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The National Geothermal Exploration Technology Program 

L. Ball*, J. W. Salisbury*, P. R. KintzingerJ:, A. F. Veneruso§, 

and S. H. Ward** 

In response to the Geothermal; Energy Research, Development, and Demonsti-ation Act of 1974, a federal 
geothermal prbgram has been established with the objective of stimulating the commercial development of 
geothermal resources. The program goal is to increase.(he annual rate of energy utilization from the present 
0.04 quads (500 MWe) to 0.3-0.5 quads in the near term (about 1985), 4.0-9.0 quads iri the mid-term (1985-
2000), and 16.0-28.0 quads in the long term (by about 2020). The realization of these goals depends upon the 
discovery and exploitation of many new geothermal resource areas. 

The Department of Energy program for geothennal exploration and assessment has been structured to 
address technological barriers presently hindering the economical discovery and delineation of geothermal 
resources. We describe the program elements—exploration technology, reservoir assessment, reservoir con
firmation, and reservoir engineering—in light of the need to evaluate some 1500 new prospects in order to 
meet the federal midterm electric power goal of 20,000 MWe on-line by the year 2000. 

We illustrate the program elements with suggested sequences for exploration, assessment, and confirmation 
of a 200-MWe resource in the eastern Basin and Range physiographic province. The estimated costs for these 
sequences are $385,000, $565,000, and $3,190,000, respectively. Deep drilling constitutes the major element 
in the confirmation costs. 

An economical exploration strategy requires use of cost-effective techniques; thus, we have initiated a num
ber of technology assessment studies. Pursuant to these studies, we present a summary of our initial findings 
and discuss the status and needs for topics such as sy.stem modeling, thermal methods, rock and fluid properties, 
seismic, and electrical methods. 

Accurate reservoir assessment requires new.developments in logging instrumentation for higK-teriiperature, 
hostile environment boreholes and improved means for interpreting acquired data. The logging instrumentation 
program is aimed at upgrading logging systeras for operation at 275°C and 48.3 MPa in the near term (1982) 
and SSO^C and 138 MPa by 1986. Existing hardware is being upgraded, components and materials are being 
developed, and critically needed prototype tools for temperature, flow, and pressure measurements will be 
evaluated. 

A program addressing log interpretation problems uses industrial expertise to analyze specific shortcomings 
in our ability to infer critical reservoir parameters from acquired data. The program will also establish and main
tain test and calibration wells and support research logging and petrophysical studies. 
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Geothennal resource types 

The three major geothermal occurrences of interest 
to the federal program are hydrothermal, hot dr>' 
rock, and geopressured re.sources. 

Hydrothermal resources,—These resources can 
themselves be subdivided into igneous-related, 
i-egional high heat flow, local high heat flow, and 
near-normal temperature gradient types. The highest 
grade hydrothermal resources, including all known 
dry steam systems, are igneous-related; that is, the 
high-grade heat is derived from near-surface magma 
chambers. 

Regional high-heat flow, on the other hand, is 
likely to occur in those areas where the crust is thin, 
putting the earth's surface in closer touch with its hot 
interior. Wherever groundwater circulates at depth, it 
may become heated and form a hydrothermal system, 
although typicalJy a lower grade than those associated 
with magma chambers. 

Localized areas of high heat flow may occur where 
unusually high uranium, thorium, and potassium 
concentrations in otherwise cooled plutons provide 
radiogenic heat. The grade of this kind of heat is so 
low that these resources can be used only for space 
and process heat. 

Finally, even near-normal temperature'gradients in 
deep sedimentary basins will provide warm water, 
which may be recovered essentially as a by-product 
of oil and gas development. 

Hot dry rodk.—Hot dry rock occurs in all of the 
thermal eiivironments listed for hydrothermal re
sources wherever there is an inadequate fluid supply. 
It is often classified as a separate resource because 
of the very different technology necessary for its 
exploitation. 

Geopressured resources.—Geopressured re
sources are another special case, occurring in the-
near-normal temperaiure gradient regime. In a deep 

sedimentary environment, such as is found on the 
Gulf Coast, aquifers may contain dissolved methane 
and hydraulic energy in addition lo elevated tempera
ture. 

Federal objectives and goals 

The objective ofthe federal geothermal program is 
to stimulate the conimercial development of geo
thennal resources as economic, reliable, operationally 
safe, and environmentally acceptable alternate energy 
sources. The combined efforts ofthe federal govern
ment, state and local governments, and the private 
sector toward the realization of siibstantial geothermal 
energy comprise the national effort. Within the na
tional effort, the activities of the various federal 
agencies constitute the federal prograin. The Depart
ment of Energy (DOE), designated as the lead federal 
agency for geothermal development, works through 
the Interagency Geothermal Coordinating Council 
(IGCC) to foster coordination within the federal 
program. The Council, chaired by DOE, is made up of 
high-level representatives from each of the agencies 
actively concerned with the program. The bulk of the 
federal research and development is now carried out 
by DOE's Division of Geothennal Energy (DGE) 
and by agencies of the Department of Interior. 

The DOE/DGE and the IGCC have focused on 
programs to develop the nation's geothermal energy 
resources wherein the goal is to accelerate the actual 
commercial utilization of geothermal energy; that is, 
the production of electrical power on line and non
electric (thermal) power in conimercial quantities 
through a comprehensive approach to all barriers 
(technological, legal, institutional, etc.). National 
goals have been formulated through regional planning 
in cooperation with local entities to bring geothermal 
power (electric and nonelectric) on-line in a planned 
and rational time-phased manner. The planned pace 
bf development is expressed in the form of resource 
development scenarios for each major geothermal 

Talde 1. Intended commercial geothermal utilization potential given successful federal program implementation. 

1985 •2000 2020 

Electric capacity (MW) 
Electric applications 

equivalent fossil fuel 
energy (quads/yr) 

Nonelectric applications 
. (quads/yr) 

Geopressured methane 
(quads/yr) 

Total energy (quads/yr) 

3000-4000 
0.2-0.3 

0.1-0.2 

0.0-0.02 

0.3-0.5 

i,000-
1.5-

0.5-

2.0-

4.0-

-40,( 
-3.0 

-2.0 

-4.0 

-9.0 

70,000-140,000 
5.0-10.0 

6.0-8.0 

5.0-10.0 

16.0-28.0 
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prospect. 
The intended federal program impact is to increase 

the annual rate of commercial utihzation of geo
thermal energy from the present 0.04 quads (500 
MWe) to 0.3-0.5 quads in the near term (approxi
mately 1985), 4.0-9.0 quads in the mid-term (1985-
2000), and 16.0-28.0 quads in the long term (by 
about 2020) as shown in Table 1 (DOE, 1978). 

In terms of reservoir confirmation, Salisbury el al 
(1977) estimated that approximately 550 wells must 
be drilled by 1980 to provide sufficient reservoirs to 
support the 1985 goals for electric capacity. There
fore, the need for reliable exploration raethods, 
logging instrumentation and interpretation methods, 
and reservoir engineering are of paramount im
portance to reduce uncertainties in resource charac
teristics, the number of wells necessary to define a 
resource, geothermal development costs, and the 
demand for drilling rigs. 

