
TABLE 1 

SPECIFIC RESEARCH RECOMItNDATIONS FOR THE DEVELOP^NT OF GEOTHERMAL ENERGY 

BASIC RESEARCH 
HYDROTHERMAL GEOPRESSURED HDR 

S P S P S P 

Hydro therma l E v o l u t i o n o f 
Geothermal Systenis 

a) Depthj) f c i r cu la t i on of water 
in hydrothermal systeras 

b) Forniation of geopressured 
reservoirs 

c) Effect of tectonic stresses 
and a c t i v i t y on permeabil i ty 
including s t a t i s t i c s and d i s t r i 
bution of connected cracks near 
fau l t s 

d) Convection and recharge in 3 
geothermal reservoirs - favorable 
s i tes and depths for reitvjection 
of cooled geothermal f l u ids 

Development of New and Improved 
Geophysical Probe? '• 

a) Deep seismic soundings 
(improve resolut ion at great 
depths) 

b) Deep magnetic, e lec t r i c and 
eiectronagnetic soundings 
( r e l a t i on of earth stress to 
asymmetries in r e s i s t i v i t y at 
depth) 

c) Study of short and long 
period var iat ions in a l t i t ude of 
continental surface ( s a t e l l i t e 
techniques for measuring surface 
i n f l a t i o n or def la t ion) 

d) Study of short and long 
period var iat ions in horizontal 
pos i t ion or d i f f e r e n t i a l posi t ion 
(earth s t ra in ) on continental 
surface 

d) Appl icat ion of seismic 
techniques to 3-d f racture 
maping 

e) Three-dimensional stress 
measurements as a funct ion of 
depth in deep boreholes 

2 2 2 2 2 2 

NA NA 3 3 NA NA 

3 2 3 2 3 2 

3 3 3 3 

2 2 2 2 

2 2 2 2 

2 1 2 2 

2 1 2 1 

3 2 3 2 

MY/YR 

3+ 

3+ 

APPLIED RESEARCH 
HYDROTHERMAL GEOPRESSIKED HDR 

S P S P S P 

2 2 2 1 2 1 

NA NA 3 3 NA NA 

3 2 3 2 3 2 

3 3 3 3 3 3 

2 2 2 1 2 2 

2 1 2 1 2 2 

2 2 NA NA 2 2 

2 1 NA NA 2 1 

3 2 3 2 3 2 -

3 1 3 3 3 3 1 3 1 3 1 2 

MY/YR TECHNOLOGY DEVELOPMENT 
HYOROTHERMAL GEOPRESSIKED HDR 

S P S P S P 

2 1 2 1 2 1 

NA NA 2 2 NA NA 

3 3 3 3 3 3 

3 2 3 2 3 1 

2 2 2 2 2 2 

2 2 2 2 2 2 

2 2 NA NA 2 2 

2 2 NA NA 2 2 

3 1 3 1 3 3 2 

MY/YR 

BASIC RESEARCH 
HYDROTHERMAL GEOPRESSURED HDR 

S P S P S P 

P h y s i c a l P r o p e r t i e s and Behav io r 
o f R o c k - F l u i d Samples a t 
E l e v a t e d Temperatures an3 
Pressures 

a) Metamorphism ( d i s s o l u t i o n , 
r ec r ys ta l l i za t i on , d i f fus ion) 

)) Sealing of cracks 
[condit ions, mechanism, time 
icale) 

;) Study of magma-water system 
vapor pressure, d i f fus ion 
ates, phase changes vs. H20 
ontent, pressure and 
emperature) 

) Mechanisms involved in 
boling of magmatic Intrusions 
ncluding development of 
/drothermal c i r cu la t i on 
/stems 

1 Geochemical thermometers 

, Physical and chemical 
i teractions of gases in 
stems 

Phenomenology and k inet ics 
, p rec ip i ta t ion of 
CO3 heavy metal sul f ides and 
P2 from geothennal brines 

