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EXECUTIVE SUMMARY 

Spurr volcano is a composite Qua te rna ry  cone of  l a r g e l y  a n d e s i t i c  

composi t ion l o c a t e d  on t h e  west s i d e  of Cook I n l e t  about 80 miles west of 

Anchorage and about  40 miles from t h e  Beluga e l e c t r i c a l  t r a n s m i s s i o n  l i n e  

5 (F igu re  1-1) .  The s o u t h  s i d e  of  t h e  cone is breached,  w i t h  a s m a l l ,  Holocene, 
. . 

composite cone, Crater Peak, occupying t h i s  breach ( F i g u r e  1-21, The upper 

9 p a r t  of t h e  volcano is  a c i r c u l a r ,  4.5km-diameter f l a t  r e g i o n o r  bas in ,  

be l ieved  by some previous  workers t o  poss ib ly  r e p r e s e n t  a c a l d e r a  (F igu re  

1-2). O u r  geophys ica l  surveys  i n d i c a t e  t h a t  snow and i c e  d e p t h e x c e e d s  500m . 

i n  t h e  deepes t  p a r t s  of t h e  bas in .  The c e n t e r  of t h i s  summit dep res s ion  is  

occupied by t h e  s m a l l ,  Holocene, summit cone of  M t .  Spurr  . 
Geologic mapping ( P l a t e  1-1 ) shows t h a t  t h e  p r e s e n t  summit dep res s ion  was 

produced by a M t .  S t .  Helens-type s e c t o r  c o l l a p s e ,  r a t h e r  t han  by a c a l d e r a  

c o l l a p s e .  Geochronologic and previous  t eph rach rono log ic  s t u d i e s  show t h a t  

t h e r e  has been an a c t i v e  magmatic system a t  Spurr  volcano dur ing  t h e  l a t e  

Pleis tocene-to-Holocene time i n t e r v a l  t h a t  is of cr i t ical  i n t e r e s t  f o r  . 

geothermal energy r e source  assessment .  

Surf ace geothermal man i f e s t a t ions  inc lude  pr  ev i  ously-unr epo r t  ed zones of 

f u n a r o l i c  a c t i v i t y  on  t h e  f l a n k s  of t h e  M t .  Spurr  summit cone, photographic 

evidence of snow me l t  a t  t h e  summit c r a t e r ,  a previously-undescribed 40°C 

s p r i n g  s o u t h  of Crater Peak, and t h e  fumaroles  and h o t  c r a t e r  l a k e  of  C r a t e r  

Peak. 

Major e f f o r t  was devoted t o  geochemical and geophys ica l  surveys  of t h e  

a c c e s s i b l e  area s o u t h  of  M t < .  Spu r r ,  i n  add i t i -on  t o  geologic  mapping and 

geochronologic  s t u d i e s .  Many co inc iden t  mercury and helium anomalies were 

found,  s u g g e s t i n g  t h e  presence  of geothermal systems at  depth.  Extremely 



l a r g e  e l e c t r i c a l  s e l f - p o t e n t i a l  anomalies were a l s o  found,  t o g e t h e r  w i t h  

e x t e n s i v e  zones of  low r e s i s t i v i t y  d i scovered  by our  cont ro l led-source  

aud iomagne to t e l l u r i c  survey .  The j u x t a p o s i t i o n  of a l l  of t h e s e  d i f f e r e n t  

t y p e s  of anomalies  a t  c e r t a i n  a r e a s  on t h e  s o u t h  s l o p e  o f  C r a t e r  Peak ( P l a t e  

6-1 ) i n d i c a t e s  t h e  presence of  a  geothermal system which should  be a c c e s s i b l e  

by d r i l l i n g  t o  about  2000 f t .  depth.  

- Follow-on s t u d i e s  should  i nc lude  pas s ive  s e i s m i c  surveying  t o  e v a l u a t e  

the p o s s i b l e  presence  of a  steam system, t o g e t h e r  w i th  a d d i t i o n a l  e l e c t r i c a l  

s e l f - p o t e n t i a l ,  helium and mercury su rveys  t o  b e t t e r  d e f i n e  t h e  c o n f i g u r a t i o n  

and e x t e n t  of p robable  r e s e r v o i r s  p r i o r  t o  e x p l o r a t o r y  d r i l l i n g .  

It is a l s o  ev iden t  t h a t  t h e r e  is a  s t r o n g  vo lcan i c  hazard  t o  be eva lua t ed  

i n  c o n s i d e r i n g  any development on t h e  s o u t h  s i d e  of  M t .  Spur r .  This  hazardous 

s i t u a t i o n  may r e q u i r e  a n g l e  d r i l l i n g  o f  p roduc t ion  wells from s a f e r  a r e a s  and 

placement of power gene ra t i on  f a c i l i t i e s  a t  a  cons ide rab l e  d i s t a n c e  from 

hazardous a r e a s .  

Two S t a t e  o f  Alaska geothermal l e a s e  s a l e s  have been h e l d  i n  t h e  I 
M t .  Spurr  a r e a .  The second s a l e  was d i r e c t l y  r e l a t e d  t o  an  e a r l i e r  S t a t e  

r e l e a s e  of t h e  p re l imina ry  f i n d i n g s  of our  coope ra t i ve  geothermal energy 

assessment  i n v e s t i g a t i o n s .  A companion r e p o r t  on t h e  d e t a i l e d  geology and 

geochemistry of  Spurr  volcano is c u r r e n t l y  i n  p r e p a r a t i o n  by D r .  C .  J. Nye. 
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Chapter 1 

The M t  . Spurr , Alaska Geothermal Energy Assessment P r  o J e c t  : 

~ n t r o d u c t i o n ,  Geologic Overview and Present  Geothermal Mani fes ta t ions  

Donald L. Turner ,  Chr is topher  J. Nye, James E. Beget and Eugene M .  Wescott 

INTRODUCTION 

Spurr volcano is a composite Q u a t e r n a r y  cone o f  l a r g e l y  andes i  t i c  

carnpasition l o c a t e d  about 80 miles west of Anchorage and about 40 miles from 

t h e  Beluga e l e c t r i c a l  t r ansmis s ion  l i n e  on t h e  w e s t  s i d e  of  Cook I n l e t  ( F i g u r e  

1-1 ) . Its upper r eg ions  are covered w i t h  i c e  and snow f i e l d s  . The volcano is 
. . 

canposed of a n d e s i t i c  f lows  and p y r o c l a s t i c s  which o v e r l i e  a basement of  

Ter t ia ry- to-Cre taceous  g r a n i t e  and q u a r t z  d i o r i t e  (Reed and Lanphere, 1969).  

The s o u t h  s i d e  of t h e  cone is breached, wi th  a small composite cone, C r a t e r  

Peak, occupying t h i s  breach (F igu re  1-2) .  The upper p a r t  of t h e  volcano is  a 

c i r c u l a r ,  4.5 km-diameter f l a t  r e g i o n ,  resembl ing  an  ice-f i l l e d  ca lde ra .  The 

c e n t e r  of t h i s  f l a t  r e g i o n  is occupied by t h e  p re sen t  summit cone of  

M t .  Spu r r ,  which appears  t o  c o n s i s t  l a r g e l y  of a r e s u r g e n t  dome w i t h  some 

flows and t e p h r a s  (F igu re  1-21. 

On J u l y  9, 1953, Cra t e r  Peak e rup ted  a l a r g e  cloud of  a s h  and steam t o  a 

h e i g h t  of 60-70,000 f t .  Anchorage was covered wi th  about 1/4 i n c h  of a sh ,  and 

a s h  f e l l  as f a r  away a s  Valdez. 
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Figure 1-1. Location8 of Quaternary volcanoes ( t r i a n g l e s )  i n  t he  Cook I n l e t  
region of south-centra l  Alaska (from Rhiele ,  1985). 





Capps ( 1  935) suggested that  M t .  Spurr might be a  central cone b u i l t  

inside an older caldera, breached in  places by glaciated valleys,  although not 

all  subsequent workers have agreed with t h i s  interpretat ion (Juhle and 

Coulter, 1955). A recent USGS radar echo sounding i n  the central i c e  f i e l d  

yielded an ice depth of 385 meters ( R .  March, personal comm., 1985). This 

resul t  has caused further in te res t  i n  the caldera hypothesis. Recent U-2 
I 
I vertical stereo photography shows a circular s u m m i t  depression that  is also 

I consistent with the caldera hypothesis. 

An adequate geothermal energy assessment of th i s  area requires that  the 

zaldera question be resolved. The presence of a  caldera would indicate tha t  

the volcano had evolved a high level magma storage chamber. It is  l ike ly  that  

large amounts of viscous and par t ia l ly  crystal l ized magma would be l e f t  i n  

3uch a magma chamber following a caldera-forming eruption, resul t ing i n  a  

Mgh-level heat source that could possibly produce one or more high 

: emperat ure geothermal steam systems sui table  for  e lec t r ica l  power 

m e r a t i o n .  Determining the age of t h i s  hypothetical eruption would be 

c r i t i c a l  to  determining whether or not the residual magma would have had 

suff ic ient  time t o  cool and crys ta l l ize  o r ,  a l ternat ively,  whether it would 

still be hot enough t o  provide a  viable geothermal energy resource. I n i t i a l  

USCS attempts t o  date valley bottom pyroclastics possibly associated w i t h  such 

an eruption have yielded l1zerol1 K - A r  ages (J. RieNe, personal comm., 19851, 

suggesting that  the hypothetical magma chamber could possibly be young enough 

t o  have retained significant amounts of heat up t o  the present time (see 

Geologic Overview for  an al ternat ive interpretat ion of these pyroclastic 

deposits) . 



t GEOLOGIC OVERVIEW 

F We have mapped s i x  major v o l c a n o - s t r a t i g r a p h i c  u n i t s  w i t h i n  t h e  M t .  Spurr  

a r e a  ( P l a t e  1-11. The f i r s t ,  and o l d e s t ,  is a s e t  of v o l c a n i c  remnants which 
. - 

d i p  r a d i a l l y  outward from n e a r  t h e  p r e s e n t  p o s i t i o n  of t h e  M t .  Spurr  summit. 

We have i n f o r m a l l y  named t h e s e  r o c k s  t h e  Older Flows and T u f f s  Uni t  (OFT). 

Th is  u n i t  is  composed of i n t e r  bedded andes i  t i c  l a v a  f lows of d i v e r s e  chemical 

and m i n e r a l o g i c a l  composit ion,  t h i c k  p y r o c l a s t i c  f lows ,  d i k e s  and sills.  

Based on  t h e  degree  of g l a c i a l  d i s s e c t i o n ,  we o r i g i n a l l y  s u s p e c t e d  a mid- 

P l e i s t o c e n e  age,  bu t  our  K-Ar  d a t i n g  has  produced ages  as young a s  58,000 

y e a r s  f o r  t h e  s t r a t i g r a p h i c a l l y  h i g h e s t  f lows  i n  t h i s  u n i t  ( s e e  Chapter 2) .  

1 The second u n i t  c o n s i s t s  of t h i n ,  in te rbedded  b a s a l t i c  a n d e s i t e  f lows ,  

named t h e  Proto-Crater  Peak f lows.  These f lows a r e  exposed i n  e r o s i o n a l  

remnants immediately e a s t  and west  of Crater Peak. Flow bedding d i p s  away 

' from C r a t e r  Peak; We b e l i e v e  t h a t  t h e s e  f lows  a r e  from an a n c e s t r a l  C r a t e r  

Peak, and t h a t  t h e y  were e r u p t e d  d u r i n g  t h e  e a r l y  Holocene. Flow bedding i n  

t h i s  u n i t  is d i s c o r d a n t  t o  bedding i n  t h e  OFT u n i t ,  and geo iog ic  mapping 

i n d i c a t e s  t h a t  t h e  Proto-Crater Peak f lows  were depos i t ed  i n  a p r e - e x i s t i n g ,  

major b reach  o n  t h e  s o u t h  s i d e  of t h e  o r i g i n a l  Spurr volcano. 

The t h i r d  map u n i t  comprises t h e  b a s a l t i c  a n d e s i t e  f lows  and t h i n  t e p h r a s  

o f  C r a t e r  Peak i t s e l f ,  which is a small, t h e r m a l l y  a c t i v e ,  Holocene cone wi th  

a wel l -def ined summit c r a t e r  and c r a t e r  l a k e  ( F i g u r e  1-21. Both t h e  C r a t e r  

Peak and Proto-Crater  Peak u n i t s  c o n t a i n  many f lows which a r e  p e t r o l o g i c a l l y  

d i s t i n c t  from f lows of t h e  OFT u n i t  because t h e y  c o n t a i n  abundant 

p o l y c r y s t a l l i n e ,  monomineralic, c l inopyroxene c l o t s .  Geologic  mapping ( P l a t e  

1-11 shows t h a t  t h e  C r a t e r  Peak cone was a l s o  b u i l t  i n  t h e  p r e - e x i s t i n g  s o u t h  

breach i n  t h e  a n c e s t r a l  Spurr volcano. Rhie le  (1985)  has  documented 35 t e p h r a  

d e p o s i t s  produced by C r a t e r  Peak i n  t h e  p a s t  6,000 y e a r s .  



The f o u r t h  u n i t  comprises t h e  summit peak of  M t .  Spurr i t s e l f .  This  is a 

s m a l l ,  t h e r m a l l y  a c t i v e ,  c o n i c a l  peak i n  t h e  c e n t e r  of t h e  f l a t ,  c i r c u l a r  snow 

f i e l d  a t  t h e  t o p  o f  t h e  mountain ( F i g u r e  1-21. M t .  Spurr  is a l s o  a Holocene 

vent  which has  a breached,  snow-f i l l ed  c r a t e r .  I t  is u s u a l l y  covered by snow, 

but we were a b l e  t o  c o l l e c t  a few a c i d  a n d e s i t e  samples from a r e a s  which were 

snow f r e e  because t h e  snow had been mel ted o f f  by f umaroli c  a c t i v i t y .  

A v a i l a b l e  samples s u g g e s t  t h a t  t h i s  u n i t  is probably  a r e s u r g e n t  dome, 

t o g e t h e r  w i t h  s a n e  f lows and t e p h r a s .  

The f i f t h  u n i t  is a 1000-foot t h i c k  p y r o c l a s t i c  u n i t  r e f e r r e d  t o  

in formal ly  as t h e  d i s t a l  p y r o c l a s t i c s  ( P l a t e  1-11. Th is  u n i t  is composed of 

a n d e s i t i c  v o l c a n i c l a s t i c  f lows  w i t h  a  few in te rbedded  l a v a  f lows and avalanche 

F d e p o s i t s  which f i l l  t h e  Chakachatna River  v a l l e y  s o u t h  o f  C r a t e r  Peak. 
I 
I Because t h e s e  f lows  f i l l  what is o therwise  a  major ,  deep ly  g l a c i a l l y  scoured  

I v a l l e y ,  we b e l i e v e  t h a t  t h e y  are pos t -P le i s tocene .  However, t h e s e  d e p o s i t s  

a r e  n o t  c h a r a c t e r i s t i c  of t h o s e  produced dur ing  c a l d e r a  c o l l a p s e  as we 

o r i g i n a l l y  suspec ted .  Rather  t h a n  being a  s i n g l e ,  homogeneous d e p o s i t ,  t h i s  

unit is composed of  many d i s c r e t e  f lows which d i f f e r  from each o t h e r  i n  mode 

of emplacement a s  we l l  as i n  chemical and minera log ica l  composit ion.  The 

dominant l i t h o l o g y  is  block-and-ash f lows  which a r e  u s u a l l y  o n l y  a few m e t e r s ,  

o r  a  few t e n s  of mete r s  t h i c k ,  a l though  t h e  v a l l e y  s o u t h  o f  C r a t e r  Peak 

exposes a  f low s e v e r a l  t e n s  of meters  t h i c k .  Some of  t h e  flows a r e  s u b g l a c i a l  

h y a l o c l a s t i t e s ,  which s u g g e s t s  t h a t  t h e  whole u n i t  was d e p o s i t e d  over  a  

s i g n i f i c a n t  t ime  s p a n ,  as t h e  g l a c i e r s  must have been a t  d i f f e r e n t  s t a g e s  of 

advance d u r i n g  d i f f e r e n t  t imes  of d e p o s i t i o n .  

The s i x t h  u n i t  is  a voluminous, 3 km-wide v o l c a n i c  d e b r i s  avalanche 

d e p o s i t  t h a t  ex tends  approximately  1 1  km eastward from t h e  s o u t h  f l a n k  of 

M t .  Spurr down t h e  Chakachatna River v a l l e y  ( P l a t e  1-11. This  d e p o s i t  



c o n t a i n s  many coherent  b locks  up t o  s e v e r a l  hundred mete r s  a c r o s s .  These 

blocks c o n s i s t  of bedded l a v a  f lows and t e p h r a s  be l i eved  t o  r e p r e s e n t  

fragments of t h e  o r i g i n a l  Spurr  volcano t r a n s p o r t e d  downvalley. They a r e  

v i s i b l e  on  t h e  topograph ic  maps as l o c a l  kno l l s .  I n  exposures  a l o n g  t h e  

Chakachatna R i v e r ,  t h e  blocks a r e  seen  t o  be r o t a t e d  and f r a c t u r e d .  They l i e  

i n  a m a t r i x  o f  less coheren t ,  h e t e r o l i t h i c  v o l c a n i c  d e b r i s ,  i n c l u d i n g  much 

hydro thermal ly -a l t e red  m a t e r i a l .  One o r  more d a c i t e  a s h  flow t u f f s  similar i n  

chemical composit ion t o  t h e  M t .  Spurr  summit cone a r e  l o c a l l y  p rese rved  on  

t h e  s u r f a c e  of  t h e  d e b r i s  avalanche d e p o s i t .  The base  of  t h e  d e p o s i t  i s  not  

exposed anywhere a l o n g  t h e  r i v e r ,  which has  c u t  down over  100 m i n t o  the 

This  u n i t  covers  about 30 km2. Its minimum volume is  3 km , 

approximately  e q u i v a l e n t  t o  t h e  es t imated  volume f o r  t h e  miss ing  t o p  of t h e  

o r i g i n a l  Spurr  volcano. We i n t e r p r e t  t h e  v o l c a n i c  d e b r i s  avalanche d e p o s i t  as 

having been formed by a M t .  St .  Helens-type s e c t o r  c o l l a p s e  of t h e  o r i g i n a l  

Spur r  volcano i n  Holocene t ime. Th is  concept is d i s c u s s e d  inore f u l l y  i n  t h e  

f o l l o w i n g  s e c t i o n .  

Ca ldera  and Sec to r  Col lapse  Hypotheses 

The 4.5 km d iamete r ,  roughly c i r c u l a r  r i n g  of  peaks and t h e  r e l a t i v e l y  

f l a t  c e n t r a l  snowf ie ld  su r rounding  t h e  p r e s e n t  summit of M t .  Spurr ( F i g u r e  

1-21 s u g g e s t  t h e  p o s s i b i l i t y  of  c a l d e r a  c o l l a p s e .  Due t o  t h e  deep e r o s i o n a l  

d i s s e c t i o n  of t h e  volcano, we were i n i t i a l l y  p e s s i m i s t i c  about t h i s  

h y p o t h e t i c a l  c a l d e r a  being young enough f o r  a shal low magma chamber t o  still 

be p r e s e n t  today .  