Program organization 

The DOE was formally established on October 1, 
1977, and absorbed programs previously directed by 
the Energy Research and Development Administra
tion (ERDA). Inasmuch as the development and 
commercial application of geothermal energy technol
ogy depends upon the execution of program re
sponsibilities that are vested in several federal 
agencies, formation of the IGCC constituted a 
significant step toward realizing the national goals 
for geothermal energy (ERDA, 1977). The IGCC 
membership is composed of assistant secretary-level 
officials of DOE, the Department of the Interior, 
the Department of Agriculture, the Environmental 
Protection Agency, the National Science Founda
tion, and the Treasury Department. The Council is 
supported by a .staff committee and three panels, 
each of which addresses a major aspect of inter
agency geothermal coordination. 
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15 K 
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110 K 
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30K 
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40K 
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30 K 
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10 K 
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Measurements, 
Gradient Holes 

80K 

Dipole-Dipole 
Resistivity 
Survey 

1 
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^ 

Phase I 
Homework 

Reject 

Phase II 
Regional 

Reject 

Phase III 
Reconnaissance 

Reject 

Phase IV 
Detail 

Reject 

Phase V 
Fracture 
Mapping 

Reject 

Phase VI 
Modeling 

Reject 

* Economic Evaluation To Reservoir Assessment 

FIC . 1. Suggested geothennal exploration sequence. 
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Table 2. Estimated costs (1977)—suggested geothermal exploration sequence. 

Phase 

1 

II 

III 

IV 

V 

VI 

1. 

1. 

2. 

3. 

1. 

2. 

3. 

1. 

2. 

1. 

Description 

Literature search 
and analysis 

Photography, imagery, 
photogeology 

General, volcanic, 
and sUTJctural geology 

Alteration, waler, 
isotopes, and chemistry 

Thermal gradients,' 
available holes 

Drill and litholog 
gradient holes 

Alteration studies, 
gradient holes 

Temperature logs 

Detailed structural 

Dipole-dipole resistivity 
surveying 

Preliminary conceptual 
Modeling 

Cost [ 

Total 

ler item 

20 

15 

20 

30 

30 

110 

20 

10 

10 

80 

($K) 

40 

exploration 

Cost per phase ($K) 

20 

15 

80 

140 

90 

40 

385 

Cost basis (man year) 

0.25 

0.10 
-t-$7K data costs 

0.25 

0.25 
+$10K analytic costs 
0.375 (50 holes) 

0.25 -l-$90K drilling 
(20 holes, cased) 
0.25 
0.125 

0.125 

60 days @800.00/day 
-l-$32K modeling and Inlerp, 

0.50 

Of particular interest is the Research and Technol
ogy Panel, which has set forth priorities for explora
tion and assessment technology (ERDA, 1977). This 
panel has recommended that the highest priority for 
federal support of efforts to develop exploration 
technology should be given to (1) better measure
ments of properties of rocks and fluids at geothermal 
temperatures and pressures, (2) quantitative well-log 
interpretation, (3) improved chemical geothermom
eters, (4) more cost-effective geoelectrical tech
niques, (5) novel drilling methods, (6) improved 
logging devices that are reliable at high temperatures 
and in corrosive environments, (7) means of deter
mining the permeability of potential reservoir rocks 
by surface measurements prior to drilling, (8) appli
cation of seismic reflection and seismic array methods, 

(9) improved understanding of heat flovj' data, and 
(10) development of techniques that will reveal hidden 
resources which are not associated with hot springs 
or geysers. Specific accomplishinents and activities 
in these areas are discussed in IGCC's second annual 
report'(DOE, 1978) and, for exploration technology, 
in more detail later in this paper. 

Iti addition, close cooperation between the U.S. 
Geological Survey (U.S.G.S.) and DOE/DGE has 
been essential in exploiting ongoing exploration 
and assessment programs. Basically, the U.S.G.S. 

has the lead role in understanding geothermal sys
tems, maintaining a national resource inventory, 
assessing the nature and energy content of each type 
of geothermal system, and promoting scientific re
search. On the other hand, DGE is responsible for 
stimulating commercial development of resources 
and technologies, confirming and evaluating in
dividual reservoirs vvithin geothermal systems, and 
conducting site-specific surveys to identify and 
quantify exploitable reserves. All such DGE efforts 
are conducted by or in cooperation with industry as 
well as state and local agencies. 

The DGE technical development prograrns are 
typically run by field organizations, such as the na
tional laboratories or contractors, under control and 
direction from headquarters. In the sections to follow, 
we describe recent developments in geothennal 
exploration technology. The topic is broadly divided 
into surface and logging technologies. 

SURFACE EXPLORATION TECHNOLOGY 

The DOE national program involves reservoir 
assessment, confirmation, and engineering in addition 
to exploration technology. Work is being done pn the 
development of individual techniques as well as on 
overajl exploration strategy. Selection of projects 
for development is based upon recommendations 
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from workshops, technical consortia, • program 
strategy panels, and steering committees, as well as 
upon specialized needs in assessment programs. New 
industrial programs are usually initiated' through 
formal solicitations in support of programmatic needs. 
The following sections describe our fundamental 
concerns, suggested architectures for each phase, and 
the general program strategy. 

Exploration technology 

Exploration utilizes many techniques from the oil 
and mining industries that have not yet been ade
quately demonstrated for discovery of geothermal 
resources. Some techniques specific to the geothermal 
industry, such as isotopic and chemical prediction 
of subsurface temperatures from analysis of surface 
waters, earth noise, microearthquakes, Curie iso
therm analysis of magnetic dala, and heat-flow mea
surements, are being evaluated for their utility in 
exploration. Surface manifestations, such as hot 
springs, fumaroles, and hydrothermally altered 
ground, are currently being used to localize geo

thermal systems, making advanced exploration 
technology less essential in the near term than it will 
become when less obvious prospects must be dis
covered. 

Cost effectiveness of various exploration sequences 
is of prime concern; thus, the determination of these 
factors is a part of the current DOE/DGE pro
gram (Ward, 1978; Goldstein et al, 1978). To illu
strate a program strategy, we present in Figure I a 
modular exploration sequence which includes a care
fully balanced selection of geologic, geochemical, 
and geophysical modules for geothermal prospecting 
for a high-temperature (>200°C) resource in the 
eastern Basin and Range physiographic province 
(Ward, 1977). (Different exploration sequences 
would apply in different geologic settings or for 
lower temperature resources.) Appearing early in the 
exploration sequence are the less expensive modules. 
Later, more expensive but more definitive modules 
are introduced. Estimated costs (1977 dollars) per 
module are indicated in Figure 1 and are explained in 
Table 2; debate on these estiinates is welcomed. The 

FROMEXPUXUVTION 

260K 

INTEF»EDIATE 
TCSr ORI LUNG 
AND LOGGING 

UTHOLOG. 

HYDROLOGY 

X K 

ALTERATION 

ISOTOPES. 
CHEMSTBY 

205K 

REFRACnoWREFUCnON 
AMT/MT DETAIL 
GEOPHYSICAL LOGS 

PHASE 

VII 
NtXXL 
TEST 
DRILLING 

VIII 

SYSTEM 

DEflNITlON 

DETAILED 
MXIEUNG 

TO RESERVOIR CONFIRMATION 

ECQMOMC EVALUATION 

FIG. 2. Suggested geothermal reservoir assessment. 
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Table 3. Estimated costs (1977)—suggested geothermal r^ervoir assessment. 

