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w 
Program Review 

Resource Eva1 uati on, Reservoi r Conf i rmati on, 

and Exploration Techno1 ogy 

D i  v i  sion of Geothermal Energy 

Department of Energy 

( DOE/DGE) 

1.0 Introduction 

In order t o  seek t o  match the DOE/DGE proposed programs w i t h  the needs 

o f  the na t ion ,  the states and industry and t o  meet the nat ional  goals set  

for th  i n  Table 1, the University of Utah has assisted DOE/DGE i n  a review 

of i t s  programs i n resource eval uat ion , reservoi r confirmation, and 

expl ora t i  on technol ogy . 
To effect this review, seven consortia of specialists were identified 

as i n  Appendix 1. These consortia met and discussed the specialists 

viewpoints on the specific needs for DOE/DGE support t o  ensure reaching the 

national goals. Their reports are  set  forth verbatim i n  section 4.0. 

Addi t ional  l y ,  28 managers of i ndustri a1 geothermal exploration 

programs were contacted t o  o b t a i n  their opinions.  Appendix 2 l i s t s  those 

contacted. The comments received constitute Appendix 3. 

Finally, a Program Review Panel Meeting, w i t h  the participants of 

Appendix 4, was held i n  S a l t  Lake Ci ty ,  Utah, on March 8, 1978 t o  review 

all  inputs received t o  t h a t  date and t o  recommend a program of geothermal 

resource eval uati on ,  reservoi r confirmation, and exploration technol ogy t o  



. . .. . 

DOE/DGE. 

o b t a i  ned. 

The n e x t  sec t ion  conta ins a summary o f  t h e  recommendations so 

As a means o f  s t i m u l a t i n g  discussion, a document, d e s c r i b i n g  a 

t e n t a t i v e  ( o r  straw-man) s t r a t e g y  f o r  Resource Eva1 u a t i o n  Reservoi r  

Conf i rmat ion & E x p l o r a t i o n  Technology, was d i s t r i b u t e d  t o  28 managers o f  

geothermal e x p l o r a t i o n  programs and t o  each o f  t h e  members o f  t h e  seven 

techn ica l  consor t ia .  Th is  document and i t s  cover ing  l e t t e r  appear as 

Appendix 5. 

Th is  r e p o r t  in tends  t o  convey t h e  d e t a i l s  o f  t h e  program rev iew as 

w e l l  as t o  p rov ide  a summary o f  t h e  recommendations, means f o r  t h e i r  

implementation, and a s i x  year  program o f  expendi tures which would 

accomplish t h e  o b j e c t i v e s  o f  t h e  recommendations. The summary o f  

recommendations, p lans f o r  implementation, and p l a n  o f  expendi tures i s  t h e  

s o l e  work o f  t h e  author  b u t  i s  based on t h e  i n p u t  o f  a l l  o thers  i n v o l v e d  i n  

the  review process. Th is  document i s  intended as a guide t o  program 

managers as they develop s p e c i f i c  program p lann ing  documents. 
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TABLE 1 

DOE GOALS FOR GEOTHERMAL RESOURCES 

A. E l e c t r i c  Power Generation 

1985 
2000 
2020 

B. D i r e c t  Heat 

3,000 - 4,000 MWe 
20,000 - 40,000 MWe 
70,000 - 140,000 MWe 

0.1 to 0.2 Quads/Yr 
0.5 t o  2.0 Quads/Yr 
6.0 to  8.0 Quads/Yr 

1985 
2000 
2020 

1 Quad = 1015 BTU - 170 m i l l i o n  bar re ls  ot o i l  
“38 m i l l i o n  tons o f  coal 

1000 MWe one nuclear power p l a n t  - 1 m i l l i o n  people 

0.2 t o  0.3 Quads/Yr 
1.5 t o  3.5 QuadsIYr 
5.0 t o  10.0 Quads/Yr 
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2.0 Summary of Recommendations 

Because of a reorganization of DOE/DGE programs, we shall  discuss 

exploration techno1 ogy separately from resource evaluation and reservoir 

confirmation. The latter two categories of activities are divided i n t o  a 

Geopressured-Eastern region under B. de Bono, a Rocky Mountain-Great Basin 

region under J. W. Salisbury, and a Pacific States region under R. Toms. 

The following recommendations are n o t  so divided fo r  we leave this task t o  

the regional managers. 

assembling these recommendations. 

I have exercised minimal edi tori a1 prerogative i n  

The symbols N (near-term), M (mid-term), and F (far-term) are inserted 

where appropriate; they refer t o  items w h i c h  will  contribute t o  new heat or 

new power on line by 1985 ( N ) ,  items which  will impact heat or power on 

line by 1990 ( M I ,  and items w h i c h  will  impact heat or power on line a t  

later times. 

my own best estimates based on a l l  da t a  available t o  me. Clearly, they 

stress near-term objectives. 

I have presented recommended budgets through 1984; these are 

2.1 Resource Evaluat ion & Reservoir Assessment 

2.1.1 Thermal Methods 

2.1.1.1 ( N )  Regional Thermal Measurements, Free Hole. 

A systematic and extensive program of making temperature 

measurements i n  avai 1 ab1 e dri 11 holes shoul d be implemented 

as soon as possible and a t  a relatively h igh  level of 

f u n d i n g .  Coordination w i t h  the NURE program of DOE should 



be sought.  

2.1.1.2 (N,M,F) Regional Shallow D r i l l i n g  

A systematic d r i l l i n g  program should be implemented as soon 

as poss ib l e .  This d r i l l i n g  should inc lude  one hundred t o  

f i v e  hundred holes per y e a r ,  t o  dep ths  o f  100 t o  150 m ,  

spaced i n  such a way as t o  f i l l  i n  the gaps i n  the "free 

hole" d a t a  of 1) above and t o  i n v e s t i g a t e  specific provinces 

and problems. These holes should not  be d r i l l e d  i n  o r d e r  t o  

d e l i n e a t e  s p e c i f i c  geothermal reservoirs, however. Again, 

coord ina t ion  w i t h  the NURE program should be sought.  

2.1.1.3 (N) 

Of interest here are holes  i n  the 600-1000m range w h i c h  are 

r o u t i n e l y  d r i l l e d  f o r  mineral  e x p l o r a t i o n ,  wa te r ,  and 

petrol eum exp lo ra t ion .  These hol es , where non-producti ve, 

are cemented and abandoned. Accordingly,  i t  i s  recommended 

t h a t  DOE/DGE assume responsi bi 1 i t y  f o r  these holes p r i o r  t o  

plugging. Casing would need t o  be se t  t o  prevent hole 

c o l l a p s e  i n  many ins t ances .  

D r i l l  and/or  preserve deep holes. 

Add i t iona l ly ,  and i n  conjunct ion w i t h  this program 

ten holes  per y e a r  should be d r i l l e d  and logged t o  1000m. 

2.1.1.4 ( N )  

All da ta  

should be col 

maps prepared 

C o l l a t e  Data 

c o l l e c t e d  under 2.1.1.1 through 2.1.1.3 above 

a t e d  w i t h  e x i s t i n g  d a t a ,  local and regional 

and crustal model s devel oped. 
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2.1.2 ( N ,M ,F Water/Rock In te rac  ti on 

I n  d r i l l i n g  o i l  and gas we l l s ,  w e l l  l o g s  a r e  used and 

are adequate f o r  del  i n e a t i  ng producing zones. 

a re  n o t  adequate f o r  d e l i n e a t i n g  producing zones i n  

f racture-dominated geothermal rese rvo i r s .  Ent ry  and e x i t  o f  h o t  

and c o l d  f l u i d s  i s  n o t  t o t a l l y  descr ibed by w e l l  logs.  

augment logs,  we r e q u i r e  chemical, m ine ra log i ca l ,  and i s o t o p i c  

analyses o f  cores, c u t t i n g s ,  and f 1 u i  ds. M i  ne ra l  a1 t e r a t i  on 

assemblages, f o r  example, a re  d i r e c t l y  i n d i c a t i v e  o f  s p e c i f i c  

temperature-pressure regimes w h i l e  i s o t o p i c  analyses o f  f l u i d s  

and rocks are i n d i c a t i v e  o f  maximum temperatures a t  s p e c i f i c  

e n t r y  p o i n t s  f o r  f l u i d s .  

However, we1 1 1 ogs 

To 

Indus t r y  i s  n o t  equipped, i n  general, t o  make the  dec is ions 

on sampling procedures, a n a l y t i c  procedures, i n t e r p r e t a t i v e  

procedures, and the p lac ing  o f  we l l  cas ing  f o r  t h i s  problem, y e t  

no we1 1 shoul d be d r i  11 ed w i t h o u t  a comprehensive p l a n  f o r  core, 

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

w e l l  cas ing  emplacement. Commercial con t rac to rs  a r e  n o t  y e t  

a v a i l a b l e  t o  p rov ide  these f u l l  spectrum geochemical services.  

Accord ing ly ,  i t  i s  incumbent upon DOE/DGE t o  f inance these 

a c t i v i t i e s ,  t o t a l l y ,  wherever i t  prov ides matching funds under 

the  Industry-Coupled o r  State-Coupled programs. 

As t ime progresses, we a n t i c i p a t e  re f inement  o f  techniques 

so t h a t  DOE/DGE should cont inue t o  l e a d  t h e  f i e l d  i n  t h i s  area o f  

a c t i v i t y  i f  i t  i s  t o  enhance heat  o r  power on l i n e  i n  the  near-, 



rnid-, and far-term. 

Table 2 contains a sumnary of near-term, mid-term, and 

far-term objectives with s t ra teg ies  f o r  achieving them. 

DOE/DGE funded geothermal wells are  being d r i l l ed  or are 

planned a t  a number of locations under the State-coupled and 

Industry-coupled programs o f  D O E / D G E .  

systematic program of sample acquis i t ion,  storage,  d i s t r ibu t ion ,  

and study be s e t  up immediately so tha t  maximum benefit  can be 

realized from the unusual opportunities presented by these 

expensive wells. 

the fol 1 owing areas : 

preparation , and d i  s t r i  b u t i  on t o  researchers , 3 1 generati on of 

basic background d a t a ,  and 4) detai led characterization and  study 

of samples. 

I t  i s  important t ha t  a 

DOE suppor t  and funding  should be provided i n  

1) sampl e acqui si t i  on , 2 1 sampl e curation , 

A1 1 regional and reservoi r i nvesti gati  ons supported by 

DOE/DGE should  have appropriate components dealing w i t h  sampling 

and study of rocks and f lu ids  from geothermal wells and from the 

e a r t h ' s  surface. Rocks and  f l u i d s  a r e  normally sampled and 

analyzed separately,  b u t  in terpretat ion of resu l t s  requires 

integration of b o t h  data s e t s  , a1 ong w i t h  supplementary borehole 

1 ogs and geol ogi  cal information. 

F l u i d  and rock samples present d i f fe ren t  k i n d s  of problems 

and opportunities,  which require separate consideration. 

sample a t  the well-head i s  a mixture derived from the whole 

A f l u id  



TABLE 2 
RECOMMENDATIONS 

Better understanding of 
regional da ta  for use i n  
improved interpretation 
of reservoir data 

Recommended Item 

current studies of rocks/ 
f lu ids  ( N )  

1 .  Assessment of past and 

Water/rock models of 
geothermal systems 

2. Surface rock and f luid 
sampling program ( N )  

3.  Sampling of geothermal 
wells (N) 

4. Acquisition of samples fro1 
existing wells dr i l l ed  for  
o i  1 , mineral s , water, 
geothermal (N,M,F) 

5. Analysis of rock and f lu id  
( E T )  samples (M,F)  

6. Synthesis of studies (M,F) 
(ET) 

7. Geothermal sample 
l ibrary ( N )  

Desired End 
Reg i ona 1 

a )  Specify and publish 
present understanding 
of regional data fo r  
use i n  new interpreta- 
tion of reservoir data 

b )  Identify gaps 

Broad-spaced samples of 
fresh and altered rock, 
vein fracture,  f au l t  mater- 
ia l  and waters in regional 
areas around certain 
geothermal areas 

Drill hole .samples i n  
areas around geothermal 
areas of interest  

roduct(s) 

a )  Specify and publish 
Reservoir 

present understanding 
of u t i l i t y  of water/ 
rock d a t a  t o  explora- 
t ion and evaluation 

b )  Identify gaps 

Detailed samples of fresh 
and altered rock, vein, 
fracture and f a u l t  materi- 
al and surface and shallow 
water in geothermal areas 
of in te res t  

~ 

Complete su i t e  of d r i l l  
hole samples ( f luid and  
rock) i n  geothermal areas 
of in te res t  

Samples from wells-of-opportunity which meet c r i t e r i a  
of usefulness t o  geothermal research 

Strategy 
Reg i ona 1 I Reservoir 

Invited participant workshop with 
published proceedings 

Fund sampling programs 

Drill intermediate- 
depth holes for  
sample acquisition 

Actively seek 
to  acquire 
samples from 
DOE and other 
geo t herma 1 we 1 
as they are  
dri  1 led 

Obtain samples from American 
Stratigraphic,  s t a t e  geological 
surveys , past geothermal projects 

Fund appropriately received researc! 
proposals 

- 

Periodic invi ted-participant 
workshops with pub1 ished 
proceedings 

Fund a t  UURI 
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production interval, w h i c h  has been fractioned i n t o  

noncondensible gas, steam and water phases i n  transit u p  the 

borehole t o  the sample bottle. Rock samples are much more 

heterogeneous and so require more detailed studies. 

of samples are subject t o  contamination by drilling muds and 

f l  ui ds. Funding level s shoul d recognize these problems. 

B o t h  types 

2.1.3 Electrical Methods 

The app l i ca t ion  of electrical methods i n  the geo- 

thermal environment i s  poorly understood, yet they are of 

fundamental importance i n  spotting the locations of wells i n  

fractured and altered ground. 

encourage vi a the State-Coupled and Industry-Coup1 ed programs the 

following. 

Accordingly, DOE/DGE should 

2.1.3.1 ( N )  Case Histories 

Di ssemi nat ion of case h i  stories and information on 

theoretical and field studies of reconnaissance and detailed 

electrical methods. 

2.1.3.2 ( N )  Comparative Studies 

Establish relative cost-effectiveness, resolution, 

advantages, 1 i mi t a t 1  ons, and a place wi thi n exploration 

architecture for the various electrical methods. 

2.1.3.3 (M,F) Regional Electrical Data Base 

I f  exploration technology warrants i t ,  establish a regional 



A 
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el ectri cal data base. 

2.1.4 Seismic Methods 

High resol u t i  on sei smic ref 1 ection methods have 

appeared on the market only i n  the las t  several years. They are 

adaptations of petroleum seismic methods t o  mining exploration, 

civil engineering, and more recently t o  geothermal exploration. 

Because they are so expensive, they are used in geothermal 

exploration only after the f i r s t  successful well has been drilled 

on a prospect. Those companies t h a t  can afford t o  use h i g h  

resolution seismic reflection are doing so in a str ictly 

proprietary manner for f a u l t  and fracture delineation. The 

advantages,  1 imitations, problems, and  needed improvements are 

not known t o  the industry a t  large. 

potentially the most powerful means of reducing misplaced wells 

and, therefore, the most viable means of effecting s ign i f i can t  

cost reduction i n  developing a geothermal field. 

Yet the method i s  

2.1.4.1 ( N )  Data Acquisition & Interpretation, Areas 

Previously Drilled 

As the top  priority under this top ic ,  DOE/DGE should 

purchase, v i a  the Industry-Coupled Program, h i g h  resolution 

seismic reflection survey data  obtained across geothermal 

reservoirs. Funds should  be made available t o  reprocess the 

d a t a ,  and t o  study means of reducing the costs of 

h i  gh-resol u t i  on sei smi c surveys. 
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2.1.4.2 ( N ,M,F) Environmental Monitoring 

Microearthquake monitoring shoul d be funded by DOE/DGE as 

environmental baseline studies of and/or as contributions t o  

recognize induced from natural earthquakes a t  a1 1 geothermal 

prospects a t  w h i c h  electric power generation or heat 

production seems probable. 

2.1.5 Reservoi r Model i ng 

2.1.5.1 ( N )  World-Wide Inventory 

A world-wide inventory of geothermal fields should be made 

t o  establish the basic convective hydrothermal conceptual 

models, upon w h i c h  a l l  expensive d r i l l i n g  must rely. 

2.1.5.2 (N,M,F) 

Techno1 ogy 

Site specific models should be developed of r i f t  system, 

subduction system, extension system, and buried 

p l u t o n  model s under the Industry-Coupled, State-Coupled, and 

Pre-Commercial Programs i n  order t o  assist i n  minimizing 

drilling costs. 

Site Specific Application, Exploration 

2.1.6 Rock Properties 

2.1.6.1 ( N ,M ,F) Measurements 

Via the Industry-Coupled and State-Coupled programs, 

establish a systematic program of measurement of rock 

properties on surface samples, d r i l l  cuttings, and cores. 
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The s p e c i f i c  p r o p e r t i e s  and t h e i r  r e l a t i o n s h i p s  are  t o  be 

es tab l  i shed under e x p l o r a t i o n  technology. 

If we know more about t h e  chemical and phys ica l  

p r o p e r t i e s  o f  cores and c u t t i n g s ,  we w i l l  acce le ra te  

near-term reservo i  r devel opment by p l  ac ing e x p l o r a t o r y  we1 1 s 

i n  optimum l o c a t i o n s  and thereby reducing t h e  number o f  d ry  

holes. Fur ther ,  we w i l l  understand t h e  h o s t  rocks b e t t e r  

and t h e r e f o r e  c o n t r i b u t e  t o  design o f  h y d r o f r a c t u r i n g  which 

again w i l l  accelerate more power on l i n e  i n  t h e  near-term. 

F i n a l  l y  , we s h a l l  p rov ide  c o n t r o l  i n f o r m a t i o n  on subsidence 

which i n  t u r n  may be an i n s t i t u t i o n a l  de teren t  t o  f u l l  

development o f  a g iven geothermal f i e l d .  

To f a c i l i t a t e  t h i s  a c t i v i t y ,  l o c a l  cen ters  f o r  

storage, cura t ion ,  and ana lys i  s o f  cores, c u t t i n g s ,  and 

sur face samples are required. 

2.1.6.2 ( N )  Cor ing 

Via the  Industry-Coupled program, support  t h e  c o s t  o f  c o r i n g  

i n  i n d u s t r y - f i n a n c e d  wells.  I n d u s t r y  d o e s  n o t  h a v e  n o r  c a n  

i t  r e a d i l y  acqui re the  e x p e r t i s e  needed t o  make c r i t i c a l  

path dec is ions which must be based on t h e  s p e c i a l i z e d  

s tud ies  o f  2.2.6 below. 

Tables 3, 4, and 5 

r e q u i r e  measurement. 

l i s t  t h e  rock p r o p e r t i e s  which 

2.1.7 (N) Igneous Processes 



Rock Property 

TABLE 3 
REQUIRED CAP AND RESERVOIR ROCK PROPERTIES 

FOR GEOTHERMAL EXPLORATION 

Priority 

(i) Heat Flow 
i 

Thermal Conductivity 
Effective Porosity 
Permeabi 1 i ty 

I 
( i i ) El ec tri cal Res i s t i vi ty 

Electrical Conductivity 
Density (Bulk and Grain) 
Streami ng Potenti a1 Coefficient 
Thermoelectric Potential 
Other Cross-coupling Coefficients 
Zeta Potential 

( i i i )  Magnetic 

Magnetic Susceptibility 
Density (Bulk and Grain) 

I Curie Temperature 

(iv) Gravity 

Density (Bulk and Grain) 

(v) Seismic 

Wave Velocities (Vp and Vs) 
Density (Bulk) 
Attenuat i on 

Parameters 

Pressures (Overburden, Conf I ni ng anc 
Pore Fluid 
Temperature 
Core Variability 

Pore Pressures ) 

1 
1 
2 

1 

1 
1 
2 

Current Density 1 Limited to [lectrical Conductivity Appl ied Current Frequency 



TABLE 4 

1 

Rock Property 

REQUIRED CAP AND RESERVOIR ROCK PROPERTIES 
FOR GEOTHERMAL EXPLORATION 

1 Porosity 
Permeabi 1 i ty 
R e s i s t i v i t y  
Neutron Absorption 
Electron Dens1 t y  

1 

Parameters 

I 

Q 

Pressures (Overburden, Confining and Pore Pressure) 
Reservoir F1 u i d  
Temperature 
Core Variabi 1 i ty 

P r i o r i t y  



TABLE 5 

REQUIRED CAP AND RESERVOIR PROPERTIES FOR 
ENVIRONMENTAL STUDIES AND 

RESERVOIR ENGINEERING 

Rock Proper ty  

Dens i ty  (Bulk, Gra in  and Dry) 
E f f e c t i v e  P o r o s i t y  
Mineralogy 
Permeabi 1 i ty  and Re1 a t i  ve 1 

Permeabi 1 i ty  (Ma t r i x /F rac tu re )  

S p e c i f i c  Heat 
Thermal Conduc t i v i t y  

Gra in  Size D i s t r i b u t i o n  
Thermal Expansion 
E l a s t i c  Moduli  , 

i n c l u d i n g  Poisson ' s  Rat io  
Rock Strength, 
i n c l  ud i  ng f r a c t u r e  mode 

C o e f f i c i e n t  o f  S l i d i n g  F r i c t i o n  
Long Term Nonl inear  

S t ress -S t ra in  Re la t ions  

1 

1 

P r i o r i  ty 

1 

Parameters 

Pressures (Overburden, Conf in ing  and Pore Pressure) 
Reservoi r  F1 u i d  
Temperature 
Time 
Core Var iab i  1 i ty 

2 
2 

3 
3 

3 

3 
3 

3 
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In conjunction w i t h  the Industry-Coupled and the State- 

Coupled Programs there i s  a need t o  provide for identifying, 

cl assi fy i  ng, and da t ing  young recent volcanic and intrusive 

rocks, i n  a site-specific sense. Further, there i s  a need t o  

ensure utilization, assimilation, and dissemination of igneous 

data.  The U.S.G.S. program paralleling this identifies w i t h  

mid-term and far-term goals. DOE/DGE should only be concerned 

w i t h  near-term goals in this ac t iv i ty .  The capability f o r  

predicting, i n  the near-term, the heat capacity of a reservoir 

clearly exists i n  this item. 

1 

I 
9.2 Exploration Technology 

2.2.1 ( N )  Thermal Methods 

1 
One basic objective in this technical category i s  t o  facil i-  

tate an expanded program of precision temperature, geothermal 

gradient, thermal conduct ivi ty ,  and heat flow measurement. 

Accordi ngly , the speci f i c ob jec ti ves are : 

2.2.1.1 Portable Temperature Logging Gear 

Develop 1 ess expensive yet preci se and portabl  e 1 oggi ng 

equipment t h a n  i s currently avai 1 ab1 e. 

[Inexpensive, off-the-shelf precision (0.0lOC) equipment i s  

not commercially available b u t  yet will be needed for the 

expanded program of thermal measurements recommended under 

resource eval ua t ion  and reservoir assessment. 1 



2.2.1.2 In S i t u  Thermal Conductivity 

drs Devel op re1 i ab1 e i nexpensi ve i n-si t u  methods for  

measurement of such parameters as thermal conducti v i  ty , 
thermal d i f fus iv i ty ,  porosity, and f l u i d  flow. 

[ A t  present cores or chips must be brought back t o  the 

1 aboratory fo r  measurement of thermal conductivity . A more 

cost-effective approach would be to  measure heat flow 

direct ly  i n  the f i e l d  v i a  in-situ thermal conductivity, 

thermal di  ffusi v i  ty  , and porosity measurements. 

Additionally , we need t o  measure f l  u i  d flow direct ly  i n  

d r i l l  holes i n  order to  correct for  the e f fec ts  of this 

flow]. 

2.2.1.3 Laboratory Thermal Conductivity 

If 2.2.1.2 above cannot be achieved then methods 

must be devel oped for  rapid and inexpensive conducti v i  ty  

measurements i n  the laboratory. Again both 2.2.1.2 and 

2.2.1.3 are directed toward reducing the cost  of the 

expanded program of thermal measurements recommended under 

resource eval uat ion and reservoir assessment. 

2.2.1.4 High Temperature Logging Gear 

Adapt existing or improved portable temperature 

measuring instruments fo r  use a t  temperatures i n  excess of 

15OoC 

[No capabili ty ex is t s  to  measure such temperatures i f  they 

a re  found i n  shall ow we1 1 SI.  

A second basic objective i n  this technical category i s  the study 
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of the effects of groundwater flow on temperature and heat flow as they 

relate t o  geothermal exploration. Accordingly, the specific objectives 

are : 

2.2.1.5 Thermal /Hydrologic Case Histories 

Record and distribute case histories which include 

b o t h  thermal and hydro1 ogical measurements. 

[Many geothermal prospects are p a r t i a l l y  o r  completely 

screened from thermal observation by cold water overflow and 

cold/hot water mixing. Documentation, distribution and 

analyses of these da ta  sets are essential i f  we are t o  

overcome t h i  s problem]. 

2.2.1.6 Theoretical Thermal /Hydrologic Studies 

Conduct theoretical studies of combined 

hydrological/heat flow regimes, i .e., conductive and 

convective heat transport. 

[The reason f o r  this development i s  the same as for 5) 

above] 

2.2.2 ( N ,M, F 1 Water/Rock Interact i  on 

The Water/Rock Interaction consortium summarized 

i t s  results i n  tabular form; these recommendations were 

reproduced above as Table 2. Under Exploration Technology I 

would place items 5 )  and  6 )  of Table 2. Justifications for their 

pursuit are contained i n  2.1.2 above. 

2.2.3 Electrical Methods 



The u t i l i z a t i o n  of electrical methods i s  not understood 

t o t a l l y  i n geothermal areas yet indus t ry  u t i  1 i zes these methods 

routinely. They are of particular importance i n  mapping faults 

and fractures and zones o f  alteration, and are therefore 

fundamental i n  the location of wells. So many different methods 

exist t h a t  indus t ry  i s  confused over which method i s  best and, 

accordingly, wastes resources i n  the application of these 

methods. 

necessary t o  solve i t s  problems i n  this area. 

Industry does n o t  have the manpower and experience 

Yet these 

resources exist w i t h i n  the na t ion  and  can be directed t o  solution 

of the pertinent problems. Most centers of significance i n  
1 

development of electrical methods for geothermal exploration 

exists i n  government or academic laboratories. 

laboratories need t o  be p u t  t o  use t o  assist  industry and 

contractors i n  the near-term. Accordingly the fol lowing program 

These 

i s recommended. 

2.2.3.1 ( N )  Sta te  of the Art Capabilities 

Establish the comparative capabilities of state- 

of-the-art electromagnetic, resistivity, induced 

po la r i za t ion ,  and AMT/MT methods. 

2.2.3.2 ( N , M )  Methods Used i n  Consort 

Establish the contribution of the several 

electrical methods when used i n  consort. 

2.2.3.3 (N,M,F) 20, 3D Interpretation 

Establish v ia  numerical analysis or model tank experiments, 

2D and 3D interpretational techniques w h i c h  will permit 
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comparison of the several techniques and fu l l  exploitation 

of one or more of them. 

2.2.3.4 (N) AMT/MT Problems 

Identify and remove the noise, instrumental, 

and interpretational problems of the AMT/MT method a t  an 

early date or, a1 ternatively , recommend i t s  abandonment i n  

complex geol ogi cal envi ronments . 
2.2.3.5 (M,F) S.P. Method 

Document the u t i l i t y ,  or lack thereof, of the 

S.P. method, i n  a wide variety of geologic settings using 

a priori  eval uati on cri teri a. 

2.2.3.6 (M,F) Time and Frequency Domain 

Develop a systematic analysis of the relative 

advantages and disadvantages of time-domain and 

frequency-domai n analyses of acti ve source el ectromagneti c 

data .  

2.2.4 (N) Seismic Methods 

The h i g h  resolution seismic reflection method 

discussed under 2.1.4 above i s  so expensive t h a t  alternate means 

t o  provide this information must be sought. The most viable 

alternative i s  a combination of seismic refraction and one or 

more of the passive seismic methods. Some companies have used 

this approach b u t  w i t h  mixed success. What i s  required is  a 

comprehensive development program wherein seismic refraction, 

microearthquake and tel esei smic P-wave del ay surveys would be run 
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c13 concurrently. Such a package approach does not ex i s t  and ye t ,  i f  

i t  could replace h i g h  resolution seismic surveys, would lead t o  a 

50% reduction i n  seismic costs. Accordingly i t  i s  recommended 

that:  

2.2.4.1 Passive Seismic Network 

A detailed net of a t  l ea s t  16 d i g i t a l ,  h i g h  quali ty,  

three-component seismographs be operated a t  each of three 

d i f fe ren t  well -documented geothermal prospects t o  a )  map 

P-wave travel time and seismic attenuation delays, and b )  

record microearthquakes. A detailed seismic refraction 

survey should be run concurrently a t  each prospect. The 

cost-effectiveness of t h i s  technique should be assessed 

thereby. 

2.2.4.2 Interpretation 

Support technology which will 

interpretation and analyses t 

above. 

improve 

chniques as iated w i t h  1 )  

2.2.5 (N,M)  Reservoi r Model i ng 

After more than twenty years of geothermal exploration 

i n  the United States our conceptual models of geothermal systems 

are  still1 very crude. Present day exploration technology, t o  a 

large extent,  ident i f ies  and evaluates only near surface leakage 

from the geothermal system. The ident i f icat ion and evaluation of 

b l i n d  portions of geothermal systems remains a large unknown. 

Improvement i n  exploration technology depends upon development of 



b e t t e r  geothermal model s. 

Reservoi r  model i ng uses t h e  r e s u l t s  o f  geolog ica l  , geo- 

chemical , and geophysical s tud ies  performed by surface 

observat ions,  by observat ions on d r i l l  samples o f  rock and f l u i d ,  

and by we l l -bore  logging. The ou tpu t  o f  r e s e r v o i r  modeling i s  

u s e f u l  i n :  

1) He1 p i n g  t o  p r e d i c t  reservo i  r product1 v i  ty , 1 ongevi ty , 
and s i z e  by p r o v i d i n g  Val ues f o r  impor tan t  reservo i  r parameters 

such as: 

a 1 temperature 

b )  p o r o s i t y  

c permeabi 1 i ty 

d )  pressure 

e )  geometry 

f )  na ture  and chemistry o f  f l u i d  

g ) thermal conduct iv i t y .  

2) Improving both reg iona l  and s i t e - s p e c i f i c  e x p l o r a t i o n  

techno1 ogy by p r o v i  d i n g  data on : 

a) dens i ty  

b) seismic v e l o c i t y  

c )  e l e c t r i c a l  r e s i s t i v i t y  

d )  t o t a l  magnet izat ion 

e)  b u l k  p o l a r i z a b i l i t y  

f ) expected earthquake 1 ocat ions,  magnitude, 1 oca1 

mechanism, and recurrence r e l a t i o n s  

g ) expected geochemical d ispers ion  pat terns.  
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The tasks recommended t o  ob ta in  significant progress i n  

reservoir modeling are: 

2.2.5.1 Multiple Data Set Modeling 

Fund studies t o  develop cos t  effective ways for 

two- and three-dimensional modeling of magnetotell uric (MT), 

heat f low,  electrical, and electromagnetic ( E M )  d a t a ,  and o f  

hydrological systems and thermally induced convection. This 

modeling should  include multiple da ta  se t  forward and 

inverse approaches. 

2.2.5.2 Constraints 

By use of existing computer programs and those 

developed i n  1) above, establish the basic constraints 

required for reservoir modeling and identify w h i c h  of the 

physical and chemical observabl es from surface and borehole 

studies are the most important. To this end i t  i s  most 

important t o  f u n d  studies w h i c h  w i l l  improve our a b i l i t y  t o  

predict ( l isted i n  order o f  decreasing importance): 

a )  porosity and permeabi 1 i t y  

b )  fluid properties, and 

c )  pressure. 

I t  i s  the belief of the consortium t h a t  f u n d i n g  of 

technology development for improvement of electrical geophysical 

surveys (MT, EM, I P ,  resistivity) show the greatest promise i n  

this regard. 

2.2.5.3 Data Collection 

Once the basic constraints are established, 



speci fy data c o l  1 e c t i  on rega rd i  ng t ype  and accuracy needed 

t o  d e f i n e  geothermal systems. T h i s  w i l l  have obvious 

near-term payout t o  e x p l o r a t i o n  , c o n f i r m a t i o n  and 

assessment, and t o  r e s e r v o i r  engineering. 