However, i n  l i g h t  of t h e  new K - A r  ages  d i scussed  i n  Chapter 2,  we have 

r e v i s e d  our previous  e s t i m a t e  of t h e  age of t h e  M t .  Spur r  mass i f .  The 58,000 
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year  age from t h e  s t r a t i g r a p h i c a l l y  h i g h e s t  da ted  sample o f  t h e  OFT u n i t  

( 8 5 ~ ~ S 3 5 ,  Table  2-1 ) i n d i c a t e s  t h a t  t h e  a n c e s t r a l  vent which p r e d a t e s  bo th  t h e  
%3 

p r e s e n t  M t .  Spurr  summit cone and t h e  C r a t e r  Peak cone ( F i g u r e  1-2) w a s  a c t i v e  

w e l l  into t h e  la te  P l e i s t o c e n e .  T h i s  is r e c e n t  enough t h a t  t h e  b a s i c  
C 

morphology o f  t h e  a n c e s t r a l  volcano shou ld  still be r e c o g n i z a b l e .  However, 

t h e  d a t e d  sample is from an i s o l a t e d  remnant of  f lows and t u f f s  whose bedding 

p r o j e c t s  we l l  above t h e  p resen t  summit. There is  t h e r e f o r e  no p r e s e n t l y  

r e c o g n i z a b l e  s o u r c e  vent  f o r  t h e s e  u n i t s .  These o b s e r v a t i o n s  l end  

cons i  d e r a b l e  credence t o  t h e  hypothes i s  t h a t  t h e r e  has been r e c e n t  c o l l a p s e  of  

t h e  volcano. However, o u r  r e c e n t  work does n o t  s u p p o r t  t h e  h y p o t h e s i s  t h a t  

t h i s  c o l l a p s e  was a ca ldera - type  e v e n t .  

Geologic  mapping and K-Ar d a t i n g  ( P l a t e  1-1 ) s u g g e s t  t h a t  a S t .  Helens- 
- - 

type  s e c t o r  c o l l a p s e  o f  t h e  o r i g i n a l  Spurr  volcano has o c c u r r e d ,  w i t h  c o l l a p s e  

o c c u r r i n g  t o  t h e  sou th-sou theas t  . Geologic mapping a l s o  shows , t h a t  t h e  

c o l l a p s e d  s o u t h e r n  margin of  t h e  a n c e s t r a l  volcano has been f i l l e d  i n  l a t e r  by 

t h e  P r o t o  C r a t e r  Peak l a v a s  and t h e  C r a t e r  Peak cone ( F i g u r e  1-2). We 

i n t e r p r e t  t h e  very l a r g e  v o l c a n i c  d e b r i s  avalanche d e p o s i t  between S t r a i g h t  

Creek and t h e  Chakachatna River ( P l a t e  1-1 ) as t h e  d e p o s i t  formed by t h e  

proposed s e c t o r  c o l l a p s e .  The volume o f  t h i s  d e p o s i t  appears  t o  approximate 

t h e  es t imated  volume of m a t e r i a l  t h a t  would have been produced by s e c t o r  

c o l l a p s e  o f  t h e  a n c e s t r a l  volcano. 

The u n g l a c i a t e d  a s h  flow t u f f  o v e r l y i n g  t h e  d e b r i s  avalanche d e p o s i t  may 

r e p r e s e n t  t h e  j u v e n i l e  magma which drove t h e  e r u p t i o n ,  and should be <10,000 

years  o l d .  The u n i t  proved unda tab le  by t h e  K - A r  method, a s  d i s c u s s e d  i n  

Chapter 2. Radiocarbon d a t i n g  of a s o i l  above t h e  ash  f low t u f f  o n l y  p rov ides  

a much younger age l i m i t  of 495 k 70 y r  . (Geochron Labs,  Lab No. GX- 1 2072) . 



ca ldera- l ike  form of the  upper mountain (Figure 1-2), a separa te  episode of 

caldera co l lapse  is not required t o  explain t h e  present morphology. Caldera 

B col lapse ,  i n  t h e  c l a s s i c  sense,  would be expected t o  form voluminous ash flow 

t u f f s .  I f  ca ldera  co l lapse  post-dated sec to r  co l lapse ,  unglaciated,  

voluminous, ash flow tuPfs  should have been well-preserved. There is no 

evidence f o r  t he  ex is tence  of such u n i t s  i n  t h e  M t .  Spurr area.  I f  caldera 

col lapse had occurred e a r l i e r ,  t h e r e  would have been no remaining high 

volcanic e d i f i c e  t o  produce sec to r  co l lapse .  I n  summary, a s i n g l e  sec to r  

co l lapse  event occurr ing i n  t h e  last 10,000 years (post-Wisconsinan) followed 

by the  bui lding of the  Crater  Peak cone i n  the  breached volcano rim and a 

resurgent  dome with flows and tephras  forming t h e  present  M t .  Spurr summit 

cone appear t o  be the  .simplest and most reasonable explanat ion f o r  t he  

observed geology and morphology of t h e  M t .  Spurr a rea .  

I Although we have r e j e c t e d  the  ca ldera  co l lapse  hypothesis ,  t h e r e  i s  

abundant evidence f o r  a magmatic system i n  the  M t .  Spurr a rea  which has been 

B 
a c t i v e  during l a t e  Pleis tocene and Holocene time. This evidence w i l l  be 

discussed i n  t h e  subsequent s ec t ions  of t h i s  r epor t .  A more de ta i l ed  

discussion of the  geology and geochemistry of the M t .  Spurr a rea  w i l l  be given 

by Nye and o the r s  i n  a companion r epor t  which is cu r ren t ly  i n  preparat ion.  

PRESENT GEOTHERMAL MANIFESTATIONS 

There a r e  seve ra l  sur face  geothermal manifestat ions i n  t h e  M t .  Spurr 

area.  A previously-undescribed w a r m  spr ing  and a kilometer-long zone of w a r m  

seeps a r e  loca ted  i n  the  bottom of t h e  N-S-trending va l ley  immediately south 

of Crater  Peak a t  t he  west s i d e  of the  a rea  explored with geophysical and 



/ e a s t e r n  wall of t h e  canyon about  3 m above t h e  canyon f l o o r .  The es t imated  

1 f low r a t e  was 20 l i t e r s  per  minute.  Th i s  water was analyzed by R .  Motyka and 

t h e  r e s u l t s  w i l l  be d i s c u s s e d  i n  a companion r e p o r t  i n  p r e p a r a t i o n  by Nye and 

o t h e r s .  Most of t h e  s e e p s  a r e  i n  t h e  v a l l e y  bottom and a r e  e x t e n s i v e l y  

d i l u t e d  wi th  stream.water. T o t a l  w a r m  water f l o w  f o r  t h e  e n t i r e  v a l l e y  b o t t m  

is probably on t h e  o r d e r  of 1000 l i t e r s / m i n u t e .  

C r a t e r  Peak is q u i t e  a c t i v e  the rmal ly .  Air photo measurements i n d i c a t e  

tha t  i ts o v a l  c r a t e r  l a k e  is about 220 m i n  l o n g e s t  dimension. The a c t u a l  

l a k e  t empera tu re  was no t  measured, bu t  i t  was j u s t  b a r e l y  p o s s i b l e  t o  l e a v e  a 

hand immersed i n  t h e  w a t e r ,  s u g g e s t i n g  a t empera tu re  of  about 45OC. A very 

l a r g e  f umarole is l o c a t e d  n e a r  t h e  n o r t h  edge of t h e  c r a t e r  l a k e .  Th is  

fumarole was e s t i m a t e d  t o  be about 5 m i n  d iameter .  Its w a l l s  a r e  v e r t i c a l  

and covered w i t h  yellow s u l p h u r .  When observed on t h r e e  s e p a r a t e  o c c a s i o n s ,  

i t  was e m i t t i n g  a l a r g e  s team plume. The e a s t e r n  s i d e  of  t h e  breached rim of 

t h e  c r a t e r  c o n t a i n s  numerous small fumaroles  and a r e a s  of  s t eaming  ground. 

Temperatures of seven s m a l l  fumaroles i n  t h i s  a r e a  were measured a t  96-98.5OC. 

A one-day reconna i ssance  of  t h e  lower s l o p e s  of  t h e  M t .  Spurr  summit cone 

revea led  e x t e n s i v e  a r e a s  of ba re  rock and fumaro l ic  a c t i v i t y .  Two 

geothermally-heated r i b s  of ba re  rock  were exposed a t  t h e  10,000 f t  . l e v e l .  

These were about 200 and 500 m l o n g ,  r e s p e c t i v e l y .  D i f f u s e  fumaroles a r e  

s c a t t e r e d  a long both. One 20 m 2  a r e a  of t h e  l a r g e r  r i b  had about 3-4 

fumaroles/m2. Actual  fumarole temperatures  were n o t  measured, but  t h e y  a r e  

be l i eved  t o  be a t  t h e  p r e s s u r e  b o i l i n g  p o i n t .  The rock  nex t  t o  t h e  fumaroles 

was t o o  hot t o  touch.  

Air photos t aken  o f  t h e  M t .  Spurr summit cone c r a t e r  i n  1964 show c l e a r  

ev idence  of subsidence caused by snow mel t .  A l a r g e  s e m i c i r c u l a r  depress ion  



is presen t  wi th  a snow graben a long  one s i d e .  A d a r k  p i t  i n  t h e  c e n t e r  of t h e  

.depression appears  t o  be a l a k e  formed by m e l t i n g  snow. The summit r i m ,  which 

was snow-covered i n  t h e  1964 photos ,  showed a r e a s  of b a r e  rock  i n  1985. 

Three miles n o r t h e a s t  of M t .  Spur r ,  a t  about  t h e  9,500 f t .  l e v e l ,  we 

observed a snow cave w i t h  i c i c l e s  hanging from its mouth. Since  snow does not 

u s u a l l y  mel t  a t  t h i s  a l t i t u d e ,  t h e  i c i c l e s  may p o s s i b l y  s u g g e s t  t h e  p resence  

of geothermal a c t i v i t y  beneath t h e  i c e .  Due t o  t ime  c o n s t r a i n t s ,  we were 

unable t o  l a n d  t h e  h e l i c o p t e r  at t h e  i c e  cave t o  conduct f u r t h e r  

i nves ti ga t  i o n s  . 
The observed geothermal m a n i f e s t a t i o n s  i n d i c a t e  t h e  presence o f  a nor th-  

s o u t h  zone of ho t  ground ex tend ing  from s o u t h  o f  C r a t e r  Peak t o  n o r t h  of  

M t .  Spurr .  
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Chapter 2 

Geochronology of E r u p t i v e  Events a t  M t .  Spurr ,  Alaska 

by 

Donald L. Turner and Chr i s topher  J. Nye 

An a c c u r a t e  de te rmina t ion  of  t h e  age o f  e r u p t i v e  e v e n t s  is c r i t i c a l  t o  

t h e  assessment of t h e  geothermal energy r e s o u r c e  p o t e n t i a l  of any vo lcan ic  

system. A t  t h e  beginning of t h i s  p r o j e c t ,  we had no way o f  knowing whether o r  

no t  t h e  M t .  Spurr a n d e s i t i c  f lows would be o l d  enough t o  be d a t a b l e  by 

t h e  A r  method. I n  f a c t ,  we suspec ted  t h a t  most of t h e  exposed sequence 

might be t o o  young t o  d a t e .  Because of t h i s  a n t i c i p a t e d  problem, we decided 

t o  do a small p i l o t  s t u d y  t o  t e s t  f o r  d a t a b i l i t y .  Every e f f o r t  was made t o  

reduce l a b o r a t o r y  a i r  contaminat ion dur ing  sample p rocess ing .  The r e s u l t s  of 

t h e  p i l o t  s t u d y  were very encouraging and we proceeded t o  c a r r y  o u t  a n  

expanded d a t i n g  program i n v o l v i n g  a t o t a l  of 18 rock  samples.  

A n a l y t i c a l  Methods and P r e c i s i o n  

A l l  samples were da ted  as whole rocks .  Potassium measurements were done 

i n  d u p l i c a t e  u s i n g  LiB02 f l u x  f u s i o n  and flame photometry wi th  a l i t h i u m  

i n t e r n a l  s t a n d a r d .  Mineral  s t a n d a r d s  were used t o  c a l i b r a t e  t h e  photometer. 

Argon a n a l y s e s  were done by i s o t o p e  d i l u t i o n  on a computerized,  6- inch-radius  

mass spec t romete r .  Ana ly t i ca l  d a t a  f o r  t h e  4 0 K - ' 0 ~ r  age de te rmina t ions  a r e  

g iven  i n  Table  2-1. Sample l o c a l i t i e s  a r e  shown on P l a t e  1-1. 
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With two e x c e p t i o n s ,  t h e  argon a n a l y s e s  r e p r e s e n t  s i n g l e  sample  fus ion-  

gas  e x t r a c t i o n  exper iments .  A s  a  g e n e r a l  procedure ,  t h e  gas  samples were 

I 
s p l i t  i n t o  2-4 a l i q u o t s  and t h e s e  were r u n  s e q u e n t i a l l y  on  t h e  m a s s  

I s p e c t r a n e t e r .  The f i r s t  s p l i t  w a s  used t o  l1flushW t h e  s p e c t r o m e t e r  i n  o r d e r  

t o  r educe  t h e  well-known memory e f f e c t  i n  s t a t i c  gas  a n a l y s i s .  T h i s  e f f e c t  is 

p a r t i c u l a r l y  impor tan t  when a n a l y z i n g  young samples w i t h  smal l  amounts of 

r a d i o g e n i c  ' O A r ,  such a s  t h e  M t .  Spurr  r o c k s .  R e s u l t s  from t h e s e  " f l u s h i n g  

s p l i t s w  were no t  averaged i n  w i t h  t h e  subsequent  s p l i t s  u n l e s s  t h e y  were 

s t a t i s t i c a l l y  e q u i v a l e n t .  The r e s u l t s  from t h e  remaining s p l i t s  were averaged 

t o  c a l c u l a t e  t h e  va lues  of  r a d i o g e n i c  ' O A ~ ,  % r a d i o g e n i c  ' O A r  and age  g iven  i n  

Table  2-1. 

A s  a test  of r e p r o d u c i b i l i t y ,  two rock samples were s p l i t  and had 

d u p l i c a t e  sample fus ion-gas  e x t r a c t i o n  exper iments  performed s e v e r a l  months 

a f t e r  t h e  i n i t i a l  a n a l y s e s .  The r e s u l t s  (.063f.018, ,054f.011 and .119f.016, 

.115f.012, Table  2-1 ) a g e e  well, i n d i c a t i n g  t h a t  our  r e s u l t s  a r e  

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

Analys is  of V a l i d i t y  of  Ages Obtained from t h e  Older Flows and Tuf f s  Uni t  

The r e p l i c a t e  a n a l y s e s  d i s c u s s e d  above i n d i c a t e  t h a t  our  r e s u l t s  a r e  

r e p r o d u c i b l e  f o r  r o c k s  w i t h i n  t h e  Older  Flows and T u f f s  Uni t  (OFT) t h a t  a r e  

o l d  enough t o  d a t e  by t h e  K - A r  method. R e p r o d u c i b i l i t y  ( p r e c i s i o n )  is 

i m p o r t a n t ,  bu t  s a y s  n o t h i n g  abou t  t h e  accuracy ( d e g r e e  of approximat ion t o  t h e  

a c t u a l  times of  s o l i d i f i c a t i o n  and c o o l i n g )  of  t h e  ages  o b t a i n e d  for  t h e  d a t e d  

l a v a  f lows .  Moreover, t h e  K-Ar  d a t i n g  of r o c k s  as young a s  t h e  apparen t  ages  

of many of  our  M t .  Spurr  samples is g e n e r a l l y  cons ide red  t o  be ext remely 

d i f f i c u l t .  An independent t e s t  bf g e o l o g i c a l  accuracy  is t h e r e f o r e  r e q u i r e d  

be fo re  t h e s e  ages  can be accep ted  a s  v a l i d .  

2-3 



We argue  t h a t  t h e  ages  from t h e  OFT a r e  v a l i d  b a s e d o n  t h e  e x c e l l e n t  

I agreement of a g e s  o b t a i n e d  w i t h  t h e  obse rved  s t r a t i g r a p h i c  sequence of t h e  

d a t e d  samples.  Th i s  argument is i l l u s t r a t e d  by Tab le  2-1, which l ists t h e  

samples  i n  s t r a t i g r a p h i c  o r d e r ,  w i t h  t h e  youngest a t  t h e  t o p .  Nine of t h e  t e n  

ages from t h e  OFT u n i t  a r e  i n  e x c e l l e n t  agreement w i t h  t h e  observed 

s t r a t i g r a p h y .  The remain ing  sample (OFT-B05) is s i g n i f i c a n t l y  younger t h a n  

f i v e  da ted  f lows  which o v e r l i e  i t .  We s u g g e s t  t h a t  t h i s  sample may be a  s i l l  

t h a t  was mis taken  f o r  a l a v a  f l o w  i n  t h e  f i e l d .  

I 
Analys i s  of  Ages Obtained From Younger U n i t s  

Two samples from t h e  C r a t e r  Peak f l o w s  and one sample  from t h e  P r o t o  

C r a t e r  Peak f lows  were da ted .  For a l l  t h r e e  a n a l y s e s ,  t h e  s t a n d a r d  d e v i a t i o n s  

I a r e  a s  l a r g e  as t h e  apparen t  a g e s ,  i n d i c a t i n g  t h a t  t h e  ages  a r e  i n d e t e r m i n a t e  

(Tab1e2-1)-  
Three samples were da ted  from t h e  same o u t c r o p  o f  t h e  a s h  f low t u f f  u n i t  

( P l a t e  1-1 1. T h i s  o u t c r o p  is a c r y s t a l  v i t r i c  tuff r e p r e s e n t i n g  a  s i n g l e  

e r u p t i v e  e v e n t .  The t u f f  o v e r l i e s  t h e  v o l c a n i c  d e b r i s  f low u n i t  ( P l a t e  1-1) 
. . 

b e l i e v e d  t o  r e p r e s e n t  m a t e r i a l  d e r i v e d  from t h e  s e c t o r  c o l l a p s e  of t h e  

a n c e s t r a l  M t .  Spurr  volcano ( s e e  Chapter 1 ) .  The d e b r i s  f low u n i t  has  an 

ex t remely  hummocky s u r f a c e ,  i n d i c a t i n g  t h a t  it has  never  been g l a c i a t e d .  

Geomorphic ev idence  i n d i c a t e s  t h a t  major g l a c i a t i o n  o c c u r r e d  i n  t h i s  same a r e a  

u n t i l  t h e  end of t h e  P l e i s t o c e n e .  The u n g l a c i a t e d  d e b r i s  f low and its 

o v e r l y i n g  a s h  f low t u f f  are t h e r e f o r e  b e l i e v e d  t o  be no o l d e r  t h a n  10,000 

yea rs .  The measured apparen t  ages  v a r i e d  between 65,000 and 139,000 f 

16-24,000 y e a r s .  The combination o f  t h e  g e o l o g i c  i m p r o b a b i l i t y  o f  t h e s e  a g e s ,  

t o g e t h e r  w i t h  t h e  h i g h l y  v a r i a b l e  (nonreproduc ib le )  r a d i o g e n i c  ' O A r  c o n t e n t s  

(Tab le  2-1 ) of t h e  t h r e e  samples from t h e  same o u t c r o p  a r e  s t r o n g  ev idence  f o r  



~ncomplete  degassing of pre-exist ing magmatic argon during the  e rupt ion  I 
y o c e s s .  This llexcess argonn would be expected t o  be heterogeneously 

d i s t r i b u t e d  i n  the  qui ckly-cooled groundmass g l a s s  and would theref  o re  produce 

iiighly var iab le  ages f o r  t h e  same ma te r i a l ,  a l l  of which would be 

s l gnif i c a n t l y  o lder  than the  e rupt ive  event.  We conclude t h a t  the  65,000- 

1 i39,000 y r  apparent ages a r e  erroneously old due t o  excess argon and have no 

Seologic s ign i f i cance .  