Phase 

VII 

VIII 

IX 

Description 

Intermediate drilling 
and logging 

System definition 
1. Lithology, hydrology 
2. Alteration, isotopes, 

chemisu-y 
3. Refraction/reflection 

seismic 
AMT/MT detail 

Geophysical logs 

Cost per item 

260 

30 
30 

120 

60 

25 

($K) 

Modeling 40 
Total reservoir assessment 

Cost per phase ($K) 

260 

265 

,40 
565 

Cost basis 

2500 ft @ $80.00/ft plus $20K 
logging and 0.5 man yr. 

0.25 man yr. -I-$I0K analytic costs 
0.25 man yr; +$I0K analytic costs 

$80K data acquisition plus 0.5 man yr. 
interpretation 

S40K data acquisition plus 0.25 man yr. 
interpretation' 

$17K data acquisition plus 0.10 man yr. 
interpretation 

0.5 man yr. 

Economic Evaluation 

1 30K 

Li tho log. 
Hydrology 

1 

• ' 

22S0K 

Deep Dri l l ing 

90 K 

Al terat ion 
Isotopes, 
Chemistry 

4 0 K 

Detailed 
Model ing 

200K 

Feasibility 
Study 

SOOK 

Longevity 
Test 

| 2 0 K " 

Geophysical 
Logs 

1 fc 

Reject 

Reject 

Phase 

X 
Dri l l ing 

XI Wei 
Product St 

XII 
Model ing 

XIII 
Feasibility 

XIV 
Longevity 

To Product ion 

FIG. 3. Suggested geothermal reservoir confirmation. 
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total exploration cost per prospect subjected to this 
complete sequence is $385,000. 

Reservoir assessment 

Reservoir assessment for prospect evaluation uses 
many of the same techniques used in exploration but 
at a more intense level of detail and includes some 
test drilling. Figure 2 shows a suggested geothermal 
reservoir assessment flow diagram and costs for the 
eastern Basin and Range, and Table 3 contains the 
basis and summary of costs. The basic philosophy of 
this approach to reservoir assessment is drilling and 
logging of a shallow lest well plus introduction of 
expensive surface techniques capable of assisting in 
the assessment. The output of the reservoir assess
ment stage is a model of the geothermal system suffi
ciently detailed that a reservoir confirmation program 
can be planned, if warranted by the results of this 
stage. 

The two components, the Reservoir Engineering 
Program and the State-Coupled Program, comprise 
current assessment efforts. The Reservoir Engineer
ing Program, which is discussed later, is aimed at 
centralizing and coordinating a wide variety of 
reservoir-related studies. 

The State-Coupled Program is designed to evaluate 
low- and moderate-temperature reservoirs for direct 
heat applications. This cooperative effort involving 
both individual states and the U.S.G.S. not only 
stimulates state development but also provides data 
for the U.S.G.S. national geothermal resource 
assessment (White and Williams, 1975). 

Reservoir confirmation 

Reservoir confirmation, as defined here, is proof of 
the existence of a volume of hot fluid that could be 

economically exploitable with prevailing technology 
and market conditions. Reservoir confirmation is 
essential to the establishment of reserves sufficient 
to support a vigorous industry and to achieve power 
on-line goals. Figure 3 and Table 4 contain our 
suggested minimal confirmation program, again re
lated to the eastern Basin and Range. No consideration 
has been given herein to the considerable costs of 
acquiring land or providing environmental impact 
studies or to institutional problems, mainly because 
they lie outside the .scope of our program analyses. 
This program is only suggested, and debate is wel
comed on procedural and economic considerations. 

This activity is composed of two main elements: 
the Industry-Coupled Case Study Program, and the 
Pre-Commercial Case Study Program. The Industry-
Coupled Case Study Program consists, essentially, 
of sharing the cost between industry and DOE for 
exploration and wells. This program is designed lo 
accelerate confirmation drilling by providing mone
tary' incentives to industry while simultaneously 
distributing industry-wide the knowledge gained in 
cost-shared programs. This knowledge is intended 
to reduce uncertainty about the nature of reservoirs 
and the'risk and cost involved in their confirmation. 

The Pre-Commercial Case Study Program consists 
of a cooperative effort with the U.S.G.S. to confirm 
the existence of geothermal reservoirs, potential of 
which is too speculative to attract industry. Recent 
activities under this program include the Cascade 
Volcano (Mt. Hood) project, the Hawaii project, and 
the Snake River plain survey. As exploration ac
tivities of a progressively more vigorous geothermal 
industry are broadened, particularly in view of the 
incentives provided by the National Energy Act, 
these confimiation activities will be phased out. 

Table 4. Estimated costs (1977)—suggested geothermal reservoir confirmation. 

Phase Description Cost per item (SK) Cost per phase (SK) Cost basis 

X 

XI 

xn 
XIII 
XIV 

Deep drilling 

1. Lithology, hydrology 

2. Alteration, isotopes, 
chemistry 

3. Geophysical logs 

Detailed modeling 
Feasibility study 
Longevity test 

90 

90 

20 

Total reservoir assessment 

2250 

200 
40 

200 
500 

3190 

3 wells @ $750K 
per well lo 5000 ft 

0.75 man yr. 
-)-$30K analytic cosi 

0.75 man yr. 
-^$30K analytic costs 

0.25 man yr. 
interprelalion 

0.5 man yr. 
2.5 man yr. 
Gross estimate 
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Reservoir engineering 

Reservoir engineering to predict the reservoir 
capacity and to plan and manage reservoir production 
and injection is essential to attract users, such as 
utilities, who must make substantial investments in 
surface facilities. Oil field reservoir engineering 
techniques may not be directly transferable to geo
thennal problems because of the high temperature 
and its effect on viscosity and two-phase flow. Con
sequently, reservoir engineering research also is a 
critical path item, in part inherent in reservoir confir
mation but depending almost entirely on information 
obtained downhole. 

Recent activities have included the following: case 
studies conducted at sites such as Raft River, Idaho; 
Imperial Valley, California; and Cerro Prieto, 
Mexico; a continuation of applied research programs 
initialed under NSF; and development of improved 
reservoir dala acquisition, analysis, and modeling 
methods. 

Status of surface techniques 

We address the ERDA/DOE and U.S.G.S. efforts 
to examine the status and technical needs ofthe many 
individual disciplines which compri.se geothermal 
(surface) exploration technology. One of the first 
efforts to assess the needs was a workshop held early 
in ERDA's history (U.S.G.S., 1975). The suggested 
strategics were based mainly on recent experience 
and personal bias which was generally extrapolated 
from niineral and petroleum exploration. However, 
geothennal resources were properly reasoned to be 
different from either, and a sufficient base of ex
perience did not exist from which we could adequately 
assess the strategy or technique effectiveness. 