El iminat ion of plugging 
snomena in r e i n j ec t i on , 
i luding mechanisms of bridging 
I formation of f i l t e r cakes by 
i l l pa r t i c l es , and 
ectiveness of chemical 
1t ives 

3 3 

3 3 

2 2 

2 3 

3 2 

1 2 

NA NA 3 3 

2 1 3 3 

NA NA 2 2 

NA NA 2 3 

2 2 3 2 

1 2 1 2 

NA NA 2 2 

3 3 3 1 2 

TABLE I ( c o n t i n u e d ) 

MY/YR APPLIED RESEARCH 
HYDROTHERMAL GEOPRESSURED HDR 

S P S P S P 

2 2 

3 3 

2 1 

2 3 

2 1 

2 1 

2 3 

3 3 

NA NA 2 2 

2 2 3 3 

NA NA 2 1 

NA NA 2 3 

2 1 2 1 

2 1 2 1 

NA NA 2 1 

MY/YR TECHNOLOGY DEVELOPMENT 
HYDROTHERMAL GEOmESSlRED HDR 

S P S P S P 

2 2 

2 2 

2 1 

2 1 

NA NA 2 2 

2 2 2 2 

2 1 NA NA 2 1 

2 1 NA NA 2 1 

2 1 

2 1 

2 1 

2 1 

2 1 NA NA 2 1 

3 2 3 1 2 3 3 3 1 3 1 

MY/YR 
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Examples of unique phenomena appl icable to geothermal energy systens are 

presence or movement of magma w i th in a few kilometers of the surface, weak 

seismic signals from thermal-stress cracking, th inning of the crust in 

regions of extension, and temperatures above the Curie point at shallow 

depths. Geophysical ef fects from a l l these phenomena have been detected, 

but have not yet been widely employed for geothermal explorat ion. Corre

sponding geochemical phenomena are isotope ra t ios in rocks and water as well 

as new information deduced from the concentrations of chetiical species. 

Recent developments in both geophysics and geochemistry are given by Wiite 

and Guffant i .26 

V I . SPECIFIC RESEARCH RECOMMENDATIONS 

A. In t roduct ion 

Table I l i s t s speci f ic research suggestions grouped in seven areas: 1) 

Fundamental Geological Studies, 2) Hydrothermal Evolution of Geothermal 

Systems, 3) Physical Propert ies, 4) Development of New Geophysical Tools, 5) 

Rock Mechanics, 6) D r i l l i n g and Completion Technology, and 7) Reservoir Con

f idence. Each general research area includes speci f ic research needs. Each 

spec i f i c need is evaluated according to basic research, applied research, 

and technology development nee'ds. We estimate for each, current status of 

research (S) and p r i o r i t y of need for new research (P). In these estimates 

" 1 " indicates best understanding and least need; "3 " indicates poorest 

understanding and greatest need. We emphasize that every research need in 

the table is important, but some are more important than others. F i n a l l y , 

we estimate the requirement to f u l f i l l the needs in each category in man 

years per year. In an attempt to constrain the size of a potent ial research 

program, we give conservative manpower requirements. Note however that f o r 

basic research alone in one year, needs exceed 80 man years. This evalua

t i o n exhib i ts both the magnitude of the problems attendant with development 

o f geothermal energy and the extent of the need for research and develop

ment. We estimate manpower needs for f i ve years. For example, the needs 

f o r regional isotherm analysis of avai lable aeromagnetic and magnetotel lur ic 

data for hydrothermal, geopressured, and hot dry rock geothermal to ta ls 



IV. ROCK-WATER INTERACTIONS 

Basic research in chemical in teract ions between hot water and rock pro

vides valuable tools for understanding natural hydrothermal systems. 

Several geothermometers exist .1^-20 1-̂ 3 s i l i c a geothermometer is 

based on measurement of the concentration of s i l i c a in water from hot 

springs, the assumption that these concentrations arise from solut ion 

equi l ibr ium between the water and quartz in the rock at the reservoir 

temperature, and that i t is unchanged as the water r ises to the surface. 

