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Execut i ve  Summary 

This  r e p o r t  c o n s i s t s  o f  a rev iew o f  t h e  a v a i l  ab le  g e o l o g i c a l ,  geochemical 

and geophysical  da ta  on p a r t s  o f  t h e  Eastern Copper R i v e r  Bas in  w i t h  emphasis 

on t he  mud volcanoes, and t h e  r e s u l t s  o f  geophys ica l  and geochemical s t u d i e s  

c a r r i e d  o u t  by t h e  Geophysical I n s t i t u t e  and Alaska DGGS personnel i n  Summer 

1982. The purpose of  t h i s  work i s  t o  eva lua te  t h e  p o s s i b l e  ex i s tence  o f  

geothermal energy resources I n  t h e  Copper R i v e r  Basin.  There i s  ainple reason 

t o  suspect t h a t  t h e  area may c o n t a i n  geothennal p rospec ts  a l though t h e r e  a re  

no obv ious surface man i f es ta t i ons  such as h o t  sp r ings ,  geysers,  e t c .  The area 

i s  s i t u a t e d  on t h e  f l a n k s  o f  a volcano - Nt. Drum, which was a c t i v e  as l a t e  as 

200,000 years  ago and which i s  thought  t o  have r e t a i n e d  s i g n i f i c a n t  amounts o f  

r e s i d u a l  hea t  a t  h i g h  l e v e l s  w i t h i n  t he  volcano. 

There a re  two groups o f  mud volcanoes i n  t h i s  area: t h e  To1 sona group 

west o f  G l e n a l l e n  and t h e  Klawasi group eas t  o f  G lena l l en .  The Tolsona group 

i s  c h a r a c t e r i z e d  by h i g h  methane and he1 ium gas con ten t .  The presence o f  

methane i n  an overpressured zone near 5,000 ft. depth i n  t h e  nearby Pan 

American bbose Creek #1 w e l l  s t r o n g l y  suggests t h a t  t h e  Tolsona group r e s u l t  - 

from mud and gas reach ing  t h e  sur face f rom t h i s  overp ressured  zone. The 

K l  awasi group, however, produce predomi n a n t l y  C02 gas w i  t h  a m i  n o r  he1 i uin 

con ten t .  The C02 may r e s u l t  f rom decomposi t ion o f  1 imestones, o r  ca l c i um 

carbonate cemented sedimentary rocks  (Motyka, personal  communication, 1982). 

The geothermometry o f  t h e  waters  coming from the  Klawasi  mud volcanoes has so 

f a r  produced c o n t r a d i c t o r y  r e s u l t s :  some i n d i c a t e  a c o l d  wate r  source w h i l e  

o the rs  i n d i c a t e  a source o f  g r e a t e r  than 150°C (Motyka, p r i v a t e  communica- 



t i o n ,  1982). For  t h i s  reason t h e  Kl awasi mud vo lcano area was a f oca l  p o i n t  

o f  t h e  1982 survey. 

There a re  no w i l d c a t  we1 1 s i n  t he  area. The AMOCO Ahtna A - 1  we1 1 about 

1 3  m i l e s  f rom t h e  mud volcanoes i s  t h e  c l o s e s t  ho le .  I t  shows an 

overpressured zone near 2,300 f t .  depth and greenstone basement rocks  near 

5,000 f t .  depth. G r a v i t y  and aeromagnetic da ta  suggest t h a t  t he  basement i n  

t h e  K l  awasi group area may be even deeper. 

Ground wate r  i n  t h e  area as shown by wate r  w e l l s  i n  popu la ted  areas i s  

s a l i n e  and thus  o f  low r e s i s t i v i t j .  Th i s  f a c t  r u l e d  o u t  t h e  use o f  a r t i f i c i a l  

source e l e c t r i c a l  surveys because i t  would t ake  unrea l  i s t i c  amounts o f  c u r r e n t  

t o  pene t ra te  t o  t h e  depths o f  i n t e r e s t ,  and geothermal sources would produce 

o n l y  smal l  c o n t r a s t s .  Ins tead ,  we conducted se l  f - p o t e n t i  a1 surveys t o  1 ook 

f o r  anomal ous areas. The o t h e r  p r i  n c i  p f e  reconnaissance survey techn ique  was 

sampl ing t h e  s o i l  and s o i l  gas f o r  anomalous he l i um c o n t e n t  - a method 

demonstrated t o  be a u s e f u l  i n d i c a t o r  of geothermal areas. 

G r a v i t y  and magnet ic surveys cannot  d i r e c t l y  i n d i c a t e  geothermal 

resources,  b u t  they  a re  very  usefu l  f o r  i n t e r p r e t i  ng geol o g i c  s t r u c t u r e s  

assoc i  a ted w i t h  o r  r e s p o n s i b l e  f o r  h 2 l  i um o r  se l  f - p o t e n t i  a1 anomal i es. The 

Alaska DGGS c o n t r a c t e d  w i t h  ERTEC A i rbo rne  Systems I n c .  t o  f l y  an aeromagnetic 

survey o f  the  area d u r i n g  t h e  f i e l d  season. The a i r b o r n e  survey was augmented 

by our  ground magnet ic  measurements. We a1 so ran  a much more d e t a i l e d  g r a v i t y  

survey over  t he  area than  was p r e v i o u s l y  ava i  1 able.  

The r e s u l t s  o f  t he  va r i ous  surveys a re  presented i n  separate sec t i ons  o f  

t h i s  r e p o r t .  The f i n a l  s e c t i o n  sums up t h e  a n a l y s i s  i n  terms o f  p o s s i b l e  

geothermal prospects .  No combi n a t i o n  o f  geophys ica l  and geochemical 

measurements can unequ i voca l l y  prove t h e  presence of geothermal resources a t  

depth where t h e r e  a re  no obv ious su r f ace  m a n i f e s t a t i o n s .  Tes t  d r i l l i n g  i s  the  



o n l y  sure method t o  prove a resource.  Our measurements have d iscovered  a t  

l e a s t  t h r e e  areas o f  i n t e r e s t .  An area of  severa l  square m i l e s  cen te red  over  

a w e l l - d e f i n e d  g r a v i t y  h i g h  has anomalous he l i um f l u x ,  a  s teep p o s i t i v e  s e l f -  

p o t e n t i  a1 g rad ien t ,  and apparen t l y  a  negat f  ve magnet ic anomaly. Taken s i  n g l y  

each measurement m igh t  be exp la i ned  o therw ise ,  b u t  t oge the r  they  a l l  p o i n t  t o  

a  geothermal resource  a t  depth. A second 1  arge area of anomalous he1 ium f l u x  

i s  assoc ia ted  w i t h  a  g r a v i t y  low, a  magnet ic low and a  nega t i ve  s e l f - p o t e n t i a l  

g rad ien t .  The suggested source o f  t h i s  second anomalous area i s  a  mud d i  a p i r  

d r i v e n  by a  hea t  source. A t h i r d  area i s  a l so  of i n t e r e s t  a l though no 

d e t a i l e d  g r a v i t y  nor  any s e l f - p o t e n t i a l  da ta  were taken t he re .  It i s  l o c a t e d  

near t he  j u n c t i o n  o f  t he  Tazl i n a  and Copper R f  ve rs ,  on t h e  road system. It 

con ta ins  t h e  h i g h e s t  anomalous he1 ium va lue  found i n  ou r  survey.  Log i  s t i c a l  l y  

i t  would be t he  e a s i e s t  area f o r  f u r t h e r  d e t a i l e d  e x p l o r a t i o n  and t e s t  

d r i l l i n g .  

The f i n a l  chap te r  of  t h i s  r e p o r t  cons iders  these  da ta  and makes 

recommendations f o r  f u t u r e  work t o  eva lua te  t h e  geothermal p o t e n t i a l  o f  t h e  

area. 
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'INTRODUCTION 

The Copper R i v e r  Bas in  i s  an in termontane s t r u c t u r a l  bas in  rang ing  f rw 

150 t o  1200 m (500 - 4,000 f t . )  above sea l e v e l  and rimmed by 1,370 t o  5,000 m 

(4,500 - 16,500 f t . )  peaks o f  the Alaska Range and t h e  Talkeetna, Chugach and 

' r l rangel l  ~clountains. Rock u n i t s  b o r d e r i n g  t he  b a s i n  range i n  age from m idd le  

( ? )  Pa leozo ic  t o  T e r t i a r y  and c o n s i s t  dominant ly  of s c h i s t ,  greenstone, 

graywacke, s l a t e ,  sha le  and sandstone, 1 oca l  l y  assoc ia ted  w i t h  ~ n i  nor  amounts 

o f  a l t e r e d  l imes tone ,  t u f f s  and b a s a l t  f l ows ,  and are i n t r u d e d  by 'a wide 

v a r i e t y  o f  igneous rocks.  The T e r t i a r y  t o  Quate rnary  andes i t e  l avas  o f  t he  

Wrangell 3bunta ins form t h e  eas te rn  bo rde r  o f  t he  bas in .  A gene ra l i zed  

geol  ag i c  map o f  t h e  b a s i n  i s  shown i n  F i g u r e  1. 

Two groups o f  mud volcanoes occur  i n  the bas in .  The Pol sona group 

c o n s i s t s  o f  severa l  gas seeps and f o u r  cones rang ing  i n  h e i g h t  f rom 25 t o  60 

ft. and o c c u r r i n g  immediate ly  n o r t h  o f  t he  Glenn Highway, about 12 - 15 m i l e s  

west o f  Gl e n a l l  en. Three o f  these cones are ac t i ve ,  and d ischarge  methane and 

n i t r o g e n ,  and wate r  c o n t a i n i n g  d i s s o l v e d  c h l o r i d e s  o f  sodium and ca lc ium.  The 

Drum group o f  t h r e e  mud volcanoes occurs about 7 - 1 5  m i l e s  eas t  o f  t h e  Copper 

R i ve r ,  on t h e  l owe r  p a r t  of the western f l ank  of  M t .  Drum. These t h r e e  cones 

range i n  h e i g h t  f rom 150 ft. (Lower K lawas i )  t o  310 f t .  (Shrub) .  The t h r e e  

cones d ischarge  C02 and warm NaCl and b i ca rbona te  waters.  The smal l  s i z e  o f  

a l l  o f  these cones and t h e i r  1  ack of i n c l u d e d  angu la r  rock fragments suggest 

t h a t  they formed by gradual a c c r e t i o n  of mud, r a t h e r  than by exp los i ve  

a c t i v i t y  ( N i c h o l s  and Yehle, 1961). 

One o r  more o f  the  Drum group o f  mud volcanoes may have been formed by 

hydrothermal  a c t i v i t y ,  as p o s s i b l y  suggested by t h e  geothermometry of t h e i r  

d ischarged waters.  However, o t h e r  non-thermal model s  can a1 so be suggested 

f o r  t h e i r  format ion,  as w i l l  be d iscussed 1  a t e r .  I n  genera l ,  the  a n t i c i p a t e d  





h igh  heat  f l aw  i n  the  reg ion  o f  the 'vlrangell volcanoes, t he  suspected presence 

o f  abundant subsurface acqu i fe rs  i n  the  basin, the  i n f e r r e d  presence o f  

subsurface impermeable 1 ava f lows and c l  aystone beds which cou ld  serve as cap 

rocks, and perhaps the  presence o f  the mud volcanoes themselves, a l l  suggest 

t h a t  the easternmost p a r t  o f  the Copper R iver  Bas in i s  a promis ing area f o r  

geothemal  energy exp lo ra t i on .  

REGIONAL SETTING 

The geographic s e t t i n g  o f  the  Copper R ive r  Basin i s  shown i n  F igure  1. 

The Cenozoic topographic and s t r u c t u r a l  bas in  covers 5,408 sq. mi. rimmed by 

4,500 t o  16,500 ft, mountain peaks. I t  i s  poo r l y  drained; the  impounded water 

r e s u l t i n g  i n  numerous lakes, ponds and swamps connected by meandering streams 

and r i v e r s .  E x t e r i o r  drainage i s  accomplished on l y  by the  Copper R iver  which 

has i n c i s e d  a deep canyon through the Chugach Range t o  the  south, and by t h e  

Oshetna R iver  which combines w i t h  the Susi t na  R iver  t o  c u t  through the 

Talkeetna Mountains t o  the  west. The bas in  i s  bar red  from drainage t o  the  

n o r t h  by low h i 1  1 s t h a t  form the  south margin o f  the  A1 aska Range, and on the  

eas t  by the g r e a t  vo lcan ic  cones o f  t he  Wrangell Mountains. 

G l  ac i  a1 , 1 acus t r i ne  and a1 1 u v i  a1 depos i ts  which probably exceed 1,000 f t .  

where t h i c k e s t  cover t h e  bas4 n, e f f e c t i v e l y  conceal i ng 01 der rocks 

(Mendenhall, 1905). There are, however, a few a r e a l l y  r e s t r i c t e d  outcrops o f  

con t i nen ta l  depos i ts  o f  Eocene age. I n  the  eas t  p a r t  of the bas in  the  

Quaternary deposi ts  are several hundred f e e t  t h i c k .  The bas in  l i e s  i n  the 

zone of d i  scon t i  nuous permafrost .  Permafrost i s  probably present  everywhere 

i n  the bas in  except beneath 1 arge 1 akes and major streams. I t  1 i e s  1 - 2 ft. 

below the sur face i n  some muskegs, 2 - 5 ft. i n  l a c u s t r i n e  and f ine-gra ined 

gl ac i  a1 deposi ts  and s i x  t o  more than ten ft. i n .  g ranu lar  a l l u v i a l  and 



g l  a c i a l  deposl t s .  It g e n e r a l l y  ranges from 100 t o  200 ft. t h i c k ,  has a h i gh  

i c e  c c n t e n t  and fs m a r g i ~ a l  i n  temperature,  a b c u t - 5  t o  -i.5"C. The 

permaf ros t  i s  i n  a  d e l i c a t e  s t a t e  o f  e q u i l i b r i u m ,  and c o n s t r u c t i o n  p r o j e c t s  

can r e s u l t  i n  cons ide rab le  su r f ace  s u ~ s i d e n c e  (Schul t z  and Sini th ,  1965). 

Under l y i ng  most of the  western p a r t  o f  t he  b a s i n  are Cretaceous sha le  and 

sandstone o f  t h e  Matanuska F o r n a t i o n  and semi -consol  1 dated c o n t i n e n t a l  

T e r t i  a r y  sandstone and congl ornerate w i t h  a  few 1 i g n i  t i c  beds (Mi 11 e r ,  e t  a1 . , 
19591. To t h e  east ,  however, an aeromagnetic survey suggests t h a t  T e r t i a r y  

1  avas and P le i s tocene  unconsol i dated deposi t s  under1 i e  a t h i n  veneer o f  

Quate rnary  cover ,  and extend a t  l e a s t  as f a r  west  as t h e  Copper R i v e r  

(Andreasen, 1964) .  

The n o r t h e r n  marg in  o f  the  b a s i n  i s  formed by i s o l a t e d  h i ' l l  s o f  Permian 

v o l c a n i c  rocks  t h a t  merge nor thward i n t o  mountains made up o f  b a s a l t  and 

andesi t e  o f  Permian and T r i a s s i c  age. The Wrangell a u n t a i n s  b o r d e r i n g  t l i e  

eas t  p a r t  o f  t he  b a s i n  a re  Te r t i a r y - t o -Qua te rna ry  volcanoes which have e rup ted  

v a s t  amounts o f  a n d e s i t i c  l a v a  over  surrounding o l d e r  rocks.  The f lows  have 

s l o w l y  f o r c e d  t h e  channel o f  t h e  Copper R i v e r  westward u n t i l  i t now f lows 

around the  g r e a t  v o l c a n i c  mass i f  i n  a  huge arc .  The h i 1  1 s  bo rde r i ng  t he  

southeast  co rner  o f  the  b a s i n  a re  formed o f  metamorpliic rocks  o f  M-ississippian 

age. Metamorphosed sedimentary rocks  o f  Mesozoic age are exposed i n  the h i l l s  

a t  t he  extreme southeast  marg in  of t h e  bas in .  

THE WRANGELL VOLCANOES 
- - 

Wrangell ~Yountains on t h e  eas t  s i d e  o f  t h e  Copper R i ve r  Basin are 

composed of an e longa te  massi f  o f  Neogene and Quaternary c a l c a l k a l i n e  

volcanoes. O f  these volcanoes, M. Wrangell a lone i s  s t i l l  ac t i ve ,  as shown 

by increased hea t  f l u x  a t  t h e  summit over  t he  l a s t  15 years  and h i s t o r i c  steam 

4 



and p o s s i b l e  ash erupt i 'ons (Motyka e t  a1 . , 1980). S ince Mt. Wrangell i s  

a c t i v e  i t  may mark t he  l o c a t i o n  o f  2. s i g n i f i c a n t  heat  source i n  t h ?  upper 

c r u s t .  Also, s i nce  M t .  Wrangell i s  r ough l y  e q u i d i s t a n t  from the  two major  

A1 askan popul a t i o n  cen te rs  and i s  s i t u a t e d  near e x i  s t i  ng t r a n s p o r t a t i o n  

c o r r i d o r s  i t  i s  un ique l y  s u i t e d  as a  p o t e n t i a l  ma jo r  geothermal yesource. 

The Wrangell Mountains 1  i e  between a  demonstrably t r ans fo rm  boundary t o  

t h e  eas t  and a  c l a s s i c  a rc - t rench  system t o  t he  west. The Wrangel lz are 

o f f s e t  240 km south f rom the  main t r e n d  o f  t h e  A leu t ian-A laska  Pen insu la  

v o l c a n i c  arc.  Seaward o f  t he  Wrangell s 1 i e  t he  S t .  E l f  as and Chugach 

Mountains, which a re  l a r g e  t h r u s t - f a u l t e d  ranges l o c a l l y  over  5600 m. h igh .  

The Wrangell '(01 can i cs  were e rup ted  through an a1 1 ochthonous t e r r a i n  o f  

Pa leozo ic  and Mesozoic carbonates, f i n e  c l  a s t f c s  and p i l l o w  basal  t s  which 

extends southward a t  l e a s t  as f a r  as Vancouver I s l and .  Th i s  t e r r a i n  has been 

named Wrange l l i a  by Jones and o the rs  (1977) .  Wrange l l i a  i s  thought  t o  have 

been i n  i t s  p resen t  p o s i t i o n  by t h e  mid-Cretaceous (Jones and o the rs ,  197?),  

a1 though t he  exac t  t i r n i  ng o f  s u t i l r i  ng i s  n o t  we1 1  c o n s t r a i  ned. Wrangel 1 i a ' s  

a l loch thonous  na tu re  p robab ly  has l i t t l e  bea r i ng  on the  o r i g i n  o f  rocks as 

young as the  Wrangell Lava. 

Prev ious  work on t he  Wrangell volcanoes has been, w i t h  a  few no tab le  

except ions,  o f  a  reconnaissance na tu re .  d l 1  areas under1 a i n  by t h e  grange1 1  

Lava ( a  f o rma t i ona l  name g iven  t o  young v o l c a n i c  rocks o f  the  Wrangell 

Mountains by Mendenhall i n  1905) have been mapped a t  a  sca le  o f  1:250,000, i n  

a d d i t i o n ,  M t .  Drum and severa l  quadrangles t o  the  n o r t h  and nor thwes t  o f  M t .  

Wrangel l  have been mapped more r e c e n t l y  a t  1:63,360. The few major  element 

analyses r e p o r t e d  w i t h  t h i s  mapping have emphasized t h a t  the Wrangell Lava i s  

b road l y  t y p i c a l  o f  convergent  marg i  ns. F i e1  d i n v e s t i g a t i o n s  coup1 ed w i t h  K - A r  

ages ( R i c h t e r  and Smith, 1976; De in i nge r  and Turner, unpub. da ta )  a l s o  show 



t h a t  vo l  can i  sm has occur red  from Miocene through P l  e i  s tocene t imes. There are 

v i r t u a l  l y  uneroded vo l can i c  edi fi ces, M t .  Wrangell i t s e l  f bei ncj t k e  1 avges  t . 
Two groups have done work r e l a t i n g  t o  the  t o t a l  hea t  budget o f  s p e c i f i c  

volcanoes. R i c h t e r  and o the rs  (1979) have mapped Mt.  Drum a t  1:63,360. They 

have documented a two c y c l e  s e r i e s  o f  a n d e s i t i c  cone b u i l d i n g  fo l lowed by 

sate1 1 i t i c  dac i  t e  dome empl acement. Us ing i n f o r m a t i o n  f rom pe t rog raph i c ,  

geochemical and geochronol o g i  c s tud ies ,  they suggested t h a t  a s h a l l  ow magma 

chamber has been c r y s t a l 1  i z i n g  s ince  t he  volcano became e x t i n c t  about a 

q u a r t e r  o f  a m i l l i o n  years  ago. They es t ima te  t h a t  about 8.4 x 10" j o u l e s  of  

thermal energy remain i n  the  system (Smi th  and Shaw, 1979), thus making Drum 

one o f  A1 aska 's  l a r g e s t  thermal r e s e r v o i r s .  I t  should be noted t h a t  t h i s  

es t ima te  i s  based on i n t e r p r e t a t i o n s  o f  vo l can i c  plumbing and magma chamber 

s i z e  t h a t  are n o t  c l e a r l y  mandated by t h e  a v a i l  ab le  data.  