2.2.5.4 Conceptual Models 

Concurrent ly  w i t h  11, 21, and 3 )  form s i m p l i f i e d  

conceptual models o f  geothermal systems i n  a number o f  

geo log ica l  environments which take  account o f  e x i s t i n g  data 

on subsurface cond i t i ons  i n  known rese rvo i r s .  

2.2.5.5 Compare 

Using e x i  s t i n g  numerical techniques and those 

devel oped i n  1) , perform fo rward  modeling o f  t h e  conceptual 

geothermal models from 4) , and compare p r e d i c t e d  phys ica l  

and chemical parameters w i t h  observed data. A d j u s t  t h e  

conceptual models, and r e i t e r a t e  t h e  process u n t i l  a l l  data 

se ts  a r e  adequately modeled. 

2.2.5.6 Inverse  

Establ  i sh t he  i nve rse  computer programs needed t o  

go d i r e c t l y  f rom a s e t  o f  surface and borehole observat ions 

t o  a geothermal r e s e r v o i r  model. 

Progress i n  r e s e r v o i r  modeling techniques c o u l d  have 

imnediate payout i n  areas such as Roosevelt Hot Spr ings and t h e  

V a l l e s  Caldera, where i n d u s t r y  must s i t e  and d r i l l  a l a r g e  number 

o f  holes i n  o rde r  t o  g e t  power on l i n e .  It i s  es tab l i shed  t h a t  

rough ly  20 more ho les  must be d r i l l e d  a t  Roosevel t Hot Spr ings 

alone i n  o rde r  t o  reach the  110 MWe c u r r e n t l y  planned. These 



and r e s e r v o i r  con f i rma t ion  a c t i v i t i e s  o f  2.1.6 and should i nvo l ve  

the same rock properties as l isted there. 

2.2.7 (M,F) Igneous Processes 

Development o f  exp lo ra t i on  technology i n  the  mid- and 

fa r - te rm u t i l i z i n g  igneous processes i s  a r e s p o n s i b i l i t y  o f  the 

U.S. Geological  Survey and hence no recommendations concerning i t  

a r e  i nc l  uded here. 

2.2.8 (N,M,F) Exp lo ra t ion  Strategy 

25 

holes can be expected t o  average $750,000 each. A b e t t e r  

understanding o f  t h e  r e s e r v o i r  and o f  t h e  geo log ica l  

and geochemical data co l  1 ected over t h i  s r e s e r v o i r  would 

f a c i l i t a t e  ho le  placement, w i t h  savings o f  bo th  money and time. 

geophysical 

2.2.6 ( N , M )  Rock Proper t ies  

The j u s t i f i c a t i o n  f o r  measurements o f  rock  p r o p e r t i e s  

i s  conta ined under 2.1.6 above. Not inc luded the re  because they 

f a l l  i n t o  t h e  e x p l o r a t i o n  technology category a r e  t h e  fo l l ow ing :  

2.2.6.1 High Temperature Handl ing Techniques 

Develop techniques f o r  measuring rock p r o p e r t i e s  

and hand l ing  b r ines  a t  temperatures i n  excess o f  250%. 

2.2.6.2 Modeling Resources 

Devel op techniques f o r  model i ng reservo i  r s  based 

on rock and f l u i d  p roper t ies .  

These a c t i  v i  t i e s  are suppor t i  ve o f  t h e  resource eval  u a t i  on 



Exploration strategy is  directed toward 

maximizing the information return while (ideally) minimizing 

costs of a modular exploration sequence. Development of 

geothermal exploration strategies i s  s t i l l  i n  i t s  infancy and 

requires considerable federal effort a )  i n  the near-term for 

detecting and delineating geothermal resources for w h i c h  surface 

manifestations exist, b )  i n  the mid-term f o r  detecting and 

delineating t o t a l l y  hidden resources, and c )  i n  the far-term for 

detection and del i neati ng regions where h i g h  temperatures are a t  

shallowest depth. 

The cost-effectiveness of the individual modules of and of 

the complete exploration strategy i s best accompl i shed with the 

a i d  of case histories where subsurface information i s  available. 

Accordingly , i t i s recommended t h a t  the f o l l  owing be federal l y  

funded: 

2.2.8.1 Explorat ion Strategies 

Develop cost-effective exploration strategies 

referenced t o  case s tudies  f o r  w h i c h  subsurface information i s  

avai 1 ab1 e v i  a b o t h  productive and non-productive we1 1 s .  The 

preferred exploration strategy i s  t o  be compared w i t h  real o r  

hypothetical a1 ternate strategies. 

2.2.8.2 Pattern Recognition 

Apply survey design methods such as pattern 

recognition, w h i c h  m i g h t  be used t o  optimize exploration 

investments, referenced t o  real field da ta .  
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3.0 Budgetary Estimates 

These estimates a re  the author 's  b u t  a r e  based largely on the program 

review process w i t h  a1 lowance f o r  growth, project  terminations, and cos t  

escalation. 

DOE/DGE program i n  any given year ,  they can be used a s  indicators  o f  re la t ive  

level s of recommended spending w i  t h i  n the various categories. A1 1 f igures  a r e  

i n  mill ions of dol lars .  

I f  the to ta l  amounts recommended a re  beyond the scope of the 

3.1 Resource Eva1 uation and Reservoir Assessment 

3.1.1 Thermal Methods 

3.1.1.1 Regional Thermal Measurements, Free Hol es 

FY79 FY80 FY81 FY82 

1.0 1.1 1.2 1.3 

3.1.1.2 Regional Shallow Dri l l ing 

FY79 FY80 FY81 FY82 

1.0 1.1 1.2 1.3 

3.1.1.3 Drill  and/or Preserve Deep Holes 

FY79 FY80 FY81 FY82 

1.0 1.2 1.4 1.6 

3.1.1.4 Collate Data 

FY79 FY80 FY81 FY82 

Total s 

0.5 0.6 0.7 0.8 

3.5 4.0 4.9 5.0 

FY83 FY84 

1.4 1.5 

FY83 FY84 

1.4 1.5 

FY83 FY84 

1.8 2.0 

FY83 FY84 

0.9 1.0 

5.5 6.0 

A 
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3.1.2 Water/Rock In terac t ion  

FY79 FY80 FY81 

Reservoi r Conf i rmati  on 

Western non-el e c t r i c  .125 .205 .275 

Eastern non-electric .125 .150 .175 

Pre-comnerci a1 .200 .225 .250 

Industry-coup1 ed .200 .400 -800 

Tota ls  .650 .975 1.500 

FY82 FY83 FY84 

.350 .425 .500 

.200 .225 .250 

.275 .300 -325 

1.00 1.200 1.400 

3.1.3 E l e c t r i c a l  Methods 

3.1.3.1 Case Histor ies  

FY79 FY80 FY81 

.30 .60 1.20 

3.1.3.1 Comparative Studies 

FY79 FY80 FY81 

0.10 0.15 0.20 

3.1.3.3 Regional Electrical Data Base 

FY79 FY80 FY81 

P1 anni ng .15 .15 -15 

Surveys - - .80 

TOTALS FY79 FY80 FY81 

0.55 0.90 2.35 

1.825 2.150 2.475 

FY82 FY83 FY84 

1.50 1.50 1.50 

FY82 FY83 FY84 

0.10 - - 

FY82 FY83 FY84 

.15 .15 .15 

1.20 1.60 2.00 

FY82 FY83 FY84 

2.95 3.25 3.65 

3.1.4 Seismic Methods 



3.1.4.1 

Data a c q u i s i t i o n  & i n t e r p r e t a t i o n ,  

areas prev ious ly  d r i l l e d .  

3.1.4.2 

Environmental Moni t o r i  ng 

(120K i n s t a l l a t i o n  81 

(80K operat ing costs )  

Tota l  s 

S i t e s  

3.1.5.1 
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FY79 FY80 FY81 FY82 FY83 FY84 

1.5 2.0 2.5 3.0 3.5 4.0 

2.00 2.0 4.0 6.0 8.0 10.0 

2.5 4.0 6.5 

5 10 20 

3.1.5 Reservoir  Modeling 

Worl d Wide Inventory 

3.1.5.2 

S i t e  S p e c i f i c  Appl ica t ion  

o f  Exp lora t ion  Techno1 ogy 

T o t a l  s 

FY79 FY80 FY81 

.lo0 .150 .200 

.ZOO ,400 .600 

9.0 11.5 14.0 

40 80 100 

FY82 FY83 FY84 

.300 .300 .300 

.800 1.00 1.200 

- 
.300 .550 .800 1.100 1.300 1.500 

3.1.6 Rock Proper t ies  



3.1.6.1 Measurements 

Develop Laboratory 

Capabi 1 i ti es 

t 
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FY79 FY80 FY81 FY82 FY83 FY84 

- - - 0.50 0.50 0.50 

Rock Property 2.00 2.00 2.00 2.00 2.00 2.00 

Measurements (Case H i s t o r i e s )  

Rock Property 0.50 1.00 2.00 2.50 3.50 4.50 

Measurements (Ongoing 1 

Data Dissemination 

& U t i  1 i z a t i  on 

3.1.6.2 Coring 

Funds f o r  Coring 

T o t a l s  

0.70 0.80 0.70 0.70 0.70 0.70 

1.00 1.00 1.50 - - - 

4.70 5.30 6.20 5.20 6.20 7.20 

3.1.7 Igneous Processes 

FY79 FY80 FY81 FY82 FY83 FY84 

S i t e  S p e c i f i c  Studies .60 .80 .90 1.00 1.10 1.20 

Data u t i l i z a t i o n  and 

a s s i m i l a t i o n  

Tota l  s 

.05 .10 .15 .20 .25 .30 

.65 .90 1.05 1.20 1.35 1.50 

3.1.8 Tota l  Budgetary Est imate 
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FY79 FY80 FY81 FY82 FY83 FY84 

Thermal Methods 3.5 4.0 4.5 5.0 5.5 6.0 

Water/Rock I n t e r a c t i o n  -65 .875 1.5 1.83 2.15 2.48 

E l e c t r i c a l  Methods .55 -90 2.35 2.95 3.25 3.65 

Seismic Methods 2.5 4.0 6.5 9.0 11.5 14.0 

Reservoi r Model i ng .30 .55 .80 1.10 1.30 1.50 

Rock P roper t i es  4.70 5.30 6.20 5.20 6.20 7.20 

Igneous Processes .65 .90 1.05 1.20 1.35 1.50 

TOTALS 12.85 16.53 22.90 26.28 31.25 36.33 

The above budgetary forecasts do n o t  i nc lude  t h e  cos ts  o f  a )  ope ra t i ng  

t h e  state-coup1 ed program, b 1 opera t i  ng t h e  i ndustry-coup1 ed program, c 1 

headquarters, na t i ona l  l a b o r a t o r i e s ,  and con t rac to rs  concerned w i t h  program 

planning and management, d )  t h e  outreach program, e )  e x p l o r a t i o n  technology 

development, nor f )  ope ra t i ng  the  R a f t  R ive r  F a c i l i t y .  

3 . 2 E x p l o r a t i o n  Techno1 ogy 

3.2.1 Thermal Methods 

FY79 FY80 FY81 FY82 

3.2.1.1 Por tab le  

Temp. Logging Gear 0.20 - - - 
3.2.1.2 I n  S i t u  .20 .40 .50 .25 

FY83 FY84 

. -  

- - 
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0 Thermal Conductivity 

b Gear 

3.2 . 1.3 Laboratory .20 .25 .25 . lo - - 
Thermal Conductivity 

1 Gear 

3.2.1.4 High Temp. .20 .20 .10 .10 - - 
Logging Gear 

1 3.2.1.5 Thermal / .30 .45 .50 .65 .80 -90 

Hydro1 ogi c Case 

H i s t o r i e s  

3.2.1.6 Theoretical .30 .45 .50 .45 .45 .45 
I 

Thermal /Hydro1 ogi c 

Studies 
I 

' Tota ls  1.40 1.75 1.85 1.55 1.25 1.35 

I 3.2.2 Water/Rock Interact ion 

3.2.2.1 Sample 0.15 0.20 0.20 0.20 0.10 0.05 

Analysis 

3.2.2.2 Synthesis 1.00 1.10 1.20 1.30 1.40 1.50 

o f  Studies 

Total s 1.15 1.30 1.40 1.50 1.50 1.55 

3.2.3 E l e c t r i c a l  Methods 

FY79 FY80 FY81 FY82 FY83 FY84 - - - -- -- 
3.2.3.1 State-of - .20 . lo  . l o  . lo  . l o  . l o  



the-ar t  capabi 1 i t i e s  

1 3.2.3.2 Methods used .20 .20 .dl 

i n  consort 

3.2.3.3 2-0, 3-D 

I I n t e r p r e t a t i o n  

3.2.3.4 AMT/MT 

Problems 

3.2.3.5 SP Method 

3.2.3.6 Time and 

frequency domain 

Total  s 

3.2.4 Seismic Methods 

3.2.4.1 Passive 

3.2.4.2 Seismic 

Network Interpre-  

t a t i  on 

Total  s 

3,2,5 Reservoir Modeling 

3.2.5.1 M u l t i p l e  

Data Set  Model i n g  

3.2.5.2 Constraints 

3.2.5.3 Data 

.20 .20 020 

.05 .10 -10 

.05 -10 . lo  

. 20 

. 60 

. 15 

. 10 

- 

. 
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A U  

-30 .30 

-05 - 

.05 - 
- - 

1.00 1.10 1.30 1.15 -60 .SO 

1.00 0.50 0.50 - - - 
0.50 0.50 0.25 - - - 

- - 1.50 1-00 0.75 - 

FY79 FY80 FY81 FY82 FY83 FY84 

.40 -50 .60 .60 .60 .50 

.20 .25 -30 .40 .40 .40 

.05 . l o  .15 .15 .15 .15 
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Col 1 e c t i  on 

3.2.5.4 Conceptual .15 .25 .30 .35 .40 .40 

Model s 

0 
1 

3.2.5.5 Compare .15 .20 .30 .35 .40 .40 

1 3.2.5.6 Inverse .OS . lo .25 .40 .45 .50 

1.00 1.40 1.90 2.25 2.40 2.35 

3.2.6 Rock Properties 

FY79 FY80 FY81 FY82 FY83 FY84 
,-I_ - - -- 

3.2.6.1 High temp. 1.00 1.50 1.50 1.00 0.50 0.50 

1 hand1 i ng techniques 

3.2.6.2 Modeling 0.25 0.50 0.50 0.50 0.50 0.50 

r e  sources 

1.25 2.00 2.00 1.50 1.00 1.00 

3.2.7 Igneous Processes - no funding recommended 

3.2.8 Exploration Strategy I 

3.2.8.1 Exploration .5 1.0 1.5 1.5 0.5 - 
Strategies  

3.2.8.2 Pattern -25 .50 .50 .50 .25 .25 

Recogni ti on 

-25 1.50 2.00 2.00 .75 .25 

3.2.9 Total Budgetary Estimate 

FY79 FY8O FY81 FY82 FY83 FY84 

3.2.9.1 Thermal 1.40 1.75 1.85 1.55 1.25 1.25 
8 



Methods 

3.2.9.2 Water/Rock 1.15 1.30 1.40 1.50 1.50 1.55 

I n terac  t i on 

3.2.9.3 E l e c t r i c a l  1.00 1.10 1.30 1.15 -60 .50 

1 Methods 

3.2.9.4 Seipmic 1.50 1.00 0.75 - - - 
Met hods 

1 3.2.9.5 Reservoir 1.00 1.40 1.90 2.25 2.40 2.35 

Model i ng 

3.2.9.6 Rock 1.25 2.00 2.00 1.50 1.00 1.00 

1 Properties 

3.2.9.7 Igneous - - - - - - 
Processes 

L 3.2.9.8 Exploration 0.75 1.50 2.00 2.00 0.75 0.25 

Strategy 

_. 

8.05 10.05 11.20 9.95 7.50 6.90 

. 
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REPORTS OF CONSORTIA 



4.1 Thermal Methods 



.... . . - - 

b ... 

RECOMbENDATIONS OF THERMAL METHODS PANEL 

INTRODUCTION 

This report represents recommendations developed at the first 
meeting of the Thermal Methods Advisory Panel of DOE/DGE. The panel 
met on November 29, 1977, at the AMAX Exploration office in Denver, 
Colorado. Those present at the meeting included David D. Blackwell, 
Southern Methodist University (chairman); David Chapman, University 
of Utah; Richard Dondanville, Union Oil Company; Arthur Lachenbruch, 
U.S. Geological Survey; Arthur Lange, AMAX Exploration Inc.; and 
Chandler Swanberg, New Mexico State University. This set of recommen- 
dations represents the consensus reached by this group during the 
meeting and in subsequent correspondence, and we submit this report 
for consideration to the DOE/DGE. 

SUMMARY 

The scope of thermal methods in geothermal studies is defined, 
and it is pointed out that these methods are unique in geothermal 
exploration in that they, in some sense, measure directly the major 
quantity of interest in geothermal exploration, i.e. heat. Results 
of an industry survey show that typically 508 of the geophysical 
exploration budget is expended for these types of exploration, and 
that these techniques are considered very important or the most 
important geophysical techniques used in geothermal exploration. 
The position of thermal methods in the government geothermal develop- 
ment program is also discussed. A proposed program of thermal measure- 
ments is discussed, including a crash program of regional studies 
in order to prepare a detailed thermal map of the United States. 
This regional studies program would probably have the most significant 
impact on the proposed DOE/DGE target figure of 20,000 PlWe installed 
capacity of any program proposed or in progress in the  resource 
evaluation and reservoir confirmation part of the geothermal program. 

DEFINITION 

After some discussion, we decided to call ourselves the Thermal 
Methods Panel. The scope of this panel is defined to include all 
techniques that involve the direct measurement of earth heat and its 
use in exploration, assessment and evaluation of geothermal systems. 
Included in these measurements of earth heat may be components from 
a number of different heat transfer sources, including specifically 
convective heat transfer and conductive heat transfer. Techniques 
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which come directly under the overview of this panel include those 
relating in one way or another to direct measurements of temperature. 
These techniques can be divided into approximately four subcategories 
as follows: 

L 

1) the measurement of temperature alone, which may be used for 
interpretation without any attendant measurement of other 
geophysical or geological parameters. 

vertical variation of temperature (usually, but not always, 
from measurements made in a borehole). 

thermal conductivity and calculation of heat flow from the 
product of geothermal gradient times thermal conductivity. 

ments of spring flow rate and temperature, or by integration 
of areal heat flow data. 

2) measurement of geothermal gradient, calculated as the 

3)  measurement of heat flow, which involves measurement of 

4)  the measurement of heat budgets, either by surface measure- 

Associated with these techniques may be attendant measurements of 
such quantities as thermal conductivity, fluid flow velocity, porosity 
and permeability. Knowledge of these quantities may be necessary in 
order to interpret the nature of the heat transfer in the system. 

, 

Thermal techniques are unique in geothermal exploration in that 
they directly detect the necessary component of the geothermal system, 
i.e. heat. Ideally the data can yield quantitative estimates of the 
heat present. No other geothermal exploration technique has this 
direct correspondence with the quantity desired. There is no 
analogous technique of exploration in the petroleum industry, where 
all exploration techniques involve indirect measurement of quantities 
which may or may not be related to the presence of hydrocarbons. 

CHARACTERISTICS OF THERMAL MEASUREMENTS 

As defined, thermal methods include the direct measurement of 
some or all of such quantities as temperature, geothermal gradient, 
heat flow, heat budget, thermal conductivity, fluid flow velocity, 
porosity and permeability. In general, although not always, these 
measurements will be made in drill holes. The purpose of these studies 
is to obtain data for correlation and comparison with other exploration 
results in order to identify the location, quality (temperature) and 
size of geothermal resources. 

The scale of these measurements is highly variable both in a 
lateral and vertical sense, and in general, the spacing depends on 
the objectives of the program and the cost-effectiveness of various 
scales of measurement. 
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This panel recognizes five depth scales for thermal measurements: 

C )  

d) 

e) 

Measurements made in the holes that are less than three 
meters deep fall into the first category. 
holes may be drilled with hand or power operated augers 
(in soft rocks, at least). Temperatures are measured and 
a correlation of temperature is directly made with heat. 

In these cases, 

The second category involves holes which are on the order 
of 30 m deep. In these cases, temperature gradient or 
heat flow measurements may be made. In general, micro- 
climatic effects, seasonal variations, and shallow ground- 
water flow will be major noise sources for these types 
of neasurements. 

The third scale of measurement involves holes from 30-150 m 
deep. In general, these techniques involve gradient or 
heat flow studies. Surface noise from microclimatic 
effects, shallow groundwater aquifers, and seasonal varia- 
tions is minimal, although larger scale effects of many 
kinds may be present. The 150 m depth is arbitrary and 
is at the present time defined by the regulatory 
system. 

Measurements made in holes deeper than 150 m may be classed 
in a fourth category, and in these cases, measurements of 
the appropriate quantities may be the most complete. 

A fifth classification involves measurements of thermal 
properties in deep (usually greater than 1 km) exploration 
and production drill holes. Dynamic variations of tempera- 
ture and other thermal properties associated with drilling, 
intra-borehole flow, and production are measured and 
interpreted. 

Knowledge of the thermal regime in geothermal systems observed at any 
depth of study must ultimately be tested against the ability to give 
information on the size, shape, temperature, flow conditions, etc., 
of the geothermal reservoir as determined by production and exploration 
tests. 

A class of exploration not included above might include such 
techniques as SP measurements, if SP as measured in geothermal systems 
is directly related to temperature. 

Heat budget measurements may involve temperature and flow rate 
from a spring, or may involve more complicated studies, including 
areal averaging of temperature gradient or heat flow measurements. 
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The spacing of holes will also vary greatly in a lateral sense. 
In areas where the various factors affecting the heat flow vary over 
a relatively long distance, perhaps on the order of a crustal thick- 
ness or so, regional heat flow measurements with a spacing of 50-100 km 
are satisfactory for obtaining a regional background heat flow distri- 
bution. In more complicated areas, where variations occur more rapidly, 
a much closer spacing of data is necessary in order to properly 
evaluate regional variations. In such areas, heat flow or thermal 
measurements on a scale of 5-20 km are necessary for complete regional 
coverage. For example, typical geothermal systems may have geophysical 
expressions that range from a few hundred square kilometers down to 
a few tens of square kilometers. 
in the western United States, it is estimated that ultimately thermal 
measurements at a spacing of five kilometers will be necessary. 
order to actually delineate a geothermal anomaly defined by regional 
studies or by some other technique, much more detailed measurements are 
necessary. In general, the spacing of the measurements must be close 
enough so that inflection points between high and low values can be 
located. This spacing may vary from a hundred meters to several 
kilometers, although in general, the spacing will be less than one 
kilometer. 

For complete prospect identification 

In 

SIGNIFICANCE OF THERMAL MEASUREMENTS 

It might appear that the significance of thermal measurements to 
geothermal energy is obvious; however, it appears to this panel from 
past experience that the relationship has not been generally appreciated. 
The situation is changing somewhat at the present time, but it is still 
not clear to the panel that thermal measurements occupy a role in the 
federal program in proportion to their significance. Thermal measure- 
ments directly identify and ideally, uniquely measure the quantity 
desired (heat); therefore, in exploration, confirmation, development 
and evaluation programs, no matter what the order of application of 
various geological and geophysical techniques, ultimately thermal 
measurements will be made. Very often these measurements will span 
the whole life cycle of a prospect. 
of this panel was to identify the position in the spectrum of govern- 
ment programs which should be occupied by the thermal measurements, 
and to recommend the types of studies to be part of the program, so 
that industry can reach the goals set out for geothermal industry in 
the future, i.e. an ultimate production figure of at least 20,000 IWe 

The object of the first meeting 

Since thermal measurements must be made at some point during the 
cycle in any event, this panel believes that much time is already lost 
in obtaining the necessary data. A,program to fill this gap is 
discussed in a following section. 
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INDUSTRY SURVEY 

In designing any government program, a number of different users 
need to be kept in mind. One of the main users of the results of the 
geothermal program will be the geothermal industry itself. 
panel felt it was important, therefore, at the beginning of these 
deliberations, to consider the directions of interest to industry. 
During the month of December, twelve major companies involved in 
geothermal exploration were contacted and asked several questions 
relevant to thermal methods exploration. The following questions 
were asked of Aminoil, A M A X ,  Chevron, Union, Getty, Sundeco, Thermal, 
Occidental, Republic, Phillips, Earth Power and Hunt: 

The 

1) On a quantitative basis, what is the importance of gradient/ 
heat flow holes in a geothermal exploration program? 

2) What portion of your geophysical budget is devoted to 
gradient holes? 

3) Approximately how many gradient holes do you drill per year? 

4)  What is the approximate cost of a hole 100-150 m deep? 

The data are tabulated in Table 1. Individual companies are not iden- 
tified in Table 1, because several exploration managers requested 
anonymity. The most common response was that gradient/heat flow 
techniques were a very important part of the geothermal exploration 
program. An estimate of about 50% of the geophysical exploration 
budget is spent on these sorts of measurements, although the percentage 
actually varies from a mere 5% in one case to over 75% at the other 
extreme. It appears that a very large number of holes (1000+) are 
being drilled each year by industry. 
total number of published heat flow values up to the present time, 
which are listed as 625 by Lachenbruch and Sass'. The average cost 
figure for different holes is obviously very rough, and different 
companies drill different depth holes, make thermal measurements in 
different ways, and for Table 1 some companies estimated drilling cost 
alone, while others included staff overhead, etc. 

1 

This activity contrasts with the 

These results form a basis, if the intrinsic usefulness of thermal 
measurements does not, for justifying a large federal program in 
thermal measurements applied to geothermal studies. In addition, the 
exploration managers were asked to suggest government-funded projects 
which might be most beneficial to their activities. The consensus of 
opinion includes: 

1) Regionally-spaced shallow gradient holes, with a few deep 
holes for calibration. DOE should avoid prospect delineation. 

1. Lachenbruch, A.H., and J.H. Sass, Heat flow in the United States 
and the thermal regime of the crust, American Geophysical Union 
Geophysical Monograph, in press, 1978. 
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TABLE I 

GRADIENT HOLE ACTIVITY OF GEOTBERMAL EXPLONITION COMPANIES 

QUALITATIVE IMPORTANCE OF PORTION OF GEOPHYSICAL 
GRADIENT/IiEAT FLOW HOLES BUDGET TO GRADIENT NUMBER OF HOLES 

I N  EXPLORATION PROGRAM HOLES PER YEAR 
AVERAGE HOLE COST* 

(100-150 METERS DEPTH) 

$6,000-8,000 

COMPANY 

A Very  i m p o r t a n t ,  b u t  com- 
p l i c a t e d  b y  h y d r o l o g y  

!lost i m p o r t a n t  

Most i m p o r t a n t ,  d i r e c t  
s e n s o r  of r e s o u r c e  

V e r y  i m p o r t a n t ,  a f t e r  
r e g i o n a l  a n a l y s i s  

F i r s t  m e t h o d  u s e d  i n  
m o s t  areas 

Most i m p o r t a n t ,  f i r s t  
method u s e d  

5 %  1 0  

B 

C 

30-35% 

75% 

1 7 5  

l o o +  

$2 ,000-2 ,200  

$ 2 , 4 0 0  

D 50% l o o +  $3,000 

E 35-50% 20-60 Variable  $4 - 1 5 / f o o t  

F 75-100% 125+ $ 5 , 0 0 0 ,  i n c l u d i n g  
t h e r m a l  c o n d u c t i v i t y  

$6,000-8,000 

Variable ,  area d e p e n d e n t  

G 

Ii 

V e r y  i m p o r t a n t  

V e r y  i m p o r t a n t ,  a f t e r  
r e s i s t i v i t y  

Very i m p o r t a n t  

F i r s t  method u s e d  a f t e r  
r e g i o n a l  a n a l y s i s  

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

60% 

20% 

70 

7-10 

I 

J 

50% 

1 5 %  

1 2 5  

50 

$1 ,000-2 ,000  

$3 ,000-5 ,000  

K 35-45% 50-75 $2 , 500-3,500 

L F u n d a m e n t a l  p a r a m e t e r .  
Very  i m p o r t a n t  

50-55% l o o +  $ 2 , 5 0 0 - 3 , 0 0 0  

* I n  some cases only d r i l l i n g  c o s t s  are included, i n  o t h e r s  d a t a  reduct ion,  
s t a f f  overhead, etc.  are included. 
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2) Completion of a hea t  flow map of North America including 
holes  i n  t h e  mid-continent and on a geologic province b a s i s  
i n  t h e  w e s t e r n  par t  of t h e  cont inent .  

3 )  Acquisi t ion of petroleum d ry  holes  f o r  long-term deep hea t  
flow measurements. 
p rospec ts  are r e l a t i v e l y  close t o  petroleum prospects :  
western Sacramento Valley,  Ca l i fo rn ia ,  Snake River P la in ,  
R i o  Grande R i f t ,  Oregon, Washington, Nevada and Utah. 

There a r e  seve ra l  areas where geothermal 

4) Research on t h e  e f f e c t  of hydrology and t e r r a i n  upon shallow 
measurements . 

Indus t ry  i s  p a r t i c u l a r l y  i n t e r e s t e d  i n  the  e f f e c t  of ground water flow 
on hea t  f l o w  measurements made i n  r e l a t i v e l y  shallow holes.  

PROPOSED PROGRAM 

On t h e  b a s i s  of t h i s  i n i t i a l  meeting and t h e  indus t ry  survey 
discussed above, a number of obvious important aspects t h a t  a l l  
committee m e m b e r s  be l i eve  should be included i n  t h e  na t iona l  program 
for geothermal development have emerged. There i s  a high degree of 
c o r r e l a t i o n  between t h e  program needs of indus t ry  and government, 
i n  p a r t i c u l a r  t h e  need t o  eva lua te  t h e  resource ( f i n d  anomalies) i n  
order  t o  move toward the  op t imis t i c  goa l s  set f o r  geothermal develop- 
ment. I n  par t icular ,  we be l i eve  t h a t :  

1) A systematic  and ex tens ive  program of making measurements 
i n  ava i l ab le  d r i l l  ho les  should be implemented a s  soon 
as poss ib l e  and a t  a r e l a t i v e l y  high l e v e l  of funding. 

2) A systematic  d r i l l i n g  program should a l s o  be implemented 
a s  soon as poss ib le .  This  d r i l l i n g  should include one 
hundred t o  f i v e  hundred holes  per  year ,  t o  depths  of 
100 t o  150 m, spaced in such a way t o  fill in t h e  gaps in 
t h e  f r e e  hole  da t a  and t o  i n v e s t i g a t e  s p e c i f i c  provinces 
and problems. These holes  should no t  be d r i l l e d  i n  o rder  
t o  d e l i n e a t e  s p e c i f i c  geothermal reservoirs, however. 

3) A major program should be undertaken t o  u t i l i z e  deep holes  
d r i l l e d  f o r  o the r  purposes. 

4) Development of new and improved techniques of thermal 
measurements and t h e i r  i n t e r p r e t a t i o n  should be pursued. 

5) Detai led s t u d i e s  of t h e  e f f e c t s  of f l u i d  flow on thermal 
measurements should be c a r r i e d  out .  
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The most cost-effective way to geophysically explore for geo- 
thermal resources is to make thermal measurements in holes drilled for 
other purposes. 
drilled in the United States every year, and many of these holes could 
be used for thermal measurements as well. Measurements in these holes 
typically average $100 to $500 apiece, a factor of more than 10 less 
than measurements in specially drilled holes. 
the only effective geophysical way to explore for low-temperature 
resources where expenses of exploration are critical. 
convenient that much of the current drilling involves water wells 
drilled within 50 km of major cities. 
information on medium-temperature resources that would be financially 
unfeasible to obtain otherwise. 
data in areas of possible high temperature electrical resources. 

