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SURMARY AND CONCLUSION 

Maximum temperatures found i n  the rese rvo i r  were approximately 700°F 

i n  the Imperial Valley, Cal i forn ia ,  but  d r i l l  b i t  temperatures may 

be considerably higher i n  the Geysers geothermal area,. Temperatures 

reached up t o  900°F because o f  f r i c t i o n a l  heating and poss ib ly  

i n e f f i c i e n t  cool ing. 

Rock types found i n  the high temperature environments range from 

hard abrasive g ran i tes  and metamorphosed sandstones t o  unconsolidated 

sediments and f r i a b l e  sandstones. The rocks are h igh ly  f rac tu red  a t  

rese rvo i r  depths. 

By f a r  more wel ls  d r i l l e d  a t  higher temperatures are i n  the harder 

formations; t h i s  i s  p r i m a r i l y  because the Geysers area i s  the on ly  

e x i s t i f i g  production f i e l d  i n  the United States. 

been d r i l l e d  there. T h ~ e ,  d r i l l i n g  and d r i l l  b i t  problems are 

s i g n i f i c a n t  and cos t l y .  

area, Utah i s  a lso being d r i l l e d  i n  hard f ractured rock. The "hot d ry  

rock" concept w i l l  a l so  requi re d r i l l i n g  i n  a hard f ractured grani te .  

A t  the present t ime rese rvo i r  depths range from 2500 f e e t  t o  greater 

than 10,000 f e e t  but  average 5000 t o  7000 fee t .  

The e f f e c t s  o f  rese rvo i r  cha rac te r i s t i cs  on d r i l l  b i t  performance are 

Over 150 wel ls  have 

The reservo i r  a t  the Roosevelt H o t  Springs 

complicated. 

f a c t o r  c o n t r o l l i n g  d r i l l  b i t  wear. 

the mechanical proper t ies o f  the rock (abrasiveness, strength, d u c t i l i t y )  

a f f e c t  d r i l l  r a tes  and lead t o  f r i c t i o n a l  heating which may s i g n i f i c a n t l y  

R2servoir temperature alone i s  no t  the decis ive 

As t y p i f i e d  by the Geysers area, 

reduce l i f e .  

The d r i l l i n g  f l u i d s  p lay  an important r o l e  i n  d r i l l i n g  and b i t  performance. 

The highest r e s e r v o i r  temperatures are encountered i n  the Imperial  Val ley,  

1 



where temperatures reach 700°F, yet because of the use of cooled 

d r i l l i n g  muds and the sof t  non-abrasive nature of the reservoir 

media, few d r i l l  b i t  and dril l ing problems are encountered. 
b; 

( 7 )  A p l o t  of total  footage dril led as a function of temperature for  a l l  

geothermal areas i s  not a valid measure o f  potential d r i l l  b i t  

problems. The real temperature environment t h a t  the d r i l l  b i t  seis 

may be significantly modified by frictional heating and d r i l l i n g  

f l u i d s .  Each geothermal area m u s t  be considered ind iv idua l ly .  

( E )  There are 1 i t t l e  geophysical logging data available especially 

h i g h  temperature. 

(9) There are l i t t l e  mechanical property data available on reservoir 

rocks and none of the t e s t s  are conducted a t  temperatures and 

pressures simulating in situ reservoir conditions. 

2 



TASK 1 . 1.2 GEOTECHNICAL STUDIES 

The objectives of t h i s  task are (1) t o  delineate the important factors 

i n  the geothermal environment t h a t  will affect  d r i l l i n g ;  (2)  t o  compile a 

detailed description o f  the geologic environments o f  producing and potential 

geothermal areas. 

The nature of the geothermal resources t h a t  will be explored and developec 

over the next decade will be the following types: 

1. Vapor dominated hydrothermal systems 

2. L iqu id  dominated hydrothermal systems 

3. Hot dry rock formations. 

The depths of primary interest for  current geothermal resources range between 

two and about 12,000 feet, although the hot dry rock reservoirs could be con- 

siderably deeper. We will not consider geopressured areas o r  magma sources as 

potential geothermal resources i n  this study. 

tha t  will affect  d r i l l i n g  are 

structure,  temperature, pressure and f l u i d  chemistry. The  important mechanical 

and physical properties include abrasiveness, strength, plast ic i ty  and 

permeability. 

Important factors to  be considered 

le rock type and its mechanical response, geologic 

All of these factors, as well as d r i l l i n g  parameters such as 

RPM, b i t  weight, and d r i l l i n g  f luid,  will have an important bearing on the 

rates of penetration and b i t  l i fe .  The data base for this information will 

come primarily from dri l l  holes i n  producing and potential geothermal areas. 

In addition, data such as  regional heat flow, regional geologic studies and 

geophysical surveys can be used t o  make inferences about the geothermal 

environment. A cross section of a typical geothermal reservoir is shown i n  

Figure 1 and consists of the following parts: 

1. An impermeable cap which, i n  effect ,  seals the geothermal reservoir 

from the surface. 

3 



Figure 1 .  Geologic Structure and Stratigraphy of the Cerro Prieto Geothermal 
Resource (Reference 1 )  
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2. A reservoir rock which is usually fractured and which serves as 

the aquifer system. 

A conduit structure i n  the form o f  faul ts  or shear zones along 3. 

which the geothermal fluids can migrate from below, and 

4. The heat source 

Figure 2 shows the areas i n  the western United States where geotherrral 

Table 1 and Figure 3 show the known geothermal resource da ta  is  available. 
2 areas (KGRAs) i n  the western United States . 

of the study o f  potential geothermal areas. 

