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A global heal tlow map has been derived from existing observations supplemented in areas without data bj' an em
pirical predictor based on tectonic setting and age. In continental areas the predictor is based on the ob.served correla
tion of heat flow with age of last teclono-thernial event, and in oceanic regions on the observed relation of Heat tlow 
to age of ocean floor. Tlie predictor was used to assign mean heat flow values to 5° X 5° grid areas un the globe, 
weighted according to the relative area of tectonic provinces represented. A spherical harmonic analysis to degree 12 
of the heat tlow field yields a mean value of 59 mW m"', a rms residual of 13 mW m"', and an amplitude spectrum 
which decreases gradually and aliTiost monotonically from // = 1. The spherical harmonic representation ofthe heat 
flow field is free of the unreal distortions which have characterized earlier analyses based on a geographically sparse 
data set. Areas with residuals greater than 15 mW m"̂  comprise less Ihan 19% of the area of the globe, thus indicating 
that most heat tlow provinces have characteristic dimensions adequately represented in a 12-degree analysis. 

1. Introduction 

The heat conducted to the surface of the earth 
from its interior averages about 60 mW nf ̂ , and most 
of the regional variation in the heat flux lies within a 
factor of three about the mean. Our present knowl
edge of the regional distribution of the heat flux, and 
its relationship to tectonic elements certainly must 
rank among the significant geophysical achievements 
of the past decade. The principal uses of the heat 
flow data are in estimating temperatures at shallow 
depths within the earth, and in serving as a boundary 
constraint on models of geodynamic processes. 

It is convenient to have a functional representation 
of the surface heat flow, which for data distributed 
over the globe is most commonly iri terins of surface 
spherical harmonic functions. Spherical harmonic 
analyses ofglobal heat flow have been reported every 
few years in progressively greater detail as the data set 
has grown. In 1963, Lee and MacDonald [1] reported 
coefficients to degree 2 based on 813 observations; in 
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1965, Lee and Uyeda [2] calculated coefficients to 
degree 3 from 1162 values; and in 1969, Horai and 
Siinmons [3] used 2812 existing observations to cal
culate coefficients to degree 7. 

Unfortunately all these previous analyses ofthe 
existing measurements have been characterized by 
unreal distortions in the harmonic representation of 
the heat flow field, caused by lack of observations in 
several critical areas. A notable example of these 
distortions was the "African bubble", a broad heat 
flow higli in excess of 120 mW m"̂  extending over 
much of North Africa, which was a consequence of 
a few very high observations in the Red Sea, and lack 
of data to constrain the functions over much of Africa 
and the Middle East. Lesser but equally iinprobable 
features of these previous representations include: 
a broad high in excess of 100 mW m"̂  in east Asia, 
unconstrained by lack of data between Lake Baikal 
and the Japan Sea; a higli of 120 mW m"̂  in the 
Precambrian of East Antarctica where no data exist; 
and zero or negative heat flow in the South Pacific 
near Antarctica, also where no data exist. These 
distortions arise from attempts to find a global ex
pression for a geographically sparse data set. Even at 
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the time ofthe Horai and Simmons [3] analysis, 
data were available for only 710 of the 2592 5° X 
5° grid areas on the globe, and one third of these 
were represented by a single measurement. Further
more, there was extremely poor coverage for most of 
Africa, South America, Antarctica, and the higli-
latitude oceans. 

Tlie problems associated with the spherical har
monic analysis of a sparse data set may be overcome 
in two ways: by improving the coverage with measure
ments in the unrepresented regions; or alternatively, 
by predicting heat flow in.the unsampled regions, 
thereby creating a synthetic supplement to the exist- _ 
ing observations. The former solution will certainly 
be slow, and in continental areas, an increasingly dif
ficult task. However, a sufficiently adequate under
standing of the underlying causes of regional varia
tion in heat flow has now been achieved to make the 
second solution reasonable. In particular the recogni
tion that continental heat flow is correlated with age 
of last tectono-thermal mobilization [4], and oceanic 
heat flow with the age of the ocean floor [5], makes 
it now possible to use prediction inethods with exist
ing tectonic and geologic maps to estimate with con
siderable confidence mean heat flows for all un-
surveyed 5° X 5" regions. 

In this paper we describe an empirical heat flow 
predictor which is used to supplement existing obser
vations to create a fî iU global heat flow data set, and 
the spherical harmonic analysis of the surface heat 
flow field thereby obtained. 

2. Empirical heat flow predictor 

The basis of our heat flow predictor is the correla
tion of heat flow with tectonic setting. For continents 
we follow the example of Polyak and Smirnov [4] 
who recognized that subsets of continental heat flow 
observations based on age of latest tectono-thermal 
event are normally distributed about the mean heat 
flow of that subset and that heat flow decreases from 
younger to older tectonic elements. Fig. 1 (top) shows 
the general decrease of continental heat flow with in
creasing age. We have constructed individual continen
tal predictors from existing heat flow data [6] for 
North America, Europe west of the Scythian fault, 
Asia, and Australia. The parameters of these predictors 
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l"ig. 1. Top: mean heat flow versus age of tectono-thermal 
province for continents, after Polyak and Smirnov [4]. 
Bottom: mean heat flow versus age of ocean floor for typical 
ocean. Length of bold bar gives magnitude of the standard 
error of the mean; thin bar gives standard deviation. 

are tabulated in Table 1. For Africa, Antarctica and 
South America there is insufficient observational 
data on which to base an individual continental pre
dictor, and so the general parameters of Polyak and 
Smirnov(Table 1) are used.The discrepancies between 
tectonic province average heat flow for different con
tinents and the Polyak-Smirnov values, inost serious 
for the Paleozoic and Mesozoic, suggest that the 
Polyak and Smirnov analysis [4] requires updating. 
However, the use of predictor values based on their 
analysis will not lead to serious errors in Africa, 
Antarctica, or South America, all of which have large 
tracts of Precambrian terrane. 

Predictors for oceanic regions were based on the 
general decrease of heat flow with age of ocean floor 
illustrated in Fig. 1 (bottom). Regional oceanic pre
dictors were used for the North Pacific, South Atlan
tic, and Indian Oceans and a "typical ocean" predic
tor, based on mean values, used elsewhere. The param
eters for each region are given in Table 2. 

' \ 



TABLE 1 

Continental hoat flow 
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Tectonic province Heat flow (mW m ^) 

N. America (6j Australia [6] Europe [6] Asia [6| Typical continent |4] 

Archean shield 
Proterozoic shield 
Precambrian platform 
Phanerozoic non-orogcnic 
Caledonian orogeny 
Hercynian orogeny 
Mesozoic orogeny 
Cenozoic 

intermontane trough ] 
folding 
volcanism 

41 
55 
49 
53 
48 
62 
80 

75 

43 
73 

61 
85 
58 

80 

38 

72 
65 
67 

78 

36 
45 

45 

56 
73 

63 

38 

44 

46 
52 
59 

41 
73 
92 

For each 5° X 5" grid element on the globe, esti
mates were made of the fracfion (to the nearest 5%) 
of the element represented by each tectono-thermal 
province, and/or oceanic age group present. The esti
mates were made visually from the maps and refer
ences listed in the Appendix. Mean heat flow values 
were then computed for each element using the ap
propriate predictor, weighted with respect to the 
area of each province present. 

Three examples will serve to illustrate the applica
tion of our heat flow predictor methods. In the sim
plest case a single tectonic province is represented in a 
5° X 5° area. The predicted heat flow is then the rep

resentative value for that tectonic province-, and in 
general will be found to be in good agreement with 
the observational mean, providing the latter is well 
established. Such is the case for the element located 
at 50° to 55°N and 35° to 40°E which is comprised 
only of Russian platform, and for which the predicted 
heat flow and the mean of 14 observations are both 
45 mW m"*. 

