted  to  the upper- 
cooler portions of the system. 

Pyrite i s  ubiquitous throughout the core. The most common habit i s  as an 
anhedral rep1 acement of the primary magnetite and pyroxenes. Pyrite a1 so 
replaces some of the authigenic magnetite. 

Pyrite may occur in veins as an accessory mineral. I n  the veins i t  oc- 
curs as small euhedral cubes (0.5-1.0 mm) . Euhedral pyri te  i s  a1 so a  common 
phase in the vein al terat ion envelopes. 

Authigenic magnetite i s  present in a l l  wells except E-1, occurring as 
1 arge sooty anhedral grains associated with sparry anhydri t e .  The magnetite 
grains commonly appear somewhat rounded. I n  polished section they are homo- 
geneous and quite d i s t inc t  from the ilmenite-bearing primary magnetite. 
Rarely, large grains of magnetite will occur in the gabbro, seemingly 
removed from other a l te ra t ion .  

Marcasite has been found in several of the open-space quartz veins. The 
marcasite i s  tarnished and has cockscomb habit. 

Paragenesi s  and A1 teration Assembl ages 

The paragenetic sequence for  the authigenic minerals was determined from 
the depositional sequence of vein minerals, cross-cutting relationships 
between veins, and replacement textures. Figure 19 i s  a  paragenetic chart 
for a l l  the authigenic minerals found in the d r i l l  core. Co-deposition of 
minerals as shown on t h i s  chart does n o t  imply equilibrium among the phase 
being deposited. Local equilibrium i s  the rule in near-surface hydrothermal 
systems. Conditions can vary greatly over short distances. Minerals which 



Paragenetic Chart of Makushin Alteration Minerals 
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F igu re  19. Paragenet ic  c h a r t  o f  Makushin a l t e r a t i o n  m ine ra l s .  
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cannot c o e x i s t  can t hus  f o rm  a t  t h e  same t ime  i n  d i f f e r e n t  p a r t s  o f  t h e  
system. The paragene t i c  c h a r t ,  t h e r e f o r e ,  t e l l s  v e r y  1  i t t l e  about e q u i l  i b-  
r i u m  i n  t h e  system. 

The u t i l  i t y  o f  t h e  pa ragene t i c  c h a r t  i s  t h a t  i t  a l l ows  one t o  see ma jo r  
changes i n  t h e  Makushin hydrothermal  area over  t ime .  For  example, m ine ra l s  
such as b i o t i t e ,  hornb lende and a l b i t e  were depos i t ed  e a r l y  on w h i l e  t h e  
z e o l i t e s  were depos i ted  more r e c e n t l y .  From t h e  pa ragene t i c  c h a r t  and 
i n f o r m a t i o n  about m ine ra l  s t a b i l i t i e s ,  two major  a l t e r a t i o n  even ts  can be 
i d e n t i f i e d .  The e a r l y  a l t e r a t i o n  event  i s  t h e  r e s u l t  o f  d e u t e r i c  a l t e r a t i o n  
o f  t h e  p l u t o n  and i s  u n r e l a t e d  t o  t h e  a c t i v e  hydrothermal  system. The l a t e  
a1 t e r a t i o n  i s  t h e  work o f  t h e  Makushin hydrothermal system. 

The d e u t e r i c  a l t e r a t i o n  comprises two assemblages: an a l b i t e  f b i o t i t e  t 
hornblende t a c t i n o l i t e  a e p i d o t e  a q u a r t z  assemblage found i n  comagmatic 
b recc i as  and a p l i t e  d i kes ,  which occur  randomly th roughou t  t h e  p l u t o n ,  and 
an a n t h o p h y l l i t e  t cummington i te  a a c t i n o l i t e  + magne t i t e  + p y r i t e  



assemblage which replaces mafic phases, in particular the orthopyroxenes, in 
the gabbronorite and hornfels. The deuteric alteration occurs throughout 
the pluton so that  i t  i s  d i f f i cu l t  t o  find unaltered orthopyroxenes. 

Per f i t  and Lawrence 1979 found that  the rocks of the Captain's Bay 
pluton showed depleted l'O/ldO values with respect t o  normal igneous rocks. 
They interpreted t h i s  t o  be a resu l t  of the interaction of circulating 
meteoric water with the cooling pluton. Samples of the Makushin gabbro were 
analyzed for  oxygen isotopes. The resu l t s  are shown in table 14. Like 
those of the Captain's Bay pluton, they show depleted 180/160 values 
compared t o  normal igneous rocks. I t  i s  therefore l ikely that the Makushin 
pluton also interacted with circulating meteoric water as i t  cooled. The 
greenschist metamorphism of the Unalaska Formation i s  also believed t o  be 
related t o  hydrothermal systems se t  up  by the cooling plutons (Pe r f i t  and 
Lawrence, 1979). 

The a l te ra t ion  related t o  the Makushin geothermal system i s  divided into 
two periods of deposition; an early and l a t e  period. The early period 
authigenic minerals seem to  be a single assemblage of anhydrite + magnetite 
+ ca lc i t e  f pyri te  f chlori te  + epidote f sphene. This will be referred t o  
as the 'magnetite' assemblage. The authigenic minerals of the l a t e  period 
form two d i s t inc t  assemblages; a montmorillonite + chlori te  + ca lc i t e  1 
pyrite assemblage, the ' a rg i l l i c '  assemblage, and anhydrite f ca lc i t e  1 
quartz + zeol i te  + epidote + pyrite f sphalerite + sphene assemblage, the 
'zeol i te '  assemblage. 

The magnetite assemblage occurs principally in the hydrothermal brecci as 
which are abundant in the upper 220 m of ST-1. The breccias occur l e s s  f r e -  
quently in the other wells. The breccias consist of c las t s  of gabbro sur- 
rounded by a matrix of sparry anhydri t e ,  anhedral magnetite, euhedral quartz 
crystals ,  and rarely,  ca lc i te  crystals .  The c las t s  are angular, 0.5-4 cm in 
diam, and almost always have a ch lo r i t i c  a l terat ion rind. I n  well D-1, the 
breccias are s l ight ly  different :  hornfels c l a s t s  in a matrix of sparry ca l -  
c i t e  and anhedral pyrite.  The c l a s t s  are approximately the same size and 
shape and have chlori t i c  a1 teration rinds. 

The sparry anhydrite, as opposed t o  the f iner  grained anhydrite of the 
zeol i te  assemblage, and the magnetite serve t o  distinguish th i s  assemblage. 
The anhydrite and magnetite appear t o  have formed together. This i s  most 
unusual fo r  a geothermal system. While anhydrite i s  common in explored 
geothermal areas,  authigeni c magnetite has been reported from only two other 
geothermal areas: Tongonan, Phi 1 ippines, and Tatun, Taiwan (Browne, 1978; 
Lan and others,  1980). The Tongonan system has temperatures of above 300°C, 
much higher than those so f a r  encountered in the Makushin system. 

The Makushin hydrothermal system clear ly cannot have formed the magnetite 
assemblage under the present conditions. The breccias found in ST-1 are 
above the water table ,  and the magnetite assemblage must have formed in a 



1 iquid-dominated system. It also does not appear possible to deposit 
anhydrite and magnetite together at the present temperatures. Despite this, 
the magnetite assemblage does appear to be related to the Makushin system. 
No evidence of any earlier hydrothermal systems can be found in the Makushin 
area. Extensive exploration of the pluton at the surface indicated only the 
deuteric alteration and the alteration around the fumaroles and hot springs. 
An unpublished geochemical study of the Makushin well drill chips by R. Bam- 
ford for Republ i c Geothermal, Inc. indicated no other hydrothermal activity 
than the present system. Finally, salinity data from the fluid inclusions 
(discussed later in this report) indicate the fluids that formed the mag- 
netite assemblage are similar to the present fluids. Taken together, this 
is good evidence that the magnetite assemblage was formed by the Makushin 
system at an earlier stage. 

The zeolite and argill ic assemblages are much more easily related to the 
present system. The argillic assemblage is fairly typical of the vapor- 
dominated and cooler liquid-dominated portions of other geothermal systems 
(Ell is, 1979). It is basically confined to areas above the known water 
table to liquid-dominated zones with temperature below - 100°C. 

The zeol i te assembl age is representative of the 1 iquid-dominated portions 
of the active system. The assemblage occurs in every core and is the most 
common of the hydrothermal assemblages. There is a rough temperature zoning 
for the zeol ites. Mordenite was only found in 1-1 and is assumed to be 
stable below 100°C. Laumontite is by far the most common zeolite in the 
Makushin system. It has been found at temperatures as low as 70°C. How- 
ever, this may be a relict of the early stage. More reasonable is the 
occurrence in A-1, which starts at about 125°C. The upper temperature limit 
is probably around 190°C. Wairakite, like the laumontite, is found at 
temperatures that are too low to be reasonable for formation. In other 
systems wairakite first appears around 175°C and disappears at about 250°C. 
Yugawaralite is rare in the Makushin core but probably has stabilities 
similar to wairakite. 

The only other zoning seen in the Makushin system is the zoning between 
bladed and scalenohedral calcite. In well 1-1 bladed calcite occurs from 
100 m to about 340 m, below which point the calcite is scalenohedral. 

