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Assessment of Geothermal Resources of the United States-1975 

1 .  

Introduction 

By D. E. White and D. L. Williams 

Over the past 10 years, various individuals 
and organizations have made estimates of the 
geothermal resources of the United States (White, 
1965; Grossling, 1972; Rex and Howell, 1973; 
Hickel, 1973; Natl. Petrol. Council, 1973). These 
estimates have differed by several orders of mag- 
nitude. This wide variation has been due in part 
to lack of or differing assumptions regarding 
khnology and economic conditions, but much of 
the uncertainty has been caused by an inadequate 
understanding of the nature and extent of the 
resources themselves. 

Although future technology and economic con- 
ditions continue to be difticult to predict, con- 
siderable progress has been made during the past 
few years toward II better understanding of the 
resources--enough to improve significantly the 
basis for a comprehensive assessment of the mag- 
nitude, distribution, and recoverability of Various 
categories of geothermal resources within the 
United States. The new assessment presented here 
is appropriate in 'light of this improved under- 
standing and is designed to help Government and 
private industry to evaluate the present and fu- 
ture significance of these resourcea during their 
consideration of problems and opportunities fo 
the development of geothermal energy. 

Although these new resources estimates rest on 
a much improved scientific base, they should not 
be taken as final appraisals that are valid indefi- 
nitely into the future. They are limited by the 
data available to us early in 1975 and will need 
to be revised at appropriate times as more data 
and better methods of evaluation become avail- 
able. A format has been chosen that is awnable 
to revision. 

- 
This assessment of geothermal resources differs 

from previous resource statements in that it tabu- 
lates each identified system or subdivision of the 
major resource categories of table 1, listing the 
parameters assumed in calculating volumes, heat 
contents, and recoverabilities. As technology, eco- 
nomic conditions, and our knowledge of specific 
systems change, any of the variables may be 
changed to arrive at updated assessments. 

Resource-related terms used in this circular are 
defined as follows : 
Geothermal reswrce base includes all of the stored 

heat above 15OC to 10 km depth in all 50 
states. 

Geothermal re8mrce8 are defined as stored heat, 
both identified and undiscovered, that is re- 
coverable using current or near-current tech- 
nology, regardless of cost. Geothermal re- 
sources are further divided into three wte- 
gbries based on cost of recovery: 
(1) SubrnargimZ geotheml  TeSrnTCeS, recov- 

able only at a cost that is more than two 
times the current p competitive en- 
ergy systems ; 
Paramarginal ge 1 TMWrCe8,  re- 

coverable at a cost between one and two 
times the current price of competitive en- 
ergy ; and 
Geothemnal re8ewe8, consisting of those 

identified resources recoverable at a cost 
that is competitive now with other com- 
mercial energy sources. 

Undiscovered resources that are economically 
recoverable are not differentiated in this report 
but would be the economic equivalent of reserves. 

The first sections of this assessment of geo- 
1 



thermal resources include our estimates of the 
total resource base, subdivided into categories -of 
geothermal systems (table 1). The different cate- 
gories are related to the fact that, although tem- 
perature *genexally increases with depth below the 
surface of the Earth, the relative rates of increase 
differ from place to place, depending on the local 
subsurf ace geology and hydrology. Depth below 
ground surface is an important factor in deter- 
mining the cost of utilization, so we have arbi- 
trarily limited our calculations of the resource 
base to two depth ranges: surface to 3 km 
(roughly the maximum depth yet drilled for geo- 
thermal energy) and from 3 to 10 km (roughly 
the maximum depth yet drilled in search for oil 
and gas). 

The hydrothermal convection systems of cate- 
gories l a  and lb(1) (table 1) include all areas 
that are presently being utilized or explored for 
generation of electricity; the systems of category 
lb(2) are attractive for nonelectrical space and 
process heating. The relatively high f avorability 
of these systems is due to the fact that convection 
of water (or steam) transfers heat from the hot 
deep parts of a system to its near-surface parts. 
Thus, higher temperatures are attainable in shal- 
lower wells at lower costs than in normal tem- 
perature-gradient areas where heat is transferred 
dominantly, if not entirely, by conduction through 
solid rock. The presence of steam or water as a 
natural working fluid is an additional major ad- 
vantage of the convection systems, but the locally 
available quantity may not be adequate for pro- 
duction on a commercial scale. Systems with 8s- 
sumed maximum temperatures below 90°C are 
omitted from our tabulations because adequate 
data are generally lacking, but many are listed 
by Waring (1965). 

The hot igneous systems of category 2 provide 
challenges for major future utilization. Of all 
categories, those with molten magma &t tempera- 
tures above 650°C (and in part as high as 
-1,200°C, depending on type of magma) contain 
the most stored heat per unit of volume or mass; 
however, the technological problems of utilizing 
this heat are the most difficult for all categories. 
These large young magma systems are especially 
attractive targets for exploration, and their ex- 
istence accounts for many of the known highly 
favorable hydrothermal convection systems. The 
hot dry rocks of category 2b may not always be 
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as hot or as dry at shallow and intermediate 
depths as generally envisioned because hydro- 
thermal convection in natural fractures may be 
more common than is indicated from surface 
evidence. 

Category 3 includes the conduction-dominated 
regions that underlie most of the United States 
and that constitute by far the largest part of the 
total resource base. The volumes of rock involved 
are huge, but average temperatures are low. Con- 
vection of natural fluids is a minor faotor in many 
of these conduction-dominated areas. Of special 
note in this category is the geopressured environ- 
ment of the gulf coast ; the term “fluid resource 
base” denotes only the fluid part of the total 
geothermal resource base of the gulf coast. 

The later sections of this assessment consider 
the parts of the resource base that may be avail- 
able for recovery and utilization, depending on 
various physical, economic, and technological con- 
straints. Reliable estimates of recoverability are 
more difficult to derive than are the estimates of 
the resource base because of the great uncertain- 
ties of future prices, technologies, and .govern- 
mental and environmental considerations and the 
natural physical properties of the deep subsurface. 

National parks have been given special status 
in this geothermal assessment. Some national 
parks and national monuments were created be- 
cause of their young or active volcanism or be 
cause of their spectacular geysers and hot springs, 

which are the surface evidence of high-tempera- 
ture convection systems (Yellowstone, L-2 
Crater Lake, Mount Rainier, Hawaii Volcanoes, 
and Katmai). The parks are included in esti- 
mates of the resource base (they are in the United 
States, and they do have much heat in the 
ground), but they have been excluded from all 
considerations of recoverability and utilization. 
Geothermal exploitation of Wairakei, New Zea- 
land, and Beowawe Geysers, Nevada, has diverted 
the natural water supply into wells and has de- 
stroyed the hot springs and geysers. These hot- 
water systems clearly cannot sustain both natural 
activity and exploitation. The vapor-dominated 
systems (Larderello, Italy, and The Gey%rs, 
California) are not so immediately sensitive, but 
long-range destruction of the natural activity by 
exploitation is equally certain. 

Conversion factors from the metric system of 
units to English units and explanations of some 



Table l.-Categories of geothermal resource base (heat in the ground at temperatures above 1S0 C to specified 
depths and without regard for recoverability) 

1. 

r 

Hydrothermal convection systems 
( re la t i ve ly  high temperatures 
a t  shallow depths; heat content 
estimated only t o  3 km depth; 
see Renner and others, t h i s  

a. Vapor-dominated systems 

volume). . ,  

b. Hot water systems 

(1 ) High-temperature systems 

Temperature 
Characteristics 

%24OoC 

>1 50°C 

(2) Intermediate-temperature systems 1 5OoC t o  %90°C 

(3)  Low-temperature systems <90°c 
(not tabulated; many i n  
Waring, 1965) 

hydrothermal convection systems 
i n  (1) above; heat content e s t i -  
mated from 0 t o  10 km depth; see 
Smith and Shaw, ' t h i s  volume). 

a. Assumed par t  s t i l l  molten >65OoC 

b. Assumed not molten but very hot ~650°C 

3. Conduction-dominated areas (by heat- 15" t o  %300"C 

2. Hot igneous systems (excluding 

("hot dry rocks") 

f low provinces, u t i l i z i n g  avai lable 
data on heat flows, radiogenic heat 
production, and thermal conduct iv i ty 
o f  rocks; heat contents estimated f o r  
0 and 3 and 3 t o  10 km depth; see 
Diment and others, t h i s  volume. This 
category includes the Gulf Coast geo- 
pressured environment wi th  i t s  f l u i d  
f rac t ion  specia l ly  considered by 
Papadopulos and others, t h i s  volume). 

Natural f l u i d  
supply 

Available; not  
always adequate. 

Available; not  
always adequate. 

Available; not 
always adequate. 

Available; not  
always adequate. 

Inadequate. 

Generally 
inadequate. 

Adequate i n  parts 
o f  sedimentary 
basins, generally 
inadequate else- 
where. 

terms in this report are shown in table 9. Hickel, W. J., 1972, Geothermal energy; Geothermal RP- 
sources Research Conference Final rept., Univ. of 
Alaska Press, 95 p. ACKNOWLEDGMENT 

The Of this assessment was Out National Petroleum Council, 1973, U.S. enerjgy out.look- 
by the U.S. Geological sumeJ"s G ~ h ~ ~  Re- new energy forms: Washington, D.C., U.S. QOYL 
search Pmgram with encouragement and funding Printing office, 9 p. 
from the Energy Research and Development Ad- Rex, R. W., and Hmell, D. J., 1973, Assessment of U.S. 
ministration. Its support made it possible to &c- geothermal rmouTcw, in Kruger, Paul, and Otte, 

complish this assessment at an accftlerated pace. 
$ ~ ~ ; a t ~ ~ ~ ~ ~ ~ ~ ~ ~ ; m ,  ;:::z :?Fgz, 

Waring, G. A., 1965, Thermal springs of the United States 
and other countries of bhe World-A summary: U.S. 
Geol. Survey Prof. Paper 492, 383 p 

m i t e ,  D. E., 1965, Geothermal enexy: U.S. -1. sm- 
vey Circ. 619,17 p. 

REFERENCESCITED p. 69-60. 

G r w l i g ,  B. F., 1972, An appraisal of the prospects of 
geothermal energy in the United States, in U.S. 
energy outlook: Natl. Petroleum Council, Washing- 
ton, D.C., Chap. 2, p. 1&26. 
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Table S.-Metric units used in this volume, conversion factors to other units, and some assumed values for physical 
parameters. 

Length : 1 meter (in) = 3.281 f t ;  1 kilometer (km)  = 3,251 f t  = 0.6214 m i ;  
1 centimeter (cm) = 0.3937 i n .  = 6.214 x m i .  

Area : 1 km2 = 106m2 = 0.3861 m i 2  = 247.1 acres. 

Volume: 1 km = 0.239 m i 3  = lo1%; 1 l i t e r  ( 1 1 )  = 0.2642 gal;  1 Q/ 
min  = 5.886 x f t3/sec.  

Temperature: "C = 5/9 (OF - 32); 0°C = 235.15"K. 

Temperature gradient: 1°C/km = 10-3"C/m ra te  o f  increase i n  temperature w i t h  
depth: conductive gradient is  directly proportional t o  heat 
flow and inversely proportional t o  thermal conductivity of the 
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Pressure: 

Heat/power: 

Heat flow: 

rocks. 

1 bar = 0.9869 atm = 1.020 kg/cm2 = 14.50 psi  = 10 dynes/cm2 = 
0.1 meganewtons/m2. 
t o  gage pressure a t  sea level and geothermal areas a t  low alt i tudes.  

1 cal = 4.186 joules = 3.9685 x BTU = 0.001 kcal = 0.00116 
watt h ;  1 cal/g = 1.80 BTU/lb. 1 MW (electric).century = 
7.53 x 1014 cal (thermalVec, where e, i s  conversion efficiency. 

A barrel o f  petroleum (42 ga l )  assumed t o  have potential heat 
of combustion o f  1.45 x lo9 cal = 5.8 x lo6 BTU = 0.223 short tops 
coal. 
with each u n i t  equivalent i n  heat content of 690 million barrels 
of petroleum or 154 million short tons of coal. 

1 x cal/cm sec = 4.19 x 19-2 W/m (watts per sq. meter); 
the world-wide average conductive heat flow i s  approximately 
1.5 x 10-6 cal/cm* sec 

6 
A1 1 pressures absolute, w i t h  1.01 bar added 

Coal assumed to  have a potential heat content o f  7.2 x 10 3 cal/g.  i 

In th i s  volume, heat contents stated i n  units of 10l8 ca l ,  

2 2 

Thermal ccnductivit,y: 1 x cal/cm SPC "1: = 0.418 W/m"K. 

M a s s :  1 q = kg = metric t o n  = 2.20 x l b  = 1.103 x 

Volumetric specific hoat of pure water a t  standard temperature and pressure i s  1.0 

short ton. 

cal/cm3"C and of.average rocks, assumed 0.6 cal/cmI/"C. 
granite magma a t  9OO"C, crystall izing and cooling to ,115"C assunEd 
to  release *(.300 cal/g or 1.7 x lOI7 cal/km?; equivalent heat in 
molten basalt  a t  1,lOO"C i s  1.375 cal/q. 

Heat in 
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Assessment of Geothermal ff esources of the United States-1975 

Hydrothermal Convection Systems 

I . By J. L. Rennet-, D. E. White, and D. nL. Williams ’ 

- j  

In hydrothermal convection systems, most of 
the heat is transferred by the convective circula- 
tion of water or d a m  rather than by themal 
conduction through solid rocks. Convection oc- 
curs in rocks of adequate permeability because 
of the buoyancy effect of heating and consequent 
thermal expansion of fluids in a gravity field. The 
heated fluid tends to rise, and the more dense, 
coolsr fluid tends to descend elsewhere in the 
systsm. Convection, by its nature, tends to in- 
crease ;temperatures at higher levels as tempem- 
tures at lower levels decrease below those that 
would otherwise exist, 

Worldwide experience gained from geothermal 
exploration of hydrothermal convection systems 
indicates that most systems contain liquid w a r  
as the dominant pressure-controlling fluid in frac- 
tures and pores. Wells drilled into such systems 
normally deliver at &he wellhead. a m i x t ~  
liquid water and 10 to 30 percent of steam, which 
forms in the well bore as pressures decrease up- 
ward. In  a few systems, however, such as Lar- 
derello, Italy, and The Geysers, CaJifornia, wells 
produce saturated or even superheated steam, 
typically with no associatad liquid. Moreover, in- 
hole pressures measured in shut-in wells of these 
systems normally increase only slightly with 
depth within the reservoir; the increase in pres- 
sure is equivalent to that of a column of steam 
and associated gases and is much less than the 
pressure gradient in a column of water. Pmsures 
in these relatively rare systems evidently are con- 
trolled by vapor rather than by liquid, and thus 
the systems are called vapor-dominated systems. 

VAPOR-DOMINATED SYSTEMS 
There is still divided opinion on the origin and 

fundamental characteristics of vapor-dominated 
geothermal systems and on why they differ so 
much in their production characteristics from 
the more abundant hobwater systems (Truesdell 
and White, 1973). All successful wells in the Gey- 
sers field, the outstanding example of this type 
of system in‘ the United States, produce saturated 
or slighrtly superheated steam containing little or 
no liquid water and only a small percentage of 
other gases. Some succe&ful wells initially dis- 
charge some water that dries up to pure vapor 
with time. In-hole temperatures prior to much 
production tend to be close to 240°C if reservoir 
depths are greater than about 400 m ; initial well- 
head pressures are close to 34 bars (James, J968 ; 
Ramey, 1970; White and &hers, 1971). These 
charactaristics are genemlly mp ted  as typical 
of the deeper “virgin” parts of The &ysem, Lar- 
derello, Italy, and Matsukawa, Japan.‘ 

The stored heat of the reservoir rocks is prob- 
ably 85 percent or more of the total heat in the 
vapor-dominated systems (Truesdell and White, 
1973). Production of steam from a reservoir re- 
sults in a decline in pressures ; consequently, water 
in the popes boils to stSam, utilizing heat stored 
in the reservoir rocks. 

Many aspects of vapor-dominated systems are 

‘Other types of vapor-dominated s stems exist, such as thore 
near Monte Amiata, Italy (lower &I temperature and much 
higher in gases other than steam: Whlte, 1978, p. 87. 88. 
Truesdell and White, 1978), and those found in shallow re! 
glmes between ground surface and the water table under local 
topographic highs of hot-water systems. But in this report, the 
term “vapor dominated” refers to high-temperature low-gas 
systems snch as The Geysers and Larderello. 
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not well understood, and critical observations 
within and below the mjervoirs either have not 
been made, or the data have not yet been released 
by the operating companies. Our interpretations, 
however, favor steam as the continuous pressure- 
controlling fluid in the reservoir, but with liquid 
water being locally available in small pore spaces 
and on fracture surfaces. Because of surface ten- 
sion, this water cannot be drained completely by 
gravity. Below the vapor-dominated reservoir, 
we envision a deep water table with underlying 
rocks saturated with water, probably a high- 
chloride brine (Truesdell and White, 1973). Esti- 
mates ,of res~rves and resources of vapor-domi- 
nated systems (Nathenson and Muflier, this cir- 
cular) are based on this model. 

Vapor-dominated systems are considered to 
develop initially from hot-water systems that 
have a very large supply of heat but a very low 
rate of recharge of new water. I f  the heat supply 
of a developing system becomes peak enough to 
boil off more water than can be replaced by re- 
‘charge, a vapor-dominated system starts to form. 
The fraction of discharged fluid that exceeds re- 
charge is supplied from water previously stored 
in large fraotures and porn spaces. Heat, sup- 
plied by condensation of rising steam, is con- 
dudad outward from the near-surface, nearly 
impermeable margins of the reservoir and thus 
accounts for the high conductive heat flows of 
these systems. The liquid condensate is in excess 
of the liquid that can be retained by surface ten- 
sion; the excess drains downward under p v i t y  
to the hypothesized deep water table where it 
is available for recycling along with newly re- 
charged water. 

Our model requires that fluid in excess of that 
provided by recharging water must be discharged 
from the system. This feature has important con- 
sequences, if true, in that it requires identifiable 
vent areas. A small vapor-dominated system per- 
haps could discharge some steam and other gases 
into surrounding liquid-saturated ground with no 
conspicuous surface evidence ‘for its existence, ‘but 
we are skeptical that a large system with high 
total herut flow and high rate of discharge of 
steam and other gases can remain concealed with- 
out developing the prominent vent areas that 
characterize all known mpor-dominated systems 
of .this type. The law-temperature, high-gas sys- 

tems similar to Monke Arniata, Italy (White, 1973, 
p. 86-87), probably have impermwble cap rocks 
and little or no surface evidence. Such systems 
can be considered as thermal natural-gas fields 
that are high in CO, and H2S, relatively low in 
temperature, and at least in pah characterized by 
water drive. 
Identified system 

The Geysers, California, is the only example 
of a large vapor-dominated system exhnsively 
drilled in the United States (table 3). The extent 
of the field is not yet known, but the drilling pat- 
tern established by more than 100 wells suggests 
that the commercial limits may have been at- 
tained a libtle northwest of the Sulphur Bank 
section (about 2 km northwest of the first pro- 
ducing wells at The Geysers). Step-out wells have 
shown the fie1d.t.o extehd at least 3% km north 
and 2% km southwest of the first wells. Drilling 
is hot yet complete to the southeast, but a belt 
2 to 5 km wide, 15 km long, and about 70 km’ 
in total area is our present estimate of the ex- 
tent of bhe field. Most commercial wells are 1% 
to 21/2 km deep, ranging from about 0.2 km in 
some of the early wells to a present maximum 
near 3 km. The he& reservoir is assumed to be 
continuous between 1 and 3 km in depth; thus, 
its assumed volume is 140 km’. I f  the average 
temperature is 240°C, as we assume, then the 
estimated total heat content is 18.9 X 10l8 cal. 

