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I INTRODUCTION 

In 1978, The Division of Geothermal Energy of the Department of Energy 

established the Geothermal Exploration and Assessment Technology Program. The 

purDose of this program is t o  "provide assistance t o  the Nation's industrial 

community by helping to  remove technical and associated economic barriers 

which presently i n h i b i t  efforts t o  bring geothermal electric power production 

and direct heat application on line" ( U .  of Utah,  Dept. o f  Geol. and Geophys., 

1978). In the near term this involves the adapta t ion  of exploration and 

assessment techniques from the mineral and petroleum industry t o  geothermal 

applications. 

technology which will improve the cost effectiveness of geothermal 

exploration. 

In the near t o  far term i t  involves the development o f  new 

The success of this program must eventually be measured by an increase i n  

the success ratio of geothermal tes t  holes. The success ratio can be defined 

as  the number of holes that intercept potentially commercial quantities of 

hydrothermal f l u i d  divided by the t o t a l  number of holes drilled. Drilling 

success i n  the pas t  four years i n  the geothermal industry i s  shown on Figure 

J.1 and tabulated i n  Table 1.1. For comparative purposes the success ratios 

for the o i l  and gas industry are also presented i n  Table 1.1. Although the 

success ratio of geothermal wells drilled was quite h i g h  i n  1975 and 1976, i t  

fell off drastically i n  1977 and 1978. During the same period of time the 

success ratio for o i l  and gas wells remained a t  a fairly constant level. The 

success ratio of geotherinal wi ldca t  wells i s  also quite low, as shown i n  Table 

1.1. Again the success ratio for o i l  and gas exploration wells has remained 

1 



YEARS 

Figure 1.1 Geothermal Wells Drilled 
( I  975- 1978) 
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Year 

1975 

1976 

1977 

-- 

1978 w 

Total Geothermal 
D r i  11 ed 

46 

52 

52 

58 

'roducers ! - - 
37 

39 

25 

30 

TABLE I .1 
Comparison o f  qeothermal and o i l  and qas wel ls  d r i l l e d  

i n  I I .  S. 1975-1978 

We1 1s 
ccess Ratio 

.SO 

.75 

.38 

52 

Success Rat io  
Total O i l  il Gas - 

.644. 

.657 

.673 

.654 

Geothermal Wildcat Wells 
D r i l l e d  

6 

21  

15 

13 

'roducers S - 
1 

2-3 

0 

2 

:cess Ratio 

.166 

-95- .143 

0 

,154 

Data from: Dhi l lon e t  a l . ,  1978; Smith and Matl ick,  1976; Smith e t  a l . ,  1977, 1978, 1979; 
and OOE/E IA ,  1978. 

Success Rat io 
O i l  il Gas Expl . 

.233 

.265 

.270 

.253 



fairly constant for the time period illustrated i n  Table 1.1 and also for the 

past thirty years (DOE/EIA, 1978). Even i n  terms of step-out drilling i n  

geothermal resource areas, data for 1978 (Smith e t  a1 ., 1979) indicate only 

one successful well out  of seven drilled (success ratio = .14). I t  can be 

concluded from this poor drilling success that geothermal exploration is  

presently a t  a rather immature stage of development, lagging far behind o i l  

and gas exploration for instance. Similar conclusions have been expressed a t  

previous meetings of geothermal experts (Ward, 19781, and can be inferred by 

the large variety of exploration methods being utilized by the geothermal 

industry (Table IV.1). 

Drilling costs make up a large portion of the monies expended on 

geothermal exploration. Ward e t  a l .  ( i n  press) have estimated t h a t  the 

exploration expense leading to  the siting of a t es t  well over a 

high- temperature hydrothermal convection system target i n the Bast n and Range 

is  approximately $360,000. The cost of testing this target can be estimated 

through inspection of Figure 1.2. This figure indicates that an addi t ional  

expenditure o f  $550,000 will be required t o  dr i l l  a 5000 foo t  t es t  well. I n  

addi t ion  i t  i s  the op in ion  of Chappell e t  a l .  (1979) t h a t  drilling costs will 

increase exponentially as a function of depth. 

Since many of the companies involved i n  geothermal exploration are 

. diversified energy producers, geothermal exploration opportunities must 

compete w i t h  other exploration programs on the basis of return on investment. 

These companies will realize a return only when they are able t o  sell the 

resource. Ultimately, then, the return on investment will be tied t o  

4 



10,OOOr 1 

Upper one sigma 1 , flmi? 

4 t ; ;  1 ; ;  + b 4 i l l ,  1; 
Wel l  depth (thousands of feet) 

Figure 1.2 - Well cost versus depth. Approximate aggregate estimate 
attempts to eliminate site pecul iari t ies  (Chappel 1 1979) . 
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confidence i n  the reservoir, which w i l l  be dependent on the assessment and 

reservoir engineering phases o f  the explorat ion process. With the poor 

success r a t i o s  shown i n  Table 1.1 and the uncertaint ies associated wi th  the 

assessment and engineering o f  the reservoir, i t  i s  not  surpr is ing tha t  

management tends t o  assign a r e l a t i v e l y  low p r i o r i t y  t o  geothermal 

explorat ion 

I n  order t o  i n i t i a t e  t h i s  DOE program and define speci f ic  needs o f  the 

geothermal explorat ion industry, seven consortia o f  geothermal experts were 

convened during l a t e  1977 and ear ly 1978 t o  define technical problems facing 

the industry. The reports of these consortia were reviewed by managers from 

industry, and the resul tant  recommendations were used t o  formulate FY 1979 DOE 

procurements and t o  define technology development programs a t  the Earth 

Science Laboratory/University o f  Utah Research Ins t i tu te ,  the Department o f  

Geology and Geophysics/Universi t y  o f  Utah, and the Lawrence Berkeley 

Laboratory. The repor ts  o f  the seven consortia along wi th  the review by 

industry managers are documented by Ward (1978). A DOE program plan for The 

Geothermal Exploration and Assessment Technology Program i s  based on t h i s  

document (Univ. o f  Utah, Dept. Geol. and Geophys., 1978). 

The technical review committees o f  the Geothermal Exploration and 

Assessment Technology Program are made up o f  experts from industry as well  as 

academic and research inst i tu t ions.  There are current ly  s i x  committees which 

cover these areas: Water/Rock Interaction; Structure, Stratigraphy, and 

Igneous Processes; Exploration Architecture; E lec t r i ca l  Methods; Seismic 

Methods; and Thermal Methods. These committees meet t o  define the 

6 



state-of-the a r t  i n  geothermal exploration and to  recommend exploration 

techno1 ogy development. Figure I .3 i l l  ustrates the r o l e  o f  these committees 

i n  def ining the specific tasks of the Geothermal Exploration and Assessment 

Technology Program. The reports o f  the individual  committees are contained i n  

subsequent sections of t h i s  document. 

7 
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ESL/UURI provides management assistance t o  DOE for the Exploration and 

Assessment Technology Program. Table 11.1 describes the projects funded by 

DOE pass-through monies during FY 1979. A major oortion of these monies were 

used t o  fund a case studies project. This gave addi t iona l  funds t o  f i l l  i n  

the data  base being generated by DOE'S Industry Coupled Case Studies Program. 

These data  will be placed i n  the public domafn as they become available. 

shown i n  Table 11.1, a large portion of the funds available have been used t o  

As 

t es t  the usefulness of h igh  resolution reflection seismic surveys i n  

geothermal case study areas i n  accordance w i  t h  consortia recommendations. 

Approprf a t e  seismic experiments were desi gned based on the recommendations of 

three independent seismic consultants. Thef r recommendati ons resulted from an 

evaluation of seismic d i t a  t h a t  had already been placed i n  the public domain 

under DOE/DGE's Industry Coupled Program. Thei r report conta'ins detaf led 

recommendati ons on speci f i  cati ons of data acqui s i  t ion and an eval uation of 

various types of surveys and is presented i n  Section I11 of this report. 

9 



TABLE I I .l 

I 

Projects funded during FY 1979 under 
Geothermal Exploration and Assessment Techno1 ogy Program 

Procurement Company Description 

I. PRDA DE-RA07-79ET27077 

1. Borehole Geophysics Univ. of Southern Calif. 
Space Sciences Inst. 
Los Angeles, CA 

Systems, Science and 

Ladolla, CA 

2. Mu1 tiple Geouhysical 
Data Set Analysis Software 

3. Geothermal Earth 
System Model s 

Environmental Research 
Institute of Michigan 
Ann Arbor, MI 

Inter national Engi neer i ng 
Company ( IECO) 
San Francisco, CA 

4. Geochemical Detection Barringer Research 
of Deep or B1 ind 
Parts of Hydro- 
thermal Systems 

Golden, CO. 

Earth Sciences, Inc. 
Golden, CO 

5. Analysis of 3-0 LuTech, Inc. 
inverse electrical Berkeley, CA 
methods 

11. RFP DE-RP07-79ID University of New Mexico 
12038 A1 buquerque , N .M. 

Use a borehole seismic sensor t o  
map fracture density 
and orientation. 

Perform simultaneous 1 inear 
tel esei smic P-wave travel times 

Q or Roosevel t Hot Springs, Utah. 
nd Bouguer gravity data analyses /, 

2-D modeling us ing  P and S wave 
travel time curves, gravity, and 
d i  pol e-di pol e resistivity . 
Use case histories of Cerro 
Prieto, Mexico and Momotombo, 
Nicaragua ' to  define most 
cost-effective confirmation o f  
data  for predicting reservoir 
parameters. 

Sampling a t  Roosevel t Hot 
using conventional soil samuling 
techniques and a surface 
micro1 ayer sampler t o  determine 
surface geochemical signature of 
geothermal resource. 

Sulfur gas survey a t  Roosevel t 
Hot Springs, UT; East Nesa, CA., 
and Long Val ley, CA., t o  assess 
technique as a geothermal 
exuloration tool. 

Use a unimoment method CouDled 
w i t h  a finite-element and 
analytical exDansions method to 
develop 3-0 model s. 

Devel opment of model i ng routi nes 
t o  handle 3-0 toDographic effects 
i n  dioole-dipole and MT surveys. 

10 
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I I e RFP-DE-RP07-79 ID Electro Magnetic Appl fca- 

Albuquerque, N.M. ' surveys. 

Enhancement of signal -to-noi se- 
12041 tions, Incorporated ratios i n  active source EM 

[ V .  CASE STUOIES 

Company Amount Area Description 
South1 and Royal t y  $131,458 Dixie Valley, N V  Reflection seismic survey (COP) ,  
Company $E-NW lines and one NE-trending 
Fort Worth, TX t i e  line, to t a l ing  16 line miles; 

conventional state-of-the-art 
Processing and da ta  disulay. 

Surface geochemical survey of 
aoproximately 30 square miles; 
collect and analyze about 400 soil 
samples for mercury and arsenic. 

Subsurface geochemical survey of 
mu1 tielement analyses o f  drim 
hole cuttings a t  100 foot  
intervals i n  two 8500 f o o t  
expl oratory we1 1 s. 

Synthesize and interpret the above 
aata. 

Union Oil Co. $ 85,000 S t i  11 water, NV Reflection seismic survey (COP) , 
Rio Rancho, N.M. two east-west lines and one 

north-south t i e  line, to ta l ing  
about 12 line miles; either 
dynamite or Vibroseis sources. 

Chevron Resources S 81,000 Beowawe, NV Shall ow thermal gradient hot e 
Company 
San Francisco, CA 

survey, approximatel y 25 holes 
drl7led t o  about 500 feet each. 

Electrical spontaneous potential 
survev over an area o t  
approximatel y three square miles. 

Geochemical survey over an area of 
approximately two square miles: 
about 200 soil and/or rock samples 
analyzing each for mercury. 

11 



Geophysical Ser- 
vices, Inc. 
Denver, CO 

AMAX Expl oration 
Inc. 
Denver, CO 

$ 22,401 Roosevel t Hot 
Springs, UT 

$ 20,000 Tuscarora, NV 

Earth Power Pro- 
duction, Co. 
Tulsa, OK 

S 18,500 Baltazor, NV 

Reflection seismic survey data, 
Wo lines totaling 26.97 miles; 
Vibroseis, stacked and migrated. 

Electrical resistivity (dioole- 
diDOle) survey of about 30 l i  ne 
miles; two east-west lines and one 
north-south line. 

Geochemical survey a1 ong three 
traverse lines t o t a l i n g  about 30 
line miles. Collect and analyze 
about 150 soil, stream sediment 
and rock samples; 50 samoles for 
up t o  15 elements; 100 samoles for 
sel ecti ve el ements . 
E l  ectr .I cal r esi stivi t y  ( d i  001 e- 
diaolel survev. 10 l i  ne miles. 

Sel f Potenti a1 survey , 
approximately 10 l i  ne miles. 

Surface qeochemical survey , 
approximate1 y 500 sampl es, 
analyzing for mercury and arsenic. 

12 



I11 e RECOMMENDED SEISMIC SURVEYS IN CONJUNCTION WITH DOE/DGE's 

INDUSTRY-COUPLED PROGRAM IN THE NORTHERN BASIN & RANGE PROVINCE 

S. Laster ,  University o f  Tulsa 

T. V.  McEvilly, University of Ca l i fo rn ia  a t  Berkeley 

R. Ward, University of Texas a t  Dal las  

1 

8 ack ground 

This  recommended program was formulated by the authors  a s  consul tan ts  t o  

UURI i n  a meeting held March 2-3, 1978 w i t h  UURI scientists responsible  f o r  

management a s s i s t ance  t o  DOE f o r  the Exploration and Assessment Technology and 

Industry Coupled Case Studies  Programs. 

addi t iona l  of geological/geophysical data  were t o  be acquired a s  p a r t  of 

var ious  c o n t r a c t s  l e t  by DOE i n  response t o  RFP No. ET-78-R-08-0003 f o r  

purposes of optimizing data  bases i n  the areas  under study. Some 13 

i ndi v i  dual c o n t r a c t s  w i  t h  industries were i nvol ved, w i t h  studies i n progress 

I t  had been determined by DO€ t h a t  

a t  a number o f  potent ia l  geothermal f i e l d s  i n  the Northern Basin dr Range 

province o f  northern Nevada, i n  addf t ion  t o  those concerned w i t h  the Roosevelt 
Hot Springs and Cove For t  prospects of SW Utah. 

The charge t o  the consul t ing  panel,  having a t  hand a l l  ava i l ab le  da ta  f o r  

the var ious prospects  a s  well a s  appropr ia te  UURI experts on the areas ,  was as 

f 01 1 ows : 

Given the present da ta  on the po ten t i a l  r e se rvo i r s  represented by 

the DOE con t rac t s ,  and the amount of about $200,000 ava i l ab le  t o  

acquire  addi t ional  commercial seismic survey da ta ,  recommend, w i t h  

p r i o r i t i e s ,  specific surv t h a t  will con t r ibu te  optimally t o  the 

13 



case  h i s t o r y  and technology development goa l s  of  the DOE program. 

These goals ,  i n  the matter of  seismic surveys, a r e  further defined 

a s  providing case h i s t o r y  da ta  demonstrating the u t i l i t y ,  o r  l ack  

the reo f ,  of seismic da ta  a s  acquired by conventional r e f l e c t i o n  

survey crews, i n  de t ec t ing  and del i nea t i  ng geothermal reservoi  rs . 
The procedure followed by the panel involved f i rs t  t r a n s l a t i n g  the charge 

i n t o  a set of principles which could provide the basis f o r  setting p r i o r i t i e s .  

Next a l l  the e x i s t i n g  a v a i l a b l e  da t a  were reviewed, leading  t o  a formulat ion 

of a set of general observat ions and cominents on the u t i l i t y  of the method and 

apparent minimal requirements i n  i ts  app l i ca t ion  t o  geothermal explora t ion .  

F i n a l l y  were developed a set of surveys and loca t ions ,  w i t h  p r i o r i t i e s ,  

recommended a s  optimal i n  po ten t i a l  f o r  added knowledge through case  h i s t o r i e s  

on the u t i l i t y  of seismic r e f l e c t i o n  technology i n  geothermal explora t ion .  

P r i o r i t y  

Cons is ten t  w i t h  the goal of adding new knowledge through case h i s t o r y  

add i t ions  the following two characteristics of a prospec t  a r e  judged 

sufficient f o r  ass igning the highest p r i o r i t y  f o r  addi t iona l  seismic survey 

coverage acqui si ti on. 

Highest P r i o r i t y :  

a) a prospect  w i t h  h igh  po ten t i a l  f o r  becoming a successful f ie ld ,  b u t  

w i t h  no (or inadequate) seismic da ta ,  r eqa rd le s s  o f  the amount of  

o the r  geological /geophysical information existing f o r  the a r e a ,  

b) a more 'normal' o r  'average '  prospect  having a l l  o t h e r  

geological /geophysical d a t a  exceut  seismic. 

14 



Other considerations f o r  assi gni  ng priori t y  were d i  scussed, w i  t h  two 

characterist ics surfacing as features increasing p r i o r i t y  i n  i n d i v i d u a l  cases. 

Other Priority Elements : 

a) a unique ( i n  terms of present knowledge) structure,  or one gresently 

unknown b u t  suspected t o  be anomalous; 

a prospect having previous seismic d a t a  judged inadequate i n  

quantity or qual i t y ,  b u t  w i t h  moderate potential f o r  successful 

completion as a reservoir. 

b )  

The rules have been applied i n  evaluating the various prospects presented 

to  us for consideration. Clearly each area i s  i n d i v i d u a l ,  a n d  these elements 

of p r i o r i t y  are sumned as  applicable for a cumulative priority i n  the case o f  

specific areas. 

€xi  s t i n g  Data: General Observations and Conclusions 

Reviewing a l l  the available d a t a  on the prospects under consideration led 

t o  the following observations and concl usions. 

1. 

2 .  

3. 

State-of-the-art CDP p r o f i l i n g  has been demonstrated t o  be effective 

i n  geothermal exploration, b u t  on ly  when the source i s  dynamite o r  

VIBROSEIS (TM Continental Oil Co.).  

Because of the inherent complexity of geothermal structures, i .e.,  

1 ateral vel oci t y  changes, severe faul t i  ng, potenti a1 f o r  much 

diffracted energy, e tc . ,  care must be taken i n  estimating velocity 

models i n  order t h a t  sections may be inigrated accurately. 

Subsurface conditions are usual 1 y 'worst case' , w i t h  expected 

problems i n  s t a t i c  corrections and veloc i ty  va r i a t ions .  

15 



4. Survey design fo r  geothermal appl icatfon should always consider the 

unique 'add-on' tha t  may great ly enhance the fnformatfon provfded by 

the ef for t ,  f *e., long offsets, 2-0 surface arrays for bet ter  F-K 

f magf ng , etc 

These factors have been incorporated i n to  our recommended specf f fcat ions 

' f o r  the surveys proposed f n  t h i s  report, as they are resu l ts  o f  analyzing the 

data o f  the type sought. 

Exi s t f  ng Seismic Data: Adequate 

. 
I 

Available data fo r  the Northern Basin & Range have demonstrated the 
n 
q t f  1 i t y  o f  modern sei smf c re f1  ectf on surveyf ng f n obtainf ng data a1 lowing 

detai led structural  and f a u l t  mapping t o  production depths o f  around 4,000 

feet. Data from Leach Hot Springs and San Emfdio, both structures o f  the 

range-front f a u l t  (RFF) type, i *e*, potent ia l  reservoirs involv ing hot water 

c f rcu la t fon  associated w l th  the major boundary f a u l t  a t  one edge o f  a basin, 

are of excel lent qual i ty  as geothermal seismic data go, with numerous coherent 

re f lect ions for  subsurface structure mapping. Both surveys were judged 

perfect ly adequate f n demonstrating cost-effectf veness and u t f  1 i ty f n the RFF 

sftutat fon.  The San Emfdio survey f s  complete. A t  Leach Hot Springs there f s  

an unmapped structure which f s df scussed below, 

Data from Soda Lake (CDP, as opposed t o  the weight-drop survey) are 

consf dered adequate and useful f n mappfng the f ntra-val l e y  basement structure 

and fau l  t i n g  associated w i th  the potentf a1 reservoir  envf sf oned there, but i n  

l e s i  de ta i l  than the above two surveys. The survey i s  viewed as cost-effec- 

ti VB. 



Exis t ing  Seismic Data: Inadequate 

In this category can f a l l  data of two types: s t a t e -o f - the -a r t  and 

non-state-of-the-art .  The former i s  the more important ,  w i t h  s e r ious  

implications. In the da ta  a v a i l a b l e  from the Indus t ry  Coupled Case Studies  

Program there were no examples of  modern da ta  of  the former category which  

were inadequate.  We understand, however, t h a t  a l l e g a t i o n s  t o  this effect have 

been made concerning seismic da ta  which  is n o t  i n  the p u b l i c  domain. Unfor- 

tunately, we cannot  know what c r i t e r i a  have been used i n  these assessments. 

The s tandards  f o r  a successful petroleum seismic r e f l e c t i o n  survey a r e  more 

stringent t h a n  those  we would set f o r  a geothermal survey. 

On  the o t h e r  hand, we have reviewed three da ta  sets f a l l l n g  i n t o  the 

category of inadequate b u t  no t  s ta te -of - the-ar t :  

--Weightodrop da ta  a t  Beowawe 

--Weight-drop data a t  Soda Lake 

--Single-fold da ta  a t  Cove F o r t  

In the first  two cases, the da ta  o f f e r  no clue as t o  whether or no t  modern COP 

p r o f i l i n g  will succeed ( w e  know, however, t h a t  i t  d i d  f o r  the second; and we 

hear t h a t  i t  d i d  not  i n  the f irst)  i n  the a rea .  The s ing le - fo ld  da ta  a t  Cove 

F o r t ,  however, do indicate t h a t  mu l t i fo ld  da t a  a c q u i s i t i o n  should provide 

usable  da ta  i n  t h a t  a rea .  

Exis t ing  Data: In Progress 

In this category o f  da ta  t h a t  will u l t  l y  become p u b l i c  domain though 

the DOE - Indus t ry  Coupled Case Studies  Program i s  the recently acquired 

Chevron da ta  from Beowawe. Taking a more long-range view, we can cons ider  

I 
i 
I 
! 