As mentioned, there are occurrences of the zeolite assemblage which, like 
the magnetite assemblage, are outside the stability limits for the 
assemblage. In ST-1, wairakite occurs at 137 m and at 190 m. Both zones 
are above the present water table and are at temperatures well below those 
reasonabl e for wairaki te formation. The 190-111 occurrence i s gabbro a1 tered 
to wai raki te surrounding a steam-producing fracture. In order for wairaki te 
to form, the fluids must be supersaturated with respect to quartz. This is 
impossible in a vapor-dominated system. Wairaki te has been found in vapor- 
dominated systems, but these occurrences are rare and always at temperatures 
close to 200°C. The wairakite in ST-1 must have formed during an earlier 



per iod  when t h e  water  t a b l e  was h igher  than a t  present,  and the  temperatures 
near the  sur face must a lso  have been h igher .  

Evidence from t h e  auth igeni  c  minera l  s, there fore ,  i nd i ca tes  t h a t  a  change 
i n  the  Makushin hydrothermal system has taken p lace.  This  change c e r t a i n l y  
invo lved a  drop i n  t h e  water t a b l e  and a lower ing  o f  t he  temperature i n  t h e  
upper p a r t s  o f  t h e  system. 

FLUID INCLUSIONS 

Methods 

The f l u i d  i n c l u s i o n  study was undertaken t o  determine the  temperature and 
a l i n i t y  of t h e  f l u i d s  which formed the  e a r l y  hydrothermal minera ls .  Three 
amples f rom E-1, t h r e e  samples from ST-1, and one sample from 1-1 were 
e lec ted  f o r  t h e  homogenization and sa l  i n i  t y  i n v e s t i g a t i o n .  The samples 

were se lec ted  on t h e  bas is  o f  f o u r  c r i t e r i a :  (1) the  samples had t o  con ta in  
quartz;  ( 2 )  t h e  qua r t z  g ra ins  had t o  be 1  arger  than 2  mm i n  diam; ( 3 )  t he  
veins the  qua r t z  came from had t o  be o f  hydrothermal o r i g i n ;  and ( 4 )  t he  
sample depths had t o  be va r ied  t o  a l l ow  a  paleogeothermal g rad ien t  t o  be 
determined. Desc r ip t i ons  o f  the  samples are  g iven i n  t a b l e  21. 

Table 21. Description of fluid inclusion samples. 

Sample 
number Description 

ST-277 Clear, euhedral quartz crystals (0.5 cm diam.) from a vuggy anhydrite, quartz, magnetite 
breccia inf i 1 ling. Primary and pseudo-secondary inclusions present. Some primary 
inclusions form phantoms within the quartz crystals. 

ST-295 Clear, euhedral quartz crystal (1.0 cm diam.) from an anhydrite, quartz, calcite, magnetite 
breccia inf i 11 ing. Inclusions are rare. Primary and secondary inclusions. 

E-1-791 Quartz from a calcite, quartz, epidote vein. Quartz grains are euhedral and surrounded by 
calcite. Some epidote grains in the calcite. Surrounding gabbro only slightly altered. 
Plagioclase to montmorillonite. Mafics to chlorite and pyrite. 

E-1-1155 Quartz crystals from sealed quarts vein. Vein is 2 cm wide. Individual quartz crystals 
are subhedral. Crystals are 1 cm long and 0.3-0.5 cm wide. Surrounding rock is 
extensively altered. 

E-1-1396 Quartz vein. Wairakite is present in vug along one side of vein. The wairakite is younger 
than the quartz vein. 

1-1-164 Fine grained quartz vein (2.5 cm wide). Much of the sample can not be used because of 
numerous clay inclusions and most of the inclusions are too small. Acceptable inclusions 
are present in the small (1.0-0.5 mn) subhedral crystals which project into the occasional 
small vugs. The host rock is highly altered to the argillic assemblage and only pyrite 
traces of the mafic minerals remain. 



Although anhydrite and calcite also contain fluid inclusions and are 
abundant in the core, they were not used in the fluid inclusion study. They 
were judged unsuitable for the study for two major reasons: First, grains of 
anhydri te and calcite large enough to have usable inclusions were not as 
abundant as 1 arge grains of quartz. Second, anhydri te and calcite are 
thought to be more susceptible to possible re-equilibration during retro- 
grade events than is quartz. 

The fluid inclusion samples were prepared according to procedures out- 
lined in Roedder (1984). Special care was taken to avoid heating the 
samples above 80°C during preparation. The me1 ting and homogenization 
measurements were done on a Linkam 600 heating-cooling stage. To determine 
fluid salinities, the sample was cooled to -40°C, then heated at a rate of 
10°C/min until the sample temperature reached -5°C. The sample was a1 1 owed 
to equilibrate at this temperature for one minute. Heating was then con- 
tinued at l.O°C/min until the last ice melted. After the last ice melted, 
heating was continued at the same rate to t12'C in order to check for 
cl athrates. 

To measure homogenization temperatures, the sample was heated at 20°C/mi n 
until the sample temperature reached 180°C. The sample was allowed to 
remain at 180°C for one minute. The rate of heating was then reduced to 
S°C/min and heating continued until homogenization was achieved. Multiple 
homogeni zat i on runs were made on sel ected i ncl usi ons to determine the 
repeatabi 1 i ty of the results. Homogenization temperatures measured at heat- 
ing rates of 1°C/min were within +l°C of homogenization temperatures mea- 
sured at heating rates of S°C/min. 

The inclusions used in the study ranged from 0.01 mm to 0.5 mm in diam. 
Most of the inclusions were primary, but some psuedo-secondary and secondary 
inclusions were also used. The vapor fill ings were between 5 and 10 per- 
cent. The vapor bubbles were slightly darker than one would expect for pure 
H20 vapor. Typical inclusions are shown in figure 20. 

About ha1 f the inclusions contained thin, transparent, daughter minerals 
(fig 21). The daughter mineral did not show any visible dissolution even at 
400°C. This may indicate that the minerals are accidental inclusions and 
not true daughters. 

Fluid Salinity 

Figure 22 shows the temperature of last ice melting for 80 inclusions 
from five samples (ST-I:277, ST-1:295, E-1:791, E-1:1155, E-1:1396). The 
variation shown by the melting temperatures is within the error limits for 
the cooling stage. Thus it is reasonable to assume that the composition of 
the fluid inclusions is constant. 



Figure  20. F l u i d  i n c l u s i o n s  i n  q u a r t z  from t h e  Makushin geothermal a r e a .  

F igure  21. F l u i d  i n c l u s i o n s  showing d a u g h t e r  m i n e r a l s .  
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Using the equation given by Potter and others (1978) to determine the 
inclusion salinity in NaCl molar equivalents from the temperature of last 
ice melting, one obtains for the mean temperature a salinity of 0.106 M NaCl 
or 6,194 ppm. The measured salinity of the ST-1 waters is 0.098 M NaCl or 
5,868 ppm. Even ignoring the difficulty in measuring the salinity of low 
salinity inclusions, the agreement between present system salinities and the 
fluid inclusion salinities is remarkable. 

After the last ice melted, the samples were checked for clathrates. 
Although the dark vapor bubble indicated the presence of some C02, no 
clathrates were observed. The active hydrothermal system has C02 partial 
pressures of 0.5 bars, which are much too low to allow clathrate formation. 

Thus, from the compositional information that can be obtained by freezing 
the inclusions, the paleofluid and the present fluids appear the same. This 
seems to rule out any major changes in composition during the life of the 
Makushin hydrothermal system. Although it would be desirable to obtain 
quantitative chemical analysis of the fluid inclusion, this seems unlikely 
at present, because of the dilute nature of the fluid inclusions. 

Homogenization Temperatures 

Figures 23a, b, and c show the fluid inclusion homogenization tempera- 
tures (given by mean) at appropriate sample depth in each well. Also shown 
are the measured thermal gradients(MTG) and the hydrostatic reference boil- 
i n g  curve (RBC). 

The degree of vapor filling in the inclusions at 40°C was essentially 
constant, being between 5 and 10 percent by volume. All of the inclusions 
homogenized to a high density fluid (that is, the vapor bubble shrank). 
These observations are generally taken to indicate that the fluid inclusions 
were formed in a 1 iquid-dominated environment and that the 1 iquid was not 
boiling. However, experience in other geothermal fields indicates that 
similar inclusions can form from fluids which are boiling (Roedder, 1984). 
Therefore, one cannot say that boiling has not occurred, but only that there 
is no evidence for boiling. 

The lack of evidence for boiling prevents the determination of the pres- 
ure correction to be applied to the homogenization temperatures to get the 
rue temperature of trapping. However, in many expl ored geothermal system 
he pressure is close to hydrostatic. Since the Makushin samples came from 
fairly shallow depths, the pressure correction should be small. Neverthe- 
1 ess, the homogenization temperatures should be regarded as minimum tempera- 
ture of trapping. 

The most striking feature of the homogenization temperatures is that they 
are all above the measured well -temperatures for the sample depth. In some 
samples the highest homogenization temperatures are >lOO°C above the maximum 
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Figure 23a,b,c. Temperatures of fluid inclusion homogenization at sample 
depth in Wells 1-1, ST-I, and E-1. 
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bot tom-hole  tempera tu re  so f a r  measured i n  t h e  Makushin system. Desp i t e  
t h i s ,  t h e  i n c l u s i o n s  do p robab l y  represen t  t h e  c o n d i t i o n s  o f  t h e  e a r l y  
Makushin Geothermal System. As d iscussed e a r l i e r  i n  t h i s  r e p o r t ,  t h e  e v i -  
dence s t r o n g l y  suggests t h a t  a l l  t h e  hydrothermal a l t e r a t i o n  i n  t h e  w e l l s  i s  
r e1  a ted  t o  one hydrothermal  system. 