Benson and coworkers a t  t h e  U n i v e r s i t y  o f  Alaska have been c a r r y i n g  o u t  

g l a c i o l o g i c a l  research  a t  M t .  Wrangell f o r  n e a r l y  two decades (see Benson and 

Motyka, 1979, f o r  a r ev i ew) .  They are a t t emp t i ng  t o  use t h e  t o t a l  i c e  budget 

o f  t he  mountain t o  es t ima te  geothermal l i ea t  p roduc t i on .  By knowing t he  n e t  

i c e  l o s s  due t o  m e l t i n g  and a b l a t i o n  and t he  l a t e n t  hea t  o f  t he  i ce -wa te r  

phase change, as w e l l  as the  geothermal g r a d i e n t  o f  t he  few snow f r e e  areas, 

t o t a l  hea t  f l u x  can be measured. Th is  i s  a 1 abor and t ime  i n t e n s i v e  method 

which i s  f r e q u e n t l y  h indered  by poor work ing c o n d i t i o n s ,  b u t  i t  should 

u l t i m a t e l y  p rov ide  an accurate measure o f  heat  f l u x .  Est imates o f  an average 

o f  several  h l~nd red  megawatts o f  heat  p roduc t i on  f rom the s u m i  t reg ion  a lone 

over  a p e r i o d  o f  a thousand years  are i n d i c a t e d .  T h e i r  d e t a i l e d  survey ing  and 

a i r  photogrametry have a1 so enabled them t o  accu ra te l y  measure i c e  l o s s  due t o  

the  surges i n  hea t  supp l i ed  t o  one o f  the  pos t ca lde ra  cones d u r i n g  the  pas t  15 

years .  



Nye has spent  t en  weeks i n  two summers do ing f i e l d  work on M t .  Wrangel l .  

The p r imary  goal of t he  f i e l d  work was t o  l o c a t e  a l l  exposures cf f l ows  

d e r i v e d  from Wrangell and t o  i n f e r  s t r a t i g r a p h i c  r e l a t i o n s h i p s  between these 

f lows .  A r e p r e s e n t a t i v e  sample o f  over  150 f l o w s  and a  few p y r o c l a s t i c  r ocks  

have been c o l l  ec ted  from t h e  morpholog ic  Mt. Wrangel l  . K - A r  ages, p r e l  i m i n a r y  

ma jo r  element concen t ra t i ons  and concen t ra t i ons  o f  Rb, S r ,  Zr, Y, Nb, and N i  

have been measured on se lec ted  samples. These data,  i n  c o n j u n c t i o n  w i t h  

p r e v i o u s l y  pub1 i shed da ta  and f i e l  d  observa t ions ,  permi t t h e  f o l l  owing 

conc lus ions  . 
A major ,  p r e v i o u s l y  unrecognized, pre-Wrangel 1  volcano ( i nformal  l y  named 

t h e  Chetasl  i n a  ven t )  i s  p a r t i a l l y  b u r i e d  under t h e  southwestern f l ank  o f  

Wrangel l  volcano. A sample from the 2,300 m. l e v e l  o f  t h e  Che tas l i na  ven t  

y i e l d e d  K - A r  age of 0.98 t 0.03 m.y., and samples f rom a  t h i c k  sequence o f  

superposed f l ows  nor thwes t  o f  t he  Chetasl  i na g l  a c i e r  which ,nay have been 

d e r i v e d  from t h i s  ven t  a re  as young as 0.42 f 0.03 m.y. The eroded remnants 

o f  the  Che tas l i na  ven t  are over1 a i n  by f l o ~ s  de r i ved  from { range l l  volcano. 

A t  t h e  2000 ft. l e v e l  one o f  these f l ows  y i e l d e d  a  K - A r  age o f  0.08 + 0.02 

m.y. The Che tas l i na  ven t  and Wrangell volcano are, c o n s i d e r i n g  t he  n e a r l y  

m i l l  i o n  year t ime  span o f  a c t i v i t y ,  l i k e l y  t o  r ep resen t  two separate v o l c a n i c  

events.  Because o f  t h e i r  s p a t i a l  p r o x i m i t y  they  w i l l  be r e f e r r e d  t o  t oge the r  

as M t .  Wrangel l  . The presence o f  t h e  Che tas l i na  ven t  i n d i c a t e s  t h a t  a 

s u b s t a n t i a l  p a r t  o f  M t .  Wrangell ' s  volume i s  o l d e r  than Wrangell volcano. 

Thus, Wrangel l  volcano, t h e  youngest o f  t h e  P le i s tocene  cones o f  t h e  western 

Wrangell s, i s  v o l u m e t r i c a l l y  sma l le r  than i t  appears, and, depending on t he  

volume o f  t h e  Che tas l i na  ven t  b u r i e d  under IJrangel l  volcano, may be 

subs tan t i  a1 l y  small e r  than Mts. Drum, Sanford o r  J a r v i  s. 



Dates from the Chetasl i na vent  are 01 der than expected, and i n d i c a t e  t h a t  

t he  major volcanoes o f  the  western Wrangell s are i n  1 arge p a r t  coeval . M t .  

Drum was a c t i v e  between 0.24 and 0.9 m.y. ( M i l l e r  and others,  ms. i n  prep.) 

Basal M t .  Sanford lavas  y i e l d  K - A r  ages around 0.8 m.y. ( M i l l e r  and others,  

ms. i n  prep.). Mt.  J a r v i s '  a c t i v i t y  embraced a t ime span i n c l u d i n g  0.75 k 

0.03 m.y. ( t h i s  study) and 1.63 2 0.42 m.y. ( R i c h t e r  and others,  1977). 

Although age data from the south f l a n k  o f  htt. Wrangell do no t  e x i s t ,  the 

p re l im ina ry  data suggest t h a t  the  western Wrangells have no t  been b u i l t  by 

c o n s t r u c t i o n  o f  s p a t i  a1 l y  and temporal l y  separate vo lcan ic  centers.  Instead,  

volcanism seems t o  have been dominant du r ing  the f i r s t  h a l f  o f  the 1 a s t  

m i l l  i o n  years, w i t h  several volcanoes a c t i v e  a t  once, and may have been dying 

ou t  s ince t h a t  time. 

I f  the preerosion shape o f  the Wrangell volcanoes i s  taken t o  be a sirnple 

cone w i t h  apex a t  the  present  ( o r  i n f e r r e d  i n  the  case o f  M t .  Drum) summit and 

edge a t  the  apparent edge of the mountain then the  volumes o f  the e d i f i c e s  may 

be r e a d i l y  ca l cu la ted .  A l l  o f  the  P le is tocene cones are o f  roughly the same 

dimension and have mean volumes th ree  tirnes g rea te r  than the l a r g e s t  o f  the 

Cascade volcanoes. The cons t ruc t i on  of these 1 arge, c l o s e l y  spaced vol canoes 

over the r e l a t i v e l y  sho r t  t ime span i n d i c a t e d  by the rad iomet r i c  ages suggests 

t h a t  the  r a t e  o f  e d i f i c e  product ion i n  the  Nrange l ls  i s  about f i v e  t imes 

3 greater  than t h a t  repor ted  froin o ther  c i  rcum-Paci f i c  vol canoes (30 km /m .y . /km 

o f  arc length .  This  suggests t h a t  a q u a n t i t y  of heat  v a s t l y  g rea ter  than 

normal was t ranspor ted  i n t o  the upper c r u s t  dur ing  t h i s  per iod .  

The reg ion  around M t .  Wrangell i s  a l i k e l y  t a r g e t  f o r  geothermal 

e x p l o r a t i o n  because i t  i s  the only  a c t i v e  vo lcan ic  center  w i t h  a l o c a t i o n  

c e n t r a l  t o  A1 askan popu la t ion  concentrat ions and t r a n s p o r t a t i o n  c o r r i d o r s .  

M t .  Nrangel l  i s  the 1 a s t  o f  an excep t i ona l l y  voluminous group of P le is tocene 



volcanoes and represen ts  t he  waning o f  a  ma jo r  magmatic pu l  see  Du r i ng  t he  

f i r s t  ha1 - f o f  t h e  l a s t  m i l l  i o n  years,  e d i f i c e  p r o d u c t i o n  r a t e s  and presumably 

hea t  t r a n s p o r t  r a t e s  were an o rde r  o f  magnitude g r e a t e r  than elsewhere i n  

c i r eum-Pac i f i c  magmatic arcs.  Some o f  t h i s  hea t  i s  expected t o  have been 

r e t a i n e d  by sha l low magma chambers which may have f e d  t h e  p r e h i s t o r i c  

e r u p t i o n s  a t  t h e  summit o f  M t .  Wrangel l .  

BAS I N  STRUCTURE AND STRATIGRAPHY 

STRUCTURE 

The Copper R i v e r  Basin i s  bo th  a s t r u c t u r a l  and a topograph ic  bas in .  

Quate rnary  g l  a c i  a1 and a1 1 u v i  a1 deposi  t s  and 1 ocal  c o n t i n e n t a l  depos i t s  o f  

Eocene age .are p resen t  over  inost o f  the b a s i n  and conceal t h e  o l d e r  rocks.  

Pre-Eocene rocks  form eas tward- t rend ing  arcs t h a t  a re  concave south (Payne, 

1955).  These arcs have e x i s t e d  s i nce  Mesozoic and e a r l i e s t  T e r t i a r y  t ime.  

They a re  d e l i n e a t e d  by the  s t r i k e  o f  geo log i c  con tac ts ,  f a u l t s  and topograph ic  

f ea tu res .  Two arcua te  b e l t s  o f  lower  J u r a s s i c  and o l d e r  rocks  c o n t a i n i n g  

numerous p l u t o n i c  bodies a re  c a l l  ed t h e  Sel dov ia  and Tal kee tna  g e a n t i c l  i nes  . 
These g e a n t i c l i n e s  t r e n d  eastward th rough t h e  n o r t h e r n  p a r t  o f  t he  Chugach 

Mountains and t h e  n o r t h e r n  ha1 f o f  t h e  Copper R i v e r  Bas in ,  r e s p e c t i v e l y .  

Between these g e a n t i c l i n e s  l i e s  a  be1 t of m idd le  J u r a s s i c  t o  l a t e  Cretaceous 

mar ine sediments c a l l  ed t he  Matanuska geosyncl i ne ( F i g u r e  1) .  Tnese rocks 

t r e n d  i n t o  t he  Copper R i ve r  Basin f rom the  Matanuska Val l e y  on t he  west and 

from t h e  C h i t i n a  V a l l e y  on t he  southeast,  b u t  they are exposed a t  on l y  a  few 

p l  aces w i t h i n  t he  b a s i n  i t s e l  f (Andreasen e t  a1 . , 1964) .  



STRATI GRAPH Y 

Thus f a r ,  t h e  o n l y  d e t a i l e d  s t r a t i g r a p h i c  s tud ies  of the  bas in  are 

p r o p r i e t a r y  s tud ies  by va r i ous  o i l  companies. However, two c ross  sec t i ons  

based on e i g h t  w e l l s  d r i l l e d  t o  depths o f  approx imate ly  2,800 t o  8,800 ft. 

have been pub l i shed  by t he  A1 aska Geolog ica l  Soc ie t y  (Church e t  a1 ., 1969). 

These sec t i ons  cover  t h e  c e n t r a l ,  southern, and sou theas te rn  p a r t s  o f  the  

bas in .  The easternmost w e l l ,  Pan American Moose Creek U n i t  No. 1, was d r i l l e d  

t o  a  t o t a l  depth of  7,869 ft. This  w e l l  i s  l o c a t e d  app rox i~na te l y  20 m i l e s  EN€ 

o f  t h e  Lower Klawasi  mud volcano ancl about f i v e  m i l e s  eas t  o f  t h e  Tolsona 

group o f  mud volcanoes. It penet ra ted  t h e  f o l l o w i n g  s e c t i o n :  

0 - 920 ft. 

Unconforrni ty 

920 - 4,125 ft. 

4,125 - 4,820 ft. 

Unconformi ty 

4,820 - 6,755 f t. 

Unconformi t y  

6,755 - 7,869 T.D. 

Quate rnary  and T e r t i a r y ?  (Note:  N i c h o l s  and Yehle 
(1961) s t a t e  t h a t  t he  southeast  p a r t  o f  the  bas in ,  
perhaps i n c l u d i n g  t h e  To1 sona group, i s  under1 a i n  by 
semi -consol i dated T e r t i  a r y  sandstone and congl o~nera te  
w i t h  a  few l i g n i t e  beds) .  

U. Cretaceous - Matanuska Format ion mar ine shales w i t h  
occas ional  f i  ne-gra i  ned sandstones. 
Basal Upper Cretaceous - Basal Matanuska Format ion 
f i  ne-gra i  ned mar ine sandstones w i  t h  m i  no r  i nterbedded 
shal  es. 

Lower Cretaceous K e n n i c o t t  and p o s s i b l y  Ne lch ina  
Format ions - mar i  ne shales w i  t h  two f i  ne-gra i  ned 
quar tzose sandstone u n i t s  i n  t h e  1 ower m idd le  p o r t i o n  
o f  t he  d r i l l e d  i n t e r v a l .  The uppermost of  these 
sandstones produced a wate r  f l o w  w i t h  methane, a long  
w i t h  t a r  shows. 

Upper J u r r a s i c  Naknek and C h i t i n a  Format ions - mar ine 
t u f f aceous  sandstones and shales.  



The Middle J u r r a s i c  fuxedn i  Format ion, c o n s i s t i n g  o f  mar ine  shales and 

in te rbedded sandstones i s  b e l i e v e d  t o  u n d e r l i e  t h e  Naknek and C h i t i n ?  

Formations, based on subsur f  ace e x t r a p o l  a t i o n s  from deeper we1 1 s  t o  t h e  

west. 

Two addi t f  ona1 we1 1 s have been d r i l l  ed f o r  t h e  Ahtna Corp., by h o c o  near 

Gulkana, about 12 and 15 m i l es ,  r e s p e c t i v e l y ,  nor thwest  of  t he  Lower Klawasi 

mud volcano. S t r a t i g r a p h i c  i n f o r m a t i o n  from these w e l l s  i s  now i n  t he  p u b l i c  

domain. The f o l  1  owing i n f o r m a t i o n  i s  a v a i l  ab le  f o r  these we1 1 s :  

AMOCO Ahtna No. 1 - Sec. 18., T6N, R1W 

To ta l  Depth 7,941 ft. 

Temp. a t  T.D. 138OF 

Encountered "bedrockM a t  T.0 . 

1,080 ft. 

6,710 ft. 

7,700 ft. 

Top o f  Matanuska Format ion based on pa leon to logy  . 
Dominant ly sha le  w i t h  some sandstone near  base o f  
sec t i on .  No Ne lch ina  Format ion p resen t .  

Top o f  J u r a s s i c  based on pa leon to logy .  Th is  i s  ef t h e r  
Naknek o r  Tal kee tna  Format ion. Sandstone composed o f  
metavol  can i c  g ra i ns .  

Basement - Tal keetna Format ion massive greenstone. 
Dens i t y  2.7 t o  2.8. 

A s l i g h t  gas show c o n s i s t i n g  a lmost  e n t i r e l y  o f  methane, and a " f a i r l y  

s t r ong "  water  f l o w  were encountered a t  7,100 ft. The f l o w  d i e d  o u t  q u i c k l y  

and t h e r e  was no i n d i c a t i o n  o f  a  h i g h l y  overpressured zone as occurs i n  the  

Moose Creek we1 1 d iscussed above. The f i n a l  shu t  i n  p ressure  was 3,220 p s i ,  

which i s  approx imate ly  e q u i v a l e n t  t o  the format ion p ressure  a t  the T. D. o f  

7,941 f t .  This  p ressure  g i ves  a c a l c u l a t e d  p ressure  g r a d i e n t  o f  about 0.45 

1 bs . / f t . ,  e s s e n t i a l  l y  equ i va len t  t o  the  normal h y d r o s t a t i c  g rad ien t .  A t h i n  

coa l  bed was noted a t  4,530 ft. 



AMOCO Ahtna No. A-1 - Sec. 22, T5N, R1W 

To ta l  Depth - 5577 ft. 

Temp. a t  T.D. - 118OF 

710 ft. 

1,020 ft. 

4,864 ft. 

5,575 f t .  

Encountered "bedrock" a t  T.D. 

Miocene sediments - c l  ays, g rave l  s, sf  1  t a tone ,  
shales.  

Top o f  Matanuska Format ion - mos t l y  s i l t s t o n e  
w i t h  a  few sand l a y e r s .  

Tal keetna Format i  on - p r i m a r i l y  s i l  t s t o n e  w i t h  a  
1  imestone 1 ayer  from 5,025 t o  5,045 ft. and some 
t h i n  t u f f  l a y e r s .  

Basement - p robab le  greenstone w i t h  some 
q u a r t z i  t e  . 

From 2,100 t o  2,300 ft. There were n a t u r a l  gas shows and i n d i c a t i o n s  o f  
carbons i n  t he  d r i l l  i n g  mud. Near 2,337 f t .  t h e  
h o l e  c o l l  apsed and t h e r e  was a s a l t  vrater f l ow .  
The mud we igh t  was inc reased  f rom 8.9 t o  15.6 
pounds pe r  g a l l o n  (81% of li t h o s t a t i c  
p ressure) .  F u r t h e r  s a l t  wa te r  f l o w  was i n d i c a t e d  
a t  2,520 ft. where t he  mud we igh t  was inc reased  
t o  16 ppg. 

MUD VOLCANOES 

MORPHOLOGY 

The two grups o f  mud volcanoes i n  the  bas in  have been descr ibed  i n  d e t a i l  --- 

by N i c h o l s  and Yehle (1961) and Grantz e t  a l .  (1962) .  The morphology, su r f ace  

wate r  temperatures, and es t imated  d ischarge  r a t e s  of these mud volcanoes a re  

shown i n  t h e  f o l l o w i n g  t a b l e  from N i c h o l s  and Yehle (1961) .  

I n  t h e  Klawasi group ( F i g u r e  1) t h e  Shrub and Upper Klawasi cones have 

d r u m l i n o i d  p r o f i l e s  and a re  mant led by g l a c i a l  d r i f t  c o n s i s t i n g  o f  coarse, 

g r a v e l l y  sand and s t r i a t e d  e r r a t i c s  up t o  5 f t .  i n  d iameter .  I n  c o n t r a s t ,  

Lower Klawasi has a n e a r l y  symmetr ical  cone which has no t races  of  g l a c i a l  

d r i f t  o r  gl acio-1 a c u s t r i  ne depos i ts .  Lower K l  awasi has c l e a r l y  had cone- 



b u i l d i n g  a c t i v i t y  much 1  a t e r  f n  tf lne than  t he  o t h e r  two mud volcanoes i n  t he  

Drum group as evidenced by 1  arge numbers o f  k i l l e d  spruce t r e e s  s tand ing .  

I n  t h e  Tolsona group ( F i g u r e  1)  t h e  N i c k e l  Creek mud vo lcano i s  s i m i l a r  

t o  t h e  Shrub and Upper K l  awasi cones, w h i l e  t h e  Shepard and To1 sona cones a re  

m i n i a t u r e  r e p l i c a s  o f  t h e  Lower Klawasi  cone. The Tolsona cones a l l  1 i e  b e l o l ~  

nearby s t r a n d l i n e s  f rom the  g1 a c i a l  1  ake and a re  capped by p robab le  g l a c i o -  

1  a c u s t r i n e  depos i ts .  The low, broad s h i e l  d - type  cones o f  Lower K l  awasi , 

Shepard, Tolsona No. 1 and Tolsona No, 2 have apparen t l y  developed d u r i n g  o r  

a f t e r  m e l t i n g  o f  t he  g l a c i e r s  i n  the bas in .  However, t he  sp r i ngs  which b u i l t  

a l l  o f  the mud volcanoes cou ld  be much o l d e r  than t h e  p resen t  cones. 

GAS AND WATER ANALYSES 

Gas and water  analyses from the  mud volcanoes and sp r i ngs  have been 

r e p o r t e d  by N i c h o l s  and Yehle (1961) and Grantz  e t  a l .  (1962) .  A l l  gas 

samples f r o m  t h e  Drum (K lawas i )  group are dominant ly  carbon d i o x i d e  gases w i t h  

minor  amounts o f  n i t r o g e n .  The Tolsona group gases, however, have 48% o r  more 

methane and a  n e g l i g i b l e  amount o f  Ca2, t h e  remainder be ing  l a r g e l y  

n i t r o g e n .  These s t r i k i n g  d i f f e r e n c e s  suggested t o  these au thors  t h a t  t h e  

gases are de r i ved  from e n t i r e l y  d i  f f e r e n t  sources, w i t h  t he  To1 sona group, 

p robab ly  be ing  d e r i v e d  f rom b u r i e d  marsh o r  coa l  depos i ts .  Gas i n  t h e  Drum 

group, however may emanate i n  p a r t  from v o l c a n i c  sources, a1 though t h e i r  

ext remely  h i g h  C02 c o n t e n t  i s  en igmat ic .  

The water o f  the  Drum group i s  a1 so be1 i eved  by N i cho l s  and Yehle (1961 )  

t o  p o s s i b l y  i n c l u d e  a  vo l can i c  component. A l l  of t h e  s p r i n g  waters analyzed 

a re  h i g h l y  s a l i n e ,  b u t  t h e r e  are s i g n i f i c a n t  d i f f e rences ,  most no tab l y  the 

r e l a t i v e l y  h i g h  b i ca rbona te  c o n t e n t  of  the  Drum group, a long  w i t h  t h e i r  

s i g n i  f i c a n t l y  h i g h e r  s i l  i ca ,  magnesium, sodium, potassium and boron con ten t .  





Sulphate i s  a lso  h igh  a t  Lower Klawasi. The Tolsona group waters have 

co r?s i s ten t l y  h igher  i r o n  and cdlcium, and c h l o r i d e  i s  almost t h e i r  so le 

anion. 

Grantz e t  a l .  (1962) have shown t h a t  the  h i g h l y  s a l i n e  waters t h a t  reach 

the  sur face i n  a l a r g e  area o f  the  Copper R ive r  Basin a t  about 1,000-3,000 f t .  

above sea l e v e l  (F igu re  1) are l i k e l y  t o  have o r i g i n a t e d  as connate format ion 

waters i n  t he  Upper Cretaceous and 01 der mari  ne sedimentary rocks u n d e r l y i  ng 

the  basin. They recognized two d i  f f e r e n t  types o f  s a l i n e  waters: a Na-Ca-C1 

o r  Tolsona type, and a Na-C1-HC03 o r  Klawasi (Drum group) type, these waters 

emanating from the two groups of mud volcanoes discussed p rev ious l y .  The 

Tolsona type i s  r e l a t i v e l y  widespread i n  the  basin,  b u t  t he  Kl awasi type 

appears t o  be conf ined t o  the west slope o f  IW. Drum. 