The Mud Volcano system in Yellowstone Park 
was first recognized by its surface characteristics 
and geochemistry as a probable vapor-dominated 
system and later confirmed by QC single research 
drill hole (White and others, 1971). The area of 
surface activity is about 5 km*. Resistivity d a h  
(Zohdy ‘and others, 1973) suggest that the vapor- 
dominated part extends to a depth of 1 to ll! km 
and is underlain by a better electrim1 conductor, 
presumably a deep water table. The vapor-domi- 
nated part is assumed to extend from ‘0.2 to 1.5 
km in depth, and its calculated volume is 6.5 
km8, If its average temperitture is 230°C, then 
its estimated heat content is ~ 0 . 8  X 10l8 ail. 
Outlook for new disrocrcries 

All recognized vapor-dominated systems of the 
Larderello type are charaddeed by prominent 
vent areas with bleached rocks, scanty vegetation, 
acid-sulfate springs, and no closely associated 
chloride waters. If these systems do q u i r e  such 
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vent areas, then few similar unrecognized systems thermal alteration, have provided very useful evi- 
exist for future discovery. The principal possi- dence on probable subsurface temperatures, vol- 
bilities known to us are in Yellowstone National umes, and heat contents. However, springs cannot 
Park and Mount Lassen Volcanic National Park. discharge from convwtion systems th& am 

Yellowstone Park includes several possible sys- capped impermmb1e rocks Or that 

rather young sinter of the Mud volcano systsm Both of these exceptions exist, and many other 
(White and others, 1971) indicates evolution examples are likely to be discovered. 
from a hot-water system soon after the last The temperatures of hobwater systems range 
glacial stage (about 10,000 years ago). This evi- from slightly above ambient to about 360°C in 
dence, combined with the resistivity data thdt the Salton Sea system and the nearby Cerro 
suggest a relatively small system saturated with Prieto system of Mexico. For convenience in this 
water at depths-below about 1% km, implies a assessment, hot-water convection systems are di- 
still-evolving system. During the last glacial -vided into three temperature ranges: (1) above 
stage, thick glacial ice and consequent, deep melt- 150°C (table 4 and figs. 1 and 2) ; .these systems 
water lakes over the thermal ams may have may be considered for generation of electricity; 
provided high water pressures that resulted in (2 )  from 90°C to 150’42 (table 5 and figs. 2 and 
much recharge down the present discharge chan- 3) ; these systems are attraotive for space and 
nels, thereby insuring a water-saturated system. process hwting; and (3) below 90°C(not tabu- 
Thus, a vapor-dominated system may become a lated) ; these systems are likely to be utilized for 
hot-water system during glaciation. I f  this is so2 heat only in locally favorable circumstances in the 
then other systems in Yellowstone Park may also United! States. 
have shallow vapor-dominated reservoirs that are Direct temperature are made 

either in surface springs or in wells. The tempera- still developing. 
The thermal activit,~ within the boundaries of tures of springs generally do not exwed the boil- 

Mount Lassen Volcanic National Park has the ing temperature at existing air pressure (1000~ 
characteristics of vapor-dominated systems, with at sea level to 03°C for pure water at an alti- 
Chloride Waters being comPlete13’ absent. H O W -  tude of -2,200 m), although some springs in 
ever, the Morgan spring P U P ,  just Outside Of Yellowstone Park and elsewhere are superheated 
the Park and about 8 km South of the thmrd by 1” to 2’C. At depth in wells, where pressures 
WtivitY in the Park, is a hkh-temperature are much higher, the boiling temperature is also 
chloride-water system that discharges at an alti- much higher. Wells th& tap water initially at 
tude of % to 1 km below the Surface Springs in temperatures above surface boiling yield a mix- 
the Park. Morgan Springs may be draining the ture of water and steam (“flash” steam), with 
dmP &dO*de Pad of a l a r e  VaPr-dominated proportions depending mainly on the initial wa- 
system within the pmk. ter temperature and the pressure in the steam- 

water separator. For example, water flashed from 
ROT-WATER SYSTEMS 300°C t O  a separator pressure of 4.46 bars (50 

Geneml chmaclcristics lb/ina) , near a common operating pressure, yields 
Hot-water systems (White, 1973) are gomi- 33 Percent *am; 2oooc Yields 11 Percent, but 

nakd by circulating liquid, which transfers most 150°c (jU*’A ‘hili% for the PESSUm) Yields 
of the he& and largely controls subsurface pres- none (MaeI’, 1973, P. 255, fig. 28). ObViOUSb’ 

(in mntmst to vapedominat,&J sptems). the favorability of a hot-water system for genera- 
However, vapor may be prwerit, generally tion O f  electricity from flashed stSam increases 
as bubbles dispersed in the water of the shallow raPidb’ 150°C. Binary SY&mS may allow 
lowqwessure parts of these systems. utilization of somewhart lower temperatures for 

Most knawn hot-wahr systems are character- generation Of elwtricitf. 
ibed by hot springs that discharge at the su&m. The waters of these systems range fro@ very 
These springs, through th4r  chemiual csmposi- low salinity to brines’of extreme salinity. “he 
tim, %mal distribution, and d a t e d  hydro- most common range ii from 0.1 to E p d n t  

toms other than the Mud Volcano syam.  The the local water is the ground 

7 (”d ? s u m s  on D. 61) 



Table S.-Identified vapordominated ~ ~ b m  of the 

Location Temperatures OC 

Name Lati- Longi - 
tude face sur- 

face 0 1  
tude 

0 '  

N W 
2/ 2/ 

- 1/ ST02 Na-K-Ca Y 
The Geysers, CA 38 48 122 48 ,101 (not applicable) %240 

Mt. Lassen Nat'l 40 26 121 26 953 (not applicable) , %240 

Mud Volcano system 44 37.5 110 26 %90 (not applicable) %230 

Park, CA 

Yellowstone Nat'l 
Park, Wyoming 

Totals for 3 systems 

Note: Yellowstone and Mt. Lassen National Parks permanently withdrawn from 

- l/Maximum surface temperature reported from a spring or well. 
- 2/f'redicteQ using geothermometers, assuming last equilibration in the 

- 3/Average reservoir temperature based on geothermometry unless otherwise 

expl oi ta ti on. 

reservoir . 
noted in comments. 
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with probable subsurface temperatures exceeding 2OO0C 

Reservoir Assumptions Comments 

Sub- Th ick -  Vol- Heat 
sur- ness ume con- 
face tent 
area 10'8 

ca 1 
km2 - 4/ km - 5/ km3 - 6/ 7J 

70 2.0 

$47 1 .o 

5 1.3 

QJ122 

2 
140 18.9 Area may range from 50 t o  100 km ; bottom 

of reservoir may extend below assumed -3 km. 
>lo0 well's drilled by early 1975. Present 
heat production ~ ~ 8 0  times estimated natural 
heat flow. 

not ,conf i rmed. 

underlain by hot-water system indicated 
by r e s i s t i v i ty  survey. 

47 6.3 Likely t o  be a vapor-dominated system b u t  

6.5 0.8 Reservoir assumed g . 2  t o  1.5 km thickness 

QJ194 ~ 2 6  

4JFrom surface manifestations, geophysical data, well records and geologic 
inference. Assume $1.5 km2 if  no da ta  pertinent t o  size is available.  

5JTop assumed a t  1.5 km of no data on depth available.  Bottom assumed t o  
be-3 km for  a l l  systems. 

6JCalculated from area and thickness. 
7Jal culated as product of assumed volume, vo 

0.6 cal/cm3OC, and temperature i n  degrees 
temperature (assumed t o  be 15%). 

umetric specific heat of 
above mean annual surface 

? 
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with indicated subsurface temperatures above 16OoC 

Reservoir Assumptions 

Comments 
Sub- Thick-  Vol- Heat 
sur- ness ume con- 
face tent 
area 1018 

ea 1 
km2 - 4/ kin 5/ km3 6J - 71 

4 2 

2 2 

1.5 1.5 

1.5 1.5 

2.5(?) 1 

8 

4 

2.25 

2.25 

2.5 

.9 22 springs and geysers i n  3 thermal areas in  
2 km long zone, near Okmok Caldera; s i l iceous 
sinter deposit. 

.3  Hot springs and geysers i n  area about 1 km2 
near Okmok caldera. 

.2 Several springs discharging %380 1 pm; chemical 
data not reliable. 

.2 Hot springs and fumaroles on active Akutan 
vol cam. 

.2 No natural springs; two wells ' ~ 1  km apart  
d r i l l ed  t o  3 krn depth with bottom-hole tem- 
peratures of 163OC and 184°C; discharge esti- 
mated 19,000 l /min .  from below 2 km. 

11 



Table 4.-Identified hot-water convection systems with 

Location Temperatures "C 

Name Lat i -  Longi- Sur- Geochemical Sub- 
tude face sur- 

face 0 1  
tude 

0 1  

N W 

21 21 
lJ STOP Na-K-Ca Y 

CALI FORN I A  

Surprise Val 1 ey 

Morgan Springs 

Sulphur Bank mine 

Caiistoga 

Skagg's H.S. 

Long Valley 

Red's Meadow 

Cos0 H.S. 

Sespe H.S. 

Salton Sea 

Brawl ey 

Heber 

East Mesa 

Border 

41 40 

40 23 

39 01 

38 34.9 

38 41.6 

37 40 

37 37 

36 03 

34 35.7 

33 12 

33 01 

32 43 

32 47 

32 44 

120 12 97 

121 31 95 

122 39 80 

122 34.4 

123 01.5 57 

118 52 94 

119 04.5 49 

117 47 95 

118 59.9 90 

115 36 101 

115 31 

115 31.7 

115 15 

115 07.6 

12 

174 

190 

181 

157 

150 

21 9 

161 

161 

133 

159 

229 

157 

155 

153 

238 

130 

238 

155 

175 

210 

185 

160 

155 

220 

165 

220 

155 

340 

200 

190 

180 

160 



indicated subsurface temperatures above 150 'C-Continued 

Reservoir Assumptions 

Sub- Thi ck- Uol- Heat 
sur- ness ume con- Comnents 
face  tent 
area 10'8 

ca l  
km2 4f km 5J km3.GJ 7J 

125 2 250 24 

5 2 10 1.2 

2.5 1.5 3.75 .4 

4.5 2 9 .8 

2 1.5 3 .3 

225 2 450 55 

1.5 1.5 2.25 .2 

168 2 336 41 

1.5' 1.5 2.25 .2 

54 2 108 21 

18 1.5 27 3 

50 2 100 11 

28 2 56 5.5 

3 .6 1.8 0 .'2 

\ 

7 spr ing grpups, i n  area of hydrothermal ex- 
plosion, 1951; minor sinter. 4 wells d r i l l e d ;  
maximum reported 16OoC, mixing models a s  high 
as  225OC. 

25 spr ings flowing 350 lpm; and considerable 
sinter; system may be much la rger ,  i f  con- 
nected t o  Lassen. 

Springs discharging i n t o  water-f i l led open p i t  
of la rge  mercury depos'it; 4 wells d r i l l e d ,  
reported maximum 182°C. 

4 hot spr ings and several  flowing wells; 
spr ing discharge about 30 lpm. 

3 spr ings,  flowing 57 lpm. 

Springs and fumaroles i n  area of about 10 km2. 
Recent caldera;  about 10 wells d r i l l e d ,  re- 
ported t o  181"C, extensive geology and geo- 
phys i cs . 
5 spr ings flowing 38 lpm. 

1 group of hot springs; weak fumarole areas;  
geophysics indicates  may be a very la rge  
sys  tem . 
4 hot spr ings flowing 470 lpm. 

Many low-temperature seeps; 1 group t o  101"C, 
now under Salton Sea; numerous d r i l l  holes 
t o  2400 m and temperatures t o  360°C i n  hyper- 
saline brine.  

No surface discharge, reported high tempera- 
ture based on old o i l  test; size based on 
temperature-gradient survey. 

No surface discharge; much ac t ive  explora- 
t ion  but no data  released; estimated using 
temperature grad ien t  da ta  and exploration 
ac t iv i ty .  

No surface discharge; temperature estimated 
using d r i l l i n g  data ,  volume from temperature 
gradient  data  and d r i l l - h o l e  data .  

No surface discharge; estimated from tempera- 
ture gradient data and extrapolat ion o f  East 
Mesa geology. 

13 



Table 4.-Identified hot-water convection systems with 

Location Temperatures O C  

Rame Lat i -  Longi - Sur- Geochemical Sub- 
tude face 

0 0  
tude 

0 1  

N W 

sur- 
face 

21 21 
lJ S'TO, Na-x-Ca - 31 

IDAHO 
Big Creek H.S. 

Sharkey H.S. 

Weiser area 

Crane Creek 

Near Cambridge 

Wardrop H.S. 

Murphy H.S. 

NEVADA 

Ba l  tazor H.S. 

45 18.8 

45 00.9 

44 17.9 

44 18.3 

44 34.4 

43 23.0 

42 02.2 

41 55.3 

114 19.2 

113 51.1 

117 02.9 

116 44.7 

116 40.7 

114 55.9 

115 32.4 

118 42.7 

93 

52 

77 

92 

26 

66 

51 

80 

1 60 

135 

157 

173 

119 

120 

127 

165 

175 

175 

142 

166 

180 

155 

160 

152 

175 

175 

160 

180 

180 

155 

160 

170 

Pinto H.S. 41 21 118 47 93 162 176 165 

Great Boi 1 i ng 40 39.7 119 21.7 86 167 205 170 
(Gerlach) Springs 

Hot Sulphur Springs 41 28.2 116 09.0 90 167 184 185 

Near We1 1 s 41 10.9 114 59.4 61 140 181 180 

Sulphur H.S. 40 35.2 115 17.1 93 183 181 190 

' 14 



indicated subsurface temperatures above 150 C-Continued 

Reservoir Assumptions 

Sub- Th Ick- Vol- Heat 
Comments sur- ness ume con- 

face ten t  
area 1018 

ca 1 
km2 ?/ km 5/ km3 &/ I/  

2 1.5 3 .3 15 springs discharging -280 lpm and deposit- 
ing  t raver t ine  and s in ter ;  mixing model sug- 
gests 220°C; few wells. 

2 1.5 3 .3 Spring discharging e30 lpm; t raver t ine  and 
s in te r (? )  reported; Na-K-Ca may be inaccu- 
rate; mixing temperature 220°C. 

35 2 70 6.1 Numerous hot  springs and wells; a t  depth 
may be connected t o  Crane Creek. Mixing 
model indicates possible 228°C. 

s in ter ,  i n  area o f  mercury mineral izat ion; 
Crane Creek and Weiser may be separate i n  a 
zone from Midvale, ID t o  Vale, OR. Mixing 
model indicates possible 239°C. 

30 2 60 5.9 Springs discharging e200 lpm; extensive 

1.5 1.5 2.25 .2 Flowing well ;  Na-K-Ca may be inaccurate. 

1.5 1.5 2.25 .2 Numerous springs discharging ~ 7 3 0  lpm; 
may be pa r t  o f  a la rger  system i n  Camas 
Pra i r ie ;  mixing model suggests 160°C. 

model suggests 200°C. 
1.5 1.5 2.25 .2 2 springs discharging e260 lpm; mixing 

1.5 2 3 .3 Springs discharging 100 lpm; f lowing we l l  
90°C, discharging 25 lpm; the area may be 
large southern extension o f  Alvord Desert, 
OR. area. 

5 1.5 7.5 .7 Two areas, probably interconnected; 2 springs 
o f  eastern area depositing t raver t ine  and 
and discharging 500 lpm; 1 wel1,western area, 
f lowing 100 lpm. 

face discharge %l,OOO lpm, calculated t o t a l  
discharge (from heat f low) ~ 2 0 4 0  lpm; we l l  
e150 m deep, 110°C. 

Na-K-Ca may be inaccurate. 

10 2.5 25 2.3 2 major groups o f  springs and 4 others; sur- 

1.5 1.5 2.25 .2 Springs w i th  abundant su l fu r .  

1.5 1.5 2.25 .2 3 springs discharging 45 lpm; may be p a r t  o f  
a more extensive system extending f o r  4.8 km 
along the west edge of the Snake Mountains. 

. 5  km2; abundant s in te r .  
4 2.5 10 1.1 Many springs and pools i n  an area o f  about 

16 



Table 4.-Identified hot-water convection systems with 
. .\ 

Loca t i on Temperatures "C 

Name Lati- Longi- Sur- Geochemical Sub- 
tude face sur- 

0 1  
tude 

0 1  

N W face 

NEVADA Con. 

Beowawe H . S .  40 34.2 

Kyle H.S .  40 24.5 

Leach H.S. 40 36.2 

Hot Springs Ranch 40 45.7 

Jersey Valley H.S. 43 10.7 

Stillwater area 39 31.3 

Soda Lake 39 34 

Brady H.S. 39 47.; 

Steamboat Springs 39 23. 

Wabuska H.S. 39 09.7 

Lee H.S. 39 12.6 

Smith Creek Valley 39 21.4 

116 34.8 

117 52.9 77 

117 38.7 96 

117 29.5 85 

117 29.4 29 

118 33.1 96 

118 49 90 

119 00 98 

119 45 96 

119 1 1  97 

118 43.4 88 

117 32.8 86 

16 

226 

161 

155 

150 

143 

159 

165 

179 

207 

145 

173 

143 

242 

21 1 

176 

180 

182 

140 

161 

226 

152 

162 

157 

?40 

180 

170 

180 

185 

160 

165 

21 4 

210 

155 

175 

160 



indicated subsurface temperatures above 160 Wontinued 

Reservoir Assumptions 

Sub- Th ick -  Vol- Heat 
sur- ness ume con- 
face tent 
a rea 1018 

Comments 

ca 1 
km7 %/ km g/ km3 g/ L/ 

21 2 42 5.7 Prior  t o  exploration, about 50 springs and 
small geysers discharging about 400 lpm from 
extensive area of s i n t e r  deposi ts ;  6 wells 
d r i l l e d  up t o  600m depth, temperatures t o  
212"C, 1 deep well b u t  no data avai lable .  

1.5 1.5 2.25 .2 Several spr ings,  l a rges t  flowing -20 lpm 
deposit ing t raver t ine .  Na-K-Ca thermo- 
metry may be t o  high. 

calculated to t a l  flow -900 lpm. 

lpm and deposit ing t raver t ine  so Na-K-Ca 
may be inaccurate.  

area of sinter and t raver t ine ;  surface tem- 
perature low because of low discharge. 

t o  115°C; calculated t o t a l  discharge (from 
heat flow) 6,000 lpm. 

5 2.5 12.5 1.1 No surface discharge,but small area a l t e r ed  
by gases, and 21 km7 of anomalous heat flow. 
Shallow wells show 100°C near surface; be- 
tween 2 recent  basa l t i c  erupt ive centers. 

12 2.5 30 3.6 Several former spr ings discharged -200 lprn 
from small area of sinter; several  wells; 
214°C reported i n  1500 m well; calculated 
discharge -?,700 lpm. 

extensive sinter deposi ts  w i t h  ages a t  l e a s t  
as much a s  1 mil l ion years ,  calculated t o t a l  
discharge 4,300 lpm; more than 20 wells f o r  
research, exploration, and spa supply. 