These areas will form the basis 

Several geothermal areas were visited and/or personnel from the corporations 

t h a t  are dr i l l ing a t  these geothermal areas were contacted during this course 

of study. 

cooperation w i t h o u t  which this study would have been impossible. These include: 

We would l ike to t h a n k  these companies and these people for  their  

Union Oil Company 
Care1 Otte, Vice president and manager of Geothermal Division 
Vane Suter, District  Manager 
Donald Ash, Dis t r ic t  dr i l l ing superintendent 
John Bush, Engineer 
Dick Dondanvi 1 le ,  Geologist 
Robert Sladowski , Geologist 

Ph i  11 ips Petroleum Company 
William Berge, Exploration supervisor 
Smokey Brethel o t  , Drill i ng supervisor 

Republic Geothermal, Inc. 
Robert Rex, President 
Mil liam Smith, Vice president 
Frank Welch, Drilling supervisor 

Idaho Nuclear Engineering Lab 
Jay Kunte, Aerojet Nuclear Co. 

Battelle Northwest 
Wi 11 iam McSpadden 

Rogers Engineering 
James Kuwada 
Winn Bott 

5 



AREAS INVESTIGATED 
BITS OBTAINED 

I GEYSERS,CA 
2 IMPERIAL VALLEY,CA 
3 MILFORD, UTAH 
4 BACA RANCH,VALLE GRAND€, 

6 RAFT RIVER, IDAHO 
7 MARYSVILLE, MONTANA 

N M  
5 JEMEZ CALDERA, N M 

LEGEND (.- :-\ 

Figure 2. Areas i n  Western United States with Geothermal Well Data (Refer- 
ence 2) 

6 



TABLE 1 

U 

L i s t  o f  Known Geothermal Resource Areas i n  the United States (Ref. 2 )  

T-blc 1 Li8t of K n w n  Geothermal Resource Areas (KGRAs) - 
western and cen t r a l  regions (USGS. Dee. 1974) 

_-_ -_ WESTERN REGlON - 
No. of A c r r s  ALASKA , 

Geyser Spr iy l  Basin 
Okmok Caldera  
P i lg r im Springs 

ARIZONA 

20.960 
44.800 
22.400 

Clifton 780 
Gillard Hot Springs 2.460 

CAUFORNU 

Gla88 Mountain IC. 171 
Lake City-Surprise Valley 37. IhO 
Lasscn  7R. 641 
Wende I-Amedee 17.292 
Mono-Long Valley 460.25b 
Como Hot Springs 51.760 
Seipe Hot Springs 7.034 
Salton Sea '35,824 

G l r m i i  25.50s 
D-8 7.680 
E a s t  Mesa 38 $65 
Heber  5 8 . 5 6 8  
Lake C i t y S u r p r i s e  Val!ey addition 35. 091 
G e y r e r ~ - C a l i r t o g r  L56.2811 

Brawlcy 28.885 

IDAHO 

Yellowstone 
Frasier 

NEVADA 

Dou5le Hot Springs 
Fly Ranch 
Gerlach 
Leach Hot Springs 
Elko 
Beowawe 
Brady Hazen 
Moa- Spring8 
Steam boat Spring 8 
Sti1:wate; -Soda Lake 

14.164 
7.680 

10,815 
5.125 
R. 972 
8. 957 
8.960 

12.712 
79.426 
5.120 
8. 914 

Z Z 5 , 2 I  I 

. . .. - .. . . . , .. .. - ._ __ . . . ........ . ^ .. . .. 

Tablr  1. IContdl 

Nt VADA IContd) 
- .  
No. of A c r e s  

H'abuska i 1 . 5 2 0  
9ar rough  llot Springs A. 398 
hlonte Neva 10. 102 
Hot Springs Point 8.549 
Rrou~au~e addition 20,512 

h4t. Hood 8.671 
C a r r y  Hot Springs 7. 579 
Rrrctenbush Hot Springs R. 960 
\ a l e  Hot Springs 8.94~ 
Klamath k 111s 1'. 300 
Crump Gr,:rr 21. 304 
Lakrvirw 12. 165 
McCrcdie Hot Springs 3.657 
Relknap-Foley Hot Sprinps 5.066 
Burns Butte 649 
Vale l lot  Sprinp8 addition 11. 535 
Vale Hot Springs addition 2.5-3 

OXEGON 

\VAPHlNGTON 
hit. St. I l r lena 17.622 
Krnnrdy Hot Springs 3, 311 - . .. . -. ._. 

CE:JT%AI. KFXION- -- 
COLORADO 

hiincral  Hot Springs 5.7r.5 
\ a l l e y  Viru Hot Springs 5. 044 
Alaniosa County 0 .  '61 
Poncha 3,200 

Y..llou stone 12.7n3 

Rara Loration No. 1 I ;2 .  Re 3 

C r a t e r  Springs 8. 320 

Thcrrno llot Springs 17. 922 
Cove I: ort Sulphurdalr 24.874 

LIVNTASA 

SE\\ AiEXlCO 

I'TAH 

Raosrvel t  Hot  Sprinps 5.201 

Roosevclt llot Sp r in t s  addition 24.540 
rciihi ..\CXLAC,~ - ?, 1-7.041 

-- ______--- 
(ALL I~ t t i lVhSI  



0 I d  
K N O W N  GEOTHERMAL RESOURCES AREAS 
'- 

AREAS VALUABLE PROSPECTIVELY 

Figure 3. Areas Classified as Known Geotherpal Resource Areas in Nestern 
United States (Reference 2) 
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Los Alamos S c i e n t i f i c  Lab 
John Rowley 
Darrel Sims 

U. S. Geological Survey 
P a t r i c k  M u f f l e r  
M i  11 iam Diment 
W i  11 iam Hardt 
Robert McLaughin 

Geodri 11 i ng 
Ber t  McComack, President 

Geothermal K inet ics  
Michael O'Donnell 

Geologic Environments 

This sect ion w i l l  describe the geologic environment o f  the p a r t i c u l a r  areas 

o f  i n t e r e s t  inc lud ing rock types, geologic s t ruc tu re  and other important parameters 

t h a t  help describe the reservo i r  and over ly ing cap rock. 

