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ABSTRACT 

al luv ium and basa l t  cover, and ind i ca te  the  importance o f  the  Cove Fort-Beaver 

! 
i 
j 
I 

I 
i 
I 

i 
1 

i 

I 

i Geological, geochemical and geophysical data are presented f o r  one o f  t h e  

major geothermal systems i n  the  western United States. Regional data i n d i c a t e  

major t ec ton i c  s t ructures which are s t i l l  ac t i ve  and provide t h e  conduits f o r  

t h e  geothermal system. Deta i led geologic mapping has defined major g l i d e  

blocks of T e r t i a r y  volcanics which moved down from t h e  Tushar Mountains and 
I 

I l o c a l l y  act  as a leaky cap t o  por t ions o f  t h e  present ly  known geothermal 

I system. Mapping and geochemical studies i n d i c a t e  t h r e e  periods o f  I 
1 
t 

mineral i z a t i o n  have affected t h e  area, two o f  which are unre lated t o  the  

present geothermal a c t i v i t y .  The geologic re la t ionsh ips  demonstrate t h a t  t h e  

major s t ructures have been opened repeatedly s ince the  Ter t iary .  

Gravi ty and magnetic data are usefu l  i n  de f i n ing  major s t ruc tu res  beneath 

I 
~ t a r g e t  areas w i t h i n  t h e  l a rge r  thermal anomaly. E l e c t r i c a l  r e s i s t i v i t y  
I 

I 
surveys and thermal gradient holes both con t r i bu te  t o  the  de l ineat ion  o f  t h e  

known reservo i r .  

Deep explorat ion we1 1s which t e s t  t h e  reservo i r  recorded maximum 

tenperatures o f  178OC and almost isothermal behavior beginning a t  700 t o  1000 

m and cont inuing t o  a depth o f  1800 m. Cost ly d r i l l i ng ,  h igh  corros ion ra tes  

and low rese rvo i r  pressure coupled w i th  t h e  r e l a t i v e l y  low reservo i r  

temperatures have l e d  t o  the  conclusion t h a t  t h e  reservo i r  i s  not economic f o r  

e l e c t r i c  power product ion a t  present. Plans are underway t o  u t i l i z e  t h e  

moderate-temperature f l u i d s  f o r  agribusiness, and explorat ion continues f o r  a 

deep high-tenperature reservoir .  

1 



INTRODUCTION 

The Cove Fort-Sul phurdal e Known Geothermal Resource Area (KGRA) i s  

perhaps t h e  l a rges t  and leas t  understood o f  the  major thermal systems l y i n g  

near t h e  eastern edge o f  t h e  Basin and Range Province. This area i s  cen t ra l  

t o  several geothermal areas inc lud ing  t h e  Monroe-Joseph KGRA t o  t h e  east and 

t h e  Roosevelt Hot Springs and Thermo KGRAs t o  t h e  west and south (Fig. 1). 

Fumaroles, s u l f u r  deposits and a l te red  al luvium are  exposed over an area 

covering near ly  47 sq km i n  t h e  southern Pavant Range and northern Tushar - 
Mountains. 

evaluat ion by t h e  Union O i l  Co. and was t h e  s i t e  o f  i n tens i ve  explorat ion 

e f f o r t s  between 1975 and 1979. 

Consequently, t h i s  area was i n i t i a l l y  targeted f o r  de ta i led  

I n  1977 Union O i l  Company entered i n t o  a cost- 

shar ing explorat ion and development program w i th  t h e  Department o f  Energy 

( then t h e  Energy Research and Developmenf Administrat ion), D i v i s i o n  o f  

Geothermal Energy. 

exp lo ra t ion  wel ls  and the  release t o  t h e  pub l ic  o f  the  resu l t i ng  technical  

data and c e r t a i n  p reex is t ing  surface and subsurface data (Union O i l  Co,, 

1978a) . 

The contract  provided f o r  t h e  d r i l l i n g  o f  t h ree  deep 

Thermal gradient measurenents and deep d r i l l i n g  suggest t h a t  t h e  

geothermal system may extend northward i n t o  Dog Val ley and westward i n t o  t h e  

Cove F o r t  graben where i t  i s  covered by young basal t  flows and t h i c k  a l l u v i a l  

deposits. 

thermal f i e l d  explored by Union O i l  Company, t h e  r e s u l t s  o f  t h i s  work 

While our de ta i l ed  s tud ies deal mainly w i th  t h e  po r t i on  o f  t h e  

I nevertheless provide a usefu l  s t a r t i n g  po in t  for  understanding t h e  geometry 

and geologic contro ls  o f  a much 1 arqer area of resource Dotent ia l  . 
The purpose o f  t h i s  paper i s  t o  present an in tegra ted  summary and current  

L 



i n t e r p r e t a t i o n  o f  t h e  geological ,  geophysical and geochemical data t h a t  has 
1 

been co l l ec ted  dur ing explorat ion i n  t h e  Cove Fort-Sulphurdale KGRA, I n  

add i t i on  we have t r i e d  t o  assess the  u t i l i t y  o f  c e r t a i n  geophysical techniques 

~ 

~ 

I 
I 
1 

I 
I i n  an area which may be s i m i l a r  t o  other par ts  o f  t h e  Basin and Range. 

Reaional Strat iqraPhv 

GEOLOGY 

! 

i 

The Cove Fort-Sulphurdale KGRA i s  located near the  j u n c t i o n  o f  t he  Pavant 

Range and Tushar Mountains on t h e  eastern margin o f  t h e  Basin and Range 

Province. These high1 ands, composed 1 argely of Pal eozoic t o  Mesozoic 

sedimentary rocks and Te r t i a ry  volcanics, form p a r t  o f  t h e  High Plateaus 

+ 

1 I 

I 
Subprovince (Figs. 1 and 2) t h a t  marks t h e  t r a n s i t i o n  between t h e  Colorado 

Plateau and t h e  Basin and Range Provinces. 
I 

The sedimentary rocks o f  the  Cove Fort-Sulphurdale area are pa r t  of a 

broad, nor th- t rendi  ng t h r u s t  b e l t  deformed dur ing t h e  Late Cretaceous Sevi e r  

Orogeny (Crosby, 1959; Armstrong, 1968). 

(7535 f t )  i n  t h e  deep geothermal wel ls  cons is t  l a r g e l y  o f  l imestone and 

d o l u n i t e  t h a t  was var iab ly  metamorphosed during Te r t i a ry  i n t r u s i v e  a c t i v i t y .  

Canparison of t h e  l i t h o l o g i e s  encountered w i t h i n  t h e  we l ls  w i th  

unmetamorphosed s t ra t i g raph ic  sect ions from the  Pavant Range described by 

Crosby (1959) and H in tz  (1973) suggests t h a t  t h e  reservo i r  rocks are  Cambrian 

t o  Tr iass ic  i n  age. 

Rocks penetrated t o  depths o f  235 

The sedimentary rocks a re  separated from t h e  over ly ing Te r t i a ry  volcanic 

sequence throughout t h e  region by t h e  Late Mesozoic Pr ice  River Conglomerate 

(Crosby, 1959) which consis ts  o f  congl m e r a t e  interbedded w i t h  minor sandstone 

and claystone (Fig. 3). The Pr i ce  River Conglomerate was deposited a f t e r  La te  

Cretaceous deformation on an erosional surface t h a t  cut  across the  t h r u s t  
sheets. 

3 



The T e r t i a r y  vo lcanic  rocks were erupted between about 30 and 19 m.y. ago 

from widely scattered centers i n  two d i s t i n c t  volcanic terranes, t h e  Marysval e 

volcanic f i e l d  o f  t he  southwestern High Plateaus t o  t h e  east and t h e  Great 

1 

I 

Basin t o  t h e  west ( r e f e r  t o  Fig. 1; Steven and others, 1979; Steven and 

Cunningham, 1978). Although t h e  volcanic re1 at ionships w i t h i n  these f i e l d s  
I 

I a re  compl ex, t h i s  canpl e x i t y  has l ittl e bearing on our understanding o f  t h e  

geothermal system a t  Cove Fort.  Here, t h e  volcanic rocks de f i ne  a r e l a t i v e l y  

s imple s t ra t i g raph ic  sequence de ta i l ed  i n  Fig. 3. 

Propyl i  t i c a l  l y  a1 te red  1 ava f lows and breccias o f  intermedi a te 

composition which accumulated around one o f  t h e  o ldest  vent centers o f  t h e  

Marysvale f i e l d  form t h e  base o f  t h e  volcanic sequence near Cove For t  (Caskey 

and Shuey, 1975; Steven and others, 1979). 

o v e r l i e  t h e  P r i c e  River  Conglomerate. 

par ts  o f  t h e  Te r t i a ry  volcanic sequence. These are d i s t i n c t i v e  marker 

horizons which have allowed us t o  map i n  d e t a i l  c r i t i c a l  s t ruc tu res  w i t h i n  t h e  

geothermal f i e l d .  L i t ho log i c  cha rac te r i s t i cs  o f  t h e  ash-flow t u f f s  are 

described by Moore and Samberg (1979), Steven and Cunningham (1978) and Steven 

and others (1979). 