The second example is drawn from 5° X 5° ele
ments comprised of more than one tectonic province, 
for which the distribution of observations is wide
spread. Fig. 2 shows such an example from eastern 
North America. We estimate the element to be com-

TABLE2 

Oceanic heat flow 

Tectonic province 

Jurassic 
Early Cret. 
Mid Cret. 
Late Cret. 
Anom. 13-25 
Anom. 6-13 
Anom. 5- 6 
Anom. 0- 5 

Age (My r) 

>136 
100-136 
76-100 
6 3 - 76 
3 8 - 63 
2 0 - 38 
1 0 - 20 

0 - 10 

Heat flow 

N. Pacific 

54 
49 
58 
60 
60 
67 
93 

118 

(mW m"^) 

IS] S. Atlantic 

48 
59 
59 
53 
29 
73 
90 

(51 Indian |7] 

53 

55 

64 

100 

Typical ocean 

49 
58 
59 
56 
65 
83 

103 
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Fig. 2. Examples of 5° X 5° elements showing distribution 
of tectonic provinces and Heat flow sites. Top: grid element 
from northeast Uniied States for which heat flow sites are 
widely distributed within the element. Bottom: grid element 
from Red Sea where heat flow locations are unrepresentative 
of entire element. Ocean floor isochrons in 10' years from 
Girdler and Styles (8) . Heat now in m\V m"^. 

prised ofthe following provinces: Precambrian shield 
10%; Phanerozoic non-orogenic (including foreland, 
coastal plain and shelf), 35%; Caledonian orogeny, 
20%; Hercynian orogeny, 30% and Mesozoic orogeny, 
5%. Using the North American values given in Table 2 
for these provinces, the predicted heat flow for this 
grid element is 56 mW m" ,̂ in close agreement with 

the mean value of 59 mW m~̂  for the 21 reported 
observations. 

The final example is drawn from 5° X 5° elements 
which are again comprised of more than one tectonic 
province, but where the tectonic setting of the mea
surement sites are not generally representative of the 
grid element. An extreme case is the Red Sea region 
shown in Fig. 2. The grid element was divided into 
the following provinces by using the tectonic map 
of Africa (see Appendix) for the continental area, 
and Girdler and Styles' [8] spreading history for the 
Red Sea: Precambrian shield, 70%; oceanic crust, 
anomaly 13-25 (38-63 Myr), 10%; anomaly 6-13, 
(20-38 Myr), 10%; anomaly 0-5 (0-10 Myr), 10%. 
The predicted heat flow calculated from these frac
tions is 63 mW m" ,̂ in contrast to 117 mVV m" ,̂ 
the mean of the 11 observations shown. This dis-
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Fig. 3. Comparison of predicted heat flow wilh mean ob
served heat flow for 5° X 5° elements. Top: for the 829 
elements where one or more observations exist. Bottom: 
for the 260 elemenis where 5 or more observations exist. 
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Fig. 4. !Iist_pgram of 5" X y heatilow measurement popula
tions. 68%/cif total elements have.no observations; 1% of 
total elements have mpie than*20'̂ observations. 

crepaticy arises'beeaiise'the acfualheat'flow site 
distribution is clearly uiirepj:eserilative''orthe whtile 
element; ;ten of the eleven sitesiie.within the anomaly 
'0,-5cprQviiice, while this: province represents only 10% 
of the grid plernent. 

Predicte'd.heatflow valueshaye been computed 
•for,all 2592,5° X S° elements artdcomparedtp 5° j( 
S°observational means wherever ohservati6ns;:exist. 
THe cbmparisbri is shown in Fig; 3 for the 829 eler 
ih'ents with atleast one-measure merit and-for. the 260 
elements'with. 5 or more'observations. Large differ
ences between predicted and observed Keat flow cart 
be expected if there isonly one or a sinall nuinber of 
obseî vatioris in the element (see magnitude of'Standard 
•deAdation formdiyidual province heat flow. Fig. 1), 
Qrif-themeasurementsare unrepresentative of the 
tectonic composition'gf tlie eienient. Fig.'4;is ahistp-
grainpf density of observations per 5° %• 5° element 
rand illustrates the preponderance of poorly .populated 
eleitients^ within the global'heat flow data-set. RegreSr 
siori cofrela'tiohs'of predicted versus obsefvedheat. 
flow have beeii conipute'd for several'tmncate'd'data 
•sets, with progressively higher minimum population 
cutoffs; agreement between prediction and observa-
tibn.improves consistently with increasing number of 
observations per element. In the"hex^ section.we pre
sent the spherical haifhonic analyses of thie twb heSt 

flow data sets: the predicted heat flow alone; anci the 
observed heat flow supplemented by predicted' valijes 
in grid eleinents where;no observations-exist. 

3. Sphericalhaimoiiic analysis; 

Each data set subjected to:analysis comprises 
mean Heat.flow, observed or predicted, for all 5° ^ 
5° elements on the surface of the globe. The;spatial 
distribution' bf elements represented by 'bbservaf ions, 
and which therefore contribute to the supplemented 
data-set„is.shown in Fig. 5. The 829 elernehts with at 
least one'measurement, constitute 42% of the stirface 
area;pf'the,globe„buta_re unevenlyidistributed. Both 
'data setS'have been represented by a spherical har-
moriic expansibn of the.fofrri: 

N 

qiU) = E S. \A, 
•>t=0 m ^ 

;Cps(>K0) 

(1) + Bnm sin(m(^)] /'„^i;cos d) 

where q.is the heai.tlow field,,0-is colatitude.igMs 
longitude, J 4 „ ^ aiid.fl„^ the coefficients of the ex-
pansibri, and Pj,^ th'e.associated Legendfe fiinctibns, 
fully normalized so that-: 

'27i: 

0 .0 

/ [^„^(bos0)' (m0)]^'sin 61 dff d* = 477. (2) 

The: spherical haimpnie CDefficients.j4„^ andB„^ up 
to degree rt - 12. were calculated By riuniericalin
tegration from: 

B„ 

1 l'^ ; cbs(m0] 

" 0 0 sin(m<p) 
xp^^ccbse) 

sin.iS dfl dtp. m 
and:are igiven in Jable 3. q in (3) is the 5° X 5." mean 
heatiflow.. 

4. The hew'heat flow field 

The degree 12 heat flowfieldsderivedfrom.analy-
sisof the; predicted data set and the observations-pliis 
predictbr'data setslaie shown in Figs.'fr and 7 respec
tively; The niost'importaiit characteristics of both 

http://have.no
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Figi 5. Distribution of global heatflow data. Dot pattern indica'tes I to 4 observations In-5° X 5° element; soli'd pat tern'indicates 
S'ot tnore;>bseivatibriSiiii.5° X 5° element. Aitoff-Hamnier projection. 

new representations are the exeellent^delineation of 
the features of the heat flow field already established 
frbm measurements, and the elimination of unre^-
istic distortibrisinregibns where;noobservatibns 
exist-

All the majoroceanic.ridge.systeiiisafe represented 
as heat flow'highs, as afe^the marginal basin's of the 
West Pacific, Alpine Etirope,'and tiie Aihe'ricah G6r-
dlllera. The Galapagos spreading; center and the Chile 
Rise appear as bulges on the East Paeific Rise pattern. 
Low heat flo\y regions include all the major shields 
and-platforins, and thejoldest oceanic regions. The 
West Australian low includes bQth"the,Yilgarn— 
Pilbara shield.arid parfebfthe inidrCre face bus Wharton 
basin. 