and rese rvo i r  cha rac te r i s t i cs  o f  several geothermal areas were studied and 

d r i l l  b i t s  were obtained from most o f  the areas (Table 2 summarizes the 

reservoi  r type, rock type, reservo i r  depth, geol ogi c structure,  temperature , 
pressure, s a l i n i t y  and i f  mater ia l  proper t ies are avai lab le f o r  the rock i n  

The geologic environment 

the reservoir) .  The geothermal areas studied i n  t h i s  program are: 

Area, Geysers, Cal i forn ia ,  2) Imperial Valley, Cal i forn ia ,  3) Roosevelt Hot 

Springs, Utah, 4) Bacca Ranch, Val ley Grande, New Mexico, 5) Jemez Caldera, 

New Mexico, 6) Raf t  River, Idaho and 7) Marysvi l le,  Montana (Figure 2). 

1) Geysers 

Geysers Area, C a l i f o r n i a  

The Geysers geothermal area i s  located approximately 70 mi les n o r t h  o f  

the San Francisco Bay area and l i e s  i n  the Clear Lake geothermal area 

(Figures 3, 4). A de ta i l ed  geologic map and cross sect ion show 

9 



TABLE 2 

Reservoir Characteristics of the Geothermal Areas Investigated 
During the Terra Tek Program 

Reservoir 
Type 

Dry steam 

Hot water 
II 

II 

II 

Hot water 
I steam 

Hot water 

Hot water 

Hot d ry  
rock 

Hot water 

Reservoir 
Depth (ft) Geologic ' 

x 103 Structure 
Geothermal 

Areas P r inc ipa l s  
T y p  . Material 

F Pressure Properties S a l i n i t y  

465 Subhvdrostatic Available Lod 

Rock Type 

Graywacke (ss) Faulted, 
f ractured 

5 - 7  

2 - 4  

5 - 7  

4 - 11 

7 - 9  

2 - 4  

4 - 6  

4 - 6  

6 - 9  

6 - 7  

Geysers, Union 
Ca. She1 1 

Burma 
(500- Q S i  ) core tested* 

Imperial Valley, 
Ca. 
N i l and  

Sedimentary 
bastn, pore 
porosi ty 
Pore, some 
f racture , 

Pore, some 
f racture 
Fractured 
fau l ted 

Phil 1 Ips, 
So. Cal. Ed. 
Union 

375-700 Hydrostatic 
II 

No core High 
use ex i s t i ng  20-30: 
data 

A1 1 uv i  um, 
sandstone & 
shale; some 
metanorp h. 
deep 

Brawley 
4 
0 

Heber 

East Mesa 

II 

I, 

High 

Moderate 
10; 

Chevron, Rep. 

Rep. Geo. 
USER 

400-500 Hydrostatic 

400-500 Hydrostatic 

Available Low t o  mod. 
core tested* Roosevel t Hot 

Springs, Utah 
Phil 1 i p s  Granite Fractured, 

fau l ted 

Tuff, welded 
I altered 
andesite 

Fractured, 
fau l ted 

No core, use Low to mod. 
ex i s t i ng  
data 

Baca Ranch, 
Val le  Grande, 

Union 

No data Lon 
except. 
perm. 

Data 

Tuff,  a t z i t e  
qtz. monzonite 

Fractured, 
fau l ted 

290-300 Hydrostatic R a f t  River, 
Idaho 

INEL 

LASL 

Ba t te l l e  
(NSF) 

300-400 Hydrostatic 

200 Hydrostatic 

Low 

Low 

Jemer Caldera, 
New Mexico 

Granite Fractured 

Granite Fractured Data 

This program. 



t he  l oca t i on  o f  the B ig  Sulphur Creek f a u l t  zone and the zone o f  hydrothermal 

a1 t e r a t i o n  associated w i t h  the geothermal deposi t  (Figure 4)3s4. 

rock types are Franciscan graywacke w i t h  minor shale, conglomerate and ser- 

pent in i te .  Metamorphism i n  the  area ranges from weak t o  strong. Major h igh  angle 

normal and t h r u s t  f a u l t s  d issec t  the area. The major f a u l t  i s  the B ig  Sulphur 

Creek thrust .  The rese rvo i r  depth ranges from 5,000 t o  7,000 feet although 

The rese rvo i r  

we l l s  have been d r i l l @ ?  co depths greater than 9,000 feet. The conduits i n  

the geothermal system are f ractures and f a u l t s  w i t h i n  the Franciscan 

graywacke sequence. 

specimen obtdined from Union O i l  Company. The reservo i r  f l u i d  i s  dry steam 

so t h a t  the maximum temperature obtained i s  465OF. An unusual aspect o f  t h i s  

geothermal f i e l d  i s  t h a t  the  pressure i s  subhydrostatic. Reservoir pressures 
5 a re  only  on the order o f  500 p s i  a t  depths o f  5,000 t o  7,000 f e e t  . 

Several generations o f  f rac tu res  were noted i n  the core 

Mechanical proper ty  and permeabi l i ty  t e s t s  were run on core from a 

sample taken from the  3,900 +:3t depth i n  Union O i l  Well, Ottoboni number 15. 