At the present time, tens of thousands of holes are 

Such techniques may be 

1 It is particularly 

This type of activity gives 

These types of measurements also give 

The "free" hole types of studies are not complete alone, however. 
Such studies must be combined with targeted drilling programs in order 
to complete geographical coverage, to investigate particular problems, 
and to delineate particularly attractive regional geothermal targets. 
These two sorts of programs should be carried out all over the United 
States with a higher density in the western United States than the 
eastern United States, because of the more rapid variation in heat flow 
associated with the complex structure and geology of the western United 
States and the greater ultimate electrical energy potential. Numerous 
holes of all depths are drilled by government agencies; in particular, 
deep wells are often drilled by the U.S.G.S. Water Resources Division 
and by DOE for such activities as uranium exploration. It ought to 
be possible to require government agencies planning deep drilling to 
specify how they intend to obtain thermal measurements from all wells 
they drill, for input into the geothermal resource analysis program. 

Of particular interest are holes that are drilled in the 600-1000 m 
range, considerably deeper than those available for large-scale regional 
measurements of the type discussed above. Such holes are drilled for 
mineral exploration, especially base metals and uranium, for water, 
and €or petroleum exploration. Petroleum exploration holes are not 
very useful for geothermal studies becuase they are almost invariably 
cemented shut before useful thermal measurements can be obtained. 
However, in most cases, intermediate casing strings are set to 600 to 
1000 m. Typically, upon abandonment, a cement plug is put at the bottom 
of this casing string, and a second cement plug at the top of the casing 
string. This is the typical abandonment procedure required by most 
states in order for performance bonds to be released. We believe a 
systematic program sponsored by DOE to temporarily take responsibility 
for final abandonment of these holes according to state regulations 
would be extremely valuable. These holes could then be allowed to 
sit and reach thermal equilibrium before final abandonment. Final 
abandonment porcedures would cost far less than the drilling of equiva- 
lent depth holes specifically for geothermal studies. In addition, 
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deeper temperature data may be available from the bottom hole tempera- 
ture measurements during the logging of the well before abandonment. 
In addition, a few holes to depths not greater than 1 km should be 
dril-led in various provinces to test out the areas where shallow results 
have problems or are suspect. 
River Plain in Idaho. 
sort (annually) . 

A prime example of this would be the Snake 
Perhaps ten holes might make a program of this 

1 We believe that these first three programs ought to be undertaken 
on a crash program basis by DOE. Far too much time has already been 
lost when a more complete reservoir confirmation process could have 
been in progress for the United States. We believe that with this sort 
of program, complete thermal measurement coverage for the united States 
(at the scale of approximately one measurement per 100 km2 in the western 
United States, and one per 1000-2000 km2 in the central and eastern 
United States) can be completed in approximately five years. T h i s  
program would p r o b a b l y  h a v e  the b i g g e s t  i m p a c t  on the proposed  DOE/DGE 
t a r g e t  f i g u r e s  of 20,000 megawat t s  i n s t a l l e d  c e p a c i t y  of any  program 
proposed  or i n  p r o g r e s s .  

b 

In addition, we believe extensive programs should be funded by 
DOE/DGE for development of interpretation techniques. These sorts of 
studies ought to be funded to the level of at least several hundred 
thousand dollars per year. Proposed improvements in techniques should 
be supported at a relatively high level; for example, shallow hole 
techniques and -- in situ measurements might be the subject of systematic 
technique improvement studies supported by DOE/DGE. Interpretation tech- 
niques including modeling, continuation and effects of thermal conducti- 
vity contrasts should be supported. 

There should be a central clearinghouse available for thermal data, 
and some entity in charge of preparing heat flow maps of the United 
States. Also, available thermal property information collected by 
university and government investigators should be summarized for use 
in the industry and by the research and development community. For 
example, many thousands of thermal conductivity measurements have 
already been made, and this data should be available in summary form 
for use. 

Studies of the effect of ground water flow for shallow heat flow 
measurements ought to be funded at a relatively high level. Several 
test areas ought to be selected where simultaneous hydrologic and 
thermal measurements could be made in a very detailed way, both on a 
long-term basis and on a basis of correlation with hydrologic parameters 
so that the actual effect of ground water flow can be clearly and 
completely understood. Finally, combined technique studies in areas 
for which large amounts of exploration data are already available 
should be continued and brought to completion as case study situations. 
Empahsis ought to be on the areas which have already been studied, 
rather than outlining and exploring new areas. 
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A proposed budget for thermal methods in the DOE/DGE geothermal 
program is shown in Table 2. 
level of geothermal funding than is available for the current fiscal 
year, although current figures for this fiscal year ought to be 60% 
or more of those shown in Table 2. 
ought to be undertaken on a crash basis. 
have been initiated much earlier in the geothermal program, and much 
lost time must be made up if we are to properly evaluate the geothermal 
resources and confirm the existence of geothermal reservoirs of the 
quantity and quality necessary to make geothermal a viable energy 
source. No one particular budget item is considered inflexible: rather, 
this budget attempts to give a rough idea of our level of assessment 
of the importance of the various techniques. 
is also interaction between the outlined budget items in that many of 
the regional measurements will, supply field data for stydy of the 
effects of hydrology on heat flow. Therefore this part of the program 
as budgeted can deal specifically with Theoretical studies o f  the 
field measurements rather than with the field measurements themselves. 

This budget is based on a slightly higher 

We believe funding of this program 
This sort of program should 

1 

To some extent, there 



TABLE 2. Proposed Thermal Measurements Budget 
(Annual fgr 5 years) 

P 
pegional Thermal Measurements, 

free holes (2000/year) 

Regional Shallow Drilling (S 150 rn -7 

100- 500 holes/year) 
1 

Deep Thermal Measurements (10 holes, 
plus preservation program) 

Collection of new and existing data 

1 Developmental Techniques 

Interpretation and Modeling 

Effects of Hydrology on Heat Flow 

-- Budget 

$1,000,000 

1,000,000 

1,000,000 

500,000 

600,000 

300,000 

500,000 

$4,900,000 



A 

49 

4 . 2  Water/Rock Interaction 



FIRST REPORT OF THE CONSORTIUM ON WATER/ROCK INTERACTION 

IN RELATION To EXPLORATION TECHNOLOGY AND RESERVOIR EVALUATION 

December 9 ,  1977 

I .  BENEFITS FROM STUDIES OF WELL AND SURFACE SMIPLES 

Studies of fluid samples (liquid and gas) and solid samples (cores 

and cuttings) collected from geothermal wells and from the earth's surface 

have important bearing on many facets of geothermal development. 

facets can be grouped into two broad categories: (1) exploration technol- 

ogy, and (2) reservoir evaluation. 

. 

These 

EXPLORATION TECHNOLOGY 

Geothermal exploration consists of measuring various geophysical, 

geochemical, and geological parameters at the earth's surface and inter- 

preting these parameters in terms of a working model of subsurface 

conditions. This model has three sets of constraints: 

constraints imposed by the measured data themselves, (2) the degree to 

which the-model reflects reality, and (3 )  the nature of the target and its 

associated physical and chemical features. 

(1) the physical 

Exploration does not necessarily involve sets 2 and 3,  for it is 

perfectly possible to drill on any uninterpreted anomaly. 

may indeed by a success, but will give little information on which to base 

other exploration ventures and will not enhance the development of 

realistic models. Intelligent geothermal exploration, however, involves 

careful determination of the surface and subsurface parameters in order to 

learn what is causing the geophysical, geochemical, and geological signa- 

tures observed at the earth's surface and to develop realistic models of 

geothermal systems. 

The drillholes 



Despite nearly 30 years of geothermal exploration in the United 

States, our conceptual models of geothermal systems are still crude and 6d 
I naive -- we are hunting elephants with only a vague knowledge of 

elephant characteristics and behavior patterns. 

exploration techniques presently in use simply locate and evaluate near- 

Furthermore, many 

surface leakage (past or present) from geothermal systems, but may miss 

deeper blind parts of a geothermal reservoir, parts possibly of dominant 

importance as an energy source. Improvement of geothermal models and 

I development of new techniques go hand-in-hand, and require thorough study 

of solid and fluid samples collected at the surface and acquired during 

geothermal drilling. 

information that feeds back into realistic models and thus into more rapid 

and cost-effective exploration technology. 

Characterization of these materials provides essential 

I Geophysical Methods 

I Geophysical methods are used primarily to delimit the location and 

likely geometry of a geothermal system, both by determining zones of 

anomalous heat flux, electrical conductivity, or microearthquakes, and by 

defining subsurface geologic structure (eg. with active seismic surveys). 

Refinement of geophysical methods requires study of cuttings and core to 

determine physical properties, mineralogy, rock type, and stratigraphy, 

as well as analysis of fluid samples to determine electrical conductivity 

and the relation of surface electrical signals to underground parameters. 

Careful correlation of surface geophysical signals with surface and sub- 

surface samples may enable us to develop ways of predicting subsurface 

temperature, porosity, permeability, and type of reservoir fluid. 

2 



b 

Geochemical Methods 

d.$ Presently used geochemical surveys are of two types: (1) chemistry 
I 

of springs, fumaroles, or shallow drillholes in which more or less altered 

samples of the reservoir fluid reach the surface, and (2) surveys of 

volatile or fugitive constituents (eg., Hg, He, T1) that have entered soils 

or rocks surrounding the reservoir. 

many aspects of the reservoir fluid, including type (hot water or steam), 

temperature, gas content, and subsurface fluid homogeneity. Where large 

numbers of vents exist, the system size, subsurface stmcture, and 

directions of fluid flow may also be indicated. 

may also indicate system size and fluid flow even in the absence of hot 

From fluid samples one can infer 

Trace volatiles in soils 

springs and fumaroles. 

These methods are critically dependent on calibration through knowl- 

edge of subsurface conditions. Measurements of temperature and salinity 

variations during and after drilling, collections of aquifer fluids during 
I 

. production tests and with downhole samplers, and squeezing of fluids from 

core samples provide essential information to relate surface geochemical 

observations to the nature of reservoir fluids. 

Refinement or development of new geochemical techniques that might 

be used to aid location of deep or  blind parts of reservoirs is an 

important goal. This might be accomplished, €or example, through docu- 

mentation of trace element zoning recorded in vein materials deposited 

by thermal fluids throughout the history of a geothermal system. In 

addition, known geochemical techniques (such as distribution of trace 

elements in soils) should be adapted and evaluated for specific geothermal 

applications. 

3 '  



Geological Methods 

Geological methods resently used in reconnaissance to locate 

surface indications o f  geothermal systems, and in detailed studies to 

locate and characterize rock type and distribution, mineralogy, structure, 

fracturing, hydrothermal alt ion and other parameters. Better 

understanding of the interactions between fluid and rock will markedly 

enhance the ability of the geologist t o  interpret his observations and to 

extrapolate into unsampled volumes of rock in three dimensions. Ultimately 

it may be possible accurately to evaluate raw Drospects, to 5redicS the 

location of reservoir rocks and cap rocks, and to provide real-time drilling 

. guidance. 

RESERVOIR EVALUATION 

Once a geothermal reservoir is discovered, the next step is to 

determine its nature and potential. 

tests clearly are a first priority, but are not sufficient to characterize 

the reservoir and allow intelligent development decisions. 

careful study of subsurface rocks and fluids is necessary. The economics 

of any geothermal development are critically dependent on the definition 

of potential scaling or corrosion problems, the prediction of continued 

aquifer productivity, and the assurance that injection wells will continue 

Short- and long- term production 

In addition, 

t o  accept effluent. These three aspects are controlled by rock-water 

interaction, and their evaluation thus requires careful determination of 

the solid and fluid phases in and around the reservoir. 

'c 

Drilling and completion 
.-3) Development drilling is guided by the geologic strructure and hydro- 

logic conditions of the reservoir, both with respect to well location 

and drilling procedure (eg. nature and composition o f  drill fluid, casing 

4 



program, completion procedures, etc.). 

determined only by careful study of cuttings and core and the correlation 

of these studies with geophysical surveys and borehole log interpretation. 

Borehole logs alone are not sufficient, for log responses in high-temp- 

erature environments are poorly understood and interpretation has not 

been calibrated for the rock types and temperatures found in geothermal 

systems. 

The geologic structure can be 

6d 
1 

I 

Furthermore, studies of alteration mineralogy and fluid samples 

from specific horizons can supply information critical to completing the 

well at the optimum, hot zone. 

Reservoir assessment 

Assessment of geothermal reserves and resources of a given area is 

not merely the determination of productivity, temperature and reservoir 

size. It also involves evaluation of the characteristics of the fluid and 

their probable variation with time. 

a reservoir fluid dependent on salinity, but certain fluid compositions 

may require expensive surface treatment, with consequent adverse effects 

Not only is the available work from 

on economics. 

Field management and reservoir utilization 

Studies of fluids and gases produced from geothermal wells are absolutely 

essential to effective field management and reservoir utilization. The 

nature of the fluid dictates the materials chosen for piping, hardware, 

turbines, heat pumps etc. Furthermore, the thermodynamic properties of the 

fluid and the nature and concentration of gases are essential information 

for the optimum design of generating equipment. Finally, knowledge of fluid 

compositions and their likely change with time is required for the identifi- 

cation of potential scaling problems and the identification of realistic 

scale prevention methods. 

5 
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Fluid-rock interactions, subsurface boiling, and dilution by non- 

geothermal waters strongly impact the evolution with time of fluid 

compositions and flow rates. Studies of the mineralogical, isotopic, and 

trace element relationships in reservoir rocks and the chemistry and iso- 

topes of associated fluids allow prediction of possible changes in 

reservoir character and fluid composition and quality with exploitation, 

and can identify potential precipitation and alteration reactions that 

could reduce permeability with time. 

physical properties, and fluid chemistry in potential injection zones are 

of critical importance in order to predict in advance any possible chemical 

reactions and resultant' decrease of permeability during reinjection. 

1 -  

In particular, studies of mineralogy, 

11. FY-78 IMPLEMENTATION 

NATIONAL SUPPORT 

DOE-funded geothermal wells are being drilled or are planned at a 

number of locations under several different programs of the Division of  

Geothermal Energy. It is important that a systematic program of sample 

acquisition, storage, distribution and study be set up immediately so that 

maximum benefit can be realized from the unusual opportunities presented 

by these expensive wells. W E  support and funding should be provided in 

the following areas: (1) sample acquisition, (2) sample curation, prepara- 

tion and distribution to researchers, (3)  generation of basic background 

data, and (4) detailed characterization and study of samples. 

Sample acquisition 

Samples should be collected carefully and completely from each DOE- 

funded geothermal hole, ideally under the direction of an experienced earth 

scientist using established procedures. 

ing, labeling and packaging solid and fluid samples should be completed. 

To this end, a manual for collect- 

6 
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DOE contracts under the Industry-Coupled Program and other programs should 

call for a complete suits of appropriate samples from each hole. 

Sample curation, preparation and distribution 

Present plans are to store rock samples from some DOE-funded geothermal 

holes at the University of Utah Research Institute. 

of the to-be-created Geothermal Sample Library are (1) to supply geosci- 

entists from government, academia, and private industry with samples 

appropriate to their research needs, and (2) to collect under one roof rock 

samples and/or sample abstracts from many geothermal wells for examination 

and comparison. Curation and distribution methods are being worked out at 

present, and consideration is being given to the storage of fluid samples 

as well as rock samples. 

The primary objectives 

Funding should be provided by DOE to support this facility. In addi- 

tion, funding should also be provided to curate, prepare and distribute 

samples from collections stored elsewhere. 

ures at all libraries should be standardized. 

Curation and preparation proced- 

Generation of basic background data 

In order to facilitate determination of the scope and priority of 

research work to be performed on geothermal rock samples, certain basic data 

should be generated on samples from each geothermal well. These basic data 

would include (1) lithologic description, (2) mineralogy, (3) analyses of 

selected major, minor and trace elements, and (4) selected physical properties 

such as density and magnetic susceptibility. These data should be collected 

systematically on composites of cuttings and on selected core. 

anticipated that this work is best done at UURI in conjunction with activi- 

ties of the Geothermal Sample Library. 

It is 

7 
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Detailed characterization and study of samples 

Samples from DOE-funded geothermal wells should be made available for 

detailed studies as appropriate, and provision should be made by DOE/DGE to 

fund such studies. 

of the same sample suite in the Geothermal Sample Library would be coordi- 

nated by UURI, with the aid of an independent advisory board if required. 

Research proposals would be directed to DOE/DGE or its designate, with the 

Geothermal Sample Library of course being open to all qualified investiga- 

tors regardless of fund source. 

It is anticipated that coordination of different studies 

REGIONAL AND RESERVOIR INVESTIGATIONS 

All regional and reservoir investigations supported by DOE/DGE should 

have appropriate components dealing with sampling and study of rocks and 

fluids from geothermal wells and from the earth's surface. 

are normally sampled and analyzed separately, but interpretation of results 

requires integration of both data sets, along with supplementary borehole 

logs and geological information. 

Rocks and fluids 

Fluid and rock samples present different kinds of problems and opportun- 

ities, which require separate consideration. 

head is a mixture derived from the whole production interval, which has been 

fractioned into noncondensible gas, steam and water phases in transit up the 

borehole to the sample bottle. 

and so require more detailed studies. 

A fluid sample at the well- 

Rock samples are much more heterogeneous 

Both types of sample are subject to 

contamination by drilling muds and fluids. 

mally only be acquired during the initial drilling, fluid samples should 

be acquired during the whole lifetime of a producing geothermal well. 

level of technical effort required for the collection of fluid and rock 

samples also differs. 

tive fluid sample. 

Whereas rock samples can nor- 

The 

It is technically difficult to collect a representa- 

Precise control of the flow rate, well-head pressure 

8 



and knowledge of the enthalpy and mass ratio of the steam-water mixture 

is necessary. 

tivity bridges, reagents and stabilizing solutions, etc., employed. Thus 

collection should be performed by technical personnel who have been care- 

fully trained by geochemists experienced in geothermal problems. 

contrast, well-site rock sampling requires less technically difficult skills 

and only the general supervision of a geologist to advise on the sampling 

program and procedures e 

Analysis must begin at the well-head and pH meters, conduc- 

In 

b 

The investigations of fluid and rock samples recovered from a specific k 

geothermal well will depend heavily on the local circumstances of the 

drilling program and the geological environment of the site. 

to be performed depend upon the stage reached in a drilling program. 

intensity of work done on sample from wildcat wells in-filling and step-out 

exploration wells, production wells, and reinjection wells is likely to be 

different. Accordingly, it is impossible to specify a priori exactly what 

studies will be necessary and appropriate for each well. Sufficient flex- 

The studies 

The 
t 

t 

ibility in program and funding must be maintained by DOE/DGE, in order that 

appropriate studies and analyses can be designed for each specific well 

and situation. 

With respect to rock samples from geothermal wells, careful considera- 

tion of the trade-offs between costs and benefits of coring are necessary. 

Because of the expense, coring normally is kept to a minimum; however, an 

appropriate balance must be struck for each hole. 

might include one to three cores in a wildcat hole, with more frequent 

coring in a hole where the objectives are to characterize and assess a 

reservoir and to carry out reservoir engineering studies. 

however, cutting samples should be taken every 10 metres or less. 

the costs of obtaining cutting samples are negligible compared to the costs 

A possible program 

In all wells, 

Because 
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of drilling, it is preferable to collect too often and too much rather 

than too seldom and too little. Surplus samples can easily be disposed 

of in the future, but after the well is completed it is too late to get 

more. 

The sampling and analytical program necessary for fluid studies will 

differ depending on whether the drillipg is in the exploration, field 

development, or field management stage. 

of samples of liquid and gas should be collected once sufficient flow has 

been established to remove drilling fluids. 

minor dissolved solid and gas constituents should be performed to determine 

the character of the brines and to apply chemical geothermometers. In the 

field development sTage, fluid sampling should be repeated in a systematic 

In the exploration stage, a series 

Analysis of the major and 

attempt to characterize the resource, including light stable isotope analyses 

of water and gases. In the field management stage, monitoring should be 

sufficient to detect changes in fluid chemistry, which are sensitive 

measures of subsurface changes such as increased boiling in the formation, 

interference from injection water, or cold water incursion. 

Recompendations 

The attached table summarizes the consortium's recommendations concer- 

ning end products and strategy foy efforts funded by DOE. 

Members of consortium contributinn to this reDort 

R. W. Bamford, UURI 
J. Bowman, U. Utah 
W. A. Elders, U. Calif. Riverside 
L. J. P. Muffler, USGS (Chairman) 
C. R. Nichols, DOEIDGE 
R. B. Potter, USGS 
A. H. Truesdell, USGS 
P. M. Wright, UURI 
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Recommended Item Regiona 1 
a) Specify and publish 

present Understanding 
of regional data for 
use in new interpreta- 
tion of reservoir data 

b) Identify gaps 

1 .  Assessment of past and 
current studies of rocks/ 
fluids 

Reservoir 
a) Specify and publish 

present understanding 
of utility of water/ 
rock data t o  explora- 
tion and evaluation 

b) Identify gaps 
- 

2.  Surface rock and fluid 
sampling program 

Broad-spaced samples of 
fresh and altered rock, 
vein fracture, fault mater- 
ial and waters in regional 
areas around certain 
geothermal areas 

Drill hole samples in 
areas around geothermal 
areas of interest 

3 .  Sampling of geothermal wells 

Detailed samples of fresh 
and altered rock, vein, 
fracture and fault materi- 
al and surface and shalloi 
water in geothermal areas 
of interest 

Complete suite of drill 
hole samples (fluid and 
rock) in geothermal areas 
of interest 

~ -~ 

4 .  Acquisition of samples from 
existing wells drilled for 
oil, minerals, water, 
geothermal 

Drill intermediate- 
depth holes for 
sample acquisition . 

. 

5. Analysis of rock and fluid 
samples 

Actively seek 
to acquire 
samples from 
DOE and other 
geothermal well 
as they are 
drilled 

~ ~~ 

6 .  Synthesis of studies Better understanding of 
regional data for use in 
improved interpretation of 
reservoir data 

7 .  Geothermal sample library 

Water/rock models of 
geothermal systems 

Samples from wells-of-opportunity which meet criteria 
of usefulness to geothermal research 

Strategy 
Regional Re servo i F 

i I 1 

Invited participant 
workshop with 
published proceedings 

Fund sampling programs 

I 
Fund appropriately received research 
propD s a 1 s 

Periodic invited-participant 
workshops with published proceedings 

Fund at UURI 
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Fast Mesa 
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Model!ng, w j t h  emphasjs on - 2D/3D fo rward  s o l u t l o n s  f o r  
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Y a g q e t s t e 4 l y r l z s  - jnprove  da$a  q u a l j t y  u s l n z  e r r o r  ana ly -  

- r e s o l v e  t h e  TE/TM rcpde j d e n t j f j c a t l c n  pro-  
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s l s  and r e f e r e n c e  f j e l d  
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s u r v e y s  
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B )  Regj oca1 c lec t r !  c a l  s u r v e y  

The jdea of  o b t a j n j n g  a r e g l o n a l  e l e c t r l p a l  dzta  base,  sjx?ljlar 
t o  r e g j o n a l  maps of heat f low,  G u r j e  p o l q t  d e p t h ,  and  tele- 
s e l s r n j c  d e l a y  tjr;les, w2s endgrsed  by t h e  conso r t lum,  j n  thn', 
geothermal p r o v j n c e s  s h o u l d  c o r r e l a t e  w l t h  zor,es or' inc?e,?sed 
temperature,  and hence  j n c r e a s e d  c o n d u c t l v j  t y ,  I n  the  1o:ver 
c r u s t  and upne r  m a n t l e .  The s p e c j  f l c  apFroact?,  honever ,  needs  
f u r t h e r  a n a l y s j s .  F c r  e x a n g l e ,  3 rassjve I,:T r ~ o g ~ m  s h o i l l d  
wait u n t j l  b ias  e r r o r  removal s c h e m s  are  :$ jde lv  j ro l eaec ted  
and t h e  i n t e r r r e t e d  "deep c o n d u c t o r "  c o c f l d 3 n t l y  attributed 
t o  a deer condqctor 2.nci no t  t o  surface rzslstlv!ty ! r ? h o - o ? e n e l r J ~ s  
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1. Introduction 

In this report the role and the research and development objectives of 

active and passive seismic techniques for geothermal resource evaluation 

and reservoir confirmation will be identified. 

and current DOE active and passive seismic projects will be summarized. 

The status of the previous 

A 

recommended program will then be outlined. 

Instead of considering each of the different active and passive methods 

this report will consider the utility of seismic methods in each phase of 

the exploration architecture leading to the exploitation of a geothermal 

source. 

seismic techniques which are applicable. However, the effectiveness of a 

given technique in a specific phase will vary considerably from site t o  site. 

In each phase of the exploration architecture there may be several 

Geothermal resources occur in a variety of environments and one must be ready 

to utilize a variety of techniques. 

The second general comment of this consortium related to this report is 

that in general seismic techniques should be used earlier in the exploration 

program than outlined in the second draft iteration. 

first deep exploratory well to an objective horizon the model of the geo- 

thermal system should have been defined by a seismic survey. Once a deep 

Prior to drilling the 

exploration drilling program begins the amount of money spent on geophysical 

surveys should not exceed 10% of the cost of one deep well. 

for additional seismic surveys would only be made if it was impossible to 

reach a decision concerning abandoning a prospect, which appeared to be 

marginally commercial. 

This expenditure 



2.0 Exp loration Technology 

The objective of the exploration phase is to identify and perform general 

reconaissance over a geothermal area. 

geothermal exploration is to identify a prospect or prospects and reach 

a decision whether or not to drill. 

a deep exploratory well, the optimal location based on geophysical surveys 

has been identified for this well. 

The result of this step in the 

Furthermore, if the decision is to drill 
' 

The first step of exploration sequence is a General literature survey 

of the information in the geologic and tectonic setting of the area. 

can be followed up utilizing 

setting. 

surveys. 

This 

photo geology to identify the general tectonics 

The controlling faults and volcanism can be identified from these 

This should be followed up with on site checks of volcanic and the 

structural geology of the area. 

or geophysical surveys should be performed next. 

The most general reconaissance geochemical 

Existing water wells in the area should be sampled for water isotopes 

and thermal gradients recorded. Hydrothermal alteration around various 

hot springs should be noted. Passive seismic techniques should next be 

applied throughout the region to identify the regional seismicity and utilize 

teleseisms to map the gross crustal properties. 

mine the in situ rock properties and thermal regime by mapping seismic velocity 

and attenuation variations through the crust in this area and determine 

variations in the depth of the Moho. 

The objective is to deter- 

The level of seismicity can be deter- 

mined from the microearthquakes that are recorded in this area and a general 

idea of active faults also can be inferred. 

proven to be one of the most consistent and rellable indicators of geother- 

P-wave traveltime delays have 

mal areas, While seismic attenuation is more difficult to measure, it is 



- ... . 

a more sensitive measure of the in situ rock propertiesat a given location. 

The passive seismic network must cover approximately 10,000 km2. 

objective is to define those areas within this 100 km x 100 km region which 

deserve more detailed study. 

u 
I 

The 

Passive seismic surveys at the present time are quite expensive to perform. 

One problem with such surveys is the current state of instrumentation and the 

data analysis procedures. These procedures are labor intensive. The 

s. 

geophysical contractors for such surveys do not have the economic base to 

fund the development of new instrumentation and the research staff to 

develop improved analysis procedures. 

Department of Energy's geothermal program. 

This should be one objective of the 

After the reconaissance surveys have been completed a decision must be 

made whether there are any prospects, covering approximately 100 km2 or less 

worth further exploration. 

additional geological and geophysical surveys should be performed. 

include drilling and logging heat flow gradient holes together with geo- 

logic sampling and detailed seismic surveys. 

may be either active or passive. 

Should such prospects be found the following 

These 

Seismic surveys on this scale 

Active seismic surveys include recording 

multiple coverage seismic reflection surveys to map detailed structure of 

the area as well as fluid content and to obtain a measure of seismic atten- 

uatlon and velocity anomalies. 

simultaneously with a seismic reflection survey by "piggy-backing'' on the 

source of the reflection survey. The seismic attenuation and velocity 

anomalies are direct measures of the in situ rock properties within the 

A fan type refraction survey can be acquired 

geothermal system. The utilization of true amplitude recording may also 

permit the mapping of the fluid content in the reservoirs, This information 



if obtainable will be definitive for determining the optimal well placement. 

In certain areas active seismic surveys may not be effective, or it may be 

preferable to run passive surveys. 

Passive seismic surveys on this scale should be conducted in a manner 
I 

very similar to a reflection survey with station spacing no greater than 

one kilometer. They should cover the area of 100 km2. 

a detailed survey it has been determined that the area is seismically 

active improving the chances of recording many microseisms during the survey. 

Prior t o  conducting 

1 

A detailed P-wave traveltime delay survey using 

at the same time that microearthquakes are recorded. 

will permit the determination of the velocity and attenuation structure 

w5thin the area. 

properties. 

teleseisms can be acquired 

The microearthquakes 

This information is the key to determining in situ rock 

One advantage of a passive seismic survey is that microearth- 

quakes generate shear waves quite efficiently. 

to generate shear waves in a reflection survey. 

of Poisson's ratio as well. 

similar to an active seismic reflection survey in terms of station spacing, 

station array geometry and recording dynamic range and digitization require- 

ments. 

It is much more difficult 

This permits the measuring 

These surveys are recorded in a manner very 

There are two other uses of a passive seismic survey. The micro- 

earthquakes can be located to define the active tectonics within the region. 

In addition, a three-dimensional f-k spectra of the seismic background 

A 

noise can be computed. 

can be located (no seismic P-wave 

McEvilly). 

these can be used to infer earth structure. 

tfon program modelling is performed. 

(hopefully) idea of the geologic setting, 

If the seismic source generates P-waves then it 

sources have been identified to date, 

If the seismic background noise is in the surface wave mode, 

At each stage in the explora- 

Each suqey produces an improved 



The seismic survey will be supplemented by a resistivity survey or an 

This electromagnetic survey to map the thermal regime within the region. 

should correlate well with the velocity anomaly, 

and the variation in Poisson's ratio mapped within the geothermal system. 

Each of these is a measure of the in situ rock properties associated with 

the attenuation anomalies 

thermal anomaly. 

reached at which time one decides to drill or not to drill. If the 

decision is made to drill a deep exploratory well to an objective horizon, 

the location for this well must be apparent. 

At the end of these surveys a major decision point is 



3.0 Reservoir Assessment 
@ 

b 

In the reservoir assessment stage additional seismic surveys will rarely 

By the time one reaches this stage in the exploration program be performed. 

a decision has been made to drill a deep exploratory well and the location is 

well known. Assuming that such a well is drilled there are the three following 

possible outcomes. 

noncommercial reservoir is drilled, (3) a borderline high temperature, 

marginally comercial reservoir is drilled, which probably does not have 

adequate flow.Onlyin the third case would additional seismic surveys be 

justified. 

missed or whether drilling a few feet away would intersect a fracture zone. 

(1) A geothermal producer is drilled, (2) a very cold 

In this situation it must be determined whether the reservoir was 

No more than 10-20% of the cost of the deep exploratory well can be expended 

on additional drilling or geophysical surveys to reach a decision on whether 

to plug and abandon this well. At this point a few short, specific seismic 

reflection lines might be useful. This would aid in defining the direction 

for additional whip stock drilling to try to intersect fracture zones within 

the area. Should t h i s  prove unsuccessful, the prospect would b e  abandon. 

If a geothermal producer is drilled and the prospect is going to be 

developed, then a drill rig will be leased on a long term basis and a drilling 

program is entered. Within this drilling program several wells will be placed 

and drilled in sequence. 

greatly modifies the conceptional model for the geothermal system, then it 

If a nonproductive geothermal well is drilled which 

would be in order to perform additional detailed seismic surveys to try and 

clarify the geological setting of this geothermal system, Once the drilling 

program is entered you move from reservoir assessment stage to the reservoir 

confirmation phase of the geothermal exploration. 



i 

4.0 Reservoir Confirmation 

The objective of the reservoir confirmation is to define the limits 

of the geothermal system by deep drilling. 

the utility of the geophysical surveys run previously declines because 

you obtain much more specific information on the subsurface from these 

wells. 

is to reinterpret the geophysical surveys in light of the additional wells 

t o  better define the model for the geothermal system; 

A s  additional wells are drilled 

The only geophysical work performed during this stage of the development 



6d 
b 5 . 0  Review of Previous and Current Seismic Programs 

During November a seismic ground no i se  experiment w a s  recorded by ENSCO 

under d i r e c t i o n  of Stan Laster of t h e  Univers i ty  of Tulsa i n  t h e  Cove For t  

area of Utah. Data w a s  obtained from a l a r g e  a r r a y  (1500 f t  diameter) and 

a s m a l l  a r r a y  (220 f t  diameter) a t  t h r e e  s i t e s .  

recorded a t  each si te.  

effort. 

time appeared t o  be around 7:OO a.m. each morning, r a t h e r  than i s  f r equen t ly  

found during t h e  e a r l y  hours of t h e  morning. 