We attempted t o  da te  two samples (85CNS01,39) from the  Di s t a l  

Pyroclast ics  Unit ( P l a t e  1-1 1. Both attempts were unsuccessful,  with the  

ex t rac ted  gas cons i s t ing  e n t i r e l y  of atmospheric argon. These analyses a r e  

.zot l i s t e d  i n  Table 2-1. 

f 



;eochronology of Eruptive Events ' 

O u r  K - A r  r e s u l t s ,  together w i t h  geologic mapping by Nye and Beget (Pla te  

1-1) and data from Riehle ( 1  985) indicate the following chronology of eruptive 

Ages (years)  Event 

Crater Peak ash eruption (Historically 
documented) 

- Crater Peak ash eruptions (35 tephras 
i n  6,000 y r s ,  Riehle, 1985) 

Extrusion of present M t .  Spurr summi t  
cone (resurgent dome, flows and 
tephras 

Distal  Pyroclas t i c s  

Crater Peak lava flows 

Proto Crater Peak lava flows 

Sector Collapse: 
S i l i c i c  ash  flow tuff  overlying 

debris flow (may represent the juvenile 
magma that  drove the  sector collapse 
event ) 

Volcani c debris avalanche 
( in terpreted as a deposit of material 
from the  sector collapse event) 

Upper older flows and t u f f s  unit (OFT) 

Lower OFT 

Oldest exposed OFT (could possibly be 
unrelated t o  the ancestral  M t .  Spurr 
vol can0 ) 

I 



a' We now have good evidence t h a t  t h e  M t  . Spurr volcanic system was a c t i v e  

!ears before present ,  i n  addi t ion  t o  t h e  numerous younger magmatic events  

Lis ted  i n  t h e  above t a b l e  (.Holocene Proto Crater  Peak flows, Crater  Peak 

flows, ash flow t u f f ,  d i s t a l  py roc la s t i c s ,  M t .  Spurr s u m m i t  cone and t h e  35 

Crater  Peak tephras  shown i n  Figure 2-1. T h i s  documentation of extensive 

magmatic a c t i v i t y  during l a t e  Pleis tocene and Holocene time ind ica t e s  t h e  

presence of a magmatic system a t  M t .  Spurr during t h e  l a t e  Pleistocene-to- 

Holocene time i n t e r v a l  t ha t  is of c r  i t i c a l  i n t e r e s t  f o r  geothermal energy 

F resourceassessment .  
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Chapter 3 

I c e  Thickness Measurements i n  the Basin 

Surrounding t h e  Summit of M t .  Spurr ,  Alaska 

One of t h e  research  aims of t he  1985 f i e l d  program on M t .  Spurr was t o  

i nves t iga t e  t h e  i c e  th ickness  i n  the  roughly c i r c u l a r  a r e a  surrounding t h e  

M t .  Spurr s u m m i t  cone (Figure 1-21, The a r e a  i s  rimmed by i s o l a t e d  rock peaks 

and w a l l s  separated by seve ra l  g l a c i e r s .  The hypothesis we t e s t e d  was t h a t  

t h e  o r i g i n a l  Spurr volcano co l lapsed ,  forming a ca lde ra ,  and t h a t  l a t e r  t h e  

present  M t .  Spurr s u m m i t  cone was b u i l t  up i n  roughly t h e  center  of the  

r e s u l t i n g  depression. A t  t he  present  time t h e  a r e a  i s  covered with snow and 

i c e ,  obscuring t h e  evidence f o r  or aga ins t  the ca ldera  hypothesis.  

We employed two techniques t o  determine t h e  i c e  depth and thus  the  

conf igura t ion  of t he  rock sur face  beneath. The f i r s t  was r ad io  echo sounding 

and t h e  second was a one-frequency, magneto te l lur ic  measurement using t h e  VLF 

s i g n a l  from the U.S. Navy t r ansmi t t e r  i n  Hawaii. 



A mono-pulse i c e  r a d a r  was used t o  measure t h e  i c e  t h i c k n e s s .  The r a d i o  

pulse  has  a c e n t e r  f requency of 5.5 MHz with  a  p u l s e  r e p e t i t i o n  r a t e  of 

s e v e r a l  hundred h e r t z ,  and each p u l s e  is l i m i t e d  t o  1-2 c y c l e s .  The p u l s e  is  

t r a n s m i t t e d  i n t o  t h e  i c e  through a res i s t ive ly -damped  d i p o l e  antenna 20 m l o n g  

which is l a l d  o u t  on t h e  i c e  s u r f a c e .  A t  t h e  same t i m e  a p u l s e  is t r a n s m i t t e d  

i n t o  t h e  i c e ,  an a i r  wave propagates  a long  t h e  s u r f a c e  t o  t h e  r e c e i v i n g  

antenna approximately  60 m away. The air  wave t r i g g e r s  an o s c i l l o s c o p e .  

Meanwhile t h e  p u l s e  w i t h i n  t h e  i c e  may encounter  one  o r  more r e f l e c t i n g  

s u r f a c e s  ( a n  i n t e r b e d  o r  t h e  g l a c i e r  bed) where a  f r a c t i o n  of  t h e  r a d i o  wave 

is r e f l e c t e d  back towards t h e  s u r f a c e .  M u l t i p l e  r e f l e c t i o n s  can occur  from 

d i f f e r e n t  p a r t s  of t h e  bed or d i f f e r e n t  i n t e r n a l  l a y e r s ,  sametimes l e a d i n g  t o  

a complex wave t r a i n .  The o s c i l l o s c o p e  s c r e e n  is photographed f o r  a permanent 

r e c o r d  of  t h e  a r r i v a l s .  

The d i s t a n c e  t o  a r e f l e c t o r  can be determined once t h e  t i m e  i n t e r v a l  

between t h e  a r r i v a l  of  t h e  a i r  wave and t h e  r e f l e c t e d  wave is known. I n  

t empera te  i c e  t h e  v e l o c i t y  of  the r a d i o  waves is 168 m/p s e c .  Due t o  t h e  
I 

I 
geometry of t h e  t r a n s m i t t e r  and r e c e i v e r  d i p o l e s ,  t h e  r e f  l e c t o r  is cons t ra ined  

1 t o  l i e  somewhere on an e l l i p s o i d .  Given a  s u f f i c i e n t l y  c lose-spaced number of 

data p o i n t s  a c r o s s  t h e  s u r f a c e  of a n  i c e  mass, t h e  envelope of t h e s e  

r e f l e c t i o n  e l l i p s o i d s  d e f i n e s  a bottom ( o r  i n t e r b e d )  p r o f i l e ,  bu t  i f  t h e  d a t a  

a r e  s p a r s e ,  i t  is sometimes d i f f i c u l t  t o  judge which a r r i v a l s  a r e  from t h e  

r e f l e c t o r .  

I 
Other problems i n h e r e n t  i n  t h e  method a r e  t h e  r e l a t i v e l y  low power 

e m i t t e d  which limits t h e  measurable i c e  dep th  t o  700-800 m .  Water i n c l u s i o n s  

can s e v e r e l y  a t t e n u a t e  t h e  s imal  as well, reduc ing  t h e  e f f e c t i v e  depth  of 

o p e r a t i o n .  When t h e  r e t u r n s  a r e  c l e a r l y  d e f i n e d ,  t h e  measurement p r e c i s i o n  is 

about k5 m .  



Weather l i m i t e d  t h e  amount of d a t a  which could be o b t a i n e d  i n  our  

survey.  The h e l i c o p t e r  cou ld  n o t  s a f e l y  t r a n s p o r t  people  t o  and from t h e  i c e -  

f f i e l d  excep t  when t h e  weather was very good, and i t  was u n s a f e  t o  s h u t  o f f  t h e  

engine on  t o p  of  t h e  mountain. These c o n s i d e r a t i o n s  l i m i t e d  t h e  r a d a r  and VLF 

measurements t o  l e s s  than two days.  F i r s t  a t t empts  at r a d i o  echo soundings  

were o n  t h e  south-southwest s i d e  o f  M t .  Spurr between Spurr and C r a t e r  Peak. 

No u s a b l e  echoes were ob ta ined .  On a second day,  t h e  18 s i t e s  shown on F i g u r e  

3-1 were occupied,  with 1 5  producing usab le  echoes.  S e v e r a l  s i t e s  produced 

m u l t i p l e  echoes ,  and most of t h e  i n d i c a t e d  depths  were l e s s  t h a n  100 m .  The 

mean conformation of t h e  deeper t r a v e l  t imes  is shown o n  t h e  contours .  It 

shows a g e n e r a l l y  bowl-shaped b a s i n  opening t o  t h e  n o r t h e a s t .  None of t h e  

dep ths  we measured a r e  n e a r l y  as deep as a s i n g l e  USGS measurement of 385 m 

(1262 f t )  t a k e n  i n  1984 (R. March, pe rsona l  communication, 1985) ,  o r  as deep 

I 
a s  i n d i c a t e d  by t h e  VLF-EM-16-R d a t a  d i scussed  below. Thus we t h i n k  t h a t  t h e  

r e f l e c t i o n s  a r e  l i k e l y  t o  be Pram a major a s h  l a y e r  d e p o s i t e d  i n  t h e  1953 

e r u p t i o n  of C r a t e r  Peak ( s e e  Chapter 2) r a t h e r  t h a n  from t h e  g l a c i e r  bed, 

except  near  t h e  edges of t h e  i c e  f i e l d .  

VLF I c e  Depth Measurements 

The Geonics Ltd. EM-16-R VLF r e s i s t i v i t y  meter can be used t o  e s t i m a t e  

t h e  r e s i s t i v i t y  of t h e  e a r t h  or g l a c i a l  i c e  and snow by measur ing t h e  e l e c t r i c  

(E) and magnetic f i e l d  s t r e n g t h  (HI of one of t h e  high-power VLF t r a n s m i t t e r s  

l o c a t e d  a t  v a r i o u s  s i t e s  around t h e  world. The Ex f i e l d  component is  measured 

from a p a i r  of e l e c t r o d e s  placed i n  t h e  ground o r  snow 10 m a p a r t  d i r e c t e d  i n  

I l i n e  wi th  t h e  t r a n s m i t t e r  w h i l e  Hy is  measured wi th  a h o r i z o n t a l  c o i l  a t  r i g h t  



Figure  3-1. Map of northwest s e c t i o n  of t h e  upper M t .  Spurr bas in  showing 
s i t e s  where r a d i o  echo soundings were at tempted and contours of 
t h e  e l e v a t i o n s  of t h e  deepest  r e f l e c t i o n s .  Numbers a t  s t a t i o n s  
a r e  e l e v a t i o n s  of deepest  r e f l e c t i o n s .  We i n t e r p r e t  t h i s  map as  
r e p r e s e n t i n g  t h e  conf igura t ion  of t h e  1953 Cra te r  Peak t e p h r a  
l a y e r  incorpora ted  wi th in  t h e  i c e ,  r a t h e r  than a  bedrock s u r f a c e .  



ang les  t o  Ex .  By r o t a t i n g  two d i a l s  t o  o b t a i n  an aud io  n u l l ,  apparen t  

r e s i s t i v i t y  i n  ohm-meters (Q-m)  and t h e  phase a n g l e  between t h e  pe rpend icu la r  
I 

e l e c t r i c  and magn components can be read d i r e c t l y .  The apparen t  

r e s i s t i v i t y  is t h e  Cagniard o r  m a g n e t o t e l l u r i c  r e s i s t i v i t y  a t  t h e  f requency of 

20kHz: pa = l o 5  1 H I ' i n  n-m. where E is i n  m V / k m  and H is i n  gammas. 
Y 

There is a small c o r r e c t i o n  necessa ry  f a r  f r e q u e n c i e s  d i f f e r e n t  t h a n  20 kHz. 

From t h e  upper g l a c i e r  f i e l d s  of  M t .  Spurr  t h e r e  was an unobstructed l i n e  

of s i g h t  towards t h e  U.S. Navy VLF t r a n s m i t t e r  NPM a t  L w l u a l e i ,  Hawaii, 

b roadcas t ing  at 23.4 kHz. The s i g n a l  was s t r o n g  enough t o  o b t a i n .  good n u l l s  

i n  both  r e s i s t i v i t y  and phase. The e l e c t r o d e s  were p laced  i n  t h e  f i r m  snow. 

Readings were made at t h e  same s i t e s  a s  t h e  impulse  r a d a r  soundings and a t  a 

few o t h e r  s i t e s  i n  add 

Grissemann and Reitmayr ( 1  978) have developed an a lgor i thm f o r  i n v e r t i n g  

1 f i e l d  d a t a  f o r  a two-layer e a r t h  model. There a r e  t h r e e  v a r i a b l e s :  t h e  

r e s i s t i v i t i e s  af t h e  t o p  and i n f i n i t e  under lying l a y e r  and t h e  t h i c k n e s s  of 

I 
t h e  t o p  l a y e r .  The two measured q u a n t i t i t e s  a r e  t h e  apparent  r e s i s t i v i t y  and 

t h e  phase ang le .  T h i s  r e s o l v e s  i n t o  two equa t ions  w i t h  t h r e e  unknowns. If 

any one of t h e  t h r e e  unknowns is  known o r  assumed, t h e n  t h e  o t h e r  two can be 

The r e s i s t i v i t y  o f  snow and g l a c i a l  i c e  has been measured a t  va r ious  

s i t e s  around t h e  world u s i n g  g a l v a n i c  r e s i s t i v i t y  t echn iques .  R o t h l i s b e r g e r  

and Vdgtle ( 1  967) r e p o r t e d  values  on wet Swiss  g l a c i e r s  r a n g i n g  from 5 t o  

6 30x10 R-m. The measured va lues  on dry A n t a r c t i c  g l a c i e r s  are lower and f a l l  

i n  a very  narrow range ( >f 0.4 t o  2 . 0 ~ 1 0 ~  n-m when t h e  t empera tu re  i s  1 oetween 

1 -2 and -2g°C (Reynolds and Paren,  1984; Reynolds, 1982).  The snow and ice of 

M t .  Spurr may no t  f i t  i n t o  e i t h e r  c l a s s  of g l a c i e r  because of  f u m a r o l i c  gasses  

c o n t a i n i n g  H,S and t h e  p o s s i b i l i t y  of e p i s o d i c  a s h  f a l l s  being i n c o r p o r a t e d  



i n t o  t h e  i c e .  The combination o f  water i n  c louds  enveloping M t .  Spurr  and 

su lphur  i n  t h e  f u m a r o l i c  g a s s e s  shou ld  r e s u l t  i n  a s u l p h u r i c  a c i d  component 

being added t o  t h e  snow and,  e v e n t u a l l y ,  t o  t h e  i c e ,  t h u s  lower ing  its 

r e s i s t i v i t y .  

We d i d  make a few Schlumberger a r r a y  r e s i s t i v i t y  measurements on t h e  

M t .  Spurr  i c e  f i e l d .  We had t o  o p e r a t e  under a d v e r s e  c o n d i t i o n s  near  s u n s e t  

wi th  a co ld  wind blowing. We managed t o  o b t a i n  r e a d i n g s  at  s i x  1 /2  AB 

s p a c i n g s  r a n g i n g  from 1 t o  100 m .  We w e d  a 90-volt  b a t t e r y  pack connected t o  

aluminum s t a k e s  i n  t h e  snow as c u r r e n t  s o u r c e ,  and measured t h e  p o t e n t i a l  

d i f f e r e n c e  a c r o s s  a p a i r  o f  Cu-Cu2S04 porous pot  e l e c t r o d e s  w i t h  a h igh  

impedance d i g i t a l  vo l tmete r .  Both t h e  c u r r e n t  and t h e  p o t e n t i a l  decayed w i t h  

time. We at tempted t o  r e a d  s imul taneous  va lues  of  e a c h  t o  c a l c u l a t e  t h e  

r e s i s t i v i t y .  The c a l c u l a t e d  apparent  r e s i s t i v i t y  v a l u e s  a r e  t o o  i r r e g u l a r  t o  

make a good f i t  t o  s t a n d a r d  curves  o r  t o  use  wi th  an a u t c m a t i c  curve  f i t t i n g  

6 program. The near - sur face  r e s i s t i v i t y  is about 2 . 2 ~ 1 0  0-m, but  t h e  deeper 

r e s i s t i v i t y  decreases  s t e e p l y  and was about  50,000 n-m at  o u r  l o n g e s t  1 / 2  AB 

s p a c i n g  of  100 a. It is a r e a s o n a b l e  assumption t h a t  t h e  ice r e s i s t i v i t y  

d e c r e a s e s  f u r t h e r  wi th  dep th ,  and t h a t  t h e  average  va lue  over  a t h i c k n e s s  of a 

few hundred meters  may be much lower t h a n  50,000 n-m. 
6 To begin c a l c u l a t i o n s ,  we assumed var ious  r e s i s t i v i t y  va lues  from 10  t o  

t o  b e d r o c k  and t h e  r e s i s t i v i t y  of t h e  rock.  I n  every  c a s e ,  as we decreased  

t h e  i n p u t  r e s i s t i v i t y  of t h e  snow and i c e ,  t h e  dep th  t o  bedrock i n c r e a s e d  and 

t h e  rock  r e s i s t i v i t y  decreased.  The r o c k  r e s i s t i v i t y  s t a r t e d  very h igh  

6 ( -  10,000 n-m> at  p i c e  of  10  and approached l i m i t i n g  va lues  near  0 Q-m as 

t h e  snow and i c e  r e s i s t i v i t y  was i n  t h e  range 9900 t o  33,000 0-m. 



south  s i d e  of Cra ter  Peak (Chapter 4 )  showed t h a t  a r e s i s t i v i t y  near 100 n-m 

( is a typ ica l  value f o r  the  near-surface rock r e s i s t i v i t y  of the  volcano. 

Because a l l  exposed rocks a r e  geothermally heated on the  M t  . Spurr summit cone 

(Chapter 11, t h e r e  is reason t o  believe tha t  the  rock underlying the  snow and 

I i c e  contains unfrozen water which may be high i n  disolved ions. A value of 

I 100 Q-m f o r  the  rock underlying the  i c e  is  not unreasonable i n  t h i s  1 - 

s i t u a t i o n .  We have therefore  assumed t h i s  value and reca lcu la t ed  the  

r e s i s i t i v i t y  and thickness of the snow and i c e .  .The mean value of the 

reca lcula ted  i c e  r e s i s t i v i t y  was 17,900 k 5260 Q-m, using 17 datum points .  

Results 

The r e s u l t s  of the EM-16-8 soundings a r e  shown i n  Figure 3-2 a s  a contour 

map of the  bedrock under t h e  Ice.  The da ta  suggest a cirque-l ike basin north 

of M t .  Spurr open t o  the  e a s t .  There is a nearly f l a t  a rea  on the  snow 

surface  between M t .  Spurr and a narrow, north-south-trending, snow-covered 

r idge.  The thickness of snow and i c e  i n  the  center of t h i s  a rea  measured with 

t h e  EM-16-R is 335 m (1100 f t ) ,  but s t r u c t u r a l  mechanics r e q u i r e  t h a t  the 

1 narrow, north-south r idge  must be supported by rock l e s s  than 60 m below t h e  

sur face  (W. Harrison, personal communication). Figure 3-3 shows a cross 

sec t ion  including the  VLF-measured surface and the  projected rock r idge .  This 

is suggest ive t h a t  t h e  r idge could be a remnant wall produced by caldera o r  

sec tor  col lapse of the top  of the  o r i g i n a l  volcano. 

Figure 3-11 is a p r o f i l e  north-northwest from the  peak of M t .  Spurr 

showing t h e  present snow and rock surfaces ,  the  VLF-calculated bedrock surface  

and t h e  radar  r e f l e c t i o n  surfaces .  Close t o  the  edges of the  basin where rock 

outcrops,  t h e  VLF and radar  depths a r e  similar. But i n  t h e  basin, the  VLF 



Figure. 3-2. Map of  northwest s e c t i o n  of t he  upper M t .  Spurr bas in  showing 
e l eva t ion  contours  of bedrock under t h e  i c e  der ived  from VLF 
r e s i s t i v i t y  measurements and c a l c u l a t i o n s  us ing  100 Q-m as t h e  
average r e s i s t i v i t y  of t h e  bedrock. Dashed contours r ep re sen t  
s u r f a c e  snow and i c e  o r  exposed rock topography. Cross s e c t i o n  
l i n e s  a r e  a l s o  shown. 
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) depths  are much greater than  t h e  r a d a r  va lues .  Some r a d a r  measurements 

produced m u l t i p l e  r e f l e c t i o n s .  We hypothes ize  t h a t  t h e  r a d a r  r e f l e c t i o n s  i n  

t h e  b a s i n  are from a s h  l a y e r s  -- p r i n c i p a l l y  t h e  1953 C r a t e r  Peak t e p h r a  
I 

(Chapter 21, and not  bedrock r e f l e c t i o n s .  Figure  3-5 shows p r o f i l e s  B-Bf and 

C-Cq a c r o s s  t h e  b a s i n ,  a l s o  showing, w i t h  one excep t ion  at s i t e  2,  no r a d a r  

r e f l e c t i o n s  from the .  bottom. 