F l u i d  i n c l u s i o n  homogenizat ion temperatures a re  o f t e n  s i g n i f i c a n t l y  
g r e a t e r  than  t h e  p resen t  measured temperatures f o r  a  w e l l  (Bargar  and 
Beeson, 1984; Bargar  and o the rs ,  1984; K e i t h  and o the rs ,  1984; Huang, 1977; 
Taguchi and o the rs ,  1980; Taguchi, 1983). The l owe r  homogenizat ion tempera- 
t u r e s  are,  however, i n  most f i e l d s  w i t h i n  f5"C o f  t h e  p rep roduc t i on  measured 
temperature curve.  The h i g h e r  homogenizat ion temperatures are,  t he re fo re ,  
u s u a l l y  i n t e r p r e t e d  as ev idence t h a t  t h e  geothermal system has cooled.  Thus 
t h e  f l u i d  i n c l u s i o n  homogenizat ion temperatures suggest t h a t  t h e  Makushin 
geothermal f i e l d  has coo led  as much as 100°C i n  p laces .  

The d i f f i c u l t y  w i t h  t h i s  i n t e r p r e t a t i o n  l i e s  i n  t h e  f a c t  t h a t  most o f  t h e  
homogenizat ion temperatures a re  above t h e  h y d r o s t a t i c  b o i l i n g  curve.  As can 
be seen i n  f i g u r e s  23a, b, and c, t h e  mean temperature o f  homogenizat ion of 
a l l  t h e  samples i s  a t  o r  exceeds t h e  h y d r o s t a t i c  b o i l i n g  c u r v e - - i n d i c a t i n g  
b o i l i n g  shou ld  have t aken  p l ace .  The f l u i d  i n c l u s i o n  d a t a  do n o t  r u l e  o u t  
b o i l i n g  a t  t h e  t i m e  o f  t h e  i n c l u s i o n  t r app ing ,  b u t  i f  b o i l i n g  were t a k i n g  
p lace ,  t h e  homogenizat ion temperatures cou ld  n o t  exceed t h a t  o f  t h e  b o i l i n g  
curve.  The b o i l i n g  cu r ve  must have, t h e r e f o r e ,  been s h i f t e d  toward h i g h e r  
temperatures f o r  a  g i v e n  p resen t  depth i n  t h e  e a r l y  geothermal system. 

A s h i f t  o f  t h e  b o i l i n g  cu rve  can be a f f e c t e d  by  an i nc rease  i n  s a l i n i t y  
o r  an i nc rease  i n  p ressure .  For  t h e  Makushin geothermal system t h e  inc rease  
i n  s a l i n i t y  can be r u l e d  ou t ,  on t h e  bas i s  o f  t h e  f l u i d  i n c l u s i o n  f r e e z i n g  
da ta .  Th i s  means t h e  s h i f t  i n  t h e  b o i l i n g  cu rve  must have been due t o  
inc reased  p ressure  i n  t h e  pas t .  A d d i t i o n a l  p ressure  can be s u p p l i e d  i f  t h e  
system i s  s e l f - s e a l e d ,  so t h a t  l i t h o s t a t i c ,  r a t h e r  t h a n  h y d r o s t a t i c ,  p res -  
sures apply .  The l i t h o s t a t i c  pressures a re  none the less  t o o  smal l  t o  p reven t  
b o i l i n g  i n  a l l  b u t  t h e  deepest samples. S e l f - s e a l e d  geothermal systems can 
over -p ressure ;  however, t h e  over -p ressure  cannot exceed t h e  1 i t h o s t a t i  c 
p ressure  by  more t h a n  approx imate ly  30 pe r  cen t  ( M u f f l e r  and o the rs ,  1971). 
I n  t h e  case o f  t h e  Makushin system, t h e  over -p ressure  r e q u i r e d  t o  p reven t  
b o i l i n g  i n  t h e  upper samples exceeds t h e  l i t h o s t a t i c  p ressu re  by a  f a c t o r  o f  
3. 

We must t h e r e f o r e  invoke  another  mechanism t o  i n c r e a s e  t h e  h y d r o s t a t i c  
and/or t h e  l i t h o s t a t i c  p ressure .  Th i s  can be done o n l y  by i n c r e a s i n g  t h e  
overburden on t h e  system. I n  many f o s s i l  systems t h e  overburden i s  assumed 
t o  be rock .  I f  we assume t h a t  t h e  Makushin system was s o l e l y  under hydro-  
s t a t i c  pressure,  t hen  t h e  amount o f  r o c k  t h a t  has been eroded must exceed 
300 m. A l i t h o s t a t i c  l o a d  would r e q u i r e  100 m o f  r o c k .  



This is probably an unreasonable amount of material to erode during the 
expected lifetime of this geothermal system. Rates of erosion by two large 
glaciers in Iceland were calculated to be 6 . 4  and 55 cm/100 yr, respectively 
(Okko, 1955). Assuming these values to be an upper and lower limit to the 
erosion rate in the Makushin area, we can estimate the amount of time 
required to erode the 100-300 m of rock overburden; the result would be 
20,000-500,000 yr. While these numbers are reasonable given the length of 
time the geothermal system could exist, the surface a1 terat ion suggests that 
this is not what occurred. 

If the additional pressure were supplied by rock now eroded away, one 
would expect to find evidence of the liquid-dominated system at the surface. 
The evidence would be in the form of veins and 1 iquid-dominated alteration. 
As discussed earlier the surface alteration is confined to vapor-dominated 
alteration. Thus, it does not seem likely that rock was the source of the 
additional pressure. 

Instead, as we will discuss in a subsequent section, we propose that the 
additional pressure was suppl ied by glacial loading. 

Alteration Equilibrium in the Makushin System 

Having established the likely temperatures and pressures of the paleo- 
geothermal system, it is now possible to apply thermodynamic data to the 
alteration mineral assemblages and check for consistency. 

The authigenic minerals of a hydrothermal system are the end result of 
the interaction among several physical -chemical factors. Browne (1978) 
grouped these factors under six major headings: (1) temperature, (2) pres- 
sure, (3) rock type, ( 4 )  fluid composition, (5) permeability, and 
(6) duration of activity. These factors vary from field to field, and in 
most cases vary greatly even within an individual field. Most of these 
factors can be more or less directly measured to determine the present con- 
ditions. Chemical thermodynamics allows us to predict the results of some 
of the factors. The model created by chemical thermodynamic data can then 
be compared to what is actually seen. 

Figure 24 is the chemical potential diagram for the system CaO-A1 03- 
The phases shown are all found in the Makushin system. Re f iable 

S:%:$namic data are unavailable for some phases, and this precludes their 
being shown on a standard activity diagram. One can, however, obtain 
information about the system from the shape of their fields and their loca- 
tion on chemical potential diagrams. There are some restrictions which can 
be applied to the chemical potential diagram shown. 

Wairakite is known to form only at or above quartz saturation. This 
means, that for a given temperature, all the phases to the right of 
wairakite form at silica activities above quartz saturation. Margarite is 



F igu re  24.  Chemical p o t e n t i  a1 
diagram f o r  t h e  system CaO- 
A1 203-Si02-H20. 

a l s o  known t o  fo rm o n l y  a t  s i l i c a  a c t i v i t i e s  below q u a r t z  s a t u r a t i o n .  Thus, 
one would n o t  expect  t o  f i n d  z e o l i t e s  and m a r g a r i t e  t oge the r ,  and indeed, 
t h i s  i s  t h e  case; z e o l i t e s  a re  p resen t  i n  t h e  Makushin system, and m a r g a r i t e  
and g i b b s i t e  a re  absent.  P r e h n i t e  i s  a l s o  absent i n  t h e  system. T h i s  cou ld  
i n d i c a t e  t h a t  Ca a c t i v i t y  i s  l i m i t e d  by  some mechanism o r  t h a t  Ht i s  t o o  
low.  

The zon ing  o f  z e o l i t e s  on t h e  d iagram r e f l e c t s  t h e  zon ing  o f  z e o l i t e s  
w i t h  temperature shown i n  t h e  system. S i m i l a r  zon ing  p a t t e r n s  a re  seen i n  
o t h e r  systems. The mechanism f o r  t h i s  zon ing  appears t o  be r e l a t e d  t o  t h e  
change i n  t h e  s i l i c a  a c t i v i t y  b u f f e r  w i t h  temperature.  A t  tempera tu res  
above 180°C, water  i s  u s u a l l y  s a t u r a t e d  w i t h  r espec t  t o  q u a r t z ;  a t  l owe r  
temperatures,  however, t h e  s t a b l e  s i l i c a  phase becomes chalcedony o r  opal  
(Arnorsson, 1975).  Th i s  a l l ows  t h e  h i g h e r  s i l i c a  z e o l i t e s  t o  f o rm  a t  t h e  
l ower temperatures and thus  c r e a t e s  t h e  zon ing  p a t t e r n  (Browne, 1978; Hen1 ey 
and E l l i s ,  1983). 