In 1976, while the main thrust ofthe ERDA pro
gram was in subsurface technology, a number of basic 
and applied research prograrns were proceeding 
under sponsorship of the U.S.G.S., ERDA, NSF, and 
the U.S. Bureau of Reclamation (U.S.B.R.). Im
portant case histories were being developed on the 
east coast by Virginia Polytechnic Institute; in the 
Black Rock Desert, Nevada, by Colorado School 
of Mines; in Roosevelt Hot Springs, Utah, by the 
University of Utah; in Long Valley, Caiifomia, by 
the U.S.G.S.; in northern Nevada, by Lawrence 
Berkeley Laboratory; and in Imf)erial Valley, Cali
fornia, by many organizations. This work afforded 
opportunities to assess many techniques and explora
tion strategies. We learned the important lesson lhat a 
cost-effective strategy will apply only to the physio
graphic region for which it is synthesized. The 

greatest controversies seemed to center first on electri
cal methods, then on .seismic methods, some of which 
seemed particularly appropriate for locating geo
thennal resources. 

Electrical and electromagnetic (EM) methods 
were examined in detail in a workshop (U.S.G.S., 
1977), with the general conclusion that there was a 
need for deeply probing commercial magnetotelluric 
(MT) equipment and active EM systems able to 
operate over the frequency range of 10"^ to 10̂  Hz. 
Other needs were seen for additional forward/ 
inverse modeling, research in self-potential and 
tellurics, and continued development in both recon
naissance and detailed resistivity measuring methods. 
Most of these have been supported by ERDA/DOE 
during the past two years; however, there was no 
coordinated program which would give attention 
to all technologies. Therefore, in 1977 DOE/DGE 
conducted two careful assessments of technical 
needs (Goldstein et al, 1978; Ward, 1978), and these 
have fomied the basis of a new coordinated pro
gram. The following is a summary of our findings in 
six important exploration technologies. 

Reservoir modeling.—In the context of surface 
exploration, reservoir modeling is the inference of 
reservoir parameters from data acquired on the sur
face. This kind of modeling is of utmost importance, 
for it is upon these eariy estimates of system potential 
that major exploration budgets are committed. How
ever, after more than 20 years of geothermal explora
tion in the United States, our conceptual models of 
geotherinal systems are still very crude. For example, 
Roosevelt Hot Springs KGRA. one of the most 
promising high-temperature prospects, has been 
extensively studied (Ward et al, 1978), and still the 
reservoir system is pooriy understood. 

Ideally, geothermal modeling should provide 
predictions of reservoir parameters such as tempera
ture, porosity, permeability, pressure, geometry, 
nature of fluids, and thermal conductivity. These 
parameters may be estimated from models which 
provide values for density, seismic velocity, electri
cal resistivity, total magnetization, bulk polarizabil-
ily, and expected earthquake locations, size, focal 
mechanisms, and recurrence relations. The.se inver
sions may be improved by considering correlations 
between density, seismic velocity, electrical resistiv
ity, porosity, and thermal conductivity. A considcr-

. able amount of work on inverse problems remains; 
thus, this is a fundamental part of the DOE/DGE 
program. 

In the opinion of the modeling consortium (Ward, 

http://compri.se
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1978), cost-effective forward modeling programs 
exist for geothemiometry, gravity, magnetics, 
thermal infrared, surface temperature, conductive 
heat flow, one- and two-dimensional (1-D, 2-D) 
hydrology, convective heat flow (2-D), active 
seismics (both compressive and shear), strain ratios, 
electrical and EM methods (1-D, 2-D), induced 
polarization (1-D, 2-D), and MT (1-D, 2-D). 

Because most geothermal systems are in complex 
geologies, three-dimensional (3-D) models are 
needed for representative system models. 3-D numeri
cal models can be employed for many responses, but 
the cost is prohibitive, and scale models can provide 
empirical data which are useful to corroborate 
numerical approaches. Nevertheless, we still need 
cost-effective 2-D and 3-D forward models for MT, 
several electrical and EM techniques, hydrological 
systems, and thermally induced convection. 

Furthermore, it appears that insufficient theoretical 
background is available to permit forward modeling 
of self-potential, seismic attenuation, ground noise, 
and He'/He' ' ratios. Several of these problems are 
being studied presently under DOE and U.S.G.S 
programs. 

A greater challenge exists for models applicable 
to the increasing quest for "blind" or hidden geo
thermal systems. It is felt that pattern recognition 
and Bayesian statistics along with multiple data set 
forward and inverse rriodels may provide important 
avenues for such elusive models. Finally, it is of 
fundamental importance to establish the basic con
straints required for reservoir modeling and identify 
which of the physical and chemical observables from 
surface and borehole studies are the most important 
for prediction of reservoir parameters and to estimate 
productivity, longevity, and size. 

Thennal methods.—Thermal methods are unique 
in.geothennal exploration in that in some sense they 
measure directly the major quantity of interest in 
geothermal exploration, i.e., heat. In fact, a recent 
survey of a dozen major geothermal developers 
showed that typically 50 percent of the geothermal 
exploration budget is expended for these types of 
exploration. Therefore, the assessment of the cost 
effectiveness and the research and development needs 
are of prime importance to the national program. 

The principal technical needs are for new and im
proved techniques for thermal measurements and their 
interpretations and for studies of the effects of fluid 
flow on thermal nieasurements. This latter area seems 
lo be Ihe one which has caused more major misinter
pretations of thermal anomalies than aiiy other. Two 

Table 5a. Rock properties pertaining to geothermal 
reservoir exploration, assessment, 

confirmation, and engineering. 

Rock properties 
(see Table 5b) 

Applications 
(see Table Sb) 

Physical. 
Chemical 
Mechanical 
Thermal 
Electrical 
Magnetic 
Seismic/acoustic 
Atomic 

H, E, M, G, S, L. X 
C, E, M, L, X 
E, S. L, X 
H. L, X 
E, L 
M, L 
S. L 
C, L 

prime examples are the Marysville, Montana geo
themial project (Blackwell and Morgan, 1975) and 
the recently reported Desert Peak prospect in Nevada 
(Benoit, 1978). Recent studies of convective and 
conductive shallow hydrothermal systems (Chapman 
et al, 1978) illustrate the constraints of thermal 
gradient/heat-flow measurements. There is a need 
for improved highly portable instrumentation, a clear 
program for analyzing and predicting hydrologic 
effects, and increased emphasis on publishing re
gional and national maps of heat flow and tempera
ture-depth profiles. 

Rock properties.—There are several important 
benefits to be gained from a knowledge of rock prop
erties: (1) development costs will be reduced owing 
to more realistic models based on measured rock 
properties; (2) the lead time to commercial production 
can be reduced with more realistic models; and (3) en
vironmental concems, such as subsidence, induced 
seismicity, and reinjection performance, are more 
easily assessed with an adequate data base of rock 
properties. Indirectly, petrophysical data complement 
the interpretation of geophysical surface soundings 
and are u.seful for empirical correlations for well-log 
analyses. Laboratory tests on reservoir samples 
under in-situ conditions are vital in designing geo
thermal stimulation techniques and essential for pre
dicting the magnitude of the resource. 