1 
i 
! j 

i 
I 

I i 
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much of the presently ' t ight '  data on potential fields such as Roosevelt as 

ultimately contributing to the case history file--but the contribution may 

simply come too la te  to provide i n p u t  to the development of seismic 

expl oration techno1 ogy . 
Recommendations: Survey Parameters 

Barring very special conditions uniqu,  to a particular area, the panel of 

consul tants feel s that future surveys speci fied by DOE to contractors should 

meet the fol1 owing general design parameters for the fie1 d procedures: 

--VIBROSEIS or dynamite source 

-2400% coverage 

-110' group spacing 

0-12 geophones/group minimum 

--*12-60 H t  sweeps 

--*16 sweeps minimum 

--*lo-20 sec sweeps 

--4 sec records, minimum *VIBROSEIS crew 

Processing is the key to success i n  the complex problem of geothermal seismic 

data, and a knowledgeable seismolgist must interact w i t h  those doing the 

processing. The minimal product from the survey must be processing through 

migration w i t h  the standard processing package, b u t  w i t h  particular attention 

to the velocities determined and used i n  the migration routine. Static 

corrections must be treated w i t h  special care. The expenditure for data 

processing i n  a geothermal survey will be a relatively larger fraction of 

total cost than i t  i s  for reflection surveys i n  petroleum exploration. 
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I t  is  vi ta l  t o  seismic explora t ion  technology t o  evaluate the 

e f f e c t i v e n e s s  of imaging techniques i n  r e s e r v o i r  de t ec t ion ,  an4 i n  surveys the 

following field parameters should be specified as general guidelines:  

--6 x 8 a r r a y ,  r egu la r ly  spaced (45 channels minimum) 

--110' i n t e r v a l s  

-018 element geophone c r o s s  (4 .5  H t )  

--location approx. 0 3-1 .O m i  from surface p o i n t  above expected r e se rvo i r  

--large dynamic range recording system (80 dB+) 

Such a modification, termed FKI here ( f o r  frequency-wavelength imaging), 

should be incorporated i n  a COP survey i n  ins tances  where we have a g r e a t  deal 

of o t h e r  geological /geophysical data,  where interference from c u l t u r a l  sources 

( d r i l l i n g ,  t r a f f i c ,  towns and industry) is  very low, and, p a r t i c u l a r l y ,  i f  we 

have evidence for seismic a c t i v i t y  near the po ten t i a l  r e s e r v o i r ,  though this 

l a s t  requirement should not  preclude such a survey i f  the o the r  two condi t ions  

a r e  s a t i s f i e d .  The DOE program can make a substantial con t r ibu t ion  by 

encouraging a few FKI surveys i n  appropr ia te  s i t u a t i o n s  a s  add-ons t o  COP 

survyes. As an add-on such a survey i s  quite inexpensive. 

D e t a i l s  of the line o r  a r r ay  geometry i n  a survey will n a t u r a l l y  depend 

on the p a r t i c u l a r  s i te,  although some general gu ide l ines  should be followed. 

These a r e  based on the goal of demonstrating 

methods. Demonstration imp1 ies napping c a p a b i l i t i e s  f o r  structure and 

f au l  t i n g  down t o  a t  l e a s t  4,000', i n  the v i c i n i t y  of the suspected re se rvo i r .  

Consequently, dense coverage is no t  needed. 

three lines a t  most should suffice, w i t h  a t o t a l  coverage of less than 20 l ine 

i l i t y  - o r  lack  of u t i l i t y  of the 

I n  most Basin & Range cases, 
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miles. Evaluation of the FKI process requires only one setup a t  a 

prospect-spectacular results will insure subsequent eva lua t ion  and DOE will 

have accomplished its goal. 

Cost es t imat ions:  

COP P ro f i l i ng .  The above s p e c i f i c a t i o n s  of 48 points /mile  will allow 
1.5 t o  2 miles per day, a t  best, f o r  a c o s t ,  a t  $7500 
per  day ( inc luding  process ing) ,  of S60K-90K f o r  a 
typ ica l  3-1 ine (two @ 6 m i ,  c rossed by a 4 m i  1 ine) , 16 
mile survey. 

FKI Surveying. As an add-on, this a spec t  of the f i e l d  e f f o r t  amounts 
t o  no more than one day ' s  work, and consequently will 
add less than SlbK t o  the t o t a l  survey cos t .  

Recommendations: First P r i o r i t y  Surveys 

Based on the p r inc ip l e s  set  ou t  above and the ana lyses  of existing da ta  

f o r  the subject prospects,  we recommend the following da ta  be acquired a t  DOE 

request by the appropr ia te  con t r ac to r  f o r  the prospect.  These three 

recommendations, presented i n  order of p r i o r i t y ,  a r e  considered t o  be of the 

highest  p r i o r i t y  i n  the context  of the DOE goal of optimal case  h i s to ry  

development through the addi t ion  of important and c r i t i c a l l y  needed new 

know1 edge. 

1. Leach Hot Springs,  Panther Canyon Site. T h i s  prospect  rose  t o  top 

p r i o r i t y  f o r  several reasons: 1) the l a r g e  amount of  o the r  

geological/geophysical data  on hand f o r  the area ,  2) the somewhat 

unique s t r u c t u r a l  s e t t i n g  of the s i te  (on the trend in t e r sec t ion  of 

the Grass Valley - Pleasant  Valley o f f s e t  and the regional NE-SW 

s t ruc tu ra l  f e a t u r e  i n  the a r e a ) ,  3 )  the well defined t a r g e t  of high 

hea t  flow and microseismicity (somewhat unique  itself i n  geothermal 
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prospec ts ) ,  4 )  the h i g h  p robab i l i t y  o f  good da ta  based on 

experience t o  the northwest a t  the Leach Hot Springs itself i n  the 

same va l l ey ,  5) the opportunity t o  conduct a l s o  the FKI experiment, 

and, l a s t ly ,  6) i ts  proximity t o  the second recommended a rea ,  

below, and the po ten t i a l  f o r  c o s t  saving i n  conducting both surveys 

i n 'one f i el d ope ra t i  on 

The recommended survey geometry ( Fig.  I I I .  1) i nvol ves two 

crossed 5-mile lines, intersecting about one mile SW of the t a r g e t ,  

and normal t o  the two dominant s t r u c t u r a l  trends i n  the area.  The 

FKI spread would be incorporated near the i n t e r s e c t i o n  of t h e  two 

lines. 

2. Dixie Valley. This  prospect received h i g h  p r i o r i t y  because of i t s  

s t a t u s  as a h i g h  po ten t i a l  a r ea  based on much existing data.  I t  

o f f e r s  a l s o  the opportunity f o r  a ful l  ca se  h i s t o r y  on a c l a s s i c a l  

(RFF) type structure. The f ie ld  geometry (F ig .  111..2) represents 

t h a t  typical ly  found i n  the RFF s i t u t a t i o n .  I t  i s  important t h a t  

both d i p  lines be s h o t  and t h a t  they be t i e d  by the c r o s s  line, i n  

o rde r  t h a t  mapping qua l i t y  and cons is tency  can be ascer ta ined  and so 

t h a t  the da ta  can be compared t o  well data.  The  importance of 

acqui r ing  a l l  the lines is emphasized here because the l e a s e  

s i t u a t i o n  looks  messy, and the tendency may be t o  compromise the 

survey. Under no circumstances should the proposed survey be 

reduced t o  less than two lines, one down-dip and a c r o s s  l ine  i n  the 

va l l ey  east of the RFF. The d e t a i l s  o f  the survey a r e  t o  be a s  

specified above for CDP p r o f i l i n g .  FKI i s  no t  recommended f o r  Dixie 
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Figure l2X1 Recommended Seismic Survey af Panther Canyon 

1/2 to I mi. 

4 mi 2 7  

J 

I 6  mi. 2 

Figure m.2 Recommended Seismic Survey in Dixie Vafiey 
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Val 1 ey a t  this time because of interference considerations from 

wells. In a l l  , the recommendation i s  for two &mile 1 ines spaced 2 

miles apart and crossed by a 4-mile line on their eastern segments. 

Roosevelt & Cove Fort GSI Data. These data are invaluable i n  

ascertaining the u t i l i t y  of seismic profiling i n  these unique 

3 .  

structures. Furthermore , Roosevel t , whi 1 e doubt1 ess covered by 

proprietary data i n  the hands o f  P h i l l i p s ,  will probably become the 

second successful geothermal field i n  the nation, and, as such, 

should have some seismic data i n  the public domain. 

We recommend i s  the acquisition by purchase o f  two 5-mile 

segments, one from each of the appropriate GSI lines. A t  Roosevel t, 

the segment would l i e  i n  sections 1-5; a t  Cove Fort the needed 

segment runs from section 25 eastward t o  the county line. 

We cannot overemphasize the importance of these data, and 

stress that thei r acqui si t i  on th rough  purchase i s , w h i  1 e t h i r d  

priority, st i l l  i n  the top three priorities, far above the next 

choices. As such, a l l  efforts must be made to get the d a t a ,  even i f  

quality i s  poor-that i n  i tself  needs t o  be documented publicly. 

Cost Estimate for First Priority Survey Data Acquisition. We estimate the 

cost for the se t  of f irst  priority recommendations as follows: 

Leach , Panther Canyon S45K-75K 

Dixie Valley 60K-90K 

Roos./C. Fort GSi data 50K-75K 

TOTA!, $15 5K - 240K 
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Recommendation: Second P r i o r i t y  Surveys 

Real iz ing t h a t  one of the first p r i o r i t y  recommendations may not  be 

poss ib le  t o  accomplish, we selected the following course of ac t ion  a s  a second 

priority a l t e r n a t e .  I t  should be r ea l i zed ,  however, t h a t  there i s  wide 

difference i n  the value o f  this acqu i s i t i on  and the value o f  any o f  the top  

three recommendations. 

Sti l lwater-Soda Lake Joint Survey. S t i l l w a t e r  has interest a s  a unique 

in t r abas in  prospect,  similar t o  Soda Lake. While l i t t l e  i s  presently 

known o f  the geology and structure, the acqu i s i t i on  o f  grav i ty ,  magnetic, 

resistivity, and shallow and deep thermal g rad ien t  da t a  is  underway p r i o r  

t o  the d r i l l i n g  of two planned deep exploratory holes. Me can assume 

s imi l a r  geological settings f o r  the two prospects  and make a case  f o r  a 

combined survey, w i t h  emphasis on obtaining adequate data  on the sur face  

configurat ion of the basement vol can ics .  

We envision one addi t ional  line through the previously surveyed Soda 

Lake Area, and two lines a t  S t i l l w a t e r  a s  a c r o s s  above the t a r g e t  area.  

I t  i s  possible  t h a t  the two prospects can be t i e d ,  b u t  we do not 

recommend a l a r g e  expense t o  effect a t i e .  

The cost i s  estimated a s  $75K t o  $100K f o r  the j o i n t  survey. 

Recommendation: Low P r i o r i t y  Areas 

Ranking of the remaining prospects i s  r a t h e r  a r b i t r a r y ,  and will 

doubt less  change w i t h  events of the next year  o r  so, a s  study progresses  under 

the DOE cont rac ts .  We reconmend aga ins t  spending anything on these areas  a t  

this time, even though we o f f e r  the following ranking: 
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Roosevelt, i f  GSI purchase fails-reshoot the GSI line or get some 

of the P h i l l i p s  data 

Colado-looks like another RFF, will contribute l i t t l e  provided Leach 

or Dixie Valley surveys are conducted 

Roosevel t, w i t h  GSI data-addi tional 1 ines( s) 

Beowawe, Getty-wai t for Chevron Beowawe data  

Long-Term Outlook: Interesting Prospects 

Several prospects are interesting i n  the long term, and should be watched 

whi 1 e devel oping. No expenditures are recommended a t  present for seismic data 

acquisition. These are Desert Peak, McCoy, and Tuscarora, each unique i n  some 

way. 
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IV. OBJECTIVES OF MARINA DEL REY CONFERENCE 

In order t o  review the progress of the Geothermal Exploration and 

Assessment Technology Program and define the future objectives of t h a t  

program, technical review committees were convened a t  Marina del Rey, 

California during May 14-16, 1979. The following i s  a memo o u t l i n i n g  the 

objectives and the agenda of that meeting. To improve coordination among 

program, the technical advisory group of the Geothermal Reservoir Engineering 

Management Program (GREMP) was convened a t  the same time and place. Their 

report makes up section XI of this document. 
I 

INTRODUCTION 

The U.S. Department o f  Energy, Division of Geothermal Energy (DOEJDGE) 

has an established program i n  Geothermal Exploration and Assessment Techno- 

logy. The purpose of this program i s  t o  provide assistance t o  the Yation's 

industrial community by developing new technology of a geoscientific nature i n  

geothermal exploration and reservoir assessment. Management assistance t o  DOE 

for this program i s  provided by the Earth Science Laboratory of the University 

of Utah Research Institute (ESL/UURI 1.  

I t  i s  extremely important t h a t  the work done under this program De 

responsive t o  the needs of the industries which are engaged i n  development of 

geotherinal energy. Therefore i n  the process of program p l a n n i n g  i t  i s  

imperative that guidance be actively sought and incorporated i n t o  the plan by 

DOE/DGE and by ESL/UURI. T h i s  conference has been convened for the purpose of 

providing such i n p u t .  
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DOE has also invited participation from members of the reservoir 

engineering community a t  this conference. 

DOE and t o  LBL regarding the DOE-funded reservoir engineering programs. 

Separate instructions regarding the desired o u t p u t  from the reservoir 

engineering working group meetings will be furnished by DOE and CBL. 

The purpose i s  t o  provide i n p u t  t o  

A t  the conclusion of this conference, the chairmen of the several 

Technical Review Committees will each submi t  a written report of their 

Committee's activit ies,  recommendations, and priorities. These reports will 

be collated i n t o  a conference report which will be distributed t o  a l l  

participants. 

program managers from industry for their comments. The recommendations and 

In a d d i t i o n ,  the reports will be sent to  other geothermal 

priorit ies will be used by ESL/UURI i n  completing a revision and update of the 

Geothermal Exploration and Assessment Technology Program Plan for DOE. 

Justification, work plans, and budget for the program ultimately authorized by 

DOE will be based on this Plan. 

I 

! 
i 
I 

I 

I AGENDA 
I 

I 

The technical review committees will meet ind iv idua l ly  i n  working groups 

t o  each generate a report which focuses on the specific geoscientific problems 

facing industry i n  geothermal exploration and assessment. Generation of this 

report is the responsibility of each group's chairman and the reDort should be 

i n  final forin for typing  by noon, May 16. I 

I 

I 

I t  i s  anticipated t h a t  the committee working groups will spend-the ?Ionday 
I 

I 
I 

sessions o u t l i n i n g  their reports. During this time problems may arise w h i c h  

are outside the areas of expertise of the group members. I f  this haopens 
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appropriate members from other groups should be invited to take part i n  

working group discussions on Tuesday morning 

l y  to avoid disruption and depletion of the ending group, and borrowing 

should not be @one before Tuesday marning. Obviously, ample opportunity w i l l  

T h i s  m u s t  be done d i  scrim1 nate- 

exist for communication on an informal basis. 

Two plerrary sessions are scheduled. During these sessions each committee 

chairman will  give a 15-20 minute summary of the progress his group has made 

i n  defining problems i n  need of DOE-funded research. Feedback of a cri t ical  

b u t  constructive nature i s  expected from the audience. If you feel that a 

group i s  off track or i s  n o t  addressing subjects which will improve geothermal 

exploration and assessmnt cost-effectiveness and success, this wi l l  be the 

time t o  l e t  your thoughts be known. 

opportunity for discussion of the relative contributions to geothermal 

exploration and assessment from solution of the problems defined w i t h i n  each 

working group. 

question "why does your group believe that recommendation t o  be important? 'I 

In addition, this will provide the 

I t  w i l l  also provide the opportunity t o  ask the cri t ical  

Attached t o  the back of this document is an agenda for the meeting. T h i s  

agenda outlines a rather ful l  schedule. Your support i n  providing your 

expertise during all  of the meeting hours will be very much appreciated. An 

early afternoon termination o f  meetings on Tuesday (4:OO PM) i s  scheduled, and 

your duties will end (except For chairmen) by noon on Wednesday. We hope you 

wil l  each f i n d  enough time dur ing  free hours t o  enjoy Marina del Rey. 

TOP 5 CS 

A -  
-. 

..2c?n,ii?' zmmittee working grouus s h o u l d  focus on present and future 
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problems i n  geothermal exploration and assessment. Final comni t tee reports 

from a similar conference held abou t  one and one-half years ago (Ward, 1975) 

will be provided as a base t o  b u i l d  upon. In addition, the progress made by 

DOE contractors on previous recommendations will be reported t o  you. The 

report of each committee should concentrate on present and future problems and 

the research needed to  alleviate these problems. 

The focus should be on the specific geoscientific problems facing 

In this task our industry particimnts will play a key role. industry. 

Practical, cost-effective solutions to these problems are required and will be 

the subject of DOE-funded research efforts. Problem definition should include 

subjects which are both s i t e  specific and regional i n  nature, even t h o u g h  

primary resonsibil i t y  for research on regional problems rests w i t h  the IJ .S. 

Geological Survey. Problems which may require a l o n g  range research effort  

should be considered as well as those which can be solved i n  the short tern. 

The exploration impact of each problem and the relative priority for 

OOE-funded technology research should b o t h  be discussed and addressed i n  the 

f ina l  report. 

In addition t o  specific topics suggested for each working group 

(considered further below), i t  i s  requested that a l l  of the groups cover the 

following topics and questions and respond i n  the report. 

1. What should the objectives of the DOE/DGE Exploration and Assessment 

Technology and Reservoir Engineering Programs be i n  the near- and 

nid-term (i.e.,  the next 5 years); i n  the far-term? Suggest specific 

milestones for achieving these objectives. 
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2. What effect has the National Energy Act had on geothermal exploration i n  

general, and what effect do you t h i n k  that i t  will have on increasing the 

amount of geothermal power on line i n  the near-term? 

3.  Each group should prepare an outline scenario which gives their consensus 

on the best overall DOE program (including recommendations from the other 

working groups) a t  the $2.5 M and $5 M level i n  exploration and assess- 

ment technology. T h i s  can best be done i n  the second and third days when 

preliminary reports from other working groups will be i n  your hands. 

What is  the necessary minimum DOE funding level for exploration and 

assessment technology t o  make a significant impact on exploration cost- 

effectiveness and resultant power on line? 

4. I t  is  probable t h a t  the Geothermal Exploration and Assessment Technology 

Program w i l l  i n i t i a t e  technology development efforts i n  the areas of low- 

t o  rnoderate-temperature geothermal resources i n  the near future. Some of 

the techno1 ogies used for exploration and assessment of h i  gh-temperature 

hydrothermal convective systems may not be directly appl icabl e t o  

moderate- and low-temperature systems, not  only because of the different 

physical add chemical manifestations of the system, b u t  also because 

exploration will often take place i n  populated areas and because the 

value of the resource will often no t  warrant expensive exploration 

techniques. You should add a component no t  considered during previous 

workshop efforts - geoscience technology development for low- and 

moderate- temper a ture resources. 

5. Each group should consider and recommend specific rock properties 

measurements required for modeling geothermal systems. Also  suggest how 
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t o  best obta in  these property measurements (i.e., l a b ,  i n  situ, well log  

interpretation). 

6. Make specific recommendations for the most efficient !neans of trans- 

ferring technology developments t o  industry. 

most rapid means of disseminating information, b u t  these reports f a l l  

i n t o  the realm o f  "gray literature", t h a t  i s ,  they characteristically 

have a limited distribution and poor a v a i l a b i l i t y  after i n i t i a l  

pub1 ication. 

In-house reports are the 

COMMITTEES 

Following are outlined the basic objectives of each committee. These 

l i s t s  are meant for discussion and each group has the prerogative of 

indicating that the defined objectives have missed the mark and, of course, 

indicating what the proper objectives are. 

Structure, Stratigraphy & Igneous Processes 

This committee i s  designed t o  provide a core of geologic i n p u t ,  and will 

t o  a large extent define problems which may be solved by programs i n  geology, 

geophysics and geochemistry. On the other hand, a group o f  problems exists 

which the geologist i s  uniquely qualified t o  solve. This committee is  likely 

t o  consider most of the problems faced by project managers who are running 

geothermal exploration programs. Topics t h a t  m i g h t  be discussed include. 

.1. Reservoirs are structurally or stratigraphically controlled and those of 

h i g h  temperature require an important active structural component t o  

prevent self-sealing. In a high-temperature environment, the success of 

a well i s  dependent on intersecting a permeable f a u l t  or fracture. 
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I 

2. 

3 .  

4. 

5. 

Permeability commonly changes along strike. What can be done t o  increase 

our knowledge of fault systems, their geometries, their relative and 

space-varying permeabil i ty ,  and the importance of secondary structures? 

Do you f i n d  exis t ing geologic mapping adequate? Shoul d DOE/DGE sponsor 

geologic mapping i n  areas of active geothermal exploration? 

What are the conceptual differences between high-  and low-temperature 

hydrothermal systems? 

How can additional knowledge of the relationship between igneous activity 

and geothermal systems influence geothermal exploration? 

What rock property measurements need t o  be made? 

Seismic Methods 

The objective of this committee i s  t o  review the present use of active 

and passive seismic surveys i n  geothermal environments and recommend 

additional work necessary t o  document and/or improve the useful ness of seismic 

techniques i n  geothermal exploration and assessment. You are provided w i t h  a 

seismic data  base selected from data  which has been placed i n  the public 

domain as a part of the Industry Coupled Program of DOE/DGE. In  add i t ion  you 

are provided w i t h  the recommendations of Ron Ward, Tom WEvilley, and Stan 

Laster on the seismic portion of the Exploration and Assessment Technology 

PrQgram for FY 79. Much of the problem definition concerning the u t i l i t y  of 

seismic methods i n  geothermal exploration was achieved a t  the APSMAGS workshoo 

i n  Taos, New Mexico last  f a l l .  Your report should suggest and prioritize 

specific research projects t o  solve existing problems and controversies. You 

should indicate approximate costs t o  solve problems suggested. Some topics 
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which may be addressed during your discussion are: 

1. 

2. 

3. 

4. 

5. 

6 .  

1 .  

Mhat research and technique development work is  needed i n  data  

acquisition and interpretation i n  areas of h i g h  structural complexity, 

steep d ips ,  and small velocity contrasts between major rock bodies, such 

as geothermal systems often represent? 

What rock properties need t o  be better determined t o  enhance the u t i l i t y  

of sei smic techniques? 

How can the costs of obta in ing  qua l i t y  seismic data over geothermal areas 

be decreased so t h a t  they are more easily justifiable i n  the budget 

framework most companies have for geothermal exploration or reservoir 

assessment? Can a cost-effectiveness value be estimated for seismic 

information? 

What work needs t o  be done t o  establ ish the u t i 1  i t y  of seismic noise 

surveys and microearthquake surveys t o  geothermal exploration and 

assessment? 