The: difference between the 'reGonstfucted'fields 
in Fig.'6-and 7 are sliglit. Heat flbw observations in 
both the Red Sea-Gitlf of-Aden and Gulf bf Galifbr-
nia regions are doiriinated by spatially restricted but 
abnormally high.heatflowsettings,and therefore ap
pear in Fig. 7 as accentuate dhighs. The same proy-
inceshave.mu'ch.siiialler effect when subjected, tathe, 
predictor weighting prbce'dufe. In Fig. 7 the East~ 
Pacific Rise pattern is modified'siightly. The sbiJthefn 
Africa-low is. eliminated due tb above normal heat 
lElow observed in the central African shield [9]. ' 

The mean values of Si arid 59 mW m"̂  for the pre-
dictedvand observed plus piedieted. heat flow fields 
respectively, are comparable "to 'ea,rlier estimates for 
the mean global heatilow [3,10]. The;rms residual 
between the degree 1'2 reconstructions arid the" input 
data sets are 8 arid 13, mW m"̂  respectively. Areas 
witlilesidualsgreater'than- IS mW m~̂  comprise.less 
than 19% of the area of theiglbbe in 'both representa
tions, thus indicating that most heat flow provinces 
hay e charact e ris t j c dime n sio ns-ad equately re p re sen t-
ed,in a degree 12 analysis. Those regions with:larger 
residuals are recognized to be regions where'istrpngly 
cbritrasting tectoriic prpvinces liein i;lose proximity, 
such as the, bid ocean basin—island arc transitions in 
thewestem Pacific, arid the ocean ridge—stable cbntl-
nent transitions in the viciriity bf the ArabianlPeriin-
sula,Greenlandj and westerri North Airierica. Large 
residiials may also arise-in regions where the general 
heat flow—age relationships do not".apply, sjjch as 
recentvsubductipn zones [ 11 ] or areas of incipient 
rifting [9]. 

ThCfriieah value of the heat flow fieldjepresented. 
by all harmonics of degree rt, calculated frbm; 

.171=0 
Cii 1 , , D 2 

m .fim 

1/2 

U) 



GLOBAL HEAT FLOW 

D. S, Chapman and H.N. PoUack, 1975-
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Units: mW nf^ 
Fig. 6 (top). Degree 12 spherical harmonic representation of global heat flow from predictor method only. 

Fig. 7 (bottom). Degree 12 spherical harmonic representation of global heat flow from observations 
supplemented by predictor. 
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Appendix 

Maps and references used in subdividing 5 X 5 
elements into tectono-thermal and/or oceanic age 
group regions. 

Continents 

Africa: International Tectonic Map of Africa 
(1968), Association of African Geological Surveys 
and United Nations Educational Scientific and Cul
tural Organization, scale 1 : 5,000,000, coordinator 
G. Choubert. 

Antarctica: Geological Map of Antarctica (1971), 
American Geograpliical Society, scale 1 : 5,000,000, 
compiled by C. Craddock. 

Australia: Tectonic Map of Australia and New 
Guinea (1971), Geologic Society of Australia, scale 
I : 5,000,000, Sydney. 

Europe and Asia: Tectonic Map of Eurasia (1966), 
Geological Institute ofthe Academy of Sciences pf 
the U.S.S.R., scale 1 : 5,000,000, chief editor A.L. 
Yanshin. 

North America: Tectonic Map of North America 
(1969), United States Geological Survey, scale 
1 : 5,000,000, compiled by P.B. King. 

South America: Geologic Map of South America 
(1964), Commission ofthe Geologic Map ofthe 
Worid, scale 1 : 5,000,000, general coordinator A.R. 
Lamego; Tectonic Map of Brazil (1971), Ministry 
of Mines and Energy, National Department of Mineral 
Production, Brazil, scale 1 : 5,000,000, coordinator 
E.O. Ferreira. 

Oceans 

General: Magnetic Lineations of the Oceans 
(1974), Geological Society of America, compiled by 
W.C. Pitman III, R.L. Larson, and E.M. Herron. 

Arctic Ocean: E.M. Herron, I.F. Dewey, and 
W.C. Pitman III, Plate tectonics model for the evolu
tion ofthe arctic. Geology 2 (1974) 377-380. 

Indian Ocean: D. McKenzie and l.G. Sclater, The 
Evolution of the Indian Ocean since the Late Creta

ceous, Geophys. J. R. Astron. Soc. 25 (1971) 
437-528. 

Marginal basiits of the Western Pacific: l.G. Sclater, 
U.G. Ritter, and F.S. Dixon, Heat flow in the south
western Pacific, J. Geophys. Res. 77 (1972) 5697— 
5704; J.G. Sclater, Heat flow and elevation ofthe 
marginal basins of the western Pacific, J. Geophys. 
Res. 77(1972)5705-5719. 
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INTROOUCTION 

Geothermics is the u t !1 iza t ion of n a t u r a l l y -
occurring hot water arid steam, today, the primary,., 
inter,est in geotliermics Is for the generat ion of 
e l e c t r i c a ! power. HcMever, there a re o t h e r u se s , 
such es the ex t rac t ion of mlnerais contained in 
thermai water , or the use of hot water" for heatfng., 
c leaning, or recrea t iona l purposes. 

What is the a l l u r e of geotheTmal power? 
Businessmen general !y don'-t turn t o e x o t i c , academ
i c a l l y - i n t e r e s t i n g phenomena and spend cold cash 
for the sake of sa t i s fy ing c u r i o s i t y , so. l e t ' s look, 
a t the reasons that have caused u l t r a - p r a c t i c a l In
ves tors to be in te res ted in geothermal powers 

The major reason is that geothermal energy is 
a competitive power source, Eiectr ' ici ty generated 
by natura l steam s e l l s for 3.0 to 7,9 mi i i s a t the 
bus bar . Thus, i t can compete with power gene
rated by more conventiohai sources . Hydroelect r ic 
p l a n t s , large nuclear pcwer p l a n t s , and s'onie coal 
f a c i l i t i e s can s e l l power at prices, ranging from 3 
to 5 mi 1 is ( f i g . i ) . 

Geothermal development Is a t t r a c t i v e because 
iE can be increinental. Capital, expend! tures can be 
made on ati "as needed" t>asis, ra ther than committing 
large sums of cap i t a l before a maricet ex i : s t s . For 
example', a f the (geysers, in norttierh Ca l i fo rn ia , 
the f i r s t i n s t a l l a t i o n del ivered a maximum of 
i2,'56o Iciiowatts, Increments of power were adde.d 
slowly un t i l the present f a c i l i t y puts out aboijt 
82,000 k i l c w a t t s . The predic ted ma?i!mum output of 
the area is more than a mi l ! ion l<iiowatts. Ih con
t r a s t , bu i lders "of a large dam cdnnot bui ld a 
quar te r of the dam and use ! t un t i l the ,marli;et 
grows large enough for half a dam. 

A third advantage of geotherma! energy is that-
i t produces "po l lu t ion f ree" power. The p lan t 
causes, no scares over nuclear contamination, 'emits 
no discharges tO' the atmosphere from the burning of 
foss i l f ue l s , and can use recharge wells to re turn 
spent steam, in the form of water , t o the energy 
reservoi r . " • ' 

Geothermal power cart be u t i l i z e d in conjuncr 
tion with explo i t ing lowgrad^ mineral depos i t s or 
for developing industries that require large 
amounts of Inexpensive e lecfr ic i ty . 

iOround-Wator Geologtet, New Mexico stttieBuxeou of Mines Bud Mlnerftl Hesources. 