The r a d a r  r e f l e c t i o n s  we o b t a i n e d  were g e n e r a l l y  much shal lower  than  t h e  

1 s i n g l e  r a d a r  measwement of 385 m i n  t h e  same a r e a  o b t a i n e d  by t h e  USGS 

( R .  March, pe rsona l  communication, 19851. We conclude t h a t  our mid-basin 

r a d a r  measurements were from t h e  1953 C r a t e r  Peak a s h  l a y e r  i n c o r p o r a t e d  

w i t h i n  t h e  i c e .  The EM-16-R VLF depth  e s t i m a t e s  depend on  t h e  assumption of 

100 fi-m f o r  t h e  uniform r e s i s t i v i t y  of t h e  under ly ing  rock.  From e x p e r i e n c e  

we know t h a t  t h e  volcano is very  heterogeneous ,  and undoubtedly has  a r e a s  of 

h igher  and lower r e s i s t i v i t y .  But even i f  our e s t i m a t e  is o f f  by a n  o r d e r  of 

magnitude e i t h e r  w a y ,  t h e  VLF depths  would o n l y  be o f f  by 10% and would s t i l l  

be much g r e a t e r  t h a n  t h e  r a d a r  depths .  The USGS r a d a r  dep th  of 385 m is c l o s e  

t o  our VLF depths .  We conclude t h a t  t h e  e s t i m a t e d  depth  of snow and i c e  i n  

t h e  c e n t e r  of t h e  bas in  exceeds  500 m. Our maximum VLF dep th  is 575. m. These 

i c e  depth  measurements, coupled w i t h  t h e  i n f e r r e d ,  nea r - sur face  narrow rock 

r i d g e  (shown i n  F igure  3-31, a r e  c o n s i s t e n t  wi th  Spurr volcano having a major 

J ' 
J i  

summit depress ion  produced by a  summit c o l l a p s e  episode which preceeded t h e  

fo rmat ion  of t h e  p r e s e n t  M t .  Spurr  summit cone. Both c a l d e r a  c o l l a p s e  and 

M t .  S t .  Helens-type s e c t o r  c o l l a p s e  a r e  p o s s i b l e  mechanisms f o r  producing t h e  

observed summit depress ion .  Geologic arguments f a v o r i n g  t h e  s e c t o r  c o l l a p s e  

mechanism are d i s c u s s e d  i n  Chapter 1 .  
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Chapter 4 

E l e c t r i c a l  Geophysical Surveys Por P o t e n t i a l  Geothermal Reservoirs 

on t h e  South S ide  of M t .  Spurr,  Alaska 

Eugene M. Wescott, W i l l i a m  Witte,  Patricia Moore and Donald L. Turner 

SELF-POTENTIAL SURVEY 

In t roduct ion  

The f i r s t  reconnaissance e l e c t r i c a l  method used on t h e  southeas t  Plank of 

Cra te r  Peak was t h e  s e l f - p o t e n t i a l ,  o r  spontaneous p o t e n t i a l ,  method of geo- 

physical prospect ing which involves measuring t h e  e l e c t r i c a l  p o t e n t i a l  

(vo l tage  d i f f e r ence )  at poin ts  on t h e  ground with r e spec t  t o  a  re ference  

poin t .  To minimize spurious electrochemical  vol tages between t h e  contac t ing  

e lec t rodes  and t h e  ground, non-polarizing e l ec t rodes  must be used. These 
F 

cons i s t  of a  metal and one of its so lub le  s a l t s  i n  a  concentrated s o l u t i o n  

such t h a t  metal atoms may move r e v e r s i b l y  i n t o  s o l u t i o n  from, or p l a t e  onto,  

I t he  metal e lec t rode  i n  response t o  an e l e c t r i c  f i e l d .  A copper e lec t rode  i n  a  

s a t u r a t e d  copper s u l f a t e  so lu t ion  contained i n  a  porous cup is t h e  most common 

e lec t rode .  A very high input  impedance voltmeter is used t o  measure t h e  - 
voltage between e lec t rode  p a i r s .  

. The prefer red  measurement technique is  t o  use a  f i x e d  e l ec t rode  a s  a  

re ference  po in t ,  and a  long wire t o  a  second e l ec t rode  which is moved t o  



s t a t i o n s  i n  a  g r i d  i n  t h e  a r e a  t o  be surveyed.  I f  a l a r g e  a r e a  is t o  be 

surveyed,  o r  t h e  t e r r a i n  o r  v e g e t a t i o n  make t h e  u s e  of a l o n g  wi re  imprac t i -  

c a l ,  a p a i r  of e l e c t r o d e s  wi th  a  s h o r t e r  s e p a r a t i o n  may be leap-frogged around 

t h e  a r e a  t o  measure t h e  g r a d i e n t .  By summing t h e  g r a d i e n t  a p o t e n t i a l  map o r  

p r o f i l e  can be produced. 

S e l f - p o t e n t i a l  anomalies may be t h e  resul t  of s e v e r a l  n a t u r a l  and man- 

made p rocesses .  Conductive d e p o s i t s  of p y r i t e ,  p y r h o t i t e ,  o t h e r  s u l f i d e  

m i n e r a l s ,  magne t i t e ,  c o v e l i t e  and g r a p h i t e  are known ta g e n e r a t e  self- 

p o t e n t i a l  anomalies which a r e  almost always n e g a t i v e  i n  p o l a r i t y  over  t h e  t o p  

of t h e  body. The conduct ing body i s  t h e o r i z e d  t o  s e r v e  as a p a t h  f o r  e l e c -  

t r o n s  from t h e  r e d u c i n g  environment below t h e  water  t a b l e  t o  t h e  o x i d i z i n g  

zone above. These anomalies are u s u a l l y  conf ined t o  a few hundred meters  i n  

width and about  100 mV ( m i l l i v o l t s )  i n  amplitude.  Buried w e l l  p ipes  and pipe- 

l i n e s  a l s o  produce s e l f - p o t e n t i a l  anomalies by pipe  cor ros ion .  

S e l f - p o t e n t i a l  a n a n a l i e s  t h a t  appear  t o  be r e l a t e d  t o  geothermal a c t i v i t y  

have been r e p o r t e d  from a c o n s i d e r a b l e  number of geothermal a r e a s  (Corwin and 

Hoover, 1979). Anomalies range  f r a n  50  t o  2000 mV i n  ampl i tude over  d i s t a n c e s  

of 100 m-10 km. The i r  wave forms and p o l a r i t i e s  vary  widely .  S teep  g r a d i e n t s  

a r e  o f t e n  observed over  t h e  trace of f a u l t s  which a r e  thought  t o  a c t  as 

condui t s  f o r  thermal  f l u i d s  . Republic Geothermal ( 1 983 r e p o r t e d  3 s e l f -  

p o t e n t i a l  anomalies n e a r  Makushin Volcano, A la ska  of  -600 mV,  -500 mV and a 

d i p o l a r  anomaly o f  * 100 mV amplitude.  Subsequent d r i l l i n g  on  t h e  -500 mV 

anomaly confirmed its geothermal o r i g i n .  

The flow of water through permeable r o c k s  produces charge s e p a r a t i o n ,  and 

a s i g n i f i c a n t  s e l f - p o t e n t i a l  phenmenon c a l l e d  t h e  e l e c t r o k i n e t i c  e f f e c t .  

T h i s  e f f e c t  has been c i t e d  as t h e  e x p l a n a t i o n  f o r  l a r g e  anomalies over h o t  

zones.  Zabloski (1 976) r e p o r t e d  on  t h e  r e s u l t s  of s e l f - p o t e n t i a l  f i e l d  tests 
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i n  Ki lauea ,  Hawaii, and concluded t h a t  t h e y  were t h e  s i n g l e  most u s e f u l  

geophysical  method f o r  i d e n t i f y i n g  and d e l i n e a t i n g  thermal  anomalies.  He 

found p o s i t i v e  p o t e n t i a l  d i f f e r e n c e s  as high as 1600 mV a c r o s s  d i s t a n c e s  of a 

ki lometer  o r  l e s s  over  known f u m a r o l i c  a r e a s  and r e c e n t  e r u p t i v e  f i s s u r e s .  

Morrison e t  a l .  (1978) found t h a t  t h e  v o l t a g e  - p r e s s u r e  r e l a t i o n s h i p  i n  

t h e  e l e c t r o k i n e t i c  e f f e c t  dec reases  with i n c r e a s i n g  s a l i n i t y  and i n c r e a s e s  

wi th  temperature .  For a s a l i n e  s o l u t i o n  s i m i l a r  t o  t h e  b r i n e  at t h e  important  

geothermal f i e l d  a t  Cer ro  P r i e t o  ,. Mexico, a p r e s s u r e  d i f f e r e n c e  of 100 atmos- 

pheres  at  24OC a c r o s s  r e s e r v o i r  c o r e  samples would g e n e r a t e  a maximum 

p o t e n t i a l  of 40 mV w i t h  t h e  lower p r e s s u r e  s i d e  p o s i t i v e  wi th  r e s p e c t  t o  t h e  

high p r e s s u r e  side. A s  temperature  i n c r e a s e d ,  t h e  p o t e n t i a l  i n c r e a s e d  t o  an 

expected 200 mV a t  300°C. 

Temperature d i f f e r e n c e s  a l s o  produce s e l f - p o t e n t  i a 1  anomalies through 

t h e r m o e l e c t r i c  coupl ing (Morrison e t  a l . ,  1978).  A t y p i c a l  coup l ing  wef- 

f i c i e n t  f o r  sands tones  is 0.060 m V / O C  w i t h  t h e  ho t  side p o s i t i v e  w i t h  r e s p e c t  

t o  t h e  co ld  s i d e .  For a t y p i c a l  Cerro  P r i e t o  core  and b r i n e  and a 300°C 

i t empera tu re  d i f f e r e n c e ,  18 mV would be produced by t h e  t empera tu re  e f f e c t  

a lone .  

P o t e n t i a l  d i f f e r e n c e s  can a l s o  be produced by d i f f e r e n c e s  i n  i o n i c  con- 

c e n t r a t i o n s  i n  t h e  format ion f l u i d s  amountihg t o  about 25 mV per power of 10 

c o n c e n t r a t i o n  d i f f e r e n c e  ( S i l l ,  pe r sona l  communication, 1982).  Th i s  can be 

s i g n i f i c a n t  i f  t h e r e  a r e  major l a t e r a l  c o n c e n t r a t i o n  changes i n  t h e  ground 
a 
I water . 



S e l f - p o t e n t i a l  Survey 

The area on the s o u t h  f l a n k  of  M t .  S p u r r ,  s p e c i f i c a l l y  on  t h e  s o u t h  s i d e  

of  C r a t e r  Peak, is e s s e n t i a l l y  f r e e  of brush,  and we were a b l e  t o  u s e  t h e  l o n g  

wire techn ique  from a  f i x e d  r e f e r e n c e  e l e c t r o d e  t o  c a r r y  o u t  t h e  su rvey .  Some 

s u r v e y  work was done o n  t h e  p l a t e a u  t o  t h e  e a s t  where t h e  camp was l o c a t e d ,  

and we planned t o  t i e  t o  t h e  main su rvey .  However, i t  proved t o  be t o o  d i f f i -  

c u l t  t o  t r a v e r s e  e i t h e r  t h e  g l a c i e r  o r  t h e  canyon s e p a r a t i n g  t h e  two a r e a s .  

A s  t h e  camp a r e a  s u r v e y  was t o o  l i m i t e d  t o  be s i g n i f i c a n t ,  we p r e s e n t  o n l y  t h e  

C r a t e r  Peak d a t a .  

We s e t  up a  100 m d i p o l e  i n  camp t o  con t inuous ly  r e c o r d  t e l l u r i c  cur- 

r e n t s .  I f  t h e  a c t i v i t y  was t o o  h i g h  a t  daybreak,  o t h e r  a c t i v i t i e s  t h a n  S-P 

were schedu led  f o r  t h e  day. We used f i n e  copper magnet w i r e  (32 o r  34 gauge) 

as t h e  l o n g  wires. P o s i t i o n s  of s t a t i o n s  were determined from map and a i r  

photos and by use  of pocket a l t i m e t e r s  and pacing.  Traverses  e i t h e r  s t a r t e d  

n e a r  t h e  t o p  of  the a r e a  and r a n  downhi l l  o r  contoured.  Most t r a v e r s e s  t i e d  

/ t o  p rev ious  t r a v e r s e s  w i t h i n  100 mV. 

There w a s  a  ve ry  s t r o n g  t o p o g r a p h i c  e f f e c t  (TE) i n  t h e  s e l f - p o t e n t i a l  
A" 
1 d a t a .  Using a  l e a s t  s q u a r e s  f i t ,  we found t h e  TE t o  be -151 mV/100 m e leva-  

t i o n  change. TE has been w e l l  known t o  g e o p h y s i c i s t s  f o r  more t h a n  70 y e a r s  

( E r n s t s o n  and S c h e r e r ,  1986) .  The e x p l a n a t i o n  f a v o r e d  a t  t h i s  t ime is t h a t  

I t h i s  e f f e c t  is due t o  s t r eaming  p o t e n t i a l s  induced by m e t e o r o l o g i c a l  e f f e c t s  
I 

1 
( ~ a i g n i a r d ,  1956; Corwin and Hoover, 1979) . 

The apparen t  TE w a s  much l a r g e r  on su rveys  run on  two low h i l l s ,  2495 and 

1 2450, a t  t h e  southwest  and s o u t h e a s t  c o r n e r s  of t h e  f l a n k  o f  C r a t e r  Peak, 

I r e s p e c t i v e l y .  Although t h e  h e i g h t  of t h e  two h i l l s  is o n l y  150-250 f t . ,  t h e  

I TE w a s  about  3700 mV/100 m .  



Resu l t s  

The S-P d a t a  were c o r r e c t e d  f o r  d r i f t  or  non-zero t r a v e r s e  t i e s  and a r e  

contoured at 100 mV i n t e r v a l s  i n  F igure  4-1. The base l i n e  ( z e r o  contour is 

a r b i t r a r y .  The h e a v i e r  contour l i n e s  r e p r e s e n t  topography a t  500 f t .  i n t e r -  

v a l s .  

There a r e  s e v e r a l  i n t e r e s t i n g  f e a t u r e s .  A t  t h e  t o p  a s i n g l e  t r a v e r s e  

s t a r t i n g  a t  5800 f t .  e l e v a t i o n  is very p o s i t i v e  ( + I 4 5 0  m V ) .  The upper p o i n t  

is 400 f t .  i n  e l e v a t i o n  and 2500 f t .  h o r i z o n t a l l y  away from t h e  hot  l a k e  and 

fumaroles  i n  t h e  c r a t e r .  The s t e e p  p o s i t i v e  g r a d i e n t  could  r e s u l t  from c i rcu-  

l a t i o n  a s s o c i a t e d  w i t h  t h i s  obvious h e a t  s o u r c e .  

Near t h e  3500 f t .  contour we found a +641 t o  -815 mV d i p o l e  anomaly, wi th  

800 f t .  s e p a r a t i o n  + t o  - peak. We would need more d a t a  i n  t h e  a r e a  t o  f u l l y  

d e f i n e  t h e  anomaly, as t h e r e  is a 2000 f t  . gap between t h e  p r e s e n t  l i n e s  

d e f i n i n g  t h e  anomaly and t h e  nex t  east-west l i n e  at about  4500 f t .  eleva-  

t i o n .  Using a rough rule-of-thumb t o  e s t i m a t e  t h e  dep th  of t h e  s o u r c e  of t h e  

anomaly a s  one h a l f  t h e  + t o  - peak s e p a r a t i o n ,  w e  would f i n d  400 S t  o r  122 q 

dep th ,  which may be f100% (Te l f  o r d  e t  a 1  . , 1976).  Some geothermal a r e a s  wi th  

c i r c u l a t i o n  up a l o n g  a fault  have a d i p o l a r  s i g n a t u r e  i n  t h e  S-P d a t a  (Corwin 

and Hoover, 1979).  A s  d i scussed  l a t e r  i n  t h i s  c h a p t e r ,  t h e  d i p o l a r  anomaly is 

c l o s e  t o  t h e  c o n t r o l l e d  source  aud iomagne to te l lu r ic  s i te  114 which gave low 

and sha l low r e s i s t i v i t y  va lues .  

There a r e  s e v e r a l  nega t ive  anomalies , one nor th-nor thwest  and two nor th-  

e a s t  of t h e  d i p o l e  anomaly, t h e  l a r g e s t  a -700 mV about  2500 S t .  t o  t h e  nor th-  

e a s t .  These may be a s  s i g n i f i c a n t  as t h e  d i p o l e  anomaly. Again, a more 

d e t a i l e d  S-P survey  wi th  more t r a v e r s e  l i n e s  would be needed t o  b e t t e r  d e f i n e  

t h e  shape of t h e  anomalies.  The p resen t  suggested s i z e  from t h e  con tour ing  

would g ive  a similar dep th  as t h e  d i p o l e .  



Map of area southeast of Crater Peak showing contours of equi-self-potential ( l i g h t  
contours) and topography a t  500' in te rva ls  (heavy contours). Large + and - signs 
indicate  the polar i ty  of anomalies. Note the l inear  pattern of two positive and t h ~ e  
negative anomalies a t  about 3500 f t  . elevation including a +641 t o  -815 dipole.  
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There is a  very in teres t ing l inear  northeast alignment of positive and 

- negative anomalies including the dipole about along the 3500 f t .  contour. The 

hot spring discussed i n  Chapter 1 l i e s  on the southwest end of that  align- 

ment. Another very profound S-P anomaly is  located on h i l l  2450 a t  the  south- 

eas t  corner of the survey area (Figure 4-11.  There is  a  +I000 mV peak, 

dropping off t o  over -1 000 mV t o  the  southeast.  The significance of t h i s  

anomaly is somewhat uncertain because of the extreme TE apparent i n  the 

data. I t  is possible that  the hydraulic c i rcula t ion responsible f o r  the  TE is 

complex, and that  very high near-surface r e s i s t i v i t y  amplifies the e f fec t .  

Yet a  2000 mV anomaly is hard t o  d i s m i s s  offhand. A s  w i l l  be discussed below, 

the CSAMT r e s i s t i v i t y  measurement on the h i l l  shows a  very l o w  r e s i s t i v i t y  

zone about 1 km beneath the h i l l .  