Valley (north of Cove For t )  whi le  t h e  t h i r d  w a s  i n  t h e  f o o t  h i l l s .  

a r r a y s  i n  t h e  v a l l e y  w e r e  s i t e d  on an  alluvium less than two m i l e s  from a 

north-south i n t e r s t a t e  highway. 

i n  t h e  v a l l e y  w a s  t o t a l l y  unusable. 

t h e  large a r r a y  a t  t h e  o the r  s i t e  i n  t h e  v a l l e y  w a s  usable and gave a no i se  

peak i n  a f a u l t e d  area nor th  of t he  a r r ay .  

f o o t  h i l l s  was  much q u i e t e r  and seemed t o  show a cons i s t en t  no i se  anomaly from 

a f a u l t e d  area on several of t he  records.  The d a t a  from the  su r face  w a v e  

S ix  channels of d a t a  was  

This represented approximately an  eleven day f i e l d  

While t h e  d a t a  w a s  recorded a t  a l l  hours of t h e  day t h e  q u i e t e s t  

Two of t h e  sites w e r e  i n  Dog 

The two 

The da ta  from t h e  l a r g e  a r r a y  a t  one site 

Only a b r i e f  segment of t h e  d a t a  from 

The d a t a  from t h e  a r r a y  i n  t h e  

a r r a y  ( s m a l l  a r r a y )  has  no t  been processed t o  da t e .  The noisy  condi t ions  i n  

the Cove F o r t  survey w e r e  due t o  t h e  l imi t ed  sites. 

e x p e r h e n t  w i l l  be a d e f i n i t i v e  experiment on ground no i se  s t u d i e s .  

It is  doubt fu l  t h a t  t h i s  

A n  

a d d i t i o n a l  ambient ground n o i s e  research  survey appears t o  be  j u s t i f i e d  t o  

provide f u r t h e r  documentation of t h e  u t i l i t y  of ground no i se  surveys. 

any f u t u r e  ground no i se  surveys t h e  number of recording channels should be 

increased  from 6 t o  a t  least 15-20 and improved recording instrumentation of 

t h e  type used i n  seismic r e f l e c t i o n  surveys should be u t i l i z e d .  

should be recorded wi th  smaller a r r a y  spacing. 

I n  

'More channels 



The Lawrence Berkeley Laboratory under the direction of TomMcEvilly 

has conducted three passive seismic surveys. These surveys have been 

recorded in northern Nevada; the Geysers geothermal area, California; 

and are currently being recorded in Cerro Prieto, Mexico. These surveys 

differ from the classical passive seismic survey in which a few stations 

are recorded over a large area. 

precision passive seismic surveys which have a recording geometry very 

similar to an active seismic reflection survey. 

t 

Instead, they could be described as 

1 

At least 15 to 20 stations 

are recorded at a given time with a station spacing of 1 km of less. 

McEvilly has recorded stations as close together as 15 meters. 

production mode station arrays with a diameter of 440 ft are recommended 

and a station spacing interval of no greater than 1 km. The level of seis- 

micity and the cultural seismic background noise level govern the recording 

period at a given site. 

to cover 100 km2. 

recorded in three different valleys: Grass Valley, Beowawe, and Buffalo 

In the 

A one month recording interval is usually sufficient 

The results of the surveys in Northern Nevada which were 

Valley and the survey in the Geysers area have shown that most hydrothermally 

altered areas have locally anomalous attenuation structure, anomalous 

Poisson's ratio, and anomalous P-wave velocity variation. These surveys 

also permit the interpretation of microearthquake data to define the active 

faults and give the stress regime of the area. Additionally, frequency 

wave number analysis has been calculated on this data to determine the 

surface wave phase velocity and identify a deep seismic P-wave source. 

date surface wave phase velocity has proven useful, but no P-wave source at 

depth has been recorded in the data. 

To 

A 

The lateral variation of teleseismic P-wave traveltime delays have been 



t 

crs mapped across several geothermal arees by the group headed by H. M. Iyer of 

U. S. Geological Survey. In areas where digital quality seismic data has 

been acquired, a group headed by $on Wqrd from the University of Texas at 

Dallas has mapped the lateral variation of seismic atvenuation associated 

with the geothermal system. 

anomalies have been found in Hellowstone Geothermal Area, East Mesa Geothermal 

Area, Long Valley, and the Geysers. 

exhzbits smaller traveltime delays than in these other systems. 

I 

Significant teleseismic P-wave traveltime delay 

The qata from the Cos0 Geothermal Area 

Data has also 

been acquired from the Snake River Plain and the Battle Mountain Heat Flow High 

and is being analyzed at the preseqt time, 

the analysis of seismic attenuation data foy the Cos0 Geothermal Area and the 

Geysers Geothermal Area. 

exhibited in the Geysers Gepthermal Area while the Cos0 Geothermal Area 

exhibits a less pronounced seismic attenuation anomaly. 

that the selsmic attenuation anomaly exhibited in the Cos0 area is significant. 

The group at UTD has completed 

Significant lateral variation of attenuation is 

However, it is felt 

A quantitative interpretation of this data utilizing generalized geophysical 

inverse theory has only been performed in a few isolated examples. 

from Yellowstone has been inverted using &he Aki inversion procedure. 

is currently underway at UT/Dallas to $evelop a generalized inversion procedure 

The data 

Work 

for the seismic attenuation obeqvations recoqded in Cos0 Geothermal Area and 

the Geysers Geothermal Area. Sipultaneous inversion of traveltime delays and 

lateral attenuation anomalies will be performed next. Additional data from 

the Battle Mountain Heat F l o w  High and the Snake River Plain will be analyzed 

by this group. 

Savin0 have recently preformed a jo$nt inveqsion of 

teleseismic P-wave traveltime delays, 

Investigators at Systems, Scignce and Software led by John 

Bouguer gravity data and 

They have iqterpreted this data in terms 



of the lateral variation of seismic velocity and crustal thinning associated 

with the geothermal system. 

appear to occur in zones of crustal weakness and crustal thinning. 

Gepthermal anomalies at the eayth's surface 

There 

is a very high correlation exhibited between known geothermal areas and 

crustal thinning as exhibited by their data for the Imperial Valley, 

California. 

The surveys conducted in the past of geothermal resource areas by the 
1 

U. S. Geological Survey have been conducted on a regional basis to evaluate 

the potential of these areas, In view of the high correlation of P-wave 

traveltfme delay anomalies and geothermal resources more detailed surveys 

should be conducted at the speaific sites. These passive seismic surveys 

should acquire teleseismic data, microearthquake data, and seismic back- 

ground noise data as well. 

more specific basis to map nearer surface anomaliep. 

Geothermal Energy of DOE should encourage the development of instrumentation 

The techniqves need to be applied on a much 
I 

The Division of 

and data analysis procedures which lower the cost of such surveys. They 

should also support the development of quantifative modelling procedures 

to extract more unbiased information from exiscing and future data. The 

geophysical contractors offering services in the geothermal industry are 
I 

quite small by comparison with geophysical contractoys in the hydrothermal 

industry, They do not have the resources in equipment nor manpower to 

undertake these developments. 

tion of geothermal resources within the continental U.S.  

This would hasten the discovery and confirma- 

, 



6.0 Summary of Recommendations 

The Division of Geothermal Energy/Department of Energy should support 

the acquisition and development of rimproved data analysis and interpretation 

techniques for both active and passive seismic surveys in localiqed 

prospects. 

objective is to get better information into the public domain for the evalu- 

ation of the effectiveness of these procedures and to supplement the resources 

of the geophysical contractors serving the geothermal energy industry by 

providing improved instrumentation and data analysis procedures. 

of such surveys must be reduced and the quanitity in terms of the number 

of stations recorded must be significantly increased in a given survey. 

Passive seismic surveys should be used in regions of known high seismicity. 

They should utilize a recording geometry and data acquisition instrumentation 

comparable t o  that used in seismic reflection profiling. 

techniques should be developed to simultaneously record a multiple coverage 

reflection survey and a fan shaped refraction survey. 

implemented by recording a stationary array u t i l i z i n g  the seismic source of 

the production reflection survey. Surveys of this type should be recorded 

in at least three different prospects the first year and the data and data 

analysis procedures made available to the geothermal energy industry. 

Funding for these three detailed surveys and data analysis procedures of 

$800K for FY 78 and FY 79. 

cost. 

The prospect dimensions should be 10 km x 10 km typically. The 

The cost 

1 

Seismic reflection 

This can be easily 

Instrumentation development would add to this 

Passive seismic reconaissance techniques must be developed. In the past 

the U. S. Geological Survey has installed telemetered seismic arrays at a cost 

of $9,000 per station for installation and $5,000 a year per station for 

operation, This cost is too great to be used in a reconaissance survey. 



Procedures must be developed f o r  leap frogging an array across an area and 0 
b acquiring te leseismia P-wave data and microearthquake data  simultaneously. 

The cost /km2 should not  be greater  than $5 /km2. 

detect ions procedures must be used for these events. 

i n  the recording s t e p  so t h a t  only the  useful data  i s  yecorded. 

Computer based automatic 

This is bes t  done ' 

b This 

program should be supported j o i n t l y  with U.S.G.S. a t  $5OOK/year. It i s  

essential for the long term eyploration of geothermal systems. 

In view of t he  pas t  support of fhe geothermal energy industry f o r  ground b 

, noise  surveys i t  is h p o r t a n t  t o  covplete the invest igat ion of the  v a l i d i t y  

of such surveys. 

area, Utah dll not be t h e  de f in l t i ve  experiment it shpuld have been. The 

d i f f i c u l t y  i n  gaining access t o  su i t ab le  recording si tes has hampered t h i s  

The current survey recorded i n  the Cove Fort  geothermal 

survey. The only ava i lab le  si tes were I n  areas  with high c u l t u r a l  back- 

ground noise  near an i n t e r s t a t e  highway. 

frqm a large ar ray  and seems t o  ind ica te  a geothermal grpqnd noise source. 

However, considerably grea te r  ana lys i s  is  needed. 

be continued a t  a very low l eve l  of funding t o  acquire data  from a t  least 

one additional site ($70K). 

The data has only been analyzed 

This project  should 
, 

A 
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EXPLORATION TECHNOLOGY 

Geothermal e x p l o r a t i o n  has acqui red many techniques from t h e  petroleum 
and minera l  e x p l o r a t i o n  i n d u s t r i e s  and developed some which a r e  unique t o  
t h e  geothermal i ndus t r y .  B a s i c a l l y  geothermal e x p l o r a t i o n  cons is t s  o f  
measuring geochemical , geo log ica l ,  and geophysical parameters a t  t he  e a r t h ' s  
surface and i n t e r p r e t i n g  the  r e s u l t s  i n  terms of some geothermal model. 

A f t e r  more than twenty years of geothermal e x p l o r a t i o n  i n  the  
Un i ted  Sta tes  our  conceptual models of geothermal systems a re  s t i l l  very 
crude. 
and evaluates on ly  near sur face  leakage from the  geothermal system. The 
i d e n t i f i c a t i o n  and eva lua t i on  o f  b l i n d  p o r t i o n s  o f  geothermal systems 
remains a l a r g e  unknown. 
development of b e t t e r  conceptual geothermal models go hand i n  hand. 

Present day e x p l o r a t i o n  technology, t o  a l a r g e  ex ten t ,  i d e n t i f i e s  

Improvement i n  e x p l o r a t i o n  technology and t h e  

1 
GEOTHERMAL MODELS 

Models o f  geothermal systems as used i n  e x p l o r a t i o n  s t r a t e g y  and 
r e s e r v o i r  assessment must be segregated w i t h  respec t  t g  sca le  and type. 
I n  terms o f  t h e  geographical  area o f  i n t e r e s t  assigned t o  t h e  U n i v e r s i t y  
Q f  Utah Research I n s t i t u t e  i t  appears t h a t  f o u r  pe t rophys i ca l  models 
migh t  descr ibe  the  b u l k  o f  t he  geothermal system?: 

1 )  R i f t  systems ( Imper ia l  Va l l ey )  
2) Subduction zones (Cascades) 
3) 
4 )  Bur ied  rad iogen ic  p lu tons  (Okannagan Highlands).  

Regional extens ion zones (Basin and Range) 

Numerical modeling o f  a geothermal system may prov ide  ou tpu t  which 
w i l l  i d e n t i f y  t h e  na ture  o f  t h e  data needed t o  d e f i n e  t h e  system. 
c o l l e c t i o n  o f  such data w i l l  necessar i l y  be c o n t r o l l e d  by e x p l o r a t i o n  cos ts .  

The 

The bas ic  c o n s t r a i n t s  f o r  the  geothermal models should be es tab l i shed 
by use o f  numerical  models based upon the  measured geochemical, geo log ica l ,  
and geophysical prospects o f  t he  system. A t  t he  present  s t a t e - o f - t h e - a r t  
we have c o s t - e f f e c t i v e  forward modeling programs for:  

One-and two-dimensional magnetote l l  u r i c  
Grav i t y  
Ma g n e t i c s 
One- and two-dimensional e l e c t r i c a l  and e lect romagnet ic  
Conductive heat  f l o w  
A c t i v e  seismic (bo th  compressional and shear)  
One- and two-dimensional induced p o l a r i z a t i o n  
M i  x i  ng model s f o r  geothermometry 
One- and two-dimensional hydrology 
Thermal i n f r a - r e d  
Surface temperature 
Two-dimensional convect ive heat  f low, and 
S t r a i n  r a t i o s .  



Three-dimensional forward model ing is really needed to fully model 

Some empirical 
a geothermal system. We can employ three-dimensional numerical modeling 
for many responses but usually the cost is prohibitive. 
data may be obtained by use of Scale models. 
a validity check on the numerical approaches. 
be sought to allow two- and three-dimensional modeling of the following: 

Such data can be used as 
Cost effective ways should 

1 ) Magnetotel lurics 
2) Heat flow 
3) Electrical and electromagnetiqs 

5 )  
b 4) Hydrological systems and thermal induced convection, and 

Non-linear constraints - inverse problems. 
As o f  the present it appears to the consortium that insufficient 

theory is available to permit forward modeling o f :  

1 1) Self potential 
2) Seismic attenuation 
3) GrgundQoise, and 
4) He /He ratios. 

RESERVOIR PARAMETER FROM MODEL OUTPUT 

The output from geothermal modeling should provide a means of 
predicting reservoir parameters such as: 

1 ) Temperature 
2)  Porosity 
3 )  Permeabi 1 i ty 

, 4) Pressure 
, 5) Geometry 
6) Nature of fluid, and 
7) Thermal conductivity. 

The output from models may provide valu 
physical respanses: 

1) pensity 
2) Seismic velocity 
3) Electrical resistivity 
4) Total magnetization 
5)  Bulk polarizability 
6) Expected earthquake locations, 

and recurrence relqtions. 

for the foll owing geo- 

s ize ,  focal mechanism 

Correlations between density, seismic velocity, electrical resistivity 
and porosity should be developed from models of proper scale and type. 
the correlations between seismic velocity, electrical resistivity and thermal 
conductivity should be refined. 

Likewise 



A cons iderab le  amount o f  work i s  needed on the  inverse  problems 
connected t o  whole modeling i npu t /ou tpu t  area. Use o f  mutual c o n s t r a i n t  
procedures may answer many o f  t he  inverse  problems. G 

b 
STAT1 STICAL MODEL I NG 

Pat te rn  r e c o g n i t i o n  and Bayesian s t a t i s t i c s  should be app l i ed  i n  
geothermal exp lo ra t i on .  

b 

1 

I 

Pat te rn  r e c o g n i t i o n  may f i n d  a p p l i c a t i o n  i n  the  search f o r  " b l i n d "  
geothermal systems. The assumption i s  made t h a t  a l l  geophysical outputs  
p r e v i o u s l y  discussed p e r t a i n  t o  t a r g e t s  w i t h  some sur face  exposure. 
Then one makes the  assumption t h a t  some b u t  n o t  a l l  o f  them w i l l  be 
associated w i t h  b l i n d  ta rge ts .  F i n a l l y  t he  assumption i s  made t h a t  those 
associated w i t h  b l i n d  t a r g e t s  on l y  w i l l  form a recognizable b u t  y e t  t o  be 
determined pa t te rn .  

The Bayesian approach s i f t s  o u t  a l l  ou tpu t  which i s  common t o  a l l  
f i e l d s  o r  models o f  a g iven subgroup and can there fore ,  a t  t h i s  p o i n t  
i n  t ime, be expected t o  appear i n  the  y e t  t o  be disqovered members o f  
t h i s  subgroup. 

RECOMMENDATIONS 

The ?ecommendations o f  t he  consort ium concerning DOE funded research 
i n  geothermal exp lo ra t i on ,  modeling and r e s e r v o i r  assessment a re  g iven 
i n  Table I and 11. 
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Recommended Task 

1. Determine the 
Petrophysical 
Pa rame ter s 
needed 

2. Characterizatioi 
of Physical 
Models 

3 .  Simplified 
Models 

4. Forward 
Model i ng 

5. Inversion 

TABLE I 

GE N ERAL RE COMME N DAT I ONS 

Desired. End Product 

The physical parameters and boundary 
conditions required for models along with 
an expected range of values. 

Simplified representation of actual 
components of existing geothermal systems 

. Petrophysical 
1. Rift system 
2. Subduction system 
3.  Extension system 
4. Buried pluton 

Forward modeling programs for the site 
specific models defined by Task 3 .  

Establish the inverse programs needed to 
go from geophysical observables to a 
real model o f  each site specific example 
or to a regional model. 

Group of geoscientists familiar with numerical modeling 
must establish the basic constraints required for geo- 
thermal modeling and ensure that data collection in 
Task 2 provides needed data. 

a. Site Specific 
On site data accumulation for 
surface and subsurface data. 
to establish required model 
for each site. 

a. Site Specific models for: 
1. Rift svstem 
2. Subduction system 
3 .  Extension system 
4. Buried pluton 

See Table I1 

b. Regional 
World-wide inventory of geo- 
thermal fields to establish 
simplest model consistant 
with constraints established 
in Task 1. 

b. Regional 
Take output from Task 2 
a and b apply to the Petro- 
physical models and arrive 
at one or more general models. 

See Table I1 
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Symbols used in Table I1 

Dens i ty P 
Thermal Conductivity Kcd Conductive 

NCV Convective 

Seismic Velocity VP 
\/6 

Total Magnetization J 

Seismic Dampening 9 

Temperature T 

Permea bi 1 i ty 4 

Porosity # 

Electrical Conductivity d 

Electrical Polarization P 

P 
Fluid Fr 

Pressure 



Fy 78 IMPLEMENTATION 

Research proposals should be s o l i c i t e d  and funded f o r  areas i n  
Table I 1  designated as A A 2 s ? 1 s  and ? i n  M a t r i x  A and B.  S i l i m a r l y  
research should be i n i t i i t e d  on the  i n d r s e  problems. 
be as fol lows: 

Funding should 
I 

M a t r i x  A 400K 

M a t r i x  B 400K 

M a t r i x  C & D 200K 
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FOREWORD 

This  r e p o r t  represents recommendations developed a t  t he  meeting o f  

t he  Consortium t o  Recommend Rock Proper t ies  Programs t o  the  Program Review 

Panel o f  t h e  D i v i s i o n  o f  Geothermal EnergylDepartment o f  Energy. The 

Consortium met on Wednesday, February 15, 1978 a t  Terra Tek i n  S a l t  Lake 

City, Utah. Those present a t  the  meeting inc luded D r .  A. F. Gangi, Texas 

A & M Univers i ty ;  M r .  Sidney J. Green, Terra Tek; M r .  Courtney I sse lha rd t ,  

Republic Geothermal; D r .  Ar fon H. Jones,, Terra Tek (Chairman); M r .  Steve 

Lipman, Union O i l  Company; D r .  Mark Mathews, Los Alamos S c i e n t i f i c  Labo- 

ra to ry ;  D r .  Gary Olhoef t ,  USGS; M r .  Jacob R u d i s i l l ,  Thermal Power Company; 

D r .  W i l l i am R. S i l l ,  U n i v e r s i t y  o f  Utah, and M r .  Terrance L. Simkin, 

Lawrence Berkeley Laboratory. The recommended programs and 1 eve1 o f  

funding o u t l i n e d  below represent the  consensus reached by t h e  group 

du r ing  the  meeting and subsequent comments received by telephone and 

mai l .  



INTRODUCTION 

Development of geothermal energy from exp lo ra t ion ,  r e s e r v o i r  assessment, 

r e s e r v o i r  conf i rmat ion t o  r e s e r v o i r  engineering requ i res  rock  p roper t i es .  

I n t e r p r e t a t i o n  o f  in fo rmat ion  obtained from geophysical measurements, as 

we l l  as w e l l  logg ing  too l s ,  requ i res  the  a v a i l a b i l i t y  of l abo ra to ry  mea- 

sured phys ica l  p roper t i es  obtained under simulated in situ condi t ions.  

Such data, i n  con junc t ion  w i t h  geophysic:al in format ion,  could prov ide 

essen t ia l  r e s e r v o i r  engineer ing parameters, namely, the  permeabi 1 i ty and 

a v a i l a b l e  p o r o s i t y  o f  t h e  rese rvo i r .  I n  add i t ion ,  l abo ra to ry  data cou ld  

be use fu l  f o r  the  design o f  and i n t e r p r e t i n g  ou tpu t  from t o o l s  designed t o  

moni tor  changes i n  r e s e r v o i r  p roper t i es  dur ing  production. 

a t  simulated in situ cond i t ions  a re  v i t a l  t o  designing geothermal s t i m u l a t i o n  

techniques and essent ia l  t o  p r e d i c t i n g  the  magnitude o f  t he  resource and any 

sur face subsidence t h a t  might  accompany development of t he  geothermal 

rese rvo i r .  

1 

Laboratory t e s t s  

Since the  cond i t ions  o f  labora tory  measurements must c l o s e l y  s imulate 

the  r e s e r v o i r  environment, parameters which should be considered independent 

var iab les  i n  re levan t  experiments i nc lude  a t  l e a s t  the overburden s t ress,  

con f in ing  pressure, pore pressure, r e s e r v o i r  f l u i d  chemistry, and tempera- 

tu re .  A t  present, labora tory  measurements of phys ica l  p roper t ies  a t  r e l e v a n t  

geothermal r e s e r v o i r  cond i t ions  are e i t h e r  sparse or nonexistent. No complete 

data se t  i n  which stresses, pore f l u i d  chemistry and temperature are va r ied  

i s  ava i lab le .  

Another shortcoming i s  t h e  l a c k  o f  simultaneous measurements o f  several 

phys ica l  p roper t i es  on the  same core. Cor re la t ions  based on simultaneous 

measurement o f  several p roper t i es  are essen t ia l  i f  in fo rmat ion  on the  
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permeabil i ty, po ros i t y  o r  s a l i n i t y  o f  a geothermal rese rvo i r  i s  t o  be 

i n f e r r e d  from sonic and r e s i s t i v i t y  toa ls .  

The Consortium was charged w i t h  recommending programs and budgets 

t o  support the DGE geothermal source evaluation, rese rvo i r  assessment, 

rese rvo i r  confirmation, reservo i r  engineering and environmental evalua- 

t i o n  programs. Considerations were given to :  

0 Def in ing rock propert ies needed i n  support o f  these elements. 

0 Def in ing e f f o r t s  needed t o  obta in  the required rock propert ies.  

0 Recommending t ime f o r  i n i t i a t i n g  the i d e n t i f i e d  programs. 

0 L i s t i n g  p r i o r i t i e s .  

0 Estimating the benef i ts  o f  the recommended work. 

The fo l l ow ing  b r i e f l y  sumnarizes the recommendations. 



T A B L E  I 

ROCK P R O P E R T I E S  FOR GEOTHERMAL E X P L O R A T I O N  

Rock Properties for Exploration Interpretation Priority 

Heat Flow Technique 
Thermal Conductivity 
Ef fecti ve Poros i ty 
Permeabi 1 i ty 

8 

Electrical Resistivity Techn 
b El ectri cal Conduc ti vi ty 

Density (Bulk and Grain) 
Streaming Potential Coeff 
Thermoel ec t ri c Po tent i a1 
Zeta Potential 

Magnetic Survey Technique 
Magnetic Suscepti bil i ty 
Density (Bulk and Grain) 
Curie Temperature 

Gravity Technique 
Density (Bulk and Grain) 

Seismic Technique 

que 

cient 

1 
1 
2 

1 

1 

Wave Velocities (V and Vs) 

Attenuation 
Density (Bulk) P 1 

1 
2 

Pa ramet e r s 
Stresses (Overburden Stress, Confining Pressure & Pore Pressure) 
Reservoir F1 uid 
Temperature 
Core Variabil i ty 
Electric Current Density 
Appl ied Current Frequency 

Limited to Electrical 
Conductivity Measurements 
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TABLE I 1  

ROCK PROPERTIES FOR GEOTHERMAL RESERVOIR ASSESSMENT 

Rock Properties 

Density (Bulk) 
Porosity 

Permea b i  1 i t y  
Res i s ti v i t y  

Neutron Absorption 
Electron Density 

1 Natural Radioact ivi ty  

Parameters 

P r i o r i t y  

1 
1 

1 
1 
1 
1 

1, 

Stresses (Overburden Stress, Confining Pressure & Pore Pressure) 
Reservoir F lu id  
Temperature 
Core V a r i a b i l i t y  
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TABLE I 1 1  

ROCK PROPERTIES FOR GEOTHERMAL RESERVOIR 
# CONFIRMATION,  RESERVOIR ENGINEERING AND ENVIRONMENTAL S T U D I E S  

Rock Proper t ies  

Densi ty  (Grain and Dry) 
E f f e c t i v e  Poros i t y  
Mineralogy (Thermal H i s t o r y )  
Permeab i l i t y  and Re la t i ve  Permeabi l i ty  (Matr ix /Fracture)  
E l a s t i c  Moduli ( i nc lud ing  apparent Poisson Ra t io )  
Spec i f i c  Heat 
Thermal Conduct i v i  ty  

Thermal Expansion 
Strength ( i n c l u d i n g  f r a c t u r e  & crush-up mode) 

Grain Size D i s t r i b u t i o n  
C a p i l l a r y  Pressure 
C o e f f i c i e n t  of S l i d i n g  F r i c t i o n  
Long Term Nonlinear St ress-Stra in  Relat ions 

Parameters 

P r i o r i t y  

1 
1 
1 
1 
1 
1 
1 

2 
2 

3 
3 
3 
3 

Stresses (Overburden Stress, Conf in ing Pressure & Pore Pressure) 
Reservoi r  F l u i d  
Temperature 
Core Var iab i  1 i ty 
Time 



A1 1 
ivai 1 ab le 

Cores 

$0.20 

T A B L E  I V  

RECOMMENDED ROCK PROPERTIES PROGRAMS 

LEVEL OF EFFORT (MILLION DOLLARS) 

P R O G R A M  N O T E S  
FY 8 0  FY 78  FY 79 FY 81  

1. Development o f  C a p a b i l i t i e s  
t o  Measure Rock Proper t ies 
a t  Simulated Geothermal 
Reservoi r  Environment and 
I n t e r p r e t  F i e l d  Data 
a )  New F a c i l i t i e s  f o r  

Handling Brines 
b)  Technique Developments 

f o r  Tempera tures i n  
Excess o f  250°C 

2. Measurement o f  Rock Pro- 
p e r t i e s  f o r  Case H is to ry  
Studies (12 s i t e s )  

$0.25 

$0.50 

$0.50 

$1.00 

50.50 

$1 .oo 

Funded through FY 81 only .  -_ 

$1 .oo 

$0.50 

$2.00 

a )  Funded through FY 81 only .  

b)  Data w i l l  be used by researchers 
t o  r e i n t e r p r e t  o r i g i n a l  geophy- 
s i c a l  exp lo ra t i on  data. 

a )  Funds t o  Obtain Cores $0.50 

$2.00 

-- 

$2.00 

c )  Laboratory data w i l l  be ava i l ab le  
t o  meet o the r  DGE program needs. 

b )  Measure Rock Proper t ies 
i n  Laboratory 

d )  Laboratory data w i l l  be ava i l ab le  
t o  a s s i s t  i n  developing geophy- 
s i c a l  l o g  too l s .  

3. Measurement o f  Rock Pro- 
p e r t i e s  f o r  New Geothermal 
Prospects 
a )  Funding Assistance 

f o r  Coring 

b)  Measure Rock Proper t ies 
i n  Laboratory 

(An t i c ipa ted  New High 
P r i o r i t y  Prospects) 

a)  This program should be continued 
t o  a s s i s t  geothermal development. 

b)  Laboratory data w i l l  be ava i l ab le  
f o r  independent geophysical i n t e r -  
p r e t a t i o n  by researchers and 
indust ry  developers. 

c )  Laboratory data w i l l  be ava i l ab le  
t o  meet o ther  DGE program needs. 

d)  Laboratory data ava i l ab le  t o  
c a l i b r a t e  new geophysical l og  too l s  

$0.50 

$0.50 

(5-8 1 

$0.50 

$1 .oo 

(5-8) 

$0.50 

$2.00 

( ? I  

4. Data U t i l i z a t i o n  
a )  Rock Proper t ies Data 

Ass im i la t i on  and 
Dissemination 

Model i ng 
b) D i r e c t  Rock Proper t ies 

$0.10 

$0.25 

$0.20 

$0.50 

- - 
$5.70 

$0.20 

$0.50 

$0.20 

$0.50 

$6.20 

This i s  a cont inu ing program t o  
a s s i s t  i n  geothermal development. 

TOTAL $6.20 $1.30 
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Program 

Elements 

Expl o r a t i o n  

Assessment 

Conf i rma t i on 

Reservoir 
Engineering 

Environmental 
Studies 

Subsidence 

Induced 
Seismic i ty  

Rein ject ion 

TABLE V 
DGE AND USGS REQUIREMENTS FOR ROCK PROPERTIES I N  

SUPPORT OF GEOTHERMAL ENERGY DEVELOPMENT 

D i v i s i o n  o f  Geothermal Energy 

D i r e c t  
Contracts 

X 

X 

X 

X 

X 

Univers i ty  o f  
Utah Research 

I n s t i t u t e  

X 

X 

X 

X 

Responsible Organization 

Lawrence 
Berkeley 

Laboratory 

X 

X 

X 

X 

X 

X 

Lawrence 
Livermore 

La bora t o r y  

X 

Los Alamos 
S c i e n t i f i c  
Laboratory 

X 

X 

X 

X 

Sandi a 
La bora t o r i  es 

~~ 

X 

X 

X 

u. s. 
Geological 

Survey 

X 

X 

X 

X 

X 



PROPOSED PROGRAMS 

Rock proper t ies required t o  i n t e r p r e t  data gathered dur ing explora- 

t i o n  and rese rvo i r  assessment and f o r  reservo i r  confirmation, f o r  reser- 

v o i r  engineering, and assessment o f  the environmental problems, are 1 i s t e d  

i n  Tables I through 111. 

are given p r i o r i t y  r a t i n g s  o f  1 through 3 i n  descending order of importance. 

P r i o r i t y  1 r a t i n g  ind icates t h a t  the mater ia l  property i s  required t o  per-  

form pre l iminary evaluat ion o f  the geothermal rese rvo i r  po ten t i a l .  

I n  pa r t i cu la r ,  laboratory  determined proper t ies 

For a 

de ta i l ed  rese rvo i r  evaluat ion ( inc lud ing the i n t e r p r e t a t i o n  o f  geophysical 

measurements and t o  p lan reservo i r  management) laboratory proper t ies del  i n -  

eated P r i o r i t i e s  2 and 3 are needed. 

I n  a l l  these tes ts  the condi t ions o f  the laboratory  measurement must 

c lose ly  simulate the reservo i r  environment; hence, parameters which should 

be considered independent var iables i n  re levant  experiments are also l i s t e d  

i n  each table. For the rese rvo i r  f lu ids,  

dens i ty 
wave v e l o c i t y  
v i s c o s i t y  
e l e c t r i c a l  conduct iv i ty  
chemical composition 

are considered the important character is t ics .  I n  addi t ion,  isotope age 

dat ing can provide estimates o f  rese rvo i r  recharge. 