•Gfouna-Wa^r 'Oeologfet, Wromlng 3tat« Enfflneer's: Ofilce. GSeyeaae, Wyomfas 

GEOTHERMICS IN NORTH AMER8CA: PRESENT AND FUTURE 

W. K. SUMMERS/ 
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ABSTRACf 
Elcctrlcnl power from iiaturo) Etecim hos proVen to bo an economic source of energy In western North Amertcft. Power plaats are now 

in dpomtlon In CMtfomsii. and la Mexico, and aevoiopmcnt la continuing in tneso areas aa well as In Centra! ABoerlca. Most' parts ot 
wcatem United'States bro.boliig eonsldcrea for exulomtlon. ' ' , 1 , 

Tcchntques usecj.ln explbmtton includa EcoJoslO'niB.piJlng, fluid dynamics Btuaica. and physical and chemical measuremental In addl-
.tion to test drilUne. New BuggcEtlons lor development include a Heat-exchange process that.uses Buper-hcoted Water lnet<md\or steam 
and Tparioiiitypies of nuetefir Dtiraulatlon; Passage of the fedetial Geothennal Bteora Aetof 1970 nnd lacreastng needs for electrtcftl pawer 
shoiilfl bo the liidentlTea that wUl maKa 1971 a major year forleeothCTtnal exploration. ^ 

A final attraction is that geothermal power 
seems to bê  Virtually inexhaustible. Even witiiout 
'reinjection of water, t̂ nwifn steam fields do not 
seem to be depleting; Once, a'field has-been de
fined, continued production is assured, 
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Papers presented at the Uni ted Na t ions ' sympo
sium on the development and u t i l i z a t i o n of geother
mal ros'ou rces , held in P i sa , I t a l y , i n Septetnber 
1970, should be publ ished in the near f u t u r e , in 
a d d i t i o n , w i t h i n the l as t two years nutnei^ous popu-
l o r i zed a r t i c l e s oh geo theNa l resources have 
appeared in var ious magazines. 

HISTORY O f GEOTHEî HAL DEVELOPMENT ' . ' 

I n t e r e s t in geothermic power genera t ion is not ' 
e n t i r e l y new; pow^r tva's f i r s t generated using 
na tu ra l steam at L ,erdare l lo , I t a l y , in 190'), The 
f i r s t attempt- Cis develop geothermal power in the 
United States.il jas dur ing "the I S i Q ' i a t the-Geysers, 
in C a l i f o r n i a . This a t tempt f a ! led foi" iaci<'of a 
market f o r the power. The second successfu l a t 
tempt to generate e l e c t r i c i t y was. du r i ng the 1950's 
in New Zealand,; and tHe t h i r d , the i n s t a l l a t i o n of 
generat ing equipment s t the Geysers. 

Since 1956, j apan , I c e l a n d , Russiay and Hexico 
have a lso begun to produce e l e c t r i c i t y froin na tu ra l ' 
steam. Geothermai resources are being s t u d i e d ' o v e r 
the e n t i r e w o r l d ; much o f the work in underdeveloped: 
coun t r ies has been under the auspices of the Ui i i ted 
Na t ions . 

GSothermal p p t e n t j a l in North America is con- • 
f i n e d almost exc lus ive ly - to the re'gion o f t i ie '. 
w'estern c o r d i l l e r a ( f i g . 2 ) . Today, in the Uni ted 
S t a t e s , approximately 35 of the more than 1,000 
known geothermat anomalies have been d e l i b e r a t e l y 
d r i l l e d , fo r steam, ar^d a t least 10, geothermal f i e l d s 
in Central America a lso have been t e s t d r ' tMed i 
However, .only about 6 .o f 'these kS f i e l d s are now In 
the developtneht or product ion s tages. Because of 
con t i nu ing development a t producing a reas , i t . I s 
" d i f f i c u l t t o draw a sharp d i s t i n c t i o n between these 
two sta'ges. , , 

Although many of the anotnalies seem to have ' \ 
l i t t l e or ho value f o r the p roduc t ion o f e l e c t r i c a l 
power, developtitent of o ther areas has been aban
doned or postponed becausei of t echno log i c , econornic,., 
or leg^al problems, 

DEVELOPED FIELDS IN NOflTH AMERICA 

The Geysers., Cal i fbrn ' i 'a • 

The only major producing f i e l d in North America 
today is .at the Geysers arid Big Sulphur Creek ther-. 
mai a rea . This f i e l d , about 90 mi les no r th o f San 
Franc isco , is named f o r an area of sur face thermal 
r t iani festat tons along Big Sulphur Ci^eek in Sonoma 
County, C a l i f o r n i a . The rocks in the immediate area 
are mainly graywackes, ,sp]i 1 i t i c . basal t s , sandstones, 
and shales df the Franciscan .and K n o x v i l l e Forma
t ions ( f i g . 3),, These Upper J u r a s s i c t o Cretaceous 
rocics have been intruded; by serpent ine, s i l i s . Ex- " 
t f u s l v e rocks o f the Clear Lake vo l can i c se r i es of 
Late Pl iocene to La te 'P le i s tocene age crop o u t 
several , ml les to the no r theas t . . 

This thermal f i e l d ' i s s i g n i f i c a n t : f o r three 
reasons,: I t is the only " d r y " steam f l e i d in North 
America, and is the on ly f i e l d a c t u a l l y producing 
commeVcia! e l e c t r i ' c power. I t is a l so the on ly 
ope ra t i n g p t an t in t he wo r l d- comp 1 e te 1 y f i nan ced by 

1 

p r i v a t e c a p i t a l , 

D r i l l i n g a c t i v i t y began in 1955 and the f i r s t 
power p l an t a t the s i t e was begun in 1958. The 
12,500 k i l o w a t t capac i t y p l a n t , u t i l i z i n g 250,000 
pounds o f steam per houi^ from 4 w e l l s i ient i n t o 
product;!on I n T960. During the 19S0's and I 9 6 0 ' s , 
more than 40 producing w e l l s were d r i l l e d over a 
t o t a l area of 300 acres . Wel ls range in depth f rom , 

' 1,500 t o 5,000 fee t and tap a f r a c t u r e d sandstone 
reservo i r ' . Steam occurs a t a maximum temperature;.of 
k73,°F anti a t bot tom-hole pressures o f about 500 ps i . . 

Wei Is d r i 1 led w i t h i n the l a s t few years have 
been deeper (5,000 tb 7,000 f e e t ) , l a rge r In d i a 
meter (9 to 11 i nches ) , and genera l l y more c o s t l y 
than w e l l s d r i l l e d in the pas t . By the sanie. tpken, 
these newer we l l s produce npre steam and probably 
w M l have longer l i v e s than the e a r l i e r ones. The 
character o f " t h e r e s e r v o i r and the steam tha t i t 
d ischarges have retrtained e s s e n t i a l l y unchanged. 

in 1967, 16 w e l l s produced enough steam to 
generate S ,̂OOQ k i l o w a t t s . Today j a d d i t i o n a l w e l l s 
produce enough steam t o generate 82,000 k i l o w a t t s , 
New c o n s t r u c t i o n .should add, 55,000 k i l o w a t t s by 
A p r i l 1 , 1971; another 55,000 by October 197V; and 
an a d d f t i o n a i 220,000 by the end of- 1972, 

Ot te and DondanviDe (1968, p. 5 6 5 ) , us ing 
what appear to be r e a l i s t i c e s t i m a t e s , b e l i e v e tha t 
the energy p roduc t ion from the area f o r the next 30 
years w i l l amount t d the equ i va len t o f ISO m i l l i o n -
b a r r e l s of crude o i l per square i n l l e . 

Pa t he , Mexico 

The Pathe gedthermai f i e l d ts in t h e c e n t r a l 
p a r t o f Hexico ( f i g , 4 ) , about )2S m i les nor thwest 
o f Mexico C i t y . Steam discharges from interbedded' 
b a s a l t i c l avas , t i J f f s , r h y o l i t e s , and sorne 
l a c u s t r i n e depos i ts which range in age from Pl iocene 
to Holocene. These r o c k s , which are iht iar isely f r a c 
tured and ext remely a l t e r e d by bydrothertnal a c t i v i t y 
o v e r l i e l imestone o f Lower Cretaceous age. 
S t r u c t u r a l l y , the f i e l d l i e s In a graben f i l l e d by 
the v o l c a n i c s . 