1.5 1.5 2.25 .2 Several hot spr ings of low natural  discharge 
discharge; three wells  d r i l l e d  t o  maximum o f  
4 7 0  m, up t o  106°C; small area of t raver-  
tine; area may be larger. 

area o f  sinter. 

4 2.5 10 .9 Several hot springs discharging -760 lpm; 

1.5 1.5 2.25 .2 Several spr ings,  l a rges t  discharging -100 

1.5 1.5 2.25 .2 One (3)  spring discharging only 20 lpm i n  

10 2.5 25 2.2 No surface springs,but hot wells a t  l e a s t  

- 

6 2.7 16 1.9 About 70 spr ings discharging -250 lpm from 

1.5 1.5 2.25 .2 Several springs dischar7ing %130 lpm from 

1.5 1.5 2.25 .2 Several spr ings,  minor t raver t ine .  

17 



"a& 4.-Identified hot-water convection systems with 

Location Temperatures "C 

Name Lat i -  Longi- Sur- Geochemical Sub- 
tude face sur- 

face 0 1  
tude 

0 1  

N W 

21 21 
- 11 Sy02 Na-E-Ca - 3/ 

NEW MEXICO 
Valles caldera 35 43 

Lightning Dock area 32 08.5 

OREGON 

Mickey H.S. 42 40.5 

Alvard H.S. 42 32.6 

106 32 87 

108  50 99 

118 20.7 73 

118 31.6 76 

1 56 

180 

148 

169 

207 

199 

240 

170 

210 

200 

Hot  Lake 42 20.t 118 36.0 96 165 176 180 

Vale H.S. 43 59.4 117 14.1 73 153 358 160 

Neal H.S. 44 01.4 117 27.6 87 175 181 180 

La kev i ew 42 12.0 120 21.6 96 157 143 160 

trumps Spring 42 15.0 119 53.0 78 lY3 144 180 



indicated subsurface temperatures above 150 O (FContinued 

Reservoir Assumptions 

Sub- Thick- Vol- Heat 
sur- ness ume con- Comnen ts 
face tent 
area 10'8 

ca 1 
km2 ?/ km g/ km3 g/ L/ 

65 

1.5 

6 

3 

6 

50 

2 

8 

4 

1 ..5 

2 

1.5 

2 

1.5 

2 

2 

2 

2 

2 

'1.5 

130 

2.25 

12 

4.5 

12 

100 

4 

16 

8 

2.25 

18 

.2  

1.4 

.5 

1.2 

8.7 

.4 

1.4 

.8 

,2 

Pleistocene caldera with 1 group acid-sulfate 
springs (Sulphur Springs) and very extensive 
hydrothermal a1 teration; more than 6 geother- 
mal wells drilled, but no detailed data avail- 
able; suspected as having small vapor-domin- 
ated cap underlain by high-chloride hot-water 
sys tem wi th temperatures over 240°C. 

No surface springs; shallow water wells at 
boiling. The area may be much more extensive. 
Drill hole 3 km to north showed 121°C at 2 km 
depth. Botter estimate may be avg T = 130°c, 
area 4 km2, thickness 2 km, heat content .5 x 
10'8 cal. 

Several springs discharging -100 lpm and de- 
positing sinter; surface manifestations over 
0.1 km2. 

Several springs in area of .5 km2 discharg- 
ing s500 lpm. 
Alvord H.S. are one large system with tempera- 
ture as at Mickey, the heat content would be 
30 x 10l8 cal; three separate systems is pre- 
ferred model. 

Thermal springs and 1 very large pool (lake) 
dischargin surface manifestations over 0.1 

Hot springs discharging -75 lpm; large area 
indicated . 

If Hot Lake, Mickey, and 

km2. Smal 9 spring N.of Hot Lake, 98°C. 

1 spring discharging *90 lpm. 

About 16 springs including Hunter's and Barry 
Ranch discharging 4%00 lpm in an area of d 
km2; several wells at Hunter's for heating spa. 

Spring and well (121OCat 505 m) that %as erup- 
ted as a geyser; discharging 0 to 50 lpm; in 
small area o f  sinter. 

Hot spring discharging 40 lpm. 
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Table 4.-Identified hot-water convection systems with 

Locat ion  Temperatures "C 

I Name L a t i -  Longi- Sur- Geochemical Sub- 
I tude tude face sur-  

face I N W 

I 21  21 
I - 11 STO, Na-K-Ca - 31 

0 1  0 1  

UTAH 
Roosevel t 38 30 
(McKean) H.S. 

Cove For t -Sulphur-  38 36 
da le  

Thermo H.S. 38 11 

WASHINGTON 

Baker H.S. 48 45.9 

Gamma H.S. 48 10 

Kennedy H.S. 48 07 

Longmire H.S. 46 45.1 

Summit Creek (Soda) 46 42.2 

WYOMING 

Yellowstone 44 36 
Nat iona l  Park 

112 50 88 

112 33 -- 

113 12.2 90 

121 40.2 42 

121 02 60 

121 11.7 43 

121 48.7 21 

121 29.0 13 

110 30 *1,96 

21 3 

144 

151 

161 

155 

169 

169 

250 

283 230 

200 

200 200 

162 165 

220 165 

199 160 

168 170 

161 170 

270 250 

T o t a l s  (63 systems) 

20 



indicated subsurface temperatures above 160 OC-Continued 

"Reservoir Assumptions 

Sub- Thi Ck- YO1 - Heat 
sur- ness 
face 
area 

ume con- 
tent 
10'8 

Comnents 

cal. 
km2 s/ km s/ km3 g/ z/ 

4 

I5 

1.5 

1.5 

1.5 

1.5 

1.5 

1.5 

375 

2 8 

1.5 22.5 

1.5 2.25 

1.5 2.25 

1.5 2.25 

1.5 2.25 

1.5 2.25 

1.5 2.25 

2.5 940 

1.0 Hot springs decreasing from 883C (1908) to 
55°C (19571, then ceased discharging from 
Si02 sealing; extensive siliceous sinter; area 
and volume may be much larger. 

2.5 No springs but active gas seeps; altered areas 
mined for sulfur; no reliable chemical data; 
possibly a vapor-dominated system. 

.2 16 springs in 2 groups; travertine deposits. 

.2 1 (?) spring discharging 26 lpm and possibly 
depositing calcite. 

.2 ' 

.2 4 springs discharging -110 lpm, in extensive 
travertine deposits. 

.2 Spring deposits, not identified; in Mt. Ranier 
National Park; chemical temperatures not 
reliable. 

.2 Chemical temperatures not reliable. 

133 Numerous thermal phenomena, largely in Yellow- 
stone caldera; individual areas not itemized; 
total discharge 1,185,000 lpm; 13 research 
drill holes with maximum T 237.5"C at 332 m; 
other geochemical and mixing-model T's indi- 
cate 330°C. 

i 

- 
*1*14 1 4 *~2995 
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115" 1 loo 105" 100" 125" 120" 

45" 

40" 

35" 

30" 

FIGURE l.--location of hydrothermal convection systems in the conterminous United States with indicated 6Ub- 
suriace temperatures above 1M)OC. 
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Table 6.-Identified hot-water convection systems with 

Location Temperatures 'C 

Ram La t i -  Longi- Sur- Geochemical Sub- 
tude fare sur- 

face 0 1  
tude 

0 s  

N W 

ALASKA 
Okmok caldera 

Great S i t k i n  Is. 

Pi lgr im H.S. 

Serpentine Sprs. 

Near Lava Creek 

Clear Creek 

Granite Mtn. 
(Sweepstakes) 

South 

Melozi H.S. 

l i t t l e  Melozitna 

Kanuti 

53 29 

52 04 

65 06 

65 51 

65 13 

64 51 

65 22 

66 09 

65 08 

65 28 

66 20 

Manley (Baker) H.S. 65 00 

To1 ovana 65 16 

Chena 65 03 

C i rc le  65 29 

E. Cold Bay 55 13 

Near Tenakee 58 13 
I n l e t  

Hooniah H.S. 57 48 

Tenakee H.S. 57 47 

168 06 

176 05 

164 55 

164 42 

162 54 

162 18 

161 15 

157 07 

154 40 

153 19 

150 48 

150 38 

148 50 

146 03 

144 39 

162 29 

135 55 

136 20 

135 13 

100 

99 

88 

77 

65 

67 

49 

50 

55 

38 

66 

59 

60 

57 

54 

54 

82 

44 

43 

110 

137 

132 

128 

119 

122 

115 

124 

126 

115 

122 

129 

135 

117 

147 

1 36 

111 

75 

146 

161 

91 

83 

7F 
71 

! 

1 36 

137 

162 

137 

143 

144 

72 

63 

125 

125 

150 

140 

130 

125 

130 

120 

130 

1 30 

140 

140 

1 30 

140 

145 

145 

150 

140 

115 

M a x i m  surface temperature reported fmn a spring o r  fumarole. 
2' Predicted using chemical geothernxmeters. assuming l a s t  equil ibration i n  the reservoir; assumes saturat im o f  Si02 with respect t o  quartz, and no 

loss o f  Ca from calci te deposition. 
3' Assumed average reservoir temperature based on data presently available. 

Fr~nn surface manifestations. Gophysical data, well recoksand geologic inference. A s s w s  1.5 km2 i f  no data pertinent t o  s i re  i s  available. 
Top assuned a t  depth of 1.5 L. if no data available. Bottom a s s w d  a t  3 bn depth fo r  a l l  convection systems. 

6' Calculated from assumed area and thickness. 

I' Calculated as product of assumed volume, v o l w t r i c  specific heat o f  0.6 ca1lcm'"C. and temperature i n  degrees C above 15%. 
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indicated subsurface temperatures from 90' to 150'C 

Caninents Reservoir Assumptions 

Sub- Thi ck- Vol- Heat 
sur- ness me con- 
face tent 
area 10'8 

cal 
km2 4J km 5J km3 g/ 7/ 

3 2  

1.5 1.5 

1.5 1.5 

1.5 1.5 

1.5 1.5 

1.5 1.5 

1.5 1.5 

1.5 1.5 

1.5 1.5 

1.5 1.5 

1.5 1.5 

1.5 1.5 

1.5 1.5 

1.5 1.5 

1.5 1.5 

1.5 1.5 

1.5 1.5 

1.5 1.5 

1.5 1.5 
I 

1 

6 .4 About 18 springs near 1945 eruption i n  
Okmok ealdera; may be more extensive and 
higher i n  temperatures; sinter reported. 

2.25 .2 12 springs and fumaroles near recent 

2.25 .2 Several hot springs i n  permanently thawed 

2.25 .2 2 spring areas 1.3 km apart discharging 

volcanism. 

area of  .25 km2. 

-100 lpm and depositing travertine; Na-K-Ca 
may be too high. 

2.25 .2 One main spring. 

2.25 .2 2 springs discharging ~1,000 lpm. 

2.25 .2 Several springs. 

2.25 .1 Several springs. 

2.25 .2 One main spring discharging s500 lpm; 

2.25 .2 Hot springs discharging s230 lpm. 

2.25 .2 Several hot springs. 

2.25 . 2 .  Hot spring discharging -560 lp. 

2.25 .2 Several hot springs, "small" discharge, 
possibly depositing travertine. 

2.25 .2 Hot springs discharging 4 4 0  lh, 
depositing sulfur 

chemical data not reliable. 

2.25 .2 11 hot springs discharging 4 0 0  lpm, 

2.25 .2 In recent volcanic rocks. 

re1 i ab1 e. 

chemical data not reliable. , 

deposi ti ng travertine. 

25 .2 Discharging 4 0  lpm; chemical data not 

2.25 .2 3 hot springs 'discharging s.110 lpm; 

2.25 .1 About 12 hot springs discharging 4 0  lpm. 
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Table 6.-Identified hot-water convection systems with indicated 

Temperatures "C Location 

Name Lati- Longi- Sur- Geochemical Sub- 
tude face sur- 

face 0 1  
tude 

0 1  

N W 

ALASKA Con. 
Near Fish Bay 

Baranof H. S. 

Goddard H.S. 

Bailey H.S. 

Bell Island H.S. 

AR I ZONA 

Verde H.S. 

Castle H.S. 

North of Clifton 

Clifton H.S. 

Eagle Creek Spring 

Gillard H.S. 

Mt. Graham 

CAL I FORN I A 

Kelley H.S. 

Hunt H.S. 

Big Bend H.S. 

Salt Springs( 1 ) 

Wendel -Amedee a rea 

57 22 

57 05 

56 50 

55 59 

55 56 

34 21.5 

33 59.1 

33 04.7 

33 03.2 

33 02.8 

32 58.5 

32 51.4 

41 27.5 

41 02.1 

41 01.3 

40 40.2 

40 18 

135 23 47 

134 50 50 

135 22 67 

131 40 88 

131 34 72 

11 1  42.5 36 

112 21.6 50 

109 18.2 59 

109 17.8 75 

109 28.6 36 

109 21.0 82 

109 44.9 42 

120 50 96 

122 55.1 58 

122 55.1 82 

122 38.7 20 

120 11 95 

26 

143 

119 

148 

158 

140 

118 

109 

138 

107 

114 

135 

106 

144 

101 

121 

107 

135 

68 

147 

I46 

71 

174 

161 

104 

138 

102 

85 

75 

137 

55 

129 

150 

125 

150 

150 

145 

150 

110 

140 

110 

115 

140 

110 

130 

105 

140 

110 

140 



subsurface temperatures 

Reservoir Assumptio 

.2 

.2 Springs discharging -300 lpm. 

.2 

.2 

Springs discharging -95 lpm; chemical data 
not re1 i ab1 e. 

3 hot springs discharging -50 lpm. 

9 hot springs discharging -315 lpm; chem- 
i c a l  data not re l i ab le .  

i c a l  data not re l iab le .  
1.5 1.5 2.25 .l 5 hot springs discharging 4 0  lpm; chem- 

1.5 1.5 2.25 .2 Several springs; indicated temperatures may 
be too high. 

1.5 1.5 

1.5 1.5 

2.25 . 1 Two springs. 

2.25 . .2 Two springs; may be deposit ing c a l c i t e  

1.5 1.5 2.25 .1 Several springs; may be deposit ing ca lc i te .  

1.5 1.5 2.25 .l Two springs; indicated geochemical tempera- 

1.5 1.5 2.25 .2 5 springs 

tu re  may be too high. 

I 1.5 1.5 2.25 .1 1 hot mineral well; geochemical tempera- 
tures may be too high. 

~ 

I 

1.5 2 .2 1 spring flowing %l,200 lpm; 1,000 m we l l  

1.5 1.5 .1 2 hot  springs f lowing 8 lpm 

1.5 1.5 2.25 .2 6 hot  springs, f lowing 38 lpm. 

d r i l l e d  i n  1969, reported 110°C. 

1.5 1.5 2.25 .1 Spring from t raver t ine  cone, f lowing 20 Ipm 

7 2  14 1.1 Many flowing VOO lpm; 4 wells, deepest 
338 m, T-107’C; possibly separate systems 
a t  Wendel and Amedee. 
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Table S.-Identified hot-water 

Location Temperatures 'C 

Lion syatems with indicated 

Sur- Geochemical Sub- 
face sur- 

0 '  0 8  

N W 
face 

CALIFORNIA Con. 

Tuscan (Lick) S. 40 14.5 

Soda Spring 39 24.8 

S a l t  Spring(2) 39 25.8 

Crabtree H.S. 39 17.4 

.< 

Fouts (Redeye) S. 39 21.0 

Fouts (Champagne) S.39 20.5 

Orr's H.S. 

Vichy Springs 

Cooks Springs 

Saratoga Springs 

Wilbur H.S. area 

Deadshot Spring 

Point Arena H.5. 

Ornbaun Springs 

Seigler Springs 

Baker Soda Spring 

39 13.8 

39 09.9 

39 15.2 

39 10.5 

39 02.2 

39 05.1 

38 52.6 

38 54.7 

38 52.5 

38 53.6 

One-Shot Mining Co. 38 50.0 

Aetna Springs 38 39.5 

Walter Springs 38 39.2 

Mark West Springs 38 32.9 

122 08.4 30 

122 58.6 17 

122 32.3 25 

122 49.3 41 

122 40.1 26 

122 39.4 18 

123 21.9 40 

123 09.4 32 

122 31.4 17 

122 58.7 16 

122 25.2 60 

122 27.4 26 

123 30.6 44 

123 18.4 16 

122 41.3 52 

122 31.9 24 

122 21.4 22 

122 28.7 33 

122 21.4 19 

122 43.2 31 

28 

137 

148 

157 

163 

150 

117 

112 

132 

133 

137 

1 80 

135 

105 

126 

169 

124 

135 

135 

135 

140 

112 

158 

123 

133 

126 

128 

67 

145 

187 

46 

240 

204 

62 

122 

188 

202 

153 

94 

82 

48 

140 

150 

150 

150 

150 

130 

115 

135 

140 

140 

145 

135 

105 

125 

150 

1 30 

150 

135 

135 

140 , 



subsurface temperatures’fmm 90° to 1 6 0 ° ~ n t i n u e d  ‘ 

Reservo i r Assumptions 1 ‘,. Comnents 

sur- ness 

area 

* 1.5 1.5 

1.5 1.5 

1.5 1.5 

1.5 1.5 

1.5 1.5 

1.5 1.5 

1.5 1.5 

1.5 1.5 

1.5 1.5 

1.5 1.5 

. 16 2 

1.5 1.5 
I 

1.5 1.5 

1.5 1.5 

2 1.5 

xl.5 1.5 

~ 

.1.5 1.5 

1.5 1.5 

1.5 1.5 

1.5 1.5 

2.25 

2.25 

2.25 

2.25 

2.25 

2.25 

2.25 

2,25 

2;25 

2.25 

32 

2.25 

2.25 

2.25 

3 

’ .2 20 Springs f lowing 190 lpm. 

.2 High bicarbonate spring; geothenometry 
doubtful. 

.2 Note: d i s t i n c t  from S a l t  Springs, above; 
geothermometry doubtful. 

.2 4 springs, f lowing 57 lpm; geothemometry 

.2 4 springs, f low 7.5 lpm; geothermometry 

’ doubtful.  

doubtful, 1 ’ 

.2 4 springs, geothermometry doubtful. 

.1 

.2 

7 springs f lowing 95 lpm. 

inaccurate due t o  t raver t ine  deposition. 

1 8  

prings f lawing 113 lpm; Na-K-Ca may be 

’ .2 . Geothermometry doubtful; 

.2 

2.5 

.2 

5 springs, f low 9 lpm; geothemmetry 
doubtful,  - 
12 springs, f l o w  80 lpm; we l l  d r i l l e d  to 
1.100 m, 1413; should be i n  table 4? 

4 springs f lowing 4 lpm; geothemmetry 
doubtful. 

2.25 .2 * Numerous springs; geothermometry.doubtfu1. 

2.25 .2 Flow 189 lpm; s i n t e r  and t raver t ine  

2.25 .2 6 springs f lowing 75 lpm; geothermometry 

2.25 .2 Flow 6 lpm; geothermometry doubtful. 

2.25 

reported, 

b t f u l .  