The lava  f lows unconfomably 

Ash-flow - t u f f s  predominate i n  t h e  upper 

%- 

The B u l l i o n  Canyon Volcanics (Figs. 2 and 3 )  and t h e  under ly ing 

sedimentary rocks o f  t h e  thermal reservoi  r were metamorphosed and weakly 

mineral ized by a hypabyssal p lu ton  o f  quartz-monzonite a f t e r  deposi t ion o f  t h e  

c l i n o p t i l o l i t e  t u f f  (Tc; F i g  3 ) .  Although t h e  main body o f  t h e  i n t r u s i o n  i s  

no t  exposed, numerous l a t i t i c  d ikes and plugs cu t  t he  c l i n o p t i l o l i t e  t u f f  i n  

t h e  northwestern Tushar Mountains (F ig  2 )  and, near Sulphurdale, wel l  CFSU 

42-7 in te rsec ted  several t h i n  quartz-monzonite dikes i n  r e c r y s t a l l i z e d  

limestone. I n  places t h e  l a t i t i c  dikes fed l ava  flows which were l o c a l l y  



7 preserved beneath t h e  over ly ing  2 2  m.y. o l d  O s i r i s  T u f f  (Fleck and others, 

1975). 

Volcanics (Steven and others, 1979) was in t ruded by t h e  l a t i t i c  dikes and 

places a lower age on t h i s  in t rus ive,event .  

The 27 may. o l d  Three Creeks Tuf f  Member o f  t h e  B u l l i o n  Canyon 

Magnetic data (discussed bel ow) suggest t h a t  t h e  quartz-monzonite p l u t o n  

i s  centered southeast o f  Sulphurdale and may be covered by l e s s  than 300 m o f  

weakly magnetic rocks. The intrusive-metasedimentary contact  appears t o  d ip  

northward toward Sulphurdale. 

42-7, canpared t o  CFSU 31-33 and widespread r e c r y s t a l l i z a t i o n  o f  carbonate 

Higher metamorphic grades a t  depth i n  CFSU 

rocks, and quartz-monzonite dikes i n  CFSU 42-7 are consistent w i t h  t h e  

geometry o f  t h e  i n t r u s i v e  i n f e r r e d  from t h e  geophysical data. 

Renewed volcanic a c t i v i t y  spanned t h e  i n t e r v a l  between 1 m.y. and 

0.3 m.y. ago (Best and others, 1980) producing a s h i e l d  volcano i n  t h e  Cove 

Fo r t  Basal t  F i e l d  (Condie and Barskey, 1972; Clark, 1977; Steven and Morris, 

1981). The petrochemistry o f  t h e  b a s a l t i c  andesite which f i l l e d  t h e  Cove F o r t  

Graben west o f  t h e  Tushar Mountains i s  described by Clark (1977). Callaghan 

(1973) and Steven and others (1979) have suggested t h a t  t h e  Cove F o r t  

geothermal system may be re la ted  t o  b a s a l t i c  volcanism. 

S t ruc ture  

Geological and geophysical data i n d i c a t e  that  permeabi l i ty  w i t h i n  t h e  

geothermal systen i s  c o n t r o l l e d  by  f a u l t s  and fractures. The o ldes t  

s t ruc tu res  are  t h r u s t  f a u l t s  which disrupted t h e  sedimentary rocks dur ing t h e  

Sevi e r  Orogeny. 

5 



Thrust fau l ts ,  although not conspicuous i n  t h e  area shown i n  F igure 2, 

may be widely d i s t r i b u t e d  i n  t h e  reservo i r  rocks o f  t h e  thermal area a t  

depth. 

1981) and have been in te rsec ted  a t  depth on t h e  nor thern edge o f  t h e  Tushar 

Mountains. 

They occur widely t o  the  nor th  i n  the  Pavant Range (Steven and Morris, 

I n  CFSU 31-33, Paleozoic dolomites have been t h r u s t  over T r iass i c  

s i l t s t o n e  and limestone. 

Since Basin and Range tectonism began i n  the  mid-Miocene (Steven and 

others, 1979), rocks o f  t h e  Cove For t  area have been extensively d isrupted by 

both high- and low-angle no r the r l y  and easter ly  t rending normal fau l ts .  

, Continued a c t i v i t y  i s  ind ica ted  by f a u l t  scarps w i th in  t h e  al luvium and lava  
I 

f lows o f  t he  Cove For t  Basalt F i e l d  (Steven and Morris, 1981; Clark, 1977; 

Zimnerman, 1961) and by a h igh l eve l  o f  microearthquak? a c t i v i t y  i n  t h e  

v i c i n i t y  o f  Cove Fort.  

the- t rends  o f  t h e  f a u l t s  are marked l o c a l l y  by t h e  alignment o f  s u l f u r  

deposits, ac id  a1 tered a1 luvium, and fumaroles. 

Here and along the  western margin o f  t he  Pavant Range, 

Low-angle f a u l t s  bound g rav i ta t i ona l  g l i d e  blocks which extend from 

Sulphurdal e northward t o  t h e  Cove Creek Fau l t  (Fig. 2 )  and cover t h e  rese rvo i r  

rocks i n  t h e  northwestern pa r t  o f  t h e  Tushar Mountains. The g l i d e  blocks a re  

bounded on t h e  no r th  by an east-trending normal f a u l t  t h a t  separates rocks o f  

t h e  Tushar Mountains from those o f  t h e  Pavant Range. 

subsurface geometry of t h e  g rav i ta t i ona l  g l i d e  blocks near Sulphurdal e i s  

An i n t e r p r e t a t i o n  o f  t h e  

i l l u s t r a t e d  i n  cross sect ion A-A', F igure 4. The youngest rocks preserved 

w i t h i n  t h e  f a u l t  blocks are basal t  and sandstone which o v e r l i e  the  Joe L o t t  

T u f f  (not  present along sect ion A-A ' )  and have been assigned t o  t h e  Sevier 
I 
1 

i River Formation o f  1 ate Cenozoic age. 



The g rav i ta t i ona l  g l i d e  blocks form a near ly  impermeable cover over t h e  

geothermal system which has profoundly inf luenced t h e  d i s t r i b u t i o n  o f  h igh 

tenperature and thermal gradient values i n  t h e  shallow thermal gradient 

holes. The sur face features o f  t h e  geothermal s y s t m  are discussed more f u l l y  

bel  ow. 

Hydro1 ogy 

The Cove Fort-Sulphurdale area i s  located i n  the  northeastern p o r t i o n  o f  

t h e  Cove Creek basin, a rectangular-shaped area roughly 26 km long (east-west) 

and 19-23 km wide. 

m along t h e  eastern margin of t h e  basin and provide most o f  t h e  recharge f o r  

The Tushar Mountains r i s e  t o  elevat ions o f  2,440 t o  3,050 

t h e  loca l  ground water system. Mower's (1958) study o f  t he  Beaver Val ley 

system, immediately south o f  t h e  Cove Creek basin, suggests an average annual 

p r e c i p i t a t i o n  o f  41 t o  76 cm i n  the  f o o t h i l l s  and mountains compared with 30 

t o  41 cm a t  t h e  va l l ey  1 evel. 

Numerous springs occur along the  west f lank o f  t h e  TuShar Mountains but  

stream f low along Cove Creek i s  ephaneral and a l l  streams become dry where 

they enter al luvium o f  t he  v a l l e y .  

be l ieved t o  be no r th  ( o r  south from t h e  northern po r t i on  o f  t h e  basin) t o  t h e  

Cove Creek drainage, then west along the  drainage t o  the  Mineral Mountains 

(Union O i l  Co., 1979a). 

o f  24 t o  100 m. 

cen t ra l  o r  western por t ions o f  t h e  basin, so l i t t l e  i s  known about t h e  deep 

ground-water hydrology. 

t h e  northeastern po r t i on  o f  t h e  basin record water t a b l e  depths o f  366 t o  427 

m. Although t h e  t o t a l  area o f  the  Cove Creek basin, a t  about 573 sq km i s  

f a i r l y  small, t h e  average annual p r e c i p i t a t i o n  r a t e  i s  much higher than most 

Ground-water f low w i t h i n  the  al luvium i s  

Several wel ls  produce from perched aqui fers  a t  depths 

No wel ls are known t o  penetrate t h e  t r u e  water t a b l e  i n  t h e  

Three geothermal wel l  t e s t s  by Union O i l  Company i n  

7 
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Basin and Range areas. The t h i c k  sect ion o f  unconsolidated sediments i n  t h e  

Beaver V a l  1 ey graben and t h e  porous Pal eozoic carbonates s to re  1 arge volumes 

o f  water f o r  recharge o f  t h e  geothermal reservo i r .  

GEOCHEMISTRY AND HYDROTHERMAL ALTERATION 

The d i s t r i b u t i o n  and chemical cha rac te r i s t i cs  o f  t h e  hydrothermally 
1 

1 a l t e red  rocks i n  a geothermal prospect area are f requent ly  used as an 

exp lo ra t ion  guide during the  assessment programs. i 
The geologic s e t t i n g  o f  t he  

Cove Fo r t  area i s  complex, and a t  l e a s t  t h ree  hydrothermal events have been 

documented as a r e s u l t  o f  downhole l i t h o l o g i c  and geochemical 

invest igat ions.  

the area. 