In January 1956^ the f i r s t steam we l l began to 
produce a t a deptlii o f 80S f e e t wi th a bot tom-ho le 
temperature, of 2M70F, Since t h e n , liiany ho les have 

' b e e n ' d r i 1 led in t h e a rea , but on ly a few have suc
c e s s f u l l y tapped steam or hot water . The h ighes t 
gauge pressure i s s l i g h t l y more than IA ps i ' . 

The r e s u l t s are d l sapp 'o ih t i ng , as" t l ie t o t a l 
amount of ste*am how d ischarged generates less than 
500 k i l o w a t t s , a l though the non-condensing t u r b i n e 
through whi(::h the steam f lows Is ra ted a t 3,500 
k i tcsvatts. 

The low p roduc t ion of the f i e l d ts presumed to 
be caused by the- low, permeabl 1 i ty o f the count ry 
rock. One o f the major 'problems-, as w i t h many steam 
f i e l d s . Is t ha t the steam' is " w e t " ; t h a t i s , i t eon-
ta ins large amounts o f water .mixed w l t h i t i The 
Mexi'can governtnent, in a c o n t i n u i n g study o f the 
a rea , has found, t h a t by d i scha rg ing ho t water and, 
steam through a deep w e l 1 , three o t h e r w e l I s p ro 
ducing from a h igher l eve l d ischarge " d r i e r " steam 

•-,':«.»!••.• . f f , i - ->«i5.^.,v,;t'«-s 'S^^'5?J^f'1i^;^^"^'Plf!?^?^7 j | ,Ly-j^.^t,.,. i.p, I 
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Figure 3. THE GEYSERS-California 
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'field 

that can be fed directly into the pilot turbo
generator without the need of a steam-water sepa
rator. 

Sal ton-Hexicali Province, California and hexico 

For practical purposes, the Salton-Mexicali 
geothermal province is coincident with the Imperial 
Valley of California and Mexico (fig. 5 ) . The 
province is named for the two major steam fields 
currently being developed. One field is under 
development at the south end of the Salton Sea, 
California, and may, underlie the sea in part 
(fig. 6 ) . The field is referred to as the Salton 
Sea geothermal region, as the Niland field, or as 
the Buttes area. 

The other field, in Mexico, is officially 
called the Mexicali geothermal field, but some 
recent literature refers to the area as the Cerro 
Prieto field (fig. 7 ) . Cerro Prieto is a prominent,-
double-peaked basaltic volcano of (Quaternary age 
near the field. 

Structurally, the entire Imperial Valley is a 
graben that is a landward extension of the Gulf of 
California. In the vicinity of the Salton Sea, the 
structural trough is about 75 miles wide. 

Clastic sediments filling the depression re
present essentially continuous deposition since 
Miocene time. These sediments are primarily con
tinental deposits of fanglomerate, conglomerate, and 
lacustrine sandstone and claystone. The Imperial 
Formation of Upper Miocene to Pliocene age, however, 
is a shallow marine claystone interbedded with 
oyster-shell reefs. The maximum thickness of the 
sequence is about 20,000 feet. 

The upfaulted block on the west side of the 
graben consists primarily of granitic rocks of 
Cretaceous age; the upfaulted block on the east side 
is a complex of Precambrian igneous and metamorphic 
rocks capped by Tertiary volcanic rocks. 

Igneous rocks associated with (Quaternary vol
canism have been penetrated in some of the steam 
exploration wells, and local volcanic features, such 
as Ce r ro Prieto and rhyolitic volcanic domes, suggest 
the possible existence of magma chambers at rela
tively shallow depths. 

Natural steam is obtained at both the Salton 
Sea field and the Mexicali field from sandstones and 
shales overlain by a thick sequence of shale or clay 
and volcanic rocks. At the Salton Sea, the shale is 
2,000 feet thick and grades into an arkosic sandstone 
at depths of 8,000 feet. The arkosic sandstone, 
2,000 feet thick, is underlain by a silicified, 
metamorphic shale, lithologically similar tp the 
shales higher in the sequence. 

At Cerro Prieto; a typical well penetrated 
about 2,500 feet of clay and about 1,500 feet of 
alternating beds of sandstone and shale that form 
the geothermal reservoir. Various investigators 
have noted that where the clay or shale cover is 
thin or missing, the potential reservoir contains 
cold, or at best, only warm water. 

Despite the similarity of geologic setting, the 

two fields are substantially different in several 
respects. The Salton Sea field is being developed 
for the mineral values contained in the hypersaline 
brines; the Mexicali field is being developed to 
generate electrical power. 

Salton Sea Field 

The Salton Sea field is underlain by two types 
of brine. The deeper brine is a very hot hyper
saline one, containing up to 335,000 ppm dissolved 
mineral. Above it occurs a cooler, less saline 
brine. The maximum temperature of the hypersaline 
brine is about 700°F. The current plan is to mar
ket sodium chloride and calcium chloride, leaving 
the potassium chloride as a precipitate to be re
fined later when technologic advances should allow 
some of the contained metal values, including gold 
and copper, to be recovered as well. 

Estimates of the values present in, but not 
necessarily recoverable from, the brine range from 
$20,000 to $A0,000 per day per well. A 3,000 kilo
watt power plant was operated for a time using the 
steam associated with the brine, but corrosion 
problems made it uneconomical. 

The shallow, cooler brine at the Salton Sea 
contains only 10,000 to 30,000 ppm dissolved 
mineral, and is almost identical to the brine that 
is encountered in the Mexicali area. 

Mexicali Field 

The Mexicali field is perhaps unique in the 
history of geothermics as it is undoubtedly one of 
the largest of all known geothermal phenomena. 
Wells in the field discharge as much as 1.2 million 
pounds of wet steam per hour. Bottom-hole temper
atures range from 'lOO^F to 700°F; maximum gauge 
pressures reported are 800 psi. 

The Com!si on Federal de Electricidad and the 
Comision de Energia Geotermica are developing the 
field to generate electrical power. As part of a 
study during development, the Mexican governmental 
agencies contracted with Washington State University 
for a joint study of the ground-water hydrology of 
the field using isotopic techniques. 

The installation of two 27,500 kilowatt gene
rators should be complete by June, 1972. The 
generators will use steam derived from 15 wells that 
have an average depth of '(,500 feet and discharge 
120,000 pounds of separated steam per hour per well. 

Studies of the province. Or. Robert Rex of 
the University of California at Riverside is using 
a combination of gravity, temperature gradient, and 
electrical resistivity studies to determine poten
tial high-thermal anomalies at depth in the Salton-
Mexicali province. His. basic premise is that 
natural steam Is high in silica, which Is deposited 
in the local rocks and tends to make them more dense 
than the same rocks away from the thermal area. By 
mapping the gravity and removing the known regional 
and structural anomalies. Rex prepares a map that 
shows the density contrast of the relatively shallow 
rocks. 

Temperature-gradient studies identify areas of 

' > -1!,̂ ' - tiiM. J|l« ,.J,iî  .u.,_.j.,«.i ui,._ij»i|ii.ij,,̂  ''li,l„i . . W j - y n . 
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high heat flow, and the resistivity profiles provide 
a vehicle for determining whether the water associ
ated with a gravity high and a high heat flow of the 
Salton Sea type (high mineral content) or the 
Mexicali type (relatively low mineral content). To 
date, Rex, (1968, 1970) has defined nine individual 
thermal anomalies in the province, 

REGIONAL SUMMARY OF GEOTHERMAL DEVELOPMENT 

Although no other fields are being developed on 
a large scale at this time in North America, limited 
exploration is continuing. In addition, many areas 
have exploration potential. The following is a 
regional summary: 

Central America 

Reports of thermal phenomena — volcanoes, sol-
fataras, fumaroles, and hot springs — from Costa 
Rica, Guatamala, Nicaragua, and Panama suggested 
that conditions might be favorable in Central 
America for the occurrence of natural steam. 