F i g u r e  25 i s  t h e  a c t i v i t y  d iagram f o r  t h e  Ca0-A1203-Si02-H20 system a t  
200°C. As one can see, t h e  Makushin wa te r  p l o t s  i n  t h e  k a o l i n i t e  s t a b i l i t y  
f i e l d .  However, k a o l i n i t e  i s  n o t  an abundant m ine ra l  i n  t h e  co res .  T h i s  
m igh t  be caused by: (1) t h e  a c t u a l  tempera tu re  o f  t h e  wa te r  b e i n g  195°C and 
t h e  diagram t h e r e f o r e  be ing  drawn a t  an i n a p p r o p r i a t e  temperature;  
( 2 )  kao l  i n i t e  be ing  p resen t  b u t  i n  such smal l  amount i t  was over looked ;  o r  
( 3 )  t h e  wa te r  n o t  p l o t t i n g  c o r r e c t l y .  The l a s t  cause appears t o  be t h e  
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case. The d i f f e r e n c e  between t h e  ac tua l  temperature o f  t h e  f l u i d  and t h a t  
on t h e  diagram i s  n o t  enough t o  change t h e  r e l a t i v e  p o s i t i o n  o f  t h e  p o i n t  i n  
t h e  f i e l d s .  I f  k a o l i n i t e  i s  p resen t  i n  smal l  q u a n t i t i e s  t h a t  have been 
over looked, then  i t  would i n d i c a t e  a  n o n - s i l i c a t e  m ine ra l  rep resen ts  t h e  
b u l k  o f  t h e  ca l c i um  b e a r i n g  a l t e r a t i o n .  T h i s  i s  p o s s i b l e ,  b u t  i t  would be 
unusual f o r  most geothermal systems. The wate r  i s  s a t u r a t e d  w i t h  r espec t  t o  
qua r t z  a t  about 207°C. The change f rom 207°C t o  195°C would a l l o w  s i l i c a  
a c t i v i t y  t o  r i s e ,  b u t  would  n o t  be s u f f i c i e n t  t o  a l l o w  t h e  d e p o s i t i o n  o f  
w a i r a k i t e - - i t  would  be s u f f i c i e n t  t o  a l l o w  f o r  t h e  d e p o s i t i o n  o f  l aumon t i t e .  
Laumont i te i s  c l o s e  t o  i t s  upper thermal boundary a t  200°C, b u t  i n  t h e  
Makushin system i t  does appear t o  be s t a b l e .  

Laumont i te m igh t  w e l l  be t h e  s t a b l e  z e o l i t e  i n  t h e  Makushin system under 
p resen t  c o n d i t i o n s .  The w a i r a k i t e  may have formed s h o r t l y  a f t e r  f o rma t i on  
o f  t h e  magnet i te  assemblage w h i l e  t h e  system was c o o l i n g .  I f  t h i s  were ac- 
complished i n  a  r a p i d  f a s h i o n  ( t h a t  i s ,  b o i l i n g ) ,  t hen  t h e  s i l i c a  a c t i v i t y  
would have been a l lowed t o  r i s e  cons iderab ly  above t h e  q u a r t z  s a t u r a t i o n  
l i m i t .  Th i s  would i n  t u r n  have a l lowed t h e  f o r m a t i o n  o f  w a i r a k i t e .  Thus 
t h e  w a i r a k i t e  may be more i n d i c a t i v e  o f  t h e  p a s t  c o n d i t i o n s  than  p resen t .  

F igures  26 and 27 a r e  a c t i v i t y  diagrams f o r  t h e  systems K20-A1203-Ca0-H20 
and Na20-A1203-Ca-H20, r e s p e c t i v e l y .  The Makushin waters  i n  these diagrams 
f a l l  i n  t h e  w h i t e  mica f i e l d s .  A l though w h i t e  m ica  i s  n o t  shown i n  t h e  
a l t e r a t i o n  cha r t s ,  i t  i s  p resen t  i n  t h e  cores.  The p l a g i o c l a s e  around some 
o f  t h e  r ecen t  ve i ns  always has some w h i t e  mica a l t e r a t i o n - - t h e  amounts a re  
smal l  b u t  s i g n i f i c a n t .  White mica has a l s o  been r e p o r t e d  as t h e  most r ecen t  
m inera l  f rom v e i n  m a t e r i a l  recovered f rom t h e  bo t tom f r a c t u r e  o f  ST-1. I n  
t h i s  case i t  does seem l i k e l y  t h a t  t h e  a c t i v i t y  diagrams do r e f l e c t  t h e  
e q u i l i b r i u m  i n  t h e  p resen t  system. 

A f i n a l  phase d iagram has been drawn t o  h e l p  e x p l a i n  t h e  unusual mag- 
n e t i t e  assemblage f rom t h e  ST-1 b recc ias .  A l l  t h e  a v a i l a b l e  evidence i n d i -  
ca tes  t h e  magnet i te  b r e c c i a s  formed d u r i n g  o r  s h o r t l y  a f t e r  t h e  end o f  t h e  
h i g h  temperature s tage  o f  t h e  Makushin hydrothermal  system. F i gu re  28 i s  a  
f O  -pH diagram f o r  t h e  system Fe-0-S a t  250°C. A l s o  shown a re  t h e  c a l c i t e  
an 8 a n h y d r i t e  i n s o l u b l e  l i n e s .  From t h e  homogenizat ion temperatures,  250°C 
i s  a  reasonable guess a t  t h e  temperature o f  t h e  h i g h  temperature stage. 

The o r i g i n a l  f l u i d  must have had a  pH and f 0 2  such t h a t  c a l c i t e  and 
anhydr i  t e  were s o l u b l e .  Furthermore, t h e  f 0 2  cannot  have been lower  than 
t h e  p y r i t e - p y r r h o t i t e  l i n e ,  s i nce  p y r r h o t i t e  i s  n o t  p resen t  i n  t h e  Makushin 
system. For geothermal systems a t  250-300°C E l l i s  and Mahon (1977) have 
proposed f 0 2  va lues  o f  between and 10- 37.5.  I f  we assume these f 0 2  
va lues f o r  t h e  o r i g i n a l  system, then anhyd r i t e ,  c a l c i t e  and magnet i te  cou ld  
n o t  have formed ( i f  t h e  system had a  pH s i m i l a r  t o  p resen t -day  c o n d i t i o n s ) .  



Figure 28. Fugacity of oxygen vs. pH diagram for the system Fe-S-HZ0 at 
250°C (after Crerar and Barnes, 1970). 

Deposition could be accomplished by changing the f02 values, but changes 
in oxidation are difficult and slow at these conditions. Instead, it is much 
easier to change the pH. One simply allows the fluids to boil. The pH 
change in the present Makushin waters from boiling is over 2.0 pH units, 
because of loss of C02 and H2S to the vapor phase. Since fluid inclusion 
data indicate that the composition of the paleofluids were similar to the 
present fluids, it is reasonable to assume similar changes in pH if the 
early Makushin system boiled rapidly. Such a change could result in the 
deposition of anhydrite, magnetite, calcite and quartz. 

GLACIER UNLOADING: CAUSE OF RECENT CHANGE I N  THE GEOTHERMAL SYSTEM 

We have accumulated evidence indicating that a rapid decline in the water 
table and a cooling of the upper part of the Makushin hydrothermal system 
occurred in the geologically recent past. The current depth to the pres- 
surized hydrothermal system, as determined from drill holes, lies at 230- 
240 m below the surface in upper Makushin Valley. A vapor-dominated zone 
presently extends from this depth to the surface. By inference, a shallow 
vapor-dominated zone of similar magnitude is thought to exist at the head of 



Glacier Valley in the vicinity of fumarole field 3. Yet halite was found 
coating hydrothermally cemented rocks in neoglacial moraines and outwash 
deposits in the upper part of Glacier Valley (Motyka and others, 1983). 

These salt deposits are thought to be relicts of fossil chloride-rich 
thermal springs and indicate a hot-water system reached the surface in 
recent times in a region that is now dominated by fumarole activity and 
HC03-SO4 thermal springs. 

The hydrothermal-alteration mineral-assemblages found in the upper parts 
of holes E-1 and ST-1 (which include quartz, calcite, anhydrite, wairakite, 
and montmorillonite) could only have been formed under hot-water neutral to 
slightly alkaline conditions, and not the acid-steam conditions that 
presently exist in this zone. Furthermore, trace-element enrichment and 
depletion studies of core from the Makushin geothermal area indicate neutral 
pH hot-water rather than acid-steam conditions in the upper parts of the 
dri 11 holes (Issel hardt and others, 1983). The apparent absence of steam- 
dominated mineral assemblages and trace-element geochemi stry in these zones 
indicates the hydrothermal system water 1 eve1 dropped fairly recently. 

The evidence from our fluid inclusion studies indicates that the tempera- 
ture of the hot-water hydrothermal system, at the time the fluid inclusions 
were entrapped in vein-deposited quartz in the upper parts of the system, 
were substantially hotter than present-day temperatures. Examination of 
figure 23 shows that paleotemperatures at depths as shallow as 100 m below 
the present surface were as high as 250°C. The studies also indicate that 
the waters from which the quartz was precipitated had a salinity nearly the 
same as the present-day system. If the paleofluid is assumed to have had a 
6180 composition similar to present reservoir waters, we can then apply the 
equilibrium fractionation equation of Chiba and others (1981) to anhydrite 
found in a vein at a depth of 149 m (cf. table 11). The result gives a 
temperature of formation of -250°C, which is similar to temperatures of 
formation of fluid inclusions in the associated quartz. 

The pressure required to sustain such high temperatures at saturation 
boiling point conditions is about 40 bars--equivalent to a hydrostatic head 
of over 400 m. To produce such high pressures, the system either must have 
been self-sealed or some other mechanism of pressure loading must have been 
in effect. We reject the hypothesis of lithostatic self-sealed pressuriza- 
tion, because of the high pressures involved and because of the highly frac- 
tured nature of the host gabbronorite, as evidenced by the numerous 
fumaroles and hot springs that exist throughout the area. 