How can fractures, particularly open fractures, be detected a t  depth up 

t o  10,000 feet i n  geothermal areas w i t h  enough precision t o  allow 

intersection by dril l  holes? 

Can recording out  t o  long times, such as 30 seconds during vibroseis or 

dynamite source surveys, be used t o  determine the nature of the deep 

crust beneath geothermal systems? 

What are the minimum acceptable sampling rates and group spacings for 

reflection seismic surveys i n  geothermal exploration? 
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Water/Rock Interaction 

T h i s  committee has the broad task of recommending research i n t o  the use 

of chemical and mineralogical indicators present i n  geothermal systems, 

specifically as these indicators may be applied t o  geothermal exploration and 

assessment. This task spans a range of topics from chemical geothermometers 

and methods of determining f l u i d  entries or approach t o  f l u i d  entries during 

the drilling process, t o  determining district-wide zoning as an a i d  t o  dri l l  

s i te  selection. You may wish t o  address the following topics: 

1. 

2. 

3.  

4.  

5. 

6 .  

How can f l u i d  entries or the approach t o  f l u i d  entries be predicted 

d u r i n g  the d r i l l i n g  process (trace elements, continuous monitoring o f  

volatiles, isotopes, petrology)? 

What improvements are needed i n  chemical geothermometry? Isotope 

geothermometers? Low-temperature geothermometers? 

Numerous exploration companies have suggested t h a t  zones of overlapping 

hydrothermal a1 teration present interpretation problems. How can 

alteration zones of different age be most conveniently separated? 

How can geochemical and mineralogical work a i d  i n  reservoir engineering 

and hydrologic studies? 

What work needs t o  be done t o  imDrove applications of geochemistry and 

qi neral ogy t o  exploration and assessment o f  1 ow- and moderate-tempera- 

ture resources? 

How can computer modeling of hydrothermal convection systems be applied 

t o  geothermal exploration? 
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7. 

8. 

Knowing regional geol.ogy, is  i t  possible t o  predict units which have the 

highest potential for forming good reservoirs based on their 

chemical/mineralogical composition and resultant physical properties i n  

bo th  altered and unaltered state? 

The geothermal industry routinely dr i l l s  shallow t o  intermediate depth 

holes for the determination of thermal gradients. Suggest addi t iona l  

mineralogical, chemical, and hydrological data which should be routinely 

collected during t h i s  drilling. Is the present knowledge o f  regional 

zonation patterns sufficient to  apply this data after i t  i s  collected? 

Is basic research i n t o  the mobil i ty  o f  trace elements w i t h  respect t o  

temperature required? 

Exploration Architecture 

The purpose of  the Exploration Architecture committee i s  t o  recommend 

fntegrated geological , geochemical , and geophysical approaches t o  improve the 

success and cost-effectiveness of geothermal exploration efforts. Tab1 e IV .1 

showing the types of data  being contributed t o  the Industry Coupled Program i n  

northern Nevada. The variety of different methods being employed is 

impressive, b u t  j t  suggests t h a t  there are many approaches t o  exploration 

rather t h a n  a carefully considered method01 ogy. Conceptual model s o f  geo- 

thermal resources are obviously important considerations i n  formulating an 

architecture. To be meaningful, an architecture must take i n t o  consideration 

the unique features t h a t  each geothermal prospect presents as  well as the 

fundamental similarities. 

Some of the topics which this working group may want t o  address are: 
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1. 

2. 

3.  

4. 

5.  

6. 

What type of project work should DOE fund so t h a t  

exploration archi tecture can be real ized? 

mpr ovemen ts i n 

In a usual exploration program, what are the questions which are usually 

most diff icul t  t o  answer using the broad range of geological, geochemica 

and geophysical techniques available, 1 .e. what knowledge gaps are l e f t  

after the presently available methods are used? 

Of the presently available methods known t o  be effective, what 

cost-effective combinations and sequences of application exist for each 

of the important resource types? 

D i  scuss cost-effectiveness of individual  geoscienti f i c  methods. 

Most exploration architecture schemes are predicated upon expected 

physical and chemical responses of the geologic environment. However, 

unexpected geologic conditions may require a modification of commonly 

used techniques or a substitution of other methods. For instance, 

electrical techniques are no t  effective for. tracing f au l t s  beneath 

playas. What are the a1 ternatives for mapping these buried fault  zones? 

In general, wha t  alternative exploration architectures exist  when 

problems art se? 

What are the specific differences between exploration archi tecture for 

high-  temperature resources and for low- and moderate-temperature 

resources? Is work needed t o  develop effective exploration architectures 

for the low-temperature environment? 
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Electrical Methods 

A great variety exists i n  available electrical methods and i n  their 

u t i l i t y  and cost-effectiveness. This generates differences of o p i n i o n  among 

geophysicists regarding which electrical method t o  use for w h a t  purpose and i n  

which situations. Potential topics for DOE-funded technology development span 

the range from better instrumentation t o  better f ield techniques and better 

interpretation. Some of the topics t h i s  working group should consider are: 

1. What is the use and cost-effectiveness of each method? 

2. On a method-by-method basis, wha t  DOE efforts are needei. t o  solve 

problems w i t h  instrumentation, field techniques and/or interpretation? 

3.  What rock properties studies are needed for the better use of electrical 

techniques? 

4. Are there new electrical techniques which offer promise for 

cost-effective contribution t o  geothermal exploration and assessment? 

5 .  What role, i f  any, should induced polarization surveys play? 

Thermal Methods 

Thermal methods have the advantage o f  directly detecting the commodity o f  

interest t o  the geothermal industry, namely heat. However, many problems 

stand i n  the way of making effective use of thermal methods for remote 

detection of resources. Spurious effects due t o  ground water circulation and 

lack of adequate samples for good thermal conductivity determinations ( t o  be 

used w i t h  good temperature gradient data) are two of these problems. Thermal 

methods can contribute bo th  t o  the regional picture and t o  the site-specific 
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1. 

2. 

3.  

4. 

5. 

picture. Some topics t h i s  working group may want t o  con 

Are equipment improvements needed? 

i der are: 

What are the problems that  need solving i n  data interpretat ion? How 

about complex models which include hydrologic data and models? 

What rock properties measurements are needed? 

How can data acquis i t ion be improved, and what DOE-funded programs are 

needed? 

What i s  the r o l e  o f  thermal methods i n  explorat ion and assessment o f  low- 

and moderate-temperature resources? 

The Resource Appl 

ET REQUIREMENTS DOCUMENT 

cations (RA) section o f  DOE/DGE (under the d i rect ion of 

Rudy Black) has been charged wi th  establ ishing R&D requirements t o  support 

commercialization o f  geothermal energy. One component o f  t h i s  w i l l  be a 

document addressed t o  the Energy Technology (ET) section (which i s  headed by 

Benny DiBona). The person responsible fo r  organizing and br inging together 

t h i s  ET Requirements Document i s  Joe Hanny o f  EG&G, Idaho. The present 

meeting i s  being used t o  provide outside input  i n t o  the Requirements Document 

i n  the area o f  Reservoir Assessment (Robert Gray - Section Chief for  ET). 

Thi s i ncl udes programs deal i ng wi th  Reservoi r Eva1 uation, Expl orat ion 

Technology, and Reservoir Engineering. Input i s  also requested f o r  programs 

which address the Geoscience Programs o f  Hydrothermal Technology ( C 1  i f t on  

McFarland - Section Chief for  ET). These programs include Log Instrumenta- 
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tion, Well Log Interpretation, Subsidence, and Induced Seismicity. The 

meeting to provide this outside input is'scheduled for 8 : O O  PM on Tuesday, May 

15; all interested parties are invited t o  attend. 
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qONDAY, MAY 14 8:30-10:00 AM 

TUESDAY, MAY 
1 

I 

IEDNESDAY, 

10 : 00 AM-NOON 

NOON-2:OO PM 

2:00-4:00 PM 

4:00-6:30 PN 

6:30 PM 

15 8 : O O  AM-NOON 

NOON-1:00 PM 

1:00-4:00 PM 

4:OO PM 

8:OO PM 

Y 16 8:OO AM-NOON 

(1:00-1:30 PM 

AGENDA 

INTRODUCTION 
Exploration It Assessment Technology 
Program - D.L. Nielson 

Reservoir Engineering Program - J.H. Howard 

Remarks - R. Gray 
M. Reed 
L.L. Mink 

WORKING GROUPS 
Establ ish Objectives 
Outl i ne Report 

LUNCH 
Numerous restaurants i n  proximity of 
Marr i o tt . 
WORKING GROUPS 
Outl i ne Report 
Wr i t ing Assignments 

PLENARY SESSSON 
Reports by group chairmen - audience feedback 

NO HOST BAR BY POOL 

WORKING GROUPS 
Wr i t ing reports 
Considering feedback from plenary session. 
Special Topics. blembers o f  other groups may 
beteatoi nput. 
Consider $2.5M o r  $5M DOE Program. 

CATERED LUNCH AT POOLSIDE 

PLENARY SESSION 
Reports by group chat men, audience feedback 

UNSCHEDULED 

Meeting t o  discuss ET Requirements Document 
J. Hanny, F. Simpson - EG&G, Idaho 
V.S. Bennett - LATA. 

WORKING GROUPS 
Completion o f  indivfdual  committee reports. 

Report by Chai rmen. 
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V 

FINAL REPORT 

STRUCTURE, STRATIGRAPHY AND IGNEOUS 
PROCESSES 

Technical Review Committee 

Geothermal Exploration and Assessment Techno1 ogy Program 

o f  Department o f  Energy/Divi sion o f  Geothermal Energy 

May 14-16, 1979 

Marriott Inn 

Marina del Rey, C a l i f o r n i a  

Contr ibutors :  

Dennis S. McMurdie (Chairman) 
William P.  Nash 
Dean P i  1 k i  ngton 
John Sonderegger 

South1 and Royalty Company 
Univers i ty  of Utah 
Amax Explorat ion Inc.  
Montana Bureau of Mines 
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STRUCTUREs STRATIGRAPHY AND IGNEOUS 

PROCESSES COMMITTEE 

T h i s  committee has reviewed the bas i c  ob jec t ives  set  f o r t h  i n  the o u t l i n e  

f o r  d i scuss ion .  In our  d iscuss ions  we in t eg ra t ed  the comments o f  industry,  

government regula tory  groups and the academic community which deal w i t h  

geothermal programs pe r t a in ing  t o  S t ruc tu re ,  S t r a t ig raphy  and Igneous 

Processes.  

SURFACE GEOLOGY 

Objective 

Establish the geologic framework f o r  a r e a s  w i t h  po ten t i a l  o r  e s t ab l i shed  

geothermal resources .  

J u s t i f i c a t i o n  

The geologic  setting needs t o  be e s t ab l i shed  t o  a id  i n  the i n t e r p r e t a t i o n  

of  s t r u c t u r a l ,  geophysical and geochemical studies of  the a rea ,  a s  well as f o r  

ecol ogical  studies, we1 1 si ti ng and subsurface cont ro l  f o r  proposed we1 1 s . 
Recommendations 

A. Detai led geologic mapping should be undertaken a t  po ten t i a l  o r  

establ i shed geothermal resource a reas .  We recommend. t h a t  this be a t  

7-1/2 minute quadrangle scale, o r  i n  g r e a t e r  detail i n  conjunct ion 

w i t h  low level and low sun angl 

of remote sensing when needed. 

6. Geologic mapping should extend beyond the s p e c i f i c  s i t e  t o  provide 

otography, o r  o the r  forms 

sdfficient information on the surrounding regional  s t r u c t u r a l  and 
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t ec ton ic  s e t t i n g .  

Cost: 3 mapslyear 8 375Klmap = $225K/year f o r  5 years .  

SUBSURFACE STUDIES 

Objective 

To provide reasonable detailed information about  the subsurface geologic 

framework of  po ten t i a l  o r  known geothermal resource  a r e a s  w i t h  p a r t i c u l a r  

emphasi s on 1 i tho1 ogic  and structural re1 a t i  ons . 
J u s t i f i c a t i o n  

Subsurface studies are needed t o  permit the extension of su r face  geologic  

and geochemical da t a  i n t o  a three-dimensional framework. Commonly, secondary 

poros i ty  and permeabi l i ty  can be re1 a t e d  t o  the s t r u c t u r a l  h i s t o r y  deduced 

from these studies. T h i s  type o f  information i s  needed f o r  preliminary i n p u t s  

t o  eva lua te  r e s e r v o i r  c h a r a c t e r i s t i c s  and provide a base t o  monitor change 

w i t h  time during r e s e r v o i r  production (specifically g r a v i t y ) ,  should 

production occur. 

In the eas t e rn  p a r t  of the U.S. where low temperature and geopressured 

resources  are t o  be evaluated,  the compilation o f  e x i s t i n g ,  a v a i l a b l e  

subsurface da ta  should be considered the f irst  step i n  resource eva lua t ion .  

Recommendations 

A. Site-specific s t r u c t u r a l  studies should be made a t  po ten t i a l  o r  

establ i shed geothermal resource a reas .  The studies shoul d be 

in t eg ra t ed  w i t h  the regional t e c t o n i c  framework, and may involve use 

of  f i s s i o n  t r ack  and I(-Ar age da t ing  t o  e s t a b l i s h  r a t e s  o f  tectonism 

and sequences of s t r u c t u r a l  events. 
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B. Detailed gravity studies should be undertaken e a r l y  i n  the 

explora t ion  of geothermal resource a reas .  

In established geothermal fields, g r a v i t y  studies should be continued 

t o  monitor the system and a s s i s t  i n  def ining the conf igura t ion  o f  the 

r e s e r v o i r  as well as recharge. 

Cost: A. S4OKlyr 

8. Gravity. 3 surveys per yea r  @ 335K per survey = S105K per 

y e a r  f o r  5 yea r s .  

ROCK PROPERTIES 

Ob j ec t i v e s  

To obta in  da ta  on the p rope r t i e s  of the subsurface t h a t  can be u t i l i zed  

t o  enhance explora t ion  and e x p l o i t a t i o n  of the geothermal r e se rvo i r .  

Justi ficatf on 

The parameters t o  be measured can be used t o  define the 1 imi ts of the 

r e s e r v o i r  boundary. They can be used a s  well t o  define the productlon and 

poros i ty  zonation a s  well a s  the recharge and source a reas .  

Recommendations 

A. Measure the following rock proDerties 1 n establ i shed geothermal 

areas:  

a )  i n  situ stress -- 
b)  rock dens i ty  

c )  Poisson ' s  r a t i o  

d )  magnetic s u s c e p t i b i l i t y  
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e) resistivity 

f )  fracture dens i ty  and/or permeabi 1 i t y  

B. Support studies described by the rock-water i n t e r a c t i o n  committee 

inc luding  mineralogical a1 t e r a t i o n ,  water chemistry, and carbon, 

hydrogen, oxygen and sul fur i s o t o p i c  studies. 

Cost: A. 1 site. 3 t o  5 M l s  per year: $30K 

IGNEOUS PPOCESSES 

Objectipe 

A. Es tab l i sh  i n  g r e a t e r  d e t a i l  the ages of igneous a c t i v i t y  irr a reas  

w i t h  po ten t i  a1 o r  e s t ab l  ished geothermal resources.  

B. To es t ab l  ish a more comprehensive understanding o f  the re1 a t ionsh ip  

between magmatic a c t i v i t y  and geothermal resources ,  and develop new 

techniques t o  a s s i s t  i n  explora t ion  f o r  geothermal resources.  

J u s t i f i c a t i o n  

A. Age re l a t ionsh ips  of igneous a c t i v i t y  a r e  v i t a l  t o  the explora t ion  

f o r  geothermal resources,  and the current da ta  base i s  inadequate. 

B. As r ead i ly  i d e n t i f i a b l e  resource a r e a s  become scarce ,  i t  i s  important 

t o  develop a more soph i s t i ca t ed  understanding of how magma bodies a r e  

generated and emplaced, and u l t ima te ly  cool i n  the upper crust. 

Recommendations 

A. Continue t o  support age da t ing  of igneous rocks,  o re fe rab ly  a t  an 

acce le ra t ed  r a t e .  
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8 .  We recommend t h a t  each s t a t e  p a r t i c i p a t i n g  i n  the S t a t e  Coupled 

Program compile a ca t a log  of K-Ar dates t h a t  have been obtained i n  

samples from the s t a t e .  

C. Develop models f o r  the evolution of magma systems i n  the manner 

app l i ed  t o  porphyry copper systems. These should examine problems of 

magma genes is ,  magma t r a n s f e r  i n  the crust and cool ing  o f  magmas, and 

the thermal decay of h o t  s o l i d  igneous bodies.  The l a t t e r  aspec t  

will involve water-rock i n t e r a c t i o n  and a1 t e r a t i o n  studies. 

0. The chemical compositions of s i l i c ic  igneous rocks may be r e l a t e d  t o  

the nagnitude of the magmatic system. Detailed chemical studies 

should be undertaken t o  eva lua te  this po ten t i a l  explora t ion  

technique. 

Cost: A. $75K/yr f o r  5 years 

8 .  To be funded t o  S t a t e  Coupled Program 

C.  $40K per yea r  f o r  3 t o  5 yea r s  

0. 640K per y e a r  f o r  three t o  five yea r s  

COMPARISON OF HIGH VERSUS LOW TEMPERATURE HYDROTHERMAL SYSTEMS 

While magmatic hea t  sources may produce either a h igh-  o r  low-temperature 

resource,  low-temperature resources may be cha rac t e r i zed  by a wider range of 

geologic environments. In 1 ow-temperature systems: 1 ) the h e a t  source may be 

s o l e l y  from the regional geothermal g rad ien t  ( including r ad ioac t ive  decay) and 

deep c i r c u l a t i o n ;  2 )  h i g h e r  permeabil i t ies  and thermal c o n d u c t i v i t i e s  nay be 

present i n  the source and transmission zones; 3 )  capping units may not  be 

present; 4 )  t a r g e t  r e s e r v o i r s  may l i e  above the na in  reservoi r / source  zone; 
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and 5 )  because some of these t a r g e t s  will be shallow, the risk of degradation 

of the resource i s  higher by inducing recharge of co lde r  na t ive  ground water 

i n t o  the re se rvo i r .  

Use of standard approaches combined w i t h  procedures devel oped f o r  

groundwater studies are deemed adequate f o r  most purposes 

P R I O R I T I E S ,  I N  ORDER OF IMPORTANCE 

1. Surface geology 

2 Potassi  urn-argon age da t ing  

3. Subsurface studies 

4. Rock prope r t i e s  

5. Other igneous studies 
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EXPLORATION ARCHITECTURE 

The goal of geothermal explora t ion  a r c h i t e c t u r e  i s  the i n t e g r a t i o n  of 

geologica l ,  geochemical, and geophysical approaches i n  such a way a s  t o  

improve the cos t -e f fec t iveness  and success of exp lo ra t ion  e f f o r t s .  

one a r c h i t e c t u r e  can meet the needs of the indus t ry .  

s ta tements  can be formulated regarding the present effectiveness of the 

a v a i l a b l e  techniques i n  f ind ing  var ious  k i n d s  o f  geothermal resource  t a r g e t s  

i n  var ious  k i n d s  of geologic provinces,  and regarding those  techniques which 

migh t  show significant improvement i f  add i t iona l  research  were conducted. 

Clear ly  no 

However, general 

METHOD USED TO IDENTIFY ARCHITECTURE COMPONENTS IN NEED 
OF DOE SUPPORT 

Each component t h a t  may con t r ibu te  t o  an exp lo ra t ion  program i n  four  

differ ing geologic provinces was eva lua ted  f o r  i t s  a p p l i c a b i l i t y  t o  the 

resource search and f o r  i ts  r e l a t i v e  need of add i t iona l  support .  

component was graded a s  t o  i t s  a b i l i t y  t o  l o c a t e  seven differ ing resource 

types and the need f o r  support  t o  improve i t s  effectiveness was determined. 

Each component was evaluated i n  terns of i t s  a b i l  i t y  t o  wi ths tand  "noise" both 

natural  and man-made, and a judgement nade whether this a b i l i t y  could be 

markedly enhanced through addi t iona l  funding. 

Each 

The r e l a t i v e  ease  of c o l l e c t i o n  of the da ta  necessary t o  use each 

component was determined and the extent t o  which  add i t iona l  fund ing  could be 

expected t o  improve this condi t ion  ra ted .  

assessed f o r  both "regional I' and "si t 2  soeci f i c "  components. 

All the above cons ide ra t ions  were 
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Two members of the committee had been party t o  a similar ranking exercise 

carried o u t  by the Mitre Corporation i n  November of 1978. The Mitre survey 

had a total participation of thirty-five respondents. A comparison was made 

between component effectiveness as  determined by the larger Mitre sampling and 

that determined by the committee. No ranking w i t h  respect t o  need f o r  

addi t iona l  government funding i s contained i n  the Mitre report. 

After identifying components t h a t  could potentially p r o f i t  subs t an t i a l ly  

from additional funding, the Committee discussed these components w i t h  the 

Technical Review Committees charged w i t h  the function of recommending research 

i n  specific areas. 

component i n  question was further discussed and a level of appropriate support 

determined. 

I f  applicability and need were clearly established, the 

ARCHITECTURE COMPONENTS RECOMMENDED FOR FUNDING 

Components w i t h  Applicability as  Identified by the Committee and by the Mitre 
RePort 

The process described i n  the above section led t o  the isolation of the 
following components as being worthy of additional support. The applicability 

o f  these components w i t h i n  the geotechnical constraints indicated was 

previously recognized by the group polled by the Mitre Corporation. The>e 

specific components include: 

1) Refinement of the magnetotelluric method t o  delineate high- 
temperature resources i n  areas such as the Basin and Range and the 
Rio Grande Rift 

250K/yr. 

2 )  Effect of ground water flow on thermal and gradient measurements i n  
problem areas 

100K/yr. 

51 



3 )  Regional application of l i q u i d  geochemistry to  areas where the f l u i d s  
are expected to  be of low salinity and moderate temperature 

100K/yr. 

’ 4)  Regional application of gas geochemistry i n  areas o f  expected b l i n d  
resources 

100K/yr. 

5 )  Use of age dating i n  problem areas such as the Cascades 

100K/yr. 

6) Use of joint  collection and inversion of data to  effect economy of 
fie1 d operation and to reduce ambiguity i n  interpretation 

SOK/yr. 

Recommendations from Other Review Committees for Research Directly Related to  
Exploration Architecture 

The Committee would like to go on record as supporting the following 

recommendations of the other Review Commi ttees: 

1) Regional contour map of the “Deep Electrical Conductor.” 