.2 %9 hot springs i n  a group f lowing 113 lp. 
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Table L-Identified hot-water wnve+on systems with indicated 

Locat i on Temperatures O C  

Name Lat i -  Longi- Sur- Ge ochemi cal  sub- 
tude face sur- 

face 0 1  
tude 

0 1  

N W 

2/ 
- 1/ S Y O2 Na-K-Ca - 3/ 

CALIFORNIA Con. 

Napa Soda S. Rock, 38 31.1 
(Pr iest)  

Los Guil icos W.S. 38 23.7 

(Jackson's) Napa 38 23.4 
Soda Springs 

Brockway (Corne- 39 13.5 
l i an )  H.S. 

Grovers H.S. 38 41.9 

Fales H.S. 38 20 

Buckeye H.S. 38 14.3 

Benton H.S. 37 48 

Travertine H.S. 38 14.8 

Near Black P t .  38 2.4 

Paoha Island 37 59.8 

Mono H.S. 37 19.5 

Blayney Meadows H.S.37 14.1 

Mercey H.S. 36 42.2 

Randsburg area 35 23.0 

Arrowhead H.S. area 34 08.6 

P i lger  Estates H.S. 33 26.0 

Warner H.S. 33 17.0 

Glamis (E. Brawley) 32 58 

Glamis (East) 33 59 

Dunes 32.49 

122 15.6 26 143 

122 33.0 31 129 

122 16.7 16 149 

120 0.4 60 119 

119 51.6 63 135 

119 24 62 147 

119 19.6 64 122 

118 31.8 57 113 

119 12.1 70 114 

119 5 63 122 

119 01.2 83 186 

119 01.0 44 110 

118 53 43 102 

120 51.6 46 122 

117 32.2 115 

117.15.2 94 

115 41.1 82 

116 38.4 64 

115 11 

115 04 

115 01 

30 

132 

125 

141 

81 145 

184 135 

60 150 

94 120 

126 140 

165 150 

1.38 140 

79 115 

172 120 

124 125 

125 

80 115 

57 105 

94 125 

125 

147 150 

145 145 

100 145 

135 

135 

135 



subsurface temperatures from 90° to 160°a-Continue 

Reservoir Assumptions Comnents 

face ten t  
area 1018 

cal 
km2 4J h5J h36J 7f 

1.5 1.5 2.25 .2 

1.5 1.5 2.25 .2 

1.5 1.5 2.25 .2 

1.5 1.5 2.25 .1 

1.5 1.5 2.25 .2 

1.5 1.5 2.25 .2 

1.5 1.5 2.25 .2 

1.5 1.5 2.25 .1 

1.5 1.5 2.25 .1 

\ 

1.5 1.5 2.25 .1 

1.5 1.5 2.25 .1 

1.5 1.5 2.25 .1 

1.5 1.5 2.25 .1 

1.5 1.5 2.25 .2 

1.5 

2 

1.5 

1.5 

2 

4 

6 

2.5 3.75 .3 

1.5 3 .2 

1.5 2.25 .2 

1.5 ' 2.25 .2 

1.5 3 .2 

1.5 6 .4 

1.5 9 .6 

2 springs flowing 60-85 lpm; geothermometry 
doubtful. 

3 springs flowing 75 lpm; Na-K-Ca may be 
inaccurate due t o  t raver t ine  deposition. 

27 springs; geothennometry doubtful 

6 springs flowing 570 lpm. 

12 springs f lowing 378 lpm. 

20 springs flowing 95 lpm, possibly 
depositing t ravert ine.  

1 spring f lowing 75 lpm. 

2 springs f lowing 1,500 lpm. 

3 main springs f lowing 38 lpm; ex€ensive 
t ravert ine.  

Several springs flowing 370 lpm; non-quartz 
equilibration o f  Si02 likely. 

Four springs f lowing 95 lpm. 

Eight springs flow 

3 hot springs f l o w  

1 we l l  reported 115°C a t  235 m. 

2 groups o f  hot  springs f lowing 190 lpm. 

Near Salton Sea; possibly more extensive. 

6 springs f lowing 570 lpm. 

Estimated using temperature gradient data; 
a pa r t  above 150°C? 

Temperature gradient data; a pa r t  above 
1 50"C? 

Temperature gradient data: a pa r t  above 
150°C? 
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Table S.-Identified hot-water convection systems with indicated 

toca ti on Temperatures *C 

Name Lati- Longi - Sur- Geochemical Sub- 
tude face sur- 

face 0 1  
tude 

0 8  

N W 

If S Y Y  O2 Na- -Ca . 3J 

COLORADO 

Routt H.S. 

Steamboat Springs 

Idaho Springs 

61 enwood Springs 

Avalanche Springs 

Cottonwood Springs 

M t .  Princeton S. 

Poncha H.S. 

Mineral H.S. 

Waunita H.S. 

Cebolla H.S. 

Orvis H.S. 

Wagon Wheel Gap 

Pagosa H.S. 

40 33.6 

40 29.1 

39 44.2 

39 33 

39 13.9 

38 48.7 

38 43.9 

38 29.9 

38 10.1 

38 31.0 

38 16.5 

38 08 

37 45 

37 15.5 

106 51 

106 50.3 

105 30.2 

107 19.3 

107 13.5 

106 13.5 

106 10.2 

106 04.5 

105 55.0 

106 29.1 

107 05.9 

107 44 

106 49.2 

107 00.5 

32 

64 

66 

50 

66 

57 

62 

66 

76 

63 

71 

46 

58 

66 

70 

131 

129 

109 

137 

1 36 

107 

112 

129 

103 

129 

125 

109 

129 

165 

168 

195 

208 

190 

125 

83 

52 

143 

91 

87 

233 

231 

188 

278 

135 

135 

115 

140 

140 

110 

115 

145 

105 

130 

130 

110 

135 

1501 



subsurface temperatures from 90' to 160Oa-Continued 
- i  

Reservoir Assumptions Comnents 

Sub- Thi Ck- Vol- Heat 
sur- ness ume con- 
face t e n t  
area 10'8 

ca l  
km*g k m y  km3y 

1.5 1.5 2.25 .2 

1.5 1.5 2.25. .2 

1.5 1.5 2.25 .1 

1.5 1.5 2.25 .2 

1.5 1.5 2.25 .2 

4 1.5 6 . 3  

5 1.5 7.5 .5 

1.5 1.5 2.25 .2 

1.5 1.5 2.25 .1 

1.5. 1.5 2.25 .2 

1.5 1.5 2.25 .2 

1.5 1.5 2.25 .1 

1.5 1.5 2.25 .2 

1.5 1.5 2.25 .2 

Three hot springs; Chemical ,data not  
re1 iable. 

Many hot  springs; chemical data ,not  
re l iab le ;  some t ravert ine.  

8 springs, t o t a l  discharge 190 lpm 
depositing t ravert ine;  probably f a u l t -  
controlled; chemical data not re l iab le .  

11 springs discharging about 11,400 lpm; 
chemical data no t  re l iab le ;  some travert ine.  

5 springs discharging -54 lpm; chemical 
data not  re1 iable. 

5 springs discharging -570 lpm; extensive 
zeol i ti z a t i  on. 

4 main springs, 30 others; extensive zeo l i -  
t izat ion,  present depos i thn  o f  opal , 
c a l c i t e  , and phi 11 i p s i  t e  reported. 

3 springs depositing t raver t ine  and 
discharging -l,900 lpm; associated w i th  
f l o u r i t e  deposits; Na-K-Ca temperature may 
be too high. 

30 springs discharging -190 1 m, reported 
w i t h  t raver t ine  and s i n t e r  (?p; wel ls t o  
354 m depth and 60°C. 

2 groups, more than 100 springs discharging 
3J85 lpm. 

20 springs discharging -380 lpm; t raver t ine  
reported; chemical data not  re l iab le .  

1 spr ing discharging -1J40 lpm; chemical 
data not  re l iab le .  

3 springs depositing t raver t ine  and 
associated w i th  f l o u r i t e  deposits; 
Na-K-Ca temperature probably too high. 

Springs discharging -380 lpm and depositing 
t ravert ine;  1 wel l  f o r  space heating; chem- 
i c a l  data not  re l iab le .  
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Table 5.-Identified hot-water convection systems with indicated 

Location Temperatures "C 

Name La t i  - Longi- Sur- Geochemical Sub- 
tude face sur- 

face 0 1  
tude 

0 1  

N W 
2/ 21 

- I/ STOP ria-K-Ca - 3/ 

HAWAII 

Steaming Flats 19 26.5 
(Sulphur Bank area) 

Upper Kau area 19 23.7 

1955 eruption area, 19 26.5 
East  R i f t  

Puulena area, East 19 28.3 
R i f t  

I DAH0 

Red River H.S. 45 47.3 

Riggins H.S. 45 24.7 

Burgdorf H.S. 45 16.7 

Z l m ' s  (Yoghann) H.S.45 02.6 

Krigbaum H.S. 44 58.1 

Starkey H.S 44 51.2 

White Licks H.S. 44 40.9 

Near Cove School 44 35.0 

Near Deer Creek 44 32.4 

Near Widvale 44 28.3 

Near Midval e A i  r p r t .  44 28.2 

Not Creek Springs 44 38.5 

155 16 97 

155 17.3 %22 

154 57 hot 

154 53 1 

-_.  

115 08.8 55 

116 28.5 47 

115 55.2 45 

116 17.0 65 

116 11.4 43 

116 25.8 56 

116 13.8 65 

116 37.7 70 

116 45.0 50 

116 43.9 28 

116 45.9 28 

116 02.7 34 
34 

--No Data-- 

-- -- 

--No Data-- 

--No Data-- 

123 

120 

121 

115 

121 

1 08 

143 

120 

107 

128 

121 

111 

80 

95 

57 

85 

96 

70 

145 

78 

63 

243 

51 

62 

-1 50? 

100 

sl50? 

-1 501 

125 

125 

125 

120 

125 

115 

150 

125 

110 

135 

125 

115 



subsurface temperatures from 90 to 160 O-Continued 

Reservoir Assumptions Comnents 

Sub- Thi ck- V O l -  Heat 
sur- ness wne con- 
face 
area 

ten t  
10'8 

1.5 1.5 

5 

2 

2 

1.5 

1.5 

1.5 

1.5 

1.5 

1.5 

1.5 

1.5 

1.5 

.1.5 

1.5 

1.5 

0.7 

2 

2 

.5 

.5 

.5 

.5 

1.5 

1.5 

1.5 

1.5 

1.5 

1.5 

1.5 

1.5 

2.25 

3.5 

4 

4 

2.25 

2.25 

2.25 

2.25 

2.25 

2.25 

2.25 

2.25 

2.25 

2.25 

2.25 

.2 

.2 

.3 

.3 

.2 

,2 

.2 

.1 

.2 

.1 

.2 

.2 

.1 

.2 

.2 

.1 

Nearly constant fumarolic a c t i v i t y ,  no 
water discharge; area may be larger.  

Res is t i v i t y  anomally d r i l l e d  by N.S.F. 
grant t o  G .  V. Kel ler, 1973; low-tempera- 
tu re  convection system i d e n t i f i e d  top a t  
water table, G O O C  a t  -490 m; bottom o f  
convection near -1,lSO m, -lOO"C, then steep 
gradient t o  basa l t i c  magma chamber (?). 

Steaming area; three wel ls d r i l l e d  1961, 
deepest *210 m, -113OC; NSF grant 1975 t o  
Universi ty o f  Hawai i  f o r  deep test .  

No surface mani festat ions ; geophysical 
anomal ies i den t i  f i ed. 

9 springs discharging *130 lpm; mixing 
model T-190°C. 

4 _springs discharging -190 lpm; mixing 
model T=220°C. 

2 spr'ings discharging d l 0  lpm. 

Discharging hot we1 1. 

2 springs discharging 150 lpm; mixing model 
T=200°C. 

7 hot springs discharging 490 lpm. 

be pa r t  of la rger  system including hot 
springs near Cove School; mixing model 
T~220"C. 

Numerous springs d i  

Hot springs discharging 219 lpm. 

Flowing well; may be pa r t  o f  s ingle 
system including Deer Creek and Hidvale. 

Flowing we1 1 ; geochemical temperatures 
u ~ r e l  i able. 

Springs discharging %3,000 lpm; mixing 
model suggests 195°C. 

gs discharging 113 lpm; may 

arging 1,630 lpm. 
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Table 6.-Identified hot-water convection systems with indicated 

Location Temperatures OC  

kame Lati- Longi- Sur- Ge ochemical Sub- 
tude face sur- 

face o t  
tude 

O @  

N W 

IDAHO Con. 
Molly's H.S. 44 38.3 

Vulcan H.S. 44 34.1 

Cabarton H.S. 44 25 

Boiling Springs 44 21.9 

Near Payette River 44 05.1 

Near Grimes Pass 44 02.8 

Kirkham,H.S. 44 04.3 

Bonneville H.S. 44 09.5 

Stanley H.S. 44 13.5 

Sunbeam H.S. 44 16.1 

Slate Creek H.S. 44 10.1 

Roy s tone H . S . 43 57.2 

N.E. Boise Thermal 43 36.1 
area 

Nei nmeyer. H . S. 43 45.5 

Dutch Frank Springs 43 47.7 

Paradise H. S. 43 33.2 

Worswick H. S. 43 33.5 

115 41.6 

115 41.5 

116 01.7 

115 51.4 

116 03 

115 51.1 

115 32.6 

115 18.4 

114 55.6 

114 44.9 

114 37.5 

116 18 

116 09.9 

115 34.7 

115 25.5 

115 16.3 

114 47.2 

86 

59 

87 

71 

86 

80 

55 

65 

85 

41 

76 

50 

55 

75 

76 

65 

56 

81 

1 30 

148 

124 

134 

148 

110 

118 

138 

107 

133 

129 

1 48 

124 

1 38 

120 

118 

135 

83 

135 

99 

89 

139 

74 

79 

142 

47 

130 

91 

150 

79 

126 

72 

72 

93 

135 

150 

130 

140 

150 

115 

120 

.145 

110 

140 

130 

1 50 

125 

1 40 

125 

1 20 

140 



subsurface temperatures h m  SOo to 160°0-Continued 

Reservoir Assumptions 

Sub- Thi Ck- Vol- Heat 
sur- ness Ume con- 
face ten t  
area 10’8 

J 

I cal  
km2 4/ km S/ km3 6/ - 7/ 

1.5 

1.5 

1.5 

1.5 

1.5 

1.5 

1.5 

1.5 

4 %.. . - 

1.5 

1.5 

2 

4 

1.5 

1.5 

1.5 

1.5 

1.5 

1.5 

1.5 

1.5 

1.5 

1.5 

1.5 

1.5 

2 

1.5 

1.5 

1.5 

1.5 

1.5 

1.5 

1.5 

1.5 

2.25 

2.25 

2.25 

2.25 

2.25 

2.25 

2.25 

2.25 

6 

2.25 

2.25 

3 

8 

2.25 

5 

2.25 

2.25 

.2 

.2 

.2 

.2 

7 springs discharging 76 lpm; mixing model 
suggests 195OC. 

13 springs discharging sl,900 lpm; s i n t e r  
reported. 

Numerous springs discharing ~ 2 6 5  lpm; 
mixing model T - 165°C. 

Numerous vents discharging 4 0 0  l pm and 
deposit ing minor zeol i tes, calc i tes,  and 
mercury minerals. 

One spring discharging ~ 7 5  lpm; mixing 
model suggests 200 C. 

.2 

.1 Spring(s?) discharging ~ 2 6 0  lpm. 

.1 

.2 

.3 

Numerous springs discharging ~ 9 5 0  lpm. 

8 springs and seeps discharging -5900 
lpm; mixing model suggests 175OC. 

6 springs discharging 4 2 0  lpm; south- 
western o f  a possible 10-km l i n e  extend- 
i ng  NE t o  Sunbeam; mixing T = 180°C. 

Numerous vents discharging -YO0 lpm. .2 

.2 8 springs and seeps discharging ~ 7 0 0  lpm; 
‘mixing T = 210°C, 

.2 

.5 

5 springs discharging ~ 7 5  lpm. 

Linear zone o f  springs and associated 
thermal wel ls on the =edge-of Boise; 
used f o r  space heating. 

.2 13 springs discharging ~l,300 lpm w i th  gas, 
mixing model suggests 190OC. 

.2 Numerous springs, gassy, discharging 
~1,l50 lpm: 

.1 Several springs. 

.2 Numerous springs discharging ~l.750 lpm. 
h 
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"&le S.-Itientified hot-water OonVeCtion syxtems with indicated 

Location Temperatures "C 

Name Lati- Longi- Sur- Geochemical Sub- 
tude face sur- 

face o *  
tude 

O I  

N W 
2/ 2/ - 1/ $TO2 Na-E-Ca - 3/ 

IDAHO Con. 
Guyer H.S. 43 40.5 

Clarendon H.S. 43 33.6 

Hailey H.S. 43 30.3 

Near Brockie Airpt 43 32.4 

Elk Creek H.S. 43 25.4 

Near Punkin Corner 43 18.1 

Barron's H.S. 43 18.1 

Near Magic 43 19.7 
Reservoir 

Near Bennett Creek 43 06.9 

Latty H.S. 43 07.0 

Near Ryegrass ' 43 05.8 
Creek 

Near Radio Towers 43 02.2 

White Arrow H.S. 43 02.9 

Near Chalk Mine 43 02.9 

Near Clover Creek 43 01.4 

Near Grave? P i t s  42 54.3 

Bruneau-Grandview 42 56 

Near Banbury 42 41.4 

114 24.6 

114 24.9 

114 22.2 

113 30.1 

114 37.6 

114 54.4 

114 54.4 

114 23.2 

115 27.9 

115 18.3 

, 

115 24.6 

115 27.5 

114 53.2 

114 55 
115 00.6 

11s 29.5 

115 56 

114 50 
38 

71 129 

47 125 

63 129 

41 107 

54 113 

35 123 

71 124 

71 138 

68 129 

55 138 

62 129 

38 129 

65 136 

47 133 

43 113 

34 109 

84 138 

59 136 

88 

114 

83 

91 

80 

71 

91 

163 

71 

137 

81 

125 

113 

98 

70 

144 

33 

108 

135 

130 

135 

110 

120 

125 

130 

140 

135 

140 

135 

1 30 

140 

140 

120 

145 

145 

140 



subsurface temperatureshm SOo to 1 6 0 b ~ n t i n u e d  

Reservoir Assumptions Comnents 

Sub- Thick- Vol- Heat 
sur- ness m e  con- 
face tent 
a rea 1018 

ca 1 
km2 ?/ km g/ km3 c/ I/ 

1.5 1.5 2-25 

1.5 1.5 2.25 - 

1.5 1.5 2.25 

1.5 1.5 2.25 

1.5 1.5 2.25 

1.5 1.5 2.25 

1.5 1.5 2.25 

1.5 1.5 2.25 

1.5 1;5 2.25 

1.5 1.5 2.25 

1.5 1.5 2.25 

1..5 1.5 2.25 
1.5 1.5 2.25 

1.5 1.5 2.25 

1.5 3.5 2.25 

1.5 1.5 2,2!i 

8 1.5 ’1pl.b 

.2 Humemus springs -discharging syl00 lpm. 

.2 Numerous springs discharging s380 lpm; 
mixing model suggest 215°C. 

.2 Numerous springs’discharging -265 lpm; 
mixing model suggests 190OC. 

.1 1 well flowing 4 5  lpm. 

.1 5 springs discharging -55 lpm. 

.1 Flowing well discharging 15 lpm; may be 
part of extensive system underlying a 
large portion of the Cams Prairie, and 
including Elk Creek, Barrons, and Waldrop. 