The s t ress-s t ra in  response ind icates t h a t  the  rock i s  strong and b r i t t l e  

(Figures 5 and 6). The e l a s t i c  moduli are summarized i n  Figure 7. The 

f a i l u r e  envelope f o r  t he  graywacke shows a r a p i d  increase i n  s t rength w i t h  

conf in ing  pressure (Figure 7). The permeabi l i ty  o f  the  rock i s  very low, 

0.02 microdarcies perpendicular t o  a f rac tu re  whi 1 e the permeabi 1 i ty para1 1 e l  

t o  the  f rac tu re  i s  40 microdarcies, a d i f fe rence o f  f ac to r  o f  2,000. 

permeabil i t i e s  were measured under condi t ions s imulat ing in situ condi t ions:  

The 

a 

conf in ing  pressure o f  4900 p s i  and a pore pressure of 500 p s i  s imulat ing 

the subhydrostatic pressure a t  reservo i r  depths. Because o f  the mineral  

composition o f  the rock, predominately quartz and feldspar, the rock w i l l  be 

abrasive. This i s  a lso substant iated by the f a c t  t h a t  the d r i l l  b i t s  used 

a t  depth go ou t  o f  gage and reamers have worn tungsten carbide i nse r t s  a f t e r  

11 
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Figure 5. Stress-strain response o f  the graywacke sandstone, 
Geysers geothermal area (Ref. 3, 4). 
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Figure 6. Pressure-vol m e  response o f  the graywacke. sandstone 
Geysers geothermal area, Cal Pfornia. 
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only  approximately 10 hours o f  use (Table 3).  

wear a t  an abnormally h igh rate. 

The bearings and races a lso 

The thermal conduct iv i ty  o f  the rock i n  the area ranges from 5 x 

cal/cm secOC f o r  serper l t in i te  t o  10-12 x loo3 cal/cm sec°C f o r  the graywacke 6 

The geothermal gradient i n  the reservo i r  area i s  about 2OO0C/km and the heat 
6 f l ow  10 x 106 cal/cm%ec . 

Imperial Valley, C a l i f o r n i a  

The geothermal areas i n  the Imperial Val ley are located i n  northwest- 

southeast t rending l i n e  from the Salton Sea i n  the n o r t h  t o  the Cerro P r i e t o  

geothermal f i e l d  25 km across the border i n  Mexico, Figure 8 . 
Sea geothermal areas are characterized by high temperatures and high 

s a l i n i t i e s  a1 though both temperature and concentrat ion o f  dissolved sol i d s  

vary over the Imperial  Val ley area, Figures 9, 10 and 11 . The general ized 

geologic s t ruc tu re  consists of a . large a l l u v i a l  f i l l e d  block faul ted v a l l e y  

t y p i c a l  o f  the basin and rang? physiographic province. Normal f a u l t i n g  i s  
7 a lso p a r t  o f  the i n t e r n a l  s t ruc tu re  o f  t he  v a l l e y  (Figure 12) . Two cross 

sections o f  the area, Figures 13 and 14, i l l u s t r a t e  the temperature contours 

7 The Salton 

8 

with depth and l o c a t i o n  o f  deeper wells. The temperature a t  a given depth 

decreases from the Sal ton Sea t o  the H o l t v i l l e  (East Mesa anomaly) area, b u t  

then increases i n  the Cerro P r i e t o  area w i t h i n  the United States. Thus, 

rese rvo i r  depth increfises from the Ni land f i e l d  i n  the no r th  t o  the East 

Mesa f i e l d  i n  the south. The Imperial Val ley i s  laced w i t h  northwest 

southeast t rending normal f a u l t s  which e x i s t  t o  depths o f  a t  l e a s t  15,000 

t o  20,000 feet; the depth of the a l l u v i a l  f i l l e d  val ley. The s t ra t i g raphy  

consists of a sequence o f  poor ly  consol idated sediments and i n t e m i  t t a n t  

sandstone, shales and volcanics (Figure A t  depths o f  9,000 t o  

11,000 f e e t  i n  the tleber and East Mesa areas the sandstones and shales 

15 
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TABLE 3 

Drill Bit and Well Data Collected f o r  the Terra Tek Drilling Project 

Blt 
D r l l l l n g  Condition Temp.* 

Rock Type Locatfon Lessor B i t  Slze Make Type Depth Out Feet Hours F t / H r  Media T B G F 

Geysers , Unlon 8 II 314 Smlth JJA 51 82 250 11.5 21.7 A i r  2 3 1 285 Graywacke 
Reed YFWA 3877 282 15.7 18.8 'I 3 5 1/16 240 

I1 I1 73JA 5139 257 14.25 18.0 'I 

5754 262 14 19.9 I' 
w II n 

2 6 1/16. 340 
2 6 3/8 330 

II 11 ll 296 17.5 17 'I 3 5 1/16 300 5070 
Sec H8J 4380 210 18 11.7 'I 2 3 5/8 325 
HTC A44 3595 

W 

n 252 19.75 12.7 'I 3 4 1/4 190 
12 1/4 Smlth V2HJ 1611 78 8.5 9.2 'I 8 8 1/2 

Imperlal Rep. Geo. 8 314 
Val 1 ey , 
Ca. 

Val ley Grander 
New Mexico 

JM?@t LASL 9 5/8 
Caldera , 
New Mexlco 

Roosevelt Hot P h l l l l p s  7 718 
Sprlngs, Utah 

Ra f t  Rlver, INEL 12 114 
Idaho 12 1/4 

-.I Baca Ranch Unlon 8 314 

Marysvi l le, E a t t e l l e  7 718 
Montana (HSF) 7 718 

S m l t h  F3 

Reed 73JA 

Smlth 9JS 
Sec HlOJ 

Smlth DGHJ 
Smlth 9JS 

Sml t h  
Hughes 

1400 Cooled 
mud 

5764 501 24.75 20.4 A i r  I 
water 

5234 313 65.0 4.8 W,a,w+a, 
8842 225 33.5 6.7 m,m+a 

Wdter 

3054 584 20.5 28.5 Mud 
5523 188 32.0 5.9 Water 

325 Alluvium, 
sandstone I 
shale 

190 l u f f  (welded) 

387 "Granite" 

400-500 "Grani te" 

299-300 Tuffaceous 
sandstone I 
shale, quar tz i te  

200 "Granite" 