Geothermometer data have been used to locate fourteen producing geothermal 

wells in the Central Phi l ipp ines.21 

Scaling and corrosion are the pr incipal obstacles in development of 

l iquid-dominated geothermal reservoi rs . Scale is p r i nc ipa l l y composed of 

s i l i c a , carbonates, metal sul f ides or su l fa tes , or mixtures of these. I t is 

usually formed by loss of CO2 (which changes the pH), concentration of 

dissolved materials by f l ash ing , or by changes in temperature of the f l u i d . 

Methods of scale control such as in jec t i on of acids or organic scale i n h i b i 

t o r s , use of binary cycles to prevent f l ash ing , and development of f l u id i zed 

bed heat exchangers22 Q^e current ly under study. Corrosion is due to 

high-temperature f l u ids with high-chlor ide or hydrogen-sul f i de content com

bined with low pH and high oxidat ion po ten t i a l . Methods for the control of 

corrosion in geothennal systems exist,23-24 bu^ n,uch research re

mains to be done to achieve understanding of corrosion mechanisms. 

V. GEOPHYSICAL AND GEOCHEMICAL EXPLORATION 

Various geophysical measurements are applied in explorat ion for hydro-

thermal systems. New I t a l i a n geothermal f ie lds at Cesano, Torre A l f i na , 

Bagnore, Piancastagnio and Poggio Nibbio, a l l without surface manifesta

t i o n s , were discovered by explorat ion techniques including re f l ec t i on seis

mic surveys, grav i ty contouring, r e s i s t i v i t y surveys, and measurement of 

geothermal gradient in shallow boreholes. Wells were successful ly d r i l l e d 

in the region of highest heat flow.25 Geophysical explorat ion techni

ques were developed o r i g i na l l y fo r petroleum and mining explorat ion and well 

logging. In geothermal explorat ion some ananalies of i n te res t , such as low 

r e s i s t i v i t y at depth, may or may not arise from hot water or brines-
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point concerning the research and development out l ined in the table is that 

much of i t has high potent ial for technology t rans fe r . Many of the problems 

associated with development of geothermal energy are those related to other 

energy technologies; f o r example, waste management or the development of 

f oss i l fue ls . Furthermore, most of the proposed research const i tu tes high-

qua l i t y basic research. 

B. Fundamental Geological Studies 

Emphasis here is on basic research. We stress the need for use of new 

geophysical techniques to map thermal anomalies, especial ly in the crust . 

Geophysical explorat ion is especial ly v i t a l to geopressured technology. Of 

greatest importance to hydrothermal and hot dry rock geothennal is an under

standing of emplacement mechanisms of igneous in t rus ions. We need more re

search and development on regional Curie isotherm analysis of avai lable 

aeromagnetic and magnetotelluric data. We expect the Consortium for 

Ref lect ing P r o f i l i n g (COCORP) to continue to conduct important deep crustal 

seismic re f l ec t i on surveys, some of them in prospective geothermal t e r r a i n . 

C. Hydrothermal Evolution of Geothermal Systems 

Here R and D needs consist of three topics common to a l l geothermal 

technologies: 1) ground-water c i r c u l a t i o n , 2) ef fect of tectonic stresses on 

permeabi l i ty , 3) convection and recharge. We see the l a t t e r two as the most 

important and requir ing the most manpower, especial ly in basic and applied 

research. Undeirstanding the formation of geopressured reservoirs is v i t a l 

t o that technology, but we believe i t requires less manpower inasmuch as 

geopressured zones are becoming more interest ing for the gas they contain 

and less so for t he i r potential thermal development. 

D. Physical Propert ies and Behavior of Rock-Fluid Samples at Elevated 

Temperature and Pressure 

Four research needs are common to a l l geothermal technologies: 1) seal 

ing of cracks, 2) development of geothermal thermometers, 3) physical and 

chemical in terac t ion of gases in systems, and 4) e l iminat ion of plugging 

Dhenomena. Clearly the last problem is the most important of the four . 