2 )  Compilation of a l l  existing regional seismic data. 

3) Applied research i n  processing DOE-acquired reflection data. 

4 )  OOE-USGS Refraction - Deep reflection survey a t  the Clear Lake 

Volcanic Field. 

5 )  Study of the use of I.P. methods i n  known geothermal regions. 

6) Evaluation of the magnetometric method for location of deep elongated 

conductors. 

7 )  Up-dati ng and refinement of avai 1 ab1 e regional temperature maps. 



REVIEW OF MITRE REPORT 

The MITRE r e p o r t  (Dhillon e t  a1 . , 1978) was aimed a t  assess ing  the 

b e n e f i t / c o s t  r a t i o  t h a t  may result t o  the economy i f  certain incremental 

improvements i n  d r i l l i n g  success r a t i o s  a r e  t o  be achieved. Based upon 

a n a l y s i s  o f  the current success r a t i o ,  and the u l t ima te  goal o f  20,000-30,000 

megawatts on-line by the turn of the century ,  i t  was estimated t h a t  a sum 

between $220 mil l ion  and 2 b i l l i o n  d o l l a r s  will be saved t o  the economy by 

increas ing  the ove ra l l  success r a t i o  by a few percentage poin ts .  Accordingly, 

the MITRE r e p o r t  recommended t h a t  a sum of about 22 mil l ion  d o l l a r s  (19% of 

the most conserva t ive  savings t o  be achieved) could be spent immediately on 

exp lo ra t ion  techno1 ogy improvement. 

As p a r t  of the study, MITRE canvassed 35 i nd iv idua l s  and companies 

engaged i n  geothermal explora t ion  t o  ob ta in  their opinion about the regional 

a p p l i c a b i l i t y  of var ious  explora t ion  o r  assessment techniques (Table VI .1) 

The most app l i cab le  method was ranked a s  number 1, and the l e a s t  app l i cab le  

nrethod was ranked as number 14,  f o r  a l l  14 techniques which were listed. 

Table VI .1 does no t  concern i tself  w i t h  cos t - e f f ec t iveness ,  b u t  r a t h e r  w i t h  

the degree of a p p l i c a b i l i t y  of the method a s  an independent method, i n  either 

loca t ing  the t a r g e t  o r  a s s i s t i n g  i n  de f in ing  some of i t s  components. 

Based upon inspec t ion  of Table V1.1, i t  i s  poss ib l e  t o  c o n s t r u c t  d i s t inc t  

explora t ion  a r c h i t e c t u r e s  i n  a number of different geological provinces a s  

shown i n  Table VI .2. The ensembles of techniques shown i n  Tab1 e VI .2 were 

imp i c i t l y  judged by the respondents a s  the most s u i t a b l e  f o r  each region. 
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The e f f ec t iveness  of each of the currently employed explora t ion  

techniques was determined by i t s  weighted average of respondent r a t i n g s  on 

d iagnos t ic  c a p a b i l i t y ,  a p p l i c a b i l i t y ,  dependability and immunity t o  noise 

(background o r  geo log ica l ) ,  a s  shown i n  Table VI.3. 

EXPLORATION ARCHITECTURE AS 
PRESENTLY PRACTICED 

The geothermal indus t ry  i s  still very much i n  i t s  infancy and undergoing 

what might be considered growing pains. Much research  i n  explora t ion  methods 

i s  s t i l l  going on. Possibly the best ind ica t ion  of the cos t -e f fec t iveness  of 

an explora t ion  method i s  the frequency of use of the method by industry.  The 

data submitted by industry a s  p a r t  of the northern Nevada Industry Coupled 

Program is  an ind ica t ion  of the types of surveys t h a t  a r e  rou t ine ly  r u n  i n  

eva lua t ing  a prospect (Table IV.l). Admittedly this l i s t  i s  no t  complete a s  

some surveys on the l i s t  are experimental and some surveys were no t  turned 

over t o  DOE because of their sensitivity. 

What i s  very c l e a r  i s  t h a t  the methods a r e  most frequently combined. The 

combinations typical ly  include both shallow and deep thermal g rad ien t s ,  an 

e l e c t r i c a l  resistivity survey, g rav i ty ,  and magnetics. The e x t e n t  t o  which 

geologic and geochemical surveys are rou t ine ly  conducted is  not  known b u t  both 

should probably be included i n  the above group. The thermal methods a r e  the 

most commonly used of a l l  the techniques. I t  appears t h a t  industry cons iders  

t h a t  combining explora t ion  surveys i s  e f f e c t i v e  i n  reducing the risks 

assoc ia ted  w i t h  deep d r i l l i n g .  

In order  t o  decrease the c o s t s  a s soc ia t ed  w i t h  acquiring a c t i v e  seismic 
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TABLE V I . 2  

EFFECTIVE ENSEMBLES OF EXPLORATION TECHNIQUES 
I N  VARIOUS GEOLOGIC ENVIRONMENTS 

GEOLOGICAL ENVIRONMENT 

Geysers 

Basin and Range 
Snake River P l a i n  
Wasatch Front  
Rio Grande R i f t  

Appalachian Provence 
Eastern and S.E. Plutons 

Cascade and Aleut ian 
A r c  I s l ands  

I 
I 

USERS PERCEIVED MOST 
APPLICABLE TECHNOLOGY 

Thermal Methods 
Surface  Mapping 
Gravimetry 
A i r  Photography 
Geochemistry 

Thermal Methods 
Gravimetry 
E l e c t r i c a l  Methods 
Seismic Methods 
Borehole Logging 

Surface Map2ing 
Thermal Methods 
E l e c t r i c a l  Methods 
Gravimetry 
Geochemistry 

Borehole Logging 
Thermal Methods 
Seismic Methods 
G eoc h e m i  s t r y  
Gravimetry 

Thermal Methods 
Surface Mapping 
Geochemistry 
E l e c t r i c a l  Methods 

Thermal Methods 
Gravimetry. 
Magnetic Methods 

Thermal Methods 
Surf ace  Mapping 
Gravimetry 
E l e c t r i c a l  Methods 

Dhillon e t  a1 . , 1978 
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data, we recommend that "group shoots" or "spec. surveys'' be considered i n  

areas that w i l l  be offered on a competitive b i d  basis. 

DIFFERENCE BETWEEN EXPLORATION ARCHITECTURE 
FOR HIGH TEMPERATURE V S  LOW- AND MODERATE-TEMPERATURE RESOURCES 

The question i s  inseparable from the difference between exploration based 

on the economics of electric power generation versus a direct heat applica- 

tion. That is ,  the major change i n  exploration strategy i s  dictated by 

econom cs. The typical direct-heat application i s  a low-budget operation that 

simply cannot afford expensive exploration aethods. Development wells will 

generally be less than 500 m deep, hence the saving attained by better surface 

exploration programs i s  1 ess . 

The low budget exploration program for low- and noderate-temperature 

resources wi l l  be h ighly  dependent upon public information. Consequently, i t  

i s  important t o  these relatively small users t o  have certain regional data 

bases available t o  them. The following regional maps may have particular use: 

contour of the Curie isotherm, contour to t o p  of "low electrical resistivity" 

layer, crustal thickness, P n  velocity, regional gravity, heat flow and thermal 

da ta  (both measured and derived from geochemistry), and detailed geology i n  

human resource areas. These are not truly research topics, b u t  we do 

recommend a continued, moderate effort  t o  generate and disseminate such maps. 

Low-budget exploration will rely heavily on the relatively inexpensive 

techniques of geochemistry. RetrosDective case studies o f  standard geo- 

thermometry techni lues woul d enhance the prediction of sha l l  ow reservoir 

temperature. More research, denonstration and dissemination of results could 

58 



similarly enhance the usefulness o f  gas and rock geochemistry. 

Since b o t h  holes o f  oppor tuni ty  and shallow thermal measurements are 

c r i t i ca l ,  we recommend a clear documentation of the geologic situation i n  

which shallow thermometric heat flow data can be considered reliable. 

Tools such as AMT which are n o t  routinely used due t o  shallow penetration 

and lack of available equipment become very useful for shallow reservoir 

del i neati on. 

recommended. 

Equipment  devel opment and case h i  story documentation i s 

Standard geologic and structural mapping techniques continue t o  be 

cost-effective b u t  seem t o  require l i t t l e  new research support. 
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INTRODUCTION 

In preparing this r e p o r t  we have reviewed the r e p o r t  of the 1977/78 

consortium on e l e c t r i c a l  methods. We have a l s o  considered a l l  of the top ic s  

suggested f o r  our  working group, We found many of the assumptions and 

recommendations made by the 1977/78 consortium t o  s t i l l  be va l id .  However, 

there have been s i g n i f i c a n t  developments i n  the l a s t  16 nronths which  caused us 

t o  delete o r  modify some of the previous recommendations and t o  add new 

recommendations. 

fo l  1 owing assumptions : 

1. E l e c t r i c a l  methods are e s s e n t i a l  f o r  geotherinal explora t ion  and 

In formulating our recommendations we have made the 

assessment. A1 though no t  necessarily d iagnos t i c ,  know1 edge of the 

subsurface resistivity structure provides more information on the 

poss ib l e  existence of a geothermal r e s e r v o i r  than any o t h e r  sur face  

geophysical information ( w i t h  the exception of thermal da ta  which  must be 

acquired from dr i l l  ho les )  

2. As a gene ra l i za t ion ,  electrica 

o t h e r  methods such a s  seismic. 

methods are not  as well developed as 

Consequently, e l e c t r i c a l  methods a r e  not  

u t i l i z e d  a s  f u l l y  a s  they should be. Also, when dea l ing  w i t h  complicated 

structures, such a s  i s  usua l ly  the case  i n  geothermal a reas ,  we a r e  no t  

ab le  t o  e x t r a c t  a l l  of the information inherent i n  the da ta  due t o  lack  

of adequate model i n g  and i n t e r p r e t a t i o n a l  techniques. An addi t iona l  

concern i s  the fac t  t h a t  the explora t ion  s t a f f s  of many of the geothermal 

companies and of e l e c t r i c a l  c o n t r a c t o r s  a r e  n o t  l a r g e  enough o r  

sufficiently well t r a ined  t o  do high q u a l i t y  or even adequate 

i n t e r p r e t a t i o n  of e l e c t r i c a l  da ta .  
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3 .  More effort  needs t o  be made i n  i n t eg ra t ion  and i n t e r p r e t a t i o n  o f  a l l  

geophysical,  geologica l ,  geochemical and hydraul ic  information f o r  

specific areas .  Exis t ing  geologic models of  geothermal systems a r e  

inadequate f o r  proper i n t e r p r e t a t i o n  of geophysical da ta .  

4. From indus t ry ' s  v iewpoin t  the pr inc ipa l  needs are:  

a .  Contractors  who c o l l  ect  h i g h  qual i t y  da ta  us ing  we1 1 -cal i bra ted  

equipment. 

The ab i l  i t y  t o  do inhouse o r  t o  c o n t r a c t  f o r  h i g h  qual i t y  

f n t e r p r e t a t i o n  of the da ta .  

Case h i s t o r i e s  and c o m a r a t i v e  da ta  f o r  systems which  have good 

d r i  11 hole  and o the r  control  . 

b. 

c .  

d.  Regional e l e c t r i c a l  da ta  bases.  

e. More systematic  and complete t r a n s f e r  of technology and information. 

5. Appropriate pol icy ob jec t ives  f o r  DGE i n  the e l e c t r i c a l  methods program 

i ncl ude: 

a .  Improve the s ta te -of - the-ar t  i n  e l e c t r i c a l  methods (hardware, da ta  

processinq,  i n t e r p r e t a t i o n ) .  

b. Disseminate case  h i s t o r i e s  and t h e o r e t i c a l  and f i e l d  studies of 

e l e c t r i c a l  methods over geothermal systems which have been 

extensively s t u d i e d  and which a r e  re1 a t i v e l y  we1 1 understood. 

c .  Es t ab l i sh  regional electrical da ta  bases  including a map of the 

"deep e l e c t r i c a l  conductor" seen by MT measurements. 

Develop e l e c t r i c a l  methods f o r  monitoring changes i n  Producing d. 

r e se rvo i r s .  
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DISCUSSION OF SPECIFIC QUESTIONS ON ELECTRICAL METHODS 

The group was asked to consider five questions dealing specifically w i t h  

electrical methods. 

1. "What i s  the use and cost-effectiveness of each method?" Any answers 

which could be provided to this question i n  2 1 /2  days would be h i g h l y  

subjective and would probably change i f  the same question was asked to 

the same group i n  a few months. No attempt was made to answer this 

guesti on. 

i 
I 
i 
I 

I 

2.  "On a method-by-method basis, w h a t  DOE efforts are needed to solve 

problems w i t h  instrumentation, fie1 d techniques and/or interpretation?" 

The following brief comments which overlap w i t h  some of the 

i 

recommendations are offered. 

DC resistivity methods - no special effort needed although there was some 
i 

minority opinion that further work and demonstration of bipole-dipole 

techniques is  needed. 

- MT - emphasize 3-0 modeling and 2 and 3-D inversion and interoretation. 

AMT - instruments are needed b u t  they w i l l  probably be developed w i t h o u t  

DOE help. 
- 

Same need for interpretation a s  for  MT. 

Magnetometer Array - No emphasis needed. 

Telluric - No emphasis needed. 
i 

~ 

~ studies, case histories, modeling and interpretation. Some work on 

i 

Controlled Source EM - Greatest emphasis should be placed on field 

i 
reduction of noise from geomagnetic variations i s  needed. 

Sel f-ootential - No special ennphasi s needed. 
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"What rock p rope r t i e s  are needed f o r  better use of  e l e c t r i c a l  

techniques?" - Resistivity measurements a t  moderate temperatures and 

pressures c h a r a c t e r i s t i c  of  hydrothermal systems and measurements a t  

higher  temperatures up t o  me1 t i  ng . 
4. "Are there new electrical techniques which o f f e r  promise f o r  

cos t - e f f ec t ive  cont r ibu t ion  t o  geothermal exol o r a t i o n  and assessment?" 

The use of magnetometric r e s i s t i v i t y ,  l a r g e  array MT, and s h o r t  o f f s e t  

and co inc iden t  loop time domain EM rllethods should be considered. 

5. "What r o l e ,  i f  any, should induced po la r i za t ion  play?" Additional tests 

of IP techniques t o  i den t i fy  cl ay-beari ng and o t h e r  hydrothermal l~ 

a1 tered rocks should be considered. 

DISCUSSION OF GENERAL TOPICS 

The group considered s i x  general ques t tons  which were asked of  a l l  

groups; brief answers a r e  a s  follows: 

1. DOE/DGE ob jec t ives :  

The primary ob jec t ive  of the I)OE/DGE Exploration and Assessmerlt 

Technology and Reservoir Engineering Program should be t o  1) provide 

bas ic  da ta  such a s  regional geophysical da ta  which  industry will no t  

acqui re  by i t se l f  and 2 )  t o  develop, improve, and demonstrate advanced 

and effective techniques f o r  explora t ion  and assessment which,  f o r  

var ious reasons,  will not  be developed by industry.  More d e t a i l e d  

specific recomnendations f o r  e l e c t r i c a l  methods a r e  given 1 a t e r  i n  this 

r epor t .  
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2. National Energy Act: 

Members of the Electrical Consortium d id  not h ve suffi  ie t informati 

to comment on the effect of the National Energy Act. 

3. Overall DOE Program: 

The Electrical Consortium strongly believes that electrical nethods must 

be a major part of the program. 

4. Low-temperature resource assessment: 

I t  is  assumed that the availability o f  geothermal resources is  such that 

there are minor amounts of dry steam resources, a significant number of 

isolated h i g h  temperature, hot-water systems, and broad areas o f  low-to 

moderate-temperature hydrothermal resources. I t  is  believed from Dresent 

data that lower temperature hydrothermal systems are anomalous el ectri- 

cally i n  much the same manner as h i g h  temperature systems, partially 

because the effect of temperature differential from 15OoC to 25OoC is  not  

very significant b u t  not dominantly because a1 teration products are most 

usually directly responsible for the thermally associated anomaly. Thus ,  

no new prospecting techniques are needed specifically for low-temDerature 

resources. However, a regional map of deep electrical properties would 

be important to prospecting for low-temperature resources and a specific 

proposal for a map of the "deep MT conductor", which would partially meet 

t h i  s need, has been out1 i ned el sewhere i n  the electrical methods 

consortium report. 

5. Rock properties measurements: 

Rock properties studies are fundamental t o  many o f  the geophysical 
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methods; therefore any physical properties measurements suggested should 

be. coordinated w i t h  the requirements of other groups. Certain of the 

properties ( density , porosity , etc . ) as we1 1 as the control 1 ed parameters 

( temperature, pressure, etc. ) are common requi rements. Effectiveness of 

the program would be improved by making as many measurements as feasible 

on the same rock samples. Specific details on the electrical rock 

properties requirements are discussed i n  the recommendations. 

6. Dissemination of government geothermal research reports: 

A l l  committee mernbers seemed t o  agree t h a t  some systematic method of 

disseninating the results of government-sponsored research should exist. 

I t  was agreed t h a t  the current system of each research agency sending 

reports only t o  those consumers who from happenstance appear on their 

mailing l i s t s  i s  highly wasteful of federal money. Research results 

often do not  reach the indus t r i a l  consumers they are ultimately intended 

t o  a id .  

Three proposals were advanced t o  remedy this situation: 

a. A geothermal information center should be established where a l l  this 

literature i s  deposited and w i t h  a library-type catalog so subjects, 

authors, and t i t l e s  can be readily referenced. Possibly one or more such 

centers m i g h t  be operated under contract by major university libraries. 

b. A geothermal b ib l iography m i g h t  be published. A loose-leaf or card 

format could be followed so i n d i v i d u a l  users who subscribe t o  the service 

could maintain a constantly updated, complete bib1 iography of a l l  federal 

geothermal research. 

avai 1 ab1 e. 

Entries for new work would be sent o u t  as 
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c. In addi t ion  t o  the o t h e r  approaches, i t  may be d e s i r a b l e  t o  e s t a b l i s h  

a master mail ing l i s t  of major geothermal ope ra to r s  which  would be 

supplied t o  a l l  federa l  research agencies and grantees.  Copies of 

r e p o r t s  would be automat ica l ly  sent t o  a l l  p a r t i e s  on t h a t  l i s t .  

RECOMMENDATIONS FOR SPECIFIC RESEARCH 

The  E l e c t r i c a l  Methods Consortium recommends t h a t  DOE continue t o  support 

ongoing work i n  a t  least three areas and t h a t  they supoort  three o the r  new 

pro jec t s .  

Ongoing p r o j e c t s  w h i c h  must be continued - l i s t ed  i n  o rde r  of p r i o r i t y :  

1. EM modeling and inversion; 

2. Controlled-source EM f ie ld  studies; 

3. Rock p rope r t i e s  measurements. 

New p r o j e c t s  which should be funded - l i s ted  i n  o rder  of p r i o r i t y :  

1. 

2. 

3. i4T workshop. 

Prepara t ion  of regional map from MT data ;  

Establishment of c a l i b r a t i o n  sites and procedures; 

EM Modeling and Inversion 

One of the b a r r i e r s  to  more efficient use of the e l e c t r i c a l  methods 

( e s p e c i a l l y  EM/MT) is  s t i l l  the lack of accu ra t e  and cos t - e f f ec t ive  30 

modeling programs. One-dimensional modeling and inve r s ion ,  because i t  i s  

r e l a t i v e l y  e a s i l y  and cheaply implemented, is  o f t en  appl ied  t o  EM/MT data.  

this contex t ,  3D model studies a r e  important even i f  they a r e  r e l a t i v e l y  

In 

expensive, s ince  they can p o i n t  o u t  the ins t ances  i n  which 1 D  and 2D aodeling 

o r  inversion can l ead  t o  misleading i n t e r p r e t a t i o n s .  Some o f  the recent work 
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i n  3D modeling has helped i n  t h i s  type of ana lys i s .  Further work i s  s t i l l  

required t o  improve the accuracy , re1 i a b i l  i t y  and cost-effectiveness of 30 

modeling programs i f  they are t o  become efficient methods for  the 

interpretation of electrical data from complex environments. 

Inversions i n  terms of simple 2D models, and perhaps i n  terms of simple 

3D models, m i g h t  be carried out through in te rpola t ion  of curve catalogs. 

However, i t  might be significantly more useful t o  invert these data  i n  terms 

of anomalous currents. This i s  because the da ta  do n o t  contain the 

information necessary t o  define the subsurface electrical structure i n  the 

f i r s t  place. S t i l l ,  i n  this case, 2D and 30 modeling programs are required as 

a means of testing and ca l ib ra t ing  these inversion methods. 

This i s  one alternative; others might be directed a t  new methods of 

displaying and processing da ta  t o  make them more transparent. Such a process 

would produce something between a pseudosection and an inverse model so lu t ion .  

I t  would not define the earth's resistivity structure, but,  unlike a pseudo- 

section, i t  would no t  be misleading. 

The fol 1 owing are recommended: 

Continue the development of cost-effective 20 and 30 modeling progrdms 

w i t h  emphasis on improvement and imp1 ementation of existing software. 

300K/year - 3 years. 

a. 

b. Develop a1 ternate inversion schemes such as inversion t o  scattering 

currents. 100K/year - 3 years. 
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Control led-Source EM Fie1 d Measurements 

For many purposes controlled-source EM me,,,ods potentially offer greater 

resol u t ion  and other advantages over other electrical techniques. There are a 

number of important exploration problems w h i c h  will probably be solved only by 

control led-source EM measurements. A few control led-source EM systems which 

are capable of measurements t o  cons derable depths 'have been developed or are 

under development. Some addi t ional  work is needed t o  develop better instru- 

mental or processing techniques for discriminating against geomagnetic noise. 

However, o f  greater importance i s  the collection and dissemination of 

controlled-source measurements for a variety of areas. More field data  are 

badly needed t o  help establish the effectiveness of control led-source methods 

and t o  guide the development of better methods for interpretation. We 

recommend t h a t  controlled-source EM field studies by a t  least two groups be 

carried o u t  a t  Roosevelt H o t  Springs,  some o f  the industry coupled s i tes  i n  

northern Nevada, and perhaps elsewhere. The recommended level of fund ing  i s  

100K/year for two years t o  carry out studies a t  approximately eight sites. 