O R I G I N  OF THE MUD VOLCANOES 

Abundant, unabraded Uppep Cretaceous f o s s i l s  i n  the mud a t  the Tolsona 

and K l  awasi cone vents suggest t h a t  p a r t  of t h e  cone-bu i ld ing  ma te r ia l  may 

have been der ived d l  r e c t l y  from under ly ing  Upper Cretaceous mari ne sediments 

a t  depth. Foresman (1970) has po in ted  out  t h a t  the  Tolsona and Klawasi cone 

depos i ts  con ta in  about 12 species which are a l sa  found i n  the Upper Cretaceous 

sec t ions  o f  two w e l l s  d r i l l e d  i n  the basin.  

I n  a d d i t i o n  t o  the  pal eonto l  ogi  e data, Foresman ( 1970) has compared the 

water chemistry o f  t he  mud volcanoes w i t h  ana lys i s  of formation waters t h a t  

f lowed frbm a h i g h l y  overpressured zone below 5,200 ft. depth i n  the Lower 

Cretaceous sec t i on  o f  the Pan American Moose Creek U n i t  No. 1 w e l l ,  l oca ted  

about f o u r  m i l es  east  o f  the To1 sona group o f  mud volcanoes. F igure  2 i s  a 

p l o t  o f  pressure vs. depth i n  t h i s  we1 1 . 



Tables 2 and 3 compare the  chemistry o f  water from 6,074 ft. depth i n  the 

rtloose Creek wz11 w i t h  water frcm the mud volcanoes and w i t h  o i l  f i e l d  b r i nes .  

The d i f f e r e n t  chemis t r ies  o f  the two mud volcano groups suggest t h a t  they 

are composed, a t  l e a s t  i n  pa r t ,  o f  water o f  d l f f e r e n t  o r i g i n .  The To1 sona 

spr ings  and the  water frorn the Moose Creek we1 l are very s i m i l a r  and 1 i e  i n  

t he  middle range o f  o i l  f i e l d  b r i n e s  (Foresman, 1970). Foresman argues t h a t  

the  water chemist ry  s i m i l a r i t i e s  and the occurrence of the  same f o s s i l s  

i n d i c a t e  t h a t  t h e  Copper R iver  Basin mud volcanoes are d i r e c t l y  r e l a t e d  t o  the  

abnormal pressures encountered a t  depth i n  the Moose Creek we1 1 . The Upper 

Cretaceous age o f  the  f o s s i l s  man t l i ng  the  mud volcanoes vs. the  Lower 

Cretaceous age o f  the s t r a t e  of the overpressured zone i n  the ~Yoose Creek we l l  

presumably suggests t h a t  these f o s s i  1 s  were d 2 r i  ved from over ly ing ,  younger 

s t r a t a  by upward movement o f  mud from the  under l y ing  overpressured zone. He 

speculates t h a t  the  zone o f  h igh  pressure i n  the  Cretaceous bas in  s t r a t a  i s  a 

r e s u l t  o f  l oad ing  by the  r e l a t i v 2 l y  young 12-16,000 ft. t h i c k  v o l c a n i c  massi f  

of the  Idrangel 1 Mountains. These re1 a t ionsh ips  are shown d l  agramaticai  ly i n  

F igu re  3, a  hypothetical cross sec t i on  along 1 i n e  A-A' of F igu re  1. 

Foresman f u r t h e r  speculates t h a t  t h e  very l a r g e  areal s a l i n i t y  anomaly i n  

t he  bas in  (F igu re  1) i s  caused by abnormal pressure fo rc ing  connate water froin 

under ly ing  marine sediments upward i nto  the  ground water tab1 e. 

Foresman's arguments appear convinc ing f o r  the o r i g i n  o f  the  Tolsona 

group o f  mud volcanoes, and may a1 so, by analogy, expl a i n  the o r i g i n  o f  t he  

Drum group, a1 though the  data are no t  as conv inc ing  f o r  the  l a t t e r .  Foresman 

does n o t  discuss the  e f f e c t  o f  the  load ing  of g l a c i a l  i c e  ( t h i ckness  - 1000 

f t . )  and the l a r g e  pro-gl  a c i a l  i c e  l ake  t h a t  f i l l e d  the  Copper R iver  Lowland 

du r ing  the l a s t  major g l a c i a l  advance. Grantz e t  a l .  (1962) have suggested 

t h a t  the increased 1 i t h o s t a t i c  pressure due t o  the weight of the i c e  and the 



Figure 1-2.  Pressure  depth of Pan American 1 Moose Creek i n d i c a t e s  top 
of abnormal p re s su re s  a t  5200 ' .  P re s su re s  es t imated  t o  be 
5750-6100 ps i  (Foresman, 1970).  
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TABLE 3.  COMPARISON OF CHEMICAL CONSTITUENT RATIOS OF WATER 
FROM THE COPPER RIVER BASIN (Foreman,  1970) 

Pan Am. I 
K l  awasi Group To1 sona Group Ground Water Moose Creek Oi 1 - f i e l d  

Lower Nicke l  Tolsona Tolsona 354-foot CopperR.  I n i t i a l  Two days Brines Approx . 
Rat ios  Shrub K l  awas i Creek No. 1 No. 2 Well Seep f l o w  a f t e r  I F  Range 



l a k e  may have inc reased  the  d ischarge o f  water  and gas i n  the  spr ings  t h a t  

b u i l d  t he  mud vol.cannes. These authors  p o i n t  c l r t  t h a t  t he  p resen t  cones mzy 

have a t t a i n e d  most o f  t h e i r  b u l k  d u r i n g  t h e  l a t e r  stages o f  t he  advance when 

t h e  i c e  over  these s i t e s  was re1 a t i v e l y  t h i n  o r  gone, b u t  w h i l e  t h e  Low1 and 

was s t i l l  sub jec ted  t o  the  l o a d  o f  some i c e  and a l a r g e  lake .  

It appears t h a t  t h e r e  are thus  two p l a u s i b l e  mechanisms f o r  l o a d i n g  t h e  

Cretaceous sediments i n  t h e  bas in  t o  produce an overpressured zone which ,nay 

have g i v e n  r i s e  t o  t h e  mud volcanoes - 1 oadi  ng by t h e  young Wrangell v o l c a n i c  

m a s s i f  and l o a d i n g  by t h i c k  g l a c i a l  i c e  and l a k e  water .  It i s  p o s s i b l e  t h a t  

e i t h e r  mechani srn a c t i n g  sepa ra te l y ,  o r  b o t h  a c t i n g  t o g e t h e r  c o u l d  have 

produced t he  mud vo l  canoes. 

IMPLICATIONS OF l H E  M I D  VOLCANOES FOR GEOTHERMAL EXPLORATION 

N e i t h e r  o f  the  above mechanism r e q u i r 2  a thermal d r i v e  t o  produce the  

mud volcanoes. I t  i s  t h e r e f o r e  by no means c e r t a i n  t h a t  any o f  the  mud 

volcanoes rep resen t  a good t a r g e t  f o r  geothermal energy e x p l o r a t i o n .  However, 

the ex i s tence  o f  s i g n i  f i c a n t  he l i um anomalies a t  b o t h  groups and t h e  

p r e l  i m i  nary  geothermometry f ro in  Lower K l  awasi (Motyka, i n  prep, ) i n d i c a t e  a 

reasonable ' p o s s i b i l  i t y  t h a t  t h i s  mud volcano may p o s s i b l y  over1 i e  a geothermal 

r e s e r v o i r .  

I n  ou r  p r e l i m i n a r y  r e p o r t  on the  Copper R i v e r  Basin, we recommended t h a t  

adequate geophys ica l  and geochemical surveys be c a r r i e d  o u t  a t  Lower Klawasi 

t o  a s c e r t a i n  whether o r  n o t  i t  represen ts  a geothermal anomaly. We f u r t h e r  

recommended t h a t  a r eg iona l  reconnaissance Ye1 i urn s o i l  gas survey be c a r r i e d  

o u t  on the  eas t  s i d e  o f  t he  bas in  i n  o rde r  t o  a s c e r t a i n  whether o f  n o t  

s i g n i f i c a n t  he l ium anomalies a re  p resen t  i n  areas beyond t h e  mud volcanoes 

(Tu rne r  e t  a1 . , 1982). He1 ium anomal i e s  can he1 p t o  d e f i  ne t a r g e t  areas f o r  



Figure  1-3. Diagranmatic cross sec t i on  o f  the  Copper R ive r  Basin showing the  s t r a t i g r a p h y  
and the  r e l a t i o n s h i p  o f  h igh  pressure and mud volcanoes t o  compacting fo rce .  
V e r t i c a l  exaggerat ion by about 10X. (Foresman, 1970). 



a d d i t i o n a l  geophys ica l  and geochemical work aimed a t  d i s c o v e r i n g  geothermal 

r e s e r v o i r s .  

PREVIOUS GEOPHYSICAL AND GEOCHEMICAL SURVEYS 

The Copper R i v e r  Basin has been the s u b j e c t  of geophys ica l  surveys by 

va r i ous  o i l  companies, b u t  these da ta  a re  p r o p r i e t a r y  and n o t  a v a i l  ab le  t o  

US.  

The b a s i n  has been p a r t i a l l y  covered by aeromagnetic surveys. Andreasen 

e t  a l .  (1958) r e p o r t e d  on aeromagnetic coverage n o r t h  from t h e  Chugach 

i4ountai ns t o  63"00tN w i t h  eas te rn  and western boundar ies o f  1 ong i  tude  145"00t W 

and 147'20'W r e s p e c t i v e l y .  Th is  area i n c l u d e s  t h e  Tolsona group and Lower 

K lawasi .  Upper Klawasi  and Shrub mud volcanoes a re  j u s t  o u t s i d e  t h i s  

coverage. Addi t f  onal  aeromagnetic coverage t o  t h e  sou th  i n  t h e  Val dez 

quadrangle i s  a v a i l  ab le  as a USGS open f i l e  r e p o r t .  The USGS aeromagnetic map 

i s  p r i n t e d  over  a gene ra l i zed  geo log i c  map o f  t h e  Copper R i v e r  Bas in  

(Andreasen e t  a1 . , 1964) . 
There i s  a nega t i ve  44 gamma anomaly a t  Lower Klawasi  mud volcano, 

e longa ted  i n  t h e  d i r e c t i o n  o f  Shrub. A l though Shrub i s  o f f  t he  edge o f  t h e  

aeromagnetic coverage i t  almost c e r t a i n l y  i s  i n  an area of  steep magnet ic 

g r a d i e n t .  Upper K l  awasi on t he  o t h e r  hand i s  i n  an area o f  g e n t l e  g rad ien t .  

The USGS has done g r a v i t y  mapping i n  t he  Copper R i v e r  Basin. A 5 mgal 

con tou r  map based on a survey by D.F. Barnes and o the rs  i n  1958-60 has been 

pub l i shed  and d iscussed (Andreasen e t  a l . ,  1964).  A map w i t h  a d d i t i o n a l  

g r a v i t y  va lues has a l s o  been s u p p l i e d  t o  us (D.F. Barnes, personal 

c o m u n i c a t i o n ,  1981 . There are many gaps i n t h e  coverage. 8. Isherwood 

(persona l  communication, 1951) has made a f a i r l y  d e t a i l e d  g r a v i t y  survey (223 

s t a t i o n s )  o f  t he  1%. Drum area ex tend ing  o u t  t o  i n c l u d e  the  Klawasi mud 



Ffgure 4. Corrected Bouguer anomaly map from da ta  by 0.  ' i shewood (personal  
conmunication, 1981). The t h i n  l i n e s  a re  1 mgal contours,  th i ck  
1 fnes a re  resfdual  g rav i ty  a f t e r  removal of regional  g r a v i t y .  Dots 
show s t a t i o n s  (about  one per 12 square miles). Mud volcanoes, 
L o w e r  Klawasi L ,  Upper Klawasi ( U . K . )  and Shrub a re  shown. 
Note the 3-4 mgal negative anomaly a t  Lower Klawasi and the 2-3 
mgal negative anomaly near the  c e n t e r  of the L . K . ,  U.K.  and Shrub 
tri angl e .  



volcanoes. The da ta  have been made a v a i l  a b l e  t o  us i n  the  form of  computer 

p r i n t o u t s  and 2 mgal s imp le  Bouguer and t e r r a i n  c o r r e c t e d  Snuguer g r a v i t y  

anomaly maps. The s t a t i o n  d e n s i t y  i n  t he  v i c i n i t y  o f  t he  Klawasi rnud 

volcanoes i s  about one s t a t i o n  per  seven square m i l e s .  Isherwood's  c o r r e c t e d  

Bouguer anomaly va lues have been p l o t t e d  and contoured a t  1 tngal i n t e r v a l s  as 

shown i n  F i g u r e  4 f o r  t h e  v i c i n i t y  o f  t h e  Klawasi  group. There a re  

i n s u f f i c i e n t  s t a t i o n s  no r theas t  o f  Shrub t o  wa r ran t  con tour ing .  There i s  an 

obv ious r e g i o n a l  g r a d i e n t  due t o  Mt. Drum. The heavy con tou r  l i n e s  a re  t h e  

r e s i d u a l s  a f t e r  t he  reg iona l  g r a d i e n t  was removed g r a p h i c a l l y  . There appears 

t o  be a  nega t i ve  3-4 mgal anomaly assoc ia ted  w i t h  Lower I(l awasi (L .K.) and an 

i n t e r e s t i n g  nega t i ve  2-3 mgal anomaly cen te red  i n  t h e  t r i a n g l e  formed by Lower 

Klawasi ,  Shrub and Upper Klawasi .  More d e t a i l e d  g r a v i t y  surveys a t  one 

s t a t i o n  p e r  square m i l e  i n  the  area should make t he  r e l a t i o n s h i p  o f  these 

anomalies t o  t h e  mud volcanoes o r  a  geothermal system c l e a r e r .  

Andreasen e t  a1 . (1964) have d iscussed i n  d e t a i l  t h e i r  geo log ic  

i n t e r p r e t a t i o n  o f  t h e  magnet ic and g r a v i t y  da ta  i n  t h e  Copper R i ve r  Basin. 

The area i n c l u d i n g  the  Klawasi group has been c a l l e d  t h e  1%. Drum magnet ic 

anomaly p a t t e r n .  The p a t t e r n  c o n s i s t s  o f  a  f a n l i k e  group o f  magnet ic 

anomalies t h a t  p r o j e c t  from t h e  eas t  edge of t h e  surveyed area. They 

i n t e r p r e t  t h e  magnet ic p a t t e r n  " t o  be produced by a n d e s i t i c  l avas  from t h e  now 

e x t i n c t  and d i ssec ted  Mt. Drum vo l can i c  cone". They cons idered  t h e  anomalies 

w i t h i n  t h e  p a t t e r n  t o  be u n s u i t a b l e  f o r  q u a n t i t a t i v e  depth ana l ys i s ,  b u t  

suggested t h a t  steep magnet ic g rad ien t s  i n  t h e  c e n t e r  near t he  edge o f  the  

surveyed area near and n o r t h  o f  Shrub i n d i c a t e  t h a t  l avas  t h e r e  are a t  o r  near 

ground sur face .  They suggest a  depth t o  the  l a v a s  o f  perhaps 500 ft. near t h e  

r i m  o f  t h e  p a t t e r n ,  e.g. under Gulkana and Gakona. However, vo l can i c  f l ows  

were n o t  encountered i n  the  AMOCO Ahtna w e l l s  d iscussed p r e v i o u s l y .  



Andreasen e t  a l .  (1964) i n t e r p r e t  the g r a v i t y  anomalies on t h e  s imp le  

Bouguer anomaly map of Barnes e t  a l .  as sugges t ing  t h a t  s t r u c t u r e s  w i t h i n  t he  

b a s i n  p robab ly  extend under the  'r lrangell Mountains where they are b u r i e d  by 

Cenozoic lavas .  A l l  t he  g r a v i t y  g r a d i e n t s  assoc ia ted  w i t h  the  IY~. Drum 

p a t t e r n  a re  smal l  , sugges t ing  deep o r  g e n t l y  s l o p i n g  s t r u c t u r e s .  

Andreasen e t  a1 . (1964) neasured t h e  d e n s i t i e s  of  some Copper R i v e r  Basin 

rock u n i t s  as g i ven  i n  Table 4 below. 

Table 4 .  - D e n s i t i e s  o f  Copper R i v e r  Bas ic  rock  u n i t s ,  
i n  grams p e r  cub i c  cen t ime te r  

Number Densi t y  
Rock Group o f  spec i -  H i n i -  Max? - Average 

mens mum mum 

Carbon i fe rous  and o l d e r  ...................... 16 2.61 3.04 2.85 
Permian and T r i a s s i c  ......................... 2 2.93 2.98 '2.96 
J u r a s s i c  and o l d e r  v o l c a n i c  rocks ............ 35 2.29 2.83 2.64 
J u r a s s i c  and Cretaceous sedimentary rocks  .... 5 1  2.29 2.93 2.58 
I n t r u s i v e  rocks  .................... ;......... 15 2.38 2.76 2.61 
T e r t i a r y  sedimentary rocks  ................... 11 1.90 2.56 2.30 
Cenozoic v o l c a n i c  rocks  ...................... 2 2.66 2.69 '2.67 

Average based on o n l y  two specimens. 

D e n s i t i e s  f rom Amoco w e l l  l o g s  a re  a1 so a v a i l  ab le  f o r  g r a v i t y  

i n t e r p r e t a t i o n s  . 
Andreasen e t  a1 . (1964) a1 so r e p o r t e d  on a  few magnet ic p r o p e r t i e s  o f  

hand specimens: 

"Magnet ic p r o p e r t i e s  o f  hand specimens from t h e  Copper R i v e r  Basin were 
examined qua1 i t a t i v e l y  by p l a c i n g  them i n  t h e  f i e l d  o f  a  Schmidt v e r t i c a l  
magnetometer accord ing  t o  a  modi f i c a t i o n  o f  t h e  method o f  Hysl  op (1945).  
The induced magne t i za t i on  exceeded t h e  remanent magne t i za t i on  o f  a1 1  
excep t  a  few specimens o f  J u r a s s i c  and Carbon i fe rous  v o l c a n i c  rocks and o f  
M idd le  Murassic sandstone c o n t a i n i  ng 1  ocal  concen t ra t i ons  o f  magnati t e .  
S t rong  remanent magnetism i s  p resen t  i n  more p a r t s  o f  t he  Talkeetna 
Format ion than  i n  any o t h e r  rock i n  t he  surveyed area, and magnet ic 
suscep t i  b i  1 i t y  measurements f o r  t h i  s forrnat i  on a1 so showed a  w i  de range 
( f r o m  l e s s  than 0.0001 t o  more than 0.01 cgs u n i t ) .  However, h i g h  va lues 



and a  wide range o f  magnet ic s u s c e p t i b i l i t y  a re  a l so  found i n  many 
specimens o f  Pa leozo ic  v o l c a n i c  rocks,  i n t r u s i v e  rocks,  and T e r t i a r y  
v o l c a n i c  rocks.  Almost a1 1 specimens o f  J u r a s s i c  and Cretaceous mari  ne 
ana P e r t i  a r y  c o n t i  nen ta l  sedimentary rocks  have suscep t i  b i  1  i t i e s  be1 ow 
0.005 and va l  ues be1 ow 0.001 predomi nate.  " 

i b r e  samples measured q u a n t i t a t i v e l y  a re  needed t o  make model 

c a l  c u l  a t i  ons o f  the  magnet ic anomal i es . 
Well l o g s  o f  va r i ous  s o r t s  a re  a v a i l a b l e  f rom t h e  pet ro leum and gas 

e x p l o r a t i o n  w e l l s  which have been d r i l l e d  on p u b l i c  l a n d  i n  t h e  bas in ,  as 

d iscussed under " S t r a t i g r a p h y " .  The w e l l  l o g s  and d r i l l e r s  l o g  from Pan 

American Petro leum Corp. Moose Creek No.1 we1 1  See 29, T4N, R3W CR i ne r i d i  an 

a r e  most i n f o r m a t i v e .  From 5277 ft. t o  5517 ft. they  encountered a h i g h  

pressured zone which y i e l d e d  a r t e s i a n  s a l t  water  and methane gas. There were 

a l s o  i n d i c a t i o n s  o f  t a r  i n  the  sec t i on .  As d iscussed by Foresinan (1970) ,  t h i s  

overpressured zone i s  proposed as t h e  source o f  t h e  mud volcanoes. The t heo ry  

appears t o  be most app rop r i a te  f o r  t he  Tolsona group which l i e  about f o u r  

m i l e s  west o f  t h e  we1 1  . 
. The gases emanating f ro \n  t he  To1 sona group a re  r i c h  i n  methane (Rei tsema, 

1979).  He suggests t h e  Cretaceous Ne lch ina  Format ion as t h e  1 i k e l y  source o f  

t he  methane. Th is  i s  c o n s i s t e n t  w i t h  t he  overpressured zone p r o v i d i n g  the  

energy f o r  t he  e rup t i ons .  No source o f  hea t  i s  r e q u i r e d  t o  d r i v e  them. Th i s  

exp lana t i on  would a l s o  f i t  t he  N i cke l  Creek mud volcano and a  s p r i n g  7 . 5  km 

SSW o f  Lower Klawasi  mud volcano. 

The gas f rom To1 sona group o f  mud volcanoes i s  a1 so anomalously h i g h  i n  

hel ium, rang ing  f rom 612 t o  1,775 ppm. I f  t h e  source of t h e  methane i s  t h e  

overpressured zone i n  t he  Ne lch ina  Format ion, t h e  gas r e s e r v o i r  ,n ight  a l s o  

serve as a  t r a p  f o r  he1 i um as we1 1 . The l ogs i n d i c a t e  a  t h i c k  s e c t i o n  o f  

sha le  o v e r l y i n g  t h e  overpressured zone which m igh t  serve as an e f f e c t i v e  cap 



f o r  bo th  methane and helium. If so, t he  h igh  hel ium m igh t  no t  i n d i c a t e  a  

geothermal source f o r  the  water f l ow ing  from these cones. 