DEEP ELECTRICAL RESISTIVITY MEASUREMENTS 

Introduction 

The second, deeper method used w a s  the controlled source audiomagneto- 

t e l l u r i c  (CSAMT) method. Geothermal reservoirs  can often be detected by 

measuring the e l ec t r i c a l  r e s i s t i v i t y  v s .  depth from the surface. T h i s  is due 

t o  the  f a c t  tha t  the  r e s i s t i v i t y  of geothermal reservoirs  is usually signif  i- 

cantly lower than the r e s i s t i v i t i e s  of surrounding formations. The res i s -  

t i v i t y  tends t o  be lower fo r  two reasons: 1 )  r e s i s t i v i t y  of the  water f i l l i n g  

the pore spaces of the reservoir  rock decreases w i t h  increasing temperature, 

and, 2) the hot water is able t o  dissolve more minerals than normal tempera- 

tu re  ground water. 
Ir 

4 - 7  



Explanat  i o n  of  t h e  CSAMT Met hod 

C a i g n i a r d  ( 1  953) p rov ided  t h e  b a s i s  f o r  t h e  m a g n e t o t e l l u r i c  method of  

i n v e s t i g a t i n g  r e s i s t i v i t y  vs .  depth .  N a t u r a l  v a r i a t i o n s  i n  t h e  e a r t h ' s  

magne t i c  f i e l d  c a l l e d  m i c r o p u l s a t i o n s  c a u s e  e lectr ic  c u r r e n t  t o  f low i n  t h e  

ground. By measur ing  t h e  magne t i c  and p e r p e n d i c u l a r  e l e c t r i c  f i e l d s  a t  t h e  

e a r t h ' s  s u r f a c e  a t  a wide r a n g e  o f  f r e q u e n c i e s ,  t h e  a p p a r e n t  r e s i s t i v i t y  v s .  
2 

f r e q u e n c y  can  be c a l c u l a t e d :  pa = where p is t h e  a p p a r e n t  resis- a 

t i v i t y  i n  R-m, f is t h e  f r e q u e n c y  i n  H e r t z  ( c y c l e s  p e r  s e c o n d ) ,  Ex i s  t h e  

e lectr ic  f i e l d  i n  mV/km and H y  is t h e  magne t i c  f i e l d  v a r i a t i o n  i n  gammas. The 

phase a n g l e  I$ between Ex and H is a l s o  measured t o  p rov ide  a c u r v e  of I$ v s .  Y 

f r equency .  C a i g n i a r d  ( 1  953) showed t h a t  f o r  a n  e a r t h  approximated  by h o r i -  

z o n t a l  l a y e r s  i t  was p o s s i b l e  t o  i n t e r p r e t  t h e  a p p a r e n t  r e s i s t i v i t y  v s  . 
f r equency  and phase  a n g l e  v s .  f r e q u e n c y  c u r v e s  i n  terms of t r u e  r e s i s t i v i t y  

vs .  d e p t h .  The d e p t h  o f  p e n e t r a t i o n  o f  t h e  magne t i c  and t e l l u r i c  waves depends 

upon f r e q u e n c y  and r e s i s t i v i t y ,  and is c a l l e d  t h e  s k i n  d e p t h  = 503 (m) 

o r  1650 ( f t )  where p is t h e  e a r t h ' s  r e s i s t i v i t y  i n  0-m and f is t h e  

f r e q u e n c y  i n  Hz. Tab le  4-1 shows t h e  s k i n  d e p t h  i n  f t  v s .  f r e q u e n c y  and 

r e s i s t i v i t y .  



Table 4-1 1 
Skin Depth i n  F t . ,  R e s i s t i v i t y  i n  n-m :I 

The frequencies  used i n  Table 4-1 a r e  i n  t h e  audio range and a l i t t l e  lower. 

Skin depths of a t  l e a s t  40,000 f t  a r e  poss ib le  with n a t u r a l  audiomagnetotel- 

l u r i c  soundings. 

One drawback t o  t h e  magneto te l lur ic  method is t h a t  t h e  na tu ra l  s i g n a l s  of 1 
t h e  e a r t h ' s  f i e l d  a r e  used, and long recording periods a r e  o f t en  necessary t o  - - 

derPve good apparent r e s i s t i v i t y  and phase curves because n a t u r a l  s i g n a l s  a r e  

I unpredictable  i n  s t r e n g t h  and d i r ec t ion .  I n  t h e  control led-source technique 

t h i s  problem is el iminated by using a grounded e l e c t r i c  d ipo le  as  a s i g n a l  

source.  Goldstein and Strangway (1975) showed t h a t  i f  t he  grounded d ipole  

cur ren t  t r ansmi t t e r  was a t  a hor izonta l  d i s tance  of g rea t e r  than t h r e e  s k i n  

I depths from t h e  E and H r e c e i v e r ,  t h e  conventional magneto te l lur ic  i n t e rp re t a -  

t i o n s  could be appl ied .  



I n  t h e  CSAMT techn ique  a ' s i n g l e  f requency is t r a n s m i t t e d  u n t i l  s u f f i c i e n t  

c y c l e s  a r e  r e c e i v e d  t o  measure Ex and Hy  wi th  s a t i s f a c t o r y  s i g n a l - t o - n o i s e  

r a t i o s .  The measurements a r e  r e p e a t e d  a t  a range of  f r e q u e n c i e s .  The 

r e c e i v e r  system c o n s i s t s  of a pair of non-po la r izab le  e l e c t r o d e s  at  a d i p o l e  

s p a c i n g  "aw o r i e n t e d  p a r a l l e l  t o  t h e  t r a n s m i t t e r  d i p o l e  t o  measure E x ,  and 

u s u a l l y  an i n d u c t i o n  c o i l  o r i e n t e d  perpend icu la r  t o  t h e  t r a n s m i t t e r  d i p o l e  t o  . 

Some a s s e t s  of CSAMT measurements a r e :  1 ) i t  is a good bur ied  conductor 

d e t e c t o r ;  2 )  it has  e x c e l l e n t  l a t e r a l  r e s o l u t i o n  ( l i m i t e d  o n l y  by t h e  r e c e i v e r  

"aw s p a c i n g ) ,  good depth  of  p e n e t r a t i o n  and r e l a t i v e l y  f a s t  su rvey  speed;  

3)  apparen t  r e s i s t i v i t y  and phase a r e  c a l c u l a t e d  i n  r e a l  time s o  t h a t  r e s u l t s  

can be seen  i n  t h e  f i e l d  dur ing  t h e  su rvey ;  and 4) frequency-domain-type 

f i l t e r i n g  can be used f o r  optimum n o i s e  r e j e c t i o n .  Sane disadvantages  are: 

1 )  e f f e c t s  of r e s i s t i v i t y  anomalies i n  t h e  v i c i n i t y  o f  t h e  t r a n s m i t t e r  may be 

s e e n ;  2 )  e f f e c t s  of t r a n s i t i o n  from t h e  n e a r  f i e l d  (D < 3 s k i n  d e p t h s )  t o  t h e  

far  f i e l d  (D > 3 s k i n  d e p t h s )  must be c a r e f u l l y  removed from t h e  a n a l y s i s  and; 

3 )  model l ing cannot always d u p l i c a t e  f i e l d  r e s u l t s  i n  i n t e n s i t y  and s h a r p n e s s ,  

e s p e c i a l l y  i n  t h e  c a s e  o f  b u r i e d  three-dimensional  bodies .  

Data from a CSAMT survey  may be t a k e n  from a s e r i e s  of s t a t i o n s  a long  a 

l i n e ,  and s imply p l o t t e d  a8 apparent  r e s i s t i v i t y  w i t h  h o r i z o n t a l  d i s t a n c e  and 

wi th  f requency a s  i n v e r s e  dep th  t o  produce a CSAMT pseudo-section.  Although 

t h e  dep th  s c a l e  is on ly  approximate,  i t  is o f t e n  p o s s i b l e  t o  i n t e r p r e t  s t r u c -  

t u r e s ,  p ick o u t  conducting zones,  and d e l i n e a t e  h o r i z o n t a l  r e s i s t i v i t y  changes 

d i r e c t l y .  Bost ick (1977) p resen ted  a n  a lgor i thm f o r  i n v e r t i n g  t h e  apparent  

r e s i s t i v i t y  and phase vs .  f requency c u r v e s  t o  approximate r e s i s t i v i t y  vs .  

depth .  H i s  a lgor i thm w r i t t e n  a s  a hand-held c a l c u l a t o r  program by Campbell 

(1981) can be used t o  conver t  t h e  apparen t  r e s i s t i v i t y - f r e q u e n c y  pseudo- 
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s e c t i o n  t o  an approximate r e s i s t i v i t y  s e c t i o n .  The Bostick-produced s e c t i o n s  

a r e  o n l y  approximate,  but  o f f e r  a b e t t e r  i d e a  of  t h e  r e s i s t i v i t y  s t r u c t u r e  

than  t h e  raw pseudo-section,  and can be used a s  a  s t a r t i n g  p o i n t  i n  more 

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

Another method f o r  t h e  i n v e r s i o n  of  m a g n e t o t e l l u r i c  f requency sounding 

d a t a  is i n c o r p o r a t e d  i n  Program IMSLPW (Anderson, 19791, of t h e  USGS. Th is  

program u t i l i z e s  a  non l inear  l e a s t  s q u a r e s  sub-program f o r  t h e  i n v e r s i o n  of 

impedance versus  f requency t o  r e s i s t i v i t y  v e r s u s  l a y e r  depth .  The program 

produces a more r e f i n e d  subsur face  model than  t h e  Bost ick program but t h e  two 

r e s u l t s  should  g e n e r a l 1  y  co inc ide .  P r e s e n t l y  , over h a l f  o f  t h e  twent y-f our  

CSAMT sites have been modelled s u c c e s s f u l l y  . When t h e  rest a r e  completed,  

they  w i l l  form t h e  b a s i s  of a  m a s t e r ' s  t h e s i s .  The IMSLPW models agree  i n  

g e n e r a l  w i t h  t h e  Bost ick models. F igure  4-2 shows a  comparison a t  s i t e  3 .  

S i n c e  t h e  IMSLPW model l ing is incomplete ,  we have used on ly  t h e  Bost ick models 

i n  t h e  CSAMT r e s i s t i v i t y  contour  p r o f i l e s .  

A t h i r d  program t h a t  can a c t  a s  a check on IMSLPW o r  Bost ick o u t p u t  is 

t h e  program EMFIN4 (Anderson, 1977).  Th i s  program computes t h e  magnetic and 

electric f i e l d s  about  a f i n i t e  h o r i z o n t a l  e l e c t r i c  w i r e  s o u r c e  over s t r a t i f i e d  

ground. By e n t e r i n g  our modelled d a t a ,  c o n s i s t i n g  of  r e s i s t i v i t i e s  ve rsus  * 

l a y e r  d e p t h s ,  we can compare t h e  ou tpu t  o f  magnetic and e l e c t r i c  components t o  

our o r i g i n a l  impedance d a t a .  Th i s  can be accomplished by c a l c u l a t i n g  t h e  

ratios of e l e c t r i c  t o  magnetic f i e l d  s t r e n g t h s  t o  f i n d  t h e  wave impedances. 

The c a l c u l a t e d  wave impedances can be compared t o  t h e  o r i g i n a l  impedance d a t a  

t o  produce t h e  b e s t  f i t  s u b s u r f a c e  model. 

4-1 1  
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The CSAMT Survey 

The equipment used consisted of a 20 ampere Geotronics FT-20A transmitter  

powered by a Zonge 30 KVA 400 cycle generator, and controlled by a Zonge 

recorded by a.Zonge Engineering GDP-12 receiver. The e l e c t r i c  f i e l d  (Ex) was 

measured across grounded dipoles of e i the r  328 f t .  (100 m )  or 656 f t .  (200 a ) ,  

while the  H, s ignal  was detected with a Zonge high-mu-cored m i l  of 80,000 

turns.  The GDP-12 receiver incorporates a computer which converts the analog 

s ignals  t o  d i g i t a l ,  s tacks and averages these s ignals ,  and then computes the 

apparent r e s i s t i v i t y  and phase angle between E and H. The possible frequen- 

c ies  transmitted a re  256, 128, 64, 16, 8, 4 ,  2, 1 ,  1/2, l / 4 ,  1 /8, 1/16, 1/32, 

1/64 and 1/128 Hz. In our survey we usually only went as  high a s  64 Hz t o  

conserve the transmitter . 
The f i r s t  transmitting dipole was located on a nearly f l a t  plateau a t  

about 2100 f t .  elevation located 4 km northeast of the terminus of Straight  

C r .  g lacier .  It was 2.4 km long oriented N20°W (Plate  6-11. Great e f fo r t s  

were taken t o  achieve low resistance electrode arrays.  A t  each end about 30 

metal stakes were driven 3 f t .  in to  the ground. The ground around each stake 

was saturated with saltwater. A 10 ft. piece of aluminum f o i l  was buried i n  a 

trench dug into  swampy ground and well sa l ted.  Despite these e f fo r t s ,  only 

8 amperes could be achieved w i t h  the transmitting system. Using t h i s  dipole, 

ten CSAMT sta t ions  were measured, ranging from 7 t o  13 km distance. Tel lur ic  

current a c t i v i t y  and afternoon thunderstorm s f e r i c s  necessitated long runs a t  

most low frequencies fo r  suf f ic ien t  s ignal  stacking. 

Nine s ta t ions  were scattered widely t o  the eas t  of the canyon separating 

the camp and the Crater Peak flank where the S-P data were obtained. Stat ion 

4-1 3 



10 was l o c a t e d  j u s t  n o r t h  o f  h i l l  2450 w i t h  t h e  f1000 mV anomaly a t  t h e  south-  

e a s t  end o f  t h e  S-P survey.  

The second CSAMT t r a n s m i t t e r  d i p o l e  was l o c a t e d  on a s i l t y  r i v e r  d e l t a  i n  

Sec. 7 T13N, R17W, about  10 km west o f  t h e  C r a t e r  Peak s u r v e y  a r e a .  It was 

1.8 km long ,  o r i e n t e d  a t  N15OW. The s a t u r a t e d  silt o f  t h e  d e l t a  provided low 

c o n t a c t  r e s i s t a n c e ,  and 20 amperes were e a s i l y  t r a n s m i t t e d .  Four teen more 

s i t e s  were occupied,  r a n g i n g  i n  d i s t a n c e  from 4.25 t o  18  km from t h e  

t r a n s m i t t e r .  Three sites were occupied i n  s e c t i o n s  9 and 10 T13N, R17W i n  t h e  

a l d e r  f l a t s  j u s t  e a s t  o f  t h e  B a r r i e r  G l a c i e r  nea r  where a geothermal l e a s e  

s e c t i o n  was l o c a t e d .  Ten sites were on t h e  s o u t h e a s t  s l o p e  o f  C r a t e r  Peak, 

and one was a re-occupat ion o f  s i te  4 i n  t h e  marsh below VABM Chaka. 

Except f o r  t h e  l a s t  day when s t a t i o n  24 was occupied 18 km from t h e  

t r a n s m i t t i n g  d i p o l e ,  t e l l u r i c s  and s f e r i c s  proved t roublesome,  n e c e s s i t a t i n g  

l o n g  s t a c k s  and r e p e a t s  of  runs .  According t o  G o l d s t e i n  and Strangway (19751, 

t h e  CSAMT method is v a l i d  when t h e  t r a n s m i t t e r  is a t  l e a s t  3 s k i n  d e p t h s  away 

from t h e  r e c e i v e r .  I n  our  c a s e ,  we shou ld  have been a b l e  t o  i n v e s t i g a t e  t o  a 

s k i n  dep th  o f  up t o  6 km. However, at  a l l  s t a t i o n s  t h e r e  was evidence o f  a 

much sha l lower  l i m i t .  I n  t h e o r y  t h e  phase d i f f e r e n c e  between Ex and Hy shou ld  

be a p o s i t i v e  va lue  between 0 and 90°. A s  we found i n  n e a r l y  e v e r y  c a s e ,  t h e  

phase became n e g a t i v e  o r  g r e a t e r  t h a n  90° a t  f r e q u e n c i e s  below about  1 Hz. I t  

is l i k e l y  t h a t  t h i s  is due t o  t r a n s m i t t e r  o v e r p r i n t .  When t h e  c o n d u c t i v i t y  

s t r u c t u r e  i n  t h e  v i c i n i t y  o f  t h e  t r a n s m i t t e r  is a p p r e c i a b l y  d i f f e r e n t  from t h e  

r e c e i v e r  a r e a ,  t h i s  w i l l  d i s t o r t  t h e  r e c e i v e d  E and H. I n  f a c t ,  t h e  geology 

of bo th  t r a n s m i t t e r  s i t e s  was d i f f e r e n t  from t h e  r e c e i v e r  s i t e s ,  and probably  

accoun t s  f o r  t h e  reduced dep th  l i m i t .  

The d a t a  were recorded i n  t h e  f i e l d  on a Zonge paper p r i n t e r ,  t h e n  Ex 

v e r s u s  f ,  H ve r sus  f ,  pa ve r sus  f and I# ve r sus  f were a l l  p l o t t e d .  From 
Y 



t h e s e  p l o t s ,  s p u r i o u s  va lues  were removed, and t h e  average o r  b e s t  va lue  

s t a t i s t i c a l l y  f o r  m u l t i p l e  r u n s  a t  one f requency were chosen t o  r e s u l t  i n  a  

smooth curve  f o r  i n v e r s i o n  t o  r e s i s t i v i t y  v e r s u s  dep th .  We used a n  improved 

Bos t i ck  a lgor i thm ( Jones  and F o s t e r .  1983).  The improved t r a n s f o r m a t i o n  which 

g i v e s  a  c l o s e r  approximation t o  t h e  t r u e  r e s i s t i v i t y  ve rsus  depth was pro- 

grammed on a n  HP71B f o r  computation of d a t a  i n  t h e  f i e l d .  Two models of  

r e s i s t i v i t y  ve rsus  dep th  a r e  c a l c u l a t e d .  One uses  on ly  t h e  apparen t  r e s i s -  

t i v i t y  va lues  and d i f f e r e n c e s  between f r e q u e n c i e s ,  t h e  s o  c a l l e d  Ap method, 

and t h e  second uses  t h e  apparent  r e s i s t i v i t y  and t h e  phase. t h e  s o  c a l l e d  p-4 

method. Usual ly  t h e  two models a g r e e  i n  g e n e r a l  w i t h  some d i f f e r e n c e s .  From 

t h e  i n d i v i d u a l  p l o t s  p ( f )  and + ( f )  we found t h a t  t h e  phase was s u b j e c t  t o  more 

v a r i a t i o n s ,  s o  we gave more weight t o  t h e  Ap models when t h e  two d i d  not  

P l a t e  6-1 shows t h e  twenty-four sample s i t e s .  Most o f  them can be repre -  

s e n t e d  a long  5  p r o f i l e s  shown i n  F igures  4-3 t o  4-7. P r o f i l e  A-A' shows t h e  

i n t e r p r e t e d  r e s i s t i v i t y  ve rsus  dep th  from t h e  rim of  C r a t e r  Peak t o  h i l l  2450 

a long  w i t h  t h e  s e l f - p o t e n t i a l  d a t a  on a roughly  p a r a l l e l  p r o f i l e .  There is a  

d i scon t inuous  very low r e s i s t i v i t y  zone ( l e s s  than  5  n-m) under s t a t i o n s  14, 

17, 22, 11 and 15. The u p h i l l  edge of  t h e  zone n e a r  s t a t i o n  14 corresponds t o  

t h e  l a r g e  d i p o l e  anomaly i n  t h e  s e l f - p o t e n t i a l  d a t a ,  and t h e  zone under h i l l  

2450 corresponds wi th  t h e  l a r g e  S-P anomaly t h e r e .  The low r e s i s t i v i t y  zone 

under s t a t ; o n  14 is shal low (about  2000 f t  . ) and n e a r l y  t h e  lowes t  (2 .48 n-m) 

of any d i scovered  i n  t h e  survey.  P r o f i l e  B-B1 is n e a r l y  pe rpend icu la r  t o  A-A' 

running west  from s t a t i o n  14 t o  23. The low r e s i s t i v i t y  zone appears  a t  about  

4-1 5  
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F i g u r e  4-7. C r o s s  s e c t i o n  E-El ( s e e  P l a t e  6-11 showing the CSAMT r e s i s t i v i t y  
d a t a .  T h e r e  i s  a low r e s i s t i v i t y  zone  o v e r  a v e r y  h i g h  
r e s i s t i v i t y  basement ,  p r o b a b l y  composed o f  g r a n i t e .  
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1650 f t .  under s t a t i o n  23 no t  f a r  from t h e  40°C h o t  s p r i n g  d i scovered  i n  t h e  

canyon. The r e s i s t i v i t y  i n c r e a s e s  w i t h  dep th  beneath  t h e  low r e s i s t i v i t y  

l a y e r .  

P r o f i l e  C-C1,  o r i e n t e d  nor thwes t - sou theas t  a l s o  shows a d i s c o n t i n u o u s  

zone of  l e s s  t h a n  5 Q-• a t  d e p t h s  r a n g i n g  from 2360 t o  3125 f t .  T h i s  zone may 

be f a i r l y  narrow a s  i n d i c a t e d  by p r o f i l e  D-Dl n e a r l y  pe rpend icu la r  t o  C-C1,  

where o n l y  s t a t i o n  9 and perhaps  7 show t h e  low r e s i s t i v i t y  zone,  b u t  t h e  

coverage is i n s u f f i c i e n t  t o  make a f i r m  conc lus ion .  It is complete ly  a b s e n t  

i n  d a t a  from s t a t i o n s  8 and 4. 