Estimates of the recoverable geothennal and methane energy are 2800 x 

10l8 J and 1640 x lO^^ J , respect ive ly .1^ These estimates are 

uncertain because of lack of production experience in geopressured we l ls , 

and lack of knowledge of the in s i t u permeabi l i t ies of undercompacted sand

stone and shale, especia l ly as f l u i d pressure drops during production. 

C. Conductive Systems 

Hydrothermal convective systems, discovered and undiscovered, may con

t a i n only one percent of the 1024 j o f igneous-rel ated geothennal energy 

present to a depth of 10 kml^; much of the remainder must be locked up 

i n r e l a t i ve l y dry rock. About 3 x 1025 j m ŷ reside in rock showing no 

recent igneous a c t i v i t y , at depths above 10 km.l^ /\ hot dry rock ex

periment has been carr ied out in which approximately 5 MWT was extracted for 

75 days, with neg l ig ib le water losses, from impermeable c rys ta l l i ne rock at 

the Fenton H i l l s i t e near Los Alamos, New Mexico.1^ The prospect for 

several times th is much power for 20 years or more from a single pair of 

wel ls is promising and is being act ive ly invest igated. A r t i f i c i a l geother

mal systems w i l l be of many kinds, depending on permeabil i ty of the rock and 

f l u i d pressure in i t s pores. These reservoirs w i l l range from high-pressure 

c i r c u l a t i o n systems in very impermeable rock to hot water convective systems 

wi th re in jec t ion of a l l the extracted f l u i d , which may equally well be 

ca l led stimulated hydrothermal systems. Since these reservoirs w i l l be con

structed (and, i dea l l y , engineered), new methods of securing information 

about reservoir rock and growth of the reservoir are needed. Knowledge of 

d i rec t ions and magnitudes of pr incipal earth stresses, j o i n t patterns, pore-

f l u i d pressure, rock permeabil i ty and temperature gradient would be useful 

i n the i n i t i a l design of an a r t i f i c i a l reservo i r , and knowledge of f rac ture 

shape and f l u i d flow paths is needed during operat ion. 

When rock cools i t undergoes thermal stress cracking, which may enlarge 

a r t i f i c i a l reservoirs and extend the i r l i f e almost i n d e f i n i t e l y . Study of 

t h i s process and where i t occurs in nature ( i . e . , in "lava lakes" near 

act ive volcanoes, in near-surface intrusions and at oceanic ridges) may be 

valuable in designing a r t i f i c i a l geothennal reservoi rs . 



with present U.S. e l e c t r i c power consumption of 250 000 MW and to ta l yearly 

energy use of 80 x lO l ^ j l 4 ^ hydrothermal systems may supplement 

U.S. energy needs, but are not a long-term answer. 

Some hydrothennal systems have been extensively s tudied. A good ex

ample is the Taupo geothermal d i s t r i c t in New Zealand. This region, in an 

area of 2500 km2, contains two major hydrothennal areas, Waiotapu and 

Wairaki, plus a number of small ones, and has an average heat f low about 35 

times the world average.15 Geological evidence shows that t h i s a c t i v i t y 

persisted for more than one m i l l i on years. This reservoir is driven by a 

magmatic i n t rus ion , which l i es w i th in a few kilometers of the surface. 

B. Geopressured Systems 

These systems are d i f fe ren t ia ted from hydrothennal systems in that no 

natural f l u i d convection system ex is ts . However, su f f i c i en t f l u i d may be 

present in the rock, and the rock penneabi l i ty may be high enough, so that 

heat may be extracted from the rock for extended periods simply by d r i l l i n g 

in to the reservo i r . By d e f i n i t i o n , a geopressured rock contains f l u i d at 

pressure greater than would exist at the same depth in a column of water 

extending to the surface, i . e . , hydrostat ic pressure. 