Consequently, a simp1 e geochemical zonation does not  ex i s t  i n  

?, 

The 01 dest hydrothermal event accanpani ed empl acement o f  t h e  

intermedi ate-curnposi t i o n  stocks and dikes exposed east and south o f  

Sulphurdale and penetrated i n  CFSU 42-7. This event was character ized by 

contact  metamorphism o f  t h e  Paleozoic and Mesozoic sedimentary rocks, 

p r o p y l i t i c  a l t e r a t i o n  o f  t h e  volcanic rocks, s i 1  i c i f i c a t i o n ,  and deposi t ion o f  

p y r i t e ,  galena, sphaler i te ,  p y r r h o t i t e ,  b o r n i t e  and chalcopyr i te.  

re1 at ionship between. base metal m ine ra l i za t i on  and t h e  i n t r u s i v e  rocks i s  

c l e a r l y  i l l u s t r a t e d  by t h e  d i s t r i b u t i o n s  o f  lead  and zinc. 

t h a t  anomalous lead and z inc  concentrat ions are located w i t h i n  t h e  

southeastern po r t i on  o f  t h e  area about t h e  margin o f  t h e  exposed l a t i t e  stocks 

The 

F igure 5 shows 

and i n f e r r e d  subjacent quartz-monzonite. Anomalous z inc concentrat ions are 

genera l ly  zoned outward from t h e  h igh lead values. 

I 

1 
A second hydrothermal event was marked by t h e  deposi t ion o f  f l u o r i t e  

~ 

along a normal f a u l t  bounding t h e  southern p a r t  o f  t he  Pavant Range. Although 

8 



, I 
1 

t h e  age o f  t h i s  event has not been established, t h e  absence o f  f l u o r i t e  i n  

carbonate rocks a f fec ted  by t h e  hypabyssal i n t rus ions  and i t s  occurrence i n  

Basin and Range s t ruc tu res  suggest t h a t  f l u o r i t e  deposi t ion i s  no o lder  than 

mid-Miocene. Su l fu r  deposits re la ted  t o  ac t i ve  fumaroles are  c l e a r l y  younger 

than t h e  f l u o r i t e  and i n d i c a t e  t h a t  t h e  f l u o r i t e  deposits must predate t h e  

I present stage o f  geothermal a c t i v i t y .  Arsenic appears t o  have been mobi l ized 

by hydrothermal f l u i d s  which deposited both t h e  base metals and f l u o r i t e  (Fig. 

The ac t i ve  geothermal system i s  character ized by s u l f u r  deposits, acid- 

a l t e red  ground, and a c t i v e  fumaroles which occur i n  an area covering 

approximately 47 sq km. 

ch lo r i de  b r i n e  located a t  a depth o f  approximately 400 m. 

These features r e f l e c t  the  degassing and b o i l i n g  o f  a 

The acid-a1 te red  areas are conspicuous whi te  deposits consis t ing 

predominantly o f  s i l i ceous  residues derived from t h e  pre-ex is t ing rocks and 

conta in ing var iab le  amounts o f  clays, su l fu r ,  gypsum, p y r i t e  and marcasite. 

These are s u r f i c i a l  features and do not extend below t h e  water table.  

depth anhydr i te  has been deposited i n  some o f  t h e  f r a c t u r e  zones i n  t h e  

carbonate reservo i r  rocks by the geothermal f l u ids .  

A t  

High concentrat ions o f  mercury, an element which i s  r e a d i l y  t ransported 

w i t h i n  a vapor (Fig. 5), are d iagnost ic  o f  rocks hydrothermally a l t e red  by the .  

geothermal system. 

lead, and z inc i n  some samples probably r e s u l t  from t h e  scavanging o f  these 

elements along w i t h  i r o n  from the  host rock dur ing the  formation o f  pyr i te .  

Mercury concentrat ions i n  d r i l l  ho le  cu t t i ngs  are greatest  near areas o f  

ac t i ve  hydrogen s u l f i d e  discharge and s u l f u r  deposi t ion northwest o f  Cove For t  

Lesser Concentrations o f  t he  chalcophi le  elements arsenic, 

and near Sul phurdal e. 
, 



GEOPH YS I C  S 

A v a r i e t y  o f  geophysical data are avai lab le f o r  study as t h e  r e s u l t  o f  

regional studies and t h e  s i t e - s p e c i f i c  explorat ion f o r  t h e  geothermal 

reservoir .  Passive seismic and g r a v i t y  data provide considerable i n s i g h t  i n t o  

t h e  deeper s t ruc tu ra l  s e t t i n g  o f  t h e  Cove Fort-Sulphurdale area and are here 

considered f i  r s t  . 
Seismic Se t t  i ng 

The Cove Fort-Sulphurdal e and Roosevelt Hot Spr ngs geothermal areas are 

located along t h e  western margin o f  t h e  a c t i v e  Intermountain Seismic B e l t  

(Smith and Sbar, 1974), a major zone o f  earthquake a c t i v i t y  which extends 

northward from Arizona through Utah and eastern Idaho i n t o  western Montana 

(Fig. 1). I n  Utah t h i s  zone i s  roughly coincident w i t h  t h e  t r a n s i t i o n  zone 

between t h e  Basin and Range Province on t h e  west and t h e  Colorado Plateau t o  

t h e  east. 

Spri ngs-Cove Fort-Sulphurdal e area i s 1 ess a c t i v e  than t h e  Sevi e r  and Tushar 

f a u l t  zones and t h e  Marysvale volcanic center 40 km t o  t h e  east (Olson and 

Smith, 1976). 

Wi th in  t h i s  broad region o f  ac t i ve  se ismic i ty ,  t h e  Roosevelt Hot 

I n  1974 and 1975 an array o f  up t o  12 portable, high-gain seismographs 

was est  ab1 i shed w i t h i n  t h e  Roosevel t Hot Spri ngs and Cove Fort-Sul phurdal e 

areas (Olson and Smith, 1976). One hundred s i x t y - th ree  earthquakes o f  

magnitude 0.5 < M < 2.8 were recorded i n  two survey periods t o t a l i n g  49 

days. 

shallow ( l ess  than 5 km) focal  depths around t h e  Cove F o r t  area. 

ca lcu lated depth was 16 km. 

km length o f  t h e  western f lank o f  t h e  Mineral Mountains which includes t h e  

Most o f  t h e  earthquake a c t i v i t y  occurred as a ser ies o f  swarms w i t h  

The maximum 

Only four events could be associated w i t h  t h e  20 

Roosevelt Hot Springs geothermal area (Ward e t  al., 1978). Composite f a u l t  



I p lane so lu t ions  ind ica ted  normal f a u l t i n g  w i t h  genera l ly  east-trending T- 
1 
I 

axes. 

occurrence ind icated swarm-like a c t i v i t y  near Cove Fort. 

A h igh  b-value o f  1.27 and s t a t i s t i c a l  analyses o f  mode o f  event 
~ 

Most prominent i s  a 
I 

northeast- t rendi  ng c l u s t e r  of earthquakes centered 3 km northeast o f  Cove 

Fort.  

More recent observations, recorded as pa r t  o f  an induced se ismic i ty  study 

a t  Roosevelt Hot Springs, showed a s i m i l a r  pa t te rn  o f  ac t i ve  se i sm ic i t y  a t  

Cove Fo r t  (Schaff, 1981). 

month per iod October 1979 through September 1980. 

epicenters occurred near Cove Fort ,  w i t h  7 1  events w i t h i n  a 10 km radius of 

One hundred-eighty events were recorded f o r  t h e  12 

The highest densi ty  o f  

t h e  Cove Fo r t  highway in te rsec t ion .  This cont inuing se ismic i ty  suggests open 

s t ruc tu res  a t  depth w i t h i n  t h e  reservoir .  

Grav i ty  Studi es 

Regional g r a v i t y  data (Cook e t  a1 . , 1975) also provide evidence f o r  some 

o f  t h e  major regional  t ec ton i c  elements present i n  t h e  Cove For t  area. A 

prominent north-trending 35 t o  50 mgal gradient bends eastward a t  Cove Fort, 

then trends northeast along t h e  margin o f  t h e  Colorado Plateau. A more 

de ta i l ed  g rav i t y  study by Cook e t  a l .  (1980) documents t h i s  t r a n s i t i o n  i n  

d e t a i l  (Fig. 6 )  and ind ica tes  several major s t ruc tu ra l  features. 

Approximately 700 g r a v i t y  s ta t ions  provide contro l  f o r  t h e  g rav i t y  contours. 

In te rpre ted  f a u l t s  are shown as heavy l ines.  

\ 

The dani nant fea ture  i s  t h e  north-trending Beaver-Cove For t  graben, 

f i l l e d  with over one km o f  volcanics and Quaternary alluvium. 

s t ruc tu res  shown on F igure 6 are general ized from t h e  two-dimensional model 

r e s u l t s  o f  Cook e t  al. (1980) supplemented by our three-dimensional 

The in te rp re ted  
! 