I n  prov id ing laboratory propert ies the imp1 i c i  t assumption has been 

made t h a t  the laboratory measured propert ies co r re la te  w i t h  in s i t u  pro- 

per t ies.  

measurements must be made on several cores (a minimum o f  three) t o  obta in  

representat ive formation character is t ics .  

Since large rock masses are n a t u r a l l y  inhomogeneous, property 

Even under these condit ions, 



laboratory tests on both intact and fractured cores may only provide guid- 

ance to interpretation of the measured in situ properties. 

Four major rock properties program areas required for the development 

of geothermal energy were delineated. 

marized in Table IV. 

approach, and since more than one Federal Government Department is invol- 

ved, (i.e.¶ DOE and DOI), several groups have overlapping rock properties 

requirements in various aspects of geothermal energy development. 

responsibilities for different program elements are summarized in Table 

They are discussed below and sum- 

The Consortium noted that due to DGE's decentralized 

The 

V.  

properties programs to avoid duplication of funding. 

It was recommended that a concerted effort be made to coordinate rock 

1. Development of Capabilities to Measure Rock Properties and Interpret 

Field Data 

The group noted that different research specialists are presently 

working on different aspects of rock property measurements. 

government laboratories and private laboratories will be able to work on 

government sponsored geothermal programs It For industry geothermal develop- 

Universities, 

.merit, laboratory measured physical properties work will almost exclusively 

be done at private laboratories to assure proprietary handling of the data 

and to provide a fast response. The Consortium noted that only limited 

private laboratory capability presently is available for measuring rock 

properties at simulated geothermal reservoir environments; only one such 

facility has the needed equipment for simulating temperatures and stresses. 



With respec t  t o  rock  p roper t i es  needs labo ra to ry  techniques e x i s t  f o r  

measuring phys ica l  p roper t i es  t o  temperatures o f  about 200" t o  250°C.' New 

techniques a r e  requ i red  f o r  temperatures t o  350°C and poss ib l y  h igher .  I n  

add i t i on ,  f i e l d  techniques a re  requ i red  t o  sample r e s e r v o i r  f l u i d s  and then 

t o  recons t ruc t  and handle these f l u i d s  i n  the  labora tory .  

most i d e a l  cond i t ions ,  t he re  i s  always the  quest ion o f  how we l l  l abo ra to ry  

data represents  in situ proper t ies .  Continued research i s  requ i red  i n  t h i s  

area. 

Even under the  

The t o t a l  funding o f  $4.75M i s  recommended through FY81 f o r  t h i s  

program. 

2. Measurement of Rock Proper t ies  fo r  C a l i b r a t i o n  - o f  Exp lo ra t ion ,  Reservoi r  

Assessment, Reservoir  Conf i rmat ion and Reservoir  Engineer ing through 

Case H i  s t o r y  Studies 

One o f  the  grea tes t  chal lenges i n  geothermal exp lo ra t i on  i s  the d i s -  

covery o f  la rge ,  hidden, e x p l o i t a b l e  heat; r e s e r v o i r s  where thermal mani- 

f es ta t i ons  a t  the  surface are  n o t  obvious. 

d i r e c t e d  p r i m a r i l y  t o  areas of s u r f a c e  heat  leakage - such as thermal  

spr ings.  C a l i b r a t i o n  o f  geophysical techniques i n  zones of known geo- 

thermal i n t e r e s t  (Case H i s t o r y  Studies)  i s  an essen t ia l  stage t o  an 

acce le ra ted  geothermal devel opment program. Laboratory measured phys ica l  

p r o p e r t i e s  w i l l  be an i n t e g r a l  p a r t  o f  such s tud ies.  

To date, exp lo ra t i on  has been 

The Consortium considered t h a t  a minimum o f  twelve prospect Case H i s t o r y  

Studies should be performed. Prospects should be se lected on the  bases o f :  



0 A v a i l a b l e  e x p l o r a t i o n ,  r e s e r v o i r  assessment, r e s e r v o i r  
c o n f i r m a t i o n  and r e s e r v o i r  eng ineer ing  da ta  ( e i t h e r  
a government funded o r  a n o n - p r o p r i e t a r y  development). 

0 A v a i l a b l e  cores and access t o  r e s e r v o i r  f l u i d s .  

0 Reservo i r  i s  cons idered a cand ida te  f o r  g e n e r a t i n g  
e l e c t r i c i t y .  
g i v e n  l o v e r  p r i o r i t y .  

D i r e c t  heat  p rospec ts  a r e  t o  be 

P o s s i b l e  c a s e - h i s t o r y  p rospec ts  a r e :  

Geysers 
Heber 
Roosevel t 
N i  1 and 
East Mesa 
Brawl ey 
Baca 
R a f t  R i v e r  

Deser t  Peak 
Hawa i i 
LASL (Dry Rock) Fenton H i l l  
Geopressured Well  1 
Geopressured Well  2 
New Zealand 
Ph l i p p i n e s  

Table I V  l i s t s  t h e  f u n d i n g  l e v e l  r e q u i r e d  t o  generate a complete s u i t e  

o f  r o c k  p r o p e r t i e s  f o r  cores f rom the  r e s e r v o i r  and f rom t h e  o v e r l y i n g  forma- 

t i o n s  f o r  a t o t a l  of twe lve  prospects  over  a t h r e e  year  per iod .  Funding, 

averaging $50,000 p e r  prospect ,  should lie made a v a i l a b l e  f o r  o b t a i n i n g  cores.  

The program i s  a n t i c i p a t e d  t o  be complete by t h e  end o f  FY81. 

T h i s  program was g iven h i g h  p r i o r i t y  and f o r  lower  funding,  o n l y  the  

h i g h e r  p r i o r i t y  m a t e r i a l  p r o p e r t i e s  would be determined. 

3. Measurement o f  Rock P r o p e r t i e s  f o r  - E x p l o r a t i o n ,  Reservo i r  Assessment, 

Reservo i r  Conf i rmat ion,  Reservo i r  Engineer ing and Environmental S tud ies  

f o r  New Geothermal Prospects 

The Consort ium a n t i c i p a t e s  15 t o  20 prospects  w i l l  be eva lua ted  d u r i n g  

FY78. They cons ider  5 t o  8 h i g h  p r i o r i t y  prospects  a n n u a l l y  would be a 



more reasonable number t o  consider in the near term. As such, fundings 

were estimated on the basis of 5 to  8 high pr ior i ty  prospects annually. 

In! t i a l  ly ,  only material properties characterized as Pr ior i ty  1 i n  

Table I will be evaluated a t  these prospects. 

Pr ior i t ies  2 and 3 material properties will be required for  each reservoir. 

Funding level requested is  $2M annually. 

As the prospect i s  developed, 

Whereas the group was unanimous i n  the i r  opinion t h a t  some cores will 

be taken a t  new prospects, they strongly recommended government coring 

assistance averaging $50,000 per prospect t o  assure adequate cores t o  meet 

demands for  rock properties measurements. 

4. Data Util ization 

Rock property data determined th rough  the Case History Studies, and fo r  

new prospects, need to  be available and thoroughly documented. 

or  the use of a current geothermal energy center needs to  be established to  

assimilate and disseminate the d a t a  t o  the geothermal energy community. 

University, government and private researchers, and industry geothermal 

energy developers will need access to  the data i n  order t o  f i r s t  formulate 

mathematical models describing physical properties change w i t h  change i n  

A data center 

geothermal environment and to  eventually u t i l i ze  a l l  available d a t a  for 

reservoir evaluation. Continuous funding i s  recommended for  these two 

ac t iv i t i e s ;  an estiiiiated $200,000 per year for  the data center and a 

minimum of $500,000 per year for  d i rec t  rock properties modeling. 
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BENEFITS OF THE RECOMMENDED PROGRAMS 

I 

The Consortium de l ineated  d i r e c t  b e n e f i t s  t o  geothermal energy 

development f rom knowledge of rock p roper t i es .  These b e n e f i t s  n c l  uded : 

0 Reduce Development Costs; A r e a l  i s t i c  r e s e r v o i r  model 
based on measured rock p roper t i es  w i l l  r e s u l t  i n  
fewer conf i rmat ion wel ls .  
w e l l  minimum requ i red  fo r  r e s e r v o i r  con f i rma t ion  
may poss ib l y  be reduced by one-hal f  t o  s a t i s f a c t o r i l y  
p r e d i c t  r e s e r v o i r  l i f e  t o  p o t e n t i a l  u t i l i t y  customers. 

A t  present  s i x  t o  seven 

0 Reduce Lead Time t o  Commercial Product,ion; De ta i l ed  
rock  Proper t ies  w i l l  a l l o w  more r e a l i s t i c  r e s e r v o i r  
model ing: 
op t im iz ing  the  e x p l o i t a t i o n  o f  a geothermal resource 
can be evaluated w i t h  respect  t o  some s ta ted  c r i t e r i a ,  
e.g., maximum p r o f i t ,  maximum energy recovery, e tc . ,  
thereby acce le ra t i ng  development. 

With r e a l  i s t i c  models, procedures f o r  

0 Environmental Requirements; Rock p roper t i es  a re  necessary 
t o  evaluate the  p o t e n t i a l  o f  subsidence, u n s a t i s f a c t o r y  
induced se i sm ic i t y ,  and t o  assess r e i n j e c t i o n  on 
rese rvo i  r performance. 

- 

True c o s t  b e n e f i t  i n  terms o f  reduced d i r e c t  costs,  reduced lead t ime and 

c o n t r i b u t i o n s  t o  environmental requirements w i l l  be evaluated w i t h  inc reas ing  

experience i n  geothermal energy development. 

It i s  d i f f i c u l t  t o  assess the  i n d i r e c t  c o s t  b e n e f i t  o f  l abo ra to ry  

phys ica l  p roper t i es  on ( i  ) b e t t e r  i n t e r p r e t a t i o n  o f  geophysical measure- 

ments i n  the d iscovery o f  a large,  hidden, e x p l o i t a b l e  heat r e s e r v o i r  where 

thermal man i fes ta t ions  a t  the sur face are  n o t  obvious, and ( i i )  the de r i va -  

t i o n  o f  use fu l  empi r i ca l  c o r r e l a t i o n s  of rock  and f l u i d  p roper t i es  f o r  w e l l  

l o g  analyses. Nevertheless, rock p roper t i es  w i l l  be requ i red  t o  a i d  develop- 

ments i n  these areas. 



3 

APPEND1 X 



~ 

ROCK PROPERTIES CONSORTIUM 

Dr .  Anthony F. Gangi 
Department o f  Geophysics 
Texas A & M Un ive rs i t y  
College Station, Texas 77843 

M r .  Courtney I s s e l  h a d t  
Republ i c  Geothermal 
11823 East Slauson Avenue 
Santa Fe Springs, Cal i forn ia  96070 

O r .  Arfon H. Jones 
Terra Tek, Inc. 
420 Wakara Way 
S a l t  Lake City, Utah 84108 

Mr .  Steve Lipman 
Union O i l  Company 
D i s t r i c t  Engineer 
P. 0. Box 6854 
Santa Rosa, C a l i f o r n i a  95406 

Dr. Mark Mathews 
Los Alamos S c i e n t i f i c  Laboratory 
Geothermal Programs 
Geological Research Group 6-6 
Los Alamos, New Mexico 87545 

Dr.  Gary Olhoeft 
U.S.G.S. 
Post O f f i c e  Box 25046 
Mail  Stop 964 
Denver Colorado 80225 

Mr. Jacob M. R u d i s i l l  
Thermal Power Company 
601 Ca l i f o rn ia  St reet  
San Francisco, C a l i f o r n i a  94108 

Dr.  W i l l i a m  R. S i l l  
Research Professor 
Department of Geology and Geophysics 
Un ive rs i t y  o f  Utah 
708 Wi l l iam Browning Bui ld ing 
S a l t  Lake City, Utah 84112 

Mr .  Terrance L. Simkin 
Lawrence Berkeley Laboratory 
Un ive rs i t y  of C a l i f o r n i a  
Bui ld ing 90, T r a i l e r  B @ Berkeley, Ca l i f o rn ia  94720 

(71 3) 845-1 371 

(21 3) 945-3661 

(801 ) 582-2220 

(707) 542-9543 

(505) 667-4907 

(303) 234-5390 

(41 5) 981 -5700 

(801 ) 581 -7255 

(415) 843-2740 X 6217 



I 

4.7 Igneous Processes 

108 

A 



Preliminary Report of the Consortium on 
Igneous Processes and Geothermal Energy 

The contents o f  this report are based upon written and telephone 

communications between members o f  the consortium; a comprehensive 

of the whole consortium. document will be developed following a meeting 

Our initial findings are presented here in out ine. 

1.0 Introduction 

The primary objectives of igneous studies in the geothermal 

the classification, characterization, and evaluation of volcanic 

Field reconnaissance, mapping, age dating, and petrological stud 

embodied in U.S.G.S. Circular 726, are fundamental to a regional 

program are 

sys terns. 

es, as 

exploration 

program. More detailed studies of specific areas provide the geological 

foundation and rationale for local exploration and assessment studies by 

geophysical and geochemical methods. 

the study of certain aspects of igneous systems contributes to reservoir 

assessment in terms of estimating the magnitude of igneous systems, 

convective fluid flow around cooling plutons, and their thermal decay regime. 

In addition to its role in exploration, 

2.0 Exploration Objectives 

2.1 Regional exploration 

2.1.1 

on magnitude, age and petrology of young volcanic systems. 

Updating and expansion of U.S.G.S. Circu ar 726 data base 

a) 

the U.S. 

Reconnaissance evaluation o f  young volcanic areas of 
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b) 

systems (>  -40,000 years old). 

Potassium-argon age dating of silicic and maf c volcanic 

c) Thermal luminescence, fission-track, and archeo- 

magnetic dating of very young volcanic events. 

2.1.2 Geochemical studies to identify silicic igneous systems of 

significant magnitude and residence times in the upper crust. 

2.1.3 The delineation of patterns in regional tectonism which 

govern systematic distribution of volcanism in time as a guide 

to concealed heat sources; e.g., Basin and Range, Snake River 

Plain, Rio Grande Rift. 

2.2 Expl oration techno1 ogy 

2.2.1 

tionship between volcanism and geothermal resources; particularly 

to determine what, if any, systematic relationships exist among 

specific types of volcanic systems, hydrothermal systems and geo- 

thermal anomalies. Important criteria include 1) better specific 

guides for exploration, 2) an improved understanding of volcanic 

and geothermal processes, and 3) a more accurate conceptualization 

of magma chamber models. 

2.2.2 Case histories of established volcanic systems with proven 

or highly probable geothermal potential. 

Establish a more comprehensive understanding of the rela- 

3.0 Reservoir Assessment 

3.1 Magnitude of igneous systems. 

Igneous studies can contribute to reservoir assessment by estimating 

the size o f  individual igneous systems. Methods include: 
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a> 

b) Geochemical modeling. 

c >  

d) 

indicators of temperatures and pressures (depths) of present or 

past magma chambers. 

Geological control, particularly areal extent. 

Multiple data sets from petrology, age data and heat flow. 

Thermodynamics of magma systems, particularly mineralogical 

3 . 2  Thermal decay models for igneous systems depend upon igneous 

temperature data, fluid dynamic characteristics of magma bodies, and 

the effects of convective fluid flow around cooling plutons. 

4.0 Recommended areas for continued and future effort 

4.1 

of igneous systems as embodied in U.S.G.S. Circular 726. This is a 

primary initial exploration method which should be closely coupled with 

detailed regional water chemistry studies. 

4.2 Detailed studies of specific areas, - in conjunction with geophysical 

and geochemical studies, in order to develop thorough case studies. 

Silicic systems are of first priority, followed by mafic systems. 

Coordination with other research efforts is essential, with additional 

priority given to areas in which deep drilling is to take place. 

4 . 3  Continued and expanded study of the geochemistry o f  magmatic 

systems is needed, together with the development of accurate models 

for shallow crustal magma chambers. 

4.4 We need to develop a scientific rationale for establishing just 

how old a volcanic system can be and still represent a viable geothermal 

Continued expansion of data base on distribution, age and petrology 
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resource. 

the  d i r e c t  heat  program. 

Low temperature resources may c o n t r i b u t e  s i g n i f i c a n t l y  t o  

4.5 Examination of f o s s i l  geothermal systems i n  order t o  understand 

magma dynamics, thermal h i s t o r i e s ,  and convective f l u i d  flow regimes. 

These studies invo lve  p e t r o l o g i c  and i s o t o p i c  invest iga t ions .  



~ ~~~ ~~ ~ ~ ~ . . .  . -  . ~ - . .... - - - - -  

Tentat ive and Prel iminary Out1 i ne  o f  Proposed Igneous Processes Programs 

Program 

Broad Regional Studies 
(as  i n  C i r cu la r  726) 

Level o f  E f f o r t  ( M i l l i o n  Dol lars)  

Speci f i c S i  t e  Studies 

Geochemistry & Thermodynamics o f  Magma Systems 

Low Temperature Systems 

Foss i l  Geothermal Systems 
\ 

Data U t i 1  i za t i on :  
ass im i la t i on  & 
dissemination o f  igneous data 

TOTAL 

FY 79 

.25 

.60 

.15 

.20 

.32 

.05 

1.57 

FY 80 

.25 

.80 

.20 

.25 

.40 

.10 

2.00 

FY 81 

.15 

.90 

.22 

.30 

.50 

.10 

2.17 
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5.0 Program Review Panel 

So as t o  avo id  i n h i b i t i n g  f ree and open d iscuss ion,  no formal 

t r a n s c r i p t  was made a t  t h e  meeting of the  Program Review Panel on March 8, 

1978. 

p a r t i c i p a n t s .  

The f o l l o w i n g  notes, however, record  s a l i e n t  p o i n t s  made by the  

I n d u s t r i a l  Representative #1 

1) 

maps, a e r i a l  photographic bases, g r a v i t y  surveys, and aeromagnetic 

surveys are a l l  prime candidates f o r  funding. 

Regional work i n c l  ud i  ng heat f 1 ow measurements , topographic base 

2 )  DOE/DGE should ensure time1,y re lease of data from i t s  

Industry-Coupled and State-Coupled Programs. 

3 )  Many case h i s t o r i e s  should be d i s t r i b u t e d  a t  t h e  expense of 

DOE /DGE . 
4)  Funding o f  r e s e r v o i r  modeling should be ensured by DOE/DGE. 

5 )  Th is  i n d i v i d u a l  concurs w i t h  t h e  f i n d i n g s  o f  t h e  consor t ia .  

6) DOE/DGE should take leadersh ip  i n  reorgan iz ing  regu la t i ons  so t h a t  

i n s t i t u t i o n a l  b a r r i e r s  t o  dewel opment o f  geothermal energy a re  much 

reduced. 

I n d u s t r i a l  Representative #2 

1) 

techno1 ogy generated under the  [)OE/DGE program shoul d be assured. 

The operat ion o f  a cen t ra l  c l e a r i n g  house f o r  a l l  data and 



2) Regional studies i n  support of detecting areas i n  which convective 

hydrothermal systems might  be 1 ocated are very important.  

3 )  

subsurface da ta  i s  essential t o  progress by industry. 

Modeling of geothermal reservoirs on the basis of surface and 

4) Our company, while so far involved only in electric power 

generation from geothermal resources, i s  seeking opportunities t o  

enter the di rect  heat appl i a t i  oins f i el d. 

Industrial ReDresentative #3 

1) 

Geothermal contractor's and geothermal exploration companies are n o t  

equipped t o  perform the research required t o  back up geothermal 

exploration. 

this void .  

The efforts of DOE/DGE are now complementary t o  those of industry. 

Hence, DOE/DGE research i n  exploration techno1 ogy f i 11 s 

2)  

research, yet everything suggested i s required. 

I am overwhelmed by the dolllars required t o  perform the required 

3 )  

concerned a b o u t  means for establishing reservoir longevity. For this 

reason I would strongly support research on reservoir modeling. 

I am concerned with selling electric power and hence am very 

4 )  The regional thermal drilling program i s  t o  be endorsed as a h i g h  

priority i tern for D O E D G E  support. 

5) 

domai n . 
Case studies of drilled prospects must be placed i n  the p u b l i c  



6 The DOE/DGE i ndustry-coup1 ed program i s v i  ab1 e. 

7 )  

i tems. 

I am concerned about t h e  over lap  .in o rgan iza t i ons  researching some 

8)  Non-e lec t r i c  a p p l i c a t i o n s  of geothermal energy u l t i m a t e l y  may be 

more impor tan t  than e l e c t r i c  appl icat ’ ions.  

I n d u s t r i a l  ReDresentative #4 

1) The i n d u s t r y  needs DOE/DGE funded demonstration p lan ts .  

2)  

s e r i o u s l y  r e s t r i c t e d  by regu la to ry  problems imposed by the  

Conservat ion D i  v i  s i  on o f  the  USGS. 

Flow t e s t s  o f  p o t e n t i a l l y  p roduc t ive  geothermal w e l l s  are 

3 )  Regional geolog ic  maps, reg iona l  MT surveys, and reg iona l  heat  

f l o w  surveys should be funded. 

4)  

wor l  d shoul d be d i s t r i b u t e d .  

Case h i s t o r i e s  of the  a p p l i c a t i o n  o f  e l e c t r i c a l  methods over the  

5) The water/rock i n t e r a c t i o n  !studies need a d d i t i o n a l  funding. 

6 )  

improvement be fore  they w i l l  be o f  much he lp  t o  i ndus t r y .  

The c u r r e n t l y  ava i  1 ab1 e e l e c t r i c a l  methods r e q u i r e  s i g n i f i c a n t  

7 )  R e f l e c t i o n  and pass ive seismic methods r e q u i r e  more emphasis. 

8 )  More data needs t o  be c o l l e c t e d  which w i l l  bear on system 

modeling, however t h e  budget presented by t h e  modeling consort ium i s  



too  la rge .  

9)  

rocks  i s  a good i t e m  f o r  support. 

10) 

more b a s i n  and range s i t e s .  

11) 

o f  heat  pumps. 

The study o f  thermal decay t imes and temperatures i n  vo l can ic  

The s tudy o f  rock p r o p e r t i e s  i s  endorsed prov ided i t  encompasses 

The east -coast  non -e lec t r i c  program should s t ress  the  a p p l i c a t i o n  

1 2 )  

requ i red  i n d u s t r y  ( p l a n t  operators) .  

insurance would serve the  same purpose. 

The loan  guarantee program i s  essen t ia l  t o  b u i l d i n g  a new t i e r  o f  

However, rese rvo i  r 1 ongevi ty  

I n d u s t r i a l  Representat ive #5  

1) 

c o n s o r t i a  i s  t o o  long. 

The t ime frame f o r  accomplishment o f  the  recommendations o f  t he  

2) I n d u s t r y  needs d 

e x p l o r a t i o n  underway 

3 )  The expendi tures 

too  f a r  i n  the  s h o r t  

s t r i b u t i o n  o f  cas8e s tud ies  o f  i n d u s t r i a l  

c u r r e n t l y  . 
o v e r a l l ,  recommended by the  consor t i a  a re  spread 

term. 

4 )  

recommendations t o  an NSF program. 

The c o l l e c t i o n  o f  conso r t i a  repo r t s  look too  much l i k e  

5) Trans fer  o f  technology t o  i n d u s t r y  f rom DOE/DGE programs i s  of 

utmost importance. 



6) T h e  national laboratories and the special ly  funded academic 

centers should be i n  consort w i t h  industry i n  providing case history 

documentation. 

7 )  Only a limited number of top pr ior i ty  research and exploration 

items should be funded by DOE/DGE. 

8) Potential users should be involved a t  the e a r l i e s t  possible moment 

i n  any DOE/DGE funded program of equipment design and manufacture. 

9) Use the national laboratories,  the national operations of f ices ,  

and their prime subcontractors i n  a )  d i r ec t  solution of industry 's  

problems, b )  service t o  industry, c )  extra e f f o r t s  associated required 

when unusual d r i  11 i ng problems a r i  se. 

10) 

supported by DOE/DGE 

Speci a1 t y  1 aboratori es exhi b i  t i  ng u n i  que capabi 1 i t ies s h o u l d  be 

Industrial ReDresentati ve #6 

1) 

t e r r ib ly  worthwhile t o  industry and the to ta l  program i s  endorsed. 

Everything presented by the consortia chairmen and others i s  

2) 

resources nor what tools  t o  use i n  the search. 

Industry does not currently know how t o  look fo r  geothermal 

3 )  There i s  a d i f f i c u l t  management program fo r  DOE/DGE and i t s  

contractors i n  eliminating overlap and ensuring data integration. The 

interest here i s  not so much i n  cost  reduction b u t  i n  maximizing 

efficiency . 
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4 )  The help that  i s  to be provided t o  individuals, states, 

corporations, etc .  by DOE/DGE and i t s  contractors shoul d be very 

carefully weighed so that  industry's prime job o f  detecting and 

del i neati ng geothermal resources i s preserved. 
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6.1 I n s t i t u t i o n a l  Problems 
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Cost-Benef i t Analysi  s 

The major problem i n  p l a c i n g  a geothermal e l z c t r i c a l  generat ing 

p l a n t  on-stream c u r r e n t l y  i s  t h e  t ime and money spent on i n s t i t u t i o n a l  

problems, e s p e c i a l l y  complying w i t h  the  p o o r l y  coord ina ted  regu la t i ons  o f  t he  

DOE, t h e  EPA, the  USGS, t h e  BLM, t h e  F o r e s t  Serv ice,  and miscel laneous s t a t e  

and l o c a l  agencies. 

coo rd ina t i on  o f  a c t i v i t i e s  by  D O E ,  then t h e  f o l l o w i n g  d iscuss ion  of  

techno1 og ica l  problems i s  o f  paramount importance. 

Given t h a t  these problems can be minimized by e a r l y  

6.2 Techno1 ogi  c a l  Probl  ems 

As I n d u s t r i a l  Representat ive #6 notes, " Indus t r y  does n o t  c u r r e n t l y  

know how t o  l ook  f o r  geothermal resources nor  what t o o l s  t o  use i n  the  

search". Th is  comment was d i r e c t e d  toward the p o t e n t i a l  resources e x h i b i t i n g  

sur face mani festat ions.  When i t  comes t o  d e t e c t  and d e l i n e a t e  t o t a l l y  hidden 

geothermal resources then, obv ious ly ,  we are  i n  even worse shape. 

Table 6, developed w i t h  t h e  ass is tance o f  Bob Gre ider  o f  I n t e r n a t i o n a l  

Energy Corporat ion,  shows a breakdown o f  cos ts  associated w i t h  p rov ing  the  

ex is tence o f  a f i e l d  capable of 200 MWe power product ion.  Geoscience 

e x p l o r a t i o n  cos ts  t o t a l  $6.34M w h i l e  d r i l l i n g  cos ts  t o t a l  $9.63 M t o  prove the  

ex is tence o f  a rese rvo i r .  

f i e l d  and i n s t a l l i n g  the phys ica l  p l a n t .  The geoscience and d r i l l i n g  

e x p l o r a t i o n  cos ts  t o t a l  $16.OM. I n  develop ing t h e  f i e l d  50 w e l l s  a r e  t o  be 

d r i l l e d  w i t h  the h i s t o r i c a l  expec ta t ion  t h a t  one i n  f i v e  w i l l  be dry. Thus 

t e n  w e l l s  a t  a c o s t  o f  $7.5M w i l l  be wasted o r  conver ted t o  r e i n j e c t i o n  we l ls .  

I f  wasted, the  t o t a l  cos ts  o f  i tems which migh t  be reduced by improved and 

Table 7 l i s t s  t h e  c a p i t a l  cos ts  o f  develop ing t h e  
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less expensive exploration technology is  $23.5M or  a maximum of 12% of the 

capi ta l  cos t s  of the u n i t .  Optimistically,  one would hope t o  recover about 

half of this $23.5M by improvements i n  exploration technology. 

cos t s  a r e  cor rec t  then they represent $966 per KW. 

range $400 t o  $700 per KW i s  more l ikely.  

say $550 per K W ,  then cos t s  which might be reduced by improved and l e s s  

expensive technology become 21% of capi ta l  costs .  

j u s t i f i c a t i o n  f o r  improving exploration technology. A s  we proceed from 

prospects w i t h  surface manifestations t o  t o t a l l y  hidden prospects, the 

percentage of exploration cos t s  re1 a t i v e  t o  capi ta l  cos t s  will  rise rapidly. 

I f  the capi ta l  

Greider advises t h a t  the 

Hence i f  we reduce capi ta l  cos ts  t o  

Hence there i s  a good cos t  

The cos t  of time delays occasioned by in fe r io r  exploration technology has 

not been considered above b u t  i t  i s  a f ac to r  w h i c h  warrants ser ious 

consideration. 

Final ly ,  i f  one s t o  r a i se  $193M capi ta l  cos ts  for  a 200 MWe f a c i l i t y ,  

then some assurance of reservoir  longevity must be provided. I t  i s  here t h a t  

the recommendations contained i n  this report  can have a very s ign i f i can t  

impact. 

can we ever hope t o  estimate the longevity of a reservoir .  

Only v i  a exploration techno1 ogy coup1 e d  w i t h  reservoi r engineering 

6.3 Regional industr ia l  st imulation -- st rategy 

If  industry i s  t o  meet the DOE/DGE goals of Table 1 ,  i t  requires 

stimulation. A very cost-effect ive means f o r  accomplishing this i s  t o  develop 

a regional implementation plan providing su f f i c i en t  incentives for  industry t o  

reach programmatic goals. T h i s  mission-oriented s t ra tegy i s  effected through 

close cooperation w i t h  s t a t e  and local governments, municipal au tho r i t i e s  and 



environmental and other publ i c  i nte res t  groups, i n  i d e n t i f y i n g  appropriate 

Federal i n i t i a t i v e s  t h a t  would most e f fec t i ve l y  s t imulate a geothermal 

indust ry  , whi 1 e promoti ng publ i c acceptance of i t s  devel opment . 
The above comments are intended t o  provide program managers w i t h  an i npu t  

for  program recommendations bu t  a lso they are intended t o  provide the M i t r e  

Corporation w i t h  a basis f o r  in-depth cost  bene f i t  analyses of  the program 

areas. 



TABLE 6 

Sta t i  s t i  c a l  Investment 

Exp lo ra t i on  Ob jec t ive :  200 MW f i e l d  

Geology & Geophysics: 64 areas ($50,000) = 

A d d i t i o n a l  Geophy: 32 areas ($15,000) = 
- Temperature holes : 24 areas ($40,000) - 

Land A c q u i s i t i o n :  7500 acres x 29 areas 
@ 7.OO/acre - - 

$cost  

3 , 200,000 

480 , 000 

960 , 000 

4 , 640 000 

1,523,000 

7500 acres x 3 areas 
(3 70.00/acre - 1,575,000 

3 , 098 000 

- 

D e t a i l e d  Geology, Geochemistry, 

D r i l l i n g  & Tes t i ng  5000' Depth 

- Geophysics 16 areas (3 $75,000.00 - 

- 12 F a i l u r e s  ($365,000) - 
3 F a i l u r e s  w/casing run  (3 ($750,000) 

1 Discovery Plus 3 Conf i rmat ion  

= 

- @ ($750,000) - 

Tes t ing  t o  E s t a b l i s h  

F a u l t  P a t t e r n  D e f i n i t i o n  
High Reso lu t ion  Seismic 

Iso tope Studies 

Model i ng 
Environmental Studies and Associated Costs = 

1 , zoo , 000 

4,380,000 

2 , 250,000 

3,000 , 000 
10,830,000 

540 , 000 

500,000 

300 , 000 

$ 5,680,000 

10,830 , 000 

3 , 098,000 

TOTAL EXPLORATION GEOSCIENCE COSTS 

TOTAL EXPLORATION DRILLING COSTS 

LAND ACQUIS IT ION COSTS 

ENVIRONMENTAL COSTS 300 , 000 

$1 9,908,000 .- TOTAL COSTS TO PROVE FIELD EXISTENCE .- 



t 

n 

TABLE 7 

CAPITAL COST ESTIMATE 

Hot Water Flash 200 MW P lan t  

Steam Product ion 

Wells 50 @ $0.75 M 

Surface Gathering, Co l l ec to rs ,  Separators, 
Tes t ing  $10M 

Generating P l a n t  

Turbines, Condensors, E jec to rs  

Bu i ld ings ,  Water Treatment ($25M/50MWe) 

Substat ions and Transmission L ines 

To ta l  D i r e c t  Investment 

Contingency and Working Cap i ta l  Costs (15%) 

Exp lo ra t i on  Costs (From Table 6) 

To ta l  Costs 

Cap i ta l  Cost $966/Kw 

Cap i ta l  Investment 

47,500,000 

100 , 000,000 

5 , 000 , 000 

152,500,000 

21 , 375,000 

19 , 368 , 000 

$193,243,000 



APPENDIX I - 

DOE/DGE CONSORTIA PARTICIPANTS 
(*Chairman) 

E l e c t r i c a l  Methods 

F. X .  Bost ick ,  Jr.  A. J. Fars tad  
E l e c t r i c a l  Geophysics Research Lab Westinghouse GeoResearch 
The U n i v e r s i t y  of Texas, Aus t in  5441 Western Ave. 
Aus t in ,  TX 78712 Boulder, CO 80301 
(512) 471-1174 (303) 443-7961 

F. C. F r ischknecht  
U .S. Geol og i ca l  Survey 
Box 25046 
Denver Federal Center 
Denver, CO 80225 
(303) 234-2588 

G. V.  K e l l e r  
Department o f  Geophysics 
Colorado School o f  Mines 
Golden, CO 80401 
(303) 279-0300 ~ 4 7 6  

Alan 0. Ram0 
Sunoco Energy Development Co. 
12700 Park Centra l  P1. 
Su i te  1500, Box 9 
Da l las ,  TX 75251 

W .  D. Stanley 
U.S. Geological  Survey 
B u i l d i n g  85 
Denver Federal  Center 
Denver, CO 80225 

(214 ) 233-2600 

Thermal Methods 

*David D. B lackwel l  
Southern Method is t  Uni v e r s i  ty 

. 