Come n t s  

Oev. 18". i nse r t  b i t  
1 eo 
17" 
15' 
16" 
200 
17" 
7O 

Oynadri I 1  (400 rpm), 
tooth b l  t 

Journal bearing 

(400-500) 

1. 0. 9619' 

Journal be$ting 
1. 0. 6723 

c 
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Figure 9. Well Location Map of Salton Sea Geothermal Area (Reference 8) 
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Figure 10. Temperature as a Function o f  Depth f o r  Salton Sea Geothermal 
Wells (Reference 8) 
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Figure 11. Concentration o f  Total Dissolved Solids as a Function o f  Depth 
fo r  Salton Sea Geothermal Wells (Ref. 8). 
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Figure 12. Generalized map of the 
Imperial Val ley area 
showing major structural 
features (Ref. 7 ) .  
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become metamorphosed and r h y o l i t e  flows are encountered. According t o  some 

e x i s t i n g  models o f  the geothermal area, the shales are thought t o  form 

impermeable ba r r i e rs  t o  ’ f l u id  f low w i th in  which convection c e l l s  operate 

(Figure 16) . The temperatures a t  these depths range from 480 t o  700°F 9 

(250 t o  350OC) depending on the locat ion.  

The sediments which f i l l e d  the basins are weak and should be simila:. 

i n  mechanical response t o  t h a t  o f  the al luvium f rom the Nevada Test S i te  which 

i s  found i n  the same type o f  geologic environment; t h a t  i s ,  a basin and range 

a l l u v i a l  f i l l e d  basin. 

o f  the NTS a l luv ium i l l u s t r a t e  the l a rge  amount o f  deformation t h a t  occurs i n  

Ax ia l  s t ress- longi tud ina l  s t r a i n  and the compress ib i l i ty  

very low st ress regions (Figures 17 and 18)”. 

i s  very sens i t i ve  t o  the degree o f  the saturat ion (Figure 19) and i s  much 

The strength o f  the a l luv ium 

stronger under the dry condi t ions than under saturated conditions. The 

strength under saturated condi t ions i s  low a t  the pressures equivalent t o  

reservo i r  depths. The depths t o  water tab le i n  t h i s  area can be s i g n i f i c a n t  

although the sediments w i l l  be saturated a t  reservo i r  depths. The mater ia l  

w i l l  probably be d r i l l e d  with normal o i l  f i e l d  techniques and re f r i ge ra ted  

d r i l l i n g  mud, The sandstone and shale u n i t s  encountered a t  depth w i l l  be 

weak and f r i a b l e .  An upper bound f o r  the s t ress-s t ra in  response o f  the 

sandstone can be extrapolated from the porous Kayenta sandstone data (Figures 

20, 21 and 22)”. It should be noted t h a t  the  s t rength and s t ress-s t ra in  

response o f  the sandstone i s  a func t ion  o f  the i n i t i a l  porosi ty;  more porous 

mater ia l  has lower s t rength  and modulus and s i g n i f i c a n t l y  more s t r a i n  t o  

f a i l u r e  (Figure 21). 

pressures comparable t o  overburden stresses i n  the reservo i r  i s  shown i n  

Figure 22 . Only a small percentage o f  mater ia l  i n  the Sal ton Sea area should 

The s t rength  envelope f o r  Kayenta sandstone a t  conf in ing 

11 

be abrasive u n t i l  s igni f icant depths are reached where the rock may be 

metamorphosed. Both Union O i l  Company and Republic Geothermal have encountered 

23 
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Figure 16. Schematic representation of the self-sealing, mechanism in the Imperial 
Val ley geothermal area, Cal i fornia (Ref 9) 
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LONGITUMW STRAIN, AL/I..X 
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Figure 17 . .  Shortening strain as a function o f  axial 
stress for aggregated and partially re- 
cons t i  tuted al 1 uvi urn. 

Figure -18. Pressure-vol urne response o f  reconstituted 
and virgin alluvium to .5 kbars. 
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Figure 19. Shear stress mean pressure relation- 
ship of alluvium a t  various degrees 
of saturation. 
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Figure  20. Stress d i f fe rence  -vs- a x i a l  s t r a i n  
f o r  conf in ing pressure between 0 and 
2000 ps i .  (Ref. 66) .  

Figure 21. S t r a i n  as a funct ion o f  s t ress d i f fe rence  
f o r  conf in ing pressures between 2 and 4 
kbars f o r  samples o f  various densi t ies  of 
Kayenta sands tone. (Ref. 22) .  
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Figure 22. Failure envelope and uniaxial stress path 
for triaxial shear to  P = 1200 psi for layer 
4 Kayenta sandstone. (Ref. 66) .  
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only  a small amount o f  l i t h i f i e d  mater ia l  i n  t h i s  sect ion a t  depths t o  9,000 

f e e t  . The st rength of  tne  rock media w i l l  increase if metamorphism has 12 

taken place a t  depth and i t  i s  expected t h a t  the permeabi l i ty  w i t h i n  the 

geothermal environment a t  those depths w i l l  be a f racture permeabil ity. 

For depths down t o  9,000 feet most of the permeabi l i ty  w i l l  be as a pore 
13 type permeabi l i ty  w i t h  f l u i d s  perco lat ing through t h e  porous sediments . 

7 permeabi l i ty  a t  these k p t h s  ranges from 600 t o  1,200 m i l l i d a r c i e s  . No core has 

The 

been taken t o  date i n  the  Sal ton Sea geothermal although an attempt was made 

by Republic Geothermal t o  ob ta in  core a t  a depth o f  11,000 f e e t  i n  the  Heber 

f ie ld .  

w i l l  probably not be a s i g n i f i c a n t  problem t o  the  d r i l l i n g  because the b i t s  

are essen t ia l l y  i so la ted  from the caust ic f l u i d s  due t o  the use o f  cooled 

d r i l l i n g  mud. 

near the N i land geothermal f i e l d  bu t  decrease away from the Sal ton Sea area. 