~ 

I 

I modeling. Paleozoic sedimentary rocks which outcrop nor th  o f  Cove For t  and 
I 



g r a n i t i c  i n t r u s i v e s  of t h e  Mineral Mountains e x h i b i t  dens i t ies  o f  

approximately 2.67 g/cm3. 

volcanics, which consis t  o f  t u f f s  and rhyo l i tes ,  suggest an average densi ty o f  

2.25-2.4 g/cm . 
fran 2.0-2.3 g/cm3. An average densi ty contrast  of 0.5 g/cm3 between bedrock 

range blocks and Te r t i a ry  volcanics and/or al luvium was used i n  t h e  numerical 

modeling. 

incor rec t  densi ty  contrasts,  but  t h e  pos i t ions o f  major s t ruc tu res  are 

L imi ted densi ty  measurements o f  t h e  T e r t i a r y  

3 Quaternary al luvium and va l l ey  f i l l  can be expected t o  vary 

Some inaccuracy i n  depths o f  a l l u v i a l  f i l l  may r e s u l t  from 

: '  
I 

I 
substant ia l  l y  accurate. The g rav i t y  data when q u a n t i t a t i v e l y  in te rpre ted  9 

provide a major con t r i bu t i on  t o  understanding t h e  s t ruc tu ra l  s e t t i n g  o f  t h e  
i 
I Cove Fort-Sulphurdal e geothermal resource. 
I 

I 

Magnetic Studies 

H igh-a l t i tude  aeromagnetic data on..a statewide (1:106) sca le  (Z ie tz  e t  

al., 1976) i n d i c a t e  a prominent east- t rending d i scon t inu i t y  over 160 km long 

which passes through t h e  Cove Fort-Sulphurdal e area and del ineates t h e  

northern margin o f  t h e  Pioche-Beaver Mineral Trend (Rowley e t  a l . ,  1978). 

North o f  t h i s  d i scon t inu i t y  magnetic values are  lower and only  i so la ted  

anomalies occur. 

caused anomalies are noted. The aeromagnetic data shown i n  F igure 7 are pa r t  

o f  a de ta i l ed  survey f lown i n  1978 (Earth Science Laboratory, 1978). 

I 

South of t h e  d i scon t inu i t y  numerous i n t rus i ve -  and volcanic-  

North- 

I south p r o f i l e s  were f lown approximately 0.5 km apart, approximately 300 m 

(smoothly draped) above t h e  surface. 

in te rpre ted  s t ruc tu res  are superimposed over t h e  100 gamma magnetic contours 

i n  F igure 7 t o  f a c i l i t a t e  comparison w i th  the  de ta i l ed  geologic map, F igure 

The Cove For t  basa l t  f i e l d  and 

I 2. The I G R F  has been removed from t h e  observed t o t a l  i n t e n s i t y  values. A 

simple, low i n t e n s i t y  magnetic pa t te rn  i n  t h e  northern t h i r d  o f  t h e  mapped 

area ar ises  fran Pal eozoic and Cretacears sedimentary rocks w i th  considerable 

1 
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topographic r e l i e f  on t h e  east, and from Ter t i a ry  volcanics and a l l u v i a l  areas 

o f  low topographic r e l i e f  t o  t h e  west. 

A complex magnetic pa t te rn  w i t h  residual  t o t a l  i n t e n s i t y  values varying 

from +450 t o  -770 gammas occurs over a 70 sq km area i n  t h e  west cent ra l  

po r t i on  o f  t h e  map. 

t h e  shaded pa t te rn  on Fig. 7. Most o f  t h e  complex magnetic pa t te rn  i s  

explained by i n te rsec t i ng  sets of northwest-and northeast- t rending fau l ts ,  

most w i th  r e l a t i v e l y  small displacanents, but o f ten  expressed i n  t h e  

topography. 

basal t  f i e l d  occurs over t h e  150 m topographic h igh  o f  Cinder Crater. 

Numerical modeling ind ica tes  an equivalent s u s c e p t i b i l i t y  o f  -5000 cgs 

i n d i c a t i n g  strong permanent magnetization d i rec ted  approximately opposi te t o  

This i s  t h e  area o f  the  Cove For t  basal t  f i e l d ,  shown i n  

A conspicuous low o f  more than 400 gammas near t h e  center o f  t h e  

t h e  ear th 's  present f i e 1  d d i  rect ion.  

c inder  cone i s  noted a t  t h e  southern edge o f  t h e  basa l t  f i e l d .  

o f  t h e  basal t  f i e l d  appears t o  be normally magnetized, based on a p o s i t i v e  

c o r r e l a t i o n  between reduced t e r r a i n  clearance and increased magnetic 

i n tens i t y .  

f a u l t  but  i s  i t s e l f  elongate northwest. 

Another small er, reverse ly  magnetized 

The remainder 

The Cinder Crater magnetic source i s  cu t  by a northeast- t rending 

The southeastern p o r t i o n  o f  t he  survey area i s  dominated by an 

e l l i p t i c a l l y  shaped magnetic anomaly w i th  maximum values o f  9 7 0  gammas, 

approximately 1600 gammas above regional background levels. Three-dimensional 

numerical modeling ind ica tes  a complex magnetic source. 

t e r r a i n  clearance over t h e  Te r t i a ry  t u f f s  and andesites o f  t h e  Tushar 

Mountains cont r ibu tes  t o  t h i s  i r r e g u l a r  magnetic anomaly, most o f  t h e  source 

Although reduced 

i s  a t t r i b u t e d  t o  bur ied i n t r u s i v e  rocks 100 t o  1000 meters below t h e  surface, 

which d i p  t o  t h e  nor th  and extend t o  great depth (i.e., greater than 3000 

13 
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m ) .  The equivalent s u s c e p t i b i l i t y  f o r  such a body, as determined from 

I 

modeling, var ies from approximately 5000 cgs near t h e  surface t o  10,000 "cgs 

f o r  t h e  deeper por t ions o f  the  body. 

(as in te rsec ted  a t  depth i n  CFSU 42-7) i s  t h e  probable source. 

average magnetization suggests some p o s s i b i l i t y  o f  magnetic skarn. Te r t i a ry  

l a t i t e  porphyry rocks which outcrop nor th  o f  t h e  in te rpre ted  source are  on ly  

weakly expressed (40-50 gammas) i n  the  magnetic data. 

A Te r t i a ry  quartz-monzonite i n t r u s i v e  

The h igh  

The lowest t o t a l  i n t e n s i t y  values (-942 gammas) recorded i n  t h e  survey 

occur i n  an area o f  low magnetic r e l i e f  between Sulphurdale and Cove Fort. 

Here weakly magnetic and extensively a l te red  T e r t i a r y  volcanics o v e r l i e  t h e  

Pal eozoic carbonates which host t he  geothermal reservoir .  The low magnetic 

values occur as a po la r i za t i on  low o f  t h e  i n t r u s i v e  source t o  t h e  south. 

Thermal Studi es 
- 

The KGRA boundaries are based on t h e  shal low thermal gradi ent anomaly and 

correspond c lose ly  t o  t h e  20O0C/km contour shown i n  F igure 8. The thermal 

data presented here are p a r t  o f  a Union O i l  Company (1978a) data package made 

ava i l  ab le through t h e  DOE/DGE Indust ry  Coup1 ed Program. The gradients, no t  

corrected f o r  topography, correspond t o  uni form gradients a t  30-76 m depths. 

An average Basin and Range gradient f o r  T e r t i a r y  t u f f s  and a l luv ium mater ia ls  

(i.e., thermal conduc t i v i t i es  o f  1.5 t o  2.2 W/m°K) would be approximately 

50°C/km. The 200°C/km contour def ines an area o f  about 60 sq krn. This i s  a 

f r a c t i o n  o f  t he  less  we l l  def ined 200-300 sq km anomalous thermal area, 

inc lud ing  Dog Val ley t o  t h e  no r th  o f  t h e  map area and Beaver Val ley t o  t h e  

west, where anmalous we l l  temperatures are also known t o  occur. 

Many o f  t h e  higher gradients (383, 328, 364, 301°C/krn) were recorded i n  

d r i l l  ho l  es 1 ocated a1 ong geologic structures. Convenient d r i l l  hol  e 

14 



l oca t ions  were o f ten  areas o f  low topographic r e l i e f  along mine o r  prospect 

roads, consequently they t e s t  a more d i r e c t  leakage from t h e  hydrothermal 

system. 

A map of temperatures a t  a depth o f  76 m corresponding t o  t o t a l  depth f o r  

most o f  t he  gradient holes, shows a pa t te rn  very s i m i l a r  t o  t h e  thermal 

gradient  contours. Twice background values o f  30-40°C occur as highs nor th  

and south o f  t h e  area covered by t h e  g rav i ta t i ona l  g l i d e  blocks. The average 

sur face temperatures are about 15' C. The excel lent  agrement between t h e  

gradient and t m p e r a t u r e  maps ind ica tes  an absence o f  near surface hydro log ic  

disturbance (due t o  t h e  deep water tab le) ,  but  both parameters are af fected by 

vapor 1 eakage a1 ong s t ructures 

E l e c t r i c a l  R e s i s t i v i t y  Surveys 

Two d ipo le-d ipo le r e s i s t i v i t y  surveys were completed as p a r t  o f  t he  

explorat ion e f fo r t .  

(UOC AA', BB', LL ' )  was cunpleted i n  Novmber 1976 and a second survey o f  s i x  

addi t ional  p r o f i l e s  i n  September 1978. 

The f i r s t  survey o f  t h ree  long, widely spaced p r o f i l e s  

Both surveys used 305-111 d ipo les and 

each survey y ie lded 31.4 l i n e  km o f  p r o f i l e  data. Apparent r e s i s t i v i t y  values 

were recorded f o r  N=1-6 o r  N=1-7. The loca t i on  o f  a l l  lines and a summary of 

i n te rp re ted  r e s i s t i v i t y  values are shown i n  Figure 9. 