We prefer instead to invoke ice-loading of the hydrothermal system during 
a neogl aci a1 advance to explain the anomalously high temperatures recorded 
by the fluid inclusions. Ice thicknesses of 400-500 m are common in present 
valley-type glaciers in A1 aska, and it is reasonable to assume such ice 



thicknesses existed in Makushin and Glacier Valleys in neoglacial times. 
The increased hydrosta t ic  pressure exerted by the ice  would be su f f i c i en t  t o  
produce the elevated temperatures recorded by the f l u id  inclus ions .  Such 
in te rac t ions  between ice  loading and hydrothermal systems e x i s t  today in 
Ice1 and, pa r t i cu la r ly  in the  Vatnajokull Grimsvotn caldera area (Bjornsson, 
1974), and are  a l so  thought t o  have occurred during g l ac i e r  advances and 
r e t r e a t s  in the  Yellowstone National Park geothermal areas (Muffler and 
others ,  1971; R.  Fournier, USGS, personal commun.) 

The thermal f i e l d s  a t  Makushin 1 i e  a t  the heads of val leys  on the  f lanks 
of a volcano which s t i l l  maintains a sizeable ice-cap and a. system of valley 
g l ac i e r s .  A t  l e a s t  two neoglacial advances t ha t  reached t idewater have been 
documented elsewhere in the  Aleutians (Black, 1981; 1983), and i t  i s  
reasonable t o  assume t h a t  cor re la t ive  glacia l  advances occurred a t  Makushin. 
There a re ,  in f a c t ,  abundant neoglacial moraines, outwash deposi ts ,  and 
g lac ia l  scouring marks in Glacier ,  Makushin, and Driftwood Bay Valleys. The 
most recent advance and r e t r e a t  in the Aleutians i s  estimated by Black 
(1983) t o  have occurred about 3,000-4,000 y r  ago. 

A t  the  Vatnajokull in Iceland,  meltwater generated by subglacial  geothermal 
heating becomes entrapped in l a rge ,  hydrosta t ica l ly  sealed subglacial  
chambers. The sea l s  on these  subgl aci a1 me1 twater rese rvo i r s  a r e  
per iodical ly  broken, resu l t ing  in a ca tas t rophic  re lease  of entrapped water, 
known as a jokul hl aup (Bjornsson, 1975). Similar pressure-re1 ease phenomena 
probably occurred a t  the Makushin geothermal area during neogl ac ia l  times 
and could have caused the  breccias found in the  ST-1 and D-1 d r i l l  cores.  
As discussed previously, vigorous boil ing would increase the  pH and could 
explain the  curious co-precipi ta ted  mineral assemblage of quar tz -ca lc i t e -  
anhydrite-magnetite t h a t  i s  found in the breccias in the  upper pa r t s  of ST-1 
and E-1. 

Subsequent deglaciat ion would decrease the hydrosta t ic  pressure and cause 
boil ing t o  increase in the  upper par t  o f  the hydrothermal system. A net 
l o s s  of water, from boil ing and from the decrease in recharging g l ac i e r  
meltwater, would in turn r e s u l t  in a decline of the system's water table .  

I f  our hypothesis i s  co r r ec t ,  the drop in temperature in the  upper part  
of the hydrothermal system may largely  r e f l e c t  an episode of intense boiling 
and water loss  ra the r  than cooling in the  deeper part  of the  system. The 
sulfate-water  oxygen isotope geothermometer does predic t  a deep reservoir  
temperature of - 250°C which i s  s imi lar  t o  f l u id  inclusion temperatures 
found in the upper par t  of the  system. 

DISCUSSION OF PREMIER GEOPHYSICS ELECTRICAL RESISTIVITY STUDY 

A t  the recommendation of DGGS s c i e n t i s t s ,  an e l ec t r i c a l  r e s i s t i v i t y  su r -  
vey of upper Makushin Valley was incorporated in to  the geothermal explo- 
ra t ion  program fo r  the summer of 1984. The ra t iona le  f o r  the  survey was 



Figure 29. Boundaries and genera l i zed  r e s u l t s  o f  E-scan e l e c t r i c a l  r e s i s t i v i t y  survey o f  the Makushin 
geothermal area performed by Premier Geophysics, I n c .  o f  Vancouver, Canada (taken from app. E o f  R G I  
f i n a l  r e p o r t  t o  APA, 1985). 



that data on reservoir fluid composition and drill hole temperature profiles 
were now available to guide the survey and that the survey could potentially 
del imi t the 1 ateral boundaries of the subsurface hydrothermal resource. 
Economic feasibility of developing the resource would be greatly enhanced if 
the resource could be shown to exist further down Makushin Valley or at the 
head of Driftwood Valley. The electrical resistivity survey would also help 
test the proposed hypothesis that the geothermal system is offset east- 
southeast of Makushin Volcano as suggested by the regional alignment of fu- 
mar01 e fields and thermal springs. 

The electrical resistivity survey was conducted by Premier Geophysics of 
Vancouver, Canada. The outcome of the electrical resistivity survey is dis- 
cussed in detail by G. Shore of Premier Geophysics in Appendix E of RGI's 
final report of 1985. The surveyed area, reproduced in figure 29, covered 
all of upper Makushin Valley and the plateau at the head of Driftwood Val - 
ley. The survey penetrated to depths of 2,000 m. A brief summary of 
Shore's more pertinent findings are reviewed here: 

(1)The survey defined the north and east boundaries of a main 
resistivity anomaly which was taken to be indicative of the main 
hydrothermal reservoir. These boundaries, shown on figure 29, are 
located in Fox Canyon on the north and east of ST-1. The conductive 
zone extends west and south for at least 2 km and is then beyond the 
range of the survey. 

(2) A sl oping 1 ower boundary separates the conductive reservoir rocks 
from an underlying higher resistivity regime as depicted in figure 
30. 

(3) No resource is thought to underlie the part of Fox Canyon covered by 
the survey. 

(4) No other parts of the survey coverage area, including Sugarloaf, 
yielded results comparable to those of the known reservoir area. 

(5) A major near-vertical discontinuity in resistivity occurs in a zone 
extending south from Sugar1 oaf. The discontinuity is inferred by 
Shore to be a fault zone. An alternate explanation for the dis- 
continuity is a change in bedrock mineralization. 

We now attempt to resolve the conclusions o f  the resistivity survey with 
data from geologic mapping and geochemistry. No known geological boundary 
correlates with the change in resistivity demarcating the eastern edge of 
the main resistivity anomaly. The northern boundary is on strike with the 
block fault found to the southeast and is perhaps an extension of this 
fault. An alternate explanation for the discontinuity is that the canyon is 
the approximate boundary between the gabbroic intrusive and the hornfel sed 
Unalaska Formation border zone. Pyritization was found to occur mostly 
along the hornfel sic border zone, and thus the resistivity change could 
ref1 ect sulfide mineral ization. 



We be1 ieve  the  s lop ing  contact  between low and h igh  r e s i s t i v i t y  zones 
found by t h e  survey i n  t he  v i c i n i t y  o f  E - 1  and ST-1 i s  the  l a r g e  open f r a c -  
t u r e  a t  bottom o f  ST-1. The sur face l o c a t i o n  o f  t he  d ipp ing  ho r i zon  i s  con- 
s t r a i n e d  t o  f 5 0  m o f  the  p o s i t i o n  shown i n  f i g u r e  30. However, t h e  
u n c e r t a i n t y  i n  t he  slope o f  t he  boundary increases w i t h  depth, and t h e  
boundary cou ld  be very we l l  be p laced a t  t h e  bottom o f  ST-1. 

It i s  poss ib le  t h a t  t he  f r a c t u r e  and t h e  d ipp ing  hor izon are re1  ated t o  
t h e  f a u l t  mapped through the  canyon adjacent t o  fumarole f i e l d  2 ( f i g .  2 ) .  
The f a u l t  d ips  s teep ly  t o  the  nor th-nor thwest ,  and i t s  p r o j e c t i o n  passes 
through t h e  v i c i n i t y  o f  fumarole f i e l d  1. The f a u l t ,  which i s  a l s o  t h e  con- 
t a c t  between Unalaska Formation rocks t o  the  south and h o r n f e l s i c  rocks  t o  
t h e  no r th ,  cou ld  be ac t i ng  as a condu i t  f o r  thermal f l u i d s  t h a t  a re  feeding 
the  fumaroles and ho t  spr ings, 

No sur face expression could be found o f  any major f a u l t  through t h e  
Sugar loaf  reg ion  as suggested by t h e  r e s i s t i v i t y  data. We p r e f e r  Shore's 
a l t e r n a t e  explanat ion f o r  the  r e s i s t i v i t y  con t ras t :  t h a t  o f  a s teep ly  d i p -  
p ing  con tac t  between rock  types. The nature  o f  t he  subsurface contac t  
between t h e  two d i f f e r e n t  Unalaska Formation r o c k  types i s  concealed by the  
t h i c k  sequence o f  Holocene lavas t h a t  f i l l  upper Dr i f twood Va l ley .  The eas t -  
e rn  v a l l e y  w a l l  cons is ts  main ly  o f  Unalaska Formation l ava  f lows w h i l e  t h e  
west s ide  i s  most ly  p y r o c l a s t i c  f lows. The p y r o c l a s t i c  f lows were found t o  
be much more a l t e r e d  and p y r i t i z e d  than t h e  l a v a  f lows. Thus, t h e  change i n  
r e s i s t i v i t y  could be due t o  a change i n  m ine ra l i za t i on .  

Although d r i l l  ho le  A - 1  encountered temperatures as h igh  as 180°C a t  a 
depth o f  -580 m, the  e l e c t r i c a l  r e s i s t i v i t y  survey found no i n d i c a t i o n  o f  a 
hydrothermal resource i n  t h i s  area. The ST-1 s i t e  and the  reg ion  upva l l ey  
from i t  the re fo re  appear t o  o f f e r  t he  bes t  p o t e n t i a l  f o r  f u t u r e  resource 
devel opment . 