From 1956 to 1958, the United Nations made a 
reconnaissance survey of the volcanic belt, which is 
also the area of thermal anomalies, from Guatamala 
through Costa Rica (fig. 8 ) . This ini tial-effort 
led to detailed exploration in El Salvador and 
Nicaragua. 

El Salvador 

From 1965 to early 1969, five test wells were 
drilled in three areas of El Salvador. In the 
Ahuachapan Mountain area, one well drilled in 
January, 1969, was shown to have a generating capa
city of 7,000 kilowatts. The well discharged wet 
steam at a temperature of '»30*'F with a dissolved 
mineral content of about 16,000 ppm. 'Exploration in 
the other two areas was discontinued. 

During I969 and 1970, five more wells were 
drilled in the Ahuachapan Mountains, three of which 
produced steam. Preliminary estimates are that 
these wells can produce a total of 25 to 30 mega
watts of power. A feasibility study is underway to 
determine the practicality of generating power. 

The major technical problem is the disposal of 
the brine. Engineers believe that they probably can. 
dispose of it by ponding and controlling discharge; 
efforts to develop an injection well to return the 
brine to the geothermaJ reservoir failed, 

Nicaragua 

In Nicaragua, the first study made for a country 
by a private contractor with the assistance of AID 
funds is in its final stages. Hot springs and other 
surficial thermal features were inventoried, and two 
potential areas, San Jacito - Taiste and Momotombo, 
were selected for detailed investigation. 

In December 1970, a 2,000-foot test hole was 
drilled at Momotombo. It produced a "respectable 
flov;" of dry steam at a temperature of more than 
200°C, and preliminary estimates are that a 25 mega
watt field can be established. Nicaragua is nego
tiating with AID for additional funds to develop the 
field. 

Mexico 

Mexico (fig. '<) has, in addition to the two 
fields already described, more than 100 other thermal 
areas, including nine active volcanoes, that might be 
explored with time. The output of the volcanic 
areas is difficult to judge, but it should be enor
mous. As an example, the fumaroles at Paricutin 
volcano discharge \ . k million pounds of steam per 
hour. 

The Comision Federal de Electricidad is ex
ploring three new areas. The investigative procedure 
is similar in all the areas: The first stage is con
current resistivity, gravity, and seismic surveys, 
geologic and geochemical surveys, and hydrogeologic 
studies. If these studies are promising, small dia
meter (nx) test holes are drilled to 1,800 feet. If 
the test holes are encouraging, large wells are 
drilled for tests to determine the practicality of 
final development of the field.-

At Ixtlan, less than 50 miles from Paricutin, 
a graben filled with Quaternary volcanic rocks — the 
classic requisite conditions for a thermal field — 
shows promise. In 1959 and i960, two shallow test 
holes produced flows of water having temperatures of 
300°F. Subsequent exploration led to the drilling of 
eight small diameter test holes. Today three large 
diameter holes (one more than 3,000 feet deep) have 
been drilled to test the field's productive capabi
lity. 

At Los Negritos, preliminary exploration has 
led to the drilling of six small diameter test holes. 
These tests were satisfactory and large diameter 
wells are planned. At Primavera, only the prelimi
nary exploration is underway and no test holes have 
been dri 1 led, 

California 

.California is the location of most of the 
active geothermal exploration in the United States. 
The federal Geothermal Steam Act of 1970 (which be
came law on December 2 k , 1970) has opened to 
exploration large areas of California with geothermal 
potential. Previously, exploration has been limited 
to privately-owned land. 

Interest in geothermics is high enough that the 
California Division of Oil and Gas is publishing for 
the Geothermal Resources Board a series of news
letters, Geothermal Hot Line. Primary purpose is to 
distribute information concerning geothermal deveiop
ment in California, its bordering states, and Mexico, 

A report on geothermal steam within California 
to the 1967 State Legislature estimated that 38 
thermal areas (fig. 9) .have potential for power 
generation. The areas that are under development — 
the Geysers and the Salton Sea a rea — have been dis
cussed previously. In addition, at least 17 other 
areas have been explored by drilling. 

Two areas that have shown large potential are 
Clear Lake (Sulphur Bank) and the Mono Lake - Casa 
Diablo area. On the basis of several wells drilled 
near Clear Lake, it is believed that the entire a r e a , 
including the land beneath the lake itself, is a vast 
geothermic field. However, the disposal of reservoir 
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fluid containing boron in concentrations up to 500 
ppm is still an unsolved problem. 

The Mono Lake - Casa Diablo area, on the 
eastern side of the Sierra Nevada, also appears to 
have excellent geothermal potential. Between 1959 
and 1962, nine wells were drilled; potential energy 
output by 1965 was 18,000 kilowatts. However, the 
thermal fluids contain boron, fluorine, and arsenic. 
Several companies are now interested in drilling on 
state and federal lands under and around Mono Lake 
itself. Exploration operations could begin within 
the next several months. 

Other areas of interest are in the south
eastern corner of Lassen National Park, near 
Randsburg, in the Coso Mountains, and in the Im
perial Valley within the Salton - Mexicali geother
mal province. 

Arizona, New Mexico, Nevada, and Utah 

Exploration for geothermal steam is just be
ginning in Arizona, New Mexico, Nevada, and Utah. 
Arizona has unknown potential for geothermal develop
ment. Locally, many of the 21 known thermal areas 
in the state are associated with Cenozoic volcanism 
and favorable structures. 

Of the 57 known thermal areas in New Mexico, 
only the Jemez Caldera has been explored. Five 
v;ells have been drilled on the property; the most 
recent in 1970 to a depth of about 7,500 feet, this 
well is reported to have discharged dry steam before 
penetrating a wet steam zone. Until this well has 
been adequately tested and the results of the tests 
of the other wells have been made public, the capa
bility of the field will not be known. Only 6 or 7 
of the remaining 56 thermal areas show real promise 
under existing technology. 

Six of Nevada's 185 thermal springs have been 
test drilled, and wells at Steamboat Springs, Brady 
Hot Springs, and the Beowawe Geysers (fig. 10) have 
all produced steam. Potential power capacity has 
been estimated conservatively at 't0,000 kilowatts 
at Bea-owe. However, most of the steam produced at 
these locations has been high in dissolved mineral 
content. 

No attempt has been made in Utah to drill for 
high temperature steam. Although six regions con
tain thermal springs, areas' in the western and 
central parts of the state seem to offer the most 
potential. 

Rocky Mountain Region 

With the exception of the Yellowstone National 
Park region, very little study has been made of the 
occurrence and distribution of natural thermal 
phenomena in Wyoming, Colorado, Montana, and South 
Dakota. Thermal springs occur in association with 
Cenezoic tectonic features, but other recent geo
thermal phenomena -- solfataras, fumaroles, and 
geysers — seem to be lacking. Deep hole drilling, 
mainly for oil and gas exploration, also has not 
disclosed any exceptional anomalies. A comprehen
sive literature survey plus careful field inven
tories of thermal spring areas could reveal suitable 
prospects for exploration.' 

Idaho (fig. 11) has one of the largest of 
thermal anomalies in the western United States; more 
than 200 springs are on record and newly drilled 
wells have sometimes encountered thermal water in 
unexpected areas. Although no steam has been found, 
a few relatively-shallow wells obtain water at more 
than 200°F; thermal waters with temperatures of more 
than ISO^F are common in both springs and wells. 
The areas with the most potential are those in the 
south-central and southwestern part of the state, 
along the borders of the Snake River plain. 