Numerous springs discharging -120 lpm. 

One well flowing 51 lpm; mixing models 
indicate temperatures as high as 275°C. 

Flowing well discharging sVO0 lpm. 

One spring; may be part o f  extensive system 
that includes Bennett Creek and 
Ryegrass Creek; SiOp temperature of all may 
be too high because of equrlibration with 
diatomite.’ 

.2 

.2 

.2 

.2 

I 

.2 Flowing well. 

.2 

.2 

.2 1 flowing well. 

1 flowing well discharging 30 lpm. 
4 springs discharglng 4,100 lpm; mixing 
model indicates 200OC. 

.1 1 flowing well. 

.2 1 flowing well discharging *8  Ipm. 
Na-K-Ca temperature may be inaccurate 
carbonate deposition reported. May. be 
diatomaceous earth at depth. 

An extenkive area with many warfn and hot 
artesian wells; mixing model temperatures 
up tb 276% 

263 



Table 5.-Identified hot-water convection Bystems with indated 

Location Temperatures "C 

Name La t i -  Longi- Sur- Geochemical Sub- 
tude face sur- 

face 0 1  
tude 

0 1  

W W 

2/ 2/ - 1/ STOP Na-K-Ca - 3/ 

IDAHO Con. 
Near Cedar Hi11 

Near Bridger 
Springs 

Oakley Warm 
Springs 

Raft  River thermal 
erea 

Maple Grove H.S. 

Near Riverdale 

Wayland H.S. 

Near Newdale 

Ashton Warm 
Springs 

MONTANA 

42 24.9 

42 28.7 

42 10.4 

42 06.1 

42 18.2 

42 09.9 

42 08.2 

43 53.2 

44 05.7 

Helena (Broadwater) 46 36.5 
Hot Spring 

Whf t e  Sulphur 46 32.8 
Springs 

A1 hambra H. S. 46 27 

Boulder H.S. 46 12 

Gregson (Fairmont) 46 02.6 
H.S. 

Pipestone H.S. 45 53.8 

Barkels (Si lver 45 41.5 
Star) H.S. 

Norr is (Hapgood) 45 34.6 
H.S. 

Jardine (Big Hole 45 21.8 
o r  Jackson) H.S. 

114 18.1 

113 37.5 

113 51.7 

113 22.8 

111 42.2 

111 50.4 

111 56.9 

111 35.4 

111 27.5 

112 05 

110 54.2 

111 59 

112 05.6 

112 48.4 

112 13.9 

112 17.2 

111 41 

113 24.7 

40 

38 

60 

47 

96 

76 

45 

77 

36 

41 

65 

57 

59 

76 

74 

61 

72 

52 

58 

116 

111 

119 

1 36 

107 

126 

126 

122 

143 

1 36 

103 

115 

143 

128 

115 

143 

130 

104 

65 

89 

92 

1 39 

236 

170 

270 

84 

91 

135 

148 

111 

135 

126 

113 

139 

153 

148 

120 

115 

120 

140 

110 

125 

130 

125 

145 

140 

150 

120 

145 

130 

120 

145 

150 

150 



rubsurface temperatures from 90' to 160°a-Continued 

Reservoir Assumptions Comnents 

Sub- Thi Ck- Vol- Heat 
sur- ness ume con- 
face ten t  
area 1018 

I cal  
h* y h5J km3 y z/ 

6 

1.5 

1.5 

20 

2 

1.5 

5 

1.5 

1.5 

1.5 

I .5 

1.5 

1.5 

1.5 

1.5 

21.5 

1.5 

1.5 

1.5 

1.5 

1.5 

1.5 

1.5 

1.5 

1.5 

1.5 

1.5 

1.5 

1.5 

1.5 . 

1.5 

1.5 

1.5 

1.5 

1.5 

1.5 

I 

9 

2. 

2.25 

30 

3 

2.25 

7.5 

2.25. 

2.25 

2.25 

2.25 

2.25 

2.25 

2.25 

2.25" 

2.25 

2.25 

.6 1 f lowing we l l  discharging dp50  lpm. 

.1 1 f lowing we l l  discharging 7900 lpm; 

.1 1 spring discharging 38 lpm; mixing 
T = 195°C. 

2.3 ' Area o f  f lowing hot wel ls recent ly explored 
by ERDA; 140°C measured a t  depth o f  lp00 m 
i n  we l l  f lowing %WOO lpm. 

Numerous springs discharging %1,300 lpn; 
Na-k-Ca possibly inaccurate due t o  
deposition o f  carbonate. 

1 f lawing well; Na-K-Ca-possibly inaccurate 
from deposit ion o f  carbonate. 

N k r o u s  springs discharging G400 l pm and 
deposit ing travert ine; Na-K-Ca thermometry 

- . mixing T = 150°C. 

.2 

.2 

.5 

=..may be inaccurate. 

.2 Flowing wel l ,  

.2 ,Springs discharging lpm from Pleistocene 
basal t  . 

.2 

.2 About 9 springs discha 

.l. About 22 springs 

.2 

2 hot springs discharging 110 lpm. 

m i  x i  ng model suggests 

Many springs i n  two g r  
~ s in te r ;  large' discharge. I 

.2 Several springs 

.1 Several springs. 

.2 4 springs discharging 200 lpm. . 

.2 5 springs discharging 200 lpm. 

.2 About 100 springs %VOO lpm; mixing model 
indicates 15OOC. 
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Table 6.-Identified hot-water convection systems with indicated 

Location Temperatures "C 

kame Lat i -  Longi - Sur- Geochemical Sub- 
tude face sur- 

face 

- 1/ Si02 Na-K-Ca - 31 

0 1  
tude 

O I  

N W 

21 21 

NEVADA 

Bog H.S. 118 48.1 88 108 109 115 

Howard H.S. 41 43.3 118 30.3 56 128 81 130 

Dyke H.S. 41 34.0 118 33.7 66 129 137 140 

Near Soldier Meadow 41 21.5 119 13.2 54 113 65 115 

Double H.S. 41 03.0 119 02.8 80 140 127 145 

Near Black Rock 40 57 118 58 90 148 116 150 

F l y  Ranch H.S. 40 52.0 119 20.9 80 127 154 130 

Butte Sprs. 40 46 119 07 86 129 120 130 

Mineral H.S. 41 47.3 114 43.3 60 127 129 130 

Hot Hole (Elko) 40 49.1 115 46.5 89 115 127 115 

Near Car l in  40 42.0 116 08.0 79 119 81 120 

Hot Sulphur Sprs. 41 9.4 114 59.1 90 128 191 140 

Hot Springs Point 40 24.2 116 31.0 54 116 233 125 

W a l t i  H.S. 39 54.1 116 35.2 72 117 78 120 

Spencer H.S. 39 19 116 51 72 123 210 125 

Hot Pot 40 55.3 117 06.5 58 125 195 125 
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subsurface temperatures from 90' to 160°a-Continued 

Reservoir Assumptions Comnents 

Sub- Th ICk- Vol - Heat 
sur- ness ume con- 
face t e n t  
area 1018 

ca 1 
km2 i/ km g/ km3 I/ 

2 2 4 

1.5 1.5 2.25 

1.5 1.5 2.25 

6 2 12 

10 2 20 

1.5 1.5 2.25 

8 2  16 

1.5 1.5 2.25 

1.5 1.5 2.25 

2 1.5 3 

1.5 1.5 2.25 

1.5 1.5 2.25 

5 1.5 7.5 

2 1.5 3 

1.5 1.5 2.25 

1.5 1.5 2.25 

;2 

.2 Several springs. 

.2 

.7 Several springs i n  area o f  la km dischar- 

2 springs discharging 4,000 lprn a t  54°C. 

1 (?) spring discharging -100 lpm. 

ging -50 lpm. 

north from Black Rock Point; largest  
group discharging ~ 1 7 5  lpm; minor t ravert ine.  

2 

1.6 Several springs along l i n e a r  zone 20 km 

.2 

1.1 Area.of large spring pools and two aban- 
doned wel ls  discharging -500 lpm and depos- 
i t i n g  t ravert ine,  so Na-K-Ca may be too 
high. 

.2 . 

.2 Several springs and shallow wells. 

.2 Several springs depositing t ravert ine,  so 

.1 

.2 

Na-K-Ca temperature may be high. 

3 springs discharging s190 lpm; paleozoic 
limestone a t  depth; Na-K-Ca geothennometer 
may be inaccurate; may be par t  o f  more 
extensive area extending 4.8 km along west 
edge o f  Snake Mtns. 

.5 

.2 

Hot springs, discharging -125 lpm; depos- 
i t i n g  t ravert ine;  Na-K-Ca may be inaccurate. 

6 springs discharging 300 lpm and depos- 
i t i n g  t raver t ine.  

. 

.2 Several ho t  springs discharging 50 lpm and 
depositing t raver t ine  so Na-K-Ca thennom- 
e t r y  my be inaccurate. 

One spr ing discharging -270 Ipm; depositing 
t ravert ine;  Na-K-Ca may be inaccurate. 

.2 
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Table 6.-Identified hotwater convection systems with indicated 
_ _ _ _ _ _ ~ ~  ~ ~~~ _____ 

Location Temperatures OC 

kame Lati- Longi- Sur- Geochemical . Sub- 
tude face sur- 

face 0 1  
tude 

0 1  

N W 

. Na-ZCa Y 
NEVADA Con. 

Buffalo Valley H.S. 40 22.1 117 19.5 79 

Hot Springs 41 25.4 117'23.0 $8 

Golconda H.S. 40 57.7 ~ '117 29.6 74 
b .  

i I  

Sou (Gilberts) H.S. 40 05.4 117 43.5 93 

Dixie H.S. 39 47.9 118 04.0 72 

The Needles 40 08.8 119 40.5 98 

Walleys H.S. 38 58.9 119 49.9 71 

Nevada H.S. 38 54.0 119 24.7 61 

Darrough H.S. 38 49.3 117 10.8 97 

Warm Springs 38 11.3 

Bartholomae H.S. 39 24.3 

NESI MEXICO 

Jemez (Ojos Calien- 35 47 
tes) H.S. 

Radium H.S. 32 30 

Lower Frisco 33 15 

Gila H.S. 33 12 

116 22.5 61 

116 20.8 54 

106 41 73 

106 55.5 52 

' 108 47 37 

108 12 68 

125 

107 

116 

115 

143 

137 

109 

104 

136 

111 

129 

134 

124 

128 

121 

140 

209 

201 

99 

143 

21 4 

85 

86 

127 

192 

72 

197 

222 

150 

114 

130- 

110 

125 

115 

150 

145 

110 

105 

140 

125 

130 

135 

130 

150 

125 
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rubsurface temperatures from BO to 160 C-Continued 

Reservoir Assumptions Comnents 

Sub- Thi Ck- ” .  Vol- Heat ,. 
sur- ness ume con- 
face t e n t  
area 1018 

4 2.5 10 .7 More”than 200 hot  springs w i t h  largest  
discharging 61 lpm; i n  t raver t ine  area so 
Na-K-Ca thermometry may be inaccurate. 

1.5 1.5 2.25 .1 Discharging from traver t ine  so Na-K-Ca 
thermometry may be inaccurate. 

1.5 1.5 2.25 .2 About 12 springs discharging 750 lpm and 
depositing manganiferous travert ine;  area 
may be Considerably larger. 

1.5 1.5 2.25 .1 Several hot  springs depositing t ravert ine.  

2 1.5 ’ 3 .2 Several hot  springs discharging -200 lpm. 

2 1.5 3 .2 Two l i n e s  o f  springs t h a t  have deposited 
t raver t ine  cones i n  Pyramid Lake; two we l ls  
on eastern l ine,  116OC a t  450 and WOO m 
depth; may be considerably larger  system. 

Many ho t  springs discharging -75 lpm along 
base o f  recent faul tscarp.  

Several springs i n  t raver t ine  area dischar- 
ging -200 lpm. 

.1 

.1 

1.5 1.5 2.25 . 

. -  

1.5 1.5 2.25 

1.5 1 1.5 _ .  2.25 

.2 

.2. 

.2 

.2 

.2 

Several springs and wel l  discharging %350 
lpm; one wel l  129°C a t  230 m depth dischar- 
ging 4,000 lpm; area may be considerably 
1 arger e 

2 springs. 

Spring discharging 4 0 0  lpm. 

About 10 springs depositing t raver  
discharging -750 lpm; Na-K 
re l iab le;  “ I  9.7 km SSW o f  Va 

1.5 1.5 2.25 .2 Discharge -75 lpm; Na-K-Ca probably not  
re l iab le .  

.2 t springs‘ discharging -3jIOO lpm; 
area may be somewhat larger.  
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Table 6.-Identified hot-water convection systems with indicated 

Location Temperatures "C 

Name Lati- Longi- Sur- Geochemical Sub- 
tude face sur- 

face 0 1  
tude 

0 1  

N W 

2/ 2/ 
- 1/ ST02 Na-K-Ca Y 

OREGON 

M t .  Hood 45 22.5 

Carey (Aus t in )  H.S. 45 01.2 

Kahneetah H.S. 

Brei tenbush H.S. 

Belknap H.S. 

Klamath Falls 

Sumner Lake H.S. 

Radium H.S. 

Hot Lake (2) 

Medical H.S. 

Ritter H.S. 

Fisher H. S. 

44 51.9 

44 46.9 

44 11.6 

42 15 

42 43.5 

44 55.8 

45 14.6 

45 01.1 

44 53.7 

42 17.9 

Blue Mountain H.S. 44 21.3 

Near Little Valley 43 53.5 

Beulah H.S. 43 56.7 

Near Riverside 43 28.0 

Crane H.S. 43 26.4 

Near Harney lake 43 10.9 

Near Trout Creek 42 11.3 

Near McDermi tt 42 04.1 

121 42.5 90 

122 00.6 86 

121 12.9 52 

121 58.5 92 

122 03.2 71 

121 45 74 

120 38.7 43 

117 56.4 58 

117 57.6 80 

117 37.5 60 

119 08.6 41 

119 46.5 68 

118 34.4 58 

117 30.0 70 

118 08.2 60 

118 11.3 63 

118 38.4 78 

119 06.2 68 

118 09.2 52 

117 30.0 52 

46 

126 

1 40 

127 

1 35 

1 36 

1 34 

124 

100 

125 

119 

123 

99 

145 

169 

143 

127 

133 

140 

120 

118 

103 

149 

114 

130 

112 

1 08 

115 

125 

92 

165 

126 

119 

86 

138 

124 

130 

144 

100 

--No Data-- 125 

125 

140 

150 

140 

120 

140 

130 

120 

130 

125 

130 

130 

1 so 
1 30 

150 

1 30 

135 

145 

120 



subsurface temperatures from 90' to 150'CHhntinued 

Reservoir Assumptions Comnents 

Sub- Thick- Vol- Heat 
sur- ness ume con- 
face tent 
area 10'8 

km2 $/ km g/ 
cal 

km3 c/ 

2 2  4 

1.5 1.5 2.25 

1.5 1.5 2.25 

1.5 1.5 2.25 

1.5 1.5 2.25 

240 2 480 

4 1.5 6.0 

1.5 1.5 2.25 

1.5 1.5 2.25 

1.5 1.5 2.25 

1.5 1.5 2.25 

3 1.5 4.5 

1-5 1.5 2.25 

1.5 1.5 2.25 

1.5 1.5 2.25 

1.5 1.5 2.25 

1.5 1.5 2.25 

3 1.5 4.5 

1.5 1.5 2.25 

2 1.5 3.0 

. 3  Many fumaroles but not water discharge; 
semiactive volcano; temperatures may be 
higher; area may be larger. 

Several hot springs in 0.1 km discharging 
-950 lpm. 

Hot spring discharging -200 lpm. 

40 to 60 springs in 0.1 km rrea discharging 
3,400 lpm. 

3 springs discharging -300 lpm. 

Numerous springs and shallow wells dischar- 
ging from fault zones; largest spring %200 
lpm; well temperatures 60" to 115°C used 
for domestic heating; large area indicated. 

3 springs discharging -75 lpm. 

2 flowing wells discharging -1JOO lpm. 

1 large spring pool discharging -l,!jOO lpm. 

2 springs discharging -2200 lpm. 

1 hot spring discharging -130 lpm. 

.1 

.2 

.2 

.2 

30 

.4 

.2 

.1 

.2 

.1 

. 3  

.2 

.2 

.2 

Hot spring discharging -70 lpm; some H2S. 

Several springs discharging -250 lp. 

Several springs discharging -550 lpm. 

1 (?) spring discharging -50 lpm from 
vitric tuff so SiOz temperature may not be 
reliable; sinter and travertine reported. 

Several springs discharging 490 lp. 

2 springs discharging -550 lpm. 

.2 

.2 

. 3  Spring discharging -550 lpm. 

.2 

.2 

Several springs discharging -200 lpm. 

Hot spring discharging -750 lpm. 
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Table S.--Identified hot-water convection systems with indicated 

Loca t i on 

tude 

Temperatures OC  

Name Lati- Longi- Sur- Geochemical Sub- 
tude face sur- 

face 0 1  0 1  

N W 

UTAH 

Hooper H.S. 41 08 

Crystal H.S. , 40 29 

Baker (Abraham, 39 36.8 
Crater) H.S. 

Meadow H.S. 38 51.8 

Monroe(Cooper) H.S. 38 38.2 

Joseph H.S. 38 36.7 

WASHINGTON 

Sol DUC H.S. 47 58.1 

Olympic H.S. 47 58.9 

Sulphur Creek H.S. 48 15.3 

Garland (San Juan) 47 20.5 

Ohanapecosh H.S. 46 44.2 

WYOMING 

Huckleberry H.S. 44 07 

Auburn H.S. 42 49.5 

Totals (224 Systems) 

112 11.3 60 

11 1  54 58 

112 43.9 87 

112 30 41 

112 06.4 76 

112 11.2 64 

123 52.1 56 

123 41.2 52 

121 10.8 37 

121 53.4 38 

121 33.6 49 

110 41 71 

111 0 62 

101 

103 

118 

100 

110 

133 

148 

126 

122 

148 

1 26 

150 

143 

223 

1 35 

122 

68 

118 

141 

92 

87 

113 

185 

164 

141 

209 

105 

135 

125 

105 

120 

140 

150 

130 

125 

150 

130 

150 

1 50 
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rubsurface temperatures from 90' to 150'a-Continued 

Reservo i r Assumptions Comnents 

Sub- Thi ck- Uol- Heat 
sur- ness ume con- 
face tent 
area 10'8 

cal 
km*S/ km5J km36J 7f 

1.5 

1.5 

1.5 

1.5 

5 

1.5 

1.5 

1.5 

1.5 

1.5 

1.5 

1.5 

1.5 
-~ 

c2938 

1.5 

1.5 

1.5 

1.5 

1.5 

1.5 

1.5 

1.5 

1.5 

1.5 

1.5 

1.5 

1.5 

2.25 .1 

2.25 .2 

2.25 .1 

2.25 , .1 

7.5 .5 

2.25 .2 

2.25 .2 

2.25 .2 

2.25 .1 

2.25 .2 I 

2.25 .2 

2.25 .2 

2.25 .2 - 
U S 6 4  c345 

4 saline hot sprjngs in 2 groups 0.6 km 
apart; geothermometry may not Lie reliable. 

4 hot springs discharging %230 lpn. 

4 hot springs depositing travertine and Mn 
oxides at edge of young basalt flows. 