The Kl awasi group, however, are q u i t e  d i f f e r e n t .  The gases are about 

99.5% C02 w i t h  a  hel ium content  o f  97 t o  258 ppm. The hel ium content  i s  

anomalous w i t h  respect  t o  the  atmospheric value of 5.24 ppm b u t  the 

s i g n i  F icant  parameter o f  the  f l u x  o f  he1 iurn through the  s o i l  i s  unknown f o ~  

comparison w i t h  known geothermal areas. So i l  gas measurements as a  func t i on  

o f  d is tance from the  mud volcanoes w i l l  a1 low an assessment of the  importance 

of he1 i urn concent ra t ion  as an i n d i c a t o r  o f  geothermal resources. 



FIELD WORK PLAN 

F i e l d  work was begun on June 15,  l a 8 2  2nd con t inued  f o r  two ,ieei<s )wi tt, 

h e l i c o p t e r  suppor t .  We conducted ground measurements of g r a v i t y ,  t o t a l  

magnet ic f i e 1  d, se l  f - p o t e n t i  a1 p r o f i l e s  and he1 i urn s o i l  gas concen t ra t i ons .  A 

c o n t r a c t e d  aeromagnetic survey was a1 so f lown.  

8ased upon our  s tudy o f  t he  e x i s t i n g  da ta  we be1 i e v e  t h a t  the  western o r  

Tolsona group o f  mud volcanoes a re  p robab ly  d r i v e n  by an overpressured zone 

found near 5,500 ft. depth I n  Pan American Moose Creek #I w e l l .  The zone 

produced methane which i s  t h e  p r i n c i p a l  gas coming o u t  o f  t h e  Tolsona gorup. --- 
. -- 

The eas te rn  o r  Klawasi  group o f  mud volcanoes have d i f f e r e n t  water  and gas 

chemis t ry ,  and may be d r i v e n  by an overpressured zone o r  perhaps by a hea t  

source. Prev ious  g r a v i t y  and magnet ic da ta  suggest t h e  Klavcasi group a re  . 

under1 a i  n by v o l c a n i c  f l ows  and i n t r u s i v e s  i nterbedded w i t h  and o v e r l y i  ng 

sediments. S ince t h e  geothermometry o f  t h e  Klawasi group i s  s u b j e c t  t o  

d i  f f e r e n t  i n t e r p r e t a t f  ons, we conducted a w i  de r - rang i  ng he1 i urn survey t o  1 ook 

f o r  evidence o f  geothermal areas beyond t he  mud volcanoes w h i l ?  s t i l l  making 

d e t a i l e d  he1 ium s tud ies  around the  mud volcanoes, Lower l(l awasi i n  p a r t i c u l  ar.  

GRAV I TY 

Two se t s  o f  g r a v i t y  data are a v a i l  ab le  f rom the  USGS a t  t h i s  t ime. One 

s e t  covers t h e  eas te rn  p o r t i o n  of t h e  b a s i n  i n  d e t a i l  t o  2 mgal con tours  and 

i n c l u d e s  t h e  Lower and Upper K l  awasi and Shrub mud vo lcano areas a t  about one 

s t a t i o n  p e r  12 square m i l e s .  We have made ex tens i ve  g r a v i t y  measurements i n  

t h e  v i c i n i t y  o f  the  Klawasi rnud volcanoes a t  about 1-2 s t a t i o n s  per  square 

m i l e  t o  l ook  f o r  g r a v i t y  anomalies. The second da ta  s e t  covers t h e  whole 

bas in ,  w i t h  l e s s  complete coverage. We have f i l l e d  i n  many o f  the  gaps w i t h  



ou r  p resen t  survey. We have a l so  c o l l e c t e d  hand samples f o r  d e n s i t y  

measurements of  M t .  Drum vo l  can ics .  

MAGNET1 CS 

I n  1982, DGGS c o n t r a c t e d  f c r  an aeromagnetic survey of t h e  area 

sur round ing  t h e  Drum group o f  mud volcanoes and ove r l app ing  t he  p rev ious  

coverage. We have compl e t e d  a p r e l  i i n i  na ry  ana l ys i  s o f  t he  data.  

I n  a d d i t i o n ,  we made d e t a i l e d  ground magnetometer surveys o f  Lower 

K l  awasi mud volcano. We a1 so c o l l  ec ted  hand samples of r e p r e s e n t a t i v e  Copper 

R i v e r  Bas in  rock  types  f o r  magnet ic s u s c e p t i b i l i t y  measurements. 

SELF-POTENTIAL SURVEY 

Sel f - p o t e n t i  a1 anomal i es t h a t  appear t o  be re1  a ted  t o  geothermal a c t i v i t y  

have been r e p o r t e d  f rom a cons ide rab le  number o f  geothernal  areas. Corwin and 

Hoover (1979) have rev iewed case h i  s t o r i e s ,  t h e o r e t i c a l  and model s t ud ies  and 

conc lude t h a t  se l  f - p o t e n t i a l  anomalies o f  50 mV t o  over  2 '1 i n  ampl i tude may 

be generated by e l e c t r o k i n e t i c  and thermoel e c t r i c  coup1 i ng. We have run  1 ong 

s e l  f - p o t e n t i  a1 survey 1 i nes t o  1 ook f o r  1 ong p e r i o d  se l  f - p o t e n t i  a1 anomat i es 

assoc ia ted  w i t h  geothermal resources. Expected anomal i e s  due t o  strearni ng 

p o t e n t i a l s  generated by a mud volcano can, i n  theory ,  be modeled and 

d i  f f e r e n t i  a ted  f rom geothermal sources. Sel f - p o t e n t i  a1 surveys are no re  

1 i k e l y  t o  1 oca te  geothermal areas than t he  p r e v i o u s l y  proposed t r a n s i e n t  

e l  ect romagnet ic  technique research (Turner  e t  a1 . , 1982) . 

HELIUM SOIL GAS SURVEYS 

Hel ium i n  s o i l  gas has been shown t o  be an e f f e c t i v e  geothermal i n d i c a t o r  

i n  severa l  r eg ions  o f  A 1  aska. : i e l ium i s  a l s o  known t o  be p resen t  i n  t h e  gases 



emanating from the mud volcanoes. We have conducted He1 iuin soi  1 sample 

surveys i n  t he  v i c i q i t y  o f  the  mud volcances and a general recoi1naissanc2 

survey o f  t he  eas tern  bas in  area t o  search f o r  pa t te rns  o f  anomaliss r e l a t e d  

t o  geothermal resources. 
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CHAPTER 2 

A He1 ium Soi 1  Survey i n  t h e  Eas te rn  Copper R i v e r  Basin,  A1 aska 

b y  

Donald L. Turner  and Eugene M. Wescott 

C h a r a c t e r i s t i c s  and Sources o f  He1 ium 

Hel ium i s  t h e  second l i g h t e s t  known element w i t h  a  s p e c i f i c  g r a v i t y  

o f  0.1381 (hydrogen i s  0.0695 and a i r  i s  1). I t  has a  mo lecu la r  and 

atomic  we igh t  o f  4 and i s  an i n e r t ,  e lementa l  gas w i t h  no known chemical  

compounds. He l ium 's  low s o l u b i l i t y  i n  c o l d  water ,  monatomic mo lecu la r  

s t r u c t u r e ,  l ow  c r o s s - s e c t i o n  cap tu re  c o e f f i c i e n t ,  ex t r eme l y  l i g h t  we igh t ,  

chemical  i n e r t n e s s  and h i g h  d i f f u s i v i t y  g i v e  i t  a  un ique  advantage over  

o t h e r  geochemical t r a c e  elements i n  t h a t  h e l i u m  w i l l  always m i g r a t e  f rom 

i t s  source t o  t h e  su r f ace  of t h e  ea r t h .  

Hel ium i s  s t e a d i l y  generated b y  r a d i o a c t i v e  elements i n  r o c k s  and 

m i n e r a l s .  Th i s  occurs  when a l pha  p a r t i c l e s  ( r e l eased  b y  decay i n  t h e  

uranium and t h o r i u m  i s o t o p e  s e r i e s )  cap tu re  two e l e c t r o n s  t o  form atoms 

o f  i n e r t  he l ium.  Other sources o f  h e l i u m  on ea r t h ,  such as those  due t o  

p r i m o r d i a l  accumulat ions,  cosmic r a d i a t i o n ,  me teo r i t es ,  r a d i o a c t i v e  

t r i t i u m  decay, e t c . ,  do n o t  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 

p roduc t i on .  

Hel ium p r o d u c t i o n  d i f f e r s  c o n s i d e r a b l y  w i t h  r espec t  t o  r o c k  t y p e  due 

t o  v a r i a b l e  r a d i o a c t i v e  element con ten t .  Anomalous c o n c e n t r a t i o n s  o f  h e l i u m  

i n  s o i l  gases have been found over  r a d i o a c t i v e  o r e  bod ies  (Dyck, 1976).  

Th i s  source o f  su r f ace  he l i um  f l u x  n o n - u n i f o r m i t y  i s  u n l i k e l y  t o  be of 

impor tance i n  t h e  Copper R i v e r  Bas in .  Hel ium l o s s  t o  t h e  atmosphere i s  

o n l y  about f i v e  percen t  o f  i t s  r a t e  o f  p roduc t i on ,  i n d i c a t i n g  t h a t  

most o f  t h e  h e l i u m  produced i s  t rapped  w i t h i n  t h e  e a r t h  i n  v a r i o u s  ways. 

Hel ium movement th rough  t h e  g e o l o g i c  column i s  a  complex comb ina t ion  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 tud ies  have shown t h a t  t h e  

d i s t a n c e  h e l i u m  moves b y  d i f f u s i o n  i s  seve ra l  o rde rs  of magnitude sma l l e r  

than  t h e  d i s t a n c e  moved i n  equal  t i m e  b y  f l u i d  t r a n s p c r t .  

Most pe t ro leum r e s e r v o i r s  i n  t h e  Un i t ed  S ta tes  have s i g n i f i c a n t  

c o n c e n t r a t i o n s  o f  he l i um  - g r e a t e r  than  100 p a r t s  pe r  m i l l i o n  (Dyck, 

1976).  Hel ium tends t o  m i g r a t e  i n t o  t r a p s  t h a t  c o n t a i n  n a t u r a l  gas 

(methane).  Leakage o f  h e l i u m  f r om these  t r a p s  w i l l  t end  t o  produce non- 

u n i f o r m  d i s t r i b u t i o n ~  o f  h e l i u m  f l u x  a t  t h e  su r face .  For i ns tance ,  h e l i u m  

would t end  t o  l e a k  around t h e  edges o f  an impermeable cap rock  and fo rm 

anomalous c o n c e n t r a t i o n s  around t h e  cap ou t1  i ne. Permeable f a u l t s  i n  

p r o x i m i t y  t o  gas t r a p s  would a l s o  se rve  as escape r o u t e s  f o r  he l ium.  

These sources o f  he1 ium anomaly p a t t e r n s  a re  p o s s i b l e  i n  a  sed imenta ry  

b a s i n  such as t h e  Copper R i v e r  Bas in  and must be c a r e f u l l y  cons idered  

i n  i n t e r p r e t i n g  t h e  r e s u l t s  o f  ou r  h e l i u m  survey.  

Hel ium i s  v e r y  unusual i n  t h a t  i t s  s o l u b i l i t y  i n  water  i nc reases  

w i t h  tempera tu re  above 30°C ( F i g u r e  2-1 a f t e r  flazor, 1972). I n  a geothermal 

system, p r e s s u r i z e d  h o t  water  w i l l  t h e r e f o r e  be a  v e r y  e f f i c i e n t  scavenger 

o f  h e l i u m  produced b y  r a d i o a c t i v e  decay of uran ium and t h o r i u m  con ta i ned  

i n  t h e  r ocks  a t  depth.  Th i s  scavenged h e l i u m  w i l l  be r e l eased  as t h e  

heated water  r i s e s  towards t h e  su r face ,  c o o l s  and depressur i zes .  S ince 

h e l i u m  i s  h i g h l y  mob i l e  i t  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 system. F i g u r e  2-2 i s  a  

schematic diagram showing how a  geothermal r e s e r v o i r  ac t s  as a  l o c a l  

source o f  he1 ium. F i g u r e  2-3 i l l u s t r a t e s  t h a t  f a u l t s  p r o v i d e  an easy 

pa th  f o r  h e l i u m  as we1 1  as r i s i n g  h o t  water  (F i gu res  a f t e r  Pogorsk i  and 

Q u i r t ,  1981). 



Figure 2-1 .  Solubil i ty o f  noble gases i n  fresh water ( a f t e r  Mazor, 1 9 7 2 ) .  



H e l i w  Anomclly over a Geothermal kurce I 

Figure 2 - 2 .  A schematic di agram i l l u s l r a t i n g  t h a t  a geothermal rese rvo i r  a c t s  as  a local 
source of helium. In t h i s  diagram there  a r e  th ree  sources of helium: ( a )  helium from 
the  background f lux;  ( b )  helium from the  magma heat source; and ( c )  helium scavenged 
by  the  hot geothermal waters. From Pogorski and Q u i r t  (1980). 





The a b i l i t y  o f  h e l i u m  t o  m i g r a t e  away f r om i t s  u l t i m a t e  source o f  

r a d i o a c t i v e  r ocks  and t o  accompany geothermal systems p rov i des  a  conven ien t  

geochemical t r a c e r .  I n  f a c t  i t  appears t h a t  h e l i u m  migh t  even be cons idered  

a  d i r e c t  t r a c e  element 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  o f  

he1 i um are  observed a t  most geothermal s i t e s  (Appendices A and 8 ) .  

E x p l o r a t i o n  Techniques 

Hel ium surveys have been developed and p e r f e c t e d  as a  t i m e  and c o s 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  o f  h e l i u m  t o  

m i g r a t e  l o n g  d i s t a n c e s  th rough  t h e  e n t i r e  geo log i c  column c r e a t e s  l a r g e -  

ha lo ,  he1 ium anomal ies which can be d e f i n e d  b y  water,  s o i l  and s o i l - g a s  

sampl ing.  

I n  a d d i t i o n  t o  he l ium,  many o t h e r  techn iques  a re  used f o r  o u t l i n i n g  

geothermal r esou rce  areas. The most common and d i r e c t  approach has been 

w i t h  t h e  use o f  su r f ace  hea t  f l o w  mapping ( n o t  t o o  r e l i a b l e  f o r  deep 

r e s e r v o i  r s )  and boreho l  e  tempera tu re  p r o b i n g  (expens ive )  . These tempera tu re  

methods are n o t  g e n e r a l l y  used i n  an i n i t i a l  e x p l o r a t i o n  phase, b u t  r a t h e r  

as f o l l ow -ups  t o  d i s c o v e r i e s  o f  h o t  sp r i ngs ,  v o l c a n i c  areas and subsur face 

( d r i l l  h o l e )  tempera tu re  anomalies. Other techn iques  have evo lved  i n  t he  

p a s t  severa l  years  t o  augment tempera tu re  g r a d i e n t  surveys i n  o rde r  t o  

p r e c i s e l y  d e f i n e  t h e  u l t i m a t e  hea t  source o r  f r a c t u r e  system. These 

i n c l u d e  t h e  usual  l i t e r a t u r e  search, photogeology and imagery, as w e l l  as 

i s o t o p e  r a t i o i n g ,  chemical  thermometry, sur face/subsur face a l t e r a t i o n  

s t ud ies ,  microear thquake m o n i t o r i n g ,  e l e c t r i c a l  su rvey ing  (e.g., r e s i s t i v i t y  

and s e l f  - po ten t  i a1 ) and v a r i o u s  o t h e r  geophys ica l  and geochemical methods. 

However, when t h e  hea t  source i s  deep l y  bu r i ed ,  as perhaps i n  t h e  

case of broad sedimentary  bas ins  w i t h  i n s u l a t i n g  r o c k  l a y e r s ,  then many 

o f  these  e x p l o r a t i o n  methods can be c o s t l y  and p r o h i b i t i v e l y  t i m e  consuming. 



Hel ium surveys p r o v i d e  a r a p i d  sampl ing techn ique  t h a t  can be used w i t h  

minimum e f f o r t  and a t  a  ve r y  low c o s t .  Samples can be c o l l e c t e d  as 

water ,  s o i l  o r  s o i l  gas and t hen  analyzed f o r  h e l i u m  c o n c e n t r a t i o n s  t o  

b e t t e r  t han  10 p a r t s  per  b i l l i o n  i n  t h e  gaseous sample b y  mass spec t romet ry .  

I t  i s  t h i s  p r e c i s e  a n a l y t i c  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 p e r m i t t e d  

h e l i u m  t o  be u t i l i z e d  as 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  h e l i u m ' s  a b i l i t y  t o  escape from t h e  geothermal system a t  

depth, anomal ies w i l l  be no ted  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 .  Th i s  may be t h e  o n l y  i d e n t i f i a b l e  t r a c e 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  sea led  t h e  r e s e r v o i r  and prevented 

h e a v i e r  elements f r om  reach ing  t h e  sur face.  S i m i l a r l y ,  a l though  t h e r e  

may be an a c t i v e  r e s e r v o i r  a t  depth,  near  su r f ace  tempera tu re  anomalies 

may be s l i g h t  o r  even non -ex i s t en t .  

I n  t h e  event  t h a t  tempera tu re  anomalies a re  p o s i t i v e ,  t h e y  w i l l  

u s u a l l y  c o i n c i d e  w i t h  h e l i u m  anomalies, a l though  t h e r e  may be some o f f s e t  

e.g. Appendix A, F i gu re  1. Th is  i s  a  v e r y  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 w i t h  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  c o n f i r m a t i o n .  

Regional  h e l i u m  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  o f  one t o  

f i v e  samples per  square m i  l e .  De ta i  l e d  e x p l o r a t i o n  i s  usual  l y  conducted 

w i t h  a  0 .1  m i l e  g r i d  spacing, which can be f o l l o w e d  up w i t h  sample spac ing  

o f  50 t o  100 f e e t  i n  t h e  most anomalous zones. I f  an e l onga te  r e s e r v o i r  

i s  expected (such as a  r i f t  o r  p a r a l l e l  f a u l t l f r a c t u r e  zone) t h e  g r i d  

can be m o d i f i e d  acco rd i ng l y .  

Sarnpl i n g  Methods 

F igu re  2-4 ( a f t e r  Pogorsh i  and Q u i r t ,  1981) i l l u s t r a t e s  how he l i um  occurs  

i n  s o i l ,  and i n d i c a t e s  how i t  would be sampled. We sample t h e  s o i l  f o r  



Helium in crystal lattice of soil grain 

Helium in macro or intercrumb pore 

(Sampled with 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 1 

Helium dissolved in water 

(Sampled by taking soil or 
water sample ) 

F i g u r e  2-4. A schematic d i a g r a m  showing how he l i um  occurs  i n  s o i l .  
From Pogorsk i  and Q u i r t  (1980). 



h e l i u m  i n  two ways: when t h e  s o i l  i s  d r y  and permeable, we d r i v e  a  

probe 3 f e e t  i n t o  t h e  ground and draw o f f  a  s o i l  gas sample which i s  

t h e n  i n s e r t e d  i n t o  a  sma l l  evacuated s t e e l  ampule w i t h  a  s y r i n g e  and 

sea led  f o r  l a t e r  a n a l y s i s .  Th i s  method does n o t  work w e l l  i n  wet s o i l  

o r  where t h e  s o i l  i s  r o c k y  o r  f r ozen .  I n  such c o n d i t i o n s  we use a  s o i l  

auger t o  d r i l l  a  h o l e  as c l o s e  t o  3 f t .  depth as p o s s i b l e .  The s o i l  

co re  f r om  t h e  bot tom o f  t h e  h o l e  i s  then  q u i c k l y  p laced  i n  a  s t e e l  can 

and sea led  w i t h  a  p o r t a b l e  canner.  Water i n  1  akes and ponds below t h e  

t h e r m o c l i n e  can a l s o  be sampled f o r  h e l i u m  b y  c o l l e c t i n g  t h e  wate r  i n  a  

s p e c i a l  b o t t l e  w i t h  a  known f r a c t i o n  o f  a i r ,  shak ing  t h e  sea led  b o t t l e  

t o  exso lve  t h e  he l ium,  and d raw ing  o f f  a  gas sample w i t h  a  s y r i n g e .  The 

gas i n  t h e  s y r i n g e  i s  t hen  i n s e r t e d  i n t o  t h e  same evacuated ampules used 

f o r  s o i  1  gas, as desc r i bed  above. Normal atmospher ic He c o n c e n t r a t i o n  

i s  5.24 ppm, and any s i g n i f i c a n t  s o i l  c o n c e n t r a t i o n  above t h i s  r ep resen t s  

an anomaly. 

Hexco I n t e r n a t i o n a l  , o f  Morr ison,  Colorado, per forms t h e  mass 

spec t rome t r i c  h e l i u m  analyses t o  a  p r e c i s i o n  o f  10 p a r t s  pe r  b i l l i o n .  

Hexco has p rov i ded  us w i t h  v e r y  r a p i d  a n a l y s i s  o f  samples ma i l ed  frorn 

t h e  f i e l d  s i t e ,  w i t h  r e s u l t s  o f t e n  made a v a i l a b l e  w i t h i n  one week of 

ac tua l  sample c o l l e c t i o n .  Th i s  has a l lowed us t o  p l a n  t h e  second h a l f  

o f  our  f i e l d  sampl ing program based on t h e  r e s u l t s  f r om  t h e  f i r s t  h a l f ,  

and has r e s u l t e d  i n  t h e  c o n f i r m a t i o n  and ex tens ion  of  seve ra l  anomaly 

areas which m igh t  have o the rw i se  remained specul  a t i v e .  

We at tempted t o  t a k e  h e l i u m  samples on a  one m i l e  g r i d  spac ing,  b u t  

1  ack o f  he1 i c o p t e r  1  anding areas p reven ted  sampl i n g  i n  many l o c a t i o n s .  

C loser  spaced sampl ing was done i n  areas o f  s p e c i a l  i n t e r e s t ,  e.g. ,  cnud 

volcanoes and areas where ou r  i n i t i  a1 sampl i n g  produced p o s i t i v e  r e s u l t s .  