The caus t ic  nature of the  geothermal f l u i d s  i n  the Salton Sea area 

The geothermal f l u i d s  have up t o  30 percent dissolved so l i ds  
8 

Except f o r  some temperai 2 measurements, few geophysical measurements 

have been made a t  depth i n  boreholes. On the basis o f  mineral const i tuents  

and porosi ty,  thermal conduct iv i t y  o f  the unconsolidated mater ia l  i s  estimated 

t o  be 3 t o  5 x 
6 6 x lom6 cal/cm2sec . 

atm/ft. 

cal/cm secOC; f o r  the heat f l o w  on the order o f  4 t o  

The pressures encountered a re  hydrostat ic,  about 0.0295 

Roosevel t Hot Springs Utah 

The Roosevelt Hot Springs area i s  a po ten t i a l  producing geothermal f i e l d  

located i n  southwestern Utah (Figure 2). The area i s  located i n  the basin 

and range physiographic province i n  a s t r u c t u r a l l y  complex area on the  western 

s ide  o f  the  Hinera l  Range Mountains (Figure 23)14. 

o f  the area shows that the st ra t igraphy consists o f  a l luv ium under la in  by a 

f rac tu red  g ran t i c  rock probably o f  Te r t i a ry  age (Figure 23). Some of the rock 

A schematic cross sect ion 
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oosevelt Hot Springs 

ROOKVELT HOT SFRINGS 
DIAGRAMMATIC CROSS SECTION 
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Figure 23. General ized geologic map and cross sections Roosevel t 
Hot Springs geothermal area, Utah. 
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is altered and fractured and a t  least  the upper part has been s i l i c i f i ed  15 . 
To date, s ix  exploratory qeothermal wells have been drilled into the reservoir 

by P h i l l i p s  Petroleum Co. as  part of a program to delineate this geothermal 

deposit. 

Reservoir depths range between 2,000 and 6,000 feet ;  the deepest well t o  date 

drilled i n  the f i e ld  has been a "dry" hole on the order of 8,000 feet. 

f ie ld  appears t o  be s + r x t u r a l l y  controlled by the Done fau l t ,  located two 

t o  three miles t o  the west of the front of the Mineral Range Mountains. 

exact structural nature of this geothermal deposit o r  the scope o f  the deposit 

The reservoir. rock is highly fractured granite and granite wash. 

The 

The  

is n o t  known a t  this time. 

i n  Table 2. Temperatures of 400 to  500°F have been encountered and 

the fluid permeability of the rock will be primarily along fractures. 

D r i l l i n g  n the reservoir will be through granite wash and fractured granite 

a t  fa i r ly  h igh  temperatures. 
15 to low . 

The reservoir parameters for this f ie ld  are given 

The sal ini ty  of the area appears t o  be moderate 

A hand specimen of unaltered granite was obtained from the Mineral Range 

Mountains and has been tested to  obtain mechanical properties. 

quite hard, b r i t t l e  and strong as indicated by the small amount of  s t ra in  t o  

failure once the ultimate strength has been reached (Figure 24). The fa i lure  

envelope of the MiVera1 Range Mountains indicates a strong rock w i t h  

significant increase i n  strength w i t h  confining pressure (Figure 25). 

rock will be abrasive since quartz and feldspar dominate. The exact 

nature of the material, however, is not ful ly  known since no core, has been 

taken from the reservoir zone. The pressure i n  the area is approximately 

hydrostatic. No geophysical logs have been conducted i n  the holes dril led 

The rock is 

The 

t o  date. 
16 200 foot-deep holes . 

16 and geophysical techniques is being conducted by the University of Utah . 

Heat flow has been measured and core has been taken i n  shallow 

A detailed study of the geothermal area by geologic 
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Bacca Ranch, Val le  Grande, New Mexico 

The Bacca Ranch, Val?ey Grande geothermal area being explored by Union 

O i l  Company i s  located i n  t h e  Jemez Caldera approximately 70 mi les northwest 

of Albuquerque, New Mexico, Figure 3. The geologic map and cross sec t ion  o f  

the area shows t h a t  the  center o f  the volcanic caldera consists o f  interbedded 

tu f f  f lows and andesites which have been h igh l y  fau l ted  (Figure 26)17. The 

primary rese rvo i r  rock i s  the Bandelier t u f f  which i s  general ly welded a t  

depths of i n t e r e s t  which are on the order o f  5,000 t o  7,000 feet18. Temperatures 

range from 400 t o  50OOF. 

The primary permeabi l i ty  i s  along f rac tu res  because even though the rock i s  

porous i t  i s  very low i n  permeabi l i ty  (microdarcy range). 
18 from a few f e e t  t o  a few inches a t  reservo i r  depths . 

Reservoir charac ter is t i cs  are summarized i n  Table 2. 

Fracture ranges 
r 

D r i l l i n g  i n  the rese rvo i r  area i s  accomplished w i t h  aerated mud and normal 

o i l  f i e l d  techniques. Only a small amount o f  core has been obtained by the  

Union O i l  Company bu t  no mat: -"a1 property has been published. The author 

f e e l s  t h a t  mater ia l  proper ty  data can be ext rapolated from the Mt .  Helen 

welded t u f f  i n  cent ra l  Mevada t o  approximate the  mechanical response o f  the  

welded t u f f  i n  the  reservo i r .  The e l a s t i c  moduli and seismic ve loc i t y  der ived 

from laboratory  tes ts  are summarized i n  Table 4. 

o f  the welded t u f f  shows t h a t  the rock i s  d u c t i l e  a t  hydros ta t i c  pressures 

o f  equivalent t o  depths w i t h i n  the  reservo i r ,  .25 t o  .5 k i lobars  (Figures 

27 and 28)". No data i s  ava i lab le  a t  elevated temperature. The f a i l u r e  