Since the conditions of laboratory measurements 
must closely simulate the reservoir environment, 
variables which should be considered as independent 
in relevant experiments include overburden stress, 
confining pressure, pore pressure, reservoir fluid 
chemistry, and temperature. At present, laboratory 
measurements of physical properties under relevant 
geothermal conditions are either sparse or non
existent. 
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Table Sb. Definition of terms in Table 5a. 

Rocic properties 

Physical 

Chemical 

Mechanical 
Thermal 

Electrical 

Magnetic 

Seismic/acoustic 
Atomic 

Density (grain, bulk), 
permeability, porosity. 
pore properties. 

Petrology, fluid composition and 
cpntent, cation exchange capacity. 

Elastic moduli, strength, stress-strain. 
Conductivity, diffusivity, specific 

heat, expansion and contraction 
coefficients. 

Resistivity, streaming potential. 
thermb-eleclric potential, zeta 
potential, cation exchange 
(;apacity. 

Susceptibility, Curie temperaiure, 
palepmagnetism. 

Velocities, attenuation. 
Radioactivity, neutron absorption, 

gamnia spectroscopy. 

Exploration and assessment methods 

C = Geochemical 
E = Electrical and electromagnetic 
G = Gravity 
H = Heal flow and thermal 
L = Borehole logging 

M = Magnetics 
S = Seismics 
X = Environmental concems: subsidence, 

induced seismicity, reinjection 

Parameters common to most dala sets 

Temperature 
Sinsss 
Reservoir fluid 
Time 

Frequency (excitation energy) 
Current density (electric) 
Core variability 

Another shortcoming is the lack of simultaneous 
measurements of .several physical properties on the 
same core. Correlations based on simultaneous mea
surements are essential if information on permeabil
ity, porosity, or salinity of a geothermal reservoir is 
to be inferred from sonic and resistivity tools, for 
example. 

Some of the principal rock properties pertinent to 
various exploration methods and reservoir evaluation 
phases are siimmarized in Tables 5a and 5b. The tables 
are not intended lo be exhaustive; rather, they serve 
to illustrate the kind of data which are iniportant in 
understanding hydrothermal systenis. 

Water-rock interactions.—Studies of fluid 
samples (liquid and gas) and solid samples (cores 
and cuttings) collected from geothermal wells and 
from the earth's surface have an important bearing 
on exploration technology and reservoir evaluation. 

Although the presence of fluids affects interpretations 
of geophysical data as discussed above, they are 
perhaps of more importance to geochemical explora
tion methods. 

Two types of geochemical surveys are presently 
used: (I) chemistry of springs, fumaroles, or shallow 
drill holes in which more or less allered samples of 
the reservoir fluid reach the surface, and (2) surveys 
of volatile or fugitive constituents (e.g., Hg and He) 
that have entered soils or rocks surrounding the re
servoir. From fluid samples one can infer many as
pects ofthe reservoir fluid, including type (hot water 
pr steam), temperature, gas content, and subsurface 
fluid homogeneity. Where large numbers of vents 
exist, the system size, subsurface structure, and di
rections of fluid flow also may be indicated. Trace 
volatiles in soils also may indicate system size and 
fluid even in the absence of hot springs and fumaroles. 
A detailed discussion of techniques is beyond the 
scope of this paper; however, Truesdell (1975) pre
sented an excellent summary of these and other geo
chemical exploration techniques. 

These methods are critically dependent upon cali
bration through knowledge of subsurface conditions. 
Measurements of temperature and salinity variations 
during and after drilling, collections of aquifer fluids 
during production tests and with downhole samplers, 
and fluids extracted from core samples provide es
sential information tp relate surface geochemical 
observations lo the nature of reservoir fluids. 

Refinement or development of new geochaniical 
techniques that might be used to aid location of deep 
or blind parts of reservoirs is an important goal. This 
might be accomplished, for example, through docu
mentation of trace-element zoning recorded in vein 
materials deposited by thermal fluids throughout the 
history of 3 geothermal systepi. In addition, known 
geochemical'techniques (such as distribution of trace 
elements'in'soils) should Ĵe adapted and evaluated 
for specific geothermal applications. Recent stiidies 
by Bamford ("1978) have inclicated that such trace-
element analyses may be extremely valuable to both 
exploration and evaluation. 

Better understanding of the interactions between 
fluid and rock will markedly enhance the geologist's 
ability to interpret observations and to extrapolate 
into unsampled volumes of rock in three dimensions. 
Ultimately, the evaluation of raw prospects may 
include the location of reservoir and cap rocks as 
well as real-lirne drilling guidance. 

Water-rock interactions affect reservoir evaluation 
in many ways. The economics of a geothermal 
development are critically dependent upon the de-
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finition of potential scaling or corrosion problems, 
Ihe prediction of continued aquifer productivity, and 
assurance that injection wells will continue to accept 
effluent. These three aspects require careful deter
mination of the solid and fluid phases in and around 
the reservoir. 

Specific projects appropriate for national support 
may be categorized as (1) sample acquisition; (2) 
sample curation, preparation, and distribution; 
(3) generation of basic background data; and (4) de
tailed characterization of samples. Ongoing projects 
in each of these categories continue to enhance our 
growing data base in rock and fluid properties. 

Seismic methods.—Both active and passive tech
niques have found application primarily in the ex
ploration and assessment phases of geothemial proj
ects. However, few if any cases exist where a pros
pect has been evaluated successfully on the basis of 
seismic data and geology alone. Although dala ac
quisition is now reasonably straightforward (being 
offered commercially), the interpretations require 
supplemental information such as geology and 
tectonics, in-situ rock/fluid properties, water iso
topes, alteration, and thermal gradients. Therefore, 
the use of seismic methods for geothermal explora
tion is still in a research-and-development stage. 

Passive methods, typically less expensive than 
active methods, are used in early reconnaissance and 
exploration phases to define prospects and possible 
drilling targets. Methods include ground noise, 
microearthquakes, and teleseismic (P-wave delay) 
observations. Because they use natural energy sources 
or energy from distant shots or earthquakes, Ihe field 
methods are inexpensive; however, this Is somewhat 
offset by less certainty and resolution in inter
pretations, and the sometinies lengthy processing 
required in the laboratory. Nevertheless, passive 
methods have the potential for locating hydrothermal 
activity and for determining the location and orienta
tion of faults and the spatial variation in Poisson's 
ratio. As noted by Goldstein et al (1978), research 
is needed in data acquisition and processing, ground-
noise studies, magma chamber mapping, and fault 
mapping. 

Although active seismic methods (reflection and 
refraction) have been highly developed and utilized 
in hydrocarbon exploration, they have not been 
widely used for geothermal exploration, largely 
because of inteipretational uncertainly. These 
methods are potentially capable of delineating hydro
themial zones from velocity anomalies (refraction), 
inferring stmcture and Poisson's ratio (reflection), 

and mapping the depth of high-temperature source 
regions. High-resolutiqn reflection and refraction 
methods have been adapted from petroleum explora
tion technology to geothermal exploration in recent 
years. The use of high-resolution methods for fault 
and fracture delineation, hence as a driUing locator, 
appears to be a most powerful means for reducing 
misplaced wells, thus effecting significant cost re
duction in field development. 