Rock Properties Measurements 

The f i r s t  goal of the interpretat ion of electrical measurements is t o  

describe the geometrical d i s t r i b u t i o n  of electrical parameters i n  the 

subsurface (the geoelectric structure) Another goal should be t o  interpret 

this geoelectrical structure i n  terns of the geology and t o  relate the 

electrical parameters to  other physical parameters t h a t  may be of rllore direct 

importance. , 

Kngwledge o f  the dependence of the electrical properties on other 

physical properties (porosity, permeability, mineralogy, etc. 1 and parameters 
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(salinity,  temperature, etc.) provide a basis for  this  further interpretation. 

Laboratory measurements of the simulated 3- i n  situ conditions can provide a data 

base for  the development of empirical relationships and/or models that provide 

information on other physical properties o r  parameters. 

The group feels that measurements are needed under conditions that 

simulate two probably quite different environments. One concerns moderate 

temperatures and pressures and relates t o  the conditions near o r  i n  the 

producing regions of possible geothermal reservoirs where conduction is 

predominantly by ionic and surface conduction mechanisms. The second i s  more 

concerned w i t h  the properties of the deeper crust, especially the conditions 

that produce the so-called "deep conductor" (5-30 km) that seems t o  be closer 

t o  the surface i n  some geothermal areas. The ohysical properties of this 

region and the conditions t h a t  cause an apparent r ise  i n  certain areas may 

have fundamental imp1 ications for  the understanding of geothermal areas. 

Most members of the group are impressed by the lack of relevant physical 

properties measurements despite previous strong recommendations. 

of the group also believe that a modest systematic effort  i s  needed t o  

translate and disseminate foreign results, principally Soviet. ;de recommend 

funding  rock property studies a t  200K per year for three years. 

Some members 

Regional Electrical Map 

I t  i s  recommended that DOE and USGS sponsor an effort  t o  create a contour 

map of the depth t o  the extensive electrical conductor observed on many MT 

soundings a t  deoths of 5 t o  70 kin i n  much of the western U.S. Such a ;nap 

should be of grezt value i n  assessing the geothermal potential of large 
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regions when u t i l i z e d  i n  conjunction w i t h  o the r  da ta  maps such a s  those 

compiled from heat flow, Curie isotherm, and p n  ve loc i ty -  

We oropose t h a t  a committee be formed t o  perform the following tasks: 

determine the format o f  the map; 1. 

2. set spec i f i ca t ions  f o r  an RFP which will be necessary t o  obtain proposals 

f o r  reassessment of existing data  by holders  of the data;  

decide the mechanism f o r  producing the map when the MT data  i s  obtained, 

possibly through an addi t iona l  RFP. 

3. 

None of the raw da ta  f o r  the map will be publ ished,  nor will de ta i led  

s i te  loca t ions  be shown, i n  o rder  t o  assure  cooperation by holders  of p r i o r i t y  

da ta .  

Makeup of the committee should be MT s p e c i a l i s t s  and MT users from 

industry, government, universities, nat ional  1 abs and MT cont rac tors .  The 

committee should provide the spec i f i ca t ions  t o  allow the Government t o  issue 

an RFP t o  obtain MT da ta  sets which have t o  be reevaluated i n  l i g h t  of the 

ceep conductor. We recommend funding of 50K per year  f o r  two years .  

Recommendations on Standards f o r  Cal ibra t ion  and Testing of Systems f o r  

E lec t r i ca l  Methods 

Standard c a l i b r a t i o n  schemes a r e  needed f o r  the de te rmin i s t i c  testing o f  

e l e c t r i c a l  da ta  acquis i  t i o n  and reduction systems. Such schemes would provide 

the means f o r  re1 f a b l e  assessment of e n t i r e  system performance, including the 

instrumentat ion and any subsequent da ta  reduct ion employed. Standard speci fi- 

ca t ions  would enhance uniformity of knowledge and appl ica t ion  i n  the industry. 
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The comni t t e e  recommends establ i shment o f  standards for cal  ib ra t ion  by 

two means: A) synthetic data tests  and 6 )  standard f i e l d  t e s t  si tes. Use o f  

both schemes i s  recommended as the synthetic data t e s t  prowdes an accurate 

t e s t  o f  the system without uncertaint ies introduced by the noise and con- 

d i t ions o f  f i e l d  environment, and the standard t e s t  s i t e  allows evaluation o f  

performance wi th  actual sensor i n s t a l l a t i o n  and under f i e l d  conditions. 

A) Synthetic data t e s t  

Synthetic data t e s t  schemes are required for two basic types o f  methods: 

a )  The natural source system cal  ib ra to r  consists o f  a signal generator 

dr iv ing a network which produces e l e c t r i c  ( E )  and/or magnetic ( H I  

f i e l d  signals of known character ist ics as required by the method, 

sample Mf system cal ibrator  consists o f  r e s i s t i v e  attenuators t o  

produce the E-f ield signals and a long current h e l i x  ( o r  al ternately 

a Helmholtz c o i l  arrangement) t o  produce the H- f ie ld  signals. E and 

A 

H component groups, say (Ex, Hy) and (Ey, Hx, Hz) , can each be 

driven by independent random noise generators. The e f fec t i ve  MT 

impedance i s determined by the source network parameters. 

b )  The control led source system ca l ib ra to r  consists o f  d passive 

network which accepts the control 1 ed source output and produces 

signals with known transfer character ist ics t o  dr ive the receiving 

instrument( SI. 

f o r  some systems a port ion o f  the system might need t o  be deleted 

f rom the synthetic data test, f o r  example, a large loop antenna for 

a magnetic source. For such a case, the missing port ion o f  the 

system would need t o  be represented i n  the ca l ib ra t ion  network o r  
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accounted for i n  the expected response. Field calibration on an 

actual s i t e  of knohn characteristics should finally be performed to  

test integrity o f  actual sensor installation and overall field 

techniques . 
Geotronics Corporation has a1 ready devi sed and imp1 emented an MT 

synthetic data calibration scheme, and i t  was therefore recommended 

by the Electrical Methods committee t h a t  Darrell Word p u b l i s h  i n  

Geophysics a short note documenting the scheme i n  order t o  make the 

i nfonnati on avai 1 ab1 e i n  the 1 i terature 

B) Standard f ield t e s t  s i tes  

Standard calibration and t e s t  s i tes  for electrical methods equi pment 

would: 

1) Allow existing field equipment t o  be calibrated over known 

res is t ivi t ies  t o  ensure t h a t  accurate data i s  being obtained under 

fie1 d conditions. 

Provide we1 1 -documented tes t  s i tes  for newly devel oped equipment and 

modifications o f  existing equipment. 

2) 

There was general agreement that the following conditions should be 

satisfied i n  establishi ng the standard sites: 

1. For convenience of access there should be several s i tes  i n  different 

geographic areas. 

There should be both "difficult" s i tes  w i t h  comolex subsurface geometry 

and "easy" s i tes  which should approximate simp1 e ha1 f-space o r  

horizontally layered conditions. 

2. 
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3. The sites should be a s  well documented as poss ib le ;  a r eas  w i t h  good 

cont ro l  over  subsurface geometry and resistivity from deep well logs  

should be sought. T h i s  will be especially va luable  i n  e 

performance of  newly designed equipment. I t  may a l s o  be 

conduct electrical surveys of  lands immediately ad jacen t  

c a l i b r a t i o n  sites t o  determine what interference w i t h  c a  

a l u a t i n g  the 

d e s i r a b l e  t o  

t o  the 

i b r a t i o n  m i g h t  

be expected due t o  nearby bodies w i t h  c o n t r a s t i n g  conduc t iv i t i e s .  

Standard e l ec t rode  pos i t i ons  should be c l e a r l y  and permanently marked f o r  4. 

equipment c a l i b r a t i o n  use i n  order  t o  achieve reproducible  results. Such 

permanently marked e l ec t rode  posi t i o n s  might ,  f o r  example, be provided 

f o r  X-spread MT and dipole-dipole  soundings while leaving the 

experimenter w i t h  new equipment free t o  choose his own conf igura t ion .  

To implement and make a v a i l a b l e  a useable  set of  c a l i b r a t i o n  s tandards  

for the e l e c t r i c a l  methods, the consortium recommends f u n d i n g  of  a small 

program t o  produce a concise  set o f  s p e c i f i c a t i o n s  of  s tandards  f o r  both 

synthetic da ta  tes t ing and f i e l d  s i te  testing and t o  produce a s i n g l e  document 

of  the s p e c i f i c a t i o n s .  The program should include a d e f i n i t i o n  of the 

synthetic da ta  schemes and the s e l e c t i o n  and desc r ip t ion  of f i e ld  test  sites 

and test  procedures. The synthetic da ta  c a l i b r a t i o n  systems should be a s  

basic and s t ra ight forward  a s  i s  feasible f o r  ease  of  reproduction. The f ie ld  

test sites should be selected i n  each of several  l o c a t i o n s  on the b a s i s  of 

access convenience a s  we1 1 a s  var ious  technica l  cons idera t ions .  

Some work t o  this end has a l ready  been done by var ious  groups and 

ind iv idua ls ;  e.g., some test  sites have been established and used, and soqe 

effective schemes f o r  synthetic da ta  c a l i b r a t i o n s  a r e  i n  use. The e x i s t i n g  
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work needs t o  be extended and systematized toward production of the standard 

speci f i ca t ions .  

I t  i s  recommended t h a t  an ad hoc committee be appointed t o  define an RFP 

on the overa l l  p r o j e c t ,  t o  be l e t  by DOE. The RFP should allow f o r  sub- 

con t r ac t ing  of po r t ions  o f  the work, such a s  eva lua t ion  of proposed test 

sites, o u t s i d e  consul t ing  on the c a l i b r a t i o n  systems, and appropr ia te  physical 

marking of the test  sites. We recommend funding of SOK f o r  one year.  

HT Workshop 

There has been cons iderable  d iscuss ion  of a workshop on MT methods and a 

specific recommendation was made by the 1978 consor t i a  f o r  such a workshop. 

The l4T method i s  used extens ive ly  i n  geothermal explora t ion  and regional 

assessment. A g r e a t  deal of progress has been made i n  instrumentation and 

data processing i n  the past few years .  A t  the present time the a b i l i t y  t o  

produce high q u a l i t y  da t a  has surpassed the a b i l i t y  t o  interpret such data;  

this i s  p a r t i c u l a r l y  true i n  the geothermal environment where two- and three- 

dimension structures seem t o  be the rule r a t h e r  than t h e  exception. A three 

o r  f o u r  day workshop f o r  expe r t s  working i n  the f ie ld  would serve t o  dissemin- 

a t e  the results of recent e f f o r t s  i n  instrumentation and processing a s  well a s  

t o  serve  a s  a forum t o  discuss i n t e r p r e t a t i o n a l  problems. The USGS o r  DOE 

should fund such a workshop; the probable c o s t  is 10-2OY. 

Addi t i ona l  Recornendations 

In add i t ion  t o  the s i x  

by the DOE ( o r  USGS), the E 

special a t t e n t i o n  should be 

speci f i c  recommendations f o r  work t o  be supported 

e c t r i c a l  Methods Consortium recomended t h a t  

given, t o  the development and testing of several 

promising techniques which  have no t  been used a t  a l l  o r  have no t  been 
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adequately tested i n  geothermal explora t ion .  Some of this work might be 

c a r r i e d  o u t  by un ive r s i ty  groups who have some f l e x i b i l i t y  i n  their use o f  DOE 

funding. The methods are--not l isted i n  o rde r  of p r i o r i t y :  

a. Induced Po la r i za t ion  

b. Magnetometric Resistivity 

c. Long a r r a y  MT measurements 

d. Single o r  co inc ident  loop TDEM method. 

a. Induced po la r i za t ion  

Idea l ly ,  induced po la r i za t ion  methods could be used t o  help d i s t ingu i sh  

between low resistivity units w h i c h  a r e  due t o  the presence of clays from 

those which  are due t o  hot  s a l i n e  f l u i d s  i n  porous media. 

d i scr imina t ion  i s  very d i f f i cu l t  due t o  EM coupling, superimposit ion of 

effects, the tendency f o r  membrane po la r i za t ion  t o  be a h i g h  frequency 

phenomenon , and o t h e r  problems. Nevertheless , a modest effor t  shoul d be made 

t o  study the use of I.P. methods i n  known geothermal reg ions  where c l a y  o r  

p y r i t i c  a l t e r a t i o n  is  known t o  be present. 

b. Magnetometric r e s i s t i v i t y  method 

In p r a c t i c e  such 

The magnetometric resistivity (MMP) met,,od has been shown t o  be very 

sensitive i n  t h e  loca t ion  of deep elongated conductors which  se rve  a s  

"channel s" f o r  cu r ren t .  By p l  acing e l ec t rodes  i n  d r i  11 hol es which intersect 

permeable zones, i t  might  be poss ib l e  t o  t r a c e  such zones away from the d r i l l  

holes by means of sur face  magnetic measurements. 
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c. Long array measurements 

An interesting possibi l i ty  i s  use of techniques w h i c h  would tend t o  

average electrical resist ivity over large areas. In the [MT method this could 

be done by using very long electric field lines. 

d. Coincident loop method 

A single or coincident loop time domain method i s  now being used f a i r ly  

extensively i n  mineral exploration i n  the U.S.S.R. and i n  Australia. Large- 

scale measurements could be made In geothermal areas using equipment which 

mostly exists. Some of the potentfgl advantages o f  this  technique include 

discrimination against near-surface gbologic noise and discrimination against  

lateral changes i n  resist ivity;  a loop one or two kilometers i n  diameter would 

be adequate for  exploration t o  depths of a few kilometers. 
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INTRODUCTION 

In this report the status of the previous and current DOE seismic 

projects will be sunmarired and a research and development orogram will be 

recommended. In addi t ion ,  the committee feel s several recommendations on the 

compilation and dissemination of data and information t o  the users is  

warranted. A1 so, recommendations will be made for  future long-term research 

which,  though not s t r i c t ly  relevant t o  immediate reservoir evaluation, will ,  

i n  the long run,  improve our a b i l i t y  i n  understanding and exploiting 

geothermal sys terns. 

Previous and present developments i n  seismic techniques applied t o  

Regional Exploration and Reservoir Assessment of a Prospect will be discussed 

and the background reasoning for the final recommendations will be treated. 

Prior t o  making specific recommendations on tasks for DOE support, we 

briefly review how seismic information i s  cri t ical  t o  assess geothermal 

systems. Seismic surveys can a i d  i n  resolving the structural setting, deter- 

min ing  the regional depth t o  the water tab le ,  identifying stratigraphy, and 

detailing fracture patterns. Other objectives are t o  obta in  indirect evidence 

on the thermal regime, existence and.state of f l u i d ,  porosity, and 

permeability of fracture zones. Microearthquakes have proved invaluable i n  

mapping active faults which provide the condui ts  for water circulation and the 

existing stress field from fault-plane solution, stress droD, and energy 

re1 ease. The  maximum hypocentral depths of microearthquakes are a1 so useful 

i n  estimating the thermal regime surrounding geothermal reservoirs. The 

loca t ion ,  s i te ,  and depth o f  the heat sources t h a t  drive the geothermal system 
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can be inferred from P-wave and S-wave velocity and seismic attenuation 

variations using regional earthquakes and tel eseisms. The 1 arge-scal e 

regional tectonic regime responsible for the existence of the geothermal 

phenomena can also be identified, such as a r if t  system, extensional crustal 

spreading, subducting plate, or vol cani sm associated w i t h  "ho t "  spots. Long 

recording time i n  reflection surveys (COCORP type recording) can also a i d  i n  

defining tectonic regime and merging two types o f  seismic data.  

The conventional seismic P-wave and S-wave reflection survey i s  useful i n  

the detailed definition of structure, f a u l t  orientation, stratigraphy, f l u i d  

content and state, velocity and attenuation variation, and Poisson's ra t io .  

Estimates of crustal thickness and seismic velocity have been determined i n  

the pas t  by regional seismic refractions surveys. More detailed seismic 

refraction surveys can map f a u l t  location, throw and d i p ,  and Fan refraction- 

surveys, the 3-0 structure of magma bodies. 

REGIONAL EXPLORATION 

The objective o f  the regional exploration phase i s  t o  1) perform general 

reconnaissance over a region measuring i n  the order 100 X 100 km, 2 )  identify 

prospect areas warranting further exploration, and 3)  design subsequent 

surveys leading t o  a decision of whether t o  dri l l  a well. I f  the decision i s  

t o  dr i l l  a well, then the basis for t h i s  decision has a l so  determined the 

optimal location for the well. 

The exploration sequence includes the lowest cost surveys per u n i t  area 

and gradual ly  focuses i n  on areas deserving more detailed exploration by more 

expensive surveys as outlined i n  the previous recommendations. Literature 
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surveys are performed t o  characterize the geologic and tectonic .setting, and 

photo geology aids  i n  identifying the controlling faults or volcanism which 

have surface expression. Site confirmations are required t o  verify these 

surveys. Geochemical samples are collected and analyzed, and a1 tered zones 

surrounding various water wells noted. With this background i t  i s  possible t o  

p lan  a regional passive seismic survey t o  map the regional seismicity and 

determine gross crustal variations of velocity or crustal thickness. 

The hypocenters of microearthquakes recorded i n  such a survey mark the 

active f a u l t  zones and indicate the level of seismicity t h a t  exists. 

future prospect studies, microearthquake surveys should be performed w i t h  

1 2 - b i t ,  3 component, multi-station (12-16) arrays. These data would provide a 

basis for research on the relationship between geothermal reservoirs and 

microearthquake occurrence. Because of the continued data  acquisition and 

interest by industry users i n  microearthquakes as an exploration tool, an 

increase i n  the cost-effectiveness of this method through improved interpre- 

t a t i o n  techniques and acquisition equipment will have an immediate impact on 

the geothermal exploration program. 

the opportunity t o  define the existence of the elusive "geothermal earth- 

quake." By defining a uniqueness associated w i t h  earthquakes i n  geothermal 

regions, especially in Basin and Range prospects, a cost-effective exploration 

inethod would be developed. Areas of research should include detailed 

locations using 3-0 velocity models and energy release ( i n  space and time), 

spectral analyses for source characterization, and Vp/vs, ~ ~ / p ~  model fng.  

These data shou ld  then be compared w i t h  regional da ta  t o  detect any anomalous 

behavior. 

In 

Recent equipment development w i l l  provide 
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Propagation c h a r a c t e r i s t i c s  of P- and S-waves have shown t h a t  this 

technique is useful f o r  detecting v e l o c i t y  and a t t enua t ion  anomalies 

a s soc ia t ed  w i t h  hydrothermal a1 t e r a t i o n ,  f l u i d  con ten t ,  structural inhomo- 

geneities, f a u l t s ,  and e leva ted  temperatures. Depending on s t a t i o n  spacing 

and frequency band, P-wave de lays  a r e  useful f o r  o u t l i n i n g  deep, broad 

anomal i es a s soc ia t ed  w i t h  hea t  sources as we1 1 a s  f o r  near-surface phenomenon 

such a s  dens i f i ca t ion  due t o  hydrothermal a l t e r a t i o n  and change i n  f l u i d  

con ten t  o r  state. S-wave propagation c h a r a c t e r i s t i c s  are useful f o r  deter- 

mining Poisson's r a t i o  and f l u i d  conten t .  Surface wave studies should be 

directed toward inversion f o r  Q as well as S-wave v e l o c i t y  and c r u s t a l  

thickness. These da ta  would provide broad s t r u c t u r a l  cont ro l  t o  complement 

g r a v i t y  studies. 

RESERVOIR ASSESSHENT OF PROSPECT 

After the regional reconnaissance surveys have been acquired and 

interpreted, prospects covering an a rea  aporoximately 100 km2 o r  less a r e  

identified,  i f  they e x i s t ,  which  warrant further explora t ion  p r i o r  t o  reaching 

a dec is ion  on d r i l l i n g  a deep well. More d e t a i l e d  and usua l ly  more exoensive 

geol ogical and geophysical surveys a r e  conducted, i ncl udi ng d e t a i  1 ed geol ogi- 

ca l  mappi ng , thermal g rad ien t  hol es, and el e c t r i c a l  surveys. Expensive 

seismic surveys are cos t - e f f ec t ive  i f  i t  is  l i ke ly  t h a t  a well will be 

d r i l l  ed. 

Mu1 t i p l e  coverage seismic r e f l e c t i o n  surveys provide the best  horizontal  

and v e r t i c a l  r e so lu t ion  of the structure of the region. 

t o  infer s t r a t ig raphy  from the loca t ion  of r e f l e c t o r s  and the seismic ve loc i ty  

I t  i s  a l s o  poss ib le  

82 



and attenuation measured for different geologic units. Seismic refraction 

surveys can be acquired simultaneously "piggyback" fash ion  w i t h  the detailed 

reflection survey a t  l i t t l e  addi t iona l  cost. Refraction surveys are of two 

types: the in-line reversed profile, and fan profile across the suspected 

geothermal anomaly . The u t i  1 i t a t i  on of true amp1 i tude recording may a1 so 

permit the mapping of the f l u j d  content i n  the reservoirs. A problem of 

cri t ical  concern i n  geothermal exploitation is  the permeability of fracture 

systems. 

and Range, i t  may be possible, using the variations i n  the amplitude of 

seismic reflections, t o  distinguish between open fractures and mineral ited 

fractures. Hence the reflection p r o f i l i n g  technique i s  extremely useful i n  

defining structure for optimal well placement and g i v i n g  an indication of 

f l u i d  content. 

In areas of good quality seismic reflection da ta ,  such as the Basin 

The expected impact of seismic reflection surveys i n  hastening the 

assessment of geothermal reservoi rs 1 ed DOE t o  acquire several seismic 

reflection surveys of prospects i n  southern Utah and northern Nevada under the 

Industry Coupled Program. 

A t  one extreme i s  a h i g h  resolution (frequencies above 100Ht) detailed 

reflection survey a t  San Ernidio t o  a "worthless' (according t o  Ward) single 

channsl weight drop survey. W i t h i n  the Basin and Range, seismic reflection 

These surveys vary i n  q u a l i t y  and recording mode. 

surveys promise t o  be extremely valuable. A major and cri t ical  component Of 

the recommended program will be the development of improved processing and 

interpretation procedures t o  improve the u t i l i t y  o f  the seismic reflection 

technique i n  geological 1 y complex regions where geothemal resources are 

found. 
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Microearthquake surveys are the nost numerous sei snic surveys acquired by 

industry 

recorded 

surveys 

today. With  current improvements i n  instrumentation they will be 

w i t h  almost the same density of coverage as  seismic reflection 

n areas known t o  be seismically active. Furthermore, they generate 

S-waves very efficiently which are extremely difficult  t o  generate i n  an 

active survey. 

seismicity. They help resolve the velocity and attenuation anomalies 

They define active faul ts  and anomalous zones of low o r  h igh  

associated w i t h  h i g h  temperature, hydrothermal a1 teration, or f l u i d  content. 