Three s t a t i o n s ,  19-21, were occupied t o  t h e  west  i n  s e c t i o n s  9 and 10 and 

shown a s  p r o f i l e  E-El i n  F i g u r e  4-7. The g e n e r a l  c h a r a c t e r  o f  t h e  CSAMT p 

v e r s u s  f was q u i t e  d i f f e r e n t  i n  t h e s e  d a t a  compared t o  t h o s e  i n  t h e  r e s t  of  

t h e  su rvey .  The s h a l l o w e s t  d a t a  a t  64 Hz a r e  f a i r l y  low r e s i s t i v i t y ,  8.5 t o  

29 n-m, bu t  v e r y  deep f o r  t h a t  f r equency ,  about  2500 f t .  A t  lower f r e q u e n c i e s  

(and d e p t h s )  t h e  r e s i s t i v i t y  i n c r e a s e d  very  r a p i d l y  t o  e s s e n t i a l l y  i n f i n i t y .  

The g r e a t  dep th  a t  64 Hz i m p l i e s  h i g h  r e s i s t i v i t y  from t h e  s u r f a c e  on down t o  

some d e p t h  l e s s  t h a n  2500 f t .  where t h e  r e s i s t i v i t y  is much lower .  Within a 

few hundred f e e t  below t h e  low r e s i s t i v i t y  zone t h e r e  is a c o n t a c t  w i t h  ve ry  

much h i g h e r  r e s i s t i v i t y  m a t e r i a l .  A s  t h e  mountains t o  t h e  immediate s o u t h  o f  

t h e  Chakachatna River are g r a n i t e ,  we s u g g e s t  t h a t  t h e  basement r o c k s  under 

p r o f i l e  E-El a r e  a l s o  g r a n i t e  ( P l a t e  1-1 ). The h i g h  r e s i s t i v i t y  from t h e  

s u r f a c e  down is a l luv ium from south-f lowing s t r e a m s  and t h e  Chakachatna River ,  

but  whether t h i s  accoun t s  f o r  t h e  f u l l  2500' cannot  be determined.  



Conclus ions  

The two e l e c t r i c a l  methods used,  s e l f - p o t e n t i a l  and CSAMT have r e v e a l e d  

some s i g n i f i c a n t  anomalies.  By n e c e s s i t y ,  bo th  were conducted a s  r econna i s -  

sance  s u r v e y s  t o  l o c a t e  a r e a s  o f  i n t e r e s t ,  which cou ld  be exp lo red  i n  much 

more d e t a i l  i f  warranted.  

The CSAMT d a t a  have r e v e a l e d  a d i s c o n t i n u o u s ,  ve ry  low r e s i s t i v i t y  l a y e r  

on  t h e  s o u t h e a s t  f l a n k  o f  C r a t e r  Peak. It h a s  a s l o p e  rough ly  p a r a l l e l  t o  

t h a t  p r o j e c t e d  f o r  t h e  a n c e s t r a l  Spurr  s t r a t o c o n e .  Its upslope t e r m i n a t i o n  

n e a r  s t a t i o n  14 c o r r e s p o n d s . t o  a l a r g e  S-P d i p o l e  anomaly. The S-P d a t a  show 

an i n t e r e s t i n g  n o r t h e a s t  a l ignment  of  anomalies a t  about t h e  3500 f t .  l e v e l  

c o i n c i d e n t  w i t h  t h e  upslope t e r m i n a t i o n  o f  t h e  low r e s i s t i v i t y  zone and w i t h  

t h e  upslope t e r m i n a t i o n  o f  helium anomalies d i s c u s s e d  i n  Chapter 5. The 40°C 

h o t  s p r i n g  i n  t h e  canyon a t  t h e  west s i d e  o f  t h e  a r e a  is on  t h e  e x t e n s i o n  o f  

t h e  l i n e  of  S-P anomalies.  

The l a r g e  S-P anomaly under h i l l  2450 is . a l s o  u n d e r l a i n  by a low r e s i s -  

t i v i t y  zone o f  l e s s  t h a n  1 n-m r e s i s t i v i t y .  A perhaps  narrow low r e s i s t i v i t y  

zone u n d e r l i e s  s t a t i o n s  1 ,  2 ,  9 and 5 i n  s e c t i o n  C - C v .  No S-P s u r v e y i n g  was 

done i n  t h a t  a r e a .  

F i g u r e  4-8 p r e s e n t s  t h e  CSAMT p r o f i l e s  a s  a f e n c e  diagram t o  show t h e  

r e l a t i o n s h i p  o f  t h e  low r e s i s t i v i t y  zones t o  t h e  topography and t o  each  

o t h e r .  There a r e  no d a t a  between t h e  two s o u t h e a s t - t r e n d i n g  p r o f i l e s  A A v  and 

C C v .  So it is q u i t e  p o s s i b l e  t h a t  t h e  two low r e s i s t i v i t y  zones  a r e  con- 

nec ted .  The p o s s i b l e  s o u r c e s  of  t h i s  zone a r e  d i s c u s s e d  i n  Chapter 6. 

I n  Chapter 6 we have compared a l l  t h e  evidence,  i n c l u d i n g  t h e  e l e c t r i c a l  

geophys ica l ,  t h e  helium and mercury s o i l  survey and t h e  g e o l o g i c a l  t o  s u g g e s t  

prime a r e a s  f o r  geothermal energy r e s o u r c e s .  
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Chapter 5 

Mercury and Helium Soi l  Surveys a t  M t .  Spurr, Alaska 

Donald L. Turner, Eugene M .  Wescott and David Bratt 

MERCURY SURVEY 

Introduction 

Mercury (Hg) i s  a highly vo l a t i l e  element found i n  most rocks i n  small 

concentrations. Its high vapor pressure makes it  extremely mobile, and the  

elevated temperatures near a geothermal reservoir  increase t h i s  mobility. 

During the  r i s e  of geothermal hot water from deep l eve l s ,  a vapor phase 

(normally C02-rich) w i l l  s t a r t  t o  exolve and Hg w i l l  pa r t i t ion  in to  t h i s  vapor 

phase (Varekamp and Busek, 1983). Therefore, an Hg aureole develops above the 

zone of r i s i ng  hot water. Such aureoles are  typical ly  much larger i n  area 

than a corresponding helium anomaly. Volatilized Hg is extremely mobile, and 

is known t o  have penetrated a t  l e a s t  several hundred meters (about 1000 f t  of 

rock overlying base metal ore deposits (McNerney and Buseck, 1975). 

Mercury content i n  s o i l s  has been reported as a geothermal resource 

indicator by several workers. Matlick and Buseck ( 1  975) confirmed a strong 

associat ion of mercury w i t h  geothermal ac t iv i ty  i n  three of four areas tested 

(Long Valley, California;  Summer Lake and Klamath Fa l l s ,  Oregon). Using the 

Hg concentrations i n  the A horizon of s o i l s  on a 1 . 6  km spacing in te rva l ,  they 
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found broad Hg anomalies outlining the geothermal areas. Phelps and Buseck 

( 1  978) also found broad Hg s o i l  anomalies i n  two other geothermal areas,  

Yellowstone and Coso Springs, California. Capuano and Bamf ord ( 1  978) used 

close-spaced traverses across the Roosevelt Hot Springs, Utah, Known 

Geothermal Resource Area (KGRA) t o  define s t ructures  controll ing f l u id  flow 

and t o  delineate areas of near-surface thermal ac t iv i ty .  Landress and Klusman 

( 1  977) a l so  confirmed that  anomalous Hg concentrations were found i n  A and B 

s o i l  horizons in  geothermal areas. Wescott e t  a l .  ( 1  981 ) found very good 

correlation between s o i l  Hg and elevated ground temperatures a t  Chena Hot 

Springs, Alaska. Wescott ( 1  981 a lso investigated s o i l  Hg content vs ground 

temperature a t  4.5 m depth a t  the Pilgrim Springs, Alaska KGRA. East ( 1  982) 

found good correlation between elevated temperatures and s o i l  Hg a t  Manley Hot 

Springs, Alaska. Republic Geothermal, 1983, used anomalous Hg concentrations 

i n  the B-1 s o i l  horizon on Unalaska Island, Alaska t o  successfully s i t e  a 

geothermal well. These resu l t s  show that  mercury s o i l  surveys are  a very 

useful t echni que for  geothermal exploration. 

Fang (1978) has shown that  mercury can be captured by adsorption on clay 

minerals, by adsorption on iron and manganese oxides and by reactions with  

organic materials. The process of Hg s o i l  enrichment is a dynamic process. 

Revolatilization and biogenic uptake wi th  subsequent volat i l izat ion w i l l  

remove Hg from the s o i l  continuously. A steady-state system w i l l  be present 

a f te r  an i n i t i a l  period of non-equilibrium (Varenkamp and Busek, 1983). This  

process of continuous Hg loss  has enabled these workers t o  distinguish between 

areas of old and current hydrothermal activity' .  They have documented several ' 

cases where zones of f o s s i l  hot spring ac t i v i t y  lack Hg enrichments, whereas 

active zones are  enriched in  Hg. They have concluded tha t  adsorbed or 

organically bound Hg w i l l  be l o s t  t o  the atmosphere, possibly within a few 

decades a f t e r  the cessation of hydrothermal ac t iv i ty  . 



Sampl i n g  and A n a l y t i c a l  Methods 

Geothermal Hg is u s u a l l y  c o n c e n t r a t e d  i n  one o r  more of  t h e  s o i l  p r o f i l e  

l a y e r s .  The optimum dep th  of s o i l  sampling is u s u a l l y  determined by 

c o l l e c t i n g  and a n a l y z i n g  s o i l s  from t h r e e  d i f f e r e n t  s o i l  hor izons  (A-3, B-1, 

C-1 ) a t  t h e  same l o c a t i o n  (Repub l ic  Geothermal, 1983).  Republ ic  g e o l o g i s t s  

found t h a t  t h e  B-1 l a y e r  was t h e  b e s t  sampl ing h o r i z o n  on  Makushin Volcano, 

Alaska.  The A-3 s o i l  hor izon c o n t a i n s  an  o r g a n i c ~ r i c h  m a t e r i a l  which causes  

a n a l y t i c a l  i n t e r f e r e n c e  and,  on Makushin, t h e  C-1 h o r i z o n  o c c u r r s  a t  

unreasonable  sampl ing dep ths  ( g r e a t e r  t h a n  3 f e e t  1. 

I t  was no t  p o s s i b l e  t o  sample a uniform s o i l  hor izon  i n  t h e  M t .  Spurr  

s u r v e y ,  due t o  t h e  numerous t e p h r a  d e p o s i t s  t h a t  b lanke t  t h e  a rea .  However, 

t h i n  s o i l s  were developed i n  some areas and t h e s e  were sampled where 

p o s s i b l e .  Our sampling procedure  was t o  d i g  a 2-foot p i t  wi th  a shove l  and t o  

sample t h e  deepes t  s o i l  l e v e l  p r e s e n t .  I f  no s o i l  l a y e r  w a s  p r e s e n t ,  a  t e p h r a  

sample was c o l l e c t e d  from t h e  2-foot  depth .  We were i n i t i a l l y  concerned about  

p o s s i b l e  sampl ing b i a s  caused by t h i s  t echn ique .  I n  o r d e r  t o  e v a l u a t e  t h i s  

p o s s i b l e  sampling problem, we p l o t t e d  a l l  measured Hg v a l u e s  a g a i n s t  sample 

dep th .  Th i s  p l o t  showed no c o r r e l a t i o n ,  s u g g e s t i n g  t h a t  v a r i a b l e  sampling 

d e p t h  d i d  n o t  cause  a s i g n i f i c a n t  sampl ing b i a s .  

I n d i v i d u a l  samples were c o l l e c t e d  i n  z ip lock  p l a s t i c  bags ,  d r i e d  on paper 

t o w e l s  i n  t h e  s h a d e ,  and s i e v e d  t o  <80 mesh s i z e .  The <80 mesh samples were 

then  s t o r e d  i n  s e a l e d  g l a s s  v i a l s  u n t i l  analyzed.  A l l  samples were analyzed 

wi th  a Jerome I n s t r u m e n t s  model 301 mercury d e t e c t o r  which u s e s  a t h i n  gold 

f i l m  techn ique .  Th i s  ins t rument  has a s e n s i t i v i t y  o f  one p a r t  per b i l l i o n  

(ppb) .  The ins t rument  w a s  c a l i b r a t e d  wi th  known volumes of a i r  s a t u r a t e d  wi th  

Hg vapor a t  measured ambient temperat  w e .  



R e s u l t s  o f  t h e  M t .  Spurr  Mercury Survey 

Two hundred and two s o i l  and t e p h r a  samples  were t a k e n  a t  189 s t a t i o n s  on  

t h e  s o u t h  s i d e  o f  M t .  S p u r r ,  p r i m a r i l y  i n  t h e  a c c e s s i b l e  a r e a s  above t h e  

e x t e n s i v e  a l d e r  cover .  The f l a n k s  o f  Crater Peak were sampled i n t e n s i v e l y .  

P r e l i m i n a r y  a n a l y s e s  were performed i n  t h e  f i e l d  and t h e  p r e s e n c e  of  

anomalously h i g h  Hg v a l u e s  w a s  i n i t i a l l y  used  t o  d i r e c t  o t h e r  s u r v e y  

a c t i v i t i e s .  A l l  samples  were l a t e r  a n a l y z e d  i n  t h e  l a b o r a t o r y  u s i n g  t h e  same 

i n s t r u m e n t .  Values ranged from e s s e n t i a l l y  z e r o  t o  159 ppb, e x c e p t  a t  the 

Crater Peak fumaro le  f i e l d ,  where e x t r e m e l y  h i g h  v a l u e s  exceed ing  t h e  upper 

measurement limits of  tbe i n s t r u m e n t  were found.  

There  is no " s t anda rdn  background v a l u e  f o r  s o i l  mercury. An a p p r o p r i a t e  

background v a l u e  must be de te rmined  f o r  each  s u r v e y  area based on widesp read  

sample  measurements. F i g u r e  5-1 is a h i s t o g r a m  o f  t h e  mercury v a l u e s .  The 

mode o f  t h e s e  v a l u e s  is  4 ppb and background was e s t i m a t e d  t o  be 5 ppb. 

16  t i m e s  background. Except  f o r  samples  a t  Crater Peak and n e a r  t h e  M t .  S p u r r  

summit, a l l  o f  t h e  h i g h e s t  v a l u e s  (>8  x background) are l o c a t e d  o n  t h e  t e p h r a  

ap ron  t h a t  forms t h e  s o u t h  s l o p e  o f  C r a t e r  Peak. Numerous background and 

r e l a t i v e l y  low- leve l  samples  a r e  a l s o  l o c a t e d  i n  t h i s  same area (Plate  5-11, 

i n d i c a t i n g  t h a t  t h e  e n t i r e  t e p h r a  b l a n k e t  is n o t  un i fo rmly  h i g h  i n  mercury.  

The p r e s e n c e  o f  e x t r e m e l y  h i g h  v a l u e s  ( o f f - s c a l e  o n  o u r  i n s t r u m e n t )  at  

t h e  C r a t e r  Peak fumaro le  f i e l d ,  t o g e t h e r  wi th  a v a l u e  o f  159 ppb from a t e p h r a  

sample a t  the  s o u t h  r i m  o f  Crater Peak ( h i g h e s t  non-fumarole v a l u e  measured i n  

the  s u r v e y ) ,  i n d i c a t e  t h a t  t h e  Crater Peak v e n t  is p r e s e n t l y  a major s o u r c e  o f  

mercury.  T h i s  might b e  c o n s i d e r e d  t o  c a u s e  a s e r i o u s  problem f o r  t h e  

i n t e r p r e t a t i o n  o f  ou r  s u r v e y  r e s u l t s  i n  that  a s i g n i f i c a n t  number o f  t h e  h i g h  
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mercury v a l u e s  i n  t h e  a r e a  could  p o s s i b l y  r e p r e s e n t  h igh Hg c o n t e n t  t e p h r a s  

depos i t ed  by C r a t e r  Peak e r u p t i o n s .  I f  s o ,  t h e s e  v a l u e s  would no t  be v a l i d  

i n d i c a t o r s  of Hg r i s i n g  t o  t h e  s u r f a c e  above a geothermal hea t  s o u r c e  l o c a t e d  

below t h e  sample l o c a l i t y .  However, t h e  expec ted  t e m p e r a t u r e s  f o r  b a s a l  t i c  

tephra-forming e r u p t i o n s  are on t h e  o r d e r  of 800-1200°C, and any mercury 

p r e s e n t  d u r i n g  an e r u p t i o n  would c e r t a i n l y  be v o l a t i l i z e d  a t  much lower 

t empera tu res  t h a n  t h e s e .  

The f a c t  t h a t  o t h e r  geothermal i n d i c a t o r s  (hel ium,  s e l f - p o t e n t i a l  and 

CSAMT anomalies d i s c u s s e d  i n  subsequen t  s e c t i o n s )  a r e  a l s o  p r e s e n t  i n  t h e  same 

a r e a  t o g e t h e r  w i t h  numerous background Hg v a l u e s ,  s u g g e s t s  t h a t  t h e  mercury 

anomalies a r e  caused by geothermal s o u r c e s  a t  dep th .  

. - .- 
HELIUM SURVEY 

* .  

C h a r a c t e r i s t i c s  and Sources  of  Helium 

An e x t e n s i v e  d i s c u s s i o n  of  he1 ium survey ing  a s  a geothermal e x p l o r a t i o n  

method is g iven  i n  Wescott and Turner (1985) .  Accordingly ,  o n l y  a b r i e f  

review of t h e  method is given i n  t h i s  r e p o r t .  

Helium is t h e  second l i g h t e s t  known element wi th  a d e n s i t y  of 0.1381 

g r a m s / l i t e r  (hydrogen is 0.0695 and a i r  is 1 ) .  I t  has a molecular  and a tomic  

weight of 4 and is an i n e r t ,  e l ementa l  gas  w i t h  no known chemical  cmpounds .  

Helium's low s o l u b i l i t y  i n  c o l d  water, monatomic molecular  s t r u c t u r e ,  low 

c r o s s - s e c t i o n  c a p t u r e  c o e f f i c i e n t  , ex t remely  l i g h t  we igh t ,  chemical  i n e r t n e s s  

and h igh  d i f f u s i v i t y  g i v e  i t  a unique advantage over  o t h e r  geochemical t r a c e  

e lements  i n  t h a t  helium w i l l  a lways migra te  from its s o u r c e  t o  t h e  s u r f a c e  of 

t h e  e a r t h .  



H e l i u m  is s t e a d i l y  genera ted  by r a d i o a c t i v e  elements i n  rocks  and 

minera l s .  T h i s  occurs  when a lpha  p a r t i c l e s  ( r e l e a s e d  by decay i n  t h e  uranium 

and thorium i s o t o p e  s e r i e s )  c a p t u r e  two e l e c t r o n s  t o  form atoms of i n e r t  

helium. Other s o u r c e s  of helium on e a r t h ,  such  a s  t h o s e  due  t o  p r imord ia l  

accumulat ions ,  cosmic r a d i a t i o n ,  m e t e o r i t e s ,  r a d i o a c t i v e  tritium decay, e t c . ,  

I 
do not c o n t r i b u t e  s i g n i f i c a n t l y  t o  t h e  t o t a l  annual product ion.  