Geopressured reservoirs of in terest for geothermal energy occur near 

the Gulf Coast in Texas and Louisiana. Reservoir rocks were deposited as 

sediments in r i ve r -bed , del ta and marine environments, resu l t ing in i n te r 

mixtures of sandstone and shale rocks. When expulsion of pore f l u ids from 

the sandstones J s res t r i c ted (the shales are almost impermeable), f l u i d 

pressures above hydrostat ic arise from compaction and from a l te ra t ion of the 

shale by heat and pressure. The water temperature may be in the range 

100-200°C, depending on locat ion and depth. The water is saturated with 

methane, so three kinds of energy are theore t i ca l l y avai lable from a 

w e l l - - k i n e t i c , thennal , and chemical. Because there is essent ia l ly no 

convective heat loss from a geopressured reservoi r , and reservoirs are 

over la in by sedjjnents of low conduct iv i ty , i t is not necessary to postulate 

in t rus ive volcanic rocks as heat sources for the geopressured reservo i r - - the 

heat may have been deposited by normal heat flow over tens of m i l l i ons of 

years. However, the depth to a given isotherm varies by a factor of two 

over the geopressured region!^ and study of the or ig in of the heat may 

be f r u i t f u l . 

t 

low-temperature metamorphism, magma-water systems, mechanisms involved 

in magma coo l ing , and phenomenology and k inet ics of p rec ip i ta t i on of 

carbonates, su l f i des , and s i l i ca tes from brine. Many of these geochemical 

research needs have strong technology t ransfer po ten t i a l , especia l ly to the 

needs in waste i s o l a t i o n . 

E. Development of New and Improved Geophysical Probes 

"The greatest technological challenge, aside from high-temperature 

technology, is to obtain natura l -s ta te information by d r i l l i n g , sampling, 

and tes t ing with minimum ef fec t on the formation and formation 

f l u ids . "27 This statement taken from the NAS "Continental Sc ien t i f i c 

D r i l l i n g Program" text also expresses the need in geothermal. Other recent 

reports come to the same conclusion regarding research and development 

required for new and better geophysical nondestructive tools and remote 

sensing devices.28,29 Furthermore, many geophysical tools cannot 

operate for long periods at temperatures much above 200°C in an aqueous 

envirorment. There is special and immediate need for equipment designed to 

funct ion in the temperature range 200°C to 350°C. 

Two of the most important needs are improved appl i ca t ion of geophysical 

techniques to map flaws in rock ( f rac tu res , f a u l t s , j o i n t s ) remotely and 

three-dimensional ly. This par t i cu la r research and development requirement 

i s common to waste i so la t ion and foss i l fuels as w e l l . Another v i t a l need 

i s research to develop better methods for taking re l iab le three-dimensional 

stress measuranents in the f i e l d , especial ly downhole in boreholes. Under

standing the state of stress in the earth 's crust is poor and must be 

upgraded. 

We recommend research and development using s a t e l l i t e techniques and 

imagery to study short- and long-period variat ions in a l t i t ude and horizon

ta l posi t ion of the continental surface. These studies should assist us to 

understand fundamental tectonic mechanics now af fect ing continental move

ments. Geodynamics in the 1980s30 w i l l focus on crustal dynamics with 

emphasis on o r ig in and evolut ion of continental crust , the continent-ocean 

t r a n s i t i o n , re la t ion of mantle dynamics to crustal dynamics, and a 

framework fo r understanding resource systems and natural 

hazards.27,30,31 /^n of these research areas are v i t a l to 



community, the Department of Energy possesses a unique opportunity to gain 

for its energy technology requirements great dividends through encouraging 

and supporting the proposed research in continental geodynamics. 

F. Rock Mechanics 

Several recent publ icat ions examine research and development needs in 

rock mechanics spec i f ic to energy technologies.28,32^34 Again, 

many needs in waste i so la t i on and foss i l fuel development are exactly those 

in geothennal energy. We do not completely understand the physics of f rac

t u r e , especial ly in hot rock. How does f racture toughness vary with rock 

type? How does pore pressure af fect f racture behavior, creep and stress re

laxat ion behavior of rocks at high temperatures for long periods of time? 