Electrical methods.—The use of electrical 
methods is not understood totally in geothermal 
areas, yet industry utilizes these methods routinely. 
They are of particular importance in mapping faults, 
fractures, and zones of alteration and are therefore 
fundamental in the location of wells. So many differ
ent methods exist' that industry is confused over 
which method is best, with consequential inefficient 
field methods and uncertain interpretations.' Since 
industry typically does not have the resources nec
essary to solve its problems in this area, it is appro
priate that the national program be directed to solving 
specific problems using the centers of excellence 
existing in government, academic, or industrial 
laboratories. 

Natural field electrical and EM methods inclu 
self-potential (SP), telluric (T), MT, and audio
frequency magnetotelluric (AMT). The principal ad
vantage is elimination of the need for controlled-
source instrumentation; however, one must under
stand the nature of the natural fields being recorded, 
the uncertainty of which often becomes the chief 
disadvantage. The.se passive methods have the po
tential for locating hydrologic circulation zones (SP), 
rapid reconnaissance (T, AMT), both shallow and 
deep-resistivity profiling. (AMT, MT), and estima
tion of geologic structure (AMT, MT). Research js 
needed in all methods to understand the nature of 
source fields and data inversion to a model (Gold
stein et al, 1978). 

Cpnirolled-source electrical and EM methods 
obviate the source uncertainty with the attendant 
expense of often very large transmitters. These 
methods include galvanic electrical resistivity (ER) 
and magnetometric resistivity (MMR), induced 
polarization (IP), and EM induction. In geothermal 
prospecting, controlled-source methods have appli
cation to reconnaissance mapping or profiling, verti
cal soundings, pseudosections, estimating geologic 
siructui;e, and delineating reservoir boundaries and 
depth. Continued research and development is needed 
in inverse electrical resistivity rnodeling and both 
forward aqd -inverse models for MMR and EM.' 
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Reservoir Engineering 
Models and Analyses 

Geothermal 
• Reservoir 

Assessment 

Methods to determine EM coupling effects in IP 
surveying are needed (Goldstein el al, 1978). 

Required 
Parameters and 
Specifications 

Log Interpretation 
Analyses 

Needed Measurements 
and Tool 
Specifications . 

Logging Development 
Design and Testing 

c New and Upgraded 
Tools ) * - ( Direct Measurements\~' 

Legend 

* Flow During Development 
^ . Flow During Operation 

FIG. 4. Schematic diagram of geothermal logging 
activities. 

Table 6. Borehole parameter priorities. 

1. Formation temperature 
2. Fonnation pressure 
3. Flow rale 
4. Hole geometry (may be critical 

in log interpretation) 
5. Fracture system (location, oricnlation, 

permeability, etc.) 
6. Fluid compositions (pH, dissolved 

solids and gases) 
7. Permeability 
8. Porosity (interconnected and 

isolated) 
9. Formation depth and thickness 

10. Themial conductivity 
11. Electrical conductivity or 

resistivity 
12. Heat capacity 
13. Lithology and mineralogy 
14. Acoustic wave velocity 
15. Formation density 

LOGGING TECHNOLOGY 

Methods for obtaining borehole measurements and 
making the appropriate interpretations are limited at 
present by technical deficiencies, in that logging tools 
developed for the oil and gas industry rarely en
counter temperatures above 150°C (Martin and Rust, 
1976). In geothermal wells, temperatures are fre
quently above 260°C and range up to 358°C, but 
most of the logging tools, cables, and seals are rated 
to only I80°C. Above this temperature rating is the 
often corrosive "hosti le" environment of a geo
thennal well, in which logging tools and cables have 
significantly reduced reliability and life expectancy. 
Furthermore, the inference of reservoir properties 
from acquired data has also presented special prob
lems in geothermal logging, since the major fluid 
component is hot water or steam contained in frac
tured igneous or metamorphic formations. It is not 
surprising, therefore, that the routinely used oil/gas 
interpretation procedures often provide misleading 
results. 

High-temperature instrumentation 

Industries that are expected to make major financial 
investments in geothermal power plants, space heat
ing, or process heating are not inclined to risk large 
sums on construction without confidence thai geo
thermal resources exist with temperatures, flow rates, 
and production longevity sufficient for long-term 
commercial operation. It is the purpose of the Geo
thermal Logging Instrumentation Development Pro
gram to help the reservoir engineers establish that 
confidence with information from new high-
temperature instrumentation which will operate in 
hot, corrosive geothermal wells. 

In order to satisfy critical existing needs, the near-
term goal is for operation at 275''C and 48.3 MPa 
(7000 psi) by the end of 1982. The long-term goal is 
for operation up to 350°C and 138 MPa (20,000 psia) 
by the end of 1986. To meet these goals, existing 
hardware is being upgraded and new coniponents are 
under development. Prototypes of critically needed 
tools for temperature, flow rate, and high-resolution 
downhole pressure will be constructed with the new 
components, and their performance will be evaluated 
under laboratory and field conditions. Our strategy 
involves direel cooperation with industry, where 
most of the development and service activities are 
contracted. 
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Table 7. Prototype geothennal logging tool goals (up to 275°C operation). 

Tool 

Temperature 
Pressure 
Flow 
Caliper 

Casing collar locator 
Formation resistivity 
Casing and cementing inspection 
Directional survey 
Sonde refrigerator 

Performance goal 

1.0°C accuracy, 0.5°C re-solulion 
0-700D psi, 0.1 psi accuracy, 0.01 psi resolution 
0-2000 gpm in diphasic flow 
6 ami borehole geomeio', 0.1 inch accuracy with 

fracture indication 
Detect standard collars 
To be determined 
To be determined 
To be determined 
50 W cooling 10 125''C for at least 100 hours 

Making nieasurements in geothermal wells with 
high-temperature instruments is only one step in a 
process that begins wilh needs of reservoir engineer
ing. Figure 4 is a schematic diagram of this process. 
A list of the parameters desired for open borehole ex
ploration and reservoir asses.sment is given in Table 
6. Priorities of parameters may var>' among resource 
types; however, certain parameters essential for 
evaluation of most geothermal resources in the near 
term are ranked as items 1-9 in Table 6. Items 
10-15 are parameters which are important but which 
may not need to be measured in ever>' well or which 
may be reliably predicted or calculated from other 
physical parameters. The repertoire of tools, their 
development priority, and performaiice requirements 
are described in Table 7. This information was com
piled by the 1975 geothermal workshop and updated 
by the Geothermal Logging Steering Committee at a 
meeting on June 28, 1977 (Baker et al, 1975). 

The technical development of geothermal bore
hole instrumentation is divided into diree tasks: (I) 
severe environment components development, (2) 
prototype system development, and (3) borehole test
ing and evaluation. Efforts in components develop
ment are directed toward alleviating existing 
technical deficiencies by identifying, testing, and 
evaluating devices, materials, and components suit
able for use in geothermal logging systems. Specific 
developments are underway in high-temperature 
electronics, high-resolution pressure transducers, 
acoustic transducers, and corrosion-resistant elasto
mers, ceramics, and metals. Results in this area will 
have immediate impact on improving near-term 
industrial capabilities for geothermal logging. Special 
efforts arc, therefore, being made to transfer these 
technological developments to the logging industry 
to stimulate their own inventions and contributions 
to geothermal logging. 