F a u l t  plane solutions and spectral source studies define the stress regime 

acting w i t h i n  the prospect compared t o  the region. 

Measurement of microseismic noise emitted from geothermal reservoirs i s  

i n  a research mode. The promise of o b t a i n i n g  a direct indication from the 

geothermal reservoir a t  a low cost warrants further research 

must use many more stations on a closely spaced array t o  avo d spa t ia l  

aliasing and a recording system w i t h  a h i g h  dynamic range t o  separate P-waves 

emanating from the reservoir from surface waves excited a t  the earth's 

Future surveys 

surface. A downhole seismometer i n  an existing well may be the definitive 

element i n  resolving the question of the existence of microseismic emissions 

from geothermal reservoirs. 

RECOMMENDED PROGRAM 

The Seismic Methods Technical Committee has some recommendations which 

are not  listed as budgetary items. All da t a  acquired by DOE or USGS under the 

geothermal energy program should be disseminated as raw da ta  and p a r t i a l l y  

processed data  t o  permit the researcher t o  easily integrate this data  i n t o  his 
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own da ta  set. Frequently, only the final interpetation of the data is 

released, making i t  diff icul t  t o  integrate different da ta  sets. The raw data 

should be disseminated rapidly and uniformly, providing a l l  users equal 

access. An effort  should also be made t o  compile a catalog of existing 

seismic data  including teleseismic P-wave travel time delay and at tenuat ion 

d a t a ,  seismicity and microearthquake hypocenters, f a u l t  plane solutions, 

crustal velocity, and attenuation models. A t o t a l  of l O O K  per year is 

provided for  an organization t o  perform this  service t o  the user industry. 

The recommended program includes a t  the highest priority a multi-year 

effort  for laboratory measurement of the properties .of reservoir rocks under 

conditions typical of geothermal reservoirs w h i c h  can be used t o  interpret 

seismic surface measurements. The level of funding is  set  a t  $75K/year, 

though the committee does not have accurate knowledge of the cost of such 

measurements. The properties should be measured on a wide variety o f  rocks. 

The rock properties which must be measured include density, P- and S-wave 

velocity, and P- and S-wave attenuation under temperature conditions of 

100-4OOOC and pressures of 0-3kb and also higher temperatures near melting o r  

par t i  a1 me1 ti ng and appropriate pressures. 

The adaptation of the nul t i  p l  e coverage sei smic ref 1 ection prof i 1 i ng 

technique t o  geothermal reservoir assessment requires a mu1 ti-year research 

effort. The acquisition of seismic reflection data  can be performed w i t h  the 

conventional equipment used by geophysical contractors. However, the 

processing and interpretation techniques o f  t h i s  da ta  which are routinely 

available are baseu on plane horizontal layer geometry tygical of sedimentary 
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provinces . Such simp1 e geometrics do no t  a1 ways exi  s t  i n  provinces conta in ing  

geothermal r e se rvo i r s .  A major development e f f o r t  is  i n  the reprocessing and 

i n t e r p r e t a t i o n  of por t ions  of e x i s t i n g  seismic r e f l e c t i o n  p r o f i l e s  acquired by 

DOE. The techniques mus t  t r e a t  3-0 structures. I t  will c o s t  $75K/year f o r  a 

two year period f o r  two groups t o  develop the technology f o r  more effectively 

u t i l i z i n g  this method. 

?he rap id  development of seismic methods f o r  explora t ion  and r e s e r v o i r  

eva lua t ion  depends on applying a v a r i e t y  of seismic methods t o  assess ing  a 

geothermal r e se rvo i r .  These seismic techniques should be combined t o  acqui re  

a s  many different surveys as possible t o  minimize acquisit ion costs. 

yea r  p r o j e c t  should be funded t o  survey the Val les  Caldera using a l l  a v a i l a b l e  

seismic techniques. The funding of $ZOOK f o r  the f i rs t  y e a r  d a t a  a c q u i s i t i o n  

and SlOOK f o r  the second year  ana lys i s ,  i n t e r p r e t a t i o n ,  and repor t ing  of 

results i s  recommended. A t  l e a s t  two perpendicular deep seismic r e f l e c t i o n  

p r o f i l e s  should be recorded. The processed record time should be extended 

from conventional surveys t o  look deep w i t h i n  the crust i n  a COCORP fashion. 

S ta t ionary  a r r ays  should be deployed t o  acqui re  reverse seismic r e f r a c t i o n  

da ta  of the region a s  well as f o r  fan  seismic r e f r a c t i o n  da ta .  A t  n i g h t  the 

same instrumentation will be used t o  acqui re  microseismic noise data w h i c h  

m i g h t  be assoc ia ted  w i t h  the geothermal r e se rvo i r .  

A two 

A detailed microearthquake 

survey should be recorded across  the prospect. Tel esei smic and regional 

earthquakes can be recorded simultaneously and will provide a nodel of the 

vel oci t y  and a t t enua t ion  v a r i a t i o n s  deep w i t h i n  the crust. The da ta  acquired 

i n  this survey will be i n t e r p r e t a t e d  by hypocenter l o c a t i o n s  t o  map a c t i v e  

f a u l t s ,  ve loc i ty  and a t t enua t ion  anomalies, and f a u l t  plane so lu t ions  r e l a t e d  
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to the stress regime. 

research on information contained i n  microearthquake surveys. 

In addition, i t  will provide data for long-term basic 

A joint  DOE-USGS seismic refraction - deep reflection survey i s  

recommended across the Clear Lake Volcano Field. Even t h o u g h  The Geysers has 

been studied extensively, the source of the system i s  n o t  well understood. A 

magma chamber has been i denti f i ed beneath M t .  Hannah from gravi  t y  , tel esei smic 

P-wave delays and teleseismic attenuation. The Clear Lake Volcano Field has 

h i g h  heat flow, y e t  wells drilled i n  the area are dry. A detailed reflection 

survey would aid i n  understanding the shallow fault structure and possibly the 

fracture permeability. 

shallow depths to the source of the system and provide the fundamental 

information for  'future location of geothermal systems. 

I t  would be possible to extend the observations from 

Microseismic noise i s  the only seismic technique which can i n  principle 

directly identify a geothermal reservoir. 

the method have been performed i n  spite of legions of surveys. The survey 

should use a seismic reflection recording system w i t h  a downhole seismometer 

and can be most easily "piggy-backed" on a seismic reflection survey. The 

survey must use low-frequency seismometers w i t h  close spacinq and 50 stations 

or more i n  an aerial array. An attempt should be made t o  purchase the Chevron 

Beowawe survey. A second survey should be recorded during a DOE reflection 

for a downhole geophone. 

should be recorded the second year. 

$5/K for processing . 

In the p a s t  no definitive tests of 

If these surveys wove successful, four surveys 

The  acquisition cost is  SlOUsurvey and 

87 



The geothermal industry i s  spending a large fraction of their budget on 

microearthquake surveys. As mentioned earlier,  instrumentation i s  currently 

being developed t o  provide digital data i n  a cost-effective manner. Addition- 

al h i g h  quality data i s  needed w i t h i n  the public domain t o  evaluate the 

u t i l i t y  of the method. The individual seismograms are needed for the basic 

research on extracting the most information from this data. T h i s  research 

will have an immediate impact on exploration technology for geothermal 

reservoirs. 

is known t o  be seismically active, followed by a survey a t  another prospect 

the second year. 

A $50K survey i s  recommended i n  Oixie Valley the f i r s t  year which 

Regional exploration for geothermal resources relies on microearthquake 

surveys. Long-tern support is required for basic research on extracting the 

maximum information from microearthquake data which is  currently being 

acquired. Neither geophysical contractors nor the user industry have the 

manpower for this research, so i t  should be conducted w i t h i n  universities. 

Research shou ld  focus on more accurate hypocenter 1 ocation us ing  3-0 velocity 

models, fault  plane solutions, estimating stress drop, energy release, and 

b-slopes for geothermal regions using the spectra of microearthquakes. 

SllfrlMARY OF RECOMMENDATIONS 

By approximate priority -- Items 1-6, f i r s t  year f u n d i n g  i s  equal 
priority. 

1) Compilation of all existing regional seismic data. 

$100K/year 

2 )  Laboratory measurements of rock properties. 

S 75K/year, 2 years 
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Applied research i n  processing and i n t e r p r e t a t i o n  of DO€-acquired 
r e f1  ecti on da ta .  

S 75K/year, 2 yea r s  

J o i n t  seismic experiment a t  Yal les  Caldera. 

Acquisit ion $200K 1st y e a r  

I n t e r p r e t a t i o n  $ l o O K  2nd yea r  

DOE/USGS Refraction - Deep Reflection survey a t  Clear Lake Volcanic 
Field.  

(DOE Share) S125K 1st year  

25K 2nd year  

Microsei sinic noise  survey 

Purchase of Chevron Beowawe 
Survey ( i f  no t  a1 ready 
purchased) $ 10K 1st y e a r  

Processing of Beowawe survey S 5K 1st yea r  

One addi t iona l  survey, 
including deep we1 1 
seismometer $ 15K 1st  year  

Additional noi se surveys 
(Only i f  justif ied by above 
survey resul ts  $ 15K/survey, 2nd year 

Detai 1 ed microearthquake surveys (Oata a c q u i s i t i o n  

Dixie Valley $ 50Y 1st y e a r  

Second P ro jec t  $ 5OK 2nd yea r  

Sas i c  research on reduction, compilation, i n t e r p r e t a t i o n  and u t i l i z a t i o n  
of microearthquake da ta  (us ing  da ta  from task  47, above). 

$ 70Klyear 1st t o  4 t h  yea r s  

Appropriate f o r  Basic Energy Research Funding .  
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RELIABLE ESTIMATES OF BOTTOM-HOLE TEMPERATURES 

DURING THE DRILLING OF DEEP GEOTHERMAL TEST WELLS 

In t roduct ion  

Present commercial we1 1 -logging techno1 ogy a s s igns  a low p r i o r i t y  t o  the 

determination of bottom-hol e temperatures. One of the primary requireqents of 

geothermal opera t ions ,  however, i s  a reasonably accu ra t e  es t imate  of formation 

temperature a t  var ious  dep ths  d u r i n g  the d r i l l i n g  process. A t  dep ths  where 

there i s  no apprec iab le  f l u i d  loss a t  the bottom of the hole, i t  should be 

poss ib l e  t o  obta in  r e l i a b l e  estimates of formation temperature w i t h  only d n o r  

modifications t o  e x i s t i n g  logging tool design.  Primarily,  what i s  required i s  

a rugged e l e c t r o n i c  thermometer capable o f  w i  t t i s tanding  the temperatures found 

i n  geothermal wells ( u p  t o  250OC). This thermometer will comprise the leading  

element of a multiple-function logging too l .  

Scope o f  Work 

Develop a temperature nodule which can be incorporated i n t o  geophysical 

logging t o o l s  designed f o r  operation a t  h i g h  temperatures. The  temperature 

module must have the following c h a r a c t e r i s t i c s :  

1. 

2 .  

3 .  

absolu te  accuracy of * 0.5 t o  l0C; 

a sensitivity of .Ole o r  better; 

a l l  downhole e l e c t r o n i c s  must withstand temperatures of U D  t o  250°C 

o r  be i n  a conta iner  suff ic ient ly  in su la t ed  t o  allow ooeration a t  

such temperatures f o r  periods of f ron  fou r  t o  six hours; 

sur face  e l e c t r o n i c s  must be rack mounted and compatible w i t h  a 

standard NINS b i n  prov d i n g  temperature readout i n  rea l  time; 

4 .  
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5. the temperature transducer must be the lowermost module o f  the 

1 oggi ng too l  ; 

the module must withstand sudden stops o f  logging t o o l s  weighing up 

t o  100 Kg a t  logging speeds of up t o  0.5 ms-1 (30 fmp); 

the temperature response must a l low recovery o f  a step change i n  

temperature w i t h i n  one minute. 

6. 

7.  

Design approval w i l l  be required p r i o r  t o  development and t e s t i n g  o f  the 

instrument. 

Development requirements i nc l  ude repeated tes ts  o f  mechanical strength, 

accuracy , and reproduci b i  1 i ty i n  a high temperature ( 2 5 0 0 ~ )  we1 1 . F i e l d  tes ts  

may be conducted a t  P h i l l i p s  Petroleum Company Well 9-1 a t  Roosevelt Hot 

Springs near Mi l fo rd ,  Utah, o r  a t  Well 31-1, o r  a t  a wel l  t e s t  s i t e  with known 

downhol e temperature charac ter is t i cs  

I n  1 ieu  o f  using the Roosevel t f a c i  1 i ty, the proposal submitted t o  DOE 

sha l l  i n c l  ude the known downhole temperature character4 s t i c s  o f  the proposed 

wel l  t e s t  s i t e .  The proposer should provide documentation t h a t  hardware t o  be 

used i n  the f i e l d  tes ts  have the a b i l i t y  t o  withstand an environment s im i la r  

t o  Well 9-1 a t  Roosevelt Hot Springs. Publ icat ions containing data from 

Roosevel t Hot Springs are referenced i n  Appendix A. 
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ESTABLISH EMPIRICAL RELATIONS BETWEEN THERMAL CONDUCTIVITY AND 

PHYSICAL PARAMETERS DERIVED FROM STANDARD GEOPHYSICAL WELL LOGS 

In t roduc t ion  

The purpose of this study is t o  derive empir ica l  r e l a t i o n s h i p s  between 

thermal conduc t iv i ty  and o t h e r  physical  parameters  such a s  v e l o c i t y ,  po ros i ty ,  

density, etc., t h a t  can be obta ined  from s t anda rd  geophysical well logs .  T h i s  

type of  c o r r e l a t i o n  between thermal conduc t iv i ty  and physical  parameters  

derived from geophysical well l o g s  has been e s t a b l i s h e d  f o r  sandstones 

p r i m a r i l y  from the geothermal a r e a s  of  the Imperial  Val ley.  The intent of 

this study is t o  determine these c o r r e l a t i o n s  f o r  o t h e r  rock types w i t h  

emphasis on igneous, metamorphic, and sedimentary rocks  from geothermal 

environments With the e s t a b l  i shment of these empir ica l  carrel a t i o n s  between 

thermal c o n d u c t i v i t y  and physical parameters  from s tanda rd  geophysical well 

logs, many new heat f low va lues  and thermal p r o p e r t i e s  a s  a func t ion  of depth 

can be obta ined  from previous ly  e x i s t i n g  boreholes ,  e+,  o i l  and gas  wells, 

uranium ho les ,  deep water  wells, and geothermal we1 1 s which  were geophys ica l ly  

logged a s  well a s  from newly drilled ones,  such a s  the DOE/DGE i ndus t ry  

coup1 ed geothermal we1 1 s 

Scope o f  Work 

Develop empir ical  re1 a t i o n s  between thermal conductivity and physical  

parameters der ived  from s t anda rd  geophysical well 1 ogs. Measure the thermal 

c o n d u c t i v i t y  of  drill cuttings and/or  c o r e s  obta ined  from in t e rmed ia t e  (300m) 

t o  deep ( 5  km) boreholes  t h a t  have a suite of geophysical logs r u n  i n  them. 

Determine a suite of physical parameters ,  i .e., p o r o s i t y ,  density, son ic  
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v e l o c i t y ,  etc., from the geophysical  l o g s .  

these interrelated phys ica l  parameters  t o  e s t a b l  i s h  empi r i ca l  re1 a t i o n s  f o r  

thermal c o n d u c t i v i t y  as a func t ion  of  rock type. Perform this tyDe o f  

a n a l y s i s  on seve ra l  of  the DOE/DGE i n d u s t r y  coupled  geothermal h o l e s  i n  o r d e r  

Perform r e g r e s s i o n  a n a l y s i s  on 

t o  confirm the v a l i d i t y  of  the empirical r e l a t i o n s .  

Types o f  Holes 

I t  i s  not intended tha t  this study be restricted t o  geothermal wells, 

r a t h e r ,  o i l  and gas  tests on any other sui tably logged wells should be 

ut i l ized.  However, the study does ove r l ap  w i t h  and would benefit from any 

proposed study i nvol v i  ng c o r i n g  , 1 ogging , and normal c o n d u c t i v i t y  a n a l y s i s  a t  
geothermal we1 1 s. 

Level of Funding 

$60,000 per y e a r  for three y e a r s .  

EFFECTS OF GROUNDWATER FLOW ON THE INTERPRETATION OF 

THERMAL GRADIENT AND HEAT FLOW MEASUREMENTS 

Background 

D r i l l i n g  of  sha l low tempera ture  g r a d i e n t  and h e a t  f low ho le s  i s  a 

fundamental part  of a1 1 geothermal e x p l o r a t i o n  programs. The importance of  

these measurements l ies i n  their a b i l i t y  t o  detect direct ly  the q u a n t i t y  being 

sought ,  i.e., hea t .  However s e r i o u s  l i m i t a t i o n s  on the use o f  t empera ture  and 

h e a t  f low informat ion  can a r i s e  i f  the measurements a r e  made i n  a reg ion  of  

poor ly  understood a c t i v e  groundwater flow. Flow regimes can l e a d  t o  1) 

extremely h i g h  and mis leading  g r a d i e n t s ,  2 )  temperature r e v e r s a l s  i n  the 
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subsurface, and 3) 1 ateral displacement of the near-surface thermal anomaly 

from deeper reservoirs. Extrapolation of temperature-depth information i n  

such cases i s  particularly hazardous. This recommendation addresses the fie1 d 

and theoretical studies needed for a better understanding o f  groundwater flow 

and i t s  thermal effects i n  geothermal systems. 

Scope of Work 

( a )  ' F i e l d  Studies. Select several t es t  areas i n  different geologic settings 

where simultaneous hydrologic and thermal measurements could be made. 

Sites where large amounts of explorat ion da ta  are already ava i l ab le  would 

be preferable. Dril l-hol e completion methods should be devel oped t o  

fac i l i t a te  the measurement of both  hydrologic and thermal parameters. 

Results should be prepared as case studies. 

( b )  Theoretical Studies. Theoretical studies on the effect  of groundwater 

flow on the thermal regimes of geothermal systems should be supported. 

These studies should relate t o  the exploration of geothermal systems and 

may address any or a l l  of the following: 

1. 

2. 

the likely structural control of groundwater flow regimes; 

interpretation of temperature-depth patterns as diagnostic of flow 

regimes; 

temperature increases t o  be expected w i t h  increasing depth i n  

different flow regimes, i .e., the problem of temperature 

extrapol a t ion ;  

3. 

4. the re1 ationship between shall ow aquifers and deeper reservoirs. 

Level of Funding 

SlOO,OOO/year for 5 years. 
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A SYSTEMATIC PROGRAM OF MAKING ACCURATE TEMPERATURE MEASUREMENTS 

IN EXISTING WELLS AND BOREHOLES 

Background and J u s t i f i c a t i o n s  

The most cost-effective way t o  geophys ica l ly  exp lo re  f o r  geothermal 

resources i s  t o  make temperature measurements i n  ho le s  dri l led f o r  o t h e r  

purposes. Currently, tens o f  thousands of  holes a r e  d r i l l e d  i n  the United 

S t a t e s  every  y e a r  and many of these could be thermally logged f o r  the benefit 

o f  the geothermal community. These holes a r e  d r i l l e d  by va r ious  f ede ra l  , 

s t a t e  and loca l  governments, and by p r i v a t e  companies. Water wells owned by 

ind iv idua l  ranchers may a l s o  be an important  source  of information.  These 

holes  are r a r e l y  i f  ever r o u t i n e l y  logged f o r  temperature and t h e r e f o r e  of 

l i t t l e  use t o  the geothermal energy industry. This study i s  aimed a t  logging 

these e x i s t i n g  wells for temperature  and making the d a t a  and i n t e r p r e t a t i o n s  

a v a i l a b l e  t o  the geothermal industry. Since this study i s  reg iona l  i n  n a t u r e ,  

i t  may be s u i t a b l e  f o r  inclusion i n  the U.S. Geological Survey Extramural 

program. 

Area - 
The a rea  under i n v e s t i g a t i o n  i s  the entire United S t a t e s  i nc lud ing  the 

e a s t e r n  U.S. where low- t o  moderate-temperature geothermal resources  may 

e x i s t .  P a r t i c u l a r  emphasis i s  made on ho les  l o c a t e d  near  (50 km) major 

ci t ies.  

Types o f  Holes 

The ho le s  t o  be logged may include those  d r i l l e d  f o r  base meta ls ,  

uranium, coal  o r  o t h e r  minera ls ,  ho le s  d r i l l ed  f o r  water ,  o i l  and gas ,  or 

s t r a t i g r a p h i c  tests o r  any o t h e r  purpose. The holes  should be a t  l e a s t  100 
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meters and emphasis should be placed on ho le s  500 meters or deeper. Emphasis 

should be placed upon ho le s  l o c a t e d  w i t h i n  50 km of major cities. 

Data Required 

Discrete temperature  measurements every 2 meters ( i n  waters) or  5 meters 

( i n  a i r )  for  the f i rs t  100 meters ( 5  meters below) measured t o  a precision of 

f 0 .OlOC.  Measurements of thermal conductivity should be made f o r  ho les  f o r  

which c o r e  and/or c u t t i n g s  and chips a r e  a v a i l a b l e .  

a c c u r a t e  geophysical l o g s  a r e  a v a i l a b l e ,  they should be used t o  e s t ima te  

thermal conduc ti v i  t y  

In the event t h a t  very 

Data Analys is  

The d a t a  should be reduced t o  include thermal g r a d i e n t  and, where 

p o s s i b l e ,  h e a t  flow. The d a t a  should be analyzed w i t h  e x i s t i n g  h e a t  f low and 

temperature g r a d i e n t  d a t a  t o  provide na t iona l  maps of  h e a t  f low and 

tempera ture  g r a d i e n t s .  

Scope of Work 

Long term e f f o r t  of 5 y e a r s  o r  more (2000 ho le s /yea r ) ,  a t  an approximate 

cost of $500/hole = $1,000,000 per y e a r .  