Department o f  Geological  Sciences 
Da l l as ,  TX 75275 
(214 ) 692-2745 

R ichard  F. Dondanv i l le  
Union O i l  Company 
2099 Range Avenue 
Santa Rosa, CA 95406 

Norman H a r t h i l l  
Execut ive Vice Pres ident  
Group Seven, Inc.  
1301 Arapahoe St . ,  Su i te  300 
Golden, C O  80401 
(303) 278-0622 

H. F. Morr ison 
Dept. o f  Engi nee r i  ng Geoscience 
Hearst  Min ing  Bui  1 d ing  
Uni v e r s i  t y  o f  Cal i f o r n i  a 
Berkeley,  CA 94720 
(415 ) 642-3804 

Id. R. S i l l  
Dept. o f  Geology & Geophysics 
:708 Wm Browning B ldg  
Univ. o f  Utah 
S a l t  Lake City, UT 84112 

*C. M. S w i f t ,  J r .  
Chevron O i l  Co.-Minerals S t a f f  
P.O. Box 3722 
San Francisco,  CA 94119 

(801) 581-7255 

(415 ) 894-4037 

David S .  Chapman 
Dept. o f  Geology & Geophysics 
505 Wm Browning B ldg  
Univ. o f  Utah 
S a l t  Lake City, UT 84112 
(801 ) 581-6820 

Ar thu r  H. Lachenbruch 
U .S. Geol og i  ca l  Survey 
345 M i  ddl  e f  i e l  d Road 
Menlo Park, CA 94025 
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Thermal Methods ( con t  1. 

A r thu r  Lange 
Amax Exp lo ra t i on ,  Inc.  
257 A lp ine  Ave. 
Golden, CO 80401 
(303) 433-6151 

I 

Chandler Swanburg 
New Mexico S ta te  U n i v e r s i t y  
P.O. Box 4408 
U n i v e r s i t y  Park D r .  
Las Cruces, NM 88003 

Model ing 

Bimal Bhattacharyya 
U .S.G.S. 
Denver Federal  Center 
Denver, C O  80225 
( 303 ) 234-5527 

James Combs 
Geothermal Services,  Inc.  
10072 Wi l low Creek Rd. 
San Diego, CA 92131 
(714) 566-4520 

Gerald Hohmann 
[Iept. o f  Geology & Geophysics 
613 Wm Browning B ldg  
l ln iv .  o f  Utah 
S a l t  Lake City, UT 84112 
(801) 581-7750 

Rober t  McEuen J i m  Mercer 
Woodward Clyde Consul tants  Nat ional  Center 431 
Three Embarcadero Center, Su i te  700 R,eston, VA 22092 
San Francisco,  CA 94111 ( 703) 860-6892 
(415) 956-7070 

Roger Phi 11 i p s  
J e t  Propu ls ion  Laboratory  
4800 Oak Grove Dr i ve  
Pasadena, C A  91103 
(213) 354-4973 

*Dean P i  1 k i  ngton 
Amax Exp lo ra t i on  Inc. 
4704 Har lan 
Denver, CO 80212 
(303) 433-6151 

John Savino Wi l l i am S i l l  
Systems, Science and Software, Inc.  Dept. o f  Geology & Geophysics 
P.O. Box 1620 
LaJo l la ,  CA 92038 Univ. o f  Utah 
( 714) 453-0060 S a l t  Lake City, UT 84112 

708 Wm Browning Bldg 

(801) 581-7255 

Roger Wall 
Geothermal Resources D i v i s i o n  
Aminoi l  USA, Inc .  
1250 Coddi ngtown Center 
Santa Rosa, CA 95401 
(707 ) 527-5332 



Rock Proper t i es  

Anthony F. Gangi 
Department of Geophysics 
Texas A & M U n i v e r s i t y  
Col lege S ta t i on ,  TX 77843 
(713) 846-1371 

*Arfon Jones 
Terra Tek, Inc.  
420 Wakara Way 
S a l t  Lake City, UT 84108 
(801 ) 582-2220 

Mark Matthews 
Los Alamos S c i e n t i f i c  Labaratory 
Geothermal Programs 
Geological Research Group 6-6 
Los Alamos, NM 87545 
(505 ) 667-4907 

Jacob M. R u d i s i l l  
Thermal Power Company 
601 C a l  i f o r n i  a S t r e e t  
San Francisco, CA 94108 
(415) 981-5700 

Terrance L. Simkin 
Lawrence Berkeley Laboratory  
U n i v e r s i t y  o f  Cal i f o r n i  a 
B u i l d i n g  90, T r a i l e r  B 
Berkeley, C A  94720 
(415 ) 843-2740 ~ 6 2 1 7  

Sei smic Methods 

David B u t l e r  
Micro Geophysics Inc .  
P.O. Box 1106 
Golden, CO 80401 
(303 ) 279-0226 

H. M. I y e r  
U .S. Geological Survey 
345 M i d d l e f i e l d  Rd. 
Menlo Park, CA 94025 
(415) 323-8111 

Courtney I ssel h a r d t  
Republic Geothermal 
11823 E. Slauson Ave. 
Santa Fe Springs, C A  96070 
(213) 945-3661 

Steve Lipman 
Union O i l  Company 
D i  s t r i c t  Engi neer 
P.O. Box 6854 
Santa Rosa, C A  95406 
( 707 ) 542-9543 

Gary O lhoef t  
U.S.G.S 
P.O. Box 25046 
Mai l  Stop 964 
Denver, CO 8025 
(303) 234-5390 

Wi l l i am R. S i l l  
Dept. o f  Geology & Geophysics 
708 Wm Browning Bldg 
U n i v e r s i t y  o f  Utah 
S a l t  Lake City, UT 84112 
(801) 581-7255 

Ted Cherry 
Systems, Science and Software, Inc. 
P.O. Box 1620 
LaJo l la ,  CA 92038 
(714) 453-0060 

Stan Las ter  
Dept. o f  Geology & Geohysics 
U n i v e r s i t y  o f  Tulsa 
600 College Ave. 
Tulsa, OK 74102 
(918) 939-6351 
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Seismic Methods (cont. 1 

Robert Smith 
Dept. o f  Geology & Geophysics 
U n i v e r s i t y  o f  Utah 
S a l t  Lake City, UT 84112 
(801 ) 581-7129 

Water/Rock I n t e r a c t i o n  

R. W. Bamford 
Ear th  Science Lab 
391 Chipeta Way, Su i te  A 
S a l t  Lake City, UT 84108 
(801) 581-6783 

W. A. E lders  
Uni v e r s i  ty  o f  Cal i f o r n i  a 
Dept. o f  Ear th  Sciences 
Rivers ide,  CA 92502 
(714) 787-3439 

*L. J .  P. M u f f l e r  
U.S. Geological Survey 
345 M i d d l e f i e l d  Rd. 
Menlo Park, CA 94025 
(415) 323-8111 ~2398 

A. H. Truesdel l  
U . S . Geol og i  c a l  Survey 
345 M i d d l e f i e l d  Rd. 
Menlo Park, CA 94025 
(415) 323-8111 ~2164 

Young Volcanic Rocks 

Robert Smith 
U.S. Geological Survey 
12201 Sunrise Val ley D r .  
Reston, VA 22092 

W i l l  iam Laugh1 i n  
Los Alamos S c i e n t i f i c  Laboratory 
P.O. Box 1663 
Los Alamos, NM 87545 

Glenn I z e t t  
U.S. Geological Survey 
Federal Center 
Denver, CO 80225 

Ronal d Ward 
Center f o r  Energy Studies 
Un ive rs i t y  o f  Texas a t  Da l las  
P.O. Box 688 
Richardson, TX 75080 
r: 214 ) 690-2445 

J .  R. Bowman 
Dept. o f  Geology & Geophysics 
513 Wm Browning Bldg 
U n i v e r s i t y  o f  Utah 
S a l t  Lake City, UT 84112 

C. R. N icho ls  
DOE 
D i  v i  s i on  o f  Geothermal Energy 
3rd  F l o o r  
20 Massachusetts Ave., N.W. 
Washington , DC 20545 
E202 ) 376-4914 

K. B. P o t t e r  
U .S . Geol og i  c a l  Survey 
345 M i d d l e f i e d  Rd. 
Menlo Park, CA 94025 

P. M. Wright 
Ear th  Science Lab 
391 Chipeta Way, S u i t e  A 
S a l t  Lake City, UT 84112 
(801 ) 581-6559 

Wol f gang E l  s ton 
Department o f  Geology 
Un ive rs i t y  o f  New Mexico 
A1 buquerque, NM 87131 

Dona1 d Turner 
Department o f  Geology 
Un ive rs i t y  o f  A1 aska 
College, AK 99701 

*Wi l l iam P. Nash 
Ilept. o f  Geology and Geophysics 
506 Wm Browning Bldg. 
S a l t  Lake City, UT 84112 
(801 ) 581-6601 
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J. H. Hafenbrack 
Exxon Co. USA 
P.O. Box 120 
Denver, CO 80201 

R. E. Plumb 
Mobil O i l  Corporat ion 
P.O. Box 5444 
Denver, CO 80217 

Paul V. Storm 
Cal i f o r n i  a Energy Company, Inc. 
Wells Fargo Bldg., Su i te  300 
P.O. Box 3909 
Santa Rosa, CA 95402 

Char1 es McCabe 
Magma Power Co. 
631 So. Witmer S t .  
Los Angeles, C A  90017 

Care1 O t t e  
Pres ident  o f  Geothermal D i v i s i o n  
Union O i l  Company 
P.O. Box 7600 
Los Angeles, C A  90051 

Wayne Shaw 
Get ty  O i l  Company 
P.O. Box 5237 
Bakersf i e l  d , C A  93308 

F. Dale Corman, Pres ident  
0 '  Br ien  Resources , Inc. 
49 Toussin Avenue 
K e n t f i e l d ,  CA 94904 

Claude B. Jenk ins 
Manager, Geothermal Resources Div. 
Aminoil USA, I nc .  
1250 Coddi ngtown Center 
Santa Rosa, C A  95401 

Guy W. Leach, Geo log is t  
O i l  Development Company o f  Texas 
Box 12053, American National Bank Bldg. 
Amar i l lo ,  TX 79101 

Gregory L. Simay 
City o f  Burbank - Pub l i c  Serv ice Dept. 
164 West Magnolia Blvd. 
Burbank, CA 91503 

J. B. Syptak 
Anadarko Product ion Co. 
P.O. Box 1330 
Houston, TX 77001 

Wi l l i am Dolan 
Ch ie f  Geophysicist 
Amax Exp lora t ion  Inc. 
4704 Har lan S t r e e t  
Denver, CO 80212 

C. W. Rerge, Manager 
Geothermal Operations 
P h i l l i p s  Petroleum Company 
P.O. Box 752 
Del Mar, CA 92014 

W. L. D ' O l i e r  
Vice Pres ident  
Geothermal Operations 
Thermal Power Company 
601 C a l i f o r n i a  S t r e e t  
San Francisco, C A  94108 

David B u t l e r  
Micro Geophysics Corporat ion 
Box 1106 
Golden, CO 80401 

Frank G. Metcal f e ,  Pres ident  
Geothermal Power Corporat ion 
11.27 Grant Ave., Su i te  6 
P.O. Box 1186 
Novato, C A  94947 



Robert  W .  Rex, P r e s i d e n t  
Republic Geothermal, Inc.  
11823 E. Slauson Ave., S u i t e  1 
Santa  Fe Spr ings ,  C A  90670 

C. M. Bonar 
Director, Geothermal Projects 
A t l a n t i c  R i c h f i e l d  Co. 
P.O. Box 2819 
Da l l a s ,  TX 75202 

Ronald Barr 
Earth Power Corpora t ion  
P.O. Box 1566 
Tu l sa ,  OK 74101 

David J. Atkinson 
Hydrosearch, Inc.  
333 F l i n t  S t r e e t  
Reno, NV 89501 

Val A. Finlayson 
Research Engineer 
Utah Power and L igh t  Company 
1407 West Nor th  Temple 
S a l t  Lake C i t y ,  UT 84110 

Mike 0 ' Donne1 1 
Geothermal Kinetics, Inc. 
301 W .  Indian School Road 
Phoenix, A Z  85013 

Bob Gre ider ,  V .  P. Explorat ion 
I n t e r c o n t i n e n t a l  Energy Corp. 
P.O. Box 17529 
Denver, CO 80217 

Sam Arentz, J r . ,  P r e s i d e n t  
Steam Corporat i  on of  America 
1720 Benef ic ia l  L i f e  Tower 
S a l t  Lake C i t y ,  UT 84111 

G1 en Campbell 
Geothermal Superv isor  
Gulf Min .  Resource Company 
1720 South Bell  Aire S t .  
Denver, CO 80222 

Mil ton  Fisher 
American Geol og ica l  Enterpri ses 
295 Madison Avenue 
New York C i t y ,  NY 10017 
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THE 
UNIVE17SITV 
OF U-TAt-i 

January 24,  1978 

DEPARTMENT OF GEOLOGY 
AND GEOPHYSICS 

COLLEGL OF MINES 4ND 
MINERAL INDUSTRIES 
717 MINERAL SCIENCE ELDG 
SALT LAKE CITY. UTAh 84112 

David N .  Anderson 
Executive Di rec to r  
Geothermal Resources Council 
P . O .  Box 1033 
Davis, CA 95616 

Dear Dave, 

Thank you f o r  your l e t t e r  of January 19, 1978. Your not ion on t r a n s f e r  
of ownership i s  a f a s c i n a t i n g  concept .  
you have t ime,  so t h a t  we might s ee  hc,,v i t  r e l a t e s  t o  o u r  program. 

I would ask you t o  expand on i t ,  a s  

I t  i s  my o p i n i o n  t h a t  the d i r e c t  hea t  a p p l i c a t i o n s  may well exceed 
e l e c t r i c  power gene ra t ion  i n  terms o f  energy c o n t r i b u t e d .  

Utah Power arid Light  has  a 12000 f o o t  well a t  Bery l ,  Utah which produces 
1000 gpm from 7000 f e e t  a t  300°F. 
f o r  d i r e c t  hea t  a p p l i c a t i o n s .  
f a r  a s  I can determine.  

' T h a t  u t i l i t y  i s  keeping t h e  well i n  r e se rve  
No t r a n s f e r  of ownership i s  contemplated a s  

Kindest regards  , 

I 

S t an ley  H. Ward 
Chairman . 

cw 

cc :  Jack Sa l i sbu ry  
Larry Ball  
(wi t h  copy of  
Anderson 1 e t t e r )  
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January 19, 1978 

Stanley H. Ward 
The Universi ty  o Utah 
College of Mines and Mineral Indus t r i e s  
Department of Geology and Geophysics 
717 hlineral Science Building 
S a l t  Lake City,  Utah 84112 

Dear Stan: 

I have j u s t  f i n i shed  reviewing the  second i t e r a t i o n  of  t h e  DOE r e se rvo i r  
eva lua t ion  and conservation program which you sen t  t o  me on December 5, 1977. 
I'am so r ry  about t h e  delay and I hope t h i s  response i s  not  too  la te .  

Other than providing geothermal energy with t a x  t reatment  equal t o  t h a t  enjoy- 
ed by o the r  sources of energy and t o  s i g n i f i c a n t l y  reduce d r i l l i n g  c o s t s  t h i s  
program, which encourages d r i l l i n g ,  i s  probably t h e  b e s t  t h ing  t h a t  could be 
done t o  g e t  2000 hlW on l i n e  by t h e  year  2000. 

There is ,  however, one item t h a t  I d id  not  see included i n  t h e  program: A 
s p e c i f i c  provis ion t h a t  would provide f o r  t he  rap id  t r a n s f e r  of ownership and 
l i a b i l i t y  of explora t ion  o r  development wel ls  t h a t  have discovered l a rge  quan- 
t i t i e s  of hot  water but  not  a t  temperatures high enough f o r  e l e c t r i c a l  gener- 
a t ion .  
discovery wel l s  w i l l  no t  be commercial f o r  power production but  w i l l  be prime 
candidates  f o r  d i r e c t  uses  of  t h e  geotherma.1 f l u i d .  

Although t h e r e  are many problems involved i n  t h e  t r a n s f e r  of wells, and I am 
su re  t h a t  it w i l l  be ease r  t o  abandon some thari t o  pay the  r i g  time during t h e  
t r a n s f e r  process; I bel ieve t h a t  an e f f o r t  such as t h i s  could eventually prove 
up and make ava i l ab le  vas t  reserves  o f  ho t  water f o r  non-e l ec t r i c  uses .  

In t h e  course o f  explora t ion  probably about 60 t o  80% of  the  successful  

David N .  Anderson 
Executive Director  

DNA/dc 
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January 10,  1978 

Mr. C.  M. Bonar 
At1 a n t i c  Richfi el  d Company 
North American Producing Division 
Post Office Box 2819 
Dallas, Texas 75221 

Dear Mr. Bonar, 

Thank you f o r  your l e t t e r  of January 3, 1978. We shal l  c e r t a i n l y  
r e f l e c t  thoroughly on your comments as we prepare the next d r a f t  o f  our 
program s t ra tegy .  

The notion of finding hot spots i s  an in te res t ing  one. 

Your time, thought, and e f f o r t  i n  helping us define a program 
s t ra tegy  i s  appreciated.  

-.. i I I  . 
Stanlgy H .  Ward 
Chairman 

SHW :mkd 

cc: Dr. Jack Salisbury 

A 
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January 3, 1978 

D r .  S tan ley  H. Ward 
D i rec to r ,  UURI-ESL 
Dept. o f  Geology & Geophysics 
U n i v e r s i t y  o f  Utah 
S a l t  Lake City, Utah 

Dear D r .  Ward: 

My r e a c t i o n  t o  your  l e t t e r  o f  December 5 concerning the  
DOE/DGE geothermal program i s  t h a t  t h e  government i s  becomming 
much t o o  i nvo l ved  i n  the  exp lo ra t i on  t h r u  d iscovery  p o r t i o n  
o f  t he  geothermal business. I t h i n k  t h i s  i s  p r i m a r i l y  a 
p r i v a t e  e n t e r p r i s e  domain and does n o t  warrant  t h e  s o r t  of 
government a c t i o n  as s e t  f o r t h  i n  your  l e t t e r .  Therefore, I 
w i l l  s k i p  quest ions 1 t h r u  5 and respond t o  quest ion #6 o f  
your  l e t t e r  concerning the  techno log ica l  problems which 
appear t o  be prevent ing  our  reaching the  na t i ona l  goals.  

I n  o rder  t o  reach the  goals  s e t  f o r t h  by DOE/DGE i t  w i l l  be 
necessary t o  determine w i t h  a f a i r  degree o f  conf idence the  
l i k e l y  ex is tence o f  t h e  many geothermal prospects t h a t  need 
be i d e n t i f i e d  i n  o rder  t o  meet these goals; 1400+ per  DOE/DGE 
est imate.  
mined by the  ex is tence o f  numerous shal low occu r r i ng  ho t  spots 
of l e s s  than 10 Km depth i n  o rder  t o  p rov ide  the  requ i red  
energy f o r  t he  geothermal systems. As you p o i n t  ou t  on 
page 6 o f  your  cover l e t t e r  on the  r e p o r t  o f  t he  geothermal 
workshop on e l e c t r i c a l  methods dated January, 1977, magneto- 
t e l l u r i c  anomal i e s  a re  p o t e n t i a l l y  a t t r a c t i v e  as i n d i c a t o r s  
o f  such ho t  spot  areas bu t  t h a t  we r e a l l y  have y e t  t o  under- 
stand what they are; and you s t a t e  f u r t h e r  t h a t  "we are  y e t  
s u f f i c i e n t l y  bo ld  t o  o b t a i n  the  answer by d r i l l i n g " .  
u t i l i z a t i o n  o f  Cur ie  Isotherm mapping t o  i d e n t i f y  such shal low 
occu r r i ng  ho t  spots l i k e w i s e  appears t o  o f f e r  promise. 
Therefore, i t  i s  my recommendation t h a t  t he  budgeted govern- 
ment monies f o r  Fy 78 t h r u  80 be spent i n  the  d r i l l i n g  o f  a 
s u f f i c i e n t  number o f  both magne to te l l u r i c  and Cur ie  Isotherm 
anomalies t o  p rov ide  a f i r m  bas is  f o r  determin ing t h e i r  degree 
of. r e l i a b i l i t y  as i n d i c a t o r s  o f  shal low ho t  spots. As you 
a re  aware, such d r i l l i n g  would be expensive, s c i e n t i f i c  i n  
nature,  and n o t  l i k e l y  t o  be undertaken by p r i v a t e  en terpr ise .  

Such prospect p o t e n t i a l  would, I thin%, be de te r -  

The 

I 
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Dr. Stanley H. Ward 
January 3, 1978 
Page 2 

The results of such a drilling program should provide adequate 
statistics on which to base a conclusion regarding the likeli- 
hood of the nation reaching the geothermal power target set 
forth by DOE/DGE, in addition to providing specific target areas 
where industry could proceed to explore for the associated 
geothermal systems. If such work should indicate that shallow 
hot spots were likely to be minimal in number with little 
chance, therefore, of providing for the targeted power goal, 
it would be ill-advised for the government to spend the funds 
as proposed in your letter of December 5 on projects that 
provided little likelihood of being meaningful to the nation. 

Respectful ly, 

& . t , p & h  
C. M. Bonar 
Manager, Geothermal Projects 

CMB/ j an 



J a n u a r y  5 ,  1978 

D r .  S t a n l e y  €1. Ward 
The U n i v e r s i t y  o f  U tah  
Depar tment  o f  Geology and  G e o p h y s i c s  
717 F l i n e r a l  S c i e n c e  B u i l d i n g  
S a l t  Lake  C i t y ,  U tah  84112 

Dear D r .  Ward: 
1 

Your memo of  December 5 ,  1977 a s k e d  f o r  n r e v i e w  o f  t h e  Task  F o r c e  progr;ims 
i n  E x p l o r a t i o n  'L'cchnology, R e s e r v o i r  A s s e s s m e n t ,  and R e s e r v o i r  C o n F i r n i n t i o n - , .  
T h e  s econd  d r a f t  o f  Program S t r a t e g y  was atixachcd t o  p r o v i d e  a b a s i s  f o r  
cornmen t . 
My s t u d y  of  t h e  d r a f t  and  t h e  p roposed  p r o g r a m ' s  g o a l s  produced  a c o n f l i c t  
i n  my mind .  I f  t h e  g o a l s  a r e  t a k e n  l i t e r a l l y  as t h e  o b j e c t i v e ,  sonie more 
t h i n k i n g  i s  i n d i c a t e d .  The goa l s  s u c c i n c t l y  d e s c r i b e  3 ,000 PfWe b y  1985 a n d  
20,000 WE by 2000. T h e r e  i s  a 1:irge percenta : :e  of proKrnmnied money i n d i c a t e d  
t o  o t h e r  o b j e c t i v e s  t l ian t h o  g o a l s .  T h e r e f o r e ,  t h e  program a p p e a r s  t o  have  
been s p l i n t e r e d  t o  o f f e r  s o m e t h i n g  f o r  a n o t l i e r  segment  o f  s u p p o r t .  As t o  
yorir s p e c i f i c  q u e s t i o n s :  

1. The p rogram w i l l  a d d r e s s  the d e s c r i b e d  o b j e c t i v e s  if' t h e  p r i o r i t i e s  
u n d e r  7 . 9  a r e  r e a r r a n K e d  and t h e  money emphas i s  s h i f t e d  from n o n e l e c t r i -  
c a l  p rograms .  . 

2. T h e  program s h o u l d  s e r v e  t h e  industry generally, n o t  a specific company  
w i t h  i t s  own pa roch ia l  g o a l s .  T t h i n k  i t  does th is .  Emphasis  s h o u l d  be 
r e s t r u c t u r e d  on " S t a t e  Programs" .  T h e r e  i s  a wllole segment  o f  i n d i l s t r i , a l  
i n t e r e s t  t h a t  s h o u l d  be accomodated  w i t h  t h a t  p o r t i o n  of  t h e  progl-am. 
Goals  s h o u l d  be i n d i c a t e d  f o r  t h c  n o n c l e c t r i c .  

3 .  On t h e  d r a f t  copy ,  I Iiavt: a n n o t a t e d  comments t h a t  a r e  clinny,es,  a d d i t i o n s ,  
o r  c l e l e t i . ons  I woiiltf i:l:Ike f o r  tile progrnm t o  h c ~  t c r  s e r v i c e  i n c l i i s t r s  nn t l  
t h e r e b y  p r o v i d e  usefulness f o r  tlie c o n s ~ m c r .  

4 .  Sce y o u r  d r a f t  nttnchcitl. 
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D r .  S t a n l e y  H .  Ward 
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6 .  Not a q u e s t i o n .  

7 .  I t  i s  a p p a r e n t  t o  m e  t h a t  many small  e n t r e p r e n e u r s  a r e  d e e p l y  i nvo lved  
i n  t h e  d i r e c t  h e a t  c a t e g o r y .  I n v o l v e  t h e s e  p e o p l e .  Be c a r e f u l  a s  
t h e y  are c e r t a i n  t h e  l a r g e  company o r  f a s t b u c k  a r t i s t  w i l l  s t e a l  t h e i r  
i d e a  b e f o r e  i t  is  f i n a n c e d  i n t o  r e a l i t y . .  

You w i l l  f i n d  t h e  comments w i t h i n  t h e  d r a f t  more s p e c i f i c  t h a n  these.  Thank 
you f o r  c o n s i d e r i n g  IEC's o p i n i o n s  on t h e  s u b j e c t .  

Regards.  

Very t r u l y  y o u r s ,  

Bob G r e i d e r  
Vice P r e s i d e n t ,  E x p l o r a t i o n  

cm 

c c :  Robert  L .  Fuchs  
R .  E .  L u d t  
George W .  Holbrook,  J r .  
John W .  S a l i s b u r y  
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Resource Eva1 ua t ion R Rescrvoi r Ccnf i rtxi t i  311 

o f  t h e  

- - . - - - - - - - - - -  

Division o f  Gcott ierr ia l  Encrqy . 
o f  t b r  

Department o f  Encrgy 

1 .O Introduction ------_ 

The resource e v a l u a t i o n  a n d  reservoir  c o r i f i  r i n d t i o n  p o r t i o n  o f  the 

DOE/DGE program inay be bt-okcri dowri i n t o  s e v e r a l  p l i t i < C s :  F x p l o ~ - a t i o ~ ~  

Technology - -. --- -_ _ -  t o  i&&-fy,, a geot/!erma1 prospect . ;  Rercrvoi I- d s s i - s s r i e n t  . _  t o  
pck / O C A  

evaluate  a prospect;  Reservoir conf i rmt ior i  tiiroirgli deep d r i l l  i n q ;  anr! 

Reservo i  r e n c j  neeri n g  to  ~3tc17111 i s h  t h c  prodiici b i  1 i t y  o f  t h e  reservoi r .  The 

--. -_ I___ ...._ __._ . . 

--- -- .- - - -__ - - - - - . 

role o f  2ach o f  t hese  phases a n d  i t s  associated technical a r e a s  h;lve been 

e v a l u a t e d  i n  terms of i t s  contr ibut ion t o  t h c  DOE/PGE m i s s i o n  a s  f o l l o w s .  

2.0 Expl o r a  t i on Tcc hnolO(iy - . _  - . _  - 

indus t r ies  t h a t  art’ n o t  y e t  o p t i m i z e d  f o r  d i  scovt.ry o f  cicothet-r:;31 

resources. S o w  tec l i r i i qups  s p e c i f i c  to t tw  qco t i :er- i [1~~1 i n d u s t r y ,  s u c t i  a s  



...... - - . - . . . - - -  - 

u 
3 

3 

3 

discovered .  U1timatcly,  i t  i s  e s s e n t i a l  t h a t  exp lo ra t ion  technologv he 

creaa-skimming p h a s e ,  15  prospec ts  mast b e  f o u n d  a r i d  c v a l  u3ted f o r  ev2ry 

r e s e r v o i r  Liltinlately exp lo i t ed  for e l e c t r i c  pow.:ct-. T J ~ u s ,  f o r  t h e  20,000 

t.b/e o f  power o n - l i n e ,  t a r g e t e d  t o r  t he  y2?ar 2900 perhaps 109 r e s e r v o i r s  a r e  
/QCi!&O@ 

L ,  o f  1SUO prospec t s .  USGS C i rcu l3 r  726 . .  r e q u i r e d ,  which imp1 i e s  the  

i d e n t i f i e d  jus t  63 hi(;h ter;?pcr-~itiire (:,150°C) gcotlit?riii;11 systenis.  ! f  o q l y  

one o r  tWo prospec t s  nay btl i d e n t i f i e d  per systcoi. then we have a r ia jcr .  

t a s k  ahead of  us t o  i d c n t i f y ,  s a y ,  ariothcr 1.?W pi-ospccts .  

a d d i t i o n  t o  c e r t a i n  s i t e - s p e c i f i c  a c t i v i t i e s ,  such (is a c t i v e  s e i w i c  
I 

o f  t h e  r e s e r v o i r  confirr;idtiori t!i,?t nay  i o 1  l o w .  T t i ; l t  i s .  geother-ran1 model 



percentage ,  then 1 a r g e  savi ngs in  f ron  t-end c o s t  t o  the indus t ry  woiil tl 

resul t. 

shc?: low subsur face ,  and 1 i i1 i . i  ted deep subsurfacc i e s t i n a .  Perhaps t h i l  mast 

s i g n i f i c a n t  achievements w i l l  be made by eva ludt in9  reservoir- assessnieni 

techniqges a n d , w  s t r a t e g i e s  a t  a nuinber o f  thoroughly docurner1tc.d s i  t e s .  
?c 

L 

LLs+ 23 T D / j  / w d  
4 4  

~ 

b 

Reservoir  conf i rmat ion .  a s  here def ined ,  i s  proof of the  existence! o f  -- - -_ _, - - - - . . - - - . 
&L +--Pk=- 

an economically e x p l o i t a b l e  v o l m e  o f  h o t  f l  t i i d .  Reservoir  conf i rmat ion  
4 

i s  e s s e n t i a l  to the establ ishment  o f  reserves  s t i f f ic ic r i t  t o  s u p p o r t  r? 

vigorous indus t ry  arid t o  achieve power-on-line g o a l s .  Industr_v d r i l l e d  

fewer t h a n  30 e x p l o r a t o r y l s t e p - o u t  we1 1 s i n  f;Y 7 7  outs ic!r  The Geysers,  

compared t o  a r a t e  o f  a b o u t  

near - te rn-goal  of 3,000 I4ile 

probably averaging 5750,000 

th i s  f igu re .  Under i d e a l  e 

200 per ycar  needed t o  rc;tch the  DOE/DGE 

by 1985. Cos ts  per 5 , O C O  f o o t  wel l  a r e  

00 d n d  several  h;ive cncoun tc rc t l  c o s t s  t w  

r-cui:istanccs o f  a t o t a l  l y  coup1 r d  reservo  

ce 

r .  a t  

1 eas t  t h ree  such we1 1 s a re  reqili rcd t o  c o n f i  rin t h i  s r c s e r v o i  r .  Rese rvo i  I- 

conf i rmat ion  i s ,  t h c r e f o r c ,  d c r i t i c a l  p a t h  i tcvi o f  h i ? h  p r i o r i t y .  