What are the ef fects of rock structure and stress condit ion on f racture 

o r ien ta t ion and shape? A par t icu lar problem associated with deep d r i l l i n g 

in hard rock concerns ef fects of rock structure and stress on d r i l l i n g 

dev ia t ion . 

Many energy technol ogi es-- i / ic luding geothermal—require f a c i l i t i e s fo r 

large volume experimentation on instrumented samples as large as 1 m in 

diameter. Advantages of large volume experimentation include: 1) subst i tu

t i o n for in s i t u t es t s , 2) a b i l i t y to examine scale-dependant e f fec ts , i . e . , 

mechanisms which manifest only in large samples, 3) potent ial to study 

e f fec ts of flaws in blocks so large the flaw scale becomes smal l , 4) val ida

t i o n of small scale tests as a l ink to f i e l d observations, and 5) simultane

ous measurements. Perhaps the most compelling reason for performing large 

volume tests is the control a researcher obtains in a laboratory experiment 

as compared with i t s f i e l d a l te rna t ive . 

Most energy-related rock properties such as thermomechanical, f a i l u r e 

c r i t e r i a , poros i ty , permeabi l i ty, and chemically induced ef fects could be 

examined with simultaneous measurements in large volume apparatus and sup

port ing f a c i l i t i e s . Appropriate loading frames exist at several federal 

f a c i l i t i e s . New apparatus is not required for t h i s research; however, fund

ing support for people, f a c i l i t i e s and modif ications is required. 

I 

G. D r i l l i n g and Completion Technology 
-—•• — * • - ^ « . • • a z - h n n l o n v 

B. Convective Transport 

The depth to v*iich water penetrates the crust is uncertain. In tec

t o n i c a l l y act ive regions wa te r - f i l l ed cracks may extend to 10 km.9 A l 

though f r a c t u r e i probably seal rapid ly from mineral transport and deposit ion 

at water temperatures above 300°C,10 ĝŷ  f ractures form by tectonic 

a c t i v i t y to maintain access to heating zones and to provide permeable re

servoirs for storage of hot f l u i d . H 

The l i thosphere is a poorly defined region above the par t ia l melt zone, 

i n which the mantle and crust behave as a s o l i d . I t s thickness is 150-200 

km under cont inents, and nonradiogenic heat must penetrate t h i s region to 

supply a hydrothermal f i e l d . I f conduction and water convections are l i m i t 

ed to a few ki lometers, some other mechanism must be invoked. Association 

of known hydrothennal f ie lds with volcanism suggests that the mechanism is 

"penetrat ive convection" of magma,12 i n which a bubble (perhaps many 

ki lometers wide) of magma rises from a region of the mantle in which the 

temperature has been temporari ly raised by some undefined process ( e . g . , 

subductive f r i c t i o n ) . Af ter some mi l l ions of years, during which complicat

ed processes sugh as crustal mel t ing, s top ing, and rec rys ta l l i za t i on at the 

base of the bubble occur, the bubble r ises high enough to begin to supply 

heat to a hydrothennal system above i t , perhaps with an intervening region 

of conductive t ranspor t . This process may not be necessary to fonnation of 

warm water reservoirs with l i t t l e surface manifestat ion, but must apply to 

large hydrothennal reservoirs l i ke the Taupo d i s t r i c t of New Zealand, 

described below. 

I I I . GEOTHERMAL RESERVOIRS 

A. Hydrothermal Systems 

The term "geothennal energy" is almost synonymous with hydrothermal 

energy—other types of reservoirs are under development, but are unproven. 

In the U.S., geothermal energy produces about one one-thousandth of the 

to ta l e lec t r i c power production. A recent estimate of the energy recover

able from known and undiscovered hydrothermal reservoirs at temperatures 

above 90°C and depths above 3 km is 2400 x lO^^ j , which could 

contr ibute 100-150 MW of e l e c t r i c i t y fo r 30 vears. tocether with 230-350 x 



in the At lant ic Coastal Pla in that derive t h e i r heat from buried g ran i t i c 

plutons, or of a r t i f i c i a l l y creat ing reservoirs in gran i t i c ranges such as 

the White Mountains of New Hampshire. Many questions remain as to the 

general app l i cab i l i t y of th i s exponential d i s t r i b u t i o n in rocks, of various 

kinds with various emplacement h i s to r i es ; do some regions exist v\*iere the 

heat flow is not l inear with surface rad ioac t i v i t y? 