For evaluation of these components in complete 

systems, a few experimental prototype borehole 
instruments will be built and tested in both the 
laboratory and in actual geothermal boreholes. 

High-temperature electronics.—The thrust ofthe 
efforts for near-term electronics, capable of operating 
up to 275°C, is directed toward thick-film hybrid 
microcircuits technology. This technology is widely 
used commercially for small-quantity production of 
special electronics, albeit for applications up to 
I25°C. However, this technology can be adapted for 
use in the required higher-temperature range, has 
the required ruggedness, and gives the desired level 
of miniaturization. Hundreds of thick-film hybrid 
resistor and capacitor devices have been laboratory 
tested for thousands of hours at 300°C. Efforts are 
continuing to develop thin-film dielectrics together 
with the necessary bonding and circuit inter
connection techniques. 

In the 275-300°C teniperature range, the popular 
bipolar silicon transistors are intrinsically limited. 
However, a few commercially available silicon semi
conductors have been found to operate satisfactorily 
at these high temperatures. Most of these devices are 
the silicon field-effect transistors (FETs) and a few 
silicon bipolar devices. Several lypes of commercially 
available silicon FETs have been qualified for 275°C 
operation through active circuit tests for 1000 hours 
at 300°C. 

Through the above laboratory testing of active and 
passive electronic devices, a sufficient, though some
what limited, line of commercial components and 
fabrication techniques is now available for 275°C 
operation to fulfill basic circuit needs for amplifica
tion, switching, and filtering (Palmer et al, 1977). 
For higher temperatures (300°-325°C), alloy semi
conductors such as gallium arsenide FETs are being 
explored because they continue to exhibit semi
conductor properties at temperatures where silicon 
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Table 8. High-temperature elastomers. 

Trade name 

Buna N 

Viton E-60-C 

Viton G 
(peroxide cure) 

Kalrez 

EPR 

Siloxane 

Type 

Nilrile 

Fluorb elastomer 

Fluoro elastomer 

Fluoro elastomer 
(fully fluorinated) 

Polyolefin 

Silicone 

Decomposition 
temperature (°C) 

150 

290 • 

290 

400 

250 

300 

Cost ($/lb) 

6 

35 

40 

2000 

8 

17 

Comments 

Good oil resistance, 
poor resistance to HjS 
and steam. 

Fair resistance lo steam, 
poor rcsLslancc to HjS. 

Improved steam resistance, 
poor resistance to HjS. 

Best resistance to HjS, 
fair resistance to steam. 

Excellent steam resistance, 
unknown resistance to HjS. 

Poor resistance to steam 
and HjS. 

crystal devices cease to function and become in
trinsic conductors. Above 325°C, suitable semi
conductors are presently not available. Therefore, 
special vacuum tube-based circuits called integrated 
thermionic circuits (ITCs) are under development 
(McComiick et al, 1976). These ITCs are planar 
vacuum tube stmctures which are metal vapor de
posited onto miniature sapphire substrates and pack
aged in a special glass ceramic container. Experi
mental ITCs have operated at temperatures up to 
900°C. Although they are not now commercially 
available, they will be developed further because 
they offer a rather high assurance of performing satis
factorily at extremely high temperatures. 

High-temperature mechanical components.— 
Elastomers capable of withstanding temperatures of at 
least 275°C and pressure of 7000 psi in the presence 
of geothermal brine for up to 100 hours are required 
for geothermal well-logging applications in seals, 
gaskets, connectors, cable sheathing, and wire insula
tion. An important aspect of these applications is the 
protection of sensitive electronic components from 
the corrosive fluids in a geothermal reservoir. 
Elastomers are also needed in borehole packers for 
geothermal well testing and completion. As shown 
in Table 8, testing and evaluation of available ma
terials have identified several promising candidates 
for use in specific components such as seals and wire 
insulation. Other materials, along with specific proto
type designs for cables, cableheads, and tool seals, 
will be tested as developments continue. 

Prototype developments 

To satisfy critical existing needs of geothennal 
reservoir engineering, prototypes of the most 
critically needed tools are being developed for geo
thermal applications. Table 7 is a list of these tools 
in the order of their priority. The temperature, 
pressure, flow, and caliper tools have the highest 
priority and are therefore being addressed first. 

We have found that, while printed circuits are 
easier to fabricate than hybrid circuits, the hybrids 
are more rugged and reliable for high-temperature 
geothermal borehole instmments. Therefore, the de
signs generally utilize the repertoire of high-
temperature thick-film hybrid circuit components 
already developed. 

The temperature tool, which uses a platinum re
sistance transducer with active downhole electronics, 
has been successfully operated in the Los Alamos, 
New Mexico GT-2 test well (bottom-hole temperature 
about 200°C) and in a commercial well in the Jemez 
Mountains, New Mexico (bottom-hole temperature at 
least 275° C). The pressure tool uses an oven-
controlled quartz crystal sensor cut for optimum 
operarion at 275°C in conjunction with thick-film 
hybrid circuits and has operated successfully in 
laboratory test chambers. 

Other prototypes being developed under industrial 
contracts include a borehole .sonde refrigerator, a 
passive pressure-temperature-flow tool, and tools for 
.measuring thermal conductivity and heat flux in situ. 
The last two thermal property tools were success-
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fully tested during 1978 in a Phillips Petroleum Co. 
well in northem Caiifomia. 

In addition to limited prototype development, 
future efforts in this program will concentrate on 
upgrading critical components such as cables, down-
hole recorders, magnetic transformers and wire, and 
some transducers, as well as contracting for industrial 
fabrication of high-temperature hybrid circuits. 

Geothermal log interpretation 
development program 

In the early days of ERDA's mi.ssion, it was recog
nized that the logging of hot, hostile environment 
geothermal holes presented substantial difficulties, 
not only with instrumentation and equipment but 
also with the inference of reservoir properties from 
the acquired data (Baker et al, 1975). We have 
leamed that, owing to the sparsencss of available 
data on log responses and in-situ rock properties, it 
has been difficult to identify specific problems which 
would suggest why interpreted logs in geothermal 
holes are so often misleading. 

Geothermal reservoirs typically consist of igneous 
and metamorphic rocks with temperatures greatly 
exceeding those usually encountered in petroleum 
exploration and development. Naturally occurring 
hydrothermal reservoirs such as those at The Gey.sers 
and Imperial Valley, California, may produce hot 
water, superheated steam, or combinations of hot 
water and steam with a wide variety of coniposition. 
Although dissolved solids are typically 6000-10,000 
ppm, concentrations as high as 350,000 ppm have 
been encountered. Fluids may also contain some 
noxious and active gases such as hydrogen sulfide. 
Production from natural geothermal reservoirs may 
(rarely) be from rocks with primary porosity and 
permeability but more often from metamorphosed 
rocks with secondary (solution and fracture) porosity 
and permeability, or from fracture systems existing 
in relatively impermeable .sedimentary, meta
morphic, or igneous rocks. For man-made geo
thermal systems [such as the Los Alamos Scientific 

, Laboratory (LASL) Hoi Dry Rock Geothermal 
Project], geothermal energy may be extracted from 
artificially formed fractures in impermeable crystal-

' , line rocks. Thus, interpretation of geophysical logs 
from geothermal reservoirs requires the capability of 
determining characteristics of a much larger variety 
of rock types and fluids than is normally encountered 
in hydrocarbon wells. 