A c r u c i a l  ques t ion  t o  b e  answer-cd here i s ,  "At-e t h e r r  techniques o the r  

t h 2 n  drillina, or suppor t ivc  of d r i l l i r i q .  which c a n  r-cdiice t h c  c o s t  o f  and 

provide g r e a t e r  assurdrice o f  rcser-voi r corifir-liiaticn?" A re16 ted qucst ion 

o f  utrnost impcrt2nce t o  those who invc!st i n  e l e c t r i c  powcr p l a n t  equipment 

i s ,  "tiow do w e  detct:'r,int t h c  lcriycvi t y  o f  it rrscbrvoir?" U P  n.ust then 



s u b s t a n t i a l  investments i n  s u r f a c e  facilities. O i l  f i c ~ l c l  reservoir-  

enginec?rinrJ t e c h n i o u e s  a r e  riot dirc!cily t ra l l s fc rah le  t o  ~cother f1 i .? l  pt-obleiqs 

because o f  the  doniins.nce o f  frclctrire pet-meabi I i t y  and  the t y p i c a l  fsul t 

cont ro l  o f  prodricibil i t y .  Consequently, r c s u r v o i r  errainceric? t-eF??rcb 

a l s o  i s  a - c r i t i c a l  p a t h  i t e l i i  which i s .  of coursc .  i n  part in/?ertxnt i n  

nt. 

O f  a s i n g l e  \ / e l l  , recharyc-tliscIiIirne b i l ldnce ,  well dcnsi t y .  m x i m i z i n r ;  

e f f i c i e n c y  o f  production o f  J given f i c l d ,  f i c l d  longcvi t y ,  hrirte 

t r c a  t n w n t ,  and iwny o t h c r  fac t c r s .  



P 

6.1 .1  Introduction 

DOE/DGE has deceritral ized n~na?ei~ic~nt a n d  p l a n n i n q  o f  i t s  

[ : rq rnc is  i n  exp lo r -a  t i o n  t cc l !nolof jy ,  r:?;+r-v>i r ;~:,:,;?SC*:IC:IL c:~!!! t .pjr.:.v3ir- 

confirmation by estdb1 ishi  nq a "i.land?e!;i?r!t and P i  i \ r l r \ i ! \ q  Task   for.^^' a t  t h e  

University o f  U t a h .  To f a c i l i t a t e  t h i s  t z s k  the 9 e p a r t c i e n t  o f  G c c l n y  a n d  

Geophysics of the University o f  U t a h  (liL', 'X) and the  Iliiiversi ty o f  U t a h  

Re:iarch 1 i ; s t i i u t o  hr?ve C s t d S 1  i s h e r !  ~n F t r - t h  S c i e n c e  ! . c ? b ~ : - a t o r y  (LI!;?l,/ESL.) 

within the l a t t e r  i n s t i t u t e .  

The University of U t a h  holds iwetinps O F  consort ia  o f  people  froir, 

indus t ry ,  governmiit, a n d  dcadeinia t o  provide technical i n p u t  on p rogram 

pldnning. I n  a d d i t i o n  i t  o b t a i n s  d i r e c t  Liritteii Z I I ~  o r a l  i n p u t  fro!!) 

industry and s t a t e  governments concerni nc; t h e i  t- preferences f o r  federal  

f inancial  ass i s tance  anti i t  holds vrorksh.ops t o  cxposc to  debate t h e  i s s i i c s  

ra ised by the  consort ia  a n d  the d i r e c t  Co~i!:!iinicatioris. The purpose o f  

these e x e r c i  ses when re  a tcd t o  exploration techno1 ogy , reservoi r 

assessment, and  reservo r c o n f i r m t i o n  i s  t o  cfssess the citrr-cnt 

s ta te -of - the-ar t  in the various 9eoloTical , geoche~nical , a n d  5cophysical , 

subdiscipl ines  a n d  t o  i d e n t i f y  s p e c i f i c  needs f o r  f u r t h e r  d e v e l o p r c e n t s  

where D@E/@GE support i s  des i rab le  a n d  r\ay have s i t h s t a n i i a l  i o p s c t .  

I n  .developing technir1iii.s o w  i s  c o n s t a n t l y  r-c!-iintlc(! o f  tile riccd for  

cost-cffectivcriess.  I n  t h i s  rcspcct tnl? !iriivcrsi t.y o f  1 l t p . h  s t r c s s c s  

dev e 1 oprnen t o f e x  p 1 o ri! t i  on , A s s c! s s tiii! n t ;i II d c o 11 f i r i 1 1 . i  t i o 11 d t-c h i t e c  tu r (I s 11 i t ctl 

t o  the various types o f  q t w t i i c ~ - i : i ~ l  rcscurcc?s occiirrinq ir! e'ich 



non-electr ic  uses. 

the needs o f  i t s  c o r i s t i t u e n t s ,  a n d  t jcsi?: i t .d t o  cr>jtir-t? ( I  c o s t - e f f e c t i v c  

means of reaching the ambitious goc?ls s c t  by D X / D G E .  

6 . 1 . 2  F l o w  D i ~ g r a n i  f o r  rcsoilt*ce e x p l o r a t i o r i ,  cissessineni, and .-._ _ _  -. - 

c C r n f i r c i i t i o n  - 

6.1 .2 .1  E x p l  ora t i  on 

To i l l u s t r a t e  the prograin stratit?! we present i n  

Figure 1 a modular exploration sequence w h i c h  includes 2 carefu l ly  balanced 

se lec t ion  of geological , gcochc;;iical , ( ind !~eophpsical modules  f o r  

eas te rn  e a s i n  and Range p h y s i o g r a p h i c  province. Appcat-irlc ear ly i n  the 

exploration sequence a r e  the 1 e s s  exl>e;isive mod~ilcs .  Later  on t he  n:or-c 

expcnsive.but a l so  more d e f i n i t i v e  !wd~: les  a rc  introduced. Estipi:?ted c o s t s  

per module a re  indicated in Figure 1 a n d  are  c x p l d i r i c d  i n  Table 1 ;  d e b a t e  

on these est imates  i s  welcomed. Possible  c x p 1 o r a t : o n  i i c t i v i  t i e s  such J S  

mercury o r  helium gas d e t e c t i o n  i n  s o i l s ,  remote  s e n s i n g  iciagery. 

s e l f - p o t e n t i a l  surveys, cJr th-noise  a r i c i  r.ticroearthcluakc sui-vcys. e t c .  do 

not appear  in t h i s  sugl;ested exploration seqiicr\cc p r i i w r i l y  because many 

people h a v e  yet  t o  bc  convinced o f  t h e i r  cos t -e f fcc t ivcnrss .  Oti;?t-s w i l l  

d i f f e r  i n  p h i l o s o p h y  a n d  a g a i n  debate  i s  wcIco~;ied. 
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a d d  t o  the  c o s t  o f  the successfii l  prospect .  Itow f a r  or:e orocccds with any 

g i v e n  prospec t  depends u p o n  economic a p p r a i s a l s  a t  every hranch i l o i n t  a s  

The end r e s u l t  of  any geotherical explora t ion  sequence o u 9 h t  to b e  J 

prel iminary conceptual model o f  the  geotherinal s y s t e m .  ( A h s o  I (j$L re 8 
x 

h p r o y r m  of  lower c o s t  w l i l d  s p p l y  to explat.oti3r: for. lower  

temperature resources  used in  d i r e c t  hea t  a p p l  i c d t i o n s .  

Once a prel iminary conceptual model of '  the 

geothernal system h a s  been g e n e r a t e d ,  w d c l - t e s t  d r i l l i n 9  should bc 

i n i  t i a t e d  if warranted.  Figure 2 shows a suggested geothermal r e se rvo i r  

assessment f l o w  diarjrarn a n d  c o s t s  w h i l t .  Table 2 conta ins  the c o s t  b a s i s  and 

summary o f  cos t s .  The bas ic  philosophy o f  t .h is  approach t o  r e s e r v o i r  

assessment i s  d r i l l i n g  and logging o f  a shallow t e s t  well [ I l I i S  in t roduct ion  

of expensive s u r f a c e  techniques capdble o f  a s s i s t i n g  in  the  ( ? s s e s s l : i e n t & # L r  
ha& a'& ~ z y  4 S V ~ S L L V ~ ~ L C  P .P~L  F u - L  a d  m A  

o f  the r e se rvo i r  assessnent s t a g e  i s  a model o f  the 

geothermal systeni s u f f i c i e n t l y  d c t a i l c d  t h a t  a reservoir-  c o n f i r m a t i o n  

program may be planned, i f econoiiical 1 y warranted. 

G .1.? . 3  Con f i m a  t i  on . .  . - 

One cnr) a r g u e  about the i n t c n s i  t y  o f  physical  

endeavour requircd for- reservoir co:lfir-li:dtiOn, b u t  one can hardly argue 

about the f a c t  t h a t  a l a rgc  experis? i s  reouireci t o  assure  c o n f i r m t i o n .  
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I s t u d  

c 

6.1.2.4 Land Acquis i t ion  a n d  Er:vir.oriiicntal Costs 

No consideration has been Civen herein t o  the 

der a b  1 e ce s t s o f i!c clu i r i r?(i 1 c! nd , o k' 1) r o v  i ( 1  i i i q  zilv i r o  nr1ic.n ts 1 i t y !  AL' t c- 

e s ,  and o f  i n s t i t u t i o n a l  problervs. These i t e m s  a r e  excluded solely 

Reservoir engineer ing research i s  being p1annc.l  !)y a scpar-ate 

Manasenent and Planning Task Force uiidcr t t i c  dir-cctiori of t h e  Lawrence 

Berkeley Laboratory. T h i s  lc7sl: Force w i l  1 cstdhl i s ! \  p t -oc r - i~ !~  o r i o r i  t i p s  a n d  

recomrnend the most f ru i  t f t i l  c f i  rec t ions f o r  DOE/DGE rescarcti t o  t a k e  a n d  any 

recommendations in t h i s  area shot11 d be forwirded t o  Dr. P a i l l  L;i therspoor!, 

Department o f  Civil  Engineering, University o f  C a l i f o r n i a ,  Berkeley. 

Uerkeley, Cal i fornia  94720. A t  the saiiie tinie, s u f f i c i e n t  r e s e r v c i r  

engineering capabi  1 i 

e 

A preliminary report  o f  t h i s  Task Force i s  availntrle f r - o i n  L D L  f o r  

those in te res ted .  



Under t h i s  p rogram.  reques ts  f o r  proposals  ( R F P ' s )  ar-2 announced i o  

which indus t ry  i s  invi  t c d  t o  subni  t proposil s .  Thcse proposal s a r e  

subnii t ted t o  technica l  c lnd  cos t -hcnef i  t a n a l y s i s  d r ~ d  t h e  bet t .er  ?r-opcsal s 

(tssessrient and/or confi  riii3tion o f  a geotheri:ial 

rcsour*cc. 
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- D a t a  - - - _- Q u a n t i t y :  - .. - - - Prefercncc  i s  qivrn t o  p r o p o s a l s  v;hich o f f e r  ttlc 

g r e a t e s t  range of data  a p p l  icablc t o  e x p l o r a t i o n  

i ~ c t : r ; c i l  o q y ,  rcscrvoi  r’ <i5sesswri:., ,iiicI rr!set*voi r 

con f i  riw t i on.  8 

-____ Data Over l ap : -  .-- .. Preference i s  given t o  data  which l e a s t  over laps  d a t a  

-- Innovati  . -. . . - - - on - : Preference i s  given t o  innovat ivp approaches t o  

explora t i o r i  technology, r e s e r v o i r  a s s e s s r i i c n t .  and 

rcservo i r con f i  riw t i o n .  

Technical Resources:  Preference i s q i  vei l  to those propnsd 1 s - - _ _  ~ 

which chs!ir-c the p a r t i c i p a t i o n  o f  personnt!l of ttw 

highes t  lcvul o f  t echnica l  

q u a l i f i c a t i o n s .  

- Schedule - - : Prcfercnce i s  Given t o  those i n v e s t i g a t i o n s  w h i c h  

o f f e r  the e a r l  j e s t  pub1 i c a t i o n  d d  t c .  

C r i t e r i a  1, 2 ,  and 3 are  of equal  i n p o r t a t i c e  atid 



.. . . 

2 .  1 tic Pr~-C:) i , r ie :~c i~ l  i:a;c S t u d y  i’rograci c d r i y i  s t ?  o i  8 c o o p c t - d t i v e  

e f f o r t  with the U.S. C m l o q i c a l  Survey t o  c o n f i r m  t i l e  exis tence o f  

geothermal r e s e r v o i r s ,  the potent ia l  of which i s  t o o  specil lative t o  a t t r a c t  

industry. .  T h i s  program w i l l .  i f  succrssfcr l ,  s c b s t t r n t i a l l y  c o n t T i > i t t e  t o  

t h e d r  o f  new prospects rt1c;uircd t3  reach mid- a n d  f a r - t e r m  g o a l s .  

w i l l  a l s o  provide the b a s i c  resource charac te r iza t ion  nccessary t o  niiide 

/a d/m 
I t  

the development o f  tcGzo-;$* k d g  4 
Current a c t i v i t i e s  under t h i s  pro9rwi ‘ inc lude the Cdscade Volc(ino (!!t. 

Hood) pro jec t  and the H a w a i i  p r o j e c t .  

moderate tempers ttire reset-voi r s  for- d i  rcc t 

coopera t ive  e f f o r t  w i t h  b o t h  the individual 

Survey. The U U t ? I / E S L  provides  the Ihnsgerne 

a s s i s t  DOE/DGE i n  15 western s t a t e s .  

it arid P l a n n i n g  T n s %  Fcrcc  t o  

\hen requested,  t n e  U U l ? I / E S L  w i l l  :)t-ovide technical a s s i s t a n c e  t o  a 

s t a t e .  Addit ional ly ,  U W ? I / F S L  s e r v e s  a s  the  l i a i s o n  betxecn the s t a t e s  and 

the Hat io i ia l  Oceariographic and At!?iospheric Admini s t r n t i o n .  t l ic federal 

asency tinanced by C O t j D G t  t o  I)rmii1ce descr ip t ive  r i ? p s ,  dt id silotvary reports 

thereon of the low a n d  r : iod (>rd  t c  tt?:ii;set-t> ture resourccs. 

I 
1: 

I n  the eas te rn  U.S., the Virqinia Polytcchnical I n c t i t u t e  ( V i ’ l )  

pcrforns a tiinction sii!iilar to t h a t  o f  the U U ( ? I / F S C .  
1 

I/ O f  p a r t i c u l a r  concern to M,,’IlC,r i s  e a r l y  cstcjt)l i ~ ! m c : i t  o f  n i l e s t o n e s  

n 
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7.2  R e s e r v o i r  kssessnient F. Exploration Technnlo9y 

Research in  exploration technology an(! reservoir  asjt.ss:-.?ot i s 

reservoir confi rwattion a t  t h e  Iilc!nent because i t appears t h a t  2 ftrrl,d?i.;lental 

undcrs t a n d i  rig o f  the n d  tures  o f  geo theriwl rescrvoi r s  o b t a i  ncd ur idtr  thc 

confirmation proordins w i l l  be a t  l e a s t  a s  important 3 s  ~ C I J  o r  i r s p r o v e d  

technology in these at-cds. I!oeevl?r, i t  i s  i n  these a r e ? =  t h a t  GOE,'?GC 

- 
*-- 

p a r t i c u l a r l y  seeks ass i s tance  from industry,  other  governmental asencies,  

a n d  academia i n  di.1 ineat ing and j u s t i f y i n g  p a r t i c u l a r  a c t i v i t i e s  which a r e  

l i k e l y  t o  o f f e r  a t t r a c  t ive  opportiini t i e s  for  s i g n i  f i c a n t  p rogres s  t w a r d  

the basic g o a l s  of  3000 i.ll!c b y  1385 arid 20,000 Hi.ltz by 20(10. I n  p t i r t i c t ! I a r ,  

i t  i s  an t ic ipa ted  t h a t  exploration a n d  d s s e s s r i i c n t  e f f o r t s  i n  " w i l ( ! c a t "  

For FY 78 the cur rcn t  plans are to  d i s t r i b u t e  funds according t o  the 

f o 1 1 ovi i ng s c he d u  1 c . 

Exploration Techno1 ogy 

Log Devel o p i e n  t 

Log I n terprcta  t i or1 !7OOK 





THE 
UNIVERSITY 
OF UTAH 

C. B. Jenkins, Manager 
Geothennal Resources D i v i s i o n  
Aminoi l  USA, Inc.  
P.O. Box 11279 
Santa Rosa, C a l i f o r n i a  95406 

Dea r C 1 a u de, 

DEPARTMENT OF GEOLOGY 
AND GEOPHYSICS 

February 7, 1978 

Thank you f o r  your  though t fu l  l e t t e r  o f  January 11, 1978. When we 
ge t  together  on March 8, I hope t h a t  you w i l l  express your  ph i l osoph ica l  
v iewpoints  f o r  they  a re  very important.  

Your s p e c i f i c  recommendations on the  best  method of  modi fy ing the  
program t o  a t t a i n  DOE/DGE goals  a re  s i n c e r e l y  appreciated. 
probably w i l l  want t o  comment on what i s  be ing done a long the  l i n e s  o f  
these recommendations. 

Jack Sa l i sbu ry  

I am indeed look ing  forward t o  your  p a r t i c i p a t i o n  i n  our  March 8, 
1978 Program Review Panel. 

Kindest regards, 
I 

/ I  
\. 

Stanley H. Ward 

cc: Jack Sa l i sbu ry  ( w i t h  copy o f  l e t t e r  
from C. B. Jenk ins)  
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January 11, 1978 

Mr. Stanley H. Ward 
The University of Utah 
Department of Geology 

71 7 Mineral Science Building 
Salt Lake City, U t a h  84112 

and Geophysics 

Dear  Mr. Ward: 

Aminoil USA, Inc. 
P. 0. Box 11279 
Santa Rosa. Califwnia (3:3OE 
(707) 527-5333 

AMINOILUSA 

In response to your le t ter  of December 5, 1977, it seems that I find i t  a 
little difficult to come up with the type answers  you a r e  probably looking 
for  because of my personal reluctance to see the federal  government 
become involved in activities which I think can more  properly be handled 
by private industry given the proper economic/legislative support. I 
would be very happy to express  my own philosophical views on this subject 
and fur ther  discuss my viewpoint on the proper  role of both government 
and private industry in regards to energy development (especially geothermal) 
but don't feel that this could adequately be handled, at least  by me,  in 
this letter.  

In spite of the above, we (Aminoil USA) do plan to respond on various R F P ' s  
issued by the DOE where and when Aminoil USA propert ies  o r  situations 
appear appropriate for government participation. 

Within this framework and without independent qualifications on each of 
our responses to your specific questions, the following comments can be made: 

1) Thus far, I doubt that the program has  significantly accelerated 
c omme r c ia 1 g eo th e r ma 1 development . 

2) Aminoil USA has  not yet directly benefited f rom the geothermal 
program. 

3 )  See 4 below. 

4) The bes t  method of modifying the program to attain the DOE/DGE 
goals of 3 ,000  MWe by 1.985 and 20 ,000  MWe by 2000 would be to: 

a.  Accelerate the issuance of leases  on geothermally 
promising federal  owned lands. 
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Mr. Stanley H. Ward - 2- January 11, 1978 

b. Promote the passage of tax legislature which is 
favorable for geothermal exploration and development 
a s  well a s  for electric power plant construction and 
operation. 

c. Provide resource guarantees especially to utility and 
perhaps even to producer if  such can be done in an 
effective manner. 

d. Assist in the promulgation of reasonable environmental 
restrictions and eliminate excessive and unnecessary 
environmental restraints. 

e. Promote the acceptance of abbreviated EIR's and the 
development of short term EIR processing requirements 
by regulatory agencies. 

5) The F Y  78 budget split appears reasonable for the phases identified. 
Determination of appropriate funding levels f o r  the various 
components of 4 above has not been attempted. 

6 )  We would be glad to attend any meeting on geothermal exploration o r  
reservoir assessments. 
in any debates concerning the optimum role of government funding to 
expedite geothermal. 

We would also be interested in participating 

7) It appears doubtful that geothermal explorationists, in general a r e  
currently pa r ticula rly int e r e  s t e d in non- electric application s . 
should a company inadvertently discover a low to moderate temperature 
resource in an area where non-electrical applications may be commercial? 
R F P ' s  to ass is t  in the development of such a resource could expedite 
i ts  commercial development. 

Howe ve r , 

I will look forward to seeing you again at  future geothermal technical/administrative 
type meetings and hope that we will have the opportunity to further discuss 
this important subject of federal government involvement in geothermal development. 

Yours truly, 

AMINOIL USA, INC 

Geothermal Resources Division 

CBJ/rmd 
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COLLEGE OF MINES AND 
MINERAL INDUSTRIES 

DEPARTMENT OF GEOLOGY 
AND GEOI'IIYSICS 

717 MINERAL SCIF.NCE BUILDINO 

T H E  U N I V E R S I T Y  O F  U T A H  
S A L T  L A K E  C I T Y  8 4 1 1 2  

January 1 3 ,  1978 

Dr. Robert W .  Rex 
Republic Geothermal, Inc. 
11823 East Slauson Avenue, Sui te  One 
Santa Fe S p r i n g s ,  CA 90670 

Dear Bob, 

Your thoughtful l e t t e r  of January 3 ,  1978 has been received a n d  i s  
s incerely appreciated.  

You have made some excel lent  points which we would hope t o  fold i n t o  
our " t h i r d  i t e r a t i o n  d r a f t " .  

We a r e ,  via consortia of s p e c i a l i s t s ,  attempting t o  specify the explor- 
a t ion  techniques needed t o  niake a technological breakthrough. These r e s u l t s  
of the consortia meetings will  be reported t o  you l a t e r .  

The DOE goals a r e  incompletely specif ied by o u r  document a n d  these 
wil l  be re-specified in our next d r a f t :  
t ions  were not even included i n  our "second i t e r a t i o n  d r a f t " .  

the goals f o r  d i r e c t  heat a p p l i c a -  

We a r e ,  indeed, in agreement w i t h  your comment a b o u t  more f u n d i n g  a n d  
broader se lec t ion  f o r  the "Industry Coupled Program". 

You a 
f i e d  t o  a s  
you o r  you 

nd your s t a f f  a t  Republic c e r t a i n l y  a r e  exceptionally well qua l i -  
s i s t  us in defining our program. 
r designee i n  our fu ture  meetings on these matters .  

I t  i s  my i n t e r e s t  t o  include 

Thanks, again,  f o r  helping us. 

Kindest regards, 

i :  
,; k I -- 

Stanley H. Ward 
Chai rnian, UURI/ESL 

cw 

cc: Dr. Jack Salisbury 
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REPUBLIC GEOTHERMAL, INC. 
11823 EAST SLAUSON AVENUE. SUITE ON= 

8ANTA FE SPRINGS. CALIFORNIA 90870 

Prof. Stanley H. Ward 
Department of Geology and 

717 Mineral Science Building 
University of Utah 
Salt Lake City, Utah 84112 

Geophysics 

Dear Stan: 

January 3 ,  1978 

We appreciate the opportunity to comment to you on DOE's 
Exploration Technology, Reservoir Assessment, and Reservoir 
Confirmation programs that are being managed by you and your 
organization. 

As a general comment, the "Second Iteration Draft" of the 
Program Strategy seems to lack focus, as it fails to clearly 
define the problem or describe a coordinated approach. It's 
difficult to see the program's early and middle-range objectives, 
without any evidence of milestones having yet been conceived with 
which to gauge and evaluate progress toward the stated goals. 
We're left with the feeling that a number of inherited and 
apparently overlapping DOE programs are simply preserved and 
continued, whereas a general overhaul is needed. 

More specifically, the expenditure of $1.6 million for 
"Exploration Technology" to evaluate unspecified exploration 
techniques appears unlikely to produce any technological break- 
throughs. New exploratory methods should be evaluated and 
developed, but this token level of funding offers little hope 
for any measurable progress to be made. 

The budget item of $2.38 million for "Precommercial 
Reservoir Confirmation", intended to provide support to the 
Mt. Hood, Hawaii and Hot Dry Rock Programs, is either underfunded 
or unrealistically conceived if it-is also intended to substan- 
tially contribute to the number of required new prospects. 

confirmation is difficult to support as a cost-effective means of 
reaching the DOE's goals of 3,000 Mw by 1985 and 20,000 Mw by 2000. 
The portion for the eastern states alone is twice that budgeted 
for electric power oriented exploration technology. In sum, it 
appears that the total available funds of $19 million have been 
spread too thinly over too many subcategories to be very effective. 

The budgeting of $6.2 million (30%) for nonelectric resource 
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Prof. Stanley H. Ward 
University of Utah 

January 3, 1978 
Page Two 

To our way of thinking, the key part of the program that 
has the greatest potential for getting power on line is the 
"Industry Coupled Reservoir Confirmation Program". 
this program has, in our opinion, been ineffective to date. It 
suffers from two main defects: (1) the level of funding is too 
low to make much of an impact in such a high cost industry, and 
(2) the selection process is too restrictive, since the previous 
RFP limited respondents to a particular geographic area. 

to a major oil company for the purpose of funding their drilling 
of a somewhat speculative prospect with decidedly specialized, 
if not essentially unique, problems. Even if this drilling 
should prove successful, the power plant construction, marketing, 
and transmission in that region is comparatively uncertain. 

Unfortunately, 

As you know, the bulk of 1977 funds ($4 million) went 

We believe the program should solicit proposals from 
any promising area and should select those proposals which have 
the greatest potential for early commercialization. 
proposals to a particular area, it appears that the developers 
who have the most extensive acreage in that area are being 
favored. 

By limiting 

If we at Republic can be of any real service to you, 
specifically with regard to technical input meetings on program 
planning, please do not hesitate to let me know. 

JHB/JLS:eb 



APPENDIX 4 

PARTICIPANTS , PROGRAM REVIEW PANEL 

A 

NAME 

L a r r y  B a l l  

Ronald C. Bar r  

Davi d B1 ackwel 1 

Dave B u t l e r  

Harpal S. D h i l l o n  

Norman Go1 d s t e i  n 

Steven N. Golds te in  

Sidney Green 

John G r i f f i t h  

James M. Grubb 

Ar fon  H. Jones 

Robert Koeppen 

Paul J .  Lienau 

P a t r i c k  M u f f l e r  

W i l l i am P .  Nash 

Harry J. Olson 

Care1 O t t e  

Dean P i  1 k i  ngton 

Robert  W .  Rex 

Howard Ross 

Bob Schu l tz  

C ha r l  es S w i  f t 

Ron Ward 

Stan1 ey H. Ward 

P h i l l i p  M. Wr igh t  

AFFILIATION 

DOE/DGE 

Ear th  Power Corp. 

SM U 

Chevron Resources Co. 

The M i t r e  Corp. 

Lawrence Berkeley Lab 

The M i t r e  Corp. 

Terra Tek 

DOE- I D  

Aminoil USA 

Ter ra  Tek 

Oregon I n s t .  Tech. 

Oregon I n s t .  Tech. 

U.S. Geol. Survey 

Univ. of Utah 

Amax Expl o r a t i o n  , I nc . 
Union O i l  

Amax Exp lora t ion ,  Inc.  

ADD - E - 

Washington , DC 

Tulsa,  OK 

Da l las ,  TX 

San Francisco,  CA 

McLean, VA 

Berkeley,  CA 

McLean, VA 

S a l t  Lake Ci ty,  UT 

Idaho F a l l s ,  I D  

Santa Rosa, CA 

S a l t  Lake City, UT 

Klamath F a l l s ,  OR 

Klamath F a l l s ,  OR 

Menlo Park, CA 

S a l t  Lake City, UT 

Denver, CO 

Los Angeles, CA 

Denver, CO 

Republic Geothermal Inc.  Santa Fe Springs, CA 

Ear th  Science Lab/UURI S a l t  Lake City , UT 

INEL/EG&G Idaho F a l l s ,  I D  

Chevron Resources San Francisco 

Univ. Texas, D a l l a s  Richardson , TX 

Univ. of Utah S a l t  Lake City, UT 

Ear th  Science Lab/UURI S a l t  Lake City , UT 
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Dear 2: 

THE 
UNIVERSITY 
OF UTAH December 5, 1,977 

COLLEGE OF MINES AND 
MINERAL INDUSTRIES 
717 MINERAL SCIENCE BLDG 
SALT LAKE CITY, UTAH 84112 

D r .  Jack S a l i s b u r y  o f  t h e  D i v i s i o n  o f  Geothermal Energy of t h e  
Department o f  Energy has asked us t o  serve as t h e  Management and P lann ing  
Task Force concerned w i t h  h i  s programs i n E x p l o r a t i o n  Techno1 ogy , Reservoi  r 
Assessment, and R e s e r v o i r  Conf i rmat ion .  I n  t h i s  r o l e  we have t h e  
r e s p o n s i b i l i t y  f o r  c o l l a t i n g  adv ice  f rom i n d u s t r y  on t h e  shaping o f  these 
programs. The at tachment  descr ibes  D r .  Sal i sbury ' s programs and o u r  
invo lvement  i n  them. T h i s  at tachment should be cons idered as a "s t raw man" 
wh ich  c o l l e c t i v e l y  we may c a s t  i n  a fo rm b e s t  s u i t e d  t o  meet t h e  n a t i o n a l  
goa ls  and t h e  i n t e r e s t s  o f  y o u r  company. Please comment upon i t  o r  reshape 
i t  as you wish. S p e c i f i c  ques t ions  we w i s h  t o  have answered are :  

How we1 1 has t h e  program served i t  s descr ibed o b j e c t i v e s ?  

How w e l l  has t h e  program served you and y o u r  company? 

How would you modi fy  t h e  program t o  serve b e t t e r  t h e  needs o f  
y o u r  company? 

How would you mod i fy  t h e  program t o  serve b e t t e r  t h e  DOE/DGE 
goa ls  o f  3,000 MWe by 1985 and 20,000 MWe by ZOOO? 

The FY 78 budget f o r  e x p l o r a t i o n  technology, r e s e r v o i r  
assessment, r e s e r v o i  r c o n f  i r m a t i  on, and r e s e r v o i  r engi  n e e r i  ng i s 
of o r d e r  $20M. 
f o u r  c a t e g o r i e s ?  What l e v e l  o f  funding and what d i s t r i b u t i o n  o f  
f u n d i n g  between c a t e g o r i e s  would you recommend f o r  FY 79  and 
FY80? 

Are t h e  monies d i s t r i b u t e d  s e n s i b l y  between t h e  

We a r e  conduct ing  meet ings,  i n  t h e  area o f  e x p l o r a t i o n  and 
r e s e r v o i r  assessment, o f  c o n s o r t i a  o f  s p e c i a l  i s t s  t o  i d e n t i f y  
techno1 o g i c a l  problems which appear t o  be p r e v e n t i  ng o u r  reach ing  
t h e  n a t i o n a l  goals .  Other  segments o f  DOE/DGE a r e  address ing t h e  
i n s t i t u t i o n a l  and environmental  p r o b l  ems. 
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A d d i t i o n a l l y  we a re  w r i t i n g  t o  you as a manager o f  geothermal 
programs t o  seek you r  adv ice on Federal f i n a n c i a l  involvement i n  
geothermal e x p l o r a t i o n  , assessment , and c o n f i  rmat ion.  Next, we 
s h a l l  h o l d  a workshop wherein managers and s p e c i a l i s t s  w i  11 be 
i n v i t e d  t o  debate our  f i nd ings .  

7) I n  assessing p o t e n t i a l  r e s e r v o i r s  which f a l l  i n  t h e  non-e lec t r i c  
( d i r e c t  heat )  category,  we a re  working w i t h  S t a t e  agencies and 
the  USGS. What involvement i n  d i r e c t  heat  a p p l i c a t i o n s  should we 
seek from i n d u s t r y ?  What forums f o r  expression o f  op in ion  should 
we seek i n  t h i s  regard? 