I I . TRANSPORT OF GEOTHERMAL ENERGY 

Volcanoes provide impressive evidence that the earth 's internal heat 

may sometimes emerge at the surface at a very high ra te . Large hydrothermal 

areas with surface manifestations of steam and hot water also require heat 

f luxes much greater than nonnal to support them. These two phenomena t y p i f y 

the two main aspects of a natural hydrothermal system: f i r s t , t rans fer of 

heat from the mantle into the upper part of the c rus t , and second, t ranspor t 

o f heat wi th in th i s upper region. Sensible heat may be transferred by con

duction or by convection of water or molten rock, so we must examine these 

processes separately and re la te them to various geothermal energy systems. 

A. Conductive Transport 

Rocks are good thermal insulators with high heat capacity, so i t is 

d i f f i c u l t to extract heat from a large body of rock. Thermal conduct iv i ty , 

k, of a typical c r ys ta l l i ne rock is 3 W/(mk). Thermal d i f f u s i v i t y , n, is 

k / (p c ) , v^ere p is the density and c the speci f ic heat per uni t mass. 

Typical values of p and c for c r ys ta l l i ne rock might be 2700 kg/m3 and 

1000 J/(kg K) making n- 1.1 x lO ' ^ m2/s. The distance, L, from which 

heat can be extracted by conduction in t ime, t , is L - v n t . Values of L fo r 

t = 1 year, 100 years, 10^ years and 10^ years are 6 m, 60 m, 600 m and 

6 km, respect ively. 

The mean geothermal f lux over the v^ole earth is 0.06 W/m2. The 

temperature gradient corresponding to the f lux is 20 K/km in c r y s t a l l i n e 

rock. A heat f lux much greater than the mean, i f sustained by conduction 

alone, requires correspondingly higher temperature gradients, with very high 

temperatures at the base of the crust . Mechanisms other than simple con

duction must operate in regions of abnormal heat f low.8 

include improved d r i l l i n g methods, improved high temperature d i rect ional 

d r i l l i n g , and increased r e l i a b i l i t y of downhole high-temperature pumps. 

Emphasis here is not, however, on basic research, but rather on applied re

search and technology development. 

H. Reservoir Confidence 

Improvements are needed in reservoir engineering and assessment techno

logy. These improvements may arise from development of better and more so

phist icated computational models to more accurately characterize reservoir 

potent ia l and behavior with time upon resource ext rac t ion. Research of th i s 

type would immediately benefi t many other energy and mineral extract ion 

technologies. 
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F ig . 1 . Plot of heat flow vs heat production in surface rocks. Figure 
shows l inear re la t ion with a f i n i t e value of heat flow at zero heat 
production (a f te r Lachenbruch, 1968). 

distance in which the heat generation f a l l s by a factor of e. From F ig . 1 , 

D = 10 km in the central Sierra Nevada region where the data were taken. 

The l e f t hand intercept of the curve represents the cont r ibut ion from the 

mantle, about 17 mW/m2 in th is region. 

This study of the heat f lux from wi th in the earth is a good example of 

the kind of basic research that has important consequences in geothermal 

energy ex t rac t i on . I t also shows that the question, "What basic research is 

needed to f a c i l i t a t e the extract ion of geothennal energy?" involves a con

t r a d i c t i o n because i t cannot be answered prec ise ly , i . e , i f the research is 

t r u l y basic, the resul ts of the research w i l l be unexpected. Conversely, i f 

research resul ts can be predicted, then very l i t t l e new (or basic) informa

t i o n can be expected from the research. 