A l l  o f  t h e  d ipo le-d ipo le r e s i s t i v i t y  data were in te rpre ted  us ing an 

i n t e r a c t i v e  canputer modeling process (Ross, 1979) which assumes a two- 

dimensional geometry. Apparent r e s i s t i v i t y  values were computed by a f i n i t e -  

element program i n i t i  a1 l y  devel oped by R i j o  (1977) and subsequently modi f i e d  

by K i l lpack  and Hohmann (1979). The program uses a f i n e  mesh near t h e  

electrodes (i.e., near t h e  surface) where t h e  cur ren t  densi ty i s  l a r g e  and 

po ten t i a l s  a re  r a p i d l y  changing, and becomes coarser w i th  increased distance 
from the  electrode pos i t ions  ( a t  depth). 
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The apparent r e s i s t i v i t y  values were computed f o r  d ipo le  separations N=l 

t o  6 and v i s u a l l y  compared w i th  t h e  observed data t o  determine t h e  goodness o f  

f i t  and the  model changes needed t o  achieve a be t te r  fit. The i n t e r p r e t a t i o n  

r a r e l y  proceeds t o  a per fec t  match o f  observed and model data because o f  t h e  

t ime involved, t h e  three-dimensional aspects o f  the  actual r e s i s t i v i t y  

d i s t r i bu t i ons ,  and t h e  ambiguit ies o f  pos i t ion,  i n t r i n s i c  r e s i s t i v i t y ,  and 

s i ze  o f  body t h a t  cannot be resolved (i.e., a re  not unique). A s a t i s f a c t o r y  

f i t  was obtained when a ma jo r i t y  o f  t h e  pseudosection data values were w i t h i n  

10% o f  t h e  observed r e s i s t i v i t y  values and when t h e  d i rec t i ons  o f  the  observed 

r e s i s t i v i t y  changes were matched. 

Two o f  t h e  n i n e  in te rpre ted  r e s i s t i v i t y  p r o f i l e s  are shown i n  F igure 

The computed r e s i s t i v i t y  values corresponding t o  t h e  model shown c lose ly  
/ 

10. 

match t h e  observed data (see Ross, 1979). - Although the  i n t e r p r e t a t i o n  of 

r e s i s t i v i t y  data i s  not unique, care fu l  modeling o f  d ipo le-d ipo le r e s i s t i v i t y  

data may o f f e r  a more accurate representat ion o f  earth r e s i s t i v i t y  

d i s t r i b u t i o n  than any other  e l e c t r i c a l  method. 

by u t i l i z i n g  a network o f  p ro f i l es ,  several o f  which in tersect .  

The non-uniqueness i s  reduced 

The 

i n t e g r a t i o n  o f  geologic data, such as t h e  1:24,000 scale map o f  Moore and 

Sanberg (1979), can f u r t h e r  reduce in te rp re ta t i ona l  ambiguities. 

L ine  6 (Figs. 9, lo), located approximately 2 km nor th  o f  Cove Fort,  

trends east-west and crosses a ser ies  o f  high-angle normal f a u l t s  near s t a t i o n  

1 east. The Cretaceous and Paleozoic sedimentary rocks are seen t o  be 

r e s i s t i v e  (50 t o  300 ohm-m) frm t h e  sur face t o  great depth (> 600 m). 

leakage o f  l o w - r e s i s t i v i t y  thermal f l u i d s  i s  ind ica ted  by 5 ohm-m r e s i s t i v i t y  

bodies a t  s ta t ions  0-1 E and from sta t ions  1-3 W. Geologic conf i rmat ion f o r  

t h i s  i n t e r p r e t a t i o n  includes a l t e r a t i o n  along t h e  t r a c e  o f  t h e  f a u l t  500 m t o  

The 
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the  south. 

westward migrat ion o f  these f l u i d s  a t  depths o f  200 m o r  greater w i t h i n  t h e  

The r e s i s t i v i t y  model f o r  the  western h a l f  o f  l i n e  6 suggests t h e  

alluvium. The l o w - r e s i s t i v i t y  zone noted here and on l i n e  LL' t o  the  south 

are  important t o  t h e  t a r g e t  concept f o r  untested por t ions  o f  t h e  geothermal 

systen. 

and volcanic rocks, probably unsaturated o r  conta in ing l o w - s a l i n i t y  waters fo r  

t h e  upper 200-300 m, and more conductive waters a t  depth. 

R e s i s t i v i t i e s  o f  50 and 20 ohm-m on t h e  west correspond t o  al luvium 

L ine  AA' t rends approximately N50°W approximately 600 m nor th  o f  

Sulphurdale and i s  t h e  southernmost survey l i ne .  The modeled r e s i s t i v i t y  

d i s t r i b u t i o n  ind ica tes  a background l e v e l  o f  20 ohm-m r e s i s t i v i t y  extending t o  

depth which can be associated w i t h  t h e  al luvium and Te r t i a ry  volcanics (see 

F igure 2). 

o f  t he  l i n e  which are probably due t o  the  densely welded Three Creeks Tu f f  

(unal tered) and poss ib ly  t o  l a t i t e  porphyry stocks which extend t o  depth. A 

t h in  r e s i s t i v e  zone (100 ohm-m) northwest o f  Sulphurdale corresponds t o  t h e  

Cove For t  basa l t  flows. A wel l  def ined area o f  4 ohm-m which occurs 

immediately no r th  o f  Sulphurdal e i s  approximately 1300 m across and extends 

from t h e  surface t o  great depth (> 600 m ) .  

t o  r e s u l t  f r a n  extensive c lay  a l t e r a t i o n  o f  volcanic rocks and high- 

temperature br ines which r i s e  from depth t o  t h e  top  o f  t h e  water table.  

Superimposed on t h i s  are areas o f  100 ohm-m along t h e  eastern end 

The low r e s i s t i v i t i e s  are bel ieved 

Table I presents a summary o f  r e s i s t i v i t y  p roper t ies  determined from t h e  

comparison o f  a de ta i l ed  geologic map and t h e  modeled r e s i s t i v i t y  d i s t r i b u t i o n  

f o r  t h e  0400 m depth i n te rva l .  

associated w i th  mapped l i t h o l o g i c  changes i n  areas o f  outcrop. 

a l l u v i a l  cover the  pro jec t ions  o f  several f a u l t s  are noted as pronounced 

r e s i s t i v i t y  changes on l i n e s  6, 2, AA', and 4 (F igure 9). 

I Many r e s i s t i v i t y  changes are  c lose ly  

I n  areas o f  

It i s  su rp r i s ing  



t h a t  r e s i s t i v i t i e s  f o r  most o f  t h e  surveyed area are below 50 ohm-m when t h e  

continous water t a b l e  i s  100 m t o  over 300 m deep. Substantial moisture must 

be present as vadose water o r  as l oca l  l y  perched aquifers. The low- 

r e s i s t i v i t y  zone associated w i th  t h e  known thermal f l u i d s  a t  Sulphurdale 

covers more than 5 sq km. 

F igure  9 shows t h e  modeled r e s i s t i v i t y  d i s t r i b u t i o n  f o r  t h e  depth 
i 

i n t e r v a l  460-610 m. Th is  i n te rva l ,  corresponding t o  1.5 t o  2.0 t imes t h e  
i 

d i p o l e  length, i s  t h e  deepest depth i n t e r v a l  which can be modeled w i t h  

reasonable confidence and corresponds t o  depths below t h e  water tab1 e. 

Dominantly h igh (50-300 ohm-m) r e s i s t i v i t i e s  are mapped no r th  and east o f  Cove 

Fo r t  on l i n e s  1, 2, 3, 6, BB' and LL'. The geothermal system, i f  present i n  

t h i s  area, i s  poor ly  expressed i n  these e l e c t r i c a l  data. R e s i s t i v i t i e s  o f  

1 

I 

I 

100-300 ohm-m seen incompatible w i t h  h igh l y  porous rock f i l l e d  w i t h  conductive 

thermal waters. D r i l l  holes Forminco #1 and CFSU #14-29 were terminated by 

d r i l l i n g  p r o b l e m  before t e s t i n g  t h e  deep rese rvo i r  po ten t i a l  i n  t h i s  area 

(Union O i l  Canpany, 1978b; 1979a). A coherent 5 sq km area o f  4 t o  5 ohm-m 

r e s i s t i v i t i e s  around Sulphurdal e i s  bordered by 20-30 ohm-m r e s i s t i v i t i e s .  

The low r e s i s t i v i t i e s  a r i s e  from t h e  c lay  a l t e r a t i o n  o f  t he  volcanic rocks and 

t h e  conductive geothermal f lu ids.  F i v e  ohm-m r e s i s t i v i t i e s  on t h e  western 

por t ions  of l i n e  6 and of AA' def ine a zone o f  conductive thermal waters 

r i s i n g  along a covered Basin and Range f a u l t .  
A/ 

I n i t i a l  p l  ans f o r  t h e  second r e s i s t i v i t y  survey included induced 

p o l a r i z a t i o n  measurements fo r  several 1 ines w i t h  t h e  a i m  o f  documenting 

s u l f i d e  and/or a1 t e r a t i o n  product responses from t h e  geothermal system. Low 

s ignal  strengths were observed i n  l o w - r e s i s t i v i t y  areas and caused very long 

reading times which forced a c u t o f f  o f  t he  I P  measurements. I Ross (1979) 
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repor ts  observed apparent po la r i za t i on  values o f  3 t o  16 mil l iseconds (ms) on 

l i n e s  1 and 3, w i t h  3-6 ms considered background. His model i n t e r p r e t a t i o n  

! i nd ica tes  i n t r i n s i c  po la r iza t ions  o f  15 t o  30 ms which suggest substant ia l  

zones o f  one t o  two weight per cent su l f ides.  