A SYSTEMATIC PROGRAM OF DRILLING SHALLOW (100-150 METERS) AND 

INTERMEDIATE ( 500-600 METERS) GRADIENT HOLES 

Background 

The purpose of this study i s  t o  provide temperature-depth d a t a  i n  p a r t s ' .  

of the count ry  where such d a t a  a r e  nonex i s t en t  and cannot  be obta ined  by 

making measurements i n  e x i s t i n g  wells. Several  such areas exist in the Unlted 

S.tates inc lud ing  a r e a s  wh ich  may benefit  g r e a t l y  from development o f  low- 

temperature  geothermal resources .  
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Area - 
The area t o  be covered includes the entire United States. The dril l  

holes should  be spaced i n  such a way as  t o  f i l l  the gaps i n  the ''free hole" 

da ta .  These holes should not be drilled i n  order t o  delineate specific 

geothermal reservoirs , however. 

Speci f i cati  ons 

The holes should ref lect  both shallow and intermediate d r i l l i n g  

philosophies: i .e., 100-150 and 500-600 meters respectively. The holes should 

be logged for  temperature a t  discrete 2 meter intervals i n  water or 5 meter 

intervals i n  a i r  for the f i r s t  150 meters ( 5  meters below1 t o  a precision of 

0 .0loC, and thermal gradient calculated. Samples of cu t t i ngs  should be 

analyzed for  thermal conductivity, and variable heat flow values calculated. 

Level of Funding 

Two hundred 100-500 meter holes/year a t  about  $5000/hole for  a to ta l  of 

$1,000,000 per year, and ten 500-600 meter holes/year i n  key areas a t  about  

$50,00O/hole for  a total  of $500,000 per year. 

DEEP HOLE TEMPERATURE TRANSMISSION SYSTEM 

Ob j ec ti ve 

Numerous deep tes ts  are made each year for purooses other t h a n  seeking 

geothermal resources. Many of these are sealed and abandoned before v a l i d  

temperature logs  can be obtained. 

made. Legal restrictions and 1 i a b i l  i t i es  preclude t h a t  these we1 1 s be 1 e f t  

open t o  permit logging a f te r  a period of equilibration. A means of effecting 

temperature measurements, o r  a t  least  an equilibrated bottom-hole temperature 

i s  needed. 

In many cases temperature logs are not 
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Description 

The task m i g h t  be accomplished by install ing one or more exoendable 

transducers i n  the well prior t o  sealing. The transducer should be capable of 

trans1 a t i  ng temperature by a transmi ssabl e signal t o  be received on the 

surface a t  a time or times thereafter. The information may be received on a 

discrete, programmable schedule, or i n  a transponder mode (on command). Nhile 

the means of transmission is  not specified (electr ical ,  acoustical o r  other) 

the system must meet the following requirements: 

deliver temperature readings t o  l 0 C ;  a )  

b )  perform reliably i n  an environment of  temperature t o  150OC and 

pressure to 1.5 Kbars a t  depths to  0.5 km; 

Transmit a t  least  3 and as many as 12 times during a period from one c )  

month t o  a t  least  one year following emplacement; 

d )  Estimated cost of the implan t  component on a production basis (100 

or more units) should be i n  the range of $1000 or less. 

Eva1 ua t ion  

Laboratory tes ts  i n  a simulated environment matching conditions specified 

i n  ( b )  above will be performed. 

Thereafter, tests will be made uti l izing retrievable components i n  a t  

least  3 holes a t  depths ranging from no less t h a n  30 m t o  a t  least  3000 m. 

Results o f  the transmissions are t o  be compared w i t h  precision ( *  .05OC) 

temperature logs over a residence time of one year ( i n  the deepest well 

Level of Funding 

S100,000/year for 3 years: one year fo r  design and prototype; one year 

fo r  testing; and one year for product ion run. 
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DELETION OF RFP OE-RP07-79ID12040 

I N  SITU THERMAL PROPERTIES 
-7 

. The thermal methods panel i n  i t s  1978 recommendations suggested DOE 

supp0r.t of techniques f o r  the de termina t ion  of -- i n  situ thermal properties a s  

one o f  i ts  long term, low prior i ty  items. The level o f  e f f o r t  i n  FY 79 was 

insufficient t o  conduct the h i g h  p r io r i ty  recommendations, t h e r e f o r e  UURI and 

DOE settled on the thermal p r o p e r t i e s  recommendation and narrowed the scope of 

the i n v e s t i g a t i o n  t o  -- i n  situ thermal conduc t iv i ty  f o r  which they a l l o c a t e d  

$45,000. In the opinion o f  this panel,  the expenditure o f  the a l l o c a t e d  

thermal methods funds on such a h igh- r i sk ,  l ow-pr io r i ty  i n v e s t i g a t i o n  i s  not 

warranted,  and more appropr i a t e  c a t e g o r i e s  w i t h i n  the Thermal Methods Program 

are suggested.  
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INTRODUCTION 

The panel reviewed the recommendations i n  the r e p o r t  submitted as the 

F i r s t  Report o f  the Committee, dated December 9, 1977. We are unanimously i n  

agreement wi th  the ra t iona le  expressed there f o r  the importance o f  water/ 

rock i n t e r a c t i o n  studies i n  any nat ional  program o f  geothermal resource 

invest igat ions.  Such studies form an essent ia l  and cos t -e f fec t i ve  p a r t  o f  any 

comprehensive scheme o f  explorat ion technol ogy . They are equal l y  useful  and 

cost -ef fect ive i n  the reservo i r  evaluation phase o f  development and i n  

monitoring the behavior o f  geothermal reservo i rs  dur ing production. There are 

c l e a r  dependent re la t ionships between such important parameters as f l u i d  

chemistry and enthalpy, and between mineralogy and permeabil i ty. Thus, 

water/rock i n t e r a c t i o n  studies address fundamental charac ter is t i cs  of the 

phenomenology o f  geothermal systems. They are therefore, by t h e i r  nature, 

e c l e c t i c  and i n t e r d i s c i p l i n a r y  i n  scope, and wide-ranging and e f f e c t i v e  i n  

t h e i r  appl i ca t ion .  

INSTRUCTIONS TO THE COMMITTEE 

D. L. Nielson's memorandum t o  the technical  committees l i s t e d  s i x  general 

top ics f o r  consideration by a l l  technical committees. I n  addi t ion,  he gave us 

the spec i f i c  charge t o  recommend research i n t o  the use o f  chemical and 

mineralogical ind icators  i n  geothermal systems, espec ia l l y  wi th  respect t o  

t h e i  r appl i c a t i  on t o  geothermal expl o ra t ion  and assessment technol ogy . The 

committee gave earnest a t ten t ion  t o  a l l  these inst ruct ions.  However, t ime 

permi t t e d  detai  1 ed consi derat ion o f  on1 y the speci f i c charge t o  the commi ttee. 

Accordingly, the spec i f i c  recommendations presented below were agreed i n  
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d e t a i l .  Although the general recommendations presented here are bel ieved t o  

represent a consensus o f  the committee, the t e x t  i s  based only  on the 

chairman's notes and may no t  r e f l e c t  the views o f  a l l  members o f  the 

committee 

GENERAL RECOMMENDATIONS 

Our c o m i  t t e e  c r i t i c i z e d  strongly the major unbalance between the l eve l  

of e f f o r t  and expenditure between geophysical, geological and geochemical 

approaches t o  the mission o f  the Explorat ion and Assessment Technology 

Program. Geology and geochemistry are poor ly funded r e l a t i v e  t o  t h e i r  

importance and ef fect iveness i n  achieving the goals o f  the proqram. 

Furthermore, we feel t h a t  some o f  the more expensive, competing projects,  

prev ious ly  supported, o r  cur ren t ly  proposed, have l e s s  relevance t o  

programmatic needs. Applying poor ly understood explorat ion techniques t o  

l i t t l e  known targets  must be avoided, p a r t i c u l a r l y  i n  view o f  the l i m i t e d  

funding avai 1 ab1 e. 

We recommend t h a t  t h i s  imbalance i n  support be immediately corrected and 

t h a t  a greater l e v e l  o f  funding be expended on water/rock i n t e r a c t i o n  and the 

r e l a t e d  top ics  which support the overa l l  mission o f  the program. As the 

u t i l i t y  and effectiveness o f  these approaches continue t o  be demonstrated i n  

the future,  we conf ident ly expect the proport ion o f  funds a l l o t t e d  t o  them t o  

grow. This could be achieved by e l im ina t ing  t o o  expensive and less successful 

competing pro jec ts  i n  explorat ion and assessment technology. 

Our second c r i t i c i s m  concerns the apparent lack o f  con t inu i ty  i n  programs 

and funding. To a la rge  extent t h i s  appears t o  be due t o  i n s t a b i l i t y  i n  the 
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organizational fabric of the Division of Geothermal Energy. A1 though change 

permits improvement, i t  does n o t  ensure i t .  Changes which occur more rapidly 

than their effects can be monitored are wasteful and chaotic. The effect  a t  

the operational level is  d i  sasterous. Hastily conceived short-term projects 

addressing only short-term goal s are expensive, wasteful and deleterious t o  

the development of personnel and fac i l i t i es .  We recommenU that  the Division 

ident i fy  techniques and areas promising the best returns, and formulate plans 

for long-term funding  for them. Projects which have had sufficient time to  

mature and which have shown not t o  be successful o r  cost-effective, i n  terms 

of the programmatic needs, should be ruthlessly eliminated. For successful 

programs, sufficient continuity from year t o  year i s  required t o  permit them 

t o  reach their  optimum. The RFP and PRDA mechanisms may have t o  be adjusted 

t o  ref lect  these needs for  continuity. . 

The fol lowing general recommendations follow the format of the.genera1 

topics p u t  t o  a l l  the Technical Review Committees i n  D. L. Nielson's 

memorandum outlining the objectives of the Marina Del Rey conference: 

Topic 1. The near-, mid-, and far-term objectives of the D O E D G E  

Expl oration and Assessment Techno1 ogy and Reservoi r Engi neeri n9 Programs. 

Response. The aims o f  b o t h  programs should be t o  provide the concepts, 

models, methods, data and tools for  exploration, assessment, or reservoir 

engineering. The actual exploration, assessment and reservoi r engi neeri ng 

will be carried o u t  by industry.  

should - not  be performing exoloration, assessnent, and reservoir engineering, 

except i n  so far  as doing so assis ts  i n  the development and improvement of the 

science and technology of these act ivi t ies .  The outcome of these develooments 

In other words, - these programs w i t h i n  DGE 
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and improvements should be communicated r a p i d l y  t o  the i n d u s t r i a l  users o f  the 

- tec hnol og i  es concerned. 

I n  the short-term, the aim should be t o  understand the nature o f  - 
geothermal reservo i rs  o f  various types. We should concentrate on geothermal 

f i e l  ds which have been extensi vel y expl ored by d r i  11 i ng . Unproved expl o ra t i on  
- 

o r  askessment techniques should only be tes ted  i n  such an environment. Bet te r  

known and establ ished techniques o f  explorat ion can a lso be re f i ned  and 

ca l i b ra ted  bes t  where the nature o f  the t a r g e t  rese rvo i r  i s  already known. 
. 

I n  the mid-term, the body o f  h e u r i s t i c  techniques and empir ical  

observations r e s u l t i n g  from the program should be synthesized i n t o  a format 

useful  t o  indus t ry  and a hierarchy o f  s t ra teg ies  developed i n  terms o f  t h e i r  

u t i l i t y ,  genera l i ty ,  and cost-effectiveness. 

I n  the long-term, there should be developed a body o f  concepts, theor,y, 

and analys is  which w i l l  serve t o  expla in  and r a t i o n a l i z e  the proceeding 

observations and methods. These u n i f y i n g  p r i n c i p l e s  w i l l  guide development o f  

new technology and improve the old.  F i n a l l y  there should be a thorough 

program o f  education t o  pu t  i n t o  p rac t ice  what has been learned. 

Topic 2. The e f fec ts  o f  the National Energy Act. 

Response. Our committee f e l t  t h a t  we lack  competence t o  discuss t h i s  

i ssue. We recommend t h a t  a1 1 fu tu re  committees i ncl  ude indus t ry  members. - 

Topic 3 .  An o u t l i n e  scenario fo r  the bes t  overa l l  DOE program i n  

explorat ion and assessment technology, a t  the 32.5M and $5M l eve l .  

-- Response. The scenario o f  the DOE program should be based OW ( a )  balance 

and (b) cont inu i ty .  A hard look should be d i rec ted  toward the cost-ef fect ive- 
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ness of various competing technologies i n  Explorat ion, Assessment and 

Reservoir Engineering. We fee l  t h a t  such an analysis would j u s t i f y  spending 

up t o  20% o f  the budget o f  these programs on water/rock in teract ion,  as 

broadly conceived, over the next  f i v e  years. 

Topic 4. Geothermal Explorat ion and Assessment Technlogy f o r  low- and 

moderate-temperature resources. 

Response. Our speci f i c  recommendations i nc l  ude work on these resources. 

Topic 5. Rock propert ies measurements. 

Response. Several committees re fe r red  t o  the need f o r  f u r t h e r  work i n  

t h i s  area, as do the speci f ic  recommendations o f  t h i s  committee. We fee l  t h a t  

there i s  a lso a need t o  document and make ava i lab le  e x i s t i n g  data i n  t h i s  

f i e l d  per t inent  t o  geothermics. We note a lso t h a t  l a r g e  sums have been 

appropriated f o r  t h i s  top ic  by the Energy Technology program i n  the 

hydrothermal geosciences. There i s  therefore a need f o r  DOE t o  coordinate 

research i n  t h i s  area being c a r r i e d  on under d i f f e r e n t  programs, i n  order t o  

prevent dupl icat ion and redundancy. 

Topic 6. 

Response. 

Transfer o f  technology development ‘to industry.  

!Je feel t h a t  there already e x i s t s  a considerable body o f  data 

and techniques o f  great  relevance t o  the Droblems faced by industry,  which i s  

not  being u t i l i z e d  because o f  f a i l u r e s  i n  communication. We recomend, 

therefore, t h a t  techno1 ogy t rans fer  should r > l  ay an increas ing ly  important r o l e  

i n  the a c t i v i t i e s  of DGE. Workshops, symposia, proceedings volumes, reports 

of case studies, and ins t ruc t iona l  manuals are needed. 
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FY 80 IMPLEMENTATION 

SPEC1 FIC RECOMMENDATIONS 

Introduction 

The committee fe l t  very strongly t h a t  a broad-ranging and we1 1 -focused 

I t  must, a t  the same time, program on water/rock interaction i s  necessary. 

involve direct studies of the nature of geothermal systems and investigations 

of the fundamental controls over the processes occurring w i t h i n  them. Only i n  

this way can the industry have the appropriate scientific basis on which t o  

make intelligent and informed decisions. 

Our  proposal therefore has three elements: f 1) resource and expl oration 

target definition, ( 2 )  basic science support and development of applications, 

and ( 3 )  techno1 ogy transfer. These have equal p r i o r i t y  a1 t h o u g h  greatly 

d i  sparate funding 1 eve1 s. 

PROJECT 1 

- Topic. 

signatures of water/rock interactions and their systematic variations i n  

recording f l u i d  flow and thermal history i n  active hydrothermal systems. 

Level of Funding. $600,00O/year (Level funding  f o r  several years). 

Identification, description and interpretation of the characteristic 

Justification. In order t o  explore intelligently, we need better definition 

of exploration targets. Such studies will also provide the scientific 

underpinnings for reservoir assessment, reservoir engineering and field 

management, 

Speci f i c Approaches. A PRDA should be issued requesting such basic studies of 

subsurf ace mineral ogy , petrol ogy and geochemi stry i n  speci f i c  geothermal 

reservoirs for which  adequate surface geophysics exist and w h i c h  have been 
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d r i l l e d  adequately so t h a t  the nature o f  the resource i s  known and reasonable 

subsurface sampling ex is ts .  

The approach should be broadly i n teg ra t i ve  and use a va r ie t y  o f  

techniques. It could include studies o f  hydrothermal mineral zoning, i so top ic  

and chemical analyses, geothermometry and studies o f  physical  proper t ies o f  

rocks. The a i m  would be t o  study these parameters i n  three dimensions and t o  

invest igate how these reservo i r  evolved i n  space and time. This can only  be 

achieved i n  f i e l d s  where d r i l l i n g  i s  adequate. These r e s u l t s  can then be 

compared w i th  the surface signature t o  t e s t  various surface geothermometers, 

vector ing techniques and other  explorat ion methods. A t ten t ion  must a lso be 

given t o  developing the appropriate techniques o f  sampling gases, f l u i d s  and 

so l i ds  both i n  the we l ls  and a t  the surface. 

The studies may invo lve studies o f  some f i e l d s  which have no t  y e t  been 

wel l  character ized from the p o i n t  of view o f  water/rock reactions, bu t  f o r  

which d r i l l  samples ex is t ,  o r  may invo lve the improvement and development o f  

on-going pro jec ts  on f i e l d s  which have been b e t t e r  invest igated. The f i e l d s  

chosen should include a range o f  h igh t o  low temperatures, and o f  d i f f e r e n t  

rock types, f l u i d  chemistry and f racture cont ro l .  

PROJECT 2 

- Topic. 

Level o f  Funding . $200,000 (probably i ncreasi ng i n fu tu re  years). 

J u s t i f i c a t i o n .  

and dynamics o f  f l u i d  f low and permeabi l i ty  i n  hydrothermal systems. The 

f indings would be immediately appl icable t o  reservo i r  engineering, and 

problems o f  sel f -seal ing,  sca l ing and production decline, and o f  re in jec t ion .  

Study o f  rock and f l u i d  propert ies.  

Such studies are necessary i f  we are t o  understand the nature 
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Speci f ic  Approaches. A PRDA should be issued i n v i t i n g  the development o f  

models concerning the var ia t ions  o f  permeabi l i ty  i n  space and time i n  

geothermal reservoirs.  They may be based upon new o r  e x i s t i n g  data. The task 

could invo lve measurement o f  permeabi l i ty  and f rac tu re  conduct iv i ty ,  and other 

re levant  parameters, as a funct ion o f  t ime i n  production aquifers. These 

measurements could then form a basis f o r  analysis and modell ing o f  heat and 

mass t rans fer  and the e f f e c t s  o f  water/rock i n te rac t i on  on the physical 

proper t ies o f  rocks. This may involve a combination o f  f i e l d ,  laboratory and 

theore t ica l  approaches t o  understanding the important features such as those 

contro l1  i n g  production decl ine and i n j e c t i v i t y  changes. 

PROJECT 3 

- Topic. 

Level o f  Funding . $175,00O/yr ( gradual increase i n fu tu re  years). 

J u s t i f i c a t i o n .  Geothermometers are useful ,  cos t -e f fec t i ve  and poor ly  

understood explorat ion too ls ,  which are commonly misapplied. There i s  a need 

t o  develop new and r e f i n e  o l d  methods, and t o  ou t  them on a sound basis of 

Improvement and development o f  geothermometers. 

theory. 

Speci f ic  Approaches. A PRDA should be issued on the general top ic  o f  

geothermosetry requesting the development, refinement, improvement and tes t i ng  

o f  various geothermometers. Solute, isotop ic ,  organic and radiogenic methods 

could be included. They should apply t o  h igh and low temperatures. Specif ic 

inpu t  on the chemical, thermodynamic, and k f n e t i c  cont ro ls  o f  the geotherno- 

meters should be sought. Such an approach w i l l  develop new fami l ies  of 

geothermometers and pu t  l i m i t s  on the a p p l i c a b i l i t y  o f  ex i s t i ng  ones. 
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PROJECT 4 

- Topic. Technology t rans fer  o f  water/rock i n t e r a c t i o n  studies appl ied t o  

geothermics . 
Level o f  Funding. $50,000 ( increasing i n  fu tu re  years). 

J u s t i f i c a t i o n .  A great  deal o f  theoret ica l  , experimental and observational 

studies have been made on water/rock i n t e r a c t i o n  which are per t inent  t o  

geothermics. The successful app l i ca t ion  o f  these concepts der ived f rom 

geochemistry, petrology, hard-rock mining, so lu t ion  mining, and rad ioact ive 

waste disposal i s  hindered by f a i l u r e s  i n  communication. 

Speci f ic  Approaches. A RFP should be issued t o  support conferences o r  

workshops on water/rock in te rac t ions  i n  geothemics. This should f a c i l i t a t e  

two-way communication on methods, theor ies , appl i c a t i  ons and case h i  s to r ies  o f  

geochemical approaches t o  problem sol v i  ng . These meetings shoul d be f o l  1 owed 

by mult i-authored manuals t o  document and disseminate the ideas and data which 

resu l t .  Industry p a r t i c i p a t i o n  would be an essent ia l  component. 

FURTHER SPECIFIC RECOMMENDATIONS 

(1) DGE should provide funding f o r  obta in ing - cores i n  we l ls  being 

d r i l l e d  by indust ry  and f o r  the cura t ion  and study o f  the mater ia ls  so 

obtained. A ce r ta in  f l e x i b i l i t y  i s  necessary here t o  respond t o  oppor tun i t ies 

which a r i se  due t o  indust ry  d r i l l i n g  decisions. An announcement might be 

issued i n v i t i n g  those d r i  11 i n g  geothermal we1 1 s t o  par t i c ipa te .  Acqui s i  t i o n  

o f  such cores i s  imperative t o  many programs. 

( 2 )  The scope o f  t h i s  committee i s  so broad t h a t  we fee l  i t s  task should 

be d iv ided between a t  l e a s t  two committees. There was disagreement on the 

best form o f  the d iv is ion .  

included i n  new committees. 

I n  any case, indust ry  oar t i c ipants  should be 
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INTRODUCTION 

The committee was concerned about the uncer ta in ty  o f  the management 

s t ructure o f  the D iv i s ion  of Geothermal Energy. The organizat ion i n  

Washington has been s h i f t e d  around several times recent ly  w i t h  several changes 

i n  p r o j e c t  management. This has l e d  t o  confusion w i t h  respect t o  the goals o f  

the Geothermal Programs not  t o  mention apparent confusion w i t h i n  several 

nat ional  programs. The committee emphasized t h a t  more coordinat ion between 

the nat ional  programs needs t o  be ccnduced a t  a l l  l eve ls .  The inc lus ion  of 

the reservo i r  engineering group i n  the Geothermal Explorat ion and Assessment 

Technology Program meeting i s  a good s ta r t .  D i sc ip l  i n e  or iented coordination 

ra ther  than p ro jec t  or iented coordinat ion w i l l  r e s u l t  i n  a more 

cost -ef fect ive and productive DOE/DGE program. 

INTERACTION MITH OTHER DGE PROGRAMS 

The reservo i r  engineering group discussed re la ted  progress where 

i n te rac t i on  and coordinat ion w i th  the reservo i r  engineering.program should be 

emphasized. These programs are 1) Log In te rpre ta t ion ,  2)  Logging 

Instrumentation Development, and 3 )  Explorat ion and Assessment Technology. 