The r e s i s t i v i t y  survey r e s u l t s  have s t rong imp1 i c a t i o n s  regard ing  t h e  
source o f  t h e  geothermal f l u i d s .  The r e s i s t i v i t y  models i n d i c a t e  t h a t  t he  
hydrothermal system extends i n  a wedge shape towards the  south and west o f  
ST-1 and E-1. The boundaries on the  main r e s i s t i v i t y  anomaly e s s e n t i a l l y  
r u l e  ou t  any major hydrothermal system o f fse t  from the  volcano. Instead,  the  
r e s i s t i v i t y  da ta  support a model i n  which thermal f l u i d s  ascend f rom a 
r e s e r v o i r  o v e r l y i n g  a cen t ra l  l y  1 ocated heat source beneath the  volcano. 
The f l u i d s  migra te  upward, then spread l a t e r a l l y  as they approach t h e  su r -  
face, w i t h  f r a c t u r e s  and f a u l t s  a c t i n g  as condu i ts  which feed fumaroles and 
ST- 1. 

MODEL OF MAKUSHIN GEOTHERMAL SYSTEM 

Our i n v e s t i g a t i o n s  lead us t o  be1 i eve  t h a t  t he  Makushin geothermal system 
i s  g e o l o g i c a l l y  very young. Nye and o thers  (1985), us ing geochemical 
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evidence der ived from Makushin vo lcan ic  rocks, argue t h a t  p r i o r  t o  t he  1 ate-  
Pleistocene, any shal low magmatic heat source a t  Makushin would have t o  have 
been r e l a t i v e l y  small - -1 /2  km3 o r  l e s s  i n  volume. A magma chamber t h i s  s i ze  
appears much too  small t o  sus ta in  geothermal a c t i v i t y  over an area as 1  arge 
as t h a t  p resen t l y  found a t  Makushin f o r  any reasonable l e n g t h  o f  t ime. 
Instead, Nye and o thers  (1985) suggest t h a t  the  heat source d r i v i n g  the  
Makushin geothermal system formed r e l a t i v e l y  r e c e n t l y  and i s  r e l a t e d  t o  a  
voluminous post-PI  e i  stocene outpour ing of chemical ly  homogeneous 1  avas and 
p y r o c l a s t i c  f lows t h a t  issued from the  east f l a n k  o f  Makushin Volcano. The 
l a r g e  volume and r a p i d  ou tpour ing  o f  these f lows, and the  f a c t  t h a t  these 
vo lcan ics  are considerably more s i l i c e o u s  than Ple is tocene Makushin vo lcan ic  
rocks, suggests t h a t  t h e  post-Ple is tocene f lows had become f r a c t i o n a t e d  i n  a  
newly formed and much 1  arger  shal low magma system than had p rev ious l y  
ex is ted .  

Based on pos t -P le is tocene g l a c i a l  h i s t o r y ,  the  age o f  t h e  l a v a  f lows 
f i l l i n g  Dr i f twood V a l l e y  i s  est imated t o  be 3,000-11,000 y r ,  w i t h  a  most 
probable age o f  7,000-11,000 y r .  Thus, t he  shal low magmatic system would 
have been i n  p lace by t h e  l a te -P le i s tocene  t o  e a r l y  Holocene. 

Evidence from i n v e s t i g a t i o n s  o f  hydrothermal a1 t e r a t  i o n  minera l  
assemblages and f l u i d  i n c l u s i o n s  i nd i ca tes  t h a t  t he re  has been o n l y  one 
hydrothermal system a c t i v e  a t  Makushin, bu t  t h a t  t h i s  system has undergone 
changes and has been a f f e c t e d  by i n t e r a c t i o n s  w i t h  pos t -P l  e i  stocene 
g l a c i e r s .  The hot-water  system a t  Makushin a t  one t ime extended t o  the  sur-  
face and was s u b s t a n t i a l l y  h o t t e r  than a t  present, a t  l e a s t  w i t h i n  the  ex- 
p l o r e d  upper po r t i ons .  Dur ing a  neog lac ia l  advance, t h e  h y d r o s t a t i c  
pressure exer ted by g l a c i e r  i c e  increased the  b o i l i n g  p o i n t  and caused 
temperatures t o  reach as h igh  as 250°C a t  depths as shal low as 100 m a t  the 
head o f  Makushin Va l ley .  Per iod ic  re lease o f  meltwaters t rapped i n  
geothermal l y  generated subgl ac i  a1 vau l t s  caused r a p i d  decreases i n  pressures 
i n  t he  hydrothermal system. The ensuing vapor i za t i on  caused exp los ive  
b recc i  a t  i o n  o f  t he  gabbronori  t i c  host rock  near the  ground surface. 
Increased pH and s a t u r a t i o n  o f  chemical cons t i tuents  i n  t h e  f lashed waters 
caused c o - p r e c i p i t a t i o n  o f  anhydr i te ,  magnetite, c a l c i t e ,  and quar tz .  
Subsequent degl a c i a t i o n  r e s u l t e d  i n  a  gradual decl i n e  i n  pressure and a 
decrease o f  meltwaters t h a t  may have been charging t h e  hydrothermal system. 
The combination o f  b o i l i n g  and l o s s  o f  charging waters l e d  t o  a  general 
lower ing  o f  t he  hydrothermal system water t a b l e .  

A1 though geothermometry p r e d i c t s  deep r e s e r v o i r  temperatures as h igh  as 
250°C, s i m i l a r  t o  the  f l u i d  i n c l u s i o n  temperatures found i n  near-sur face 
quar tz  veins, an o v e r a l l  cool  i n g  o f  t he  hydrothermal system may a l so  have 
occurred. Bottom-hole temperatures measured i n  both t e s t  w e l l  ST-1 and i n  
TGH E-1 (-200°C) are w e l l  below the  pressure b o i l i n g  p o i n t  f o r  t h e i r  r e -  
spec t ive  depths below t h e  water t ab le .  F l u i d  i n c l u s i o n  s tud ies  o f  cores 
from both l o c a t i o n s  gave temperatures o f  format ion o f  250°C o r  h igher  
throughout the  cores. I f  c o o l i n g  o f  the  deeper system has n o t  taken p lace 



since the  format ion o f  t h e  f l u i d  inc lus ions ,  then h y d r o s t a t i c  b o i l i n g  p o i n t  
temperatures would be expected throughout most o f  t h e  depth o f  t he  d r i l l  
holes, unless the  upper p a r t  o f  t he  system has become more f r a c t u r e d  and 
the re fo re  more open. I n  t h e  l a t t e r  case, pressures w i t h i n  t h e  system may no t  
be g rea t  enough t o  s u s t a i n  the  h igher  temperatures i n  i t s  upper pa r t s .  
Despite the  apparent o v e r a l l  coo l i ng  o f  a t  l e a s t  t h e  upper p a r t  o f  t h e  
Makushin geothermal system, we hasten t o  p o i n t  ou t  t h a t  more than ample 
energy e x i s t s  f o r  geothermal resource development over t h e  foreseeable 
f u t u r e .  

The present-day Makushin geothermal system possesses many c h a r a c t e r i s t i c s  
found a t  o ther  geothermal systems associated w i t h  i s l a n d - a r c  volcanoes e l se -  
where i n  t he  world. A  model o f  such systems as proposed by Henley and E l l i s  
(1983) i s  shown i n  f i g u r e  31. As discussed above, t h e  heat source f o r  the  
Makushin system i s  thought  t o  be a  r e l a t i v e l y  r e c e n t l y  emplaced body o f  
magma t h a t  i s  associated w i t h  t h e  e rup t i on  o f  l a r g e  volumes o f  magma du r ing  
t h e  e a r l y  Holocene. The magmatic heat source i s  assumed t o  be approximately 
c e n t r a l l y  l oca ted  beneath t h e  volcano, al though the  eas t  f l a n k  erupt ions  
suggest t h a t  a  p o r t i o n  o f  i t  may be s l i g h t l y  o f f s e t  t o  t h e  east .  The deep 
hydrothermal system i s  assumed t o  res ide  over the  heat source so t h a t  t he  
heated waters ascend upwards and then spread l a t e r a l l y  as they  approach the  
surface. 

As the  ho t  waters ascend, t he  reduct ion  i n  h y d r o s t a t i c  pressure causes 
b o i  1  i n g  t o  occur. Steam and gases evo lv ing  from t h e  b o i l  i n g  water t a b l e  
feed the  numerous fumaroles 1  ocated a t  mid-e levat ions,  and heat perched 
aqu i fe rs  which r e s u l t  i n  a  p ro fus ion  o f  b i ca rbona te -su l fa te  spr ings  below 
the  fumarole f i e l d s .  A  low water t a b l e  and h igh  r e l i e f  o f  t h e  volcano 
r e s u l t  i n  a  s c a r c i t y  o f  c h l o r i d e  ho t  spr ings except a t  low e leva t i ons  some 
d is tance from the  c e n t r a l  upf low. 