RESERVOIR EVALUATION 
I 

D r i l l i n g  Results 

Union O i l  Canpany dr i1, led I four  explorat ion t e s t  wel ls  i n  t h e i r  evaluat ion 

o f  t h e  Cove Fort-Sulphurdale geothermal system. The loca t ions  o f  a l l  w e l l s  

a re  ind ica ted  on F igure 2 and these serve as p o s i t i o n  reference po in ts  f o r  

add i t iona l  data sets  i n  Figures 8 and 9. Table I 1  summarizes p r inc ipa l  I 
i 

r e s u l t s  f o r  these four  wells. 

Only two o f  t h e  four wells, CFSU 42-7 and CFSU 31-33, reached ta rge t  
I 

depth (Ash e t  al., 1979) due t o  severe d r i l l i n g  problems associated w i th  

numerous, uncont ro l l  ab1 e l o s t - c i r c u l  a t i on  zones. 

costs f a r  above t h e  average cost  per meter o f  geothermal wells. 

o f  1 os t  c i r c u l a t i o n  mater i  a1 s had v i  r t u a l  l y  no e f f e c t  and cement plugs had 

on ly  marginal success. 

con t ro l  l o s t  c i r c u l a t i o n  which occurred i n  carbonates, p a r t i c u l a r l y  

dolomites. 

c i r c u l a t i o n  zones, i n d i c a t i n g  t h a t  the  carbonates were cavernous. 

Tab1 e I I records d r i l l i n g  

A wide range 
! 
! 

I A t o t a l  o f  91 cement plugs were placed i n  at tenpts  t o  

D r i l l s t r i n g s  were observed t o  drop as much as 9 m i n  some l o s t  

D r i l l i n g  

w i th  aerated mud created unacceptabl e and uncont ro l l  ab1 e corros ion probl  erns 

(Ash e t  a1 . , 1979). 
No temperature data o r  geophysical logs were obtained i n  wel l  Forminco #1 

(abandoned a t  320 m). The maximum temperatures observed i n  t h e  completed 

wel ls  were 178°C a t  2231 m (42-7) and 146°C 
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behavior daninates the  lower po r t i on  o f  both holes (Fig. 11). 

temperatures were encountered i n  wel ls  beneath t h e  g rav i ta t i ona l  g l i d e  

blocks. 

The highest 

The measured temperature d i f ferences between t h e  deep we l ls  can be  

best explained as r e s u l t i n g  from t h e  loss  o f  heat by convective movement o f  

heated gases t o  t h e  surface on t h e  periphery o f  the  caprock, i n  cont ras t  t o  

t h e  thermal b lanket ing e f f e c t  o f  t h e  volcanic rocks w i t h i n  t h e  g l i d e  blocks. 

Geop hy s i c a1 Log I n t e rp r e t  a t  i on 

A wide va r ie t y  o f  open hole, product ion and cased ho le  we l l  logs were 

obtained i n  th ree  wel ls  and are in te rpre ted  i n  d e t a i l  by Glenn and Ross 

(1982). 

densi ty,  temperature i n  and out, l i t ho logy ,  H2S and C02; dual induc t ion  

spher i ca l l y  focused log  w i t h  1 inear  c o r r e l a t i o n  l o g  (SP); compensated neutron- 

format ion densi ty  w i t h  c a l i p e r  and gamma ray., 

These logs included a geothermal mud log  w i t h  d r i l l i n g  rate, rock 

M u l t i p l e  t m p e r a t u r e  surveys 

were recorded i n  each we l l  and each wel l  was surveyed w i t h  a four-arm h igh  

reso lu t i on  continuous dipmeter-direct ional  log. A f l u i d  migrat ion survey 

(temperature and spinner)  was recorded i n  CFSU 31-33 t o  detennine f low 

d i rec t i ons  i n  t h i s  borehole. An acoust ic l o g  was recorded i n  CFSU 42-7. 

The we l l  log  i n t e r p r e t a t i o n  (Glenn and Ross, 1982) character izes the  t o o l  

responses o f  t h e  major geologic u n i t s  i d e n t i f i  ed by Moore and Samberg (1979) , 
then goes beyond t h i s  t o  r e f i n e  t h e  depths o f  l i t h o l o g i c  changes, t o  i d e n t i f y  

major s t ruc tu res  and t o  i n t e r p r e t  l i t h o l o g i e s  f o r  t h e  l a r g e  i n t e r v a l s  o f  no 

cu t t i ngs  return.  Table I 1 1  summarizes formational p roper t ies  der ived i n  these 

s tud ies as determined by l i t h o l o g i c  i n t e r p r e t a t i o n  and cross p l o t  analysis. 

Figures 12 (a) and 12 (b) from Glenn and Ross (1982) present cross p l o t s  

o f  gamma ray versus bulk densi ty  and neutron poros i ty  f o r  t h e  depth i n t e r v a l  

536.5 m t o  1578.9 m i n  CFSU 31-33 and i l l u s t r a t e  the  u t i l i t y  o f  cross p l o t  
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analysis i n  u n i t  d iscr iminat ion.  

cor re la t ion ,  as ind ica ted  by s t r a i g h t  l i n e s  i n  each f igure,  between t h e  gamma 

Both f igures  demonstrate a strong 

ray data and bulk densi ty and neutron porosi ty.  

response i s ,  i n  most instances, accompanied by a decrease i n  densi ty  and an 

increase i n  neutron porosi ty.  The cross p l o t s  i l l u s t r a t e  t h e  d i f f e r e n t  

responses o f  t h e  carbonates and s i l t s tones ,  and the presence o f  s i l t y  

l imestone and f r a c t u r e  e f fec ts  as labeled i n  Figures 12 (a) and 12 (b). The 

wel l  l o g  i n te rp re ta t i ons  i d e n t i f i e d  several f rac tu red  i n t e r v a l s  and t h e i r  

An increase i n  gamma ray 

cont ro l  o f  t he  f l u i d  flows f o r  t h ree  d r i l l  holes, and have lead t o  a b e t t e r  

understanding o f  t h e  l i t h o l o g i e s  intersected, f rac tu r ing ,  and reservo i r  rock 

propert ies.  

4%. 

a re  a l l  con t ro l l ed  by major s t ructures and f ractures (Glenn and Ross, 1982). 

Non-fr acture poros i ty  was determi ned t o  be general l y  1 ess than 

Thus permeabi l i ty ,  l o s t  c i r c u l a t i o n  zones, and so lu t i on  c a v i t y  phenomena 

- 
Reservoi r Tests 

Union O i l  Company (1979a,b) ca r r i ed  out product ion logging t e s t s  i n  CFSU 

31-33 and CFSU 42-7. 

surveyi ng , and spinner and t r a c e r  logging i n  CFSU 31-33 reveal ed s i g n i f i c a n t  

permeabi l i ty  and f l u i d  production from 1463 t o  1524 m. F lu ids  moved up ho le  

a t  a r a t e  o f  500 bb l /h r  and ex i ted a t  613 m and moved downhole a t  10 t o  20 

Temperature i n j e c t i o n  p r o f i l i n g ,  pressure gradient 

bbl /hr ,  e x i t i n g  a t  1571 m. This strong in t ra fo rmat iona l  f low and cooler  

f l u i d s  enter ing near t o t a l  depth prompted the  plugging o f  the  ho le  back t o  792 

m. 

I n  add i t ion  t o  temperature i n jec t i on ,  product ion p r o f i l i n g ,  and spinner 

and t r a c e r  logging, a n i t rogen l i f t f low t e s t  was conducted i n  CFSU 42-7 on 

May 16, 1978. 

flowed unassisted a t  43,000 l b / h r  w i th  a wellhead pressure of  3 psi.  A f t e r  

Flow was i n i t i a t e d  using the  n i t rogen l i f t  and the  wel l  l a t e r  
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shut i n  and release o f  a non-compressible gas head, t h e  wellhead pressure 

dropped t o  0 psi. The wellhead temperature was about 93'C. 

f i o w  rate,  temperature, and probable low percent f lash, t h e  wel l  was demed 

non-commerci a1 for e l e c t r i c  power generation under present economic condi t ions 

and t h e  Union O i l  Company leases were terminated. 

Given t h e  low 

D I SC USSIO N 

During the  l a s t  several years an extensive data base, both regional  and 

d e t a i l  ed, has been developed for  t h e  area inc lud ing  t h e  Cove Fort-Sulphurdale 

geothermal system. These data present a p i c t u r e  o f  great geologic complexity 

r e s u l t i n g  from numerous i n t r u s i v e  and tec ton i c  disturbances s ince  Cretaceous 

time. While many aspects o f  the  regional geology are per ipheral  t o  our 

understanding of t h e  geothermal resource, they provide t h e  i n i t i a l  data for  

sel  ect ing exp lo ra t ion  targets. More de ta i led  aspects such as recogn i t ion  o f  

t h e  extent o f  f rac tu r i ng  and d i sso lu t i on  of t h e  rese rvo i r  rocks and t h e  

i d e n t i f i c a t i o n  o f  l a t e r a l  and v e r t i c a l  b a r r i e r s  t o  the  movement o f  thermal 

f l u i d s  are c r i t i c a l  t o  t h e  development o f  an e f f e c t i v e  explorat ion model. 