1 Helium produc t ion  d i f f e r s  cons iderab ly  i n  d i f f e r e n t  rock types  due t o  
I 

v a r i a b l e  uranium and thorium con ten t .  Helium l o s s  t o  t h e  atmosphere is o n l y  

about  f i v e  pe rcen t  of its r a t e  of p roduc t ion ,  i n d i c a t i n g  t h a t  most of t h e  

helium produced is t r a p p e d  w i t h i n  t h e  e a r t h  i n  va r ious  ways. Helium movement 

through t h e  geo log ic  column is a complex combination of f l u i d  t r a n s p o r t  and 

gaseous d i f f u s i o n .  S t u d i e s  have shown t h a t  t h e  d i s t a n c e  helium moves by 

d i f f u s i o n  i s  s e v e r a l  o r d e r s  of magnitude s m a l l e r  t h a n  t h e  d i s t a n c e  moved i n  

equa l  time by f l u i d  t r a n s p o r t .  

Helium is very unusual i n  t h a t  i t s  s o l u b i l i t y  i n  water  i n c r e a s e s  w i t h  

t empera tu re  above 30°C (Mazor, 1972). I n  a geothermal sys tem,  p r e s s u r i z e d  hot  

water w i l l  t h e r e f o r e  be a very e f f i c i e n t  scavenger of helium produced by 

r a d i o a c t i v e  decay of uranium and thorium con ta ined  i n  t h e  r o c k s  a t  depth .  

Th is  scavenged helium w i l l  be r e l e a s e d  as t h e  hea ted  water r i s e s  towards t h e  

s u r f a c e ,  c o o l s  and d e p r e s s u r i z e s .  S ince  helium is h i g h l y  mobi le  it w i l l  seek 

f a u l t s ,  f r a c t u r e s  and pore  spaces  t o  r i s e  t o  t h e  s u r f a c e  above t h e  geothermal 

sys t em.  The a b i l i t y  of helium t o  migrate  away from i ts  u l t i m a t e  s o u r c e  of 

r a d i o a c t i  ve r o c k s  and t o  accompany geothermal s y s  tems provi  des a convenient 

geochemical t r a c e r .  I n  f a c t ,  it appears  t h a t  helium might even be considered 

a d i r e c t  i n d i c a t o r  f o r  geothermal r e s e r v o i r s  s i n c e  e l e v a t e d  l e v e l s  of helium 

a r e  observed a t  most geothermal s i t e s .  - .  



Explora t ion  Techniques 

Helium surveys  have been developed and p e r f e c t e d  a s  a time-and-cos t- 

e f f e c t i v e  geothermal e x p l o r a t i o n  method. The a b i l i t y  of helium t o  m i p a t e  

l o n g  d i s t a n c e s  through t h e  geo log ic  column c r e a t e s  anomalies which can be 

de f ined  by w a t e r ,  s o i l  and s o i l  gas  sampling. Helium surveys  provide a r a p i d  

sampl ing t echn ique  t h a t  can be used w i t h  minimum e f f o r t  and a t  r e l a t i v e l y  low 

c o s t .  Samples can be c o l l e c t e d  as wate r ,  s o i l  o r  s o i l  gas and then  analyzed 

f o r  helium t o  b e t t e r  than  10 p a r t s  per b i l l i o n  i n  t h e  gaseous sample by mass 

spec t romet ry .  I t  is t h i s  p r e c i s e  a n a l y t i c a l  c a p a b i l i t y  t h a t  o n l y  r e c e n t l y  has  

pe rmi t t ed  helium t o  be u t i l i z e d  a s  an e f f e c t i v e  t r a c e  element i n  geothermal 

e x p l o r a t i o n .  , . 

Due t o  hel ium's  a b i l i t y  t o  escape from a geothermal system at dep th ,  

anomalies w i l l  be noted above f r a c t u r e s  connected t o  t h e  geothermal 

r e s e r v o i r .  I n  some c a s e s  t h i s  may be t h e  o n l y  i d e n t i f i a b l e  geochemical 

i n d i c a t o r ,  s i n c e  p r e c i p i t a t e d  c a l c i t e  and s i l i c a  may have e f f e c t i v e l y  s e a l e d  

t h e  r e s e r v o i r  and prevented heav ie r  elements from r e a c h i n g  t h e  s u r f a c e .  

Although t h e r e  may be an a c t i v e  r e s e r v o i r  at  dep th ,  nea r - sur face  t empera tu re  

anomalies may be s l i g h t  o r  even n o n e x i s t e n t .  P o s i t i v e  t empera tu re  anomalies 

w i l l  u s u a l l y  c o i n c i d e  wi th  helium anomal ies ,  a l though  t h e r e  may be some 

o f f s e t .  Th i s  is a very  s i g n i f i c a n t  c o r r e l a t i o n  and g i v e s  t h e  geothermal 

e x p l o r a t i o n i s t  an a d d i t i o n a l  method wi th  which t o  d e f i n e  optimum d r i l l  s i t e s  

f o r  r e s e r v o i r  conf i rmat ion .  

Regional helium surveys  g e n e r a l l y  r e q u i r e  a sample d e n s i t y  of  one t o  f i v e  

samples pe r  s q u a r e  mile .  D e t a i l e d  e x p l o r a t i o n  is u s u a l l y  conducted w i t h  a  0.1 

m i l e  grid s p a c i n g ,  which can be fol lowed up w i t h  sample s p a c i n g  o f  50 t o  

100 f t  i n  t h e  most anomalous zones. If an e l o n g a t e  r e s e r v o i r  is expected 

(such as a r i f t  o r  p a r a l l e l  f a u l t / f r a c t u r e  zone) t h e  g r i d  can be modif ied 

accord ing ly  . 



Sampling Met hods and A n a l y t i c a l  Procedures 

F igure  5-2 ( a f t e r  Pogorski and Q u i r t ,  1981 ) i l l u s t r a t e s  how helium occurs  

i n  s o i l ,  and i n d i c a t e s  va r ious  ways i t  can be  sampled. We sampled t h e  s o i l  

and t e p h r a  l a y e r s  i n  t h e  M t .  Spurr a r e a  by d i g g i n g  a  2 - f t  p i t  w i t h  a  s h o v e l ,  

c o l l e c t i n g  t h e  lowest  exposed s o i l  o r  s i l t - t o - s a n d  s i z e  t e p h r a  l a y e r  from t h e  

s i d e  of  t h e  p i t ,  removing any pebbles o r  l a r g e r  s i z e  rock  f ragments ,  and 

h e r m e t i c a l l y  s e a l i n g  t h e  sample i n  a  s p e c i a l  aluminum c o n t a i n e r .  The s t a t i o n  

baromet r ic  p r e s s u r e ,  a i r  and s o i l  temperatures  and sample depth  were recorded  

a t  each  s t a t i o n .  The samples were shipped t o  Chemical P r o j e c t s  Ltd. ,  Toronto,  

Canada, f o r  mass s p e c t r o m e t r i c  a n a l y s i s  of helium and hydrocarbon gasses .  

Helium Survey R e s u l t s  

Fi f ty-seven samples were c o l l e c t e d .  A f u l l  r e p o r t  and a  p re l iminary  

i n t e r p r e t a t i o n  of a l l  a n a l y t i c a l  r e s u l t s  a r e  g iven  i n  t h e  r e p o r t  produced by 

Chemical P r o j e c t s  Ltd .  which is inc luded  as Appendix A t o  t h i s  r e p o r t .  I n  

t h i s  c h a p t e r  we w i l l  address  o n l y  t h e  main r e s u l t s  and i n t e r p r e t a t i o n  of t h i s  

work . 
The sample popula t ion  can be d iv ided  i n t o  t h r e e  groups: 

Croup 1 - 40 s o i l  samples (samples i n  which t h e  micropores c o n t a i n  a  g a s  

phase  ) 

Croup 2  - 16 mud samples ( s o i l  samples i n  which t h e  micropores are completely 

f i l l e d  w i t h  w a t e r )  



Helium in crystal lattice of soil   rain 

Helium in macro or intercrumb pore 

(Sampled w i th  soil gas probe 
or collector) 

Water film on soil grain ' 
( Sampled by taking soil sample ) 

Helium in micro or crumb pore 

(Sampled by taking soil sample ) 

. ~ 

Helium in bubble 

( Sampled by taking soil or 
water sample) 

Helium dissolved in water 

(Sampled by taking soil or 
water sample ) 

. . 

Figure  5-2. Schematic diagram showing how helium occurs  i n  s o i l .  From 
Pogorski  and Q u i r t  ( 1  981 1. 
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Group 3 - 1 water s a m p l e ' ( a  sample of  water c o l l e c t e d  from a f ree - f lowing  warm 

s p r i n g )  

The f i r s t  two groups of samples have been t r e a t e d  s t a t i s t i c a l l y  a s  

s e p a r a t e  groups.  Each of t h e s e  two groups h a s  i ts  c h a r a c t e r i s t i c  r a n g e  of 

he1 i u m  and hydrocarbon va lues  . The i ndi v i  dual  he1 ium and hydrocarbon va lues  

a r e  comparable w i t h i n  each  s p e c i f i c  group but not o u t s i d e  of a g iven group. 

I n  o r d e r  t o  compare helium l e v e l s  i n  s o i l  and mud, t h e  d a t a  a r e  p resen ted  on 

P l a t e  5-2 i n  terms of s t a n d a r d  d e v i a t i o n s  above t h e  background mean. 

The mean va lue  of  helium i n  t h e  background popula t ion  is 5.47 ppm f o r  t h e  

s o i l  samples and 9.42 ppm f o r  t h e  mud samples.  These va lues  a r e  s l i g h t l y  

h igher  t h a n  normal he1 ium background l e v e l s .  The h igher  background va lues  

i n d i c a t e  t h a t  t h e  sampling g r i d  was n o t  l a r g e  enough t o  f u l l y  ex tend  beyond 

t h e  anomalous a r e a s .  The range o f  helium values  i n  t h e  s o i l  samples v a r i e s  

from 1.37 t o  12 .8  ppm and i n  t h e  mud samples fran 6.66 t o  39.5 ppm. The mean 

background value  of  methane is 117.5 u n i t s  ( c c  gas  at NTP/gram of s o i l )  f o r  

t h e  s o i l  samples and 9.42 u n i t s  f o r  t h e  mud samples.  The r a n g e  of methane 

va lues  i n  t h e  s o i l  samples v a r i e s  from 60 t o  4440 u n i t s  and i n  t h e  mud samples 

from 2 t o  931 u n i t s .  These methane v a l u e s  a r e  w i t h i n  t h e  r a n g e  of methane 

l e v e l s  which can be genera ted  c l o s e  t o  t h e  s u r f a c e  by b iogen ic  a c t i v i t y  

(Pogorski , Appendix A ) .  

A number of samples c o n t a i n  low c o n c e n t r a t i o n s  of hydrocarbons of t h e  C 2  

and C s e r i e s .  The. two lowest  va lues  of helium observed (1.37 and 3.51 ppm) 3 

are probably  due t o  t h e  d e p r e s s i n g  e f f e c t  of  hydrocarbon emanations i n  t h e  

ground. I t  i s  l i k e l y  t h a t  t h e s e  emanations exceed t h e  r a t e  of t h e  helium f l u x  

a t  t h e  above s t a t i o n s .  The water  sample c o l l e c t e d  from t h e  w a r m  s p r i n g  i n  t h e  

v a l l e y  below C r a t e r  Peak has a low helium value (4.1 2 ppm) and a low methane 



value of 34 un i t s .  T h i s  low helium value may have resulted e i ther  from helium 

and hydrocarbons escaping prior t o  sample collection or because the  water flow 

r a t e  was greater than the helium emanatlon r a t e  (Pogorski , Appendix A ) .  

Plate 5-2 shows a general concentration of anomalously high helium values 

on the south slope of Crater Peak, several scattered high values t o  the eas t ,  

and one hlgh value about 4 km west of the Crater Peak south slope ananaly 

area. Wlth very few exceptions, high helium values are  coincident with hlgh 

mercury values (Pla te  5-1 ) , lending support t o  the hypothesis tha t  these 

coincident anomalies have a geothermal source. . - 

We wish t o  draw part icular  a t tent ion t o  the  NE-trending boundary formed 

I by the northernmost anomalous hellum values located on the south slope of 

Crater Peak. Northwest of t h i s  "linef1 a l l  hellum values a re  l e s s  than 1 

standard deviation above background. The boundary l i n e  occurs near the major 

slope break of the  Crater Peak cone. Thls  boundary l i n e  a lso  appears t o  be 

related t o  s ignif icant  features found In our se l f -potent ia l  and CSAm surveys 

dlscussed i n  Chapter 4. The juxtaposition of a l l  of these dl f ferent  types of 

anomalies and t he i r  significance for  geothermal resource assessment w i l l  be 

discussed i n  Chapter 6.  I 
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Chapter 6 . 

Summary and Conclusions of t he  M t .  Spurr, Alaska, 

Geothermal Energy Assessment Proj ect  

Donald L. Turner and Eugene M .  Wescott 

Spurr volcano is a composite Quaternary cone of largely  andes i t i c  

composition located on the  west s ide  of Cook In l e t  about 80 miles west of 

Anchorage and about 40 miles from the Beluga e l e c t r i c a l  transmission 1 ine 

(Figure 1-11.  The south s ide  of the  Spurr cone has been breached. A small,  

Holocene, composite cane, Crater Peak, occupies the breach (Figure 1-2). The 

upper part of the  or ig inal  volcano is no longer present. The upper part of 

the mountain is a 4.5 km-diameter, snow-and-ice-filled basin, believed by some 

previous workers t o  possibly represent a caldera (Figure 1-2). O u r  VLF 

r e s i s t i v i t y  surveys indicate  that  snow-and-ice depth exceeds 500 m i n  the  

deepest par ts  of the  basin, a f inding t ha t  is consistent w i t h  the  idea t ha t  

the  top of the or ig inal  volcano has collapsed. The center of t h i s  summit 

depression is occupied by the  small, Holocene, s u m m i t  cone of M t .  Spurr. 

K - A r  dating indicates that  much of the ancestral  Spurr volcano was bu i l t  

between about 250,000 and 60,000 years ago. Geologic mapping does not support 

the caldera hypothesis, but ,  instead,  indicates that  a M t .  S t .  Helens-type 

sector collapse occurred i n  Holocene time. T h i s  sector collapse produced a 

voluminous volcanic debris  avalanche which flowed south-southeast down the  

Chakachatna River valley (P la te  1-1 1. Following sector collapse, the  Holocene 



cones of Crater Peak and the present M t .  Spurr s u m m i t  were bu i l t  i n  the 

breached r i m  and i n  the collapsed summit  depression, respectively (Figure 

Although we have rejected the caldera hypothesis, there  is abundant 

evidence from our K - A r  dating of lava flows and from previous 

tephrachronologic work that  an active magmatic system has been present during 

the l a t e  Pleistocene-to-Holocene time interval  tha t  is of c r i t i c a l  in teres t  

fo r  geothermal energy resource assessment. There are  a lso  several presently 

act ive  geothermal manifestations i n  the  area. These include previously- 

unreported zones of fumarolic a c t i v i t y  on the flanks of the M t .  Spurr s u m m i t  

cone, photographic evidence of snow melt a t  the summi t  c ra te r ,  a  previously- 

undescribed 40°C warm spring south of Crater Peak, and the fumaroles and hot 

cra ter  lake of Crater Peak. 

A major portion of our project was devoted t o  exploration fo r  accessible 

geothermal reservoirs on the  south s ide  of the  M t .  Spurr area. Geophysical 

and geochemical surveys were conducted, i n  addition t o - t h e  geologic mapping 

and geochronologic studies.  Many coincident mercury and helium anomalies were 

found, indicating the presence of geothermal systems a t  depth. 

The CSAMT data show a discontinuous, very low r e s i s t i v i t y  zone under 

several areas surveyed. The presence of low r e s i s t i v i t y  does not 

automatically indicate a geothermal reservoir .  T h i s  zone could possibly be a 

cold, porous unit  f i l l e d  w i t h  sa l ine  or a lkal ine  water or ,  a l ternat ively ,  a 

clay-rich bed. However, the combination of other geothermal indicators (S-P, 

He and Hg s o i l  anomalies) suggests strongly that  the zone contains hot 

water. Figure 4-8 is a three-dimensional fence diagram w i t h  the very low 

r e s i s t i v i t y  zone shown i n  black. On the southeast flank of Crater Peak, t h i s  

zone is roughly paral le l  t o  the  present topography, only somewhat steeper.  



This  s u g g e s t s  it  might have been p a r t  of  a p re -Cra te r  Peak cone. If s o ,  i t  

might be a porous t e p h r a  l a y e r  o v e r l a i n  by some s o r t  of  c a p  r o c k .  

A l t e r n a t i v e l y ,  based on t h e  mapped o u t c r o p s  of sedimentary  r o c k s  on t h e  e a s t  

s i d e  of  t h e  g l a c i e r  ( P l a t e  1-11. t h e  low r e s i s t i v i t y  zone could  be a sands tone  

u n i t .  

The S-P su rvey  on t h e  s i d e  o f  C r a t e r  Peak shows some wor ld -c lass  

anomalies.  One, a d i p o l e  o f  +641 t o  -815 mV,  is l o c a t e d  i n  t h e  v i c i n i t y  of  

t h e  u p h i l l  cu t -o f f  of t h e  ve ry  low r e s i s t i v i t y  zone. I n  a d d i t i o n  t o  t h e  

d i p o l e  anomaly, t h e r e  a r e  two n e g a t i v e  and one p o s i t i v e  anomal ies  i n  a l i n e a r ,  

n o r t h e a s t - t r e n d i n g  a l ignment  t h a t  c o i n c i d e s  w i t h  an  a b r u p t  cu t -o f f  i n  He s o i l  

gas  anomal ies  ( P l a t e  6-11. There  is some i n d i c a t i o n  of a r e d u c t i o n  i n  l a r g e  

Hg anomal ies  i n  t h e  same a r e a ,  a l though  t h i s  e f f e c t  is no t  a s h a r p  c u t - o f f .  

The combination of  t h e s e  va r ious  geothermal i n d i c a t o r s  s t r o n g l y  s u g g e s t s  

t h a t  t h e  low r e s i s t i v i t y  zone r e p r e s e n t s  a geothermal r e s e r v o i r  w i t h  some s o r t  

of a l i n e a r  cu t -o f f  o c c u r r i n g  n e a r  t h e  3500 f t .  con tour  l i n e  o n  t h e  s o u t h  

s l o p e  of  C r a t e r  Peak ( P l a t e  6-11. The cu t -o f f  is on t r e n d  w i t h  a mapped f a u l t  

t o  t h e  e a s t  t h a t  j u x t a p o s e s  Kenai group sediments  and g r a n i t i c  basement ( P l a t e  

1-11. No evidence can be found f o r  t h e  f a u l t  i n  t h e  deep nor th - sou th  canyon 

t h a t  d i s s e c t s  t h e  C r a t e r  Peak cone ( P l a t e  6-11, i n d i c a t i n g  t h a t ,  i f  p r e s e n t ,  

t h e  f a u l t  pre-dates  t h e  fo rmat ion  o f  t h e  Holocene C r a t e r  Peak cone. 

I t  is p o s s i b l e  t h a t  t h e  low r e s i s t i v i t y  zone could  be a south-dipping 

T e r t i a r y  s a n d s t o n e  u n i t  w i t h  a n  up-dip seal provided by s e c t o r  c o l l a p s e  

d e p o s i t s ,  a n c e s t r a l  Spurr volcano l a v a  f lows ,  o r  f lows  from C r a t e r  Peak. The 

same argument can be made f o r  a porous t e p h r a  l a y e r  d e p o s i t e d  by t h e  a n c e s t r a l  

M t .  Spur r  Volcano. I n  t h i s  model, s e c t o r  c o l l a p s e  would remove t h e  o r i g i n a l  

up-dip p a r t  of  t h e  porous bed and it would l a t e r  be covered w i t h  impermeable 

l a v a  f lows  of  t h e  C r a t e r  Peak cone,  t h u s  p rov id ing  an up-dip t r a p  f o r  

geothermal water and/or  steam. 



H i l l  2450 also has a pronounced S-P anomaly (+I000 t o  -1000 m V )  underlain 

by a discontinuous, very low r e s i s t i v i t y  zone a t  a depth of about 1 km. There 

are  only two He and Hg sample s i t e s  i n  t h i s  area,  so we cannot as yet consider 

it as  a probable geothermal reservoir;  b u t  it seems t o  be a promising area for  

future  investigation. 