A t  Makushin, t he  hydrothermal system i s  charged p r i m a r i l y  by meteor ic  
waters which f a l l  a t  mid- t o  lower e leva t ions  and i n f i l t r a t e  a long f rac tu res  
l oca ted  on the  pe r iphe ry  o f  t h e  volcano. Much o f  t h e  recharge may come from 
t h e  west f l a n k  o f  t h e  volcano which l i e s  i n  t he  t r a c k  o f  incoming storm 
systems. The l a r g e  th ickness  o f  h i g h l y  permeable vo l can i c  f lows found on 
the  west f l a n k  a l l ow  p e r c o l a t i o n  o f  t he  meteor ic  waters i n t o  t h e  deeper 
p o r t i o n s  o f  t h e  volcano's i n t e r i o r .  Such a  system o f  recharge cou ld  
e f f e c t i v e l y  b lock  establ ishment  o f  fumaro l ic  a c t i v i t y  on t h e  west f l a n k .  

The host rock  i n  t h e  explored po r t i ons  of t h e  hydrothermal r e s e r v o i r  i s  a  
gabbronori  t i c  p l  uton. Apparent ly  t h i s  p l  u ton possesses an optimum degree of 
f r a c t u r e  permeabl i ty  which permi ts  waters t o  res ide  l ong  enough t o  become 
heated. 

The Makushin hydrothermal system i s  moderately s a l i n e  i n  comparison t o  
o ther  hydrothermal systems i n  the  wor ld bu t  never theless conta ins  more ch lo -  
r i d e  than can be reasonably accounted f o r  by leach ing  from t h e  gabbronor i te .  



Figure  31. General i zed  model o f  a  geothermal system t y p i c a l  o f  a c t i v e  
i s l  and-arc andesi t e  volcanoes (reproduced from Henley and El  1  i s, 1983).  

Apparent ly,  e i t h e r  r e s e r v o i r  waters c i r c u l a t e  through marine-1 a i d  depos i ts  
w i t h i n  the  Unalaska Formation o r  t h e  r e s e r v o i r  i s  being contaminated by sea- 
water i n f i l t r a t i o n .  A t h i r d  possi  b i l  i t y  i s  t h a t  the  c h l o r i d e  o r i g i n a t e s  
from t h e  s i l i c e o u s  magmatic heat source. The h igh  concent ra t ion  o f  Ca i n  
t h e  thermal waters i s  a t t r i b u t e d  t o  breakdown o f  ca lc ium-r ich  p l  ag ioc l  ase i n  
t he  gabbronor i t i c  wa l l - rock .  

The Makushin r e s e r v o i r  water has a  r e l a t i v e l y  low concent ra t ion  o f  gases 
and a  C02 p a r t i a l  pressure o f  approximately 0.5 bars. Helium i so tope  r a t i o s  
r e f l e c t  t h e  magmatic i n f l uence  on the  hydrothermal system and i n d i c a t e  some 
o f  t he  gases are o f  magmatic o r i g i n .  Gas composit ion o f  t he  r e s e r v o i r  
f l u i d s  i s  s i m i l a r  t o  t h a t  found f o r  fumarole f i e l d s  1 and 2, which suggests 
a  poss ib le  in te rconnect ion  between these vents and ST-1. Carbon 13 iso tope 
r a t i o s  i n  t h e  r e s e r v o i r  C02 gas i n d i c a t e  an organic sedimentary o r i g i n  f o r  
some o f  t he  C02 gas. F luc tua t ions  and decrease o f  H2 found i n  t e s t  we1 1  gas 
samples may be due t o  reac t i ons  o f  t h e  ho t  waters and H2S gas w i t h  d r i l l h o l e  
casing. 



Thermal f lu ids  entering the borehole a t  ST-1 were found t o  be s l ight ly  
o u t  of equilibrium with the measured bottom-hole temperature. Application 
of various geothermometers t o  the ST-1 f lu ids  gave temperature estimates of 
207-226"C, with 250°C estimated for the deep reservoir. These temperatures 
suggest the thermal f luids  cooled slowly by conduction and then by di lut ion 
with cold recharge waters before entering the borehole. The ST-1 f lu id  was 
found t o  be oversaturated with respect t o  quartz and s l ight ly  undersaturated 
with respect t o  ca lc i te  and anhydrite. 

Figure 32 i s  a schematic cross-section through the Makushin geothermal 
f i e ld  which incorporates available geological , geochemical, and geophysical 
information. The cross-section i s  taken as close as possible to  the thermal 
gradient holes, t e s t  we1 1 ST-1, and fumarole f i e lds  1,  2 ,  and 3 (AA' in 
f ig .  2 ) .  Results of the electr ical  r e s i s t i v i t y  survey indicate the main 
geothermal reservoir 1 ies  south and west of E-1 and ST-1 and does not extend 
under the Fox Canyon plateau or the Sugarloaf area. The southwestern bound- 
ary of the main reservoir i s  constrained by d r i l l  hole data t o  1 i e  upslope of 
1-1. 

We be1 ieve the hydrothermal f luids  which feed ST-1 are derived from a 
deep parent reservoir,  approximately central ly  located beneath the volcano. 
Fluid flow towards ST-1 i s  controlled primarily by fracture- and f au l t -  
related conduits and, in particular,  by a large fracture that  dips towards 
the volcano a t  -60". As the f luid r i s e s  along t h i s  conduit, i t  cools by 
conduction to  adjacent wall rock. Some of the f lu id  ascends secondary frac-  
tures and, when the boiling point pressure i s  eventually reached, the 
resulting steam and gases continue to  ascend to  feed fumarole f ie lds  1 and 
2 .  Fortuitous intersection of the primary fracture by ST-1 led to  the suc- 
cessful confirmation of the Makushi n geothermal f i e ld .  Future production 
wells should be s i ted a t  or upvalley from ST-1. 



ZX VERTICAL EXAGGERATION 

Figure 32. Cross section of Makushin geothermal system. Location of section AA' is shown on figure 2. 
Isotherms based on locations of fumaroles and hot springs and on temperature data from thermal gradient 
holes and well ST-1. Geology from Nye and others, 1984. 
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APPENDIX A 



Table Al.  Chemical analyses o f  sulfate-carbonate spring waters i n  the Makushin geothermal area. 1 

(Values i n  mg/l unless otherwise specif ied. ) 

S i t e  
name Date T~ p~~ Na K Ca M!3 L i S r HCO, SO, F C1 SiO? B Fe TDS SC 2 

GV-Gdl 
GV-Gd2 
GV-Gd3 
GV-Ge 
GV-Gf  
GV-Gf  
GV-Gh 
GV-G j 
GV-G1 
MV-Ma 
MV-Mb 
MV-MC 
MV-MC 
MV-Md 
Nv-Na 

GV = Glacier Valley. MV = Makushin Valley, NV = Nateekin Val ley 

' ~ l a s k a  Div is ion of Geological and Geophysical Surveys, Fairbanks, Alaska, M.A. Moorman, analyst 
'~etermined i n  the f i e l d .  



Table A2. Chemical analyses o f  ch lo r i de  sp r ing  waters i n  t h e  Makushin geothermal area. 1 

(Values i n  mg/l unless otherwise spec i f i ed .  ) 

Cat ions Anions 
S i t e  name Oate T' p ~ 2  Na K Ca Mg L i  S r  HC03 2 SO4 F C 1 Si02 8 Fe TDS SC 

O V  - stream 8-21-83 14 6.9 36 3 8.8 2 0.15 0 3 5 6 nd 56 43.6 0.7 nd 175 nd 
GV - Gm 7-20-82 39 5.9 180 19 200.0 15 0.48 1.1 463 360 1.0 160 113 4.2 1.7 1290 1380 
GV - Gn 7-20-82 27 5.8 180 19 180.0 23 0.40 1.0 563 320 1.0 140 119 4.0 1.9 1260 1760 
GV - Gp 7-20-82 40 6.3 300 31 160.0 39 0.86 1.4 590 180 1.0 380 104 9.9 2.1 1500 nd 

DV = Dr i f twood Val ley.  GV = G lac ie r  Val l ey  I 
' ~ l a s k a  D iv i s ion  of Geological  and Geophysical Surveys. Fairbanks, Alaska. M.A. Moorman. ana lys t .  
' ~e te rm ined  i n  the f i e l d .  

Table A3. Chemical analyses o f  c o l d  waters i n  the Makushin geothermal area. 1 

(Values i n  mg/ l  unless otherwise spec i f i ed . )  

Cat ions An ions 
S i t e  name Oate T~ p~~ Na K Ca Mg L i  Sr HC03 F C1 Br Si02 8 As Fe TOS SC 2 

S04 

OV - stream 
GV - Gd spr ing 
GV - Gd stream 
GV - Gk sp r ing  
GV - G1 stream 
GV - Gn sp r ing  
GV - c l e a r  r i v e r  

mouth 
GV - k e t t l e  pond 
GV - muddy r i v e r  

mouth 
M V  - sp r ing  

DV = Dr i f twood Val ley .  GV = Glac ier  Va l ley .  MV = Makushin Va l ley  I 
' ~ l a s k a  D i v i s i o n  o f  Geologica 1 and Geophysical Surveys. Fairbanks. M.A. Moorman. analyst .  
' ~e te rm ined  i n  the f i e l d .  



Table A 4 .  Stable isotope analyses of sulfate-carbonate spring waters in the Makushin geothermal area. 1 

Site name Date T'C D/Hb 180,1602 

GV - Ga 
GV - Gb 
GV - GC 
GV - Gdl 
GV - Gd2 
GV - Gd3 
GV - Ge 
GV - Gf 
GV - Gh 
GV - Gj 
GV - G1 
MV - Ma 
MV - Mb 
MV - Mb 
MV - MC 
MV - MC 
MV - Md 
NV - Na 

GV - Glacier Valley 
MV - Makushin Valley 
NV - Nateekin Valley 

'~nalyzed at Stable Isotope Laboratory, Southern Methodist University, Dallas, Texas. 
2 ~ a l u e s  are in perrni 1 with respect to SMOW. 