Resu l t s  

A t o t a l  o f  144 samples were taken .  O f  t hese  113 were s o i l ,  28 were 

s o i  1  gas and 3 were wate r .  Sample l o c a t i o n s  a re  shown on P l a t e  1. 

He l ium va lues  f o r  each sample a re  g i v e n  i n  Table  1. 

Permafrost  was encountered i n  a  1  arge p r o p o r t i o n  o f  t h e  sampl ing 

s i t e s  and t h e  s o i l  auger cou ld  g e n e r a l l y  n o t  be d r i v e n  t o  t h e  d e s i r e d  

3 ft. depth.  Because of t h i s  problem, f r o z e n  s o i l  co res  were g e n e r a l l y  

taken  f r om o n l y  1 t o  2 f t .  depths.  However, t h e  many anomalously 

h i g h  h e l i u m  r e s u l t s  f r om  h o l e s  r a n g i n g  i n  dep th  f r om  0.5 t o  1.5 ft. 

(Tab le  1 )  i n d i c a t e  t h a t  sha l l ow  s o i l  co res  i n  permaf ros t  y i e l d  accep tab le  

samples f o r  h e l i u m  a n a l y s i s .  Rober ts  (1981) a l s o  r e p o r t e d  on h e l i u m  surveys 

i n  permaf ros t  areas o f  A l aska ' s  n o r t h  s lope,  and found good r e s u l t s  sampl ing 

t h e  permaf ros t .  

The number o f  he1 i um anomal ies i s  s u r p r i s i n g l y  h igh ,  w i t h  25% o f  t h e  

samples hav ing  5.4 ppm. P l a t e  1  shows seve ra l  areas of anomalously 

h i g h  h e l i u m  i n  t h e  s o i l .  There a re  d e f i n i t e ,  i n t e r v e n i n g  areas o f  normal 

h e l i u m  s o i l  gas va lues  (open c i r c l e s )  i n d i c a t i n g  a  non-un i form source of 

t h e  he l ium.  

A number o f  h e l i u m  c o n c e n t r a t i o n  va lues  below t h e  atmospher ic con- 

c e n t r a t i o n  o f  5.24 ppm (Tab le  1 )  a re  b e l i e v e d  t o  r e s u l t  f r om  a  f l ow  of 

o t h e r  gases such as methane and C02 d i l u t i n g  t h e  h e l i u m  gas f r a c t i o n .  

I n  drawing t h e  h e l i u m  anomaly p a t t e r n s  o f  P l a t e  1, we have cons idered  

a l l  va lues l e s s  t han  5.24 t o  be equal  t o  5.24. I n  f a c t ,  some may a c t u a l l y  

be g r e a t e r  than  5.24 b u t  we cannot de te rmine  t h e  anomalous presence o f  

o t h e r  gases w i t h  our  p resen t  sampl i ng techn iques  . 
We have c a r e f u l l y  cons idered  t h e  source o f  t h e  h e l i u m  anomalies i n  t h e  

p r ima ry  survey area ( P l a t e  1  ) .  As p r e v i o u s l y  mentioned, he1 ium tends t o  



be t rapped  i n  t h e  same areas as n a t u r a l  gas, and i t s  d i f f u s i o n  f rom depth 

produces non-un i form c o n c e n t r a t i o n s  on t h e  su r f ace .  Gases f r om t h e  

Tolsona group o f  mud volcanoes c o n t a i n  h i g h  c o n c e n t r a t i o n s  of methane and 

he l ium.  Hel ium s o i l  samples near  t h e  Tolsona mud vo lcanoes were a l s o  

anomalously h i g h  (up t o  9.15 ppm, Table  1 ) .  Th i s  ev idence s t r o n g l y  

suggests t h a t  t h e  To lsona group o f  mud volcanoes a re  caused b y  upward 

m i g r a t i o n  of mud, gas and water  f r om  a deep overp ressured  1 ayer as d iscussed 

b y  Turner  e t  a1 . , Chapter 1  . 
- However, t h e  K lawasi  group o f  mud volcanoes produce gas which i s  

almost pure  C02, w i t h  low c o n c e n t r a t i o n s  o f  h e l i u m  and methane. Hel ium 

i s  g e n e r a l l y  a t  background l e v e l s  near these  mud vo lcanoes.  Th i s  

argues a g a i n s t  t h e  observed anomaly p a t t e r n s  i n  our  p r i m a r y  h e l i u m  survey  

area ( P l a t e  1 )  a r i s i n g  f rom non-un i form leakage o f  h e l i u m  f r o m  n a t u r a l  

gas t r a p s .  A more l i k e l y  i n t e r p r e t a t i o n  i s  t h a t  u p w e l l i n g  h o t  water  r i s i n g  

i n  convec t i on  plumes o r  a long  f a u l t s  i s  c a r r y i n g  t h e  he l ium.  

The seve ra l  areas o f  anomalously h i g h  he1 ium are  c o n s i s t e n t  w i t h  t h e  

hypo thes i s  t h a t  these  areas may be u n d e r l a i n  b y  h o t  water  r e s e r v o i r s .  

A l though he l i um  anomal ies do no t  i n  themselves c o n s t i t u t e  p r o o f  t h a t  h o t  

water i s  p resen t ,  t h e  f a c t  t h a t  two o f  t h e  major  anomaly areas ( 3  and 5)  

are  c o i n c i d e n t  w i t h  o t h e r  geophys ica l  anomalies s t r o n g l y  suggests a  

r e l a t i o n s h i p  t o  geothermal sources. Th i s  w i l l  be d iscussed  more f u l l y  

i n  t h e  summary and recommendations chap te r .  The l a r g e s t  areas o f  anomalous 

h e l i u m  (Anomal ies 3 and 5, P l a t e  1 )  a re  on t h e  west f l a n k  o f  M t .  Drum, 

about s i x  m i  l e s  eas t  o f  t h e  Copper R i v e r .  One o r  bo th  o f  these  may 

rep resen t  meaningfu l  d r i l l i n g  t a r g e t s .  

Perhaps more i n t e r e s t i n g  i n  terms o f  t h e i r  p o t e n t i a l  f o r  near - te rm 

u t i  1  i z a t i o n ,  however, a re  t h e  anomal i e s  a long t h e  Richardson Highway, 
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F i g u r e  2-5. He1 ium s o i l  g a s  samples  a long  t h e  Glenn Highway. Large 
bl  ack d o t  = 9.15 ppm. Open c i  r c l  e s  a r e  normal background 
v a l u e s .  Samples 20 - 22 G t a k e n  i n  town o f  Glenal  len.  



f rom 4 t o  10 m i l e s  n o r t h  o f  Copper Center.  These areas w i l l  be f a r  

cheaper t o  e x p l o r e  and develop because c f  t h e i r  d i s t r i b u t i o n  a long a  

major  a l l -wea the r  highway w i t h  an e x i s t i n g  p o p u l a t i o n  vs. t h e  much h i g h e r  

c o s t  of e x p l o r a t i o n  and development o f  resources  l o c a t e d  seve ra l  m i  l e s  

on t h e  o t h e r  s i d e  o f  t h e  Copper R i v e r .  One o f  these  areas (Anomaly 1, 

P l a t e  1 )  has t h r e e  s o i l  samples w i t h  h e l i u m  va lues  above background and 

c o n t a i n s  t h e  h i g h e s t  h e l i u m  v a l u e  i n  t h e  e n t i r e  area o f  t h e  f i g u r e  (6.15 

ppm). The f a i r l y  e x t e n s i v e  number o f  normal background va lue  s o i l  samples 

su r round ing  t h i s  anomaly area i n d i c a t e  t h a t  i t  does n o t  extend s i g n i f i c a n t l y  

n o r t h  o r  south,  b u t  i t  c o u l d  p o s s i b l y  extend f u r t h e r  t o  t h e  eas t  and 

west.  The o t h e r  two anomaly areas a long  t h e  highway c o n s i s t  o f  s i n g l e  

samples on l y ,  b u t  a re  a l s o  encourag ing s i t e s  f o r  f u t u r e  s tudy .  

Reconnaissance h e l i u m  su rvey ing  was con t i nued  a long t h e  highway t o  

. about 3 m i l e s  n o r t h  o f  t h e  Gulkana a i r p o r t ,  bu t  no a d d i t i o n a l  p o s i t i v e  

anomalies were found. We a l s o  t ook  t h r e e  s o i  1 gas samples a t  Glenal  l e n  

and one near G lena l l en  Lodge ( F i g u r e  2 - 5 )  w i t h  n e g a t i v e  r e s u l t s .  A 

s i g n i f i c a n t  he1 ium s o i  1  gas anomaly was found a t  t h e  To lsona l  No. 2 mud 

vo lcano ( F i g u r e  2 - 5 ) ,  c o n s i s t e n t  w i t h  t h e  h i g h  he l i um  f l u x  r e p o r t e d  by  

p rev i ous  workers and d iscussed b y  Turner  e t  a l .  i n  Chapter 1 .  

Three h y p o t h e t i c a l  1  i n e a r  d i s t r i b u t i o n s  of he1 ium anomaly areas, 

l a b e l l e d  L i n .  1, 2 and 3, are  shown on P l a t e  1.  These h y p o t h e t i c a l  

l i n e a r s  may be s i g n i f i c a n t  i n  t h a t  t h e y  appear t o  connect n e a r l y  a l l  o f  

t h e  h e l i u m  anomalies i n  t h e  area, as we1 1  as t h e  mud volcanoes and a  

m ine ra l  s p r i n g .  One reasonab le  work ing  hypo thes i s  i s  t h a t  one o r  more 

o f  these l i n e a r s  may rep resen t  subsur face f a u l t s  which se rve  as condu i t s  

f o r  u p w e l l i n g  warm wate r  and mud a long  p o r t i o n s  o f  t h e i r  l e n g t h s .  The 

apparent d i s t r i b u t i o n  o f  anomalous f e a t u r e s  a long these  l i n e a r s  cou ld  



a l s o  be c o i n c i d e n t a l ,  b u t  t h e  1  i n e a r  d i s t r i b u t i o n  appears adequate t o  

suppor t  t h e  above hypo thes i s  t o  be t e s t e d  by f u t u r e  work. The proposed 

l i n e a r s  do n o t  have any known su r f ace  express ions .  They are, however, 

p a r a l l e l  t o  t h e  l o n g  g r a v i t y  t r ough  t h a t  extends n o r t h e a s t  across 

t h e  area (see g r a v i t y  chap te r ) .  I f  f a u l t - c o n t r o l  l e d  c o n d u i t s  a re  l a t e r  

shown t o  be p resen t ,  t h e y  would r ep resen t  impo r tan t  d r i l l i n g  t a r g e t s  t o  

e x p l o r e  f o r  deeper and h o t t e r  water  t han  i s  l i k e l y  t o  be p resen t  i n  

near -su r face  r e s e r v o i r s .  T h i s  w i l l  be d iscussed  more f u l l y  i n  t h e  summary 

and recommendations chap te r .  



T a b l e  1. He l i um D a t a  f r o m  S o i l ,  S o i l  Gas and Water Samples 

He SAMPLE DEPTH 
SAMPLE NO. (PPM) SAMPLE TYPE ( f t . )  

CP-7G 

CP-8G 

CP-9G 

CP-1 OG 

CP-11G 

CP-12G 

CP-13G 

CP- 14G 

CP-15G 

CP-16G 

CP-17G 

CP-18G 

s o i  1 -gas 

s o i  1 -gas 

s o i  1 -gas 

s o i  1 

s o i  1 -gas 

s o i  1 

s o i  1 -gas 

s o i  1 -gas 

s o i  1 -gas 

s o i  1 -gas 

s o i  1 -gas 

s o i  1 -gas 

s o i  1 -gas 

s o i  1 -gas 

s o i  1 -gas 

s o i  1 -gas 

s o i  1 -gas 

s o i  1 -gas 

s o i  1 -gas 

s o i  1 -gas 

s o i  1 -gas 

s o i  1 -gas 

s o i  1 -gas 

s o i  1 -gas 

SOIL TYPE 



H e  
SAMPLE NO. (PPM)  

SAMPLE DEPTH 
SAMPLE TYPE ( f t . )  

soi 1 -gas - 
soi  1 -gas 

soi 1 -gas 

so i  1 -gas 

soi 1 -gas 

so i  1 -gas 

soi 1 -gas 

soi  1 

soi 1 

soi  1 

soi 1 

soi  1 

soi 1 

soi  1 

soi 1 

soi  1 

soi 1 

soi  1 

water - 
soi  1 - 

soi 1 -gas - 
soi  1 - 
soi I - 
soi 1 - 
soi 1 - 
soi  1 - 

S O I L  TYPE 

c l  ay 

c l  ay 

mostly frozen 

sandy s i l t  

dry,  f r i a b l e  

sandy soi  1 

pebbly sand 

sand and r o o t l e t s  

f r i a b l e  sand 

s i l t y  c l a y  

s i l t y  c l a y  

- 

s i  1 t y  c l  ay 

s i l t y  c l ay  

s i  1 t y  c l  ay 

s i l t y  c l a y  

s i l t y  c l a y  

s i l t y  c l a y  

s i l t y  c l a y  



SAMPLE NO. 

CT-18s 

CT- 20s  

CT-26s 

CT- 28AS 

CT- 30s 

CT-34s 

CT- 35 S 

CT-36s 

He SAMPLE DEPTH 
(PPM) SAMPLE TYPE ( f t  .) 

s o i  i 

s o i  1 

s o i  1  

s o i  1 

s o i  1 

s o i  1  

s o i  1  

s o i  1 

s o i  1  

s o i  1 

s o i  1  

s o i  1  

s o i  1  

s o i  1 

s o i  1 

s o i  1 

s o i  1 

s o i  1  

s o i  1 

s o i  1 

s o i  1 

s o i  1  

s o i  1 

s o i  1 

s o i  1 

s o i  1  

SOIL TYPE 

p e r m a f r o s t  

p e r m a f r o s t  

sandy s o i  1  

p e r m a f r o s t  

p e b b l y  and sandy p e r m a f r o s t  

p e r m a f r o s t  

p e r m a f r o s t  

p e r m a f r o s t  

c l  ay 

- 

p e b b l y  and sandy 

p e r m a f r o s t  

- 

p e r m a f r o s t  

p e r m a f r o s t  

s i l t  

c 1  ay 

f r o z e n  p e a t  

p e r m a f r o s t  

f r o z e n  c l  ay w i t h  s i  1  t 

f r o z e n  c l a y  w i t h  s i l t  

f r o z e n  p e a t  

s i l t y  p e r m a f r o s t  

f r o z e n  s i l t y  p e a t  



SAMPLE NO. 

CT- 57 S  

CT-59s 

CT-60s 

CT-61 S  

CT-62s 

CT-64s 

CT-65s 

CT-66s 

CT-68s 

CT-69s 

CT- 70s 

CT-71 S 

CT-72s 

CT-74s 

CT-75s 

CT-76s 

SAMPLE DEPTH 
SAMPLE TYPE ( f t . 1  

s o i  1 1 .O 

s o i  1 1.25 

s o i  1 1 .O 

s o i  1  2 .O 

s o i  1  1 .O 

s o i  1  1 .O 

s o i  1 1.5 

s o i  1 2 .O 

s o i  1 2 .O 

s o i  1  2  .O 

s o i  1  

s o i  1  

s o i  1  

s o i  1 

s o i  1 

s o i  1  

s o i  1 

s o i  1  

s o i  1  

s o i  1  

s o i  1 

s o i  1 

s o i  1  

s o i  1  

s o i  1  

s o i  1  

SOIL TYPE 

o r g a n i  c - r i  ch  s i  1  t 

f r o z e n  o r g a n i c - r i c h  s i  I t  

f r o z e n  p e a t  

sand w i t h  20% c l a y  and s i l t  

s i l t y  p e r m a f r o s t  

f r o z e n  p e a t  

sandy s i l t  

v e r y  sandy 

s l i g h t l y  f r o z e n  s i l t  

s l i g h t l y  f r o z e n  s i l t  w i t h  pebb les  

sandy s i l t  

f r o z e n  o r g a n i c  s i l t  

f r o z e n  o r g a n i c  s i l t  

f r o z e n  p e a t  

s i l t y  c l a y  

c l a y e y  s i l t  

s i  1  t 

s i l t y  sand w i t h  c l a y  

f r o z e n  o r g a n i c  mud 

p a r t l y  f r o z e n  c l a y e y  s i l t  

d r y  c l a y e y  s i l t  

f r o z e n  o r g a n i c - r i  ch  s i  1  t 

f r o z e n  c l a y e y  s i l t  

s i l t y ,  sandy s o i l  

f r o z e n  o r g a n i c  muck 

f r o z e n  o r g a n i c - r i c h  s i  1 t 



SAMPLE NO. 

CT-78s 

CT- 79 S 

CT-80s 

CT-81 S 

CT-82s 

CT-83s 

CT-84s 

CT-86s 

CT-87s 

CT-885 

CT-89s 

CT-90s 

CT-91 S 

CT-92s 

CT-93s 

CT-94s 

CT-95s 

CT-96s 

CT-97s 

CT-98s 

CT-99s 

CT-1 00s 

CT-101 S  

CT- 102s 

CT-103s 

CT- 104s 

SAMPLE DEPTH 
SAMPLE TYPE ( f t . )  

s o i  1  2.75 

s o i  1  2.25 

s o i  1  2 .O 

s o i  1  1.5 

s o i  1 1.5 

s o i  1  2.5 

s o i  1  1.0 

s o i  1 1 .O 

s o i  1  0.84 

s o i  1  1.5 

s o i  1  

s o i  1 

s o i  1  

s o i  1  

s o i  1 

s o i  1  

s o i  1  

s o i  1 

s o i  1  

s o i  1  

s o i  1  

s o i  1  

s o i  1  

s o i  1  

s o i  ; 

s o i  1  

SOIL TYPE 

sandy, c l a y e y  s i l t  

f r o z e n  c l a y e y  s i l t  

c l a y e y  s i l t  

f r o z e n  o r g a n i c - r i c h  s i l t  

sandy s o i l  

wet  s i l t y  sand 

f r o z e n  s i l t y  p e a t  

f r o z e n  o r g a n i c - r i c h  s i  1 t 

f r o z e n  o r g a n i c - r i c h  s i l t  

b a r e l y  f r o z e n  s i  1  t 

f r o z e n  s i l t y  c l a y  

c l  ay 

f r o z e n  s i l t  

f r o z e n  s i l t  

d r y  sandy s i l t  

c l a y e y  s i l t  

wet s i l t y  sand 

wet sand w i t h  m i n o r  s i l t  

f r o z e n  sandy o r g a n i c  s o i  1  

wet c l a y e y  s i l t  

wet sandy s i l t  

sand and s i l t  

c l a y e y  s i l t  

c l  ay 

f r o z e n  s i l t  

c l a y e y  s i l t  



SAMPLE NO. 

CT-1 0 5 s  

CT- 106s 

CT-107s 

CT-1 1OW 

CW-1 S 

CW-2W 

CW-13s 

CW- 15s 

CW-17s 

CW-7 9 s  

CW-21 S 

CW-23s 

CW-25s 

CW-27s 

CW-29s 

CW-31 S 

He 
( PPM) 

5.26 

5.24 

5.37 

3.24 

5.28 

3 .OO 

5 .21 

5.23 

5.45 

5.28 

5.15 

5.15 

4 .61 

5.28 

5.20 

5.27 

SAMPLE DEPTH 
SAMPLE TYPE ( f t  . )  

s o i  1 1 .O 

s o i  1 2.5 

s o i  1 1.25 

w a t e r  - 
s o i  1 - 
w a t e r  - 
s o i  l 3 .O 

s o i  1 1 .O 

s o i  1 1.0 

s o i  1 1 .O 

s o i  1 0.5 

s o i  1 - 
s o i  1 - 
s o i  1 2 .O 

s o i  1 3.0 

s o i  1 - 

SOIL TYPE 

f r o z e n  s i l t y  p e a t  

sandy s i l t  

f r o z e n  o r g a n i c  s i l t  

- 

c l  ay 

p e r m a f r o s t  

p e r m a f r o s t  

f r o z e n  s i l t  

f r o z e n  c l a y e y  s i l t  

c l  ay 

p a r t i  a1 l y  f r o z e n  s i  1 t 

s i l t  

s i l t  

s i l t y  s o i l  
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CHAPTER 3 

Mercury  Soi 1 Sampl ing i n  t h e  Eas te rn  Copper R i v e r  Basin,  A laska 

by 

Eugene M. Wescott 

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

Mercury  con ten t  i n  s o i l s  has been r e p o r t e d  as a  p o s s i b l e  geothermal 

resource  i n d i c a t o r  b y  M a t l i c k  and Buseck (1975) .  They con f i rmed a  s t r o n g  

a s s o c i a t i o n  o f  mercury  (Hg) w i t h  geothermal a c t i v i t y  i n  t h r e e  o f  f o u r  

areas t e s t e d  (Long Val 1 ey, Cal i f o r n i  a; Summer Lake and K l  amath Fa1 1  s, 

Oregon).  Mercury deposi  t s  of t e n  occur  i n  r e g i  ons c o n t a i  n i  ng e v i  dence o f  

hydrothermal  a c t i  v i  ty, such as h o t  s p r i n g s  (White,  1967).  

Mercury i s  h i g h l y  v o l a t i l e .  I t s  h i g h  vapor p ressu re  makes i t  

ex t reme ly  mobi le ,  and t h e  e l e v a t e d  temperatures near  a  geothermal r e s e r v o i r  

t end  t o  i n c r e a s e  t h i s  m o b i l i t y .  The Hg m ig ra tes  upward and outward away 

f r om t h e  geothermal r e s e r v o i r ,  c r e a t i n g  an au reo le  o f  en r i ched  Hg i n  

t h e  so i  1  above a  geothermal r e s e r v o i r .  Such aureo les  a re  t y p i c a l l y  much 

1  a rge r  i n  a rea  than  a  co r respond ing  he1 i um anomaly. 