3 springs on 1.6 km trend; includes Hatton 
Hot Springs (Black Rock or Wiwepa) Hot 
Springs; analyzed spring discharges 226 lpm 

9 springs in 3 groups on 48 km trend along 
Sevier fault; includes Red Hill and Johnson 
Hot Springs; depositing 'travertine. 

Springs depositing travertine and dischar- 
ging -110 lpm. 

11 springs discharging 4 0 0  lprn. 

17 springs discharging 600 lpm along fault 
zone. 

Springs dischargin 15 lpm; minor precipi- 
ta ti on (carbonate?!. 

3 springs discharging -995 lpm; extensive 
travertine; chemical temperatures not 
reliable. 

5 springs discharging 9 2 5  lpm; extensive 
precipitation (carbonate?). 

2 small groups of hot springs discharging 
~ 3 8 0  lpm. 

More than 100 vents; discharging %140 lpm 
and depositing travertine. 
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dissolved salts (1,OOO to l0,OOO mg/kg) , but a few 
contain 2 to 3 percent. The Salton Sea geothermal 
system is especially saline, having about 26 per- 
cent dissolved salts at reservoir temperatures ex- 
ceeding’ 340°C. 

Much attention has been given recently to con- 
stituents whose cuntents are strongly dependent 
on temperature. A few of these are useful in pm- 
dicting subsurf ace temperatures from chemical 
analyses of water samples from springs or shal- 
low wells. SiO, (Fournier and Rowe, 1966) and 
Na-K-Ca relations (Fournier and Truesdell, 
1973) have been especially useful in providing 
most of the predicted temperatures in this report. 

The basic assumptions involved in chemical 
geothermometers need to be emphasized. The most 
important (Fournier and others, 1974) are: (1) 
temperature-dependent reactions exist between 
constitutents in the water and the rocks of a res- 
ervoir; (2) all constituents involved in the reac- 
tions are sufficiently abundant so that supply is 
not a limiting factor; (3) chemical equilibrium 
is attained at the reservoir temperature; (4) little 
or no equilibration or change in composition 
occurs at lower temperatures as the water flows 
from the reservoir to the surface; and (5) the 
water from the reservoir does not mix with any 
other water at intermediate levels. Assumptions 1, 
2, and 3 commonly seem to be valid for the SiO, 
and Na-K-Ca geothermometers. Nearly all reser- 
vair rocks contain quartz, and residence times of a 
few days or weeks are sficient to saturate the 
waker in SiO, with respect to quartz at temp- 
eratures much above 150°C. Also, most waters 
seem to attain equilibrium in Na, K, and Ca with 
respect to the common clay minerals and feld- 
sprs. However, some indicated temperatures of 
our tabulated data are not reliable, at least in part 
because waters high in free CO, may not have 
attained equilibrium .with the rocks or because 
they attained equilibrium wikh mineral assem- 
blages other-than those assumed for the geuthem- 
omebrs. In order to gain internal consistency, 
the SiO, temperatures reported in the tables are 
based on equilibrium with quartz rather than 
chaldony or amorphous forms of silica. How- 
ever, some reported systems, especially those of 
low temperature, may have’ equilibrated with one 
of these more soluble forms of silica. The predic- 
ted temperatures of such systems will be too high. 
Assumption 4, that water flows to the surface 
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without chemical change, is prohbly never strict- 
ly true, but useful ninimum temprakures can be 
predicted. Assumption 5? that no mixing occurs 
with cool shallow waters, may frequently be in- 
valid. Mixing, formerly considered to be a major 
obstacle in predicting subsurface temperatures, 
has recently been utilized to advantage by Fourn- 
ier s,nd Truesdell (1974). I n  favorable circum- 
stances, tempedures higher than those indicated 
by the SiO, on Na-K-Ca geuthermometers can 
be predicted at deeper levels in a stacked series 
of reservoirs (Truesdell and Fournier, 1975). 
These mixing models are still so new that they 
have been applied only to a few systems. Other 
chemical and isotopic methods of temperature 
prediction are also being developed by Truesdell 
and others. 

Experience has shown. that natural geysers and 
active deposition of siliceous sinter are reliable 
indicators of subsurface temperatures at least 
as high as 180°C. On the other hand, travertine 
deposits (CaCO,) and opaline residues p d u c e d  
by sulfuric acid leaching (from oxidation of 
H2S) are commonly identified incorrectly as sili- 
ceous sinter but actually have no reliable relation 
to reservoir temperature. 

The origin of the heat has major importance 
in predicting the geothermal resources of indi- 
vidual mnvwtion systems. Two principal origins 
are considered here: (1) heat directly related to 
volcanic sources localized as “hotspots” in the 
shallow crust of the Earth (Smith and Shaw, 
this circular) and (2) heat related to geothermal 
gradient, or the general increase in temperature 
with depth as a Consequence of conductive heat 
flow (Diment and others, this circular). For both 
types, the ultimate source of most of the heat 
is from deep within fhe Earth, probably resulting 
in large part from natural radioactivity. As indi- 
cated by Smith and Shaw, the basalts and ande- 
sites that form most volcanoes have probably 
risen rapidly from the mantle to the surface in 
volcanic eruption. As a result, their heat is dis- 
persed rather than stored and does not provide 
useful geothermal concentrations. However, the 
high-silica varieties of volcanic rocks, perhaps 
because of their very high vis&i&ies, commonly 
are associated with m a b a  chambers at shallow 
levels in the crust (perhaps 2 to 10 km but most 
commonly about 4 km; Smith and Shaw, this cir- 
oular) and can sustain high-temperature convec- 



tion systems far many thousands of years. Many 
large geothermal systems appear to be associated 
with young silicic volcanic rocks. Some hot- 
spring systems that have no direct association 
with young silicic volcanic systems may derive 
their heat from older volcanic systems or from 
very young igneous systems with no surface ex- 
pression. 

Other hot-spring systems are probably not 
related to silicic volcbic rocks. The heat of their 
systems is related to the regional geothermal 
gradient, which is higher in some regions such 
as the Great Basin than in others (Diment and 
others, this circular). Many hot springs of the 
Great Basin emerge from steeply dipping faults 
that may extend to depths of at least a few 
kilometres (Hose and Taylor, 1974; Olmsted 
and others, 1975). The water may be entirely of 
surface origin, circulating downward, being 
heated by thermal conduction with consequent 
decrease in density, and then rising and discharg- 
ing from surface springs. I n  such systems, the 
normal conducted heat is being removed; temp- 
eratures immediately adjacent to the deep re- 
charge channels are lower than those at similar 
depths not affected by convective heat losses. 
Temperatures should decline with time as rocks 
adjacent to channels are cooled and as new heat 
is supplied by conduction through increasing 
distances from channel walls. I n  our opinion, the 
abundant fault-controlled spring systems of low 
tempemture throughout the Great Basin are like- 
ly ko be of this origin. W e  suspect, however, that 
systems such as Beowawe, Leach, and Bradys in 
Nevada require volcanic heat and are not supplied 
only by geothermal gradient, even though located 
within the Babtle Mountain high where cunduc- 
tive heat flow is considerably higher than the 
normal heat flow of the Great Basin (Diment 
and others, this circular). We, with R. L. Smith 
(oral commun. 1975), are skeptical that geo- 
thermal gradient alone can sustain high temp- 
eratures for the long durations of time indicated 
for these systems. 

Identified systems 

The accompanying tables are based on fihe 
SCQtnty data available to us early in 1975. Sixty- 
b h m  systems have indicated temperatures above 
150°C (table 4 and figs. 1 and 2), and 224 have 
indicated temperatures between 90°C and 150°C 

(table 5 and figs. 2 and 3), Numerous hot springs 
in the range of 50" to 90°C (Waring, 1965) have 
not tbeen included b u s e  mhemica l  and other 
evidence is lacking to sug@ reservoir tempera- 
tures greater than 90°C. As additional data be- 
come available,some of these will RO doubt qualify 
for higher temperaturn catego&s. I 

The more prominent systems have well- 
established names from local usage and literature. 
In  most instances the name appearing on the topo- 
graphic map of the area or the name given by 
Waring (1965) is used. If more than one name 
is available locally or 'in the literature for a 
particular spring, the additional names are shown 
in parentheses in the tables. Other springs or 
wells without established names are identified 
by some nearby geographic feature on available 
maps, which also provide latitude and longitude. 

Measured surface temperatures provide mini- 
mum reservoir temperatures. Where the chemical 
temperatures TS1o1 and TN.-K-Ca both indicate 
temperatures above about 125"C, we are confident 
that most subsurface temperatures will equal or 
exceed the predicted temperature. The user of 
these tables, however, should be especially skep- 
tical of temperatures that are below 125"C, as 
well as temperatures,that differ between the two 
chemical methods by more than about 20°C. Other 
systems whose predicted temperatures warrant 
skepticism are those of moderately high discharge 
(more than about 50 lpm from a single spring 
or obout 200 lpm from a system) 6hat also have 
surface temperatures much below boiling (70°C 
or less). An indicated high subsurface tempera- 
ture is credible for a 13001 spring of low discharge 
where excess heat can be lost by conduction but 
is much less credible for a system combining a 
low surface temperature and a high rate of dis- 
charge. Geochemical temperatures in most but 
not all cases provide minimal estimates of sub- 
surface temperatures. Note that we have predicted 
some reservoir temperatures that are near the 
average rather than the maximum geochemical 
temperature. In most cases, our predicted tem- 
perature is at least as high as the pmferred 
geochemical temperature (generally TB1O2) ; how- 
ever, in some systems where subsurface tempera- 
ture projsctions have been made (most notably by 
Olmsted and others, l975), the assumed reservoir 
volume includes a substantial part that may be 
less than the indicated geochemical temperature. 



The subsurface area asgumed to be underlain 
by a reservoir of the indicated average temper- 
ature is derived from all available data. These 
include, as minimum? the surface area contain- 
ing springs, spring deposits, and bleaching from 
attaok by sulfuric acid derived from oxidation of 
H2S. Geophysical data (Combs and M d e r ,  
1973), where available, provided the principal 
means for estimating the area and, in a few 
oases, the indicated depth of the reservoir, even 
though sufficient drilling has not yet been done 
to document carefully the relation between a 
geophysical anomaly and geothermal potential. 
Parts or all of some eleotrical resistivity anoma- 
lies may be caused by hydrothema1 alteration, 
rocks rich in clay minerals, or saline ground wa- 
ters, particularly in many areas of the Basin and 
Range province. Other types of geophysical sur- 
veys may also indicate anomalies that are not 
closely related to geothermal reservoirs. I n  most 
instances where surface expression and geology 
were used to indicate reservoir dimensions and 
geophysical data were then examined, &he reser- 
voir dimensions either remained ehe same or, more 
commonly, were significantly increased. 

Although the pattern of industry exploration 
and drilling activity is viewed as highly signifi- 
cant in indicating the extent of a reservoir in 
several 'areas, in  general only scanty data are 
available now from private industry. The lack 
of reliable data concerning areal extent is a ser- 
ious constraint in this- assessment because many 
estimates of $he subsurface areas shown in tables 
8 to 5 differ by more than three orders of magni- 
tude; in contrast, all other parameters vary by 
less ,than one order of magnitude. Thus, the areal 
extent is the most critical single parameter in esti- 
mating the heat content of a system. Tempemture, 
however, is of critical importance in determining 
how a system may be utilized. Systems wibh mini- 
mal surface evidence, such as a single spring, a 
restricted p u p  of springs, or a single thennal 
well withouk other evidence, ana systems for 
which geology or ,geophysics do not suggest a 
larger subsurface area are arbitrarily assigned a 
subsurface area of 1.5 km2 (assumed to be 1% km 
long on the dominant struc,tuTal trend, even if un- 
know,n in direction, and 0.5 km on each side of this 
trend). Many of the sepamte systems we have 
indicated may be inhmnnected at depths greater 
than 2 or 3 km. 

The heat reservoir of all convection systems 
is arbitrarily assu-med to extend to 3 lun in depth, 
which is the current limit of geothermal drilling. 
Heat at greater depths in volcanic systems is 
included in the volcanic system resources (Smith 
and Shaw, this circular); heat below 3 km in 
depth in other areas is included in the remum 
base calculations for conduction-dominated re- 
gions (Diment and others, this circular). A con- 
vection system in the latter environment has 
removed heat, relative to surrounding ground, 
as previously noted. 

The top of a convective reservoir is generally 
not well defined but is generally assumed to have 
an average depth of 1, 1 1/,  or 2 km, depending 
on assumed shape of the convection system and 
inferred similarities to drilled areas. Although 
the differences among our various depth estimates 
(tables 3 to 5) clearly affect drilling costs, the 
tables show that assumed thickness introduces 
much less variation in calculated volumes and 
heat contents than the assumed areas. 
The tabulated volumes are simple multiplica- 

tions of the assumed areas and t h i c k n m .  Ea- 
timated stored heat is then calculated from 
r&ervoir temperatures (less 16"C, ambient sur- 
face temperature; for simplicity, assumed con- 
stant for all of the United Skates), volume, and 
volumetric specific heat assumed as 0.6 cal/ 
cmsoC. Volumetric specific heah are known to 
differ slightly by rock type, porosity, and water 
content (Diment and others, this circular), but 
the assumption of a single volumectric specific 
heat introduces only slight errors relative to the 
great uncertainties of other parameters. 

Little is ,known &bout the specific intermediate- 
temperature systems of table 5 and figures 2 and 
3. Most of these systems are included in this cate- 
gory because of their chemically indicated temp- 
eratures but are listed with minimal reservoir 
areas, volumes, and heat contents. One notable 
exception is the Bruneau-Grandview arpA of 
Idaho, shown on table 5 as having an area of 
2,250 km2 and 263X1Ol8 cal of stored heat. This 
large area in the southwestern part of the Snake 
River Plain . is characterized by hot springs of 
modest temperature (commonly 35" to 45°C; 
Waring, 1965) and many shallow thermal wells 
that discharge at  temperatures as high as 84°C. 
In  addition to this broad distribution of t h e m 1  
springs and wells, the regional heat flow is prob- 
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ably high to very high (Diment and others, this 
circular), and geophysical surveys show no sharp 
boundaries for the area known to be anomalous. 
This geothermal area is likely to be huge, and it 
may even extend under a large part of the Snake 
River Plain. 

Even less is known about our low-temperature 
hydrothermal resources ( <90°C). Many spring 
systems tabulated by Waring (1965) are prob- 
ably in this category, and the warmer ones may 
be useful in space heating. For example, Iceland 
and Hungary make extensive use of water at tem- 
pemtures blow 100°C, and 80°C is actually the 
preferred distribution temperature in Reykjavik, 
Iceland (Einarsson, 1970). 

Pattern of distribution of identified convection systems 

Figures 1 and 3 confirm the well-known abun- 
dance of thermal systems in the Western United 
States and their scarcity elsewhere. Most of the 
high-temperature systems occur in the areas of 
anomalously high conductive heat flow (Diment 
and others, this circular, figs. 9 to 11) ; many of 
these systems also occur in or near areas of young 
volcanic rocks (Smith and Shaw, this circular, 

The numerical data of tables 4 and 5 are sum- 
marized in table 6, which also divides the systems 
into two categories, depending on whether the 
predicted magnitude of tiheir heat reservoirs ex- 
ceeds the minimum assumed value. 

Note that the heat contained in identified hot- 
water systems is about 30 times that in vapor- 
dominated systems, and total heat contained in 
systems with indicated temperatures above 150°C 
is about the same as that in systems between 90°C 
and 150°C. Such comparisons of systems of dif- 
ferent types must be tempered by the extent of 
our knowledge of each type; for obvious reasons, 
much more attention has been given to the more 
attractive large high-temperature systems. Six 
of the high-temperature systems (Surprise Val- 
ley, Long Valley, cos0 Hot Springs, Salton Sea, 
and Heber, California, and Yellowstone National 
Park, Wyoming) are each predicted to contain 
more than 1OX 10l8 cal of stored heat ; they total 
about 75 percent of the total estimated heat of 
all of the identified high-temperature systems. 
Even more striking is the dominance of a few 
large systems in the intermediate-temperature 
range. Only two identxed systems are predicted 

figs. 5 to 7). 

to contain more than 10X10f8 cal each, and only 
seven contain more than lxlOfs cal. The domi- 
nance of the Bruneau-Grandview area of Idaho 
is especially startling; this may be more a re- 
flection of a lack of adequate data and reliable 
predictive technique than of fact. However, g e ~ -  
thermal convection systems may have the same 
log-normal relation between grade and fre- 
quency that metalliferous deposits and hydrocar- 
bon reservoirs have. If  this is so, relatively few 
systems cuntain most of the resources. 

Undiscovered convective systems 

Good reasons exist for optimism that abundant 
geothermal r e s o u ~ s  in hot-water convective sys- 
tems are available for future discovery. Our use 
of the term “discovery,” however, must be de- 
fined ; a geothermal discovery is considered to re- 
sult from any of the following: 
1. New knowledge‘of the extent of an already 

identified system that increases its tabu- 
lated volume appreciably; the difference 
is considered to be the newly discovered 
part (but this mag be offset in part by 
decreased estimates for individual sys- 

2. The temperature of rqrl identified system is 
found to be higher than first estimated- 
enough for the system to qualify for a 
higher temperature category and more 
valued potential utilization (but increases 
may .also be offset, probably in small part, 
by decreases). 

3. A previously unknown system is discovered, 
commonly with no obvious surface evid- 
ence for its existence. 

Most of the tabulated convection systems of this 
report (tables 4 and 5 )  should be viewed as tar- 
gets for future exploration and discovery. 

Our masons for being optimistic that many ex- 
ploitable hot-water sy&ems exist for future dis- 
covery are : 
1. Many of the young silicic volcanic systems 

tabluated by Smith and 6haw (this cir- 
cular) have no recognized convection sys- 
t+= 

2. Other young silicic systems may still be de- 
veloping, with no direct evidence for their 
existence in the shallow crust. 

3. With few exceptions, old, deeply eroded vol- 
canic systems are associated with exten- 

- 

tems). 
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Table 6.-Summary of identified hydrothermal convection systenre 

Heat Content, Number Subsurface Vol ume, 
area, km 1018 cal 

- 194 - 26 - 122 - - 3 - - - 
HSgh-temperature systems (<15OoC) 

QI 
QI 

Systems each wi th  heat  content 
>0.2 x 1018 ca l  

Systems each wi th  he 
1374 2939 366 

5 

371 

38 

- 56 - 63 P 1414 2995 

- 25 - 40 - 
- - 

28 2638 4112 31 1 
Systems each wi th  heat  content 
<0.2 x 1018 ca l  - 196 

_I 452 - 34 - 
345 - - - - - 

4564 - 2938 224 - Tota l  intermediate- temperature sys tern 

714 

740 
- - - 7559 4352 

4474 7753 

- - 287 - - - Tota l  i d e n t i f i e d  hot-water systems 

290 Tota l  hydrothermal convection systems 
- , .  



sive hydrothermal alteration. Until re- 
cently, such alteration was interpreted as 
the effect of magmatic fluids, perhaps 
much different from the large convection 
systems of Larderello, The Geysers, Wair- 
akei, and the Imperial Valley fields. How- 
ever, extensive isotope studies of waters 
and rocks of both the old and the pres- 
ently active systems have shown that lo- 
cal waters of surface origin are generally 
the dominant fluid (Taylor, 1974; White, 
1974); the active systems are probably 
the present-day equivalents of old ore- 
forming systems. The volumes of altered 
rooks of the ore-forming systems are com- 
monly many tens or  hundreds of cubic 
kilometres. Furthermore, the isotope stud- 
ies also demonstrate that each volume of 
altered rock commonly required the flow 
of 1 to 10 volumes of water through the 
system. The isotopic and other data also 
indicate that temperatures of these old 
systems most frequently ranged from 
200' to 400' C at probable depths of 1 to 
4 km below the ground surface of the 
time. If this analogy is correct, many ac- 
tive systems should have similar volumes 
and temperatures in their deeper parts. 