Table A5. Stable isotope analyses of chloride spring waters in the Makushin geothermal area. 1 

Site name Date T'C D/Hb 180/1602 

OV - stream 
GV - Gm 
GV - Gn 
GV - Gp 
GV - Gp 

DV - Driftwood Valley 
GV - Glacier Valley 

'~nalyzed at State Isotope Laboratory, Southern Methodist University, Dallas, Texas. 
'values are in perrnil with respect to SMOW. 



Table A6. Stable isotope analyses of cold waters in the Makushin geothermal area.' 

Site name Date T'C D/Hb 180,1602 

OV - stream 
FF 1 - stream 
FF 3 - stream 
FF 6 - snow 
FF 7 - snow melt 
FF 9 - snow melt 
GV - Gd spring 
GV - Gd spring 
GV - Gd stream 
GV - Gk spring 
GV - G1 stream 
GV - Gn spring 
GV - West Fork River 
GV - clear river mouth 
GV - muddy river mouth 
GV - snow melt 
MV - Camp spring 
MV - Mb stream 
MV - Mc stream 
MV - Md stream 
MV - spring 
NV - stream 

DV - Driftwood Valley 
FF - Fumarole field 
GV - Glacier Valley 
MV - Makushin Valley 
NV - Nateekin Valley 

l~nalyzed at Stable Isotope Laboratory, Southern Methodist University, Dallas, Texas. 
'values are in permil with respect to SMOW. 



Table A7. Geothermometry of chloride spring waters in Makushin geothermal area. 
(Temperatures in 'C. ) 

(I2 Chal. 
cond. cond. Na/K Na/K Na/K Na-K-Ca Na-K-Ca NiILi 

Site name Date (1) (2) (3) (4) (5) (6) (7) (81 

DV - stream 8-21-83 9 6 65 210 178 187 I57 71 171 
GV - Gm 7-20-82 144 118 225 197 205 166 129 139 
GV - Gn 7-20-82 147 122 225 197 204 167 99 126 
GV - Gp 7-20-82 139 113 221 192 200 175 64 143 

DV = Driftwood Valley. GV = Glacier Valley 

'~ournier and Potter. 1982. improved Si02 (quartz). 
2~ournier. 1981 (chalcedony). 
3~ournier, 1981, Na/K. 
4~ruesdell, 1976, Na/K. 
5~rnorsson, 1983. Na/K, Basalt. 
'Fournier & Truesdell, 1973. 
7~ournier & Potter, Mg-corrected (Fournier, 1981). 

I 8~ouillic & Michard, 1981. 

CO 
w 



Table A8. Analyses of gases collected from fumaroles and hot springs. Makushin geothermal area. in mole percent. 
Analyses corrected for air contamination using ratio of 0 in sample to O2 in air (R02). 2 

Gas 
Oate geothermometer 

3 

Sample code Locat ion sample R02 Xg C02 H2S H2 CH4 NH3 N2 Ar N2/Ar C/S T1 T2 

Sodium-hydroxide charged flasks: 1 

RM 83-46 FF#1 7-17-83 0.01 0.17 82.19 2.28 0.21 0.039 0.38 14.73 0.17 86.4 36.1 227 206 
RM 83-GV1-A FFX3 Superheated 7-08-83 0.00 0.16 88.04 6.38 0.95 0.010 0.13 4.43 0.06 80.2 13.8 298 272 
RM 83-llb FF#3 West 7-10-83 0.06 0.50 83.72 1.69 0.22 0.001 0.04 14.16 0.17 84.1 49.4 256 234 
RM 83-31 FF#3 Far west 7-13-83 0.05 0.36 88.10 4.58 0.25 0.001 0.01 6.94 0.14 51.3 19.3 273 249 
RM 83-57 FF#7 8-20-83 0.01 2.63 82.15 1.81 1.10 2.482 0.18 12.21 0.08 161.9 46.7 230 210 
RM 83-19 FF#9 7-11-83 0.00 0.78 91.55 3.94 0.85 0.004 0.01 3.63 0.02 146.3 23.2 294 268 

DS 83 BN7 OS FF#3 superheated 8-29-83 0.00 0.18 88.93 6.85 0.88 0.006 0.08 3.22 0.03 113.1 13.0 302 275 
(98'~) 

DS 83 EN13 OS FF#3 Far west 8-29-83 0.00 0.25 84.93 6.25 0.66 0.003 0.06 8.06 0.01 -- 13.6 299 273 

RM 82-GV1 FF#3 Superheated 7-09-82 0.02 0.15 82.29 12.25 1.84 0.070 nd 3.56 0.07 54.7 6.7 313 285 
RM 82-Ma sum FF#6 Sumnit 7-18-82 0.00 1.67 87.47 5.53 0.21 0.047 nd 6.63 0.11 60.2 15.8 235 214 
RM 82-MV FF#2 FFX2 7-17-82 0.00 -- 90.40 2.92 0.35 0.012 nd 6.24 0.07 87.8 30.9 252 229 
RM 82 Ma west f 1. FF#5 7-13-82 0.01 1.39 91.16 0.95 0.51 0.004 0.03 7.29 0.05 137.0 96.4 257 234 

I 

RM 80-MV2 FFXl 8-13-80 0.00 0.41 91.68 2.63 0.24 0.029 nd 5.36 0.07 78.4 34.9 231 210 
RM 80-MVI FF#2 8-13-80 0.00 0.59 87.90 2.65 0.54 0.002 nd 8.81 0.09 95.4 33.2 283 258 

Uncharged, evacuated flasks: 2 

RM 83 G-p Spring G-p 7-16-83 -- - - 98.22 0.02 0.005 0.052 nd 0.96 0.02 48.0 -- - - - - 
RM 83 G-j Spring G-j 7-21-83 0.04 -- 25.43 0.02 0.02 0.010 nd 74.13 1.02 72.4 -- - - -- 

RM 82 GV UW FF#4 7-14-82 0.01 -- 92.73 0.82 1.21 0.01 nd 5.50 0.05 104.8 113.5 295 269 
RM 82 Ma WF FF#5 7-13-82 0.00 -- 94.89 0.68 0.59 0.01 nd 3.78 0.05 77.6 139.3 268 244 
RM 82 Ma Sum FFX6 7-18-82 0.00 -- 90.60 5.68 0.12 0.02 nd 3.43 0.01 -- 16.0 226 206 
RM 82 GV W FF#9 7-14-82 0.00 -- 93.36 2.01 0.72 0.01 nd 4.33 0.04 108.3 46.4 293 267 

'samples RM 83 and RM 82 analyzed by R.J. Motyka. Alaska Division of Geological and Geophysical Surveys; samples DS 83 analyzed by D.S. Sheppard. Department of 
Scientific and Industrial Research, New Zealand; samples RP 81 and RM 80 analyzed by J. Whelan. Scripps Institute of Oceanography. La Jolla, and R.J. Motyka, 
Alaska Oivision of Geological and Geophysical Surveys, Fairbanks. 

2~nalyzed by W .  Evans, U.S. Geological Survey. Menlo Park, and R.J. Motyka, Alaska Oivision of Geological and Geophysical Surveys, Fairbanks. 
3~'~more and Panichi. 1980. TI user P C02 = 1 bar; T2 uses P C02 = 0.5 bar. 

nd = n o t  determined. 



Table A 9  Makushin geothermal area, analyses of l3c/l2t in C02 emanating from fumaroles and hot springs. 

Year 
Locat ion collected 13c. POB Type Analyst 

Fum. field $1 

Fum. field $2 

Fum. field #3,sp 

lower 
super heated 

west 
Fum. field $4 
Fum. field #5 

Fum. field $6 

Fum. field $9 
Spring G- j 
Spring G-p 

USGS = U.S. Geological Survey, Menlo Park, California. 
SMU = Southern Methodist University, Stable Isotope Laboratory, Oal las, Texas. 
GC =GlobalGeochemistry, Inc., CanogaPark,California. 
SIO = Scripps Institute of Oceanography, Stable Isotope Laboratory, La Jol la, California 

USGS 
USGS 
GC 
SMU 
USGS 
GC 
SMU 
GC 
SIO 
USGS 
USGS 
USGS 
USGS 
USGS 
USGS 
SMU 
USGS 
USGS 
USGS 



Table A10. Makushin geothermal area, miscellaneous stable isotope analyses. 

13c/12c - HC03, thermal waters (USGS). 

Year 
Locat ion collected 13c. PDB 

Spring G-h 
Test well ST-1 

18 16 . 13c/12C and 01 0 rn CaC03, calcite sinter deposited on downhole 
instrument cable in test well ST-1, mid-July, 1984. (SMU analysts). 

13c/12c, PDB 18~/16~. PDB: C02 

13~/12c in methane, fumarole gases 

Year 
Locat ion collected 13c, PDB Analyst 

Fum. field #2 
Fum. field #6  

USGS 
SIO 

D/H in hydrogen and methane, fumarole gases. 

Year D/H - H2 D/H - CH4, 
Locat ion col lected SMOW SMOW Analyst 

Fum. field #3, sp 1981 
Fum. field #3, superheated 1982 
Fum field #6, sumnit 1982 

--- GC 
--- USGS 
-132.6 USGS 

USGS = U.S. Geological Survey, Menlo Park, California. 
SMU = Southern Methodist University, Stable Isotope Laboratory, Dallas, Texas. 
GC = Global Geochemistry, Inc., Canoga Park, California. 
SIO = Scripps Institute of Oceanography, Stable Isotope Laboratory, La Jolla, California. 