The Pacific Northwest 

About Ao percent of Oregon has been subjected 
to Late Cenozoic volcanism, and within this region 
are a number of tectonic structures favorable to .' 
geothermic exploration. Six areas, all in the 
south-central or southeastern portion of the state, 
seem to hold the most potential (fig. 12) . Many 
wells In Oregon have encountered thermal waters; 
more than 350 have been drilled at Klamath Falls, 
mostly to obtain hot water for space heating. Al
though a few wells, mostly in the Warner Range, 
have been drilled specifically for steam, none has 
been successful. 

Washington State has less geothermic potential 
than most of the other western states; most of the 

•approximately one dozen thermal springs are con
fined to the Cascade Range. Only a few springs, 
such as those near the Quaternary volcanos Mt. Adams 
and Mt. St. Helens, produce water at more than I30°F. 

Thermal activity in Canada is restricted almost 
entirely to western British Colombia and to a small 
area along the Kootenay River. A few additional 
thermal springs are along the Laird River west of 
Fort Nelson and at Banff, Alberta. Most of these 
springs have temperatures of less than 130*'F; all 
issue from rocks of Cretaceous age or older. 

Alaska and Hawai i 

Alaska undoubtedly contains thermal areas that 
meet the requirements for geothermal power, but to 
date there has been no development of the resource 
to produce electricity. Steam has been used fi-om 
Manly Hot Springs and from Circle Hot Springs for 
space heating. At this time, little, if any, market 
exists for geothermal power; but utilization of 
other natural resources could create the needed 
market. Additional problems would occur because 
most thermal-areas are in remote volcanic regions, 
such as on islands in the Aleutian chain. 

In the Hawaiian Islands, chances for developing 
natural steam under sufficient pressure for gener
ating electrical energy appear slim, largely because 
of the generally porous nature of Hawaii's lavas. 
Lava lakes in some calderas remain molten at depth, 
but offer only local, limited potential for develop
ment. An exploratory drilling project, undertaken 
in 1961 in the Puna area of the Island of Hawaii, 
was discontinued in 1962 after several exploratory 
holes did not encounter steam under high pressure. 

FUTURE DEVELOPMENT OF GEOTHERMAL RESOURCES 

Now that we have reviewed the present status of 
geothermics in North America, let's turn to the 
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future and consider briefly some of the factors that 
will undoubtedly play a role in the development of 
geothermal resources. The discussion logically 
divides into three parts: exploration techniques, 
development techniques, and incentives and deter
ments to continued exploration. 

Exploration techniques 

Knov/n geothermal fields were discovered by 
drilling on obvious thermal anomalies, much as the 
first oil fields were discovered by drilling on oil 
seeps. A number of thermal anomalies have been 
drilled without apparent success; however, poor 
tests, even in areas later proved to be of value, 
are common. For example, the first attempts to find 
natural steam in the Salton Sea region were unsuc
cessful; three wells, the deepest 1,A73 feet, were 
drilled in 1927. The pressure and volume of the 
obtained steam were deemed insufficient for commer
cial purposes, and efforts to develop a steam field 
v;ere abandoned. 

I 
Thus, even though a prospect has been drilled, 

it has not necessarily been proven worthless. The 
major economic problems are hov/ to choose a prospect 
and where to drill the first exploratory holes. 

Geologic mapping. Needless to say, good geo
logic mapping is a must. In any exploration program, 
the first stage is reconnaissance field geology arid 
geologic mapping. Structural geometry is of primary 
importance in determining the geothermal anomaly. 
Steeply-dipping, normal or strike-slip faults are 
common in thermal areas and probably aid in providing 
deep circulation of meteoric waters. Structural 
troughs are the most favorable large structures. 
Structures associated with calderas also are often 
prospective. 

Regional lithologic studies are important in 
determining effective porosity and permeability at 
depth in a given system. Studies of geologic 
history, with special emphasis on tectonic and vol
canic history, will perhaps aid in evaluating the 
total heat flow of a given anomaly. Almost all 
important thermal systems seem to be associated 
regionally v/ith Cenozoic volcanism, although there 
may be no surface indication of volcanic rock.s in 
the immediate vicinity-of the surface anomaly. 

Additional exploration techniques are being 
used increasingly to supplement basic mapping in 
geothermal prospecting. 

Fluid dynamics studies. Geothermal studies 
have shown that water that discharges as natural 
steam or super-heated v/ater is, for the most part, 
meteoric water. This is, it has its origin in the 
atmosphere and has reached its present position 
through some sequence of events that includes re
charge and ground-water movement. 

One step that is being added to searches for 
natural steam is the integration of relatively in
expensive studies of regional ground water hydrology 
with basic geology. More and more, the techniques 
of regional fluid dynamics, such as those of T(5th 
(1963) and Freeze and Witherspoon (1966) are being 
called upon to explain the occurrence, distribution, 
and chemistry of thermal waters. 

These methods do nothing more than describe, 
quantitatively, the movement of ground water on a 
regional scale. The theory behind the methods pre
sumes that all rocks have a finite permeability, 
that ground-water movement need not be confined to 
"permeable" zones, and that some components of 
ground-water flov/ reach great depths without 
passing through fault zones or other zones of high 
vertical permeability. 

Regional fluid dynamics adds more information 
to the basic background required to determine 
where, and to what extent, physical or chemical ob
servation should be made. 

Physical techniques. The use of standard 
geophysical tools has been very effective in the 
search for natural steam. Future developments will 
most likely include refinements of old techniques 
and modification of classic theory to fit new data. 

The work of Rex (1970) in using a combination 
of gravity, temperature gradient, and electrical 
resistivity to identify thermal anomalies has al
ready been discussed. In addition, George Keller 
at the Colorado School of Mines, is using dipole 
resistivity and electromagnetic methods to locate 
natural steam; his techniques were applied success
fully in the Nicaragua study. 

A physical method that seemed to show promise 
was one that came out of New Zealand. The method 
uses a portable, slow-motion tape seismograph that 
measures seismic ground noise in the range of 1 to 
20 cycles per second. The theory is that water 
contact with a heat source produces a seismic noise 
pattern that can be plotted to determine the extent 
of a favorable geothermal aquifer. The instrument 
is simply left at one station after another until 
an adequate number of stations have been occupied. 
The tape is analyzed electronically to determine 
(1) the overall noise amplitude, and (2) the domi
nant frequency and its amplitude. Preliminary 
indications are that a dominance of high noise and 
low frequency describe a. good thermal aquifer. 
However, we know of no successful application of 
this technique. 

One physical method that shows promise utilizes 
remote sensing techniques coupled with ground con
trol. For example. Miller (1968), using infrared 
imagery, was able to map areas in Yellowstone 
National Park in which the ground surface tempera
ture was as low as 2° to k°F above normal. He 
estimates that In one area, 2,000 pounds of steam 
per hour are diffusing upward from the water table 
and are condensing a few tens of feet underground. 
Using the same tool, he further estimates that two 
steaming and warm ground areas are expanding at 
rates of as much as 15 feet per year. 

Chemical studies. Potentially useful chemical 
observations can be divided into two principal 
types: Those that attempt to estimate the maximum 
temperature that the water has reached; and those 
that attempt to estimate the age of the water, or 
more precisely, the length of time that the water 
has been in the aquifer. 

Efforts to estimate maximum temperatures fall 
into one of three categories: (I) The silica 
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content of most thermal water is abnormally high. 
The temperature at which this amount of silica would 
be in equilibrium gives an indication of maximum 
temperatures to which the water has been recently 
heated. (2) Isotopic compositions of waters from 
thermal springs and wells are used to determine 
whether there has been enrichment or fraction!zation 
that can Se related to temperatures at depth. (3) 
At the Mexicali field, sodium-potassium ratios seem 
to be related to temperatures,, with high tempera
tures associated with the lower ratios. This ob
servation seems applicable to other areas. 