The Geothermal t o g  In te rp re ta t i on  Program should provide emphasis on 

i d e n t i f y i n g  production logging techniques i n  add i t ion  t o  explorat ion borehole 

1 oggi ng techniques. The major need o f  the reservo i r  engineer i s i n te rp re t i ve  

c r i  t e r i  a f o r  1 ogs obtained dur i  ng production and/or production t e s t i  ng . This 

could be accompl ished through the be t te r  understanding o f  temperature, 

pressure, f l o w  meter and bond logs i n  high temperature and two phase f l o w  
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environments. Also, the interpretation of logs through igneous and 

metamorphic 1 ithologies needs t o  be improved. A program invo lv ing  case 

studies of geothermal system which could be addressed under development or i n  

production was recommended. Another need which f a l l s  under the Geothermal 

Log Interpretation Program i s  t h a t  of correlating cores- and logs from 

geothermal areas. The value of core i n  log interpretation techniques cannot 

be over emphasized. I t  is recognized t h a t  obta in ing  core i s  expensive and 

often risky. The Reservoir Engineeri ng Committee recommends the Industry 

Coupled Studies Program be re-instated emphasizing the need for core and logs 

from geothermal we1 1 s of oppsr tuni  ty  . 
The Geothermal Logging Instrumentation Development Program i s  progressing 

very well w i t h  respect t o  meeting the needs of the reservoir engineer and 

interfacing w i t h  industry. Temperature l imi ta t ions  of the cable along w i t h  

limitations of various tools  such as pi iper and flow meter were identified as 

problems and are presently being worked on. As emphasized ear l ier ,  the need 

o f  the reservoir engineer is  for production logging capability. This requires 

the instruments t o  be i n  the well during production testing often for rather 

long periods of time. 

The specific tools which are needed for production logging are 

temperature, pressure and flow metering tools. Other tools which  are needed 

by the reservoir engineer include sal i n i  t y ,  porosity , fracture location and 

orientation and 1 i thologic determination tools. 

Proceedures and techniques being devel oped under the Geothermal 

Exploration and Assessment Technology Program can make important contributions 
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t o  the Reservoi r  Engineering Program. A long term goal should be the 

devel opment o f  re1 iabl e downhol e sampl i ng , measuri ng and/or  chemical 1 ogging 

techniques  t o  g ive  r e l i a b l e  f l u i d  chemistry infor inat ion.  T h i s  would he lp  i n  

the i d e n t i f i c a t i o n  o f  f l u i d  boundaries  and/or f l u i d  entires i n t o  a borehole.  

The major problem l ies  w i t h  concen t r a t ion  of  solids i n  the geothermal systems 

upon product ion which  l e a d s  t o  the need to  a c c u r a t e l y  model s c a l e  

precepi t a t i o n  phenomena. 

The geophysical techniques used i n  expl o r a t i o n  and being devel oped under 

the Explora t ion  and Assessment Technology Program should be app l i ed  t o  h e l p  

define the e x t e n t  of the reservotr. T h i s  would he lp  speed up development by 

p l ac ing  more r e l i a b i l i t y  on the size and e x t e n t  o f  a geothermal reservoir. 

The refinement of the geophysical methods f o r  reservoir d e f i n i t i o n  may be more 

v a l i d  t h a n  f o r  resource exp lo ra t ion  a t  this time. Therefore ,  i t  was 

recommended t h a t  the Explora t ion  and Assessment Technology Program look a t  the 

use of geophysical techniques f o r  r e s e r v o i r  def i n i  ti on. 

RESERY 01 R ENGINEERING 

The needs o f  the geothermal r e s e r v o i r  eng inee r  a r e  o u t l i n e d  i n  the GREMP 

Program w i t h  a few modif ica t ions .  Much of the recommended work o u t l i n e d  i n  

1975 i s  being conducted a t  the present time w i t h i n  the GREMP Program. 

I t  was pointed o u t  t h a t  the Reservoi r  Engineer ing Program should be 

better coord ina ted  w i t h  the o t h e r  programs. Much of the work needed w i t h i n  

r e s e r v o i r  engineer ing  has been assigned t o  va r ious  o t h e r  na t iona l  programs. A 

y e a r l y  conference involving a l l  the major geothermal programs may be the 
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answer. A yearly conference would result  i n  more industry involvement since 

i t  would be only one meeting instead of several specialized meetings by each 

of the major programs. 

The objective of the Reservoir Engineering Program was discussed and was 

defined as the need t o  provide increased accuracy i n  prediction through the 

development and 'sharpening' of techniques. The coordination o f  a fu l l  f i e ld  

project from exploratory dr i l l ing through development has been the 

responsibility of the reservoir engineer. The f ina l  o u t p u t  expected from the 

reservoir engineer is  a reserve analysis for a given geothermal prospect. 

An area which had been i n i t i a l l y  identified as cr i t ical  for reservoir 

engineering was t h a t  of rock properties. Recent decisions have resulted i n  

rock properties not being a major national program. The reservoir engineering 

comni t tee  feels the Reservoir Engineering Program should identi fy rock 

properties as a new init iative.  Measurements should be conducted on specific 

core samples t o  better evaluate the logs and better understand the producing 

formations. Mechanical rock properties are most important t o  the reservoir 

engineer; b u t  electrical ,  accoustic and thermal properties are a1 so required, 

par t icular ly  if geophysical techniques are t o  be used t o  a id  reservoir 

definition . These properties shoul d be measured as near t o  i n-si t u  conditions 

as posslble. 

The understandi n two phase flow was identified as a cr i t ical  need for 

the reservoir engineer. I t  was recommended this be a p r inc ipa l  task under the 

subheading o f  Well Testing. I t  i s  apparent there i s  a need t o  be ab 

interpret well test or production data when flashfng occurs f n  a we1 

e t o  

bore or 
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i n  the formation . This involves be t te r  measurement techniques a t  the surface 

t o  detect  subsurface condit ions. It was recommended t h a t  i n te r face  occur w i t h  

the chemical and nuclear indust ry  t o  a s s i s t  i n  addressing some o f  the 

problems. As mentioned i n  the instrument development section, there i s  a need 

f o r  continuous monitoring o f  f low w i t h  r e l i a b l e  accurate resul ts .  

Modeling was discussed a t  length and overa l l  agreement i s  t h a t  numerical 

modeling should receive a high p r i o r i t y  f o r  f u tu re  funding. Analy t ica l  

modeling i s  a t  a p o i n t  now t o  s a t i s f y  present needs. Physical modeling does 

not  appear t o  sat1 s fy  the complex needs o f  a geothermal reservo i r  model. 

Model comparison and va l i da t i on  should be a new i n i t i a t i v e  i n  the Reservoir 

Engineering Program. An attempt should be made t o  t r y  a l l  major codes on the 

same system and compare r e s u l t s  w i t h  respect t o  output and e f f i c i ency  o f  the 

code. It was suggested the codes should be run on an actual geothermal system 

where adequate data ex i s t s  ra ther  than a hypothet ical  s i tuat ion.  Suggested 

areas which could be used f o r  code comparison inc lude Cerro Pr ie to,  Mexico; 

Wairakei , New Zealand; o r  Larderel lo ,  I t a l y .  A workshop should then be held 

on the use and l i m i t a t i o n s  o f  the various codes avai lable;  CBL should do t h i s  

task as p a r t  o f  t h e i r  in-house work. 

The present GREMP Program appears t o  be addressing the problems out l ined  

i n  the previous Steering Committee Meetings. I n  l i g h t  o f  FY-80 budget 

res t r i c t i ons ,  several areas could be funded a t  a reduced rate,  and new 

i n i  ti at5 ves be 1 i m i  ted. 

The LBL work should emphasize indust ry  in ter face.  Possibly cost-sharing 

reservo i r  engineering work w i th  indust ry  on case studies pro jec ts  would al low 
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a continued leve l  o f  e f f o r t  f o r  LBL as w e l l  as other nat ional  labs. Work on 

the SHAFT code should be or iented toward refinement o f  f rac tu re  analysis and 

stream1 i n i n g  the code so i t would be more usable t o  industry.  

The Cerro P r ie to  Pro jec t  should be continued emphasizing the 

i n te rp re ta t i on  o f  the data co l lec ted  and continued c o l l e c t i o n  o f  production 

data. A summary addressing d r i l l i n g ,  completion, t e s t i n g  and s t imulat ion of 

Cerro P r i e t o  we l ls  would be very h e l p f u l ’ t o  industry.  

Support t o  academic i n s t i t u t i o n s  should be continued t o  provide t r a i n i n g  

o f  f u tu re  geothermal reservo i r  engineers. Stanford and Univers i ty  o f  

C a l i f o r n i a  a t  Riverside are doing very s i g n i f i c a n t  work and should be 

supported i n  t h e i r  present roles.  Other areas o f  support should be examined 

f o r  the Un ivers i ty  of Colorado and Princeton Univers i ty .  I f  more funding were 

not  i d e n t i f i e d ,  a possible reduct ion i n  the Stanford I t a l i a n  Pro jec t  and Radon 

Tracer Studies may be necessary. 

With respect t o  subcontracts w i t h i n  the GREMP Program, a l l  on-going 

a c t i v i t i e s  should be supported as planned except f o r  the Decl ine Curve 

Analysis Task. This task should be funded w i t h  FY-79 money w i th  an attempt t o  

speed up the contract  and gain a product t h i s  f i s c a l  year. It was f e l t  the 

p r o j e c t  should not  extend i n t o  FY-80 because o f  budget l i m i t a t i o n s .  No new 

s t a r t s  were an t ic ipa ted  i n  FY-80 because o f  budget 1 i m i  t a t i ons  a1 though the 

comparison o f  various codes should be i n i t i a t e d  i f  funds were i den t i f i ed .  

Addi t ional  funds should be i d e n t i f i e d  fo r  i n i t i a t i n g  work i n  the area of 

two-phase f low phenomenon. This was described as an essent ia l  need f o r  

geothermal reservo i r  engi need  ng . 
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National Energy Act 

Several comments were presented i n  the reservo i r  engineering group 

r e l a t i n g  t o  the National Energy Act. The informat ion on the Act needs t o  be 

e f f e c t i v e l y  disseminated. This could be accomplished through an education 

program by DGE o r  by a non-government group such as GRC. The informat ion 

needs t o  be explained t o  the economic advisors and v ice  presidents o f  the 

various companies ra ther  than t o  the engineers and technical  people. A 

problem w i t h  the Energy Act appeared t o  invo lve the recapture prov is ion w i th  

respect t o  re turns on investment. The 10% investment c r e d i t  u n t i l  1982 i s  too 

shor t  a time. Unless a resource was already d r i l l e d  and ready t o  develop, a 

given p r o j e c t  could no t  be completed by 1982. 

needs t o  be added t o  the time frame t o  be r e a l i s t i c  f o r  new geothermal 

I t  was f e l t  another f i v e  years 

prospects. 

counter-productive i n  the eyes o f  industry.  Other areas which should be 

It was pointed ou t  the recapture and phase ou t  provis ions were 

considered were in tang ib le  d r i  11 i ng costs, compl e t i  on, temperature tax  c red i t ,  

and wheel i ng prov i  s i  ons . 
I n  a l l  the group agreed the National Energy Act w i l l  b e n e f i t  geothermal 

development, bu t  needs som2 t a i l o r i n g  t o  bs an e f f e c t i v e  st imulant. 
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FY 1979 

RESERVOIR ENGINEERIIiG PROGRAM 

LBL: Cerro Prieto Case Study 

Total 5~31,000 Spent  t o  2/1/79 $133,000 

A. Coordination, pub1 ications,  meetings. $91,000 

B. Data col lect ion and analys'ls for  geology. $120,000 

C. Geophysics surveys (some done yearly). $120,000 

0. Well tes t ing and analysis. $60,000 

E. Chemistry study of water for  reinjection. $85,000 

F. Modeling reservoir behavior. $55,000 

LBL: Cos0 Hot Springs Well Testing 

Total $33,000 Fin ished  12/31 /78 
LBL: East Mesa Reservoir Simulation 

To t a  1 $28,200 Finished 12/31 /78 

LBL: Larderel lo ,  I t a l y  Reservoir Simulation 

Total $1 35,000 Spent t o  2/1/79 $36,300 

LBL: Klamath Fa l l s  Reservoir Testing 

Total $88,800 Expend i t ures ? 

LBL: Reservoir Engineering Research 

Total  $225,000 Spent  t o  2/1/79 $106,500 

A. 

B. Variable ra te ,  multiple Wd1, res v o f r  tes t ing  . _ L  

C. Modeling heat  and mass transfer i n  fractured reservoir 

0. Modeling t rans ien t  f l o w  in wellbore 

Two-phase reservoir  model, SHAFT -78 --- .-...- . 
2- - .' 
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FY 1979 

RESERVOIR ENGINEERING PROGRAM 

LBL: Management o f  subcontracts 

Total $250,000 Spent t o  2/1/79 $72,500 

Management of subcontracts. 

Publication of reports. 

Host meetings on program development. 

Subcontracts through LBL 

Total $1,065,000 Spent t o  2/1/79 $560,000 

1 
and annual workshop. $180,000 

A. Stanford University: Modeling, tracer,  and analytical  studies, 

B. 

C. 

D. 

E. 
\ 

', 

F. 

G. 

H. 

Stanford University: 

and analysis. $35,000 (costed i n  '78) 

System, Science, and Software: - Wairakei reservoir model. $89,000 

Princeton University: Mass, heat fracture model. $54,000 

Univ. Calif a Riverside: 

and mineralogy $158,000 

Measurement Analysis Corp: Measurement of reservoir parameters. 

I ta l ian Project; data compilation 

Cerro Prieto geochemistry 

$4,000. 

Terra Tek: Annotated b i  bl  iography of reservoir of reservoir engi- 

neering $21,000 

Battell P .  N. t es t ing  . - 
/41,000 + $80,900 

I .  Terra Tek: Instrument to measure non-condensable discharge. $62,000 

J.  Intercomp: Analytical techniques t o  interpret  2-phase flow. $118,000 
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K. Republic Geothermal: Mineral deposition i n  the reservoir. $72,000 

L. RFP on Decline Curves $100,000 

M. RFP on Geochemical Tracers $130,000 

U.S.G.S.: Cerro Prieto Case Study 

Total 589,000 

A. Flu id  Chemistry Studies. $50,000 

B.  

C. Trilateration Survey. $25,000 

Subsi dence Research, 1 eve1 i ng survey. $1 4,000 
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X I I .  SUMMARY 

Recommendations from the Marina del Rey conference are summarized i n  

Table XII.2. Copies o f  the repor ts  were sent ou t  t o  a number of explorat ion 

program managers i n  indust ry  f o r  t h e i r  review. It was requested t h a t  these 

ind iv idua ls  help set  p r i o r i t i e s  f o r  funding. Although few responded t o  t h i s  

request, those recommendations w i l l  be used t o  assign p r i o r i t i e s  f o r  FY80 

procurements. 

The va r ie t y  of explorat ion methods cu r ren t l y  being used by indust ry  i s  

remarkable. A1 though several companies have standardized t h e i r  explorat ion 

procedures and u t i l i z e  on ly  se lect ive methods, the ma jo r i t y  apply a la rge  

number o f  survey types, w i t h  strong emphasis on geophysical surveys. The 

repo r t  o f  the Explorat ion Archi tecture committee (sect ion V I  1 reviews the 

various procedures used and c i t e s  evaluations o f  these methods by industry. 

However, i t  i s  apparent from the review o f  t h i s  document by indust ry  managers 

and from t a l k i n g  w i t h  explorat ion personnel from various companies t h a t  even 

w i t h i n  companies there i s  present ly a d i v e r s i t y  o f  opinion about the 

usefulness o f  ind iv idua l  explorat ion t o o l s  i n  spec i f i c  environments. And as 

more data becomes avai lable,  i t  i s  c lear  t h a t  procedures t h a t  work qu i te  wel l  

in ,  f o r  instance the Salton Trough, may be o f  l i t t l e  use i n  the Basin and 

Range. Thus i t  i s  c lear t h a t  continued evaluat ion o f  various techniques i n  

d i f f e r e n t  environments can have a s i g n i f i c a n t  impact on the e f f i c i ency  of 

geothermal explorat ion i n  the U. S. 

The Explorat ion Archi tecture committee has a1 so re-emphasized some o f  the 

di f ferences t h a t  w i l l  e x i s t  between the explorat ion procedures used for 
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TABLE X I I . l  
SUMMARY OF RECOMMENDATIONS OF TECHNICAL REVIEW COMMITTEES OF 

THE GEOTHERMAL EXPLORATION AND ASSESSMENT TECHNOLOGY 
PROGRAM AND THE TECHNICAL ADVISORY GROUP OF THE GEOTHERMAL 

RESERVOIR ENGINEERING MANAGEMENT PROGRAM. 

COMMITTEE RECOMMENDATIONS PRIORITY FUNDING OUR AT I ON _ _  ___-_- _---._--._I------I--------- - --I- 

C. 
Iu w 

STRUCTURE, STRATIGRAPHY, AND 1. Surface Geology 1 
-detai 1 ed qeol oqic 
mapping 

-aer ia l  photography 

2. K - A r  Dating --to r e f i n e  
models o f  re la t ionsh ip  
o f  maqma systems /I geoth. 

IGNEOUS PROCESSES 

2 

sys tems . 
Structural  
Gravity (3  surveyslyr) 

3. Subsurface Studies 

4. Rock Propert ies 

5. Igneous Studies 
Model s o f  maqma system 
evolut ion - chemistry. 

EXPLORATION ARCH I TECTURE 1. Refinement o f  MT 

2. Groundwater e f f e c t s  on 
thermal measurements 

3. Regional f l u i d  qeochem 

4. Reqional gas qeochem 

5. K - A r  da t ing  - reqional 

6. J o i n t  c o l l e c t i o n  and 
inversion o f  data. 

225Klyr 

75Klyr 

4OKIyr 

105KIyr 

30KI.y r 

155Klyr 

250K/yr 

l0OK I y r 

lOOK I y  r 

1r)OKIy r 

100KIyr 

50KIyr 

5 y rs  

5 y rs  

5 y rs  

3-5 yrs  



I-J 
ru 
P 

ELECTRICAL METHODS 

WATERIROCK I NTERACTIOII 

1. El4 modeling d inversion 

3D model i n9 oroqrams 

schemes 

a) cost -ef fect ive 2D L 

b)  a1 ternate inversion 

2. Control led source EM 
f i e l d  studies 

3. Rock Propert ies 

4. Reqfonal MT map 

5. Cal ibrat ion s i t e s  II 
procedures 

6. MT Workshoo 

7. Testing o f  fo l lowing 
(no budget recommenda- 
t i o n  provided): 
-Induced Polar izat ion 
-Magnetometric Res1 s t i -  

-Long array MT 
-Singular coincident 

v i  t y  

loop TPEM. 

1. Mineralogy, qeochem- 
i s t r y ,  + petrology i n  
qeothermal reservoirs . 

1 
3OOKIyr 3 yrs 

100KIyr 3 yrs 

2 100KI y r  2 y rs  

3 200Klyr 3 y rs  

1 5OKIyr 2 yrs 

2 60K/yr 1 y r  

3 2OK/yr 

600K/yr 2 yrs  

2. Workshop on waterlrock i n  25KIyr 
qeothermi cs 

3. Rbck + f l u i d  propert ies 200K/yr 2 yrs 

4. Geothermometers 175Klyr 2 yrs  

5. Obtain core 



DURATION 
_I 

RECOMMENDATIONS PRIORITY FUNDING 
-_I_- 

COMMITTEE -_ -------- 
THERMAL METHODS 1. Bottom hole T d u r i n g  

dr i l l  i ng 

2. Relations between 
thermal conductivity 
and physical parameters 

3. Effects of groundwater 
I flow on thermal measure- 

4. "Free hole" Program . 

5. Shallow & intermediate 

ments 

depth d r i l l i ng  

c. 
Iu 
cn SEISMIC METHODS 

6. Deep hole T trans- 
mission system. 

1. Data compilation and 

2. Rock proper 

3. Research i n  processing 

4. Seismic 8 Valles Caldera 

dissemination 

& interpretation 

5. Clear Lake Survey 

6. Microseismic noise 
8 Beowawe 

7. Microearthquake 

8. Basic research on micro- 
earthquake processing & 
interpretat ion 

60K/yr 

100K/yr 

lOOOK /yr 

1500K /y r 

100K/yr 

1 OOK / y r 

75Klyr 

75K/yr 

200K 
lOOK 

125K 
25K 

30K 
15K 

50K 
50K 

7OK/yr 

3 yrs 

5 yrs  

5+ y r s  

3 yrs  

2 

2 

1st year 
2nd year 

1st year 
2nd year 

1 st year 
2nd year 

1st year 
2nd year 

4 yrs 



COMMITTEE RECOMMENDATIONS 

Reservoir Engineering 1. Geothermal Log Interp. Prog. should s tudy 
production 1 ogg i ng tec h n i  ques . 

2. Obtain core 
I 

I 

I 3. Development of techniques t o  provide reliable 
f l u i d  chemistry. 

4. Test geophysical exploration techniques i n  
defining extent o f  reservoir. 

5. Better coordination w i t h  other programs. 

6. Rock properties. 

7 .  Understand 2 phase f low. 

8. Refine numerical modeling-comparison o f  
avai 1 ab1 e codes. 

9. Emphasize industry interface (cost  sharing) 

10. Continue Cerro Prieto Project. 

11. Support academic institutions training 

12. Support GREMP subcontracts. 

13. Complete Decline Curve Analysis Task this 
year. 

reservoi r engi neers. 
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high-temperature environments versus those f o r  intermediate- t o  

low-temperatures environments. They have emphasized t h a t  the value o f  the 

ind iv idua l  systems w i l l  d i c ta te  the use o f  the l ess  expensive explorat ion 

procedures, l a rge l y  geology and geochemistry. An addi t ional  consideration 

w i l l  be the c u l t u r a l  interferences inherent i n  explor ing f o r  a resource i n  the 

prox imi ty  o f  a user. Since few explorat ion case studies o f  low- t o  

moderate-temperature hydrothermal systems e x i s t  i n  the l i t e r a t u r e ,  and given 

t h a t  there are few p r i va te  groups involved i n  the explorat ion f o r  these 

systems, the Geothermal Explorat ion and Assessment Technology Program w i l l  

become more involved w i t h  these resources i n  the future.  The d i r e c t  

appl icat ions of geothermal energy can have a tremendous impact on the na t ion 's  

e f f o r t s  t o  conserve i t s  f o s s i l  fue l  resources and reduce the use o f  fore ign 

imports. 
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