Surface manifestat ions, reconnaissance geologic mapping, and shal low 

thermal gradient data are r o u t i n e l y  used by t h e  geothermal i ndus t r y  t o  

p r i o r i t i z e  d r i l l i n g  ta rge ts  and pred ic t  the  q u a l i t y  o f  t he  geothermal 

resource. Cove For t  provides an i n s t r u c t i v e  i l l u s t r a t i o n  o f  a geothermal 

f i e l d  where the  surface features o f  the  thermal system do not adequately 

r e f l e c t  t h e  condi t ions w i t h i n  t h e  reservoir .  

The surface manifestat ions o f  the  Cove For t  geothermal system are 

produced by heated gases which evolve from a deep thermal water table. 

Geologic mapping has shown t h a t  leakage o f  gases t o  the  surface occurs along 
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t 

I 

I 
1 f a u l t s  located on t h e  periphery of large-scal e g rav i ta t i ona l  g l i d e  blocks 
~ 

I which form an impermeable cap above t h e  cent ra l  po r t i on  of t h e  thermal system 

(Moore and Samberg, 1979; Nielson and Moore, 1979). Areas o f  in tense surface 

a1 t e r a t i o n  a re  characterized by anomalously h igh  thermal gradients, pronounced 

I 

impermeable caprock and presence as open-space f i  11 i ngs suggest t h a t  anhydr i te ~ 

i 

~ 

I 

I 
I 
i mercury ananal ies, and deposits o f  na t i ve  su l fur .  Extrapol a t i o n  o f  t h e  

measured shallow thermal gradients t o  t h e  water t a b l e  suggests t h a t  

tmpera tu res  are c lose  t o  b o i l i n g  under atmospheric condi t ions but provides no 
I d  

I 

i n fo rmat ion  on t h e  t r u e  rese rvo i r  temperature. 

Geochemical analyses o f  d r i l l  cu t t i ngs  from shallow gradient holes i n  t h e  
I 

g r a v i t a t i o n a l  g l i d e  blocks suggest t ha t  near-surface rocks between Cove F o r t  

and Sulphurdale have not  been a f fec ted  by t h e  present geothermal system. 

These data provide add i t iona l  evidence o f  low permeabi l i ty  w i t h i n  t h e  g l i d e  

I area. While anhydr i te i s  a common mineral o f  many geothermal systems (Browne, 

1978), i t  i s  c h a r a c t e r i s t i c a l l y  not i n  equ i l i b r i um w i t h  t h e  r e l a t i v e l y  

reducing f l u i d s  from t h e  i n t e r i o r  o f  these system. Giggenbach (1980) 

suggests t h a t  more ox id i  z i  ng condi t ions which favor  deposi t ion o f  anhydr i te  

are more l i k e l y  t o  be  encountered on t h e  margins o f  ac t i ve  systems where 

mixing o f  thermal and nonthermal waters can occur. 

Deta i led  numerical modeling o f  a subs tan t ia l  r e s i s t i v i t y  data base has 

p e m i  t t e d  a d e t a i l  ed charac ter iza t ion  o f  t h e  e l  e c t r i c a l  r e s i s t i v i t y  t o  depths 

o f  600 m. A low r e s i s t i v i t y  (4-5 ohm-m) area o f  more than f i v e  sq km i s  
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associ ated w i  t h  t h e  Sul phurdal e area. The d i  pol e-di pol  e r e s i  s t i v i  t y  data a1 so 

de f ine  f a u l t s  beneath a l l u v i a l  and volcanic cover and i n d i c a t e  t h e i r  extension 

t o  depths exceeding 600 me 

def ined by t h e  thermal gradient data and the  e l e c t r i c a l  r e s i s t i v i t y  work. 

None o f  t h e  thermal gradient  holes reached t h e  ground-water table. 

water tab les  and co ld  water overf low are present i n  al luvium west o f  t h e  known 

thermal anomaly, so the  actual l i m i t s  o f  the  thermal anomaly are not wel l  

The known geothermal resource i s  reasonably we l l  

Perched 

known . 
Deep explorat ion we l ls  which were d r i l l e d  t o  2358, 1591, and 799 m were 

observed t o  have maximum temperatures o f  178, 146, and 9l0C, respect ive ly ,  and 

t o  i ndicate a 1 ow-pressure, i sothermal hot  water reservo i r  bel ow the  

g rav i ta t i ona l  g l i d e  blocks. From these r e s u l t s  Union O i l  Company concluded 

t h a t  t h e  u n i t  was not econanic as an e l e c t r j c  power producer a t  t he  present 

t ime (Ash e t  al., 1980). However, f l u i d s  o f  less  than 180°C are  being 

u t i l i z e d  f o r  power product ion a t  t he  Brawley F i e l d  i n  Cal i forn ia .  

f ac to rs  i n  t h e  economic evaluation were t h e  extreme d r i l l i n g  d i f f i c u l t i e s  and 

Other 

h igh costs. 

CONCLUSIONS 

The s i z e  and geometry o f  t h e  t o t a l  thermal system i s  poor ly  understood 

even a f t e r  t h ree  deep explorat ion we1 1s have been d r i l  led. One i n t e r p r e t a t i o n  

o f  t h e  geoscience data base i s  t h a t  a higher temperature geothermal system may 

occur a t  depth per ipheral  t o  the  60 sq km area t h a t  has been reasonably we l l  

tested. A deeper reservo i r  would also account f o r  anomalous borehole 

tmpera tures  t o  the  nor th  i n  Dog Val ley (Crosby, 1959) and t o  the  west i n  

Beaver Valley where other  explorat ion e f f o r t s  are underway. A r e  

between t h e  Cove F o r t  thermal f l u i d s  and a regional reservo i r  has 
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documented, bu t  t h e  low pressures encountered and the  presence o f  anhydr i te i n  

t h e  Cove For t  we l ls  also suggest t h a t  t h i s  area may l i e  on t h e  periphery o f  a 

1 arger convective system. 

The de ta i led  grav i ty ,  magnetic, seismic, and r e s i s t i v i t y  data help t o  

de f ine  two ta rge t  areas which o f f e r  some promise f o r  a high-temperature (>20O0 

C) reservo i r  (Fig. 13). 

graben border ing f a u l t s  are ind ica ted  by g rav i t y  and magnetic data and basalt, 

crops out a t  t h e  surface; 2) t h e  western cont inuat ion of t he  Cove Creek f a u l t ,  

These are: 1) t h e  west s ide  o f  t he  graben where 

between t h e  eastern f lank o f  t h e  Mineral Mountains and Cove Fort. 

sur face thermal expression o f  t he  system may be obscured by t h e  Cove Fo r t  

basa l t  f i e l d  and cooler  recharge waters i n  t h e  alluvium. 

The near- 

A modest program o f  

we l l  below t h e  water tab le )  and deep thermal gradient  t e s t i n g  (depths 

add i t iona l  r e s i s t i v i t y  surveys w i th  d po le  - lengths o f  300 t o  600 m a re  

suggested f o r  these areas. 

The Cove Fort-Sulphurdal e geothermal reservo i r ,  as present ly  defined, i s  

considered subeconomic f o r  e l e c t r i c a l  power generation. Devel oprnents i n  down- 

ho le  pump technology and Rankine b inary cyc le  energy conversion may make t h i s  

rese rvo i r  economic f o r  power production some t i m e  i n  t h e  future.  

p resent ly  underway f o r  d i r e c t  heat u t i 1  i t a t i o n  inc lud ing  ethanol production, 

mineral processing, and agribusiness us ing ex i s t i ng  wells. 

exp lorat ion continues i n  the  search f o r  a h igher temperature geothermal 

Plans are 

A t  t h i s  t ime 

reservo i r .  
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Table I. I n te rp re ted  E l e c t r i c a l  R e s i s t i v i t i e s  
Geological Un i t s  a t  Cove Fort-Sulphurdal e. 

E l  e c t r i c a l  
Resi s t  i v i  t y  

Geol ogic U n i t  (ohm-m) 

Qal -a l luv ium 

near-surface, above water t a b l e  20-50 
below water tab1 e 10-20 

T e r t i  ary Vol canics 

Tmj ,  To, Ttc, - ash f low t u f f s  
Tb, 1 ava f lows 20-1 00 
Tbt - ash f low t u f f  100 

5-10 

C r e t  ac eou s S ed i ment s 

Kpr - P r i c e  River  Conglomerate 30-50 

Mesozoic and P a l  eozoi c Sediments 

PMsu - s i l t s tones ,  sandstones, 
1 imestones, and shal es 100-3 00 

Hydrothermal A l t e r a t i o n  Areas 

Tbt, Tb 4- 5 
Q a1 5 

Po lar iza t ion  m 

- - 

- 
6-10 - 

6-1 5 

15-30 

- - 

L i n e  
Cover age 

W/2 6, LL', 5, AA' 
W/2 6, LL', 5, AA' 

S/2 3; E/3 5, 4 
1, '2 ,  3, 6, AA' 
E end AA' 

W/2 1, N/2 3 

AA', BB', 4 
4, 6 



Table 11. Basic data f o r  t he  four  t e s t  wel ls  a t  Cove Fort-Sulphurdale KGRA. 
(Data from Ash e t  al., 1979 and Union O i l  Co. 1978a,b; 1979a,b) 

D r i l l  Hole Depth Average No. o f  Logged M a x .  Temp. F l u i d  TDS (3 Hol e 
Name and D r i l l e d  cost  per days t o  & depth Depth depth S t  atus 
Spud Date (meters) meter - d r i l l  O C  (3 m meters ppm - 
Forminco #1 320.3 $1,949 34 NO ND ND 
7 126176 

*CFSU #42-27 2357.6 $873 105 YES 178 (h 2231 m 409 
11 129 177 

"CFSU #31-33 1591.4 $797 64 YES 146 (h 1433 m 42 7 
512417 8 

*CFSU #14-29 798.6 $1,335 45 YES 91 @ 664 m 427 

* Also named Utah Sta te  Geothermal Wells 42-27, 31-33 and 14-29. 