The s t ress-s t ra in  response 

envelope for  the welded t u f f  shows t h a t  the s t rength  of the rock i s  d r a s t i c a l l y  

affected by the amount of water present. The lowest curve, approximately 

a t  sa tura t ion  (8 percent), would be representat ive o f  s t rength values under 

in s i t u  condi t ions (Figure 29). Note t h a t  the s t rength o f  the tuf f  does n o t  

increase s i g n i f i c a n t l y  with conf in ing  pressure as i t  had f o r  the graywacke 
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TABLE 4 

E l a s t i c  Moduli from Seismic Ve loc i t ies ,  U l t rason ic  Data 

and Mechanical Tests, Mt. Helen Welded Tuff  

Derived from: 

Velocities 
Ultrasonic (0-15') 
Seismic (0-15') 

Hydrostatic Compression (4'-8') 
Initial Slope 
Linear Region 

Uniaxial Strain j4 ' -E'  ) 
Initial Slope 
Linear Region 

Triaxial Compression ( 4 ' 4 3 ' )  

unloading 

unl oadi  ng 

unloading 

unloading 

0 3  = 0 loading 

0 3  = 0.25KB loadins; 

0 3  = 0.50KB loading 

03 = 2.70KB loading 

Constrained 
Modulus 

KB 
(B)  

198540 
130 

--- --- 

50 
190 

~1303 
- - -  

Bul I! 
Modulus 

KB 
( K )  

Shear 
Nodulus 

KB 
(GI 

97-20 

50 
110 

E201 
L731 

Young's 
Modulus 

( E )  
KB 

~ 

Poisson' s 
Ratio 

( * J )  

124average 0.13average 
(0.1 1-0.15) 120-1 65) --- 

190 
200 
220 
210 
230 
280 

--- 
0.1s 
0.30 
0.22 
0.33 
0.23 
0.36 

*The noduli for the velocities cere calculated f r on  the dznsity and the longitudinal and 
shear velocities. 
the stress-strain and stress-stress curves (unbracbettd numbers) or calculated from the 
direct measurements (square brachtts). Tnc nvcSers in circular brackets represent the 
range of values for several tests. The sioduli are all considered representative of 
material with 1.5f0 water by wet weight. 

Tne noduli fror, tho mecnanical t e s t s  \:ere either scaled directly fron 
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Figure 27. Triaxial Conipression Tests -- Stress Difference versus 
Indiv idua l  Strains, Mt. Helen Melded Tuf f .  

Figure 28. Triaxial Compression Tests -- Shear Stress versus Shear 
Strain, Mt. Helen Welded Tuff. bi 

36 



I 
I 

Figure 29. Failure envelope of the Mt. Helen welded tuff as a 
function of saturation (Ref. 19). 
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a t  the Geysers area C a l i f o r n i a  and for  the g ran i te  a t  Roosevelt Hot Springs, 

Utah. The tu f f  w i l l  no t  bz an abrasive rock because o f  h igh porosi ty,  

glassy texture and i t s  mineralogic composition. 

f ine-grained ma t r i x  made up of glass and glassy fragments w i t h  phenocrysts 

o f  quartz and feldspar. 

d i f f i c u l t  d r i l l i n g  although Union indicated problems were associated w i t h  

the aerated mud d r i l l i n :  f l u i d  which corrodes the d r i l l  stem pipe . 
logs have been run i n  the Los Alamos S c i e n t i f i c  Laboratory t e s t  wel ls  located 

f i v e  mi les northwest o f  the Union o i l  f i e l d .  These wel ls  penetrated the 

Bandelier t u f f .  The logs include 3-D veloc i ty ,  gama-cal iper, e l e c t r i c  

i 
The rock i s  comprised o f  a 

The rock i s  so f t ,  n o t  abrasive and d i d  no t  present 

21 Geophysical 

20 (SP-res is t iv i  ty) , temperature, densi ty and gamma-neutron . 
Jernez Caldera, Sandoval County, New Hexico 

The ho t  dry  rock geothermal program o f  the Los Alamos S c i e n t i f i c  Lab 

has consisted o f  d r i l l i n g  a ser ies o f  deep holes i n t o  a h o t  c r y s t a l l i n e  

basement w i t h  subsequent hydr 

area and communication between holes. 

d r i l l e d  through a volcanic and Paleozoic sedimentary sequence i n t o  an underlying 

c r y s t a l l i n e  basement. These wel ls  are located on the f l a n k  o f  the Jemez Caldera 

about 70 mi les northwest o f  Albuquerque, New Mexico (Figures 3 and 26). The 

deepest we l l  has been d r i l l e d  t o  9,619 feet. Complete geologic, geophysical 

ractur ing t o  produce the necessary surface 

To date three deep holes have been 

and d r i l l i n g  logs were run on these holes i nc lud ing  rock type f rac tu re  spacing, 

d r i l l i n g  rates, etc. 20'22, Figure 30. The geophysical logs included 3-D 

v e l o c i t y  , gamma-neutron, densi ty , e l e c t r i c  and temperature. The temperature 

a t  the bottom o f  t h i s  ho le  i s  387OF. The d r i l l i n g  f l u i d s  used t o  d r i l l  vary 

from mud t o  a i r  t o  water t o  mud plus water. There i s  no rese rvo i r  per se 

except t o  say t h a t  h o t  grani te  i s  needed. The depth o f  i n t e r e s t  w i l l  depend 

on the l o c a l  geothermal gradient. The grani te  w i l l  have t o  be hydrofractured 

LiJ 
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t o  produce the necessary surface area to  allow f l u i d  t o  percolate along the 

fractures t o  withdraw the heat. The reservoir rock consists of Precambrian 

crystall ine rock ranging f r o m  granite t o  granodiorite. The fracture spacing 

of the granite ranges from a few inches t o  feet. 
20 bri t t le  . 