4. Many old volcanic systems probably still sus- 
tain moderate- to high-temperature Con- 
vection systems that may not have surface 
expression. Most of these volcanic sys- 
tems are too old or poorly known to be 
evaluated in detail (Smith and Shaw, 
this circular). 

5. Reoent major progress has been made in ap- 
plying several kinds of chemical, isotopic, 
and thermodynamic mixing models to 
convection systems that differ from the 
simple model (Fournier and Truesdell, 
19'74; Truesdell and Fournier, 1975). Dif- 
ferent levels of mixing with dilute, cool 
meteoric waters are probably involved. 
With proper sampling of spriiigs and 
shallow wells, evidence for high tempera- 
tures at deeper levels can be obtained; 
such evidence is normally lost by re-equi- 
libration in a hot reservoir of a simple 
system. Reassessment of data from many 
of the systems of tables 4 and 5 and from 

other inconspicuous systems of low sur- 
face temperature is -liiely to result in 
many new discoveries, as we have d e h e d  
the term. 

We are fully aware $hat some extensively ex- 
plored areas are better known to some others 
than to us, especially in light of the recent rapid 
rate of accumulation of proprietary data by in- 
dustry. In  time, some of the 
available, and our technique 
sumptions will improve enough to  justify a new 
assessment. 

We estimate that five times the volume and heat 
contents of the high- temperature ( >15OoC) sys- 
tems of table 4 (excluding Yellowstone Park) are 
not presently recognized and exist as targets for 
future discovery. We cannot specifically justify 
this number other than to emphasize our previ- 
ously stated reasons for optimism; a factor of 2 
is almost certainly too small, and 20 is likely to 
be too large. We estimate that about three times 
the volume and heat content of the intermediate- 
temperature resources of table 5 are unrecognized, 
but this may be conservative. 
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Table 7.-Magnitudes and heat contents of identified volcanic systems1 

EXPLANATION OF SYMBOLS 

AGE = T 

Ty - Last eruption The assumed "time-zero" for 

Tys - Youngest s i l i c ic  eruption 

Tyb - Youngest basic eruption 

Ts - Age (s i l ic ic)  

Tc - Age caldera eruption 

calculating the present distribution 
of heat is underlined i n  the table; 
Tys is used wherever data exist. 

Tg - Greatest known age (composition unspecified) 

Tgs - Greatest age (s i l ic ic)  

Tgb - Greatest age (basic) 

Tb - Age (basic) 

AREA = A 

Ac - From caldera 

Av - From vent d is t r ibu t ion  

As - From shadow 

A f  - From fractures 

Au - From u p l i f t  

Ag - From geophysical anomaly (unspecified) 

Agg - Gravity 

Agm - Magnetic 

Ags - Seismic 

Ago - Other, 

Ao - Other, see remarks 

YVolcanic systems marked by an asterisk i n  column 1 are known to have some 
associated hydrothermal activity (see Renner, White, and Williams, this 
volume). Heat content calculations i n  columns 11-13 ignore hydrothermal 
losses. Methods of calculation are outlined below. 
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Table 7.- ,Magnitudes and heat contents of identified volcanic systems4ont inued 

VOLUME = V 

Vc - From caldera 

Vv - From vent distribution 

Vs - From shadow 

Vf - From fractures 

Vu - From u p l i f t  

Vg - From geophysical clnomaly 

I 

Vgg - Gravity 

Vgm - Magnetic 

Vgs - Seismic 

Vgo - Other, see remarks 

Vo - Other, see remarks 

Vee - From extrapolation of s i l i c ic  ejecta volume. 

Vb - Best estimate 

NOTES ON THERMAL CALCULATIONS IN TABLE 7 

COLUMN 11 , AQ, total calories x 1018 

Assumptions: Init ial  temperature = 85OOC 

Latent heat of crystallization = 65 cal/g 

Heat capacity = 0.3 cal/g /"C 

Mean density of magma = 2.5 g /cm 3 

The above values are approximate averages for the composition and 

temperature ranges of table 7. From these values the heat liberated 

between 85OOC and 65OOC is 125 cal/g.. 

between 85OOC and 3OOOC is 230 cal/g. 

The total  heat liberated 

15 One cubic kilometre of magma represents 2.5 x 10 g. The total  

heat liberated per cubic kilometre is 0.575 x 10l8 calories. T h i s  number 

mul t ip l ied  by the volume VB i n  column 9 gives the AQ Total of column 11. 
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Table 7.-Magnitudes and heat contents of identified volcanic systems--Continued 

Estimates of heat content i n  the tables are given i n  u n i t s  of 10l8 

ca 1 ori es . 
COLUMN 12, AQ now, calories x 1018 

The time required for a change of5the original ,gradient a t  the Earth's 

surface to  a steady-state gradient between the surface temperature and the 

magma chamber temperature i s  given approximately by relations aiscussed 

Jaeger (1964). For the assumed depth o of 4 km and a thermal d i  

ivi ty  of 0.007 

(column 12) is assumed t the total value i n  column 

Estimates of losses for older system 

disturbance of the geothermal gradient 

The value of thermal- diffusivity used is an average estimate for crustal 

rocks. Roof rocks above large caldera systems such as Yellowstone, Idaho- 

Wyoming (IW-2), Valles, New Mexico (NM 
8 1  

, California ( ~ - 3 )  
I 

may hav a1 diffusivity. 'Hydrothermal 

roof rocks. 

COLUMN 13, AQ oUt,scalories x 1018 

The total amount of heat transfer per square centimetre from a magma 

chamber into roof rocks is given by Carslaw and Jaeger (1959, p.61) and 

also is discussed by Shaw (1974). Using these relations the total heat 

transfer (AQ ) i n  column 13 is given by out 
\ 
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Table 7.-Magnitudes and heat conte identified volcanic syetems----Continued 

AQout = 51.6At’’2 (cal) 

where A is contact area (from column 7 converted t o  square centimeters) 

and t is the time i n  seconds since Ty. Calculations in.column 13 are 

approximately valid only if the time of solt;di.f3Mbniiis *greater than Ty 

i n  column 6. The time of solidification is approximated by lines 3 and 4 

i n  figure 4 .  

If Ty is much greater than 360,000 years and the time for  solidification, 

the calculation of heat content is ambiguous because of the increasing im- 

portance of hydrothermal losses. On the basis of conduction models, however, 

the total time for decay of igneous-related thermal anomalies may be very 

long. As an example, the time required for the central temperature i n  a 

magma chamber of horizontal slab like geometry to  decay from the ini t ia l  

magma temperature to nearly ambient temperatute islabout 2 my. for a magma 

chamber 5 km thick and about 10 m.y. for a 10-km-thick chamber. Even a 

1 i beral a1 lowance for  hydrothermal losses means that the igneous-related 

thermal anomalies fo r  the largest systems of table 7 probably are preserved 

for times of the order 10 my. or longer. 

Queries i n  columns 11-13 mean that even though data exist, .we are not 

confident that they pertain even approximately to  the assumptions of t h e  

calculations. Blank spaces i n  the table mean that more geological and geo- 

chronological study is needed before we are willingl$o provide estimates. 
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Table 7.-Magnitudes and heat contents of identified volcanic aystemll--LContinued 
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Table 7.--MamItudes and heat contents of identified volcanic systerns----Continued 
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magmas are always erupted from high-level stor- silicii e d m i v e  rocks (Tys in table 7) ..We also 
age C h ~ b e ~ ,  PmbablJ' in the Upper 10 km Of give a i m &  for heat contents of systems lack- 
the crust. ing known silicic extrusive rocks, but it should be 

This masoning suggests to us that purely basic =@zed that the controlling concepts and as- 
volcanic systems (most common on a ..world sumptions are less applicable for those systems. 

Our deme for evaluating voltaic areas for omic iderest, whereas silicic volcanic systems their geothermal potential was conceived and de- 

basis) f.re1Y fmm thermal anomalies of -n- 

Pmbabb 
making this stakment .we are ipifically exr .&  rigorous 
'lUang pocSsible economic 

do if they are Iar@ In' piloped as a guide for exploration rather thm as 
for quantihtive &imtion of 

Of cehh ,resources. As more and better d a h  on geother- 
mal areas become available, we hope that the oceanic volcanic systems. I n  "some oceahic sys- 

tems there is the admitted possibility Of + the.T scheme might ultimately evolve into a quantita- 
'tive 

anomalies associated with 

the presence of silicic eruptives that a high-level plied in 
gee- magma chamber formed in the recent past or is therm kussion of 

"ed to give conservative estimates for those detailed consideration of a given geothermal atea. 
silicic volcanic systems that we think have con- The estimates in table be viewed as first 

related &urn about which little is known with to the upper 10 km of crust. 

any degree of certainty. I f  nothing else, however, The problem of the thermal estimates 'is many 

the 'table gives a list of areas that may be of faceted, but our major concern is in estimating 
the volume of the magma chamber for a time . geothermal interest and gives some'idea of the 

range of volumes of silicic magma chambers of tents that may exist in these areas. Figure 4 interest spans four orders of magnitude or more, illustrates the that we used to gage the and the volumes of most silicic volcanic systems a1 stab of a magmatic can be.approximated within an order of magni- 
tude by inspection of a geologi~ map or by anal- 
ogy with kindred volcanoes that are better known. mental data, from which all 
For well-documented volcanic areas, other con- in table 7. The 
straints allow estimates of chamber volumes that qluxnns 6-9 is indi- 
EM probably within a factor of 2 or 8 of their C a M  by v h l s  as explttined in the legend of 
true volumes. The age of the last known erup- n various surface 
tion of magma is taken as evidence for a magma ma 

was then at least partly molten; p p l y , s i q  ana sifici umes.'The volume 
Cooling from the time of that eruption is as- range (oolumn 8 )  is 
sumed to take place in a closed system. Because the thi 

y silicic volcanic systems are not closed but 2.5 to 
continue to receive subchamber heating, this pro- 
cedure gives minimum Qooling times and heat the 
contents for most sgstems. Cooling by hydrother- era1 & &ume that th 
mal convection tends to offset continued heding, smaller the thickness of the chamber. On an order 
but in our opinion the rate sf mpp& O f  m g m  of magnitude basis, this assumption must gen- 
from deep crustal or mantle aources 6 t!& donzin- erally be c o m t .  
ant heat supply for both high-&vel magmtic 
and hydrothemud system. ent thermal state of a rn 

whether or not we think that magma exists& the 
thermal calculations is the system now. Many entries are shown as greater 

fixbt4me of high-level basic magma chambers for chara&izing both develop 
The estimates given in table 7 are W on &d' decl-i 

V*ms *Owing e~dence- eo* high-level igneous systems. The method 8s ap- 
summary of 
rces does not forming at the Present time. In 7 we have the && should -mpany any 

tributsd the greatest 0 ' ~ '  and present hm' '69 incomplete appm-ations of an igneous- 
i . 

when it to have contained mapa. The relative ma@t,uda of ignmus-relaw h a t  con- 

. column 7 is b 

'&Jumn I() indicates 0; 

For most systems the value of Ty used 
f the youngest 
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F r o m  4.-Graph of theoretical cooling time vensua volume for magma bodies. Points represent Bow& ages (F@) 
and estimated volumes (1’1) for the best known magmatic systems of table 7. See text for eXPhnation of 
lines 1-6. 

than or less than 650”C, which is the approxi- 
mate minimum temperature of solidification of 
granitic melts. The assumed approximate liquidus 
(all liquid, no crystals) temperature for most 
silicic magmatic systems is about 850°C. Where 
the value >85O0C is given, as in many of the 
active Alaskan systems, present ejecta composi- 
tions indicate that the chambers contain andesites 
or dacites of higher liquidus temperatures than 
rhyolites. 

Column 11, designated A&totpl, is coniputed 
directly from column 9 and assumes that the 
entire heat content of the high-level storage cham- 
ber is contained in a fixed volume of magma. 
This assumption is clearly incorrect if a con- 
tinuous convective supply of magma from deeper 

sources has been important in the 0- and 
present state of high-lefel systems, as we main- 
tain. The assumptian leads to s minimum value 
for the total heat transfer in the upper crust de- 
rived from any given volcanic system However, 
AQtotn is the only quantity tlmt can be defended 
as having existed in the ohamber at  one time. 
All of these systems have histories involving pre- 
heating, and evaluation of &he true total will 
require much more d&a on volumes, compithns,  
depths, shapes, rates of magma convection, dif- 
ferentiation, etc., than are available today; geo- 
chronological data are imperative in this con- 
text. 

The total heat content of column 11 is the 
“initial” heat content of the magma chamber of 
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volume V g  at the time Ty assumed in the calcula- 
tions and is based on the total heat that would 
be liberated if the total chamber volume, assumed 
to be closed to additional inputs of magma, cooled 
from an initial averaa temperature of 850°C to 
a h a 1  average temperature of 3OOOC. The calcu- 
lation includes the latent heat of crystallization 
and the heat capacity integrated over the tem- 
perature interval (see table 7, footnote). The 
lower cutofl! is an arbitrary approximation of 
the averam preexisting ambient temperature 
within the depth zone occupied by magma. In  
some cases, 85OOC is either too low or too high 
an initial temperature. This uncertainty and the 
uncertainties of thermal properties mean that 
some of the listed values may be as much as 50 
percent too high or too low. These uncertainties, 
however, tend to compensate because of the 
ranges of magma types and also because of the 
uncertainties of magmatic preheating and con- 
tinued additions of magma. On this basis we be- 
lieve that column ll generally represents mini- 
mal estimates of the total igneous-related heat 
source. Hydrothermal convection doesdot affect 
this number because it is determined solely by 
the data on magma volumes and temperatures. 

Column 12 is our estimate of that part of the 
heat content of column 11 that still remains in the 
ground, both within and around the original 
magma chamber. The estimate is based on a cal- 
culation of the time that would be required for 
the geothermal gradient at the Earth’s surface 
to be significantly increased by conductive heat 
transfer in dry rocks over its original value if 
a magma chamber was suddenly emplaced with 
its top at a depth of 4 km. The calculation is 
sensitive to the assumed depth of the roof and 
the properties of roof rocks. If  the time since the 
last eruption, Ty, when the total heat content ex- 
isted mainly in the environs of the magma cham- 
ber, is much less than 300,000 years, then little 
of that initial heat has been lost at the Earth’s 
surface unless .there has been active hydrother- 
mal convection in roof rocks for much of that 
time. I n  most places there is no way to evaluate 
this possibility so we have reported heat contents 
only on the basis of conductive models. Yellow- 
stone i s  an obvious exception, but the magmatic- 
hydrothermal heat Wanees there are not dis- 
cussed in this brief report. 

In  detail, the calculation leading to column 
12 is very complicated and is strongly subject to 

all factors influencing heat-transfer mechanisms. 
More important uncertainties, however, are 
caused by theJongevity of magmatic injection 
in the same vicinity both before and after the 
assumed value Ty. Again, we believe this to imply 
that the estimates of magmlcrelahd heat remain- 
ing in the ground are underestimates, probably 
grossly low, for systems with long histories of 
magmatic injection that have not had Comparable 
hydrothermal losses. 

Column 13 (A@,) gives the heat transferred 
from the magma chamber into the roof rocks be- 
tween Ty and the present, calculated by the usual 
methods of conduction theory. This heat flow is 
a minimal estimate of the total amount of mag- 
matic heat available throughout the life of the 
igneous event for the support of past and present 
hydrothermal systems within the assumed 4 km 
of roof rock. Numerous complications attend this 
calculation: magmatic heating prior to Ty wil l  
greatly increase the estimates, whereas hydro- 
thermal convection losses decrease the estimates. 
Systems that have been volcanologically active 
over a significant time span and are still active 
clearly do not fit the primary assumption of the 
calculation, namely, that a single pulse of magma 
was e m p l d  instantaneously. Accordingly, we 
are unable to make any estimates of A@,,nt for 
volcanoes labeled “active” in column 6. Generally 
speaking, the realistic magnitudes of heat trans- 
fer into roof rocks must be far greater than we 
can calculate from our simple assumptions. 

Column 11, A@total is the sum of the heat now 
in the intrusion, the momalous heat now in the 
l?oof rooks, and the anomalous heat lost to 
the atmosphere through the life of the igneous 
anomaly. column 12 (A@Bow) is the sum of the 
heat now in the intrusion and the heat now in 
the roof rocks, whereas column 13 (A@,) is the 
sum of the heat in the roof rocks and the heat 
lost to the atmosphere. For igneous systems 
younger than about 300,000 years, the heat lost 
to the atmosphere is assumed to be small from 
the /standpoint of conduction models, and wont 
is &ual to the anomalous heat now in the roof 
rocks. For systems older than 300,000 years, them 
has been significant escape of heat to the atmos- 
phe, I, so that A@mw is less than A@-, and A@& 
is greaterthan the heat now stored in the roof 
rocks. It should be noted that table 7 includes 
only a few of the many existing volcanic systems 
old Ienough for atmospheric loses to be signifi- 
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cant. The amount of residual heat in these ad- 
ditional systems and the longevity of igneous 
intrusion knd subchamber heating in all systems 
could increase our estimates of igneous-dated 
heat contents by at least 2 and possibly up to 10 
times. This problem, however, converges with 
the more general problems of regional heat flow 
that are not considered here ( see Diment, this 
c i h l a r )  . 

The total for the A@now of all magma-related 
systems of column 12 in the conterminous United 
States is roughly 23,000X101n cal or about 30 
times the total estimatd heat content of all tabu- 
lated hydrothermal systems (Renner and others, 
this volume). Of this total, about ’half $(or 
11,000X1018 .tal) probably exids as molten or 
partially molten magma. The total for molten 
magma in Alaska represents about 2,000X101s 
cal, which is nearly equal to its total “present 
heat content” of column 12. The b ta l  magmatic 
heat released to and presumably still contained 
by roof rocks in the conterminous United States 
is more than 6,bOOX1018 cal (column 13 adjusted 
for surface losses). I n  some systems, part of this 
heat has been dissipated by hydrothermal activ- 
ity. The real total, because of the residual effects 
of preheating, probably 0xceBds the estimates of 
hydrothermal systems by at least an order of 
magnitude. 

The estimates given in table 7 include nearly 
all of the high-level systems in the Unitad States 
known or inferred to contain magma, plus a few 
postmagmatic systems for which we have enough 
data to make a tentative estimate. The data on 
igneous-related heat contents presented in this 
tentative assessment, however, cannot be con- 
sidered exhaustive. In  table 7, for many of the 
silicic systems, column 12 indicates that Virtually 
all of the original heat content remains in the 
ground on the basis of the simplified conduction 
models for dry rocks. The reason for this is that 
our reconnaissance was aimed at discokering the 
youngest silicic systems that may still contain 
magma, and usually these systems have the best 
surface exposures and are the most completely 
d&umentd. Calculations of present heat con- 
tent (A@,,) for post magmatic systems are 
fewer because of the paucity of data. An excep- 
tion, for example, is Sutter Buttes, California, 
for which good volcanological data exist but 
which is probably too old to represent an im- 
portant thermal resource, as is indicakd by the 
low present heat content of column 12. 