Reservoir parameters of primary interest are given 
in Table 6. These parameters are variously de
pendent upon rock type, temperature, permeability, 

porosity, pressure, pore fluid salinity, mineralogy and 
alteration products, and hydraulic pressure gradients. 
Geophysical nieasurements of earth properties such as 
electrical, seismic, sonic, gravity, magnetic, and 
nuclear strive to discem diagnostic responses. How
ever, our understanding of the functional relationship 
of field measurements to rock properties is still 
developing and runs from adequate to marginal. 

Some tools and interpretation techniques can be 
adapted directly from the existing petroleum-oriented 
logging industry. However, in order lo evaluate geo
thennal reservoirs adequately, specialized inter
pretive techniques must be developed for boreholes 
where not only is the physical environment much 
more hostile than the typical petroleum environment, 
but the rock types and fluids are greatly different from 
the typical sedimentary sequence encountered in 
petroleum reservoirs. 

A suite of calibrated logs, wilh proper interpreta
tion, can lead to the determination of such reservoir 
characteristics as lithology, formation temperature, 
fluid composition, flow rale, porosity, permeability, 
mechanical properties, and formation dip. Proper 
interpretation has been hindered, however, by un-
familiarity with the effects on conventional logs of 
high temperatures, fonnation fluids, and lithologies 
radically different from tho.se found in oil fields. For 
example, in sedimentary formations, porosity is 
commonly determined from neutron log response. 
Different lithologies with difterent compositions will 
yield unknown amounts of neutron moderation and 
hence essentially uncalibraled estimates of porosity. 
Therefore, other calibration approaches, such as 
crossplotting to establish internal calibrations, must 
be used. Other examples have been cited recently by 
West et al (1975), Kintzinger et al (1977), and Keys 
and Sullivan (1979). 

In response to these recognized difficulties, in 1977 
DOE/DGE established an initiative whereby the 
problems would be analyzed and logical projects to 
solve log interpretation problems would be con
ducted. Specifically, the log interpretation program 
.seeks to aid llie development of geothermal well-log 
interpretation technology by building on existing 
petroleum and mineral log interpretation techniques. 
The technical research and development activities 
to be pursued are intended to reduce the basic impedi
ments the industry faces due to the need lo develop 
techniques and instrumentation not normally required 
in servicing the petroleum industry and, therefore, 
for rapid developments for which insufficient in
centives currently exist. With the help of a balanced 
and knowledgeable steering committee, the principal 

http://tho.se
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program elements were chosen to be the following: 

1) An in-depih study of the current state of the art, 
which includes recommendations for log im
provements, development of log interpretation 
techniques, and definition and categorization of 
significant reservoir types. 

2) Establishment and support of calibration and 
test wells representative of the major geologic 
reservoir categories. 

3) Special advanced well-log mns, and especially 
the subsequent interpretation technique devel
opments based upon the log data enhancement 
afforded by the addirional logging. 

4) Coordination of new and existing geothermal 
log and core libraries. 

5) Special property measurements on cores and 
cutting, and aid in the establishment of facilities 
to perform these measurements. 

6) Workshops, a periodic newsletter, and finally 
a handbook on geothermal log interpretation. 

Each of these elements is a definable project de
signed to answer specific problem areas. The projects 
and their priorities are reassessed semiannually by 
the steering committee to ensure that the program is 
necessary, responsive to needs, and conducted 
efficiently. 

CONCLUSIONS 

The National Geothermal Energy Program was 
mandated as one of a number of energy development 
programs designed to reduce our dependence on im
ported petroleum. We present here some aspects of 
the program of concern, to geoscientists, namely the 
exploration and assessment technology activities. 

Hydrothermal resources, including hot dry rock, 
probably comprise the major geothermal energy 
base, with geopressured methane expected to provide 
roughly half of the total energy to be commercialized 
as a result of geothermal developments. Exploration 
and assessment problems, however, are most signifi
cant for hydrothermal resources, where hydrocarbon 
and mineral exploration methods, while applicable, 
often give erroneous or misleading results. 

To analyze the stale of the art and technical require
ments, we examined the near-, mid- and long-term 
geothemial energy goals and conducted many work
shops to assess the technical status of surface and 
borehole technologies. DOE then created specific 
goal-oriented programs to meet technical and pro
grammatic requirements. The common denominator 
for the technical programs has been to encourage 

industry to expand and refine their methods and to 
assist industry by removing technical and institutional 
barriers to commercial development. 

Initial developments concentrated on borehole 
technologies because developers could not log exist- i 
ing hot geothermal wells owing to failures of logging 
tools and data interpretation methods. In assessing 
the problem, it was determined that most hydro-
thermal wells have maximum temperatures less than 
275°C and that technology developments were 
needed to upgrade logging tools from a typical 
180°C rating. For hotter holes, it was reasoned that 
thermal protection (e.g., dewar flasks) could be used 
on the 275°C-rated tools for short logging runs; how
ever, a long-temi design goal of 350° C was estab
lished to provide capabilities that will be required 
when the deeper or warmer resources must be devel
oped. After two years, this program has developed 
prototype electronic circuits and mechanical com
ponents with which logging tools can be upgraded; 
however, the components are not yet commercially 
available (as of 1978). 

Similarly, the log interpretation program has been 
assessing the technical needs to determine why geo
thermal logging data interpretations have been un
reliable or inconsistent with in-situ conditions. 
Since a reliable data base is essential, this program 
will establish test and calibration facilities using both 
real geothemial wells in typical regimes and fabri
cated test holes with known targets. Analysis of data 
taken in the test holes using many different tools, 
along wilh petrophysical studies, should provide 
means of calibrating tools and making meaningful 
interpretations of the reservoir parameters of interest. 
We intend to produce a geothermal log interpretation 
handbook as the principal product. 

Analysis of surface, predrilling exploration tech
nology has taken .several years, owing to the many 
facets to be considered and the priority emphasis on 
borehole technology initially. Nevertheless, since 
predrilling exploration and assessment can cost on 
the order of 25 percent of a program for reservoir 
confirmation, we reasoned that it was proper to seek , 
cost-effective exploration architectures. Individual 
technologies, such as reservoir modeling, thermal 
methods, rock/water properties and geochemistry, f 
seismic methods, and electrical methods, were 
examined as parts of the whole. Although specific 
technical needs and accomplishments were identified 
in each area, the principal common requirement was 
for actual detailed exploration case studies on con
firmed (drilled) prospects; this is a fundamental aspect 
of the program plan. 
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These developments and the future programs are 
expected lo be of continued value to reservoir en
gineers and prospect developers who are strongly 
dependent upon accurate measurement of resource 
properties and prediction of reservoir performance. 

As a postscript, we draw attention to the recently 
published Assessment of Geothermal Resources of 
the United States—1978 (Muffler, 1979). The new 
assessinent, which is not as optimistic as the data in 
our Table 1 indicate, nevertheless supports our con
tentions for the need for continued developments in 
exploration technology. 
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