The in tac t  rock is hard and 

Dr i l l i ng  rates of 5 t o  30 ft/hr indicate the rock is moderately 

of the 

faster  

Raft R 

abrasive: The d r i l l  b i t  l i fe  seems t o  be correlative w i t h  the quartz corient 

granit ic rock w i t h  the quartz-rich rocks wearing the b i t s  significantly 
23 than the more feldspar-rich rocks which were found a t  greater depths . 

ve r - 
The r a f t  River geothermal area is  located a t  approximately 50 miles 

south-east of Rupert i n  southeastern Idaho, Figures 3 and 3 1 ~ ~ .  The Raft 

River s i te  is  located i n  a basin and range physiographic province w i t h i n  an 

a l luv ia l  f i l l e d  block faulted basin. A cross section of the area shows the 

two wells that  have been d r i l l e d  i n t o  the quartz monzonite reservoir rock 

(Figure 3ZIZ5. The condui t  for the geothemal f luid appears t o  be the Bridge 

fau l t  zone, a zone approximately 230 fee t  wide d i p p i n g  a t  60'. The wells 

penetrated 4,000 to  4,500 fee t  of the Raft River and Sa l t  Lake formations 

consisting of poorly consolidated a1 luvial sediments and underlying soft  

volcanics. 

quartzite and shist; the f a u l t  zone and the underlying Precambrian quartz 

monzonite rock t o  a total  depth of approximately 6,000 feet. The temperatures 

a t  reservoir depths were on the order of 290 t o  300OF. The nature of the 

materials i n  the f a u l t  zone will be highly variable and are undoubtedly 

extensively fractured. Some core was taken i n  both holes, RRGE1 and RRGEZ. 

Permeability measurements have been made by Terra Tek on some of the overlying 

volcanic media, b u t  no material property tests have been run. Permeability is 

on the order of microdarcies (Table 5). I t  is expected that  the quartzite and 

The wells then penetrated hard metamorphic rocks consisting of 
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Figure 32. Cross section o f  the Raft River geothermal area showing 
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ki 
42 



TABLE 5 

Sample Depth 4,227 4,372 

I 

I 

4. 

4,506 

Resul t s  o f  Perrtieabi 1 i ty Tests Performed f o r  ERDA 
on Samples Taken From the Ra f t  River Geothermal Well 

Ax ia l  Stress - Ver t i ca l  (ps i )  4,855 5,025 5,175 

Lateral Stresc {ps i )  3,483 
I I - 3,265 3,710 

1 Pore Pressure (ps i )  11,880 I 1,945 1 2,005 
Temperature (OF) 

1 
I 

I 
I 

Permeabi 1 i ty ( m i  11 i d a r c i  es) 

(Stress l e v e l s  and temperatures were chosen t o  simslla'te 
i 7 r  c t t z  condi t ions)  

TABLE 6 

R a f t  River Geothermal P ro jec t  
(Bottom Hole Temperature 290 - 300' F) 

E:trerielv hard r: It'.' 6335 twi 5 2 3  ?: 
Smith Tool Co;lPaV 

12 110" 9JS tit WJar tz  i te v 

Ground level  4045 ft. elevation 

+ Input mud temperature 160" F 
Return mud temperature 180' F 
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i the quartz monzonite w i l l  be strong, abrasive and b r i t t l e .  The mater ia l  

property data from the gran i te  i n  the M i l f o r d  geothermal area can probably be 

extrapolated t o  the quartz monzonite (Figures 24 and 25). However, i t  i s  

expected t h a t  the over ly ing  S a l t  Lake formation cons is t ing  o f  sediments and 

volcanics which w i l l  be much softer. 

Marysvi l le,  Montana 

The d r i l l i n g  ra tes  are summarized i n  Table 6. 

The Marysvi l le,  Montana geothermal area i s  located i n  west cent ra l  
26 Montana approximately 50 miles west o f  Helena, Figures 3 and 33 The 

geologic map o f  the area shows t h a t  the geothermal area i s  underlain by 

Precambrian shale and igneous rocks o f  cretaceous age. This geothermal 

deposi t  was del ineated on the basis o f  the  heat f low data23, and the hole 
26 was p a r t  o f  a National Science Foundation ( R A I N )  program . 

hole, 6,720 f e e t  deep, was d r i l l e d  through a sect ion of shale and quar t z i t e  

i n t o  quartz fe ldspar porphyry (Figure 34). 

sediments; the bottom 5,748 f e e t  i s  c r y s t a l l i n e  rock. 

p r o f i l e  i s  a lso given i n  the Figure 34 and ind ica tes  a maximum temperature 

o f  200OF. The cor ing sumnary f o r  the Marysv i l le  p r o j e c t  i s  given i n  Figure 

35. The footage per  d r i l l  b i t  ranged between 300 t o  400 f e e t  a t  depths 

of between 2,000 f e e t  and the bottom o f  the  hole a t  6,709 f e e t  using a 

7 7/8 inch  d r i l l  b i t  (Figure 36). There were no t  s i g n i f i c a n t  d r i l l  b i t  

problems because o f  the low temperatures encountered, even a t  greater  than 

5,000 feet. 
27 unsealed r o l l e r  bearing b i t s  . 

The s i n g l e  

Only 975 f e e t  i s  metamorphosed 

The temperature 

However, journa l  bearing b i t s  gave b e t t e r  b i t  performance than 

44 



, 

-E 
U 
u: 
U 

P 
v1 

112*25' 22' 30" 20' 11zJI7: 30" 

Figure 33. Topograpb and geologic map of Marysville geothermal area: contow 
interval = 500 ft (152 m ) ;  location of deep drill hole indicated 
by derrick symbol; many Cenozoic dikes and s i l l s  omitted from 
map. i/ 



I j 
I 
! 

I 

Figure 34. Geologic section and temperature profile as a function of 
depth in the Marysville, Montana geothermal well. 
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