The period of time that the water has been in 
the system is being investigated by two basic iso-
top i c-compos i t i on methods: (1) Certain isotopes 
tend to become enriched through reactions with rock 
or by mixing of-meteoric water with water from other 
sources. (2) Other radio-isotopes, notably carbon 
]k and tritium, can be used to determine the length 
of time the water has been removed from the atmos
phere. 

The value of these chemical observations is 
that they can provide insight into basic elements 
of a thermal system before an extensive test 
drilling program is undertaken. If sufficiently 
high temperatures are not indicated, exploration may 
not be fruitful. If the water is relatively old, it 
may indicate that the reservoir is recharged slowly 
and therefore would be subject to depletion if 
developed unwisely. As with many techniques, inter
pretation will depend in large measure on the 
validity of assumptions about the geology and fluid 
dynamics of the system. If such assumptions are 
close to reality, Isotopic methods should prove 
extremely useful. 

Exploration problems. One major exploration 
problem that remains to be solved is that of how we 
go about locating thermal steam reservoirs when they 
occur beneath thick, producing ground-water reser
voirs, as they probably do in the Rio Grande Valley 
of New Mexico and along the borders of the Snake 
River plain in Idaho. These areas are geologically 
similar to areas of known capacity, yet the sweep 
of ground water through shallower aquifers is suf
ficiently great that it masks any surface manifesta
tion of heat. 

Development techniques 

In most geothermal developments, no sharp line 
can be drawn between the end of the exploratory 
phase and the beginning of exploitation. Although 
most of the techniques described above are strictly 
exploratory, a few will be used during the develop
ment of a field to determine such factors as well 
spacing and productive well life. 

It is in this exploitation phase that addi
tional technology is particularly needed. Perhaps 
one of the most pressing problems is that of brine 
disposal. Depending on the area, one of two solu
tions seems to be the answer: economic removal of 
the mineral components or return of the thermal 
fluid to the reservoir. Three other interesting 
development techniques are also being considered. 

Teledyne Geonuclear, Inc., on the assumption 
that natural steam moves vertically upward through 

high-angle fractures, is investigating the prospect 
of using low-yield nuclear explosions to increase 
vertical permeability of the steam reservoir around 
existing wells. The chimney thus created could have 
the effect of increasing effective well diameter 
from a matter of inches to as much as 70 feet, and 
could increase the yield of a single well from 10 to 
20 fold. 

A variation of the above technique has been 
suggested by workers at Pacific Northwest Labora
tories of the Battelle Institute. They propose to 
recover energy from natural earth heat without 
relying on the discovery of natural steain. The 
rock crushing power of a nuclear device would be 
used to produce a large cavity filled with broken 
rock. Heat removal would be accomplished by dril
ling a second hole into the bottom of the cavity 
and adding water. The resultant high pressure, high 
temperature steam would be removed from the top of 
the cavity, used to power a turbine generator, con
densed, and returned to the cavity. 

Magma Energy Company has a completely different 
approach which is not only thermodynamically feas
ible, but seems to be economic. Magma proposes to 
use superheated water (rather than steam) having 
temperatures as low as 2')0°F in conjunction with 
heat exchangers. Thermal water will heat freon or 
propane, which will expand and discharge through a 
turbine generator. The used gas is condensed, re
heated, and cycled back through the heat exchanger 
in a closed cycle. A field test of a small heat 
exchanger is being conducted at Brady Hot Spring in 
Nevada (fig. 11). A final decision on location of 
the first plant should be made in the near future. 

If these heat-exchanging generators actually 
prove to be as economic as they seem to be, the 
whole approach to the development of natural thermal 
areas could change. The need to find reservoirs 
containing only a suitable type of steam will be 
gone, and we will be searching, instead, for copious 
quantities of very hot water. Magma expects to 
solve any brine disposal problems by returning the 
used water to the aquifer. This procedure should 
not only dispose of brine, it should also insure 
adequate water at good hydraulic heads in the 
aquifer. 

Measu remen t prob Iems 

Problems that a re common to both exploration 
and development phases are those of accurate 
measurements of borehole temperature and discharge. 
To date, measurements of temperature have been made 
with Amerada-type pressure and temperature bombs. 
These relatively costly measurements are not satis
factory for a variety of reasons: Bombs sometimes 
come loose and have to be recovered, or they fail by 
springing leaks under pressure. Occasionally they 
simply fail to record temperatures with sufficient 
accuracy to be meaningful. 

Flow usually Is measured with orifices, and 
these measurements are accurate if the density of 
the fluid is known. With dry steam no problem 
arises, but with wet steam the measurement is nol so 
simple because the density of the water-steam mix
ture is not uniform. Nucleonics Corporation is at
tacking this problem by injecting phase radioactive 
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j tracers and scanning horizontal pipes vertically for 
j gamma radiation distribution. 

j Incentives and Determents to Continued Exploration 

i Technologic problems can usually be-solved, 

given time and enough interest. However, other 
factors, mainly political and economic, can be just 
as much, or more, of a problem than technology in , 
the development of geothermal resources. On the 
other hand, favorable political and economic factors 
may accelerate geothermal exploration. 

Until 1970, failure of the Federal government 
to provide adequately for the development of Federal 
geothermal lands has been the major deterent in the 
exploration and development of the resource in the ., • . 
western United States. On December 2'*, 1970, 
President Nixon signed the Geothermal Steam Act of 
1970 (Public Law 91-581, 91st Congress, S.368), 
This law provides for the leasing of federal lands 
for the purpose of exploring for and developing geo-

j thermal steam and "geothermal resources," including 
j any mineral values that,might be extracted from 
, thermal brines. Since the adoption of the law, a 
I great number of companies have become actively in-

-i terested in prospecting for and developing natural 
j steam. 

•) At the present time, at least four states — 
I California, Nev/ Mexico, Utah, and Idaho — either 

have specific laws providing for the leasing of state 
i land for geothermal development, or can operate ef- 1 
! fectively under prior statutes. , • 

1 ' 
^Economic deterents and incentives take on a 

I variety of shapes and sizes. Discoveries of oi1 
' reserves on the North Slope of Alaska have caused 

some oil companies that might have been interested . * 
in geothermics to commit their capital to exploiting • . • . j 
the more-rami 1iar petroleum. However, some indivi- , ' 
duals believe that money not invested in geothermal 
exploration and development by oil companies wi11 be ' 

j more than replaced by investments from other sources. 
\ Some view geothermal pa-zer as "ecologically and en- -.i ' 
I vironmentally safe," thus a good long-term Invest- i 
i men t. , , 
•j ., ., • ,• I 
^ One very practical consideration for the • ' 

location of future exploration is the power market. . . 
Existing or planned power supply is more than ade- | 
quate in western states such as Wyoming. However, in ' • ĵ  
most other states the demand for power is growing, 

' and may in fact be a limiting factor in the growth of 
• specialized industries in these states. Here, geo-
' thermal power would not be competing with, but would 

be supplementing existing power sources, 
I • ., . 

1 Geothermics could provide in some areas a cheap 
source of electricity that could be used to exploit 
other local mineral commodities, such as phosphate or • 

; magnesium. Industries outside the mineral processing . -
field (such as pulp and paper manufacture or the 

I pumping of irrigation water) also require large 
amounts of relatively inexpensive power. Perhaps the 

I ultimate in,use is that proposed by Rex (Anon,, I969). 
[ He suggests that geothermal power produced from 

fields in the Salton - Mexicali province could be 
used to distill salt water, thus providing an ample, 
relatively-inexpensive water supply for the ever-
thirsty southern California area. 

I I 
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