Answering our quest ions may we l l  be time-consuming f o r  you. We 
apologize.  
he lp  you? 

We wish t o  he lp  you p u t  geothermal on stream. How can we bes t  

K indest  regards, 

Stan1 ey H. Ward 
D i r e c t o r ,  UURI/ESL 

cw 

cc: Jack Sa l i sbu ry  
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Division of Geothermal Energy 

of the 

Department of Energy 

( D O E / D G E )  

1.0 Introduction 

The resource evaluation and reservoir confirmation portion of the 

DOE/DGE program may be broken down i n t o  several phases: E x p l o r a t i o n  

Technology t o  identify a geothermal prospect; _____ Reservoir - assessment t o  

evaluate a prospect; - Reservoir -- confirmation __ -_- -- through deep dr i l l inq;  and  

Reservoir engi neeri n g  t o  establ i sh the produci b i  1 i t y  of the reservoir. 

role of each of these phases and  i t s  associated technical areas have been 

evaluated i n  terms of i t s  c o n t r i b u t i o n  t o  the D O E / D G E  mission as follows. 

The ____ - -- - ---__- 

2.0 Expl oration Techno1 ogy . 

_I_______ Exploration ut i l izes  many techniques from the o i l  and  m i n i n g  

industries t h a t  are n o t  yet  optimized f o r  discovery of geothermal 

resources. Some techniques specific t o  the geothermal industry, such as 

isotopic a n d  chemical prediction o f  subsurface temperatures from analysis 

of surface waters, earth-noi se and microearthquakes, and heat-fl ow 
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measurements, a r e  bei ng eval uated f o r  thei  r re1 i abi 1 i t y  i n  exploration. 

Surface manifestations,  such a s  hot springs, a r e  cur ren t ly  be ing  used t o  

t a r g e t  geothermal systems, making exploration technology l e s s  essent ia l  i n  

the near-term than i t  wi l l  be when less obvious prospects must be 

discovered. Ultimately, i t  i s  essent ia l  t h a t  exploration technology be 

improved so a s  t o  provide the many new prospects necessary t o  reach our 

mid- and far-term goals. We estimate t h a t ,  a f t e r  the i n i t i a l  

cream-skimming phase, 15 prospects m u s t  be found and evaluated f o r  every 

reservoir  ult imately exploited f o r  e l e c t r i c  power. T h u s ,  f o r  the 20,000 

Mwe of power on-l ine,  targeted f o r  the year 2000 perhaps 100 reservoirs  a r e  

required, which implies the discovery of 1500 - prospects. 

i d e n t i f i e d  jus t  63 h i g h  temperature (>15OoC) geothermal systems. I f  only 

one or  two prospects nay be ident i f ied  per system, then we have a major 

USGS Circular 726 

r, 

task ahead of us t o  i d e n t i f y ,  say,  another 1400 prospects. 

3.0 Reservoir Assessment -__ --._____I .- --__ 

Reservoir assessment __ f o r  prospect evaluation uses many of the same 

techniques a s  does exploration ( a t  a d i f f e r e n t  level o f  d e t a i l ) ,  i n  

addition to  cer ta in  s i t e - s p e c i f i c  a c t i v i t i e s ,  such as ac t ive  seismic 

surveys. Improvements i n  reservoir  assessment a r e  more desirable  i n  the 

near-term than are  improvements i n  exploration, considering the h i g h  cos t  

of the reservoir  confirmation t h a t  may follow. That i s ,  geothermal model 

t e s t  wells now c o s t  about $100 per foot  t o  d r i l l ,  w i t h  t o t a l  well cos ts  

approaching an average of $250,000.00 f o r  a 2500 foot  t e s t  well. Test 

wells cost ing $1.5 mill ion have recently been reported. If the cos t  per 

well required t o  ident i fy  a reservoir  could be reduced by a reasonable 
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percentage, then l a r g e  sav ings i n  f ront -end c o s t  t o  t h e  i n d u s t r y  would 

r e s u l t .  

It i s  e s s e n t i a l  t h a t  we a t tempt  r e s e r v o i r  assessment v i a  sur face ,  

sha l low subsurface, and l i m i t e d  deep subsurface t e s t i n g .  

s i g n i f i c a n t  achievements w i l l  be made by e v a l u a t i n g  r e s e r v o i r  assessment 

techniques and/or s t r a t e g i e s  a t  a number o f  t h o r o u g h l y  documented s i t e s .  

Perhaps t h e  most 

4.0 Reservoi  r Conf i r m a t i  on -- -. 

_______ Reservoi  r - c o n f i  r m a t i  -____ on, as here  de f ined,  i s  p r o o f  o f  t h e  e x i s t e n c e  o f  

an economica l l y  expl  o i  tab1 e volume o f  h o t  f l  u i  d .  

i s  e s s e n t i a l  t o  the  es tab l i shment  o f  reserves  s u f f i c i e n t  t o  suppor t  a 

v igorous  i n d u s t r y  and t o  achieve power-on- l ine goals .  

fewer than 30 e x p l o r a t o r y / s t e p - o u t  w e l l s  i n  FY 77 o u t s i d e  The Geysers, 

compared t o  a r a t e  o f  about 200 p e r  y e a r  needed t o  reach t h e  DOE/DGE 

near- term goal o f  3,000 MWe by 1985. Costs p e r  5,000 f o o t  w e l l  a r e  

p robab ly  averag ing  $750,000.00 and severa l  have encountered c o s t s  t w i c e  

t h i s  f i g u r e .  

l e a s t  t h r e e  such w e l l s  a r e  r e q u i r e d  t o  c o n f i r m  t h i s  r e s e r v o i r .  Reservo i r  

c o n f i r m a t i o n  i s ,  t h e r e f o r e ,  a c r i t i c a l  pa th  i t e m  o f  h i g h  p r i o r i t y .  

Reservoi  r c o n f i r m a t i o n  

I n d u s t r y  d r i l l e d  

Under i d e a l  c i rcumstances o f  a t o t a l l y  coupled r e s e r v o i r ,  a t  

A c r u c i a l  q u e s t i o n  t o  be answered here  i s ,  "Are t h e r e  techniques o t h e r  

than d r i l l i n g ,  o r  s u p p o r t i v e  o f  d r i l l i n g ,  which can reduce t h e  c o s t  o f  and 

p r o v i d e  g r e a t e r  assurance o f  r e s e r v o i r  c o n f i r m a t i o n ? "  

o f  utmost impor tance t o  those who i n v e s t  i n  e l e c t r i c  power p l a n t  equipment 

i s ,  "HOW do we d e t e r n i n e  t h e  l o n g e v i t y  o f  a r e s e r v o i r ? "  We must then 

address ourse lves  t o  hydro1 og i  c a l  , s t r u c t u r a l  , v o l c a n i c ,  i s o t o p i c  and 

geochemical, p l u s  geophysica l  model ing of t h e  r e s e r v o i r  i f  we a r e  t o  

A r e l a t e d  q u e s t i o n  
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at tempt  t o  p r o v i d e  answers t o  these quest ions.  

on t h i s  s u b j e c t  e v i d e n t l y  need documenting and d i s t r i b u t i n g  if we are  t o  

t a k e  advantage o f  t h e  scant  exper ience accumulated t o  date.  

Worl d-wi de case h i  s t o r i e s  

Surface, 

sha l low sub-sur face,  and deep sub-surface i n f o r m a t i o n  a r e  a l l  u t i l i z e d  i n  

r e s e r v o i r  c o n f i  r m a t i  on. 

5.0 R e s e r v o i r  Eng ineer ing  
-__I_- ___ - 

P 

- R e s e r v o i r  I____--.--___._ e n g i n e e r i n g  t o  p r e d i c t  t h e  p r o d u c t i o n  c a p a c i t y ,  p r o d u c t i o n  

schedul i ng, p r o d u c t i o n  p r o b l  ems, p r o d u c t i o n  1 ongevi  t y  , and management o f  a 

r e s e r v o i r  i s  e s s e n t i a l  t o  a t t r a c t  users,  such as u t . i l i t i e s ,  who must make 

s u b s t a n t i a l  investments i n  s u r f a c e  f a c i l i t i e s .  O i l  f i e l d  r e s e r v o i r  

e n g i n e e r i n g  techniques a r e  n o t  d i r e c t l y  t r a n s f e r a b l e  t o  geothermal problems 

because o f  t h e  dominance o f  f r a c t u r e  p e r m e a b i l i t y  and t h e  t y p i c a l  f a u l t  

c o n t r o l  of p r o d u c i b i l  i ty. Consequently, r e s e r v o i r  e n g i n e e r i n g  research  

a l s o  i s  a c r i t i c a l  p a t h  i t e m  which i s ,  o f  course, i n  p a r t  i n h e r e n t  i n  

r e s e r v o i r  c o n f i r m a t i o n ,  b u t  depends a lmost  e n t i r e l y  on i n f o r m a t i o n  ob ta ined 

downhol e. 

C l e a r l y ,  a d d i t i o n a l  problems t o  be addressed i n  r e s e r v o i r  e n g i n e e r i n g  

i n c l u d e  s e l f - s e a l i n g  o f  f r a c t u r e s  i n t e r s e c t e d  by a p roduc ing  w e l l ,  l i f e t i m e  

o f  a s i  n g l  e we1 1 , recharge-d i  scharge b a l  ance, we1 1 d e n s i t y ,  maximi z i  ng 

e f f i c i e n c y  o f  p r o d u c t i o n  o f  a g i v e n  f i e l d ,  f i e l d  l o n g e v i t y ,  b r i n e  

chemis t ry ,  mu l t iphase f low,  laminar  f l o w  o p t i m i z a t i o n ,  non-condensible gas 

t rea tment ,  and many o t h e r  f a c t o r s .  

6.0 Management and P l a n n i n g  Task Forces 
_____.I_____. __.__ ________ __- 

6.1 E x p l o r a t i o n  Techno1 ogy , R e s e r v o i r  Assessment, R e s e r v o i r  
Conf i  r m a t i  on 
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6.1.1 I n t r o d u c t i o n  

DOE/DGE has decent ra l  i zed management and p l  anni  ng of i t s  

programs i n  e x p l o r a t i o n  technology,  r e s e r v o i r  assessment and r e s e r v o i r  

c o n f i r m a t i o n  by e s t a b l  i s h i  ng a "Management and P lann ing  Task Force" a t  t h e  

U n i v e r s i t y  o f  Utah. To f a c i l i t a t e  t h i s  task  t h e  Department o f  Geology and 

Geophysics o f  the  U n i v e r s i t y  of Utah (UU/GG) and t h e  U n i v e r s i t y  o f  Utah 

Research I n s t i t u t e  have e s t a b l i s h e d  an E a r t h  Science Labora tory  (UURI/ESL) 

w i t h i n  the  l a t t e r  i n s t i t u t e .  

The U n i v e r s i t y  of Utah ho lds  meet ings o f  c o n s o r t i a  o f  people f rom 

i n d u s t r y ,  government, and academia t o  p r o v i d e  t e c h n i c a l  i n p u t  on program 

planning.  I n  a d d i t i o n  i t  o b t a i n s  d i r e c t  w r i t t e n  and o r a l  i n p u t  f rom 

i n d u s t r y  and s t a t e  governments concern ing t h e i r  p re fe rences  f o r  f e d e r a l  

f i n a n c i a l  a s s i s t a n c e  and i t  ho lds  workshops t o  expose t o  debate t h e  issues  

r a i s e d  by t h e  c o n s o r t i a  and t h e  d i r e c t  conmunicat ions.  

these e x e r c i  ses when re1 a t e d  t o  e x p l o r a t i o n  techno1 ogy 

assessment, and r e s e r v o i r  c o n f i r m a t i o n  i s  t o  assess t h e  c u r r e n t  

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

s u b d i s c i p l i n e s  and t o  i d e n t i f y  s p e c i f i c  needs f o r  f u r t h e r  developments 

where DOE/DGE suppor t  i s  d e s i r a b l e  and may have s u b s t a n t i a l  impact.  

The purpose o f  

r e s e r v o i  r 

geochemical, and geophys ica l ,  

I n  develop ing techniques one i s  c o n s t a n t l y  reminded o f  t h e  need f o r  

c o s t - e f f e c t i v e n e s s .  

development o f  e x p l o r a t i o n  , assessment and c o n f i r m a t i o n  a r c h i t e c t u r e  s u i t e d  

t o  t h e  v a r i o u s  types o f  geothermal resources o c c u r r i n g  i n  each 

phys iograph ic  p rov ince .  O f  concern h e r e  a r e  t h e  DOE/DGE c o a l s  o f  3000 MWe 

by 1985 and 20,000 MWe e l e c t r i c  by 2000 p l u s  a s i g n i f i c a n t  c o n t r i b u t i o n  t o  

I n  t h i s  r e s p e c t  t h e  U n i v e r s i t y  o f  Utah s t r e s s e s  



6 

G 
3 

P 

P 

d i r e c t  a p p l i c a t i o n  o f  geothermal f l u i d s  t o  space h e a t i n g  and o t h e r  

non-el e c t r i c  uses. 

The program s t r a t e g y  i s  i n t e n d e d  t o  be comprehensive, r e f l e c t i v e  o f  

t h e  needs o f  i t s  c o n s t i t u e n t s ,  and designed t o  ensure a c o s t - e f f e c t i v e  

means o f  reach ing  t h e  ambi t ious  goa ls  s e t  by DOE/DGE. 

6.1.2 Flow Diagram f o r  - ~. resource e x p l o r a t i o n ,  assessment, and 

c o n f  i r m a t i  on 

. __- ______ ----- - 

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

To i l l u s t r a t e  t h e  program s t r a t e g y  we p r e s e n t  i n  

F i g u r e  1 a modular e x p l o r a t i o n  sequence which i n c l u d e s  a c a r e f u l l y  balanced 

A 

s e l e c t i o n  o f  g e o l o g i c a l ,  geochemical, and geophysical  modules f o r  

geothermal p r o s p e c t i n g  f o r  a h i g h  temperature (>200°C) resource  i n  t h e  

e a s t e r n  Bas in  and Range phys iograph ic  p rov ince .  Appearing e a r l y  i n  t h e  

e x p l o r a t i o n  sequence a r e  t h e  l e s s  expensive modules. 

expensive b u t  a l s o  more d e f i n i t i v e  modules a r e  in t roduced.  

L a t e r  on t h e  more 

Est imated c o s t s  

p e r  module a r e  i n d i c a t e d  i n  F i g u r e  1 and a r e  e x p l a i n e d  i n  Table 1; debate 

on these e s t i m a t e s  i s  welcomed. 

mercury o r  h e l i u m  gas d e t e c t i o n  i n  s o i l s ,  remote sensing imagery,  

s e l f - p o t e n t i a l  surveys, e a r t h - n o i s e  and microear thquake surveys, e t c .  do 

P o s s i b l e  e x p l o r a t i o n  a c t i v i t i e s  such as 

n o t  appear i n  t h i s  suggested e x p l o r a t i o n  sequence p r i m a r i l y  because many 

people have y e t  t o  be convinced o f  t h e i r  c o s t - e f f e c t i v e n e s s .  

d i f f e r  i n  ph i losophy and aga in  debate i s  welcomed. 

Others w i l l  

The t o t a l  c o s t  per  s i g n i f i c a n t  h i g h  temperature p r o s p e c t  wrung through 

Numerous o t h e r  p rospec ts  w i l l  be t h i s  e x p l o r a t i o n  sequence i s  $375,000.00. 

d iscarded a t  s i g n i f i c a n t l y  lower  c o s t ,  presumably, b u t  such prospec ts  w i l l  
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add t o  the cost  of the successful prospect. 

given prospect depends upon economic appraisals a t  every branch point as 

Figure 1 suggests. 

How f a r  one proceeds w i t h  any 

The end resu l t  of any geothermal exploration sequence o u g h t  t o  be a 

preliminary conceptual model of the geothermal system. 

A program o f  lower cost  would apply t o  exploration for lower 

temperature resources used i n  d i rec t  heat applications. 

6.1.2.2 Assessment 

Once a preliminary conceptual model o f  the 

geothermal system has been generated, model - t e s t  d r i l l  i n g  should be 

in i t i a t ed  i f  warranted. Figure 2 shows a suggested geothermal reservoir 

assessment flow diagram and costs while Table 2 contains the cost  basis and 

summary of costs.  

assessment i s  d r i l l i n g  and l o g g i n g  of a shallow t e s t  well plus introduction 

of expensive surface techniques capable o f  assis t ing i n  the assessment. 

The basic philosophy o f  t h i s  approach t o  reservoir 

The o u t p u t  o f  the reservoir assessment stage i s  a model of the 

geothermal system suff ic ient ly  detailed t h a t  a reservoir confirmation 

program may be planned, i f  economically warranted. 

6.1.2.3 Confi rmation - ._-_._- .. 

One can argue a b o u t  the intensi ty  o f  physical 

endeavour required f o r  reservoir confirmation, b u t  one can hardly argue 

about the fac t  t h a t  a large expense i s  reauired t o  assure confirmation. 
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F i g u r e  3 and Table 3 c o n t a i n  our  suggested minimal c o n f i r m a t i o n  program. 

Again, t h i s  program i s  o n l y  suggested and debate i s  welcomed on procedura l  

and economic c o n s i d e r a t i o n s .  

6.1.2.4 Land A c q u i s i t i o n  and Environmental  Costs 

No c o n s i d e r a t i o n  has been g i v e n  h e r e i n  t o  t h e  

c o n s i d e r a b l e  c o s t s  o f  a c q u i r i n g  land,  o f  p r o v i d i n g  env i ronmenta l  impact  

s t u d i e s ,  and o f  i n s t i  t u t i o n a l  problems. These i tems a r e  e x c l  uded s o l e l y  

because they l i e  o u t s i d e  t h e  purv iew o f  t h i s  program. 

6.2 R e s e r v o i r  Eng ineer ing  

R e s e r v o i r  eng ineer ing  research i s  b e i n g  planned by a separate 

Management and P lann ing  Task Force under t h e  d i r e c t i o n  o f  t h e  Lawrence 

Berkeley Laboratory .  Th is  Task Force w i l l  e s t a b l i s h  propram p r i o r i t i e s  and 

recommend t h e  most f r u i t f u l  d i r e c t i o n s  f o r  DOE/DGE research  t o  t a k e  and any 

recommendations i n  t h i s  area should be forwarded t o  D r .  Paul Witherspoon, 

Department o f  C i  v i  1 Engineer ing,  I l n i v e r s i  t y  o f  Cal i f o r n i  a, Berke l  ey , 

Berkeley,  C a l i f o r n i a  94720. A t  t h e  same t ime,  s u f f i c i e n t  r e s e r v o i r  

e n g i n e e r i n g  capabi  1 i ty  has been e s t a b l i s h e d  t o  p r o v i d e  f i e 1  d suppor t  f o r  

D O E D G E  we1 1 t e s t i  ng. 

A p r e l i m i n a r y  r e p o r t  o f  t h i s  Task Force i s  a v a i l a b l e  f rom LBL f o r  

those i n t e r e s t e d .  

7.0 DOE/DGE Programs .. - 

7.1 R e s e r v o i r  C o n f i r m a t i o n  

The h i g h  p r i o r i t y  o f  r e s e r v o i  r conf  rma t on has l e d  t o  t h r e e  
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D O E / D G E  programs: 

1.  The Industry-Coupled Case Study Program consis ts ,  essent ia l ly ,  o f  

sharing the cost  of  industry exploration and step-out wells i n  return for  

data on the reservoir. 

d r i  11 i ng by p rov i  d i n g  monetary i ncenti ves t o  i ndustry w h i l  e simul taneously 

d i s t r i b u t i n g  industry-wide the knowledge gained i n  cost-shared programs. 

The uncertainties a b o u t  the nature of  reservoirs and  the means f o r  the i r  

confirmation are intended to  be thereby reduced. 

This program i s  designed t o  accelerate confirmation 

Under this program, requests for proposals ( R F P ' s )  are announced t o  

which industry i s  invited to submit proposals. These proposals are 

submitted t o  technical and cost-benefi t analysis and  the bet ter  proposals 

are  converted t o  contracts. 

judged are as follows. 

Specific c r i t e r i a  under which proposals are 

1. 

2. 

3. 

4. 

Location: _. Preference i s  given t o  locations h a v i n g  the greatest  

potential f o r  providing d a t a  applicable t o  the 

assessment and/or c o n f i r m a t i o n  o f  a geothermal 

resource. 

__ Date Type: . Preference i s  given t o  subsurface data and t o  data from 

promi s i n g  w i  1 dcat areas. 

C o n t r i b u t i o n  t o  DOE/DGE Goals: Preference i s  given t o  d a t a  which 

wi l l  most l ikely contribute t o  the D O E / D G E  goals of 

3,000 MWe by 1985 and 20,000 MWe by 2000. 

-_.--__I----- __- 

-. Data Qual i ty:  Preference i s  given t o  h i g h  qua l i t y  geological, 
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5. 

6. 

7. 

8. 

9. 

geochemical , geophysica l  , d r i  11 i n g  , o r  r e s e r v o i r  t e s t  

d a t a  which would most c o n t r i b u t e  t o  l o c a l  and r e g i o n a l  

case h i  s t o r y  s tud ies .  

. - - ~  Data Q u a n t i t y :  Preference i s  g i v e n  t o  p roposa ls  which o f f e r  t h e  

g r e a t e s t  range o f  da ta  a p p l i c a b l e  t o  e x p l o r a t i o n  

technol  ogy, r e s e r v o i r  assessment, and r e s e r v o i  r 

c o n f i r m a t i o n .  

Data Over lap: .____ Preference i s  g i v e n  t o  da ta  which l e a s t  over laps  data 

a l r e a d y  i n  t h e  p u b l i c  domain. 

I n n o v a t i o n :  - -I__ Preference i s  g iven  t o  i n n o v a t i v e  approaches t o  

e x p l o r a t i o n  technol  ogy , r e s e r v o i r  assessment, and 

r e s e r v o i r  c o n f i r m a t i o n .  

- Technica l  Resources: Preference i s  g i v e n  t o  those proposa ls  

which ensure t h e  p a r t i c i p a t i o n  o f  personnel  o f  t h e  

h i g h e s t  l e v e l  o f  t e c h n i c a l  

q u a l i f i c a t i o n s .  

Schedule: Preference i s  g iven  t o  those i n v e s t i g a t i o n s  which 

o f f e r  t h e  e a r l i e s t  p u b l i c a t i o n  date.  

C r i t e r i a  1, 2, and 3 a r e  o f  equal importance and 

each c a r r i e s  more w e i g h t  than each o f  t h e  remain ing  c r i t e r i a .  

T y p i c a l l y ,  DOE/DGE w i l l  c o n t r i b u t e  20% t o  50% o f  t h e  c o s t  o f  t h e  data 

p roduc ts  d e l i v e r e d .  Some p r o t e c t i o n  o f  p r o p r i e t a r y  da ta  can be a f fo rded,  
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11 

must be submi t ted  t o  DOE/DGE f o r  placement 

n. UURI/ESL s r e s p o n s i b l e  f o r  c o n v e r t i n g  t h e  submi t ted 

r e s e r v o i r  case h i s t o r y .  

2. The Pre-Commercial Case Study Program c o n s i s t s  o f  a c o o p e r a t i v e  

e f f o r t  w i t h  t h e  U.S. Geologica l  Survey t o  c o n f i r m  t h e  e x i s t e n c e  o f  

geothermal r e s e r v o i r s ,  t h e  p o t e n t i a l  o f  which i s  t o o  s p e c u l a t i v e  t o  a t t r a c t  

i n d u s t r y .  Th is  program w i l l ,  i f  success fu l ,  s u b s t a n t i a l l y  c o n t r i b u t e  t o  

t h e  number o f  new prospec ts  r e q u i r e d  t o  reach mid- and f a r - t e r m  goals .  I t  

w i l l  a1 so p r o v i d e  the  b a s i c  resource c h a r a c t e r i z a t i o n  necessary t o  gu ide 

t h e  development o f  t h e  Hot  Dry Rock Program. 

C u r r e n t  a c t i v i t i e s  under t h i s  program i n c l u d e  the  Cascade Volcano (Mt. 

Hood) p r o j e c t  and t h e  Hawaii  p r o j e c t .  

3. The State-Coupled Program i s  one designed t o  e v a l u a t e  l o w  and 

moderate temperature r e s e r v o i r s  f o r  d i r e c t  h e a t  appl  i c a t i o n s .  

c o o p e r a t i v e  e f f o r t  w i t h  b o t h  t h e  i n d i v i d u a l  s t a t e s  and t h e  U.S. Geologica l  

Survey. 

a s s i s t  DOE/DGE i n  15  western s ta tes .  

Thi  s i s a 

The UURI/ESL p r o v i d e s  t h e  Management and P lann ing  Task Force t o  

When requested, t h e  UURI/ESL w i l l  p r o v i d e  t e c h n i c a l  ass is tance t o  a 

s t a t e .  A d d i t i o n a l l y ,  UURI/ESL serves as t h e  l i a i s o n  between t h e  s t a t e s  and 

on, t h e  f e d e r a l  

and summary r e p o r t s  

t h e  N a t i o n a l  Oceanographic and Atmospheric Admini s t r a t  

agency f i n a n c e d  by DOE/DGE t o  produce d e s c r i p t i v e  maps 

thereon o f  the  low and moderate temperature resources. 

I n  t h e  e a s t e r n  U.S., the  V i r g i n i a  P o l y t e c h n i c a l  I n s t i t u t e  

per forms a f u n c t i o n  s i m i l a r  t o  t h a t  o f  t h e  UURI/ESL. 

O f  p a r t i c u l a r  concern t o  DOE/DGE i s  e a r l y  es tab l i shment  o f  

f o r  energy p r o d u c t i o n  f rom low and moderate temperature r e s e r v o  

V P I  1 

m i  1 estones 

r s .  
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7.2 Reservoir Assessment !I Exploration Technology 

Research i n  exploration techno1 ogy and  reservoi r assessment i s  

also being supported. 

reservoir confirmation a t  the moment because i t  appears t h a t  a fundamental  

understanding of the natures of geothermal reservoirs obtained under the 

confirmation programs wi l l  be a t  least  as important  as new or improved 

technology i n  these areas. However, i t  i s  i n  these areas t h a t  DOE/DGE 

particularly seeks assistance from industry, other governmental agencies, 

and academia i n  del ineating and justifying particular act ivi t ies  w h i c h  are 

likely t o  offer a t t ract ive opportunities for significant progress toward 

the basic goals of 3000 MWe by 1985 and 20,000 MWe by 2000. I n  particular,  

i t  i s  anticipated t h a t  exploration and assessment effor ts  i n  "wildcat" 

areas may require stimulus v i a  Federal subsidy a n d  t 3 a t  new exploration 

technology may be required for these areas. 

exploration technology, reservoir assessment, and reservoir confiraation 

are anticipated t o  change from time t o  time. 

However, these are given second priority relative t o  

Pr ior i t ies  for expenditures on 

8.0 Budge ta ry  G u i d e l i n e s  
_._I_. ___- __ 

For FY 78 the current plans are t o  distribute funds according t o  the 

f o l  lowing schedul e .  

Expl o r a t i  on Techno1 ogy 

Log Development 

Log Interpretation 

Reservoir Engineering Technique Development 

Reservoir Engineering Scenario Suppor t  

$ 1,600K 

1 , 250K 

800K 

1 , 650K 

1 , 400K 
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Western States Nonelectric Reservoir Confirmation 3, OOOK 

Eastern States None1 ectri c Reservoir Confirmation 3,200K 

Pre-Commercial Reservoir Confirmation 2,380K 

Industry-Coupled Reservoir Confirmation 3,800K 

Total $l9,000K 

Some flexibility i n  these tentative a l l o c a t i o n s  exist f o r  FY 78. Much 

Considering the magn i tude  greater flexibility exists for FY 79 and FY 80. 

of  the problems involved, a much larger budget m i g h t  be warranted and  we 

are seeking a cost-benefit analysis of the components of the program. 
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TABLE 1 

- ESTIMATED COSTS - SUGGESTED GEOTHERHAL EXPLORATION SEQUENCE 

Cost Basis Cost p e r 2  Cost per phase -~ Description 

L i t e r a t u r e  Search 11 Analysis 

Photography, Imagery, 
Photogeology 

General, Volcanic, & St ruc tu ra l  
Geo 1 ogy 

A l t e r a t i o n ,  Water, I so topes ,  
& Chemistry 

T hernia 1 Grad i en t s , ava i 1 a b  1 e 
holes 

O r i l l  8 l i t ho log  g rad ien t  holes 

A I  t e r a t i o n  S tud ie s ,  g rddien t  holes 

Temperature logs 

Detai 1 ed S t ruc tu ra l  Mdppirig 

Oi pol e-di pol e res i s t i v i  t y  surveying 

20K 

15K 

20K 

30K 

20K 

110K 

20K 

1 OK 

1 OK 

80K 

Prel iniinary Conceptual Model iny 40K 

To t a 1 Exp 1 o r a  t i on 

20K 0.25  Man Yr. 

15K 0.10 Man Yr. 
+ 7 K  Data Costs 

0.25 Man Yr. 

0.25 Man Yr. 
+10K Analytic Costs 

0.25 Man Yr. (50 Holes) 

70K -___ 

0.25 Man Yr. 

+90K D r i l l i n g  Costs (20  Holes, cased)  

140K -- 

C onme n t 

0 125 Man Yr. 

48K/60 Days (d800.00 + 32K Modeling ti Interp.  

90K 

40K 0 .50  Man Y r .  

__- 

._ __.  

375K 
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TABLE 2 

ESTIMATED COSTS - SUGGESTED GEOTHERI4AL R E S E R V O I R - A S S E S S M E N T  - 

Cornrien t --__ -- D e s c r i p t i o n  . Cost per- i t e i l i  Cos t  p e r  -phase Cos t  B a s i s  
Phase 

V I  I 

VI11 

-__ 

260K 260K 2500 f t .  8 $ 8 0 . 0 0 / f t  p l u s  20K l o g g i n g  & 0.5 Man Y r .  I n t e r m e d i a t e  D r i l l i n g  & Logg ing  

Sys tern Def i n i t i o n  

30K 

30K 

1 .  L i t h o l o g y .  h y d r o l o g y  

2.  A l t e r a t i o n ,  i s o t o p e s ,  c h e m i s t r y  

3. R e f r a c t  i o n / r e f  l e c t i o n  s e i  sr i i i  c , 
AMT/MT D e t a i  1 ,  
Geophys ica l  Logs 

120K 
60K 
25K 

I X  Model i n g  

T o t a l  R e s e r v o i r  Assessllierlt 

265K 

40K 

565K 

0 . 2 5  Man Yr. + 10K a n a l y t i c  c o s t s  

0 . 2 5  Man Y r .  + 10K a n a l y t i c  c o s t s  

80K d a t a  a c q u i s i t i o n  p l u s  0.50 Man Y r .  i n t e r p  
40K d a t a  a c q u i s i t i o n  p l u s  0.25  Man Y r .  i n t e r p  
i i K  d a t a  a c q u i s i t i o n  p l u s  0.10 Man Y r .  i n t e r p  

0.5 Man Yr. 
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1 .  L i t h o l o y ,  
hydro 1 ogy 

2.  A l t e r a t i o n ,  
isotopes, 
ctieini s t r y  

3 .  Geophy5icdl logs 

D e t d i l e d  Modeling 

f e d s l b l l i t y  Study 

Lonyev i t y  Tes t  

TABLE 3 

tSTIMATED COSTS - SUGGESTLD 2EOiHERMAL R E S E R V O I R  C0NFIRMATII)N -. 

Cost per i t 2  Cost p e r  phase Cost Bas is  

3 w e l l s  I? 5750K p e r  we 

0 75  Man Y r  t30K ana l  

2250K 

90K 

90K 

20Y 

200K 

4l)K 

200K 

5 0 n ~  
__ 

$31 90K To t d  1 Res e r  vo 1 r Asses  men t 

Cornnent 

1 t o  5000 f t .  

t i c  c o s t  

0 .75  Man Y r .  +30K a n a l y t i c  c o s t  

0.25 Man Yr. i n t e r p  

0.5 Mdr l  Y r .  

2 . 5  Man Yr. 

GROSS E S T I M A T E  
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