Resu l t s  

I t  was ou r  o r i g i n a l  i n t e n t i o n  t o  t e s t  a l l  t h e  he l i um  survey  so i  1  

samples sen t  t o  Hexco I n t e r n a t i o n a l  f o r  mercury con ten t .  However, n e a r l y  

a l l  o f  these  samples were l o s t  i n  t h e  m a i l  on t h e  r e t u r n  t o  A laska.  

Only  n i n e  samples taken  a f t e r  t h e  main f i e l d  season i n  t h e  area o f  he l i um  

anomaly fl ( P l a t e  1)  west o f  t h e  Copper R i v e r  were r e tu rned .  We t e s t e d  

those  samples, as w e l l  as a  sample o f  lower  Klawasi  mud, f o r  Hg con ten t  

as shown i n  Tab le  1.  A Jerome I ns t r umen ts  g o l d  f o i l  mercury d e t e c t o r  

was used t o  ana lyze  t h e  s o i  1 samples. 

There i s  no s tandard  background l e v e l  f o r  mercury  i n  s o i l s .  Th i s  

must be e s t a b l i s h e d  f o r  an area independent l y .  The average of t h e  t e n  



samples was 31.2 p a r t s  p e r  b i l l i o n  (ppb) .  Three samples were w e l l  above 

average, t h r e e  were near  average, and t h r e e  were w e l l  below average. 

F i g u r e  3-1 shows t h e  a rea  of he l i um  anomaly #1 w i t h  t h e  sample l o c a t i o n s  

and symbols showing t h e  r e l a t i v e  Hg va lues.  

The t h r e e  above-average samples a re  l o c a t e d  i n  l i n e  w i t h  and west o f  

t h e  h e l i u m  anomaly. The sample o f  l ower  Klawasi  mud was about average 

a t  30.8 ppb. I t  appears f r om  ou r  sma l l  number o f  samples t h a t  t h e r e  may 

be  s i  gn i  f i can t  mercury  v a r i  a t i  ons, b u t  t h e  background 1 eve1 may be a c t u a l  1y  

lower  o r  h i g h e r  than  t h e  average of 33.9 ppb. These samples a r e  t o o  few 

i n  number t o  a1 low f i r m  conc lus i ons  t o  be drawn. 



T a b l e  1 

Mercury Values 

Sample # 

CS 1s 

CS 2s 

CS 3s 

CS 4s 

CS 5s 

CS 6s  

CS 7s 

CS 8s 

CS 9s 

L .  Klawasi 

Hg ( P P ~ )  

67 .O 

37 .O 

42.0 

21.4 

10.7 

30.8 

16.1  

29.5 

26.8 

30.8 
- 

Average 31.2 
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CHAPTER 4 

A G r a v i t y  Survey o f  P a r t  of t h e  Eas te rn  Copper R i v e r  aas in ,  A1 aska 

Eugene M. Wescott, 8ecky Pe t z i nge r ,  
Gary Bender, W i  11 i am W i  t t e  and Dona1 d  L.  Turner  

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

A r e g i o n a l  g r a v i  t y  survey (Barnes, persona l  communi c a t i o n ,  1982) 

and a more d e t a i l e d  survey b y  Isherwood (persona l  communication, 1982) 

i n d i c a t e d  p o s s i b l e  s t r u c t u r e s  associ  a ted  w i t h  t h e  K lawas i  mud volcanoes. 

The Isherwood da ta  con toured  a t  1  mgal i n t e r v a l s  ( F i g u r e  1-4, Turner  e t  

a l . ,  Chapter 1 )  show a  low assoc ia ted  w i t h  lower  K lawasi  and seve ra l  

o t h e r  f e a t u r e s .  These data,  however, a re  n o t  s u f f i c i e n t  t o  make d e f i n i t i v e  

models. 

A more d e t a i  l e d  g r a v i t y  survey, w i t h  a  s t a t i o n  d e n s i t y  o f  about 

1  s t a t i o n  per  square m i  l e  was p lanned f o r  t h e  area o f  t h e  e a s t e r n  Copper 

R i v e r  Bas in .  A g r a v i t y  su rvey  i n  i t s e l f  cannot p r o v i d e  d i r e c t  ev idence 

o f  geothermal resources .  However, i n  c o n j u c t i o n  w i t h  o t h e r  measurements, 

g r a v i t y  maps a re  u s e f u l  i n  i n t e r p r e t i n g  s t r u c t u r e s  which may be r e l a t e d  

t o  geothermal resources .  

A f t e r  v a r i a t i o n s  i n  g r a v i t y  due t o  l a t i t u d e  and a l t i t u d e  a re  removed, 

t h e  v a r i  a t i o n  o f  t h e  d e n s i t i e s  o f  t h e  rocks  and t h e i r  c o n f i g u r a t i o n  produce 

t h e  rema in ing  anomal ies o f  i n t e r e s t .  The d e n s i t y  o f  r ocks  depends upon 

t h e i r  m ine ra l  composi t ion,  p o r o s i t y  and age t o  some degree. I n  genera l  

t h e  most r e c e n t  sediments t end  t o  have t h e  lowes t  d e n s i t i e s  w h i l e  o l d e r ,  

more deeply  b u r i e d  sediments a re  more dense. C r y s t a l l i n e  basement rocks  

, and i n t r u s i v e s  tend  t o  have even g r e a t e r  d e n s i t i e s .  An excess o f  mass 

beneath t h e  s u r f a c e  w i  11 produce a  g r a v i t y  h i g h  w h i l e  a  g r e a t e r  t h i c kness  



o f  low d e n s i t y  r ocks  w i  11 produce a  g r a v i t y  low. 

Phys i ca l  P r o p e r t y  Measurements 

A number o f  rock  samples f r om  v o l c a n i c  f o rma t i ons  on M t .  Drum and 

greenstone u n i t s  near  C h i t n a  were c o l l e c t e d  and measured f o r  d e n s i t y  and 

magnet ic  suscep t i  b i  1  i ty.  The v o l c a n i c  r o c k s  v a r i  ed c o n s i d e r a b l y  i n  dens i  ty, 

f r om  2.43 t o  3.08 gm/cc, w i t h  an average v a l u e  o f  2.61. The greenstones 

had an average d e n s i t y  o f  2.98 gmlcc. I n  c o n t r a s t ,  t h e  s u r f a c e  mud 

f r om upper and lower  K lawasi  mud volcanoes averaged 1.80 gmlcc. The 

va lues  which a re  g i v e n  i n  Tab le  1 can be c ~ m p a r e d  w i t h  t h e  p r e v i o u s l y  

pub l i shed  va lues  i n  Chapter 1  (Andreasen e t  a1 ., 1964). 

G r a v i t y  Survey 

The g r a v i t y  su rvey  was made u s i n g  a  Worden g r a v i t y  meter  no. 491 w i t h  

a s e n s i t i v i t y  o f  0.10078 mgals p e r  s c a l e  d i v i s i o n .  The g r a v i t y  d a t a  a r e  

g i ven  i n  Tab le  2 .  We used a  g r a v i t y  base s t a t i o n  on a  c o n c r e t e  g a s o l i n e  

pump pedes ta l  across t h e  road  f r om t h e  Ccpper Center Lodge, w i t h  a g i v e n  

v a l u e  o f  981,931.85 mgals and an a l t i t u d e  of 1015 f e e t  (Barnes, persona l  

communication, 1982).  Wherever p o s s i b l e  g r a v i t y  was read  a t  bench marks 

and VABM s t a t i o n s .  A t  most o f  t h e  s t a t i o n s ,  however, a l t i t u d e  c o n t r o l  

was p rov i ded  b y  up t o  f o u r  American P a u l i n  System A l t i m e t e r s .  U n f o r t u n a t e l y  

a17 were found t o  have independent d r i f t s .  A f t e r  c a r e f u l  c a l i b r a t i o n  a t  

bench marks and use o f  tempera tu re  c o r r e c t i o n s ,  two a l t i m e t e r s  were 

chosen which gave t h e  l e a s t  and most c o n s i s t e n t  d r i f t s .  One was used as 

a  base s t a t i o n  f o r  ba rome t r i c  c o r r e c t i o n  and t h e  o t h e r  was c a r r i e d  i n  

t h e  h e l i c o p t e r .  Temperature and ba rome t r i c  r eco rds  f r om  t h e  FAA s t a t i o n  

a t  t h e  Gulkana a i r p o r t  were a l s o  used i n  c a l c u l a t i n g  c o r r e c t i o n s  f o r  t h e  

a l t i m e t e r  r ead ings .  



The 1:63,360 s c a l e  topograph ic  maps o f  t h e  area were found  t o  have 

many e r r o r s  i n  t opog raph i c  f e a t u r e s ,  and were used o n l y  g e n e r a l l y  t o  

check on t h e  accuracy o f  t h e  a l t i m e t e r  read ings .  S t a t i o n  l o c a t i o n s  were 

determined f r om a i r  photos and l a t e r  p l aced  on t h e  maps. 

P l a t e  2 shows t h e  c o r r e c t e d  Bouguer anomaly con tours  based upon o u r  

s t a t i o n s  ( s o l i d  c i r c l e s ) ,  t h e  survey s t a t i o n s  o f  Isherwood (crosses,  

persona l  communication, 1981) and s t a t i o n s  by Barnes (open c i r c l e s ,  personal  

c o m u n i c a t i o n ,  1982). For  t h e  Bouguer c o r r e c t i o n  we used t h e  commonly 

used d e n s i t y  v a l u e  o f  2 .67  gm/cc ( c o r r e c t i o n  t o  a  sea l e v e l  datum s u r f a c e ) .  

However, i n s p e c t i o n  o f  t h e  d e n s i t y  l o g  o f  t h e  Amoco Ahtna A-1 w e l l  shows t h a t  

t h i s  va l ue  i s  t o o  h i g h .  A d e n s i t y  o f  2 .4  i s  a p p r o p r i a t e  t o  a  depth o f  3500 f t .  

There fo re ,  another  c o r r e c t e d  Bouguer anomaly map was p repared  u s i n g  t h e  2.4 

va lue .  The e f f e c t  o f  t h e  d e n s i t y  change was t o  reduce t h e  r e g i o n a l  wes t - t o -eas t  

g r a d i e n t .  The i m p o r t a n t  s h o r t e r  wavelength anomali es a re  s im i  1  a r  on bo th  

ve r s i ons .  The t e r r a i  n - co r rec ted  Bouguer anomaly map ( P l a t e  2 )  shows 

t h r e e  1  arge s c a l e  f e a t u r e s .  There i s  an almost semi - c i  r c u l  a r  nega t i  ve 

p a t t e r n  i n  t h e  eas te rn  h a l f  o f  t h e  map, which appears t o  be r e l a t e d  t o  t h e  

l a r g e  n e g a t i v e  Bouguer anomaly o f  M t .  Drum, about 8 m i l e s  eas t  of t h e  

edge o f  t h e  map. I n  t h e  nor thwes t  quadrant  o f  t h e  map t h e r e  i s  a  p o s i t i v e  

anomaly o f  about 18 mgals, which i s  p robab l y  i n d i c a t i v e  o f  a s t r u c t u r a l  

h i g h  i n  t h e  c r y s t a l l i n e  basement r ocks .  South o f  t h e  p o s i t i v e  anomaly 

i s  an eas t -wes t - t r end i  ng nega t i  ve t r ough .  

There a re  a  number o f  i n t e r e s t i n g  s m a l l e r  s c a l e  f e a t u r e s  superposed 

on t h e  M t .  Drum n e g a t i v e  r e g i o n a l  t r e n d .  A nega t i  ve anomaly o f  2 mgals 

i s  cen te red  over  M ine ra l  Spr ings  ( l owe r  K lawasi  mud vo lcano) .  

There a re  a1 so nega t i  ve anomal i es o f  t h e  o rde r  o f  1  mgal 2 m i  1 es south,  

and 3 and 5 m i  l e s  n o r t h e a s t  o f  lower  K lawasi  mud vo lcano.  



A p o s i t i v e  c l o s e d  anomaly i s  l o c a t e d  about h a l f  way between upper 

and lower  K l  awasi mud volcanoes. Th i s  a rea  i s  o f  c o r ~ s i d e r a b l e  i n t e r e s t  

because i t  c o i n c i d e s  e x a c t l y  w i t h  h e l i u m  anomaly no. 5 ( P l a t e  1, 

Turnep and Wescott, Chapter  2 ) .  

I n  o r d e r  t o  i s o l a t e  t h e  s m a l l e r  s c a l e  anomalies, t h e  r e g i o n a l  t r e n d  

due t o  M t .  Drum was removed by  s u b t r a c t i n g  a  t h i r d  degree t r e n d  su r f ace  

from t h e  a = 2.4 c o r r e c t e d  Bouguer anomaly map. The r e s u l t s  a re  shown i n  

P l a t e  3. The most p rominen t  f e a t u r e  r e v e a l e d  b y  removing t h e  r e g i o n a l  

t r e n d  due t o  M t .  Drum i s  a  n o r t h e a s t - t r e n d i n g  t r o u g h  f rom lower  K lawasi  

t o  Shrub mud vo lcano.  A t  l ower  K lawasi  t h e  t r o u g h  e i t h e r  bends westward 

o r  i n t e r s e c t s  another  l i n e a r  t rough .  There a re  seve ra l  lows a l ong  and 

ad jacen t  t o  t h e  t rough .  It i s  p o s s i b l e  t h a t  t h e  t r o u g h  d e l i n e a t e s  an 

o l d  f a u l t  which has been b u r i e d  by  g l a c i  a1 l a k e  sediments. I t  i s  

a l s o  p o s s i b l e  t h a t  t h i s  zone o f  weakness has a l lowed over -p ressured  mud 

t o  push up a l ong  t h e  f a u l t ,  and i n  ad jacen t  p l aces  t o  f o rm  mud d i a p i r s ,  

and a l s o  t o  o c c a s i o n a l l y  reach  t h e  s u r f a c e  as mud volcanoes. However, 

these  h y p o t h e t i c a l  d i a p i r s  would have t o  be broad and ve ry  long .  Another,  

perhaps more l i k e l y  model f o r  t h e  t r ough  i s  a  s e d i m e n t - f i l l e d  v a l l e y  i n  

t h e  dense basement rocks .  F i g u r e  1 shows a g e n e r a l i z e d  NW t o  SE g r a v i t y  

p r o f i  l e  across t h e  t r o u g h  and a  two-dimensional  model which f i t s  t h e  

data.  The model i n c o r p o r a t e s  a  m i  le -wi  de depress ion  i n  t h e  greenstone 

basement 1000 f t .  i n  depth.  T h i s  cou ld  be i n t e r p r e t e d  as a  graben. 

The i s o l a t e d  g r a v i t y  h i g h  between lower  K lawasi  and upper K lawasi  

mud volcanoes l i e s  a t  t h e  end o f  a  g r a v i t y  r i d g e  i n  l i n e  w i t h  t h e  east -west  

g r a v i t y  t rough .  Th i s  i s 0 1  a ted  h i g h  can be mode l led  as a  dense i n t r u s i v e ,  

perhaps a  dac i  t e  d i k e .  F i g u r e  2 shows a  c ross  s e c t i o n  model u s i n g  a  

d e n s i t y  c o n t r a s t  + 0.3 gm/cc which f i t s  t h e  d a t a  w e l l .  Model A i s  an 
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F igu re  4-1. Top: Grav i t y  anomaly p r o f i l e  NW-SE across the  g r a v i t y  t rough 
runn i  ng general l y  between Lower Kl awasi and Shrub mud volcanoes 
- s o l i d  l i n e .  Bottom: Model cross sec t ion ,  no v e r t i c a l  
exaggerat ion, o f  a bedrock v a l l e y  o r  graben s t r u c t u r e  which 
would expl a i n  the  anomaly. Model values are shown on p r o f i l e  by 
x ' s .  



F igu re  4-2. Top: N-S g r a v i t y  p r o f i l e s  a c r o s s  p o s i t i v e  g r a v i t y  anomaly a t  
helium anomaly #5. S o l i d  l i n e  - observed ,  dashed 'line - model 
A ,  d o t t e d  1 i n e  - model 8. Bottom: Cross  s e c t i o n  of  models, A - 
deep i n t r u s i v e ,  0 - sha l low l a c o l i t h  i n t r u s i v e .  

DISTANCE ( K F T )  



e l l i p s o i d a l  i n t r u s i v e  about 3X as wide as i t s  t h i c k n e s s  w i t h  a  depth t o  

i t s  t o p  o f  3000 f t .  Th i s  model i s  almost a  maximum depth model f o r  a  

d e n s i t y  c o n t r a s t  o f  0.3. Model 8 i s  a  mushroom shaped l a c c o l i t h  a t  a  

sha l l owe r  depth which a l s o  g i v e s  a  c l o s e  f i t  t o  t h e  data.  

Wi thou t  some o t h e r  t y p e  o f  geophys ica l  d a t a  t h e r e  i s  no way o f  

de te rm in i ng  a  un ique  model f o r  t h e  observed g r a v i t y  data.  The p o s i t i v e  

g r a v i t y  anomaly c o i n c i d e s  w i t h  an area o f  lower  than  average t o t a l  

f i e l d  magnet ic  anomaly, and i s  a l s o  c o i n c i d e n t  w i t h  h e l i u m  anomaly area 

no. 5 ( P l a t e  1 ) .  Th i s  s i t u a t i o n  s t r o n g l y  suggests t h a t  t h e  area i s  a  

geothermal p rospec t .  Geothermal f l u i d s  have a  tendency t o  c h e m i c a l l y  

a l t e r  magne t i t e  and o t h e r  magnet ic  m i n e r a l  components o f  r o c k s  t o  

non-magneti c  a1 t e r a t i  on p roduc t s .  I n  a d d i t i o n  t o  t hese  i n d i c a t o r s ,  s e l f -  

p o t e n t i a l  t r a v e r s e  E - E l ,  F i g u r e  5-6 shows a  s t r o n g  p o s i t i v e  g r a d i e n t  i n  

t h e  d i r e c t i o n  o f  t h e  anomaly, aga in  sugges t i ve  o f  a geothermal resource  

area. 

The g r a v i t y  low about 8 km NE of l ower  K lawasi  mud vo lcano  i s  a l s o  

o f  cons ide rab le  i n t e r e s t .  I t co inc i des  f a i r l y  w e l l  w i t h  t h e  l a r g e  he l i um  

anomaly 3 ( P l a t e  1  ) .  Th i s  n e g a t i v e  g r a v i t y  anomaly a l s o  corresponds w i t h  

an east -west  nega t i  ve t r e n d  i n  t h e  magnet ic maps, p o s s i b l y  sugges t ing  

geothermal a1 t e r a t i  on o f  magneti c  m i  n e r a l  s. 



Table 4-1 

Physi ca l  Property Determi na t i  ons 

Sample No. 

DT82-1A 

DT82- 1 B 

DT82-2A 

Upper Kl awasi mud 

Lower Kl awasi mud 

Descri   ti on 

hornblende pl agi oc l  ase 
andesi t e  Porphyr i t i c  

I1 

Fi ne-grai ned, v e s i c u l a r ,  
non-porphyri t i  c b a s a l t  

I1 

P o r p h y r i t i c  pyroxene - 
pl agi ocl  a se  andesi t e  

Greenstone - probably 
met a-bas a1 t 

I1 

l i g h t  gray mud ,  mostly 
c l a y  s i z e  

I I  

Magneti c 
Suscepti  bi 1 i t y  

( cgs  u n i t s  x 10-6) 

1765 

680 

1254 

1326 

622 

1299 

1231 

1730 

1475 

1219 

1102 

761 3 

1319 

5700 

48 

46 

Density (gm/cc) 

2.57 

2.54 

2.43 

2.47 

3.08 

2.58 

2.53 

2.64 

2.57 

2.62 

2.67 

2.93 

3 - 0 1  

3.00 

1.82 

1.78 



Table 4.2. Copper R ive r  Basin Grav i t y  S ta t i ons  

6 = 2.67 
SBA 

6 = 2.67 
CBA S t a t i o n  La t i  tude Lonqi tude E leva t i on  (ft.) FAA 

CUCE 
G M1 
G M2 

G M l l  
GM12 
GM13 
GM15 
GM17 
GM19 
GM21 
GM67 8 GM23 

Shrub 
GM25 
GW7 
GM29 
GM32 
G34 
G35 
636 
G37 
638 
G39 
640 
G4 1 
G42 
643 



Table 4.2. (cont 'd . )  

S t a t i o n  La t i tude  

644 62" 00'  56" 
645 62" 01'  43" 
646 62" 02'  26" 
G4 7 62" 03'  27" 
648 62" 03 '  47" 
G4 9 62" 02' 55" 
650 62" 00' 34" 
G51 61" 59' 38" 
652 62" 00' 23" 
GM77, GM73 
GM 63, 653 
Upper Klawasi 62" 04 '  51.96" 
654 62" 03'  56" 
655 62" 03'  46" 
G56 62" 02'  55" 
657 62" 02'  18" 
658 62" 00' 14" 
GM59 62" 01'  31" 
GI460 62" 02' 11" 
GM61 62" 03 '  17" 
GM62 62" 04'  02" 
GNrl 62" 05' 51" 
GF%5 62" 06 '  38" 
GM66 62" 10 '  19" 
GM68 62" 06'  56" 
GM69 62" 06 '  44" 
GFVO 62" 02'  02" 
GM7 1 62" 03 '  58" 
61472 62" 05' 02" 
G74 62" 09 '  10" 
675 62" 06' 11" 
G76 62" 04'  58" 
678 62" 06 '  22" 
679 62" 06 '  20" 
680 62" 05'  06" 
GMBl 62" 06' 05" 

Longitude - E l e v a t i o n  ( f t . )  FAA - 
6 = 2.67 

CBA 
6 = 2.4 

CBA 



Table 4.2. ( con t ' d . )  

S t a t i o n  La t i  tude  

GI432 
Gr103 
GM34 
GM85 
GM86 
Gm7 
GA1 (-GM27) 
GA2 (=GM66) 
GA3 (-G74) 
GA4 
GA5 ( -GM12) 
GA6 
GA7 
GA8 ( -648) 
GA9 
GAlO 
G A l l  (-G80) 
GA12 (-678) 
GA13 (=G57) 
GA14 
GA15 
GA16 (gG45) 
GA17 (-634) 
GA18 (-635) 
GA19 
GA20 
GA2 1 
GA22 (=GM71) 
GA23 
( B M  D 27) 
GA24 FAA 
GA25 
GA26 
GA27 
GA28 
S94 