D i s t r i bu t i on of rad ioac t i v i t y in rock is of special in terest to the 

nani-hatrm^i Pnerov DroQram becauSB of the poss ib i l i t y of f ind ing reservoirs 



120 000 000 years, the heat flow from the ocean bottom arises from cooling 

of the crust.1"2 After this time some conduction through the crust 

from the mantle is needed to sustain the flux. 

There are indications of extensive hydrothennal activity near ocean 

ridges, where this crustal heat first arises. Studies of these regions will 

yield important information for possible advanced geothermal energy systems. 

B. Subduction Zones 

Most of the heat f lux through the ocean f l oo r was carr ied into the 

crust by convection at the oceanic r idge; the downward sinking crust at a 

subduction zone gives r ise to another region of increased heat f low, and 

such regions, near the boundary of continents and island arcs, are the loca

t i o n of most of the world's geothermal energy systems. A major cause of 

t h i s volcanic a c t i v i t y over subduction zones may be the hydrated (and con

sequently lower melting point) sediments that cover the descending 

plate.3 

C. Continental Heat Flow 

Anomalous heat flows described above are res t r i c ted to regions near 

subduction zones. An in terest ing question for geothermal research is wheth

er or not ancient subduction zones exist in the continental i n t e r i o r . I f 

so, they may be potent ial geothermal resources.-^ 

Radioact iv i ty o r i g i n a l l y present throughout the earth now concentrates 

in the continental c rus t . The rad ioac t i v i t y generates heat, and the heat 

f low through the continental crust can be separated into two parts--a f lux 

frcm the mantle and a f l ux generated by rad ioac t i v i t y in the crust . Birch 

et a l . , Roy et a l . , and Lachenbruch4-7 discovered that over wide re

gions (heat-f low provinces), a p lot of heat f low vs heat production in sur

face rocks is l i nea r , with a f i n i t e value of heat flow at zero heat produc

t i o n , as in Fig. 1 . As Lachenbruch showed, i f d i f f e ren t amounts of rock 

have been removed by erosion at the various locations v^ere measurements 

were made and the re la t ion remained true during a l l t h i s t ime, then radio

a c t i v i t y must be d is t r ibu ted exponential ly in the rock, decreasing with 

depth. Such a d i s t r i b u t i o n has the property that i f the rock is s u f f i c i e n t 

l y th ick the integral of a l l the heat generated below a depth, z, where the 

local heat, generation is AfzK i<: «»nii;»i +« ri&t^\ . i - - — -̂  . • • 
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BASIC RESEARCH NEEDED FOR THE DEVELOPMENT OF GEOTHERMAL ENERGY 

by 

R. Lee Aamodt and Robert E. Riecker 

ABSTRACT 

This report was prepared for the 
Of f ice of Basic Energy Sciences of the 
U. S. Department of Energy. The purpose 
of the report is to iden t i f y basic re
search needed to f a c i l i t a t e development of 
geothermal energy. An attempt has been 
made to make the report representative of 
the ideas of productive workers in the 
f i e l d . The plan of the report is to d is
cuss the present state of knowledge of geo
thermal energy and then to l i s t speci f ic 
recommendations for fu r ther research, wi th 
status and p r i o r i t i e s . Discussion is 
l im i ted to a small number of appl icable 
concepts, namely: 

1) Or ig in of geothermal f l u x , 
2) Transport of geothermal energy, 
3) Geothermal reservoirs, 
4) Rock-water in terac t ions , and 
5) Geophysical and geochenical 

exp lo ra t ion . 

I . ORIGIN OF GEOTHERMAL FLUX 

A. Oceanic Crust 

Flux of heat from oceanic crust was thought for many years to arise 

from the mantle by conduction. According to the theory of plate tec ton ics , 

new oceanic crust spreads out from oceanic ridges for thousands of k i l o 

meters at the rate of a few centimeters per year, and f i n a l l y descends in 

' " ^ ^ ' "~-' rii^i^niro of nceanic heat f low. For about 
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