Some of the other areas where He, Hg and CSAMT anomalies occur are  also 

possible areas of geothermal in teres t .  The very low r e s i s t i v i t y  anomaly 

suggested by the profi les C-Ct  (Figure 4-5) and D-Dt (Figure 4-6) does not 

have the extensive S-P, Hg and He coverage of the  southeast slope of Crater 

Peak. Thus i t  represents an area of possible i n t e r e s t ,  but cannot be 

considered a prime s i t e  without further investigation. The rather extreme 

topography a t  s ta t ions  1 ,  2 and 3 would tend t o  reduce the e l ec t r i c  f i e l d  (E), 

t h u s  decreasing the apparent r e s i s t i v i t y .  However, the  fac t  that  the  CSAMT 

data from s i t e  3 show no low res i s t , iv i ty  zone, a t  l e a s t  t o  4000 f t .  depth, 

suggests that  the topographic effect  d i d  not produce spurious low r e s i s t i v i t y  

a t  the other s ta t ions .  We cannot t e l l  whether t h i s  zone connects wi th  the 

anomaly a t  the south s ide  of Crater Peak because there were no CSAMT s ta t ions  

(Figure 4-8 and Plate 6-1) between these widely separated areas. 

Several important questions remain which our reconnaissance study cannot 

answer. I f  the low r e s i s t i v i t y  zone is a geothermal reservoir ,  e i ther  a 

tephra bed or a sandstone, what forms the cap rock for  the reservoir? Could 

the inferred reservoir be self-capped by deposition of minerals? If the 

reservo.ir is very hot, could there be a steam phase beneath the low 

r e s i s t i v i t ~  zone? Passive seismic surveying would be an excellent follow-on 

technique t o  explore for vapor-phase ac t iv i ty .  

The CSAMT data of sections 9 and 10 (Figure 4-71 show around 10 Q-m 

r e s i s t i v i t y  a t  a depth of 2500 f t . ,  j u s t  above very high r e s i s t i v i t y ,  which we 



t h i n k  is probably  t h e  g r a n i t i c  basement rock.  There is one anomalous He va lue  

i n  t h a t  a r e a .  - More work is needed i n  t h i s  a r e a  b e f o r e  a meaningful e v a l u a t i o n  

can be made. 

There is no doubt t h a t  t h e  M t .  Spurr  s u m m i t  is hot--fumarole f i e l d s  and 

mel ted  snow a t  10,000 f t .  a r e  ample evidence.  One can a l s o  e a s i l y  see t h e  

thermal  m a n i f e s t a t i o n s  a t  t h e  summit of  C r a t e r  Peak--a hot  l a k e ,  d i f f u s e  

fumarole  f i e l d s ,  and a s i n g l e ,  very  l a r g e  fumarole.  The newly documented 40°C 

hot  s p r i n g  and warm seeps  i n  a mile- long zone below i n  t h e  canyon s o u t h  o f  

C r a t e r  Peak show t h a t  some geothermal h e a t  is a l s o  a v a i l a b l e  on t h e  lower  

f l a n k s  of t h e  Spurr  volcano. Based upon t h e  l o c a t i o n  o f  low r e s i s t i v i t y  zones 

and t h e  co inc idence  of  S-P, He and Hg anomal ies ,  we have determined t a r g e t  

a r e a s  f o r  f u r t h e r  d e t a i l e d  s t u d y  o r  d r i l l i n g .  P l a t e  6-1 shows t h e s e  t a r g e t  

a r e a s ,  t o g e t h e r  wi th  CSAMT p r o f i l e  s e c t i o n  l i n e s ,  S-P anomalies and He 

anomal i e s  . 
The r e s u l t s  of t h i s  s t u d y  i n d i c a t e  t h a t  a geothermal system on t h e  s o u t h  

f l a n k  o f  C r a t e r  Peak shou ld  be a c c e s s i b l e  by d r i l l i n g  t o  about  2,000 f t .  

depth.  P r i o r  t o  any e x p l o r a t o r y  d r i l l i n g ,  we s t r o n g l y  recommend a follow-on 

program of  p a s s i v e  s e i s m i c  s u r v e y i n g  t o  e v a l u a t e  t h e  p o s s i b l e  p resence  of a 

steam system, t o g e t h e r  w i t h  a d d i t i o n a l  s e l f - p o t e n t i a l ,  helium and mercury 

surveys  t o  b e t t e r  d e f i n e  t h e  c o n f i g u r a t i o n  and e x t e n t  of probable  r e s e r v o i r s .  

It is a l s o  ev iden t  t h a t  t h e r e  is a s t r o n g  v o l c a n i c  hazard t o  be e v a l u a t e d  

i n  c o n s i d e r i n g  any development on t h e  s o u t h  s i d e  of M t .  Spurr .  Th i s  hazardous 

s i t u a t i o n  may r e q u i r e  ang le  d r i l l i n g  o f  product ion w e l l s  from s a f e r  a r e a s  and 

placement of  power genera t ion  f a c i l i t i e s  at  a c o n s i d e r a b l e  d i s t a n c e  from 

hazardous a r e a s  . 
Two S t a t e  of Alaska geothermal l e a s e  s a l e s  have been h e l d  i n  t h e  

M t .  Spurr  a r e a .  The second s a l e  was d i r e c t l y  r e l a t e d  t o  an e a r l i e r  S t a t e  



r e l e a s e  of  p r e l i m i n a r y  r e s u l t s  from t h i s  s tudy .  Completion of  our s t u d y  now 

shows t h a t  t h e  p r o s p e c t s  f o r  geothermal energy r e s o u r c e s  a t  M t .  Spurr  a r e  very 

p o s i t i v e .  A companion r e p o r t  on t h e  d e t a i l e d  geology and geochemistry o f  

Spurr volcano is c u r r e n t l y  i n  p r e p a r a t i o n  by Dr. C.  J. Nye. 
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1.  I N T R O D U C T I O N  

During t h e  p e r i o d  of J u l y  30 t o  August 5, 1985, a helium s u r v e y  was 

conducted o v e r  geothermal  p r o s p e c t s  i n  t h e  Mount Spur r  Area, Alaska. 

Th i s  program was under taken by t h e  Geophysical  I n s t i t u t e ,  U n i v e r s i t y  

o f  Alaska,  w i t h  t h e  o b j e c t i v e  o f  f i n d i n g  whether t h e r e  a r e  any hel ium 

anomal ies  i n  t h e  a r e a  under c o n s i d e r a t i o n .  

An e x p l o r a t i o n  crew from t h e  Geophysical  I n s t i t u t e  c o l l e c t e d  40 s o i l ,  

16 mud (wa te r  s a t u r a t e d  s o i l )  and 1 s p r i n g  wa te r  sample d u r i n g  t h i s  

program. 

The a n a l y s e s  o f  t h e  samples and t h e  i n t e r p r e t a t i o n  o f  t h e  r e s u l t i n g  

d a t a  were performed a t  t h e  geochemical  l a b o r a t o r i e s  o f  Chemical P r o j e c t s  

Limited,  Toronto,  Ontar io .  



2. SURVEY TECHNIQUES 

F o r t y  s o i l ,  16 mud (water sa tu ra ted  s o i l )  and 1  s p r i n g  water  sample were 

c o l l e c t e d  i n  t h e  Spurr Mountain a rea  o f  Alaska. These samples were 

c o l l e c t e d  from random-spaced sampl ing s t a t i o n s ,  as i n d i c a t e d  i n  F igu re  1. 

The s o i l ,  mud and water samples were p reserved  i n  h e r m e t i c a l l y  sea led  

aluminum con ta ine rs  hav ing  a  diameter o f  1.5 inches  and a  l e n g t h  o f  

Dur ing t h e  sampl ing procedure, t h e  s t a t i o n  baromet r i c  pressure,  t h e  a i r ,  

s o i l  and water temperatures and t h e  sampl ing depth were measured and 

recorded a t  each sampl ing s t a t i o n .  

2.2 A n a l y t i c a l  Procedures 

When the  sealed con ta ine rs  wi th t h e i r  con ten t s  were rece i ved  a t  t h e  

labora to ry ,  t hey  were sub jec ted  t o  a  p e r i o d  o f e q u i l i b r a t i o n a t a c o n s t a n t  

temperature a f t e r  which gas samples were e x t r a c t e d  from each c o n t a i n e r  

and s to red  i n  B i s t a b l e  gas samplers. 

The gaseous con ten t s  o f  these B i s t a b l e s  were analyzed, employing a  

helium-hydrocarbon analyzer  developed by Chemical P ro jec t s  L im i t ed ,  

i n  order  t o  determine t h e  he l ium and hydrocarbon concen t ra t i on  i n  

each sample. Du r i ng  t h e  ana lys is ,  t h e  concen t ra t i on  o f  he l i um i n  

the  sample was compared w i t h  t h a t  o f  Standards which have he l i um con- 

cen t ra t i ons  o f  5.20 ? 0.03 and 8.30 f 0.05 ppm (by volume). 

The p r a c t i c a l  d e t e c t i o n  l i m i t  f o r t h e  he l i um analyses i s  10 ppb (by 

volume) w h i l e  t h a t  f o r  t h e  hydrocarbons, i f  p resen t  a t  concen t ra t i ons  

o f  l e s s  than  10,000 ppm, i s  approx imate ly  1 ppm (by volume). A t  h i g h e r  

concen t ra t ions  exceeding 10,000 ppm, t h e  d e t e c t i o n  l i m i t  i s  500 ppm 

- 2 - 





3.1 Data Tables 

The co r rec ted  hel ium, methane, ethane, ethene and propene (=  propene 

+ propane) r e s u l t s  f o r  t h e  s o i l ,  mud and water samples a re  l i s t e d  i n  

Tables 1, 2 and 3. Also i n c l u d e d  i n  these  t a b l e s  a re  t h e  s t a t i s t i c a l  

parameters and ordered l i s t i n g s  o f  t h e  he l i um values f o r  t h e  s o i l  and 

mud samples. 

I n  these t a b l e s  and i n  t h e  h is togram, t h e  f o l l o w i n g  nomenclature i s  

used : 

Table 1 ( S o i l  Samples) 

Sample Number J The number t h a t  was assigned t o  each s o i l  

sample by  t h e  Geophysical I n s t i t u t e .  

Depth 

Helium 

Methane 

Ethane 

Ethene 

Propane 

Propene 

Table 2 (Mud Samples) - 
Sample Number 

= The r e p o r t e d  s o i l  dep th  ( i n  i nches )  f rom 

which t h e  sample was c o l l e c t e d .  

= The c o n c e n t r a t i o n  o f  he l i um i n  t h e  gas o f  

t h e  s o i l  micropores, expressed i n  ppm He 

(by volume). 

= The c o n c e n t r a t i o n  o f  each o f  these  hydro- 

carbon gases i n  t h e  s o i l  sample. Each 
3 c o n c e n t r a t i o n  i s  expressed as cm gas a t  

NTP/gm o f  s o i l  and has been m u l t i p l i e d  by 
8 a f a c t o r  o f  10 . 

= The number t h a t  was assigned t o  each mud 

sample by t h e  Geophysical I n s t i t u t e .  
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Depth 

Helium 

= The repor ted  depth ( i n  inches)  from which 

the  sample was co l l ec ted .  

= The concent ra t ion  o f  hel ium i n  the  mud o r  

sediment samples which was d isso lved i n  

the  i n t e r s t i t i a l  s o i l  water and bubble 

phase o f  t he  sample. Each concent ra t ion  
3 i s  expressed as cm3 He a t  NTP/cm mud and 

8 has been m u l t i p l i e d  by a f a c t o r  o f  10 . 
Helium Log (e) = The n a t u r a l  ( l oge )  o f  the  concent ra t ion  

o f  hel ium present  i n  the  mud samples. 

Methane 

Ethane 

Ethene 

Propane 

Propene 

= The concent ra t ion  o f  each o f  these gases 

present  i n  t h e  mud sample. Each concen- 
3 

t r a t i o n  i s  expressed as cm gas a t  NTP/cm 
3 

mud and has been m u l t i p l i e d  by a f a c t o r  of . 
8 

10 . 

Table 3 (Water Sample) 

Sample Number = The number t h a t  was assigned t o  each water 

sample by t h e  Geophysical I n s t i t u t e .  

Depth = The repor ted  depth ( i n  f e e t )  a t  which t h e  

sample was c o l l e c t e d .  

Helium = The concent ra t ion  o f  hel ium d isso lved i n  

the  sample water 'expressed as cm3 He a t  
3 NTP/cm H 2 0  I n  t h i s  t a b l e  each d isso lved 

hel ium value has been m u l t i p l i e d  by a 
8 

f a c t o r  o f  10 . 
Water Temperature = The temperature of  t h e  sample water expressed 

i n  OC. 



The s o i l  samples and t h e  mud samples were examined s t a t i s t i c a l l y .  The 

two s e t s  o f  da ta  were t r e a t e d  i n  t h e  same manner. The de te rm ina t i on  o f  

t h e  background f o r  t h e  da ta  s e t  was commenced by f i r s t  s o r t i n g  and 

l i s t i n g  t h e  r e s u l t s  (Xi) i n  ascending o rder .  The mean ( xT )  was t hen  

c a l c u l a t e d  f o r  t h e  e n t i r e  s e t  o f  values. The subset o f  d a t a  hav ing  

va lues equal t o  o r  l e s s  than  xT was t hen  de f ined .  The mean (%) and 

s tandard d e v i a t i o n  (Sb) f o r  t h i s  subset were c a l c u l a t e d  and es t imated  

t o  be t he  background mean and s tandard d e v i a t i o n .  Anomalous va lues were 

assumed t o  be those  r e s u l t s  t h a t  exceeded t h e  background mean by more 

than one s tandard d e v i a t i o n  o f  t h e  background popu la t i on ,  t h a t  i s ,  da ta  

g rea te r  than  kb + Sbwere taken as be ing  anomalous. I n  terms o f  

The anomalous va lues  i n  each da ta  s e t  were o rdered  as i n d i c a t e d  below 

i n t o  f o u r  ca tego r i es  accord ing t o  t h e  number o f  background s tandard 

d e v i a t i o n  (Sb) by which they  exceeded t h e  background mean. I n c r e a s i n g l y  

anomalous ca tego r i es  a re  shown by c o l o u r  cod ing  i n  t he  f o l l o w i n g  manner: 

Ranqe o f  Values Colour Code 

( I n  va lues o f  Zi o r  t h e  number 

> 4 S.D. 

> 3 - 4 S.D. 

> 2 - 3 S.D. 

> 1 - 2 S.D. 
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The sampling l o c a t i o n s  and helium r e s u l t s  f o r  t h e  40 s o i l ,  16 mud and 1 

water  sample c o l l e c t e d  i n  t h i s  s u r v e y  a r e  p l o t t e d  i n  F i g u r e  1 (map p o c k e t ) .  

Th i s  map was prepared from a  sample l o c a t i o n  map and a  t o p 0  map s u p p l i e d  

by t h e  Geophysical I n s t i t u t e .  One mylar copy o f  F igure  1 and two mylar 

c o p i e s  o f  t h e  p e r t i n e n t  t o p 0  map a r e  i n c l u d e d  i n  t h e  map r o l l .  

On t h i s  map, t h e  s o i l  sampl ing l o c a t i o n s  a r e  d e s i g n a t e d  a s  hollow c i r c l e s ,  

t h e  mud sampling l o c a t i o n s  a r e  d e s i g n a t e d  a s  s q u a r e s  and t h e  s p r i n g  water 

sample l o c a t i o n  is  d e s i g n a t e d  a s  a  t r i a n g l e .  The s o i l  and mud samples 

a r e  co loured  t o  a c c e n t u a t e  anomalous hel ium v a l u e s p a s  d e s c r i b e d  i n  Sec t ion  

Each helium c o n c e n t r a t i o n  is  marked i n  a  l a r g e r  t y p e  a t  t h e  s i t e  o f  t h e  

a p p r o p r i a t e  sampling l o c a t i o n  w h i l e  t h e  number a s s i g n e d  t o  each  sampling 

s t a t i o n  i s  g iven  i n  a s m a l l e r  t y p e .  
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separate groups. Each o f  these  two groups has i t s  c h a r a c t e r i s t i c  range 

of he l ium and hydrocarbon va lues.  The i n d i v i d u a l  he l i um and hydrocarbon 

va lues a re  comparable w i t h i n  each s p e c i f i c  group b u t  n o t  ou t s i de  o f  a  

g i ven  group. I n  o rder  t o  compare he l ium l e v e l s  i n  s o i l  and mud, t h e  

da ta  ob ta ined  a r e  presented i n  F i g u r e  1 i n  terms o f  s tandard  dev ia t i ons  

above t h e  background mean. 

The r e s u l t s  i n d i c a t e  t h a t  t h e  mean va lue  o f  he l ium i n  t h e  background 

popu la t i on  i s  5.47 u n i t s  f o r  t h e  s o i l  samples and 9.42 u n i t s  f o r  t h e  

mud samples. These va lues  a r e  s l i g h t l y  h i ghe r  t han  normal  he l ium back- 

ground l e v e l s .  The background va lues i n d i c a t e  t h a t  t h e  sampl ing g r i d  

was n o t  l a r g e  enough t o  f u l l y  extend beyond t h e  anomalous areas. The 

range o f  he l ium va lues i n  t h e  s o i l  samples va ry  f rom 1.37 t o  12.8 u n i t s  

and i n  t h e  mud samples from 6.66 t o  39.5 u n i t s .  The mean background 

va lue  o f  methane i s  117.55 u n i t s  f o r  t h e  s o i l  samples and 9.42 u n i t s  

f o r  t h e  mud samples. The range o f  methane va lues i n  t h e  s o i l  samples 

va ry  f rom 60 t o  4440 u n i t s  and i n  t h e  mud samples from 2 t o  931 u n i t s .  

The methane values quoted a r e  w i t h i n  t he  range o f  methane l e v e l s  which 

can be generated c l ose  t o  t h e  sur face  by b iogen ic  a c t i v i t y .  
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o f  hydrocarbon emanations i n  t h e  ground. It i s  l i k e l y  t h a t  these  emana- 

t i o n s  exceed t h e  r a t e  o f  t h e  he l ium f l u x  a t  t h e  above s t a t i o n s .  Hel ium 

h ighs extending from s t a t i o n  Jr-31 t o  s t a t i o n  TR-7 and s t a t i o n  Jr-27 t o  

s t a t i o n  Jr-42 may i n d i c a t e  probable f a u l t  l i n e s  and h o t  spots.  The 

he l ium anomaly a t  Jr-11 suggests t h e  presence o f  a  h o t  spo t  i n  t h i s  area. 

The water sample c o l l e c t e d  a t  s t a t i o n  Jr-8 has a  low he l i um va lue  (4.12 

u n i t s )  and a  hydrocarbon va lue  (methane 34 u n i t s ) .  Th is  l ow  he l i um va lue  

may have r e s u l t e d  e i t h e r  f rom he l ium and hydrocarbons e s c a p i n g . p r i o r  t o  

sample c o l l e c t i o n  o r  because t he  water f l o w  r a t e  was g r e a t e r  t han  t h e  

he l ium emanation r a t e .  

There a re  a  number o f  p o i n t s  t h a t  would be o f  h e l p  i n  da ta  i n t e r p r e t a t i o n .  

These i n c l u d e  : 

1. de te rm ina t i on  o f  he l ium f l u x  i n  near-subsurface as a  f u n c t i o n  o f  

depth. Th is  cou ld  be accomplished by  c o l l e c t i n g  s o i l  samples a t  

3 d i f f e r e n t  depths, e.g. 12", 24" and 36". 

2. de te rm ina t i on  o f  he l ium and hydrocarbon, e t c .  l e v e l s  i n  gas 

emanation near h o t  spr ings,  geysers and i n  volcano c r a t e r s .  

We suggest these  p o i n t s  f o r  p o s s i b l e  i n c l u s i o n  i n  f u t u r e  work. 
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