Long i tude  

145" 06 '  03" 
145" 05' 36'' 
145" 07 '  06" 
145" 05 '  32" 
145" 06 '  53" 
145" 07 '  11" 
145" 00'  27" 
145" 01'  20" 
145" 04 '  16" 
145" 09 '  36" 
145" 06'  37" 
145" 02 '  46" 
145" 08 '  11" 
145" 08'  06" 
145" 06 '  45" 
145" 11' 46" 
145" 16 '  02" 
145" 12 '  32" 
145" 01' 19" 
145" 06 '  11" 
145" 06' 38" 
145" 11' 38" 
145" 16 '  23" 
145" 16 '  09" 
145" 14 '  20" 
145" 13'  34" 
145" 17 '  47" 
145" 21' 55" 
145" 18'  38" 

E l e v a t i o n  ( f t . )  

2444 .O 
2438.1 
2386.4 
2444.9 
2275.9 
2239 .O 
2648.3 
2560.4 
2525.7 
2158.7 
2393.2 
2536.6 
2228.1 
2162.1 
2243.6 
1880.1 
1693.8 
1893.3 
2494.6 
2132 .O 
2192.6 
1692.4 
1426.5 
1536.7 
1653.7 
1675.5 
1515.0 
1259.2 
1580.1 

FAA -- 
- 7.92 
- 9.28 
-10.24 
- 5.02 
-12 -98 
-14.07 
- 3.92 
- 2.14 
- 3.19 
-13.10 
-10.98 
- 8.73 
-14.84 
-18.17 
-16 -05 
-25.75 
-29.76 
-21.76 
-10.07 
-21 -04 
-18.15 
-30.74 
-32.01 
-30.14 
-30.63 
-32.19 
-31.98 
-42 -28 
-32.41 

6 = 2.67 
SBA 

-91.25 
-92.41 
-91.61 
-88.38 
-90.58 
-90.41 
-94.22 
-89.44 
-89.30 
-86.71 
-92.58 
-95.22 
-90.81 
-91 -88 
-92.55 
-89.85 
-87.51 
-86.31 
-95.12 
-93.73 
-92.91 
-88.44 
-80.64 
-82.54 
-87 - 0 1  
-89.32 
-83.63 
-85.21 
-86.28 

6 = 2.67 
CBA 

6 = 2.4 
CBA 



Table 4.2. ( con t ' d . )  

S t a t i o n  -- 
N90 
U60 
226 
T a z l  i na 
094 
MG 0 
L60 
S26 
GI ena 

\ L a t i t u d e  

62" 09 '  35" 
62" 08'  21" 
62" 07 '  17" 
62" 04 '  49.20" 
61" 58 '  23" 
61" 58' 56" 
61" 59 '  52" 
62" 00 '  40" 
62" 06' 29" 

Longi tude 

145" 27 '  37" 
145" 28' 41" 
145" 28'  42" 
145" 25' 50.65" 
145" 19 '  05" 
145" 19' 41" 
145" 20' 11" 
145" 20' 35" 
145" 28' 32" 

E l e v a t i o n  ( f t . )  

1568.6 
1551.2 
1528.0 
1419.7 
1032.1 
1039. 
1137 .O 
1207.2 
1512 .O 

FAA - 

-17.71 
-21.12 
-25.55 
-37.32 
-41.92 
-42.95 
-41.57 
-40.11 
-29.24 

6 = 2.4 
CBA 

-65.78 
-68.66 
-72.38 
-80.05 
-73.50 
-74.80 
-76.42 
-76.91 
-75.57 



CHAPTER 5 

A S e l f - P o t e n t i  a1 Survey i n  t h e  Eas te rn  Copper R i v e r  Basin,  A laska 

bj/ 

Eugene M. Wescott and Gary Bender 

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

The s e l f  - p o t e n t i  a1 , o r  spontaneous p o t e n t i  a1 method o f  geophysi c a l  

p r o s p e c t i n g  i n v o l v e s  measur ing t h e  e l e c t r i c a l  p o t e n t i  a1 ( v o l t a g e  d i f f e r e n c e )  

a t  p o i n t s  on t h e  ground w i t h  r espec t  t o  a  r e f e r e n c e  p o i n t .  To m in im i ze  

spur ious  e lec t rochemi  c a l  vo l t ages  between t h e  c o n t a c t i  ng e l e c t r o d e s  and 

t h e  ground, n o n - p o l a r i z i n g  e l e c t r o d e s  must be used. These c o n s i s t  o f  a  

meta l  and one o f  i t s  s o l u b l e  s a l t s  i n  a  concen t ra ted  s o l u t i o n  such t h a t  

meta l  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, o r  p l a t e  onto,  t h e  

meta l  e l e c t r o d e  i n  response t o  an e l e c t r i c  f i e l d .  A copper e l e c t r o d e  i n  

a  s a t u r a t e d  copper s u l f a t e  s o l u t i o n  con ta i ned  i n  a  porous cup i s  t h e  

most common e l e c t r o d e .  A ve r y  h i g h  i n p u t  impedance v o l t m e t e r  i s  used t o  

measure t h e  v o l t a g e  between e l e c t r o d e  pa i  r s  . 
The p r e f e r r e d  measurement t echn ique  i s  t o  use a  f i x e d  e l e c t r o d e  as 

a r e f e r e n c e  p o i n t ,  and a  l o n g  w i r e  t o  a second e l e c t r o d e  which i s  moved 

t o  s t a t i o n s  i n  a  g r i d  i n  t h e  area t o  be surveyed. I f  a  l a r g e  a rea  i s  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  use of a  l o n g  w i r e  

i m p r a c t i c a l ,  a  p a i r  o f  e l e c t r o d e s  w i t h  a  s h o r t e r  sepa ra t i on  may be leap-  

f rogged around t h e  area 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  a1 map o r  p r o f  i 1  e  can be produced. 

S e l f - p o t e n t i a l  anomal ies may be t h e  r e s u l t  of severa l  n a t u r a l  and 

man-made processes. Conduct ive d e p o s i t s  o f  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 inera ls ,  magnet i te ,  c o v e l i t e  and g r a p h i t e  a re  known t o  genera te  

s e l f  - p o t e n t i  a1 anomal i es which a r e  a lmost  always nega t i  ve i n  p o l a r i t y  over  

t h e  t o p  o f  t h e  body. The conduc t ing  body i s  t h e o r i z e d  t o  se rve  as a  pa th  



f o r  e l e c t r o n s  f r om t h e  reduc ing  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 anomali es a r e  u s u a l l y  c o n f i n e d  t o  a  few 

hundred meters  i n  w i d t h  and about 100 mV ( m i l l i v o l t s )  i n  ampl i tude.  

B u r i e d  we1 1  p i p e s  and p i  p e l  i nes a1 so produce s e l f  - p o t e n t i  a1 anomal i es b y  

p i p e  c o r r o s i o n .  

S e l f - p o t e n t i a l  anomal ies 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  f r om a  c o n s i d e r a b l e  number o f  geothermal 

areas (Corwi n  and Hoover, 1979).  Anomal i es range f r om 50 t o  2000 mV i n  

amp l i t ude  ove r  d i s t a n c e s  o f  100 m-10 km. T h e i r  wave forms and p o l a r i t i e s  

v a r y  w i d e l y .  Steep g r a d i e n t s  a re  o f t e n  observed ove r  t h e  t r a c e  o f  f a u l t s  

which a re  though t  t o  a c t  as c o n d u i t s  f o r  the rma l  f l u i d s .  

The f l o w  o f  wa te r  th rough  permeable r ocks  produces charge separa t ion ,  

and a s i g n i f i c a n t  s e l f - p o t e n t i  a1 phenomenon 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 .  There i s  cons ide rab le  ev idence s u p p o r t i n g  an e l e c t r o k i n e t i c  

o r i g i n  f o r  l a r g e  anomal ies over  h o t  zones. Zab lock i  (1976)  r e p o r t e d  on 

t h e  r e s u l t s  01' s e l f - p o t e n t i a l  f i e l d  t e s t s  i n  K i  lauea, Hawai i ,  and conc luded 

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  geophys ica l  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  rig the rma l  anomal i es. He found  pos i  t i  ve p o t e n t i  a1 d i f f e r e n c e s  

as h i g h  as 1600 mV across d i s t ances  o f  a  k i l o m e t e r  o r  l e s s  ove r  known 

f umarol i c  areas and r e c e n t  e r u p t i v e  f i ssures. 

Mo r r i son  e t  a1. (1978) found  t h a t  t h e  v o l t a g e  - p ressu re  r e l a t i o n s h i p  

i n  t h e  e l e c t r a k i  n e t i c  e f f e c t  decreases w i t h  i n c r e a s i n g  s a l  i n i  t y  and 

i nc reases  w i t h  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  

a t  t h e  impo r tan t  geothermal f i e l d  a t  Cer ro  P r i e t o ,  Mexico, a  p ressu re  

d i f f e r e n c e  o f  100 atmospheres a t  24°C across r e s e r v o i r  c o r e  samples 

would generate  a  maximum p o t e n t i a l  o f  40 mV w i t h  t h e  lower  p ressu re  

s i d e  p o s i t i v e  w i t h  r espec t  t o  t h e  h i g h  p ressu re  s i d e .  As tempera tu re  



increased, t h e  p o t e n t i  a1 i nc reased  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 l  anomal ies th rough  

t h e r m o e l e c t r i  c  coupl  i ng ( M o r r i  son e t  a1 . , 1978). A t y p i c a l  coup l  i ng 

c o e f f i c i e n t  f o r  sandstones i s  0.060 rnV/"C w i t h  t h e  h o t  s i d e  p o s i t i v e  w i t h  

r e s p e c t  t o  t h e  c o l d  s i d e .  Fo r  a  t y p i c a l  Cer ro  P r i  e t o  c o r e  and b r i n e  and 

a  300°C tempera tu re  d i f f e r e n c e ,  18 mV would be produced by  t h e  tempera tu re  

e f f ec 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  

concen t ra t i ons  i n  t h e  f o r m a t i o n  f l u i d s  amounting t o  about 25 rnV per  power o f  

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  11, pe rsona l  communication, 1982) .  Thi  s  

can be s i g n i f i c a n t  i f  t h e r e  a re  ma jo r  l a t e r a l  changes i n  t h e  ground wate r .  

The K l  awasi Mud Volcano Group S e l f  -Po ten t i  a1 Surveys 

Because o f  l i m i t e d  f i e l d  t i m e  t h e  s e l f - p o t e n t i  a1 surveys were l i m i t e d  

t o  t h e  area o f  t h e  K lawasi  group o f  mud volcanoes. A l o n g  N-S se ismic  

1  i ne l o c a t e d  1  .75 mi 1  es west o f  upper Kl awasi mud vo lcano was chosen as 

t h e  ma jo r  p r o f i l e  t o  be made i n  a  search f o r  l o n g  p e r i o d  anomal ies.  

S u b s i d i a r y  p r o f i l e s  were r u n  f r om t h e  N-S l i n e  t o  upper K lawasi  and 

Shrub mud volcanoes and toward areas o f  p r e v i o u s l y  determined h e l i u m  

anomalies. A separa te  p r o f i l e  over  lower  K lawasi  was n o t  connected 

t o  t h e  r e s t  o f  t h e  su rvey  due t o  t ime  l i m i t a t i o n s .  

Because o f  t h e  l a r g e  area i n v o l v e d  and t h e  dense vege ta t i on ,  we chose 

t o  use t h e  l e a p - f r o g  method o f  survey ing,  w i t h  100 m spac ing.  For  almost 

a l l  o f  t h e  surveys we s e t  o u t  a  500 f t  r e f e r e n c e  e l e c t r o d e  p a i r  which 

was mon i to red  f o r  t e l l u r i c  c u r r e n t  a c t i v i t y .  The crew making t h e  SP 

survey was in fo rmed b y  r a d i o  when t h e  t e l l u r i c  c u r r e n t s  were q u i e t  enough 

f o r  a  s a t i s f a c t o r y  read ing .  Vol tages were measured w i t h  a  Data P r e c i s i o n  

d i  g i  t a l  v o l t m e t e r  o f  10 megohm i nput  impedance and a  s e n s i t i v i t y  o f  10 



m i c r o v o l t s .  Copper s u l f a t e  e l e c t r o d e s  were used and s e l e c t e d  i n  p a i r s  

t o  have a  r es i dua1  p o t e n t i  a1 d i f f e r e n c e  o f  l e s s  t h a n  1  mV &hen immersed 

i n  a  common copper s u l f a t e  s o l u t i o n .  E l ec t r odes  were imp lan ted  i n  m o i s t  

s o i l  by  d i g g i n g  a  h o l e  th rough  t h e  u b i q u i t o u s  v e g e t a t i o n  mat. 

F i g u r e  5-1 and P l a t e  3 show t h e  map view o f  t h e  SP survey l i n e s  and 

p o t e n t i a l  va lues  ( i n  mV) .  As we had no SP d a t a  t o  compare ou r  read ings  

w i t h  i n  t h e  area, t h e  b a s e l i n e  v a l u e  i s  a r b i t r a r y .  The N-S p r o f i l e  was 

extended t o  t h e  no r t h ,  and t h e  zero  l i n e  A-A' was chosen near  t h e  average 

va lues t h e r e .  

P r o f i l e  A-A', 16.8 km long ,  i s  shown i n  F i g u r e  5-2. I t  shows a  

maximum-to-minimum d i f f e r e n c e  o f  180 mV ove r  6 km. There a r e  seve ra l  

s h o r t e r  p e r i o d  d i p o l a r  anomal ies o f  around 50 mV. The s teepes t  g r a d i e n t s  

a r e  l o c a t e d  near  2-3 km S and 0-2.8 km N of t h e  base, which may i n d i c a t e  

t h e  l o c a t i o n  o f  f a u l t  zones. 

F i g u r e  5-3 shows t h e  s e l f - p o t e n t i a l  p r o f i l e  B - 8 '  f r o m  l i n e  A-A' eas t  

t o  t h e  summit o f  Shrub mud vo lcano.  Mo r re l  H i l l  i s  t h e  name we gave 

i n f o r m a l l y  t o  a  h i l l  2.83 km n o r t h  of the  base composed o f  Qua te rna ry  

mo r ra i ne  depos i t s .  The d i p o l a r  50 mV anomaly from t h e  t o p  o f  t h i s  h i l l  

t o  0.6 km eas t  may be s i g n i f i c a n t  i n  terms of a  f a u l t  zone. However, i t  

may a l s o  be a t e r r a i n  e f f e c t  as t h e  p r o f i l e  l i n e  went r a t h e r  s t e e p l y  

down t h e  h i  I 1  and across a  s t ream v a l l e y .  From t h e r e  eastward t h e  p o t e n t i  a1 

i nc reases  g r a d u a l l y  t o  a  maximum a t  2.1 km eas t .  Shrub mud vo lcano 

i t s e l f  may rep resen t  a  sma l l  p o s i t i v e  anomaly. 

S e l f  p o t e n t i a l  p r o f i l e  C - C ' ,  F i g u r e  5-4 r uns  westward f r o m  t h e  base 

a long  an E-M se i  smi c  1  i ne u n t i  1 t h e  li ne became a swamp. A t  1  . 7  km W 

t h e  p r o f i  l e  runs  SSW towards he l i um  anomaly #3. I n  genera l  t h e  t r e n d  i s  



F i g u r e  5-1. Map of  sel f - p o t e n t i  a1 p r o f i l e s .  Typ ica l  p o t e n t i a l s  in I ~ V .  Dots 
a r e  nominally 100 rn a p a r t ,  1  a r g e r  d o t s  1 krn a p a r t ;  the base1 ine 
is a r b i t r a r y .  
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nega t i ve  away f r om t h e  base, r each ing  a  90 mV minimum a t  1.4 km on t h e  SSW 

l i n e  w i t h  r espec t  t o  t h e  base. As ou r  survey approached t h e  area o f  

he l i um  anomaly #3, f u r t h e r  p rogress  was impeded b y  f l o o d i n g  o f  c reeks 

i n  t h e  area. There i s  a  p o s s i b l y  s i g n i f i c a n t  d i p o l e - l i k e  anomaly of 35 mV 

w i t h  a  wavelength of about 1  km near  1.65 km SSW. It suggests a  f a u l t  

s e r v i n g  as a  c o n d u i t  f o r  h o t  wa te r .  

P r o f i l e  D - D ' ,  F i g u r e  5-5 s t a r t s  a t  4.2 km south o f  t h e  base p o i n t  

and runs  3.8 kin eastward t o  t h e  t o p  o f  upper Klawasi  mud volcano. From 

t h e  base l i n e  t h e  p r o f i  l e  t r e n d s  g r a d u a l l y  t o  a  minimum a t  2.2 km f r om 

t h e  t o p  o f  t h e  mud volcano. There i s  a  s teep g r a d i e n t  f r o m  2.2 km t o  

1 .5  km. Upper K lawasi  mud vo lcano i t s e l f  does n o t  seem t o  be a  s i g n i f i c a n t  

SP anomaly, t h e  p r o f i l e  b e i n g  e s s e n t i a l l y  f l a t  f o r  1.5 km away f r o m  t h e  

t o p .  The p o t e n t i  a1 a t  t h e  t o p  i s  c l o s e  t o  t h e  maximum p o s i t i v e  p o t e n t i  a1 

on l i n e  A-A'. 

P r o f i l e  E-El, F i g u r e  5-6, i s  one o f  t h e  more i m p o r t a n t  l i n e s  which were 

run .  I t  runs  west f r om  6 .6  km S on l i n e  A - A '  toward t h e  genera1 area of 

h e l i  urn anomaly #5. There i s  some s h o r t  p e r i o d  n o i s e  on t h e  l o n g e r  p e r i o d  

t r ends .  From l i n e  A - A '  t h e  t r e n d  i s  cons tan t  f o r  1.1 km where a  p o s i t i v e  

g r a d i e n t  begins.  A maximum o f  147 mV was reached a t  2.8 km f r o m  A - A ' ,  

c l o s e  t o  t h e  maximum v a l u e  on l i n e  A - A t  near  3 km sou th  o f  t h e  base. The 

p o s i t i v e  g r a d i e n t  t o  + I47  rnV near  t h e  n o r t h  edge o f  an area w i t h  a  h e l i  um 

anomaly and a  + 2.7 mgal g r a v i t y  anomaly i s  cons idered  s i g n i f i c a n t  as 

d iscussed i n  t h e  g r a v i t y  and summary chap te rs .  

P r o f i  l e  F-F '  was r u n  across lower  K l  awasi mud vo lcano t o  see i f  t h e r e  

was a  s i g n i f i c a n t  SP anomaly f rom t h e  a c t i v e  f l o w  o f  mud and gas t o  t h e  

su r face .  As seen i n  F i g u r e  5-7  t h e  p r o f i l e  f r om  t h e  summit down t o  t h e  

base o f  t h e  mud s l ope  a t  t h e  edge o f  t h e  v e g e t a t i o n  a t  1 .I km west i s  
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F i g u r e  5-6. Sel f - p o t e n t i a l  p r o f l l  e E-E' west from l i n e  A-A '  towards p o s i t i v e  
grav i  ty-he1 i urn anomaly X5. The p o t e n t i  a1 increases towards the  
anomaly area.  

SELF POTENTIAL PROFILE E - E' 
160 

150 

140 

130 

120 

110 

100 

90 

80 

70 

60 

- 

- 

- 

- 

- 

- 
E 

E' 
- 

- 

TIE 10 6.6 KM 
- SOUTH ON A - A' 

- 

- 
I I I 1 

W 2.9 2 1 0 E KM 



POTENTIAL (mV) 



ve ry  f l a t .  A t  t h e  c o n t a c t  between t h e  mud f l o w  and t h e  t a i g a  v e g e t a t i o n  

t h e r e  i s  a  25 mV anomaly and an apparent p o s i t i v e  t r e n d  t o  t he  west. To 

t h e  eas t  o f  t h e  summit t h e  t r e n d  i s  g e n e r a l l y  p o s i t i v e  w i t h  r espec t  t o  

t h e  a r b i t r a r y  summit base l i ne .  A t  1.3 km eas t  t h e  p o t e n t i  a1 d i f f e r e n c e  

i s  47 mV. U n f o r t u n a t e l y  t h e  l i n e  c o u l d  n o t  be extended t o  t i e  i n  w i t h  

l i n e  E - E '  due t o  t h e  end of t h e  f i e l d  season. We note,  however, t h a t  

t h e  p o t e n t i a l  was i n c r e a s i n g  toward h e l i u m  anomaly #5. A s h o r t  l i n e  

nor thwes t  f r om  0.3 km west o f  t h e  summit i s  a l s o  shown i n  F i g u r e  5-7.  

Again on t h e  mud f l o w  t h e  SP i s  a lmost  cons tan t .  Th i s  may be a  r e s u l t  

o f  t h e  h i g h  c o n d u c t i v i t y  of t h e  mud, as t h e  s p r i n g  water  i s  q u i t e  s a l i n e .  

D i  scuss i  on o f  S e l f  -Po ten t i  a1 Surveys 

I t  i s  u n l i k e l y  t h a t  t h e  s e l f - p o t e n t i a l  anomal ies found  i n  ou r  

e x p l o r a t i o n  a re  due t o  o x i d a t i o n  o f  s u l f i d e  bod ies .  From t h e  topography 

and stream p a t t e r n s ,  we would expect  t h e  subsur face  ground wate r  f l o w  t o  

be g e n e r a l l y  f rom eas t  t o  west, p roduc ing  a  r e g i o n a l  east -west  p o t e n t i  a1 

g r a d i e n t .  Groundwater m i g r a t i o n  i s  t h e r e f o r e  u n l i k e l y  t o  produce t h e  l o n g  

p e r i o d  180 mV anomaly observed on t h e  17 km l i n e  A-A'. 