5/25/79 

A l l  depths referenced top  RKB. 

ND Abandoned 

9405 17.8 m 
4775 l i n e r  & t i e  

back, surf  ace 
TmD. 

1320 Pugged a t  
10,000 792.5 m; 7.3 an 

4776 Abandoned 

tub ing  t o  T.D. 



Table 111: Rock Property Estimates From Well Logs: Range, Average. 

G m a  Ray Poros i ty  
Rock U n i t  A P I  Un i t s  % 

A1 luvium no data no data 

B u l l  i o n  Canyon Vol canics 80-130; 105 15-25; 20 

Tr iass ic  Sedimentary Rocks 
Dol m i t e  30-140; 80 1 - 4  
Shal e 90-150; 110 1 - 4  
Limestone 35-130; 90 1 - 4  

Permi an Sedimentary Rocks 
Coconi no Sandstone 20-50; 30 2-15; 8 
Pakoon Limestone 

Limestone 20-50; 30 no data 
Sandstone 105-145; 125 no data 

Pal eozoic Rocks, Und i f fe ren t ia ted  
Dol mi t e  20-50; 30 0-2 
Limestone 20-100; 40 undetermined 
Quar t z i t e  50-1 60 1-6; 2 

Met amorphi c Rocks 
Marble 10-1 20 1-7; 2 
Serpentine Marbl e 1-280 1-4; 2 

I n t r u s i v e  Rocks 
W a r t 2  Monzonite 110-160 undetermined 

Bulk Density 
gm/cc 

no data 

no data 

2.70-2 85; 2-77 
2-67-2.85; 2.76 
2-65-2.83; 2-74 

no data 

no data 
no data 

2-78-2.95; 2-85 

2-50-2.65; 2-61 
no data 

1 2.65 

Resi s t i  v i  ty 
ohm-m 

no data 

10-30; 15 

18-64; 40 
12-30; 20 
15-80; 35 

6-80 

3-2 5 

40-150; 75 
undet ermi ned 
no data 

125-250; 190 
40-225; 90 

190 
I 

Acoustic/Velo. 
km/ s ec 

no data 

no data 

no data 
no data 
no data 

no data 

no data 
no data 

undet ermi ned 
no data 

5.0-6.9 
5- 0-6.1 

I 6.1 



FIGURE CAPTIONS 

Fig, 1 

Fig. 2 

Fig. 3 

Fig. 4 

Fig. 5 

Fig. 6 

Fig. 7 

Fig. 8 

Fig. 9 

Fig. 10 

Fig. 11 

Fig. 12  

Fig. 1 3  

Index map showing t h e  l oca t i on  o f  Cove Fort-Sulphurdale KGRA with 
respect t o  reg i  onal geol ogy and se i  smi c i  ty. 

Deta i led geologic map o f  t h e  Cove Fort-Sulphurdale Area showing t h e  
l o c a t i o n  o f  exp lo ra t ion  wel ls  and cross sec t ion  AA' ( a f t e r  Steven and 
Cunni nghan, 1978) . 
I 1  l u s t r a t i v e  s t ra t i g raph ic  sect ion f o r  t h e  Cove Fort-Sulphurdal e 
area . 
Simp l i f i ed  geologic cross sec t ion  i l l u s t r a t i n g  g l i d e  blocks (movement 
was from south t o  nor th  i n t o  page) and 42-7 l i t ho log ies .  

Summary o f  arsenic, mercury, 1 ead and z inc geochemistry f o r  shal low 
thermal gradient holes. 

Ter ra in  corrected Bwguer g rav i t y  anomaly map o f  t he  Cove For t -  
Sulphurdale region, Beaver and M i l l a r d  Counties, Utah (modif ied from 
Cook e t  al., 1980). Contour i n te rva l  i s  1 m i l l i g a l .  In te rpre ted  
f a u l t s  are shown as heavy l ines.  

Total  magnetic i n t e n s i t y  map f o r  t h e  Cove Fort-Sulphurdal e area 
showing in te rp re ted  fau l t s  and bur ied in t rus ive .  .Contaur i n t e r v a l  : 
100 gammas ( s o l i d ) ;  20 gammas (dashed). 

Shallow thermal gradient map as determined f o r  t h e  depth i n t e r v a l  30- 
76m; OC/km. 

E l e c t r i c a l  r e s i s t i v i t y  survey. The loca t i ons  o f  a l l  l i n e s  are  shown 
as are t h e  i n te rp re ted  r e s i s t i v i t y  d i s t r i b u t i o n  f o r  t h e  depth 
i n t e r v a l  460-610 m as determined by numerical modeling. A l l  l i n e s  
were 305 m dipoles. 

Observed apparent r e s i s t i v i t y  data and in te rpre ted  r e s i s t i v i t y  
d i s t r i b u t i o n  f o r  l i n e s  AA' and 6. 

Temperature-depth p r o f i l  es f o r  explorat ion we1 1s CFSU 14-29, 31-33 
and 42-7. 

Cross p l o t s  o f  gamma ray response versus: a) bulk densi ty  and b) 
neutron poros i ty  f o r  t h e  depth i n t e r v a l  536 t o  1579 m i n  CFSU 31-33, 
Data are 6.1 m averages. 

In tegrated data summary showing major s t ruc tu ra l  features, t h e  known 
resource area, and remaining ta rge ts  f o r  a high-temperature resource. 





EXPLANATION 
r,y{ Clinop t i l o l i t e -bea r ing  ash-flow tu f f  

(Miocene 
-1 All.uviurn (Quaternary) 

W] l ands l i de  deposits (Quaternary) 

Cinder cones o f  the Cove F o r t  basal t  
f i e l d  (P le i  stocene) 

Lava f lows o f  the Cove Fo r t  basa l t  f i e l d  

Ash-flow t u f f s  (Miocene); includes the Joe 
L o t t  T u f f  o f  the Mount Belknap Volcanics 
and the O s i r i s  Tuff 

Dikes, stocks atid flows o f  l a t i t i c  cmpos i -  

dikes a t  depth 

1-1 Older volcanic rocks and ash-flow t u f f s  
(Oligocene t o  Miocene); includes lava 
flows, breccias and the Three Creeks T u f f  
Member o f  the B u l l i o n  Canyon Volcanics and 
the T u f f  o f  Albinus Canyon 

Pr i ce  River Conglomerate (Cretaceous) 

Paleozoic and Mesozoic sedimentary rocks. 
undivided; includes metamorphosed equivalents 
a t  depth 

CZ3 (Pleistocene) 

, t i o n  (Miocene); includes quartz-monzonite 



EXPLANATION . 

Qal Alluvium (Quaternary)-Includes sands, silts, 
and gravels of alluvial fans and landslide 
deposits 

Cove Fort Basalt Flows (Pleistocene)- 
Basaltic andesite lava flows (Clark, 1977) 
ranging i n  age from 1 t o  0.3 m.y. (Best 
and others, 1980) 

Sevier River Formation (Pliocene and Miocene)- 
Partly consolidated f luv ia t i le  
and lacustrine sandstone, conglomerate, 
and siltstone. w i t h  interbedded mafic lava 
flows and a i r - fa l l  tuffs. Tuffs near the 
base and top have K-Ar ages of about 14 and 
7 m.y. respectively (Steven and others, 1979) 

Qb 

Tsr 

Tmj Joe Lott Tuff Member of Mount Belknap Vol- 
canics (Miocene)-Poorly welded, crystal- 
poor, rhyolite ash-flow tuff. 
is about 19 m.y. (Steven and others, 1979) 

K-Ar age 

To Osiris Tuff (Miocene)-Densely welded 
crystal-rich rhyodacite ash-flow tuff. 
K-Ar age i s  about 22 m.y. (Fleck and 
others, 1975) 

and flows of l a t i t e  porphyry and quartz 
monzonite 

C1 inoptilol i t e  Tuff (Miocene)-Poorly 
welded, crystal-poor altered ash-flow 
tuff 

Tuff of Albinus Canyon (Miocene)-Densely 
welded, crystal -poor ash-flow tuff 
(Steven and Cunningham, 1979; red tuff 
of Moore and Samberg, 1979) 

Three Creeks Tuff llenber of the Bullion 
Canyon vol canics (01 i gocene) -Densely 
welded, crystal-rich l a t i t e  ash-flow tuff. . K-Ar age is  about 27 my. (Steven and 
others, 1979) 

Lower Bullion Canyon Volcanics (Oligocene)- 
Intermediate composition lava flows, flow 
breccias and ash-flow tuffs;  Dog Valley 
volcanics of Steven and Cunningham (1979) 

Kpr Price River (Cretaceous)-Conglomerate and 
minor sandstone, shale 

PMsu Undivided Paleozoic and Fksozoic 
Sedimentary Rocks-Incl udes contact 
metamorphosed equivalents 

Ti  Intrusive Rocks (Miocene)-Dikes, stocks, 

Tc 

Ta 

Ttc 

Tb 
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