F i g u r e  5-8 shows an i n t e r e s t i n g  comparison of s e l f  p o t e n t i  a1 p r o f i  l e  

A - A '  p l o t t e d  t o  t h e  same s c a l e  and superposed on a  p r o f i l e  across t h e  

economica l l y  i m p o r t a n t  Cerro  P r i  e t o  geothermal f i e l d  i n  B a j a  C a l i  f o r n i  a, 

Mexico ( a f t e r  Corwin and Hoover, 1979).  Note t h e  s i m i l a r i t y  i n  ampl i tude,  

wavelength, p r o f i l e  shape, and g r a d i e n t .  By t h i s  comparison we a re  no t  

i m p l y i n g  t h a t  our  r e s u l t s  p rove  a  geothermal area e q u i v a l e n t  t o  Cerro  

P r i e t o  e x i s t s  under t h e  area o f  t h e  mud volcanoes. However, s i n c e  t h e  

area i s  l o c a t e d  on t h e  f l a n k  o f  a  major  v o l c a n i c  reg ion ,  our  r e s u l t s  a re  

cons i  s t e n t  w i  t h  t h e  e x i s t e n c e  o f  a  s i  gn i  fi cant  geothermal r esou rce  a t  

depth.  The SP l i n e s  were no t  ex tens i ve  enough nor  were t h e y  s u f f i c i e n t l y  



Copper A - A '  

Figure 5-8. Comparison of S-P profile A-A'  with an S-P proflle across the 
Cerro Prieto geothermal f ield plotted t o  same scale. Top: 
profile,  Copper Basin A - A '  . Second from t o p :  Cerro Prfeto, 
observed d a t a  sol id 1 ines and dipole fault  model dashed. Third 
from t o p :  geologfcal cross section of Cerro Prieto. Bottom: 
electrical model for 1 ine R-8', Cerre Prieto. Cerro Prieto data 
from Comf n and Hoover (1979).  



i n t e r t i e d  t o  a1 low c o n t o u r i n g  o f  t h e  data.  However, f r om  what can be 

seen t h e  d a t a  a re  c o n s i s t e n t  ~i t h  a n o r t h e a s t - t r e n a i  ng d i p o l a r  p a t t e r n ,  

w i t h  a  p o s i t i v e  area sou theas t  o f  a  l i n e  j o i n i n g  lower  K lawasi  and Shrub, 

and n e g a t i v e  on t h e  no r t hwes t  s i d e  o f  t h e  l i n e .  Th i s  same NE t r e n d  i s  

apparent  i n  t h e  g r a v i t y  and magnet ic  data.  
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CHAPTER 6 

Aeromagnetic Surveys o f  P a r t  o f  t h e  Eas te rn  Copper R i v e r  Bas in  

by 

Eugene M. Wescott 

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

As p a r t  o f  t h e  program t o  e v a l u a t e  t h e  geothermal p o t e n t i a l  of t h e  

Copper R i  ve r  Basi  n, t h e  A1 aska D i  v i  s i  on o f  Geo log ica l  and Geophysi c a l  

Surveys commissioned an aeromagnet ic survey of p a r t s  o f  t h e  Gulkana A-2 

and A-3 quadrangles.  ERTEC A i r b o r n e  Systems, I n c .  f l e w  t h e  survey  and 

produced a t o t a l  f i e l d ,  1:63360 s c a l e  con tou r  map, reproduced he re  as 

P l a t e  4.  The f l i g h t  l i n e s  were f l o w n  a t  a nominal  500 f t  e l e v a t i o n  

above t h e  t e r r a i n .  The t o t a l  f i e l d  da ta  were processed b y  s u b t r a c t i n g  

t h e  t h e o r e t i c a l  t o t a l  f i e l d  ( t h e  1975 I n t e r n a t i o n a l  Geomagnetic Reference 

F i e l d )  and t h e n  addi ng a cons tan t  55,000 gammas. F l i  g h t  pa ths  were 1 /2  

m i  l e  a p a r t  i n  t h e  no r t h - sou th  d l  r e c t i o n ,  w i t h  east-west t i e  l i n e s  eve ry  

t h r e e  m i l e s .  The d a t a  were computer con toured  a t  10 gamma i n t e r v a l s .  

I n  c o n t r a s t ,  t h e  p rev i ous  aeromagnet ic da ta  c o v e r i n g  p a r t  o f  t h e  area 

was f l o w n  a t  a cons tan t  a1 t i  t ude  o f  4000 f t  (Andreasen e t  a1 . , 1958) .  

To augment t h e  aeromagnet ic d a t a  ou r  g r a v i t y  su rvey  crew took  t o t a l  

f i e l d  magnetometer r ead ings  on t h e  ground a t  many of t h e  s t a t i o n s ,  and a 

ground magnet ic  p r o f i l e  was r u n  across lower  Klawasi  mud vo lcano.  

D i scuss ion  o f  Magnet ic  Resu l t s :  

Andreason e t  a l . ,  (1964),  i n  t h e i r  i n t e r p r e t a t i o n  of t h e  1958 

aeromagnet ic map, observed a we1 1 def ined s e m i c i r c u l a r  p a t t e r n  a t  t h e  

eas te rn  edge o f  t h e  map appa ren t l y  cen te red  on M t .  Drum. T h i s  f e a t u r e  

resembles a p a t t e r n  o f  l a v a  f l o w s  coming o f f  o f  M t .  Drum, and Andreasen 

e t  a l . ,  (1964) p o s t u l a t e d  t h a t  exp lana t i on .  They suggested t h e  depth t o  



t h e  l a v a  f l o w  u n i t  as about 500 f t  a t  t h e  western edge, a few m i l e s  west 

o f  t h e  Copper R i v e r .  

Con t ra r y  t o  t h i s  i n t e r p r e t a t i o n ,  t h e  Amoco Ahtna A - 1  w e l l  i s  l o c a t e d  

w i t h i n  t h e  f a n - l i k e  p a t t e r n ,  b u t  t h e r e  i s  no ev idence i n  t h e  l o g  o f  a 

v o l c a n i c  f l o w  u n i t .  Th i s  does n o t  r u l e  o u t  t h e  l a v a  f l o w  e x p l a n a t i o n  

because t h e  f a n  would be composed o f  many i n d i v i d u a l  f l o w s  which would 

n o t  necessar i  l y  fo rm a con t inuous  l a y e r ,  especi  a1 1y near  t h e  o u t e r  marg in .  

I n  t h e  area o f  o u r  d e t a i l e d  surveys t h e  t r e n d  o f  t h e  Andreasen e t  a l .  

(1958) map i s  east -west  w h i l e  t h e  t r e n d  o f  t h e  1982 map ( P l a t e  4 )  i s  

g e n e r a l l y  no r t h - sou th .  We n o t e  t h a t  t h e  e a r l i e r  aeromagnet ic su rvey  was 

f l o w n  a t  a much h i g h e r  a l t i t u d e ,  which would e l i m i n a t e  s m a l l e r  near -su r face  

f e a t u r e s  and emphasize broader  o r  deeper fea tu res .  The 1982 survey  a t  

500 f t  a l t i t u d e  above t e r r a i n  was much more s e n s i t i v e  t o  sma l l e r ,  near -  

su r f ace  f e a t u r e s .  

P l a t e  4 i n c l u d e s  t h e  area o f  M t .  Drum, w i t h  i t s  conspicuous, l a r g e  

amp1 i t ude  d i  p o l  a r  anomal i es. Movi ng westward f r om M t  . Drum t h e r e  i s 

about a 4-mi le-wide N-S- t rending zone o f  r e l a t i v e l y  smooth con tours .  

Upper Klawasi  mud vo lcano i s  near  t h e  m idd le  of t h i s  zone, and Shrub i s  a t  

t h e  western edge. There i s  a prominent  magnet ic  h i g h  r i d g e  a t  t h e  western 

edge which runs  SSW f rom Shrub. West o f  t h i s  r i d g e  t h e  map appears ve r y  

n o i s y  w i t h  many s h o r t  wavelength p o s i t i v e  and n e g a t i v e  anomalies o f  

about 100 gammas ampl i tude.  We made a s e m i - q u a n t i t a t i v e  e s t i m a t e  o f  t h e  

average anomaly wavelength west and eas t  o f  t h e  r i d g e ,  and found  t hey  

were s i m i l a r :  1.20 2 0.45 and 1.12 2 0.28 m i l e s  r e s p e c t i v e l y .  The 

amp l i tude  i s  l e s s  eas t  o f  t h e  r i dge ,  and t h e r e  a re  fewer anomal ies.  

We a l s o  measured t h e  s t a t i s t i c a l  anomaly h a l f  w id th ,  which i s  u s e f u l  

t o  es t ima te  t h e  maximum depth t o  t h e  body caus ing  t h e  anomaly. The 



average h a l f  w id th,  X1/2 was t h e  same eas t  and west o f  t h e  r i d g e :  

0.25 + 0.10 m i l e s .  Standard h a l f  w i d t h  depth r ~ l e s  are:  sphere, z = 2x112; 

v e r t i c a l  c y l i n d e r ,  z = 1.3X1/2; edge o f  a  narrow d i  k e y  z = X1/2; and a 

h o r i z o n t a l  c y l i n d e r ,  z  = 2x112. Thus we conc lude t h a t  t h e  maximum depth 

t o  t h e  n o i s y  appear ing anomalies i s  between 820 and 1640 f t  below t h e  

surface, b u t  t hey  may be a t  sha l l owe r  depths o r  on t h e  sur face .  

On P l a t e  4, t h e r e  i s  a  magnet ic h i g h  o f  peak va lue  200 gammas, 

cove r i ng  an area o f  about 4 square m i l e s  n o r t h  and west o f  Shrub mud 

volcano, We n o t e  a c l o s e  c o r r e l a t i o n  o f  t h i s  f e a t u r e  w i t h  a  g l a c i a l  

mor ra i  ne mapped by  N i cho l s  and Yehle, 1969. Th is  mor ra ine  d e p o s i t  p robab l y  

c o n t a i  ns g r a v e l  and bou lders  o f  h i  gh magnet ic suscep t i  b i  1  i t y ,  perhaps 

d e r i v e d  f r om g l a c i e r s  heading a t  M t .  Drum. We specu la te  t h a t  i n  o t h e r  

areas o f  t h e  map s im i  l a r  mor ra ines  may be b u r i e d  under l a k e  sediments 

and cause t h e  n o i s y  aeromagnetic p a t t e r n  seen i n  P l a t e  4. 

A t  t h e  nor thwes t  co rne r  o f  P l a t e  4 t h e r e  i s  a  broad magnet ic  h i g h  o f  

about 400 gammas above average. Th is  corresponds t o  t h e  area o f  t h e  

g r a v i t y  h i g h  shown on P l a t e s  2 and 3. S ince  t h e  basement greenstone has 

a h i g h  magnet ic suscep t i  b i  li t y  (Tab le  4-1, chap te r  4 ) ,  we b e l i e v e  t h e s e  

d a t a  i nd i  c a t e  a topograph ic  basement h i  gh . 
We r a n  a ground magnetometer t r a v e r s e  across lower  Klawasi  mud volcano, 

a long s e l f - p o t e n t i a l  su rvey  l i n e  C-C; P l a t e  3, f rom p o i n t  C t o  t h e  summit. 

Other  spot  read ings  were taken  a t  g r a v i t y  s t a t i o n s  eas t  o f  t h e  summit. 

These d a t a  show a symmetr ica l  nega t i ve  anomaly o f  180 gammas cen te red  on 

t h e  summit mud c r a t e r .  No m o d e l l i n g  was at tempted o f  t h e  g r a v i t y  and 

magnet ic anomaly here, b u t  i t  seems c l e a r  t h a t  t hey  a re  due t o  a  c y l i n d e r  

o f  low densi  t y - l ow  magnet ic suscep t i  b i  li t y  mud pushed up f rom depth. 

I n  Chapter 4 we noted t h a t  t h e  p o s i t i v e  g r a v i t y  h i g h  c o i n c i d e n t  



w i t h  he l i um  anomaly #5 appeared t o  a l s o  cor respond w i t h  a  magnet ic  low. 

The ac tua l  magnet ic  anomaly i s  b e t t e r  desc r ibed  as d narraw p i n c h i n g  of 

a  magnet ic r i d g e  w i t h  magnet ic lows on e i t h e r  s i de .  I f  we make t h e  

assumption t h a t  t h e  r i d g e  i s  a  smooth con t inuous  f e a t u r e  which a separate ,  

l ower  s u s c e p t i b i l i t y  body has per tu rbed ,  we can c a l c u l a t e  t h e  n e g a t i v e  

con tours  o f  t h e  anomaly due t o  t h a t  second body. We r a n  a computer 

program t o  see if t h e  proposed i n t r u s i v e  g r a v i t y  body A, shown i n  F i g u r e  

4-2, Chapter 4, c o u l d  produce t h e  magnet ic  anomaly i f  i t  had low magnet ic  

s u s c e p t i b i l i t y .  The r e s u l t  was c o n c l u s i v e  - i t  cou ld  n o t .  The specu la ted  

magnet ic  anomaly i s  much sharper  than  t h e  broad anomaly t h a t  model A 

would produce. The conc lus i on  i s  t h a t  t h e  cause o f  t h e  neck ing  o f  t h e  

r i d g e  i s  much c l o s e r  t o  t h e  su r face  than  t h e  model led i n t r u s i v e  body. 

Geothermal wa te r  i s  capable  o f  caus ing  magnet ic  m i n e r a l s  t o  be 

a1 t e r e d  t o  non-magneti c  a1 t e r a t i  on p roduc ts .  I t  i s  p o s s i b l e  t h a t  t h i  s  

process i s  t h e  cause o f  t h e  magnet ic  p a t t e r n  over  t h e  g r a v i t y  anomaly. 

It i s  a l s o  p o s s i b l e  t h a t  u n r e l a t e d  v a r i  a t i o n s  i n  a  mo r ra i ne  d e p o s i t  cou ld  

be t h e  source o f  t h i s  magnet ic  anomaly. 



CHAPTER 7 

Summary and Recomrnendati ons 

by 

Eugene M. Wescott and Donald Turner 

The two groups o f  mud volcanoes, To1 sona and Kl awasi do no t  themselves 

seem t o  be d i r e c t  i n d i c a t i o n s  of geothermal energy resources. We have con- 

c luded t h a t  the  major methane k&#~ s i g n i f i c a n t  he1 ium content  o f  the gas 

emanating from the  Tolsona group can be expla ined by a source i n  the  over- 

pressured zone w i t h  a methane and hydrocarbon show found i n  the  Moose Creek # l  

we1 1 . There i s  no need t o  invoke a geothermal heat  source t o  d r i v e  them. 

The K l  awasi group o f  mud volcanoes have a d i f f e r e n t  gas composit ion - 
p r i m a r i l y  C02 w i t h  a m i  nor he1 i um content .  Pbtyka (personal comnunication) 

suggests t h a t  t he  C02 gas may be the  r e s u l t  of  h igh  temperature decomposit ion 

o f  ca lc ium carbonate i n  the sedimentary sect ion.  Motyka a l  so repo r t s  t h a t  t he  

geothermometers on the  Kl awasi group are inconc lus ive ;  some can be i n t e r p r e t e d  - 

as suggest ing a c o l d  water source, b u t  o thers  i n d i c a t e  a source o f  g rea te r  

than 150°C. 

The w i l d c a t  we l l  c l o s e s t  t o  the Klawasi group - AMOCO Ahtna A-1 ,  i s  about 

13 m i les  t o  the  northwest.  It d i d  show an overpressured zone a t  a depth of 

2,300 f t .  w i t h  some natura l  gas. The temperature of the water coming from 

these mud volcanoes (about 20°C) cou ld  be expla ined by the normal temperature 

g rad ien t  t o  t h i s  zone, as the  spr ings are l oca ted  topograph ica l l y  h igher  than 

AMOCO Ahtna A-1 .  The C02 gas might  a lso  r e s u l t  from ac id  - carbonate cement 

reac t i ons  i n  the  under ly ing  sedimentary sec t ion .  

Lower Klawasi i s  t he  on l y  mud volcano showing a s i g n i f i c a n t  geophysical 

s ignature.  It has a negat ive g r a v i t y  anomaly and a negat ive magnetic 

anomaly. As t h e  mud has a very low magnetic suscept i  b i l  i t y  and a low dens i ty ,  



these two geophys ica l  observa t ions  a re  cons'i s t e n t  w i  t h  a  mud d i  ap i  r . 
S i g n i f i c a n t l y  i t  has no he1 ium anomaly, so i t  i s  1  i k e l y  t h a t  t h e r e  i s  no need 

f o r  a  geothermal d r i v i n g  f o r ce .  S i m i l a r l y ,  Shrub and Upper K l  awasi are n o t  

s i g n i f i c a n t  he1 ium anomal i e s ,  nor  do they have geophys ica l  s i gna tu res .  

The he l ium survey revea led  t h e  ex i s tence  o f  t h r e e  ma jo r  areas o f  

i n t e r e s t .  P l a t e  1 shows them as shaded areas 1, 3 and 5. T'nere a re  o t h e r  

s c a t t e r e d  he l i um anomalies which may o r  may n o t  be s i g n i f i c a n t  - f u r t h e r  

sampl i n g  would be needed t o  determine t h a t .  

He1 ium anomaly area $1 i s  a  1  i n e a r  zone near t h e  j u n c t i o n  o f  t he  T a z l i n a  

R i v e r  and t h e  Copper R i ve r .  It i s  p r i m a r i l y  on t h e  west s i d e  o f  t h e  Copper 

R i ve r ,  b u t  may extend across the  Copper R i ve r .  From t h e  l i n e a r  c o n f i g u r a t i o n  

i t  i s  1  i k e l y  due t o  a  f a u l t  a c t i n g  as a  c o n d u i t  f o r  he1 ium. We be1 i e v e  t h e r e  

i s  a  s i g n i f i c a n t  l i k e l i h o o d  t h a t  h o t  water  r i s i n g  a long  a  f a u l t  zone may have 

produced t h e  anomalous he1 ium f l u x .  Our 1  a rges t  he1 ium c o n c e n t r a t i o n  was 

found a t  sample s i t e  CP-15G i n  t h i s  anomaly ('Table 2-1).  Because i t  was 

d iscovered  i n  t h e  da ta  a n a l y s i s  a f t e r  our  f i e l d  season, no d e t a i l e d  

geophys ica l  measurements were c a r r i e d  o u t  i n  the  area. I f  f u r t h e r  geophysics, 

i .e. se l  f - p o t e n t i a l  p r o f i l  i n g  and g r a v i t y  measurements, were con f i ned  t o  t h e  

west s i d e  o f  t h e  Copper R i v e r  no he1 i c o p t e r  t ime  would be necessary. One o f  

ou r  recommendations i s  t h a t  geophysfcs and some f u r t h e r  he l ium sampl ing be 

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

He1 ium anomal i e s  3 and 5 were exp lo red  w i t h  g r a v i t y  and aeromagnetic 

surveys and s e l f - p o t e n t i a l  p r o f i l e s  a l so  came c l o s e  t o  them. F i g u r e  7-1 shows 

superposed he1 ium sampl es, t he  g r a v i t y  r e s i d u a l  anomaly con tours  (shaded 

p a t t e r n s ) ,  and t h e  aeromagnetic 100 gamma con tours .  The g r a v i t y  t r ough  

j o i n i n g  Lower Klawasi and Shrub i s  t he  unshaded area. Hel ium anomaly area 3 

co inc ides  very  w e l l  w i t h  a  nega t i ve  o f f s h o o t  area from t h i s  t rough.  Se l f -  



F i g u r e  7-1. Composite nap o f  g r a v i  ty  and aeroii lagnetic con tours  and he1 ium 
s o i l  and s o i l  gas l o c a l i t i e s .  G r a v i t y  con tours  i n  1 mgal 
i n t e r v a l  s a re  shaded pa t t e rns .  Aeromagneti c con tour  i n t e r v a l  s 
100 gammas. Open c i r c l e s  a re  background he1 ium values, so l  i d  
do t s  a re  anomalous HQ va lues  g r e a t e r  than  5.4 ppm. 
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p o t e n t i  a1 p r o f i l e  C - C '  which approached t h i s  area showed a s i g n i f i c a n t  

negat ive gradient .  The aeromagnetic contours a1 so suggest a negat ive 

anomaly. The negat ive magnetic anomaly may be due t o  h o t  water o x i d i z i n g  the 

magnetic minera ls  i n  t he  rocks beneath t h i s  area. The g r a v i t y  low i s  

suggest ive o f  a mud d i a p i r ,  b u t  o the r  explanat ions are a lso  possib le.  We 

recommend the  complet ion o f  t he  sel f - p o t e n t i a l  survey i n  d e t a i l  over t h i s  

area. 

Helium anomaly area 5 i s  the  most l i k e l y  geothermal prospect.  Taken by 

themselves the  f o u r  types o f  anomalies i n  t h i s  area can have several 

i n t e r p r e t a t i o n s ,  b u t  taken together  they comprise s t rong evidence f o r  a 

geothermal source. The he1 ium anomaly corresponds very we l l  w i t h  a g r a v i t y  

h igh  and a magnetic low. There i s  a s i g n i f i c a n t  p o s i t i v e  s e l f - p o t e n t i a l  

g rad ien t  along the  nor thern  edge o f  the anomaly. We h i g h l y  recommend the  

complet ion o f  sel f - p o t e n t i a l  surveys over t h i s  area. It i s  a prime d r i l l  i n g  

t a r g e t .  

The general sel  f - p o t e n t i  a1 anomaly p a t t e r n  shown i s  n o t  s u f f i c i e n t l y  

de f ined t o  draw f i r m  conclusions. The map pa t te rn ,  PI  ate  3, and p r o f i l e  A - A '  

i n  p a r t i c u l a r  suggest t h a t  there  i s  a 1 arge-scale dip01 a r  p a t t e r n  w i t h  a 

nor theas t  t r e n d i  ng ax i  s ,  perhaps a1 i gned w i t h  the  g r a v i t y  trough. We 

recommend t h a t  t he  s e l f - p o t e n t i a l  survey be extended t o  complete t h i s  p i c tu re .  
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