There are undoubtedly systems in the transi- 
tional ran& between those that still retain nearly 
all of their original heat and thbse that retain 
Virtually none. .These are the @stems that ‘also 
would plot somewhere within the transitional 
band between lines 1 and 6 in figure 4, between 
subsolidus systems that are inferred to have plu- 
ton temperatures near 300°C and systems that 
are inferred to have chambers still entirely mol- 
ten. Some of the transitional systems are repre- 
sented in table 7 among the entries lacking su$- 
cient data for heat-content calculations, bqt 
others may be added as data become available. 
Inclusion of these systems would probably in- 
crease the total heat-content estimate by several 
times. 
’ Additionally, there are s 
and peripheral to the Ba 
where fault-controlled warm and hot springs 
seem clustered near former silicic volcanic loci. 
The data necessary to co&m or deny a relation 
between the thermal water and subjacent igneous 
bodies are inadequate. We think, however, that e& 
timates of the low-grade geothermal resources 
found to be related to silicic igneous systems 
eventually will be revised upward and that old 
and very large silicic plutons may 
heat not accounted for by cu 
thermal models. Deep faulting superimposed on 
these older plutons allows deep penetration and 
circulation of ground waters. Three of ‘these 
areas are listed in table 7 as examples of the kind 
of systems we have in mind (017, Harney-Mal- 
heur basin, Oregon ; C12, Bridgeport-Bodie area, 
California; OlW11, Cougar Peak-Surprise Val- 
ley area, Oregon-California) . 

I n  figure 4 the age-volume (Ty , V B )  data for 
54 volcanic systems are plotted to show the ap- 
proximate present position of each system in rela- 
tion to its probable solidification state and to the 
3OOOC isotherm. This plot is the essence of our 
scheme for reconnaissance evaluation of silicic 
volcanic areas (Smith and Shaw, 1973). 

Pairs of lines in figure 4 are drawn to represent 
a spectrum of cooling models that identify igne- 
ous systems that are now approaching ambient 
temperatures (points abve  lines 6 or 6), sys- 
tems that may now just be approaching the post- 
magmatic stage (points between lines 3 and 4), 
and systems that probably .still have magma 
chambers with a large molten fraction (points 
below lines 1 or 2). The pairs of lines represent 
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the effect of shapes ranging from slablike to 
equant for each of the different cooling models. 
Lines 1 and 2 &ssume that cooling takes place 

by internal convection of the magma chamber 
until solidification is nearly complete. Lines 3 
and 4 assume that cooling is entirely by conduc- 
tion, both inside and outside the magma chamber, 
until solidification is complete. Even in the pres- 
ence of convection inside the magma chamber, 
however, lines 3 and 4 come closest to represent- 
ing the range of true solidification times .for most 
chambers because magmatic convection tends to 
stagnate long before solidification is complete 
(Shaw, 1974). Lines 5 and 6 represent an esti- 
mate of the time required before the central tein- 
perature of the solidified pluton has fallen to 
about 300OC. Hydrothermal activity will cause 
these lines to shift toward lines 3 and 4, respec- 
tively, but it is our opinion that in most cases the 
shift is not large and the positions are fairly 
realistic. 

The poinh plottea in figure 4 can be com- 
pared with the lines only on the assumption that 
the plotted volume VB was instantaneously em- 
placed and cooled from the time represented by 
the youngest age Ty. This assumption is usual- 
ly questionable, so that the relation of each point 
to the cooling models must be individually ex- 
amined in detail. The effects of magmatic pre- 
heating and continued supply of magma, of 
course, tend to shift points lower on the diagram 
relative to models of instantaneous emplacement 
of magma chambers that cool as closed systems. 

Basic (or basaltic) volcanic systems, except for 
the special case of Kilauea, Hawaii, are given 
little emphasis in this resource estimate because 
they probably do not contain a significant high- 
level thermal anomaly and because we do not yet 
have the data necessary to evaluate them even 
if they did. 

Young basic volcanoes, however, are mdicators 
of magma source regions in the mantle and un- 
der some conditions are potential indicators of 
buried high-level silicic bodies with no obvious 
surface manifestations. Future investigations may 
reveal these hidden silicic bodies by geophysical 
studies, studies of xenoliths in the basic rocks, 
or by other means. The common association of 
silicic domes and lavas with basaltic lava fields 
shows that basaltic systems should not be auto- 
matically rejected for geothermal exploration. 
However, completely hidden silicic magma bodies 
associated with basaltic lava fields at the present 
I 
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time probably are few and small. Exceptions to 
this generalization may exist, such as the ‘US- 
sen-Shasta rectangle” of table 8, but in those the 
possibility is also indicated by abundant volcano- 
logical evidence. Figures 5,6, and 7 illustrate the 
geographic distributions of the silicic and basaltic 
systems of tables 7 and 8 for the United States: 

Table 8 contains a partial list of known basic 
lava fields and cinder cones known or inferred 
to be less than about l0,OOO years old. Whereas 
table 7 identifies systems by principal eruptive 
centers, table 8 identifies broader regions of dis- 
tributed basaltic volcanism. Ultimately these dis- 
tributed basaltic systems, and perhaps older ones 
not listed in table 8, may form some small part 
of the resource bass, but they annot  be evaluated 
in the present context. 

A similar line of reasoning applies to a large 
number of simple andesitic stratovolcanoes of 
Alaska and the Cascade Mountains, that is, the 
ones for which no volume estimates are given 
in table 7. These are listed because they are ac- 
tive or potentially active volcanoes and clearly 
reflect viable thermal sources. In  our opinion, 
however, the significant thermal anomaly for 
most of these volcanoes lies below 10 km and is 
so indicated in the table. Future studies may 
show that some of these volcanoes have evolved 
or are evolving higher level storage chambers, 
but we think that few of them will contribute 
greatly to the total resource base above the 10- 
km level, though they may be important locally. 
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FIQUEE ?.-Basaltic lava flelds known to be 1- than 10,OOO years old in the conterminous United States. 
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I 
I Table 8.-Basic volcanic fields probably less than 10,000 years old 

ALASKA 

Devil  Mountain f i e l d  

Imuruk Lake f i e l d  

Kookool ig i t  Mountains (St .  Lawrence I) 

St.  Michaels 

Ingaksl ugwat H i  11 s 

Nunivak Is land 

St .  Paul Is land 

II 

I1 

II 

II 

WASHINGTON 

Red Mountain-Big Lava Bed area 

OREGON 

North Cinder' Peak 

Nash Crater 

Sand Crater 

Bel knap Craters 

North Sisters.area 

econte Crater 

Cayuse Cone 

achelor Butte 

I Lava Butte 

Shield (lower f lank) 

Davis Lake t o  Black Rock Butte 

Brown Mountain 

Diamond Craters 

Jordan Craters 

La t  N Long W 

66'18' 165'31 ' 
65'32 ' 163'30' 

63'36 ' 1 70'24 ' 
63'28' 162'1 0' 

61 '23' 164'00' 

60'05 ' 166'30' 

57'11 ' 170'18' 

45'56 ' 1 21 '49 ' 

44'37' 121'48' 

44'25 ' 121 '57' 

44'23' 121 '56 

44'17' 121'50' 

44'11' 1 121O47' 

44'03' 121'48' 

44'04' 121'40.' 

43' 59 ' 121'41 ' 
43'55' 121 '21 ' 
43'43' 121'14' 

43'33 * 121'49' 

42'22' ' 122'16' 

43'06' 118'42' 

43'02 ' 117'25' 
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8--Basic ~lcanic fietds probably hREs than l0,OOO yeus old-continued 

Lat N 

IDAHO 

Craters of  the Moon 43O24' 

NEVADA 

Lunar Crater tfr'eld (?)I 38"29 ' 
ARIZONA 

Uni karet 36'23' 

Sunset 35'22 ' 
UTAH 

Ice Springs f i e ld  38"53' 

Crescent, Miter , Terrace 

Santa Clara 37'15' 

Crater Hill 37'13' 

Markagunt field 37" 34 

NEW MEXICO 

Carri zozo 33'47' 

McCaPtfs w 4 8 '  

Capul i n  36'47 ' 
COLORADO 

Dotsero 39'40' 

CAL IMRNIA 

Gopco Lake wela 41."59 ' 
b0osene.s t 41°43' 

k a & ~ ~  Skist a ~et twgk 

~~ ~ 

Long W 

113'30' 

1 1 5 O 5 8 '  .' 

11 3v 08' 

111'30' 

1 12'30 a 

11 3'38' 

113'06' 

11 2'42' 

10596' 

108"OO ' 
103'58' 

107'82 I 

12i"O' 
.722 O'p3 C 



I 
Table 8.-Basic volcanic fields probably less than 10,000 years &+hithued 

contains many Holocene cones and bafic lava flaws and must  re- 

present a profound thermal anomaly i n  the mantle. Future volcanic 

activity may be expected i n  any part of this area a t  any time. 

The possibility of hidden shallow s f l ic ic  reservoirs should be 

considered, and the entire area should be investigated i~ detail. 

Cinder Cone (1851), Hat Creek Lava flow, Burnt Lava flok and 

. 

many other recent events are located i n  thIs area. 

Ubehebe Craters 37'01 ' 1 17'27' 

Cima field 35'15' 115'45' 

Amboy-Pisgah field 34O33' 115'47' 



Assessment of Geothermal Resources of the United States-1975 

Temperatures and Heat Contents Based ‘on Conductive Transport of Heat 

By W, H. ODiment, T. C. Urban, J. H. Sass, B. V. Marshall, R. J. Munroe, and A. H. Lachenbruch 

Our objectives here are (1) to describe the heat- 
flow provinces of the United States as they are 
presently known, (2) to prwent estimates of 
temperatures to a depth of 10 km in these prov- 
inces and of the range of temperature that might 
be expected within each province, (3) to sum- 
maTize the physical data and assumptions that 
constrain these estimates, and (4) to integrate 
the temperature distributions with area and depth 
so as to give an estimate of the sensible heat 
stored in the Earth to a depth of 10 km. This 
quantity represents an upper (and quite unap- 
proachable) limit to the thermal energy that can 
be extracted from the top 10 km of the solid earth. 

Various facets of these objectives have been ad- 
dressed before, often with a rigor beyond the 
scope of this summary. However, a new summary 
seems warranted because (1) additional data are 
available and notions regarding their interpre- 
tation are evolving, (2) existing data occasionally 
have been distorted to achieve an unrealistically 
favorable view of the potential of geothermal 
energy, and (3) the data base upon which all 
estimates are based remains poor, and a summary 
of this sort is an opportunity to point out how it 
could be improved. 

I n  the petroleum-producing provinces, tempera- 
tures are reasona,bIy we11 known from measure- 
ments of temperature along, or at the bottom of, 
holes drilled for petroleum. I n  some provinces, 
such .as the gulf coast, the information extends 
to depths of 7 km or more. A principal source 
for this information is the “Geothermal Survey 
of North America” (for example, Kehle and 

others, 1970), a project recently completed under 
the aegis of the American Association of Petro- 
leum Geologists. The products of this survey in- 
clude : (1) A data bank (tape or cards) contain- 
ing bottom-hole temperatures for more than 25,- 
000 wells along with appropriate mean annual 
surface temperatures; (2) two maps of North 
America at a scale of 1:5,000,000; the first is the 
Geothermal Gradient Map of North America 
(Am. Assoc. Petroleum Geologists-U.S. Geol. 
Survey, 1975) ; the second shows the depths to the 
70°, loo”, and 150°C isotherms in those areas 
where sufficient information is available; and (3) 
a series of computer-drawn temperature gradient 
maps at 8 scale of 1:1,000,000. Reports of com- 
pilation .procedures and interpretation are avail- 
able now only in abstract form (Gould, 1974; 
Kehle and Schoepel, 1974; Shelton and others, 
1974). 

Deep holes are scarce outside of the petroleum- 
producing provinces. However, temperatures at 
depth may be estimated from a knowledge of the 
near-surface heat flow and the thermal properties 
of rocks. 

Birch, Roy, and Decker (1968) measured heat 
flow p in holes drilled into plutonic rocks at vari- 
ous sites in the northeastern United States. They 
aIso measured the radioactive heat generation A 
of the rooks at each site and found a linear re- 
lation between q and A:  

p= q*+ DA . 
In  a general way the term DA is the component 
of heat flow due to the radioactive heat .produe 
tion of the upper crust, and the q* or “reduced 
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heat flow” is the component that originates from 
the lower crust and mantle. Subsequent measure- 
ments in plutonic rocks of the Basin and Range 
(Roy and others, 1968b) a-nd the Sierra Nevada 
(Lachenbruch, 1968; Roy and others, 196813) also 
showed a linear relation. The parameters for the 
three provinces, in which extensive q-A studies 
have been made, are shown in the following table : 

D DAmar 
(E%) (km) (HFU) Region 

Eastern United States _ _ _  0.8 7.6 -1.6 
Basin and Range province 1.4 10 -1 
Sierra Nevada section _ _ _  .4 10 -1 

1 beat-flow unit ( H F U ) = l x l W  eal/cm* E. 

The slope (D) varies little among the regions, 
but differences among the intercept values (q*)  
are large. 

These observations lead to the notion that con- 
tinents can be divided into heat-flow provinces, 
each typified mainly by its own q*, and that the 
variation of heat flow within a province is a con- 
sequence of the variation of the heat generation 
of upper crustal rocks. Indeed, q-A points from 
Sustralia (Jaeger, 1970) and the Precambrian 
shield areas of the world (see summary by R.ao 
and Jessup, 1975) seem to fall close to either the 
Northeastern United States or the Basin and 
Range lines. Moreover, the regions of high q* 
are those of recent tectonism, and those of low q* 
are those of either ancient tectonism (Northeast- 
ern United States and the Precambrian shields) 
or nyjons where a cold slab subducted into the 
mantle appears to give rise to anomalously low 
p*, as in the Sierra Nevada (Lachenbruch, 1968; 
Roy and others, I l968b, 1972 ; Blackwell, 1971). 

These observations have also been taken to 
mean (Roy and others, 1968b, 1972; Blackwell, 
1971) that: (1) q* for the Eastern United States 
may be typical of all st&ble continental regions 
older than a few huiidred million years, Rnd (2) 
p* for the Basin and Range province is close to 
the maximum that might be found over broad 
regions of the continental crust, the rationale be- 
ing that $he base of the crust is near melting and 
further increase of temperature would lead to 
melting that would buffer additional heat input 
into the crust, Both of these generalizations are 
attractive. They form a framework from which to 
view the many anomalies that are now becoming 
apparent. 

It is also evident from the preceding table that 
the second term DA in the equation can be a 
large fraction of the observed heat flow. Conse- 
quently, a detailed map of heat flow (were the 
data available) within a heat-flow province would 
be both highly variable and highly intricate be- 
cause of rapid lateral variations in heat produc- 
tion. This is best illustrated by the studies in New 
England (Birch and others, 1968 ; Roy and others, 
1968b; Roy and others, 1972), where a cumpara- 
tively large number of heat-flow measurements 
have lbeen made in a variety of basement rock 
types and a large amount of heat production in- 
formation is available both from measurements on 
cores and from surveys of gamma acti-yity. It is 
also evident f rnm the relatively detailed investiga- 
tions in the Sierra Nevada (Lachenbruch, 1968). 

TEMPERATURE CALCULATIONS 
Types of models 

The q-A relation provides a basis for calcula- 
tion of temperature T at depth a, assuming that 
the variation wi$h depth of heat production A 
and thermal conductivity Ir‘ are reasonably xell 
known. The two most commonly used models for 
the decrease in A with depth are: (1) A is con- 
stant to the depth H ,  and (2) A decreases ex- 
ponentially with depth A = Avexp - ( a/D) where 
D is a constant and A, is the radioactive heat gen- 
eration at the surface. 

Assuming the conductivity is constant, &he tem- 
peratures at depth for the two models are (for 
example, Jaeger, 1965 ; Lachenbruch, 1968) : 
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T -  

where Tv is the mean surfam temperature and 
hereafter is taken as zero because we are in- 
terested primarily in temperature above mean 
surf am temperature, 

If the two models are to yield equal heat flow 
at the surface, D must equal H. If  D is about 10 
Irm, as suggested by the q-A relation, 4 will ae- 
cmase to A,/e or 0.37A0 at 10 km and to 0.058, 
at 30 km (roughly the thickness of the crust). 
In  a general way, then, the first model (constant 
A )  represents the case where crustal radioactivity 



is concentrated near the surface, and the second 
model (expanentjial A) represents the caw where 
it decreases - 6 t h  depth througjhout the crust. Con- 
sequently,@ can be th0-t of as the heat com- 
ing fmm the Iowa ;cpust and mantle in the first 
c&se and as &e heat wmbg h m  the mantle 
in the second. 

#or the same q %he temperatures at depth for 
the exponential model are somewhat higher 
than for the .constant A model. However, at 3 
lun the difference is about lo, and at 10 km it 
does not exceed a few tens of degrees even for 
the highest values of heat generation. For pur- 
poses of the present discussion, the difference 
between the models is unimportant. 

Thermal conductivity 

A constant conductivity of 6 mcal/cm s°C was 
chosen for the models because it is appropriate 
for igneous rock of felsic to intermediate compo- 
sition, gneisses, and schists, which typify the 
major part of the metamorphosed and plutonized 
basement. Because the thermal conductivity of 
typical basement rocks decreases with tempera- 
ture, a value of 6.5 to ’7.5 mcal/cm s°C might-be 
more appropriate for the lower temperatare re- 
gion and 5 to 6 far the higher temperature re- 

The conductivities of most igneous and meta- 
morphic rocks are reasonably well known ( B i d  
and Clark, 1940; Clark, 19661, 1 ~ s  am th0 con- 
ductivities of their constituent minerals (see also 
Horai and Simmons, 1969). 

The dependence of conductivity upon tempera- 
ture is a b  genarally knawn for igneous and 
metamorphic rocks end some of the ruck-forming 
minerals (Birch and Clark, 1940). It is important 
to recognize that, although the conductivities of 
most rock-forming minerals decrease with tem- 
perature, the conductivity of the feldspars (the 
principal WRStitnents of rocks within the crust) 
incrertses slightly with temperature. Consequently, 
it is difIicult to envision an average conductivity 
of a large volume of rock much less than 5 (see, 
for example, Birch and Clark, 1940, 4 and 
5) even at the higher temperature levels. 

Conductivities of individual rock types may 
difler widely from the average value assumed. 
Some Or these types may Dccur in d c i e n t  thick- 
ness that they result in tempera€ure distributions 
significantly different than the oms given. On the 
high-conductivity side we have dolomite ( ~ 1 2 ) ~  
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quartzose sandst~m (10-16, depending on pros- 
ity ), salt (121, and dunite-peridoth-pyroxenite- 
eclogit0 (10-14), and, on the low side, anortho- 
sits (4.5), gabbro-basak-diahse (-5), serpentin- 
ite (NS), and shale (2.54, depending on water 
cantent). 

Water (B-1.5 at 30°C) is an important con- 
stituent of many sediments. Thus, recently de- 
posited muds may have conductivities less than 2 
that increase on compaction to 3-4 as the mud is 
transformed into a shale. Some volcanic rocks, 
such as ash-flow tu f fs ,  may have porosities ap- 
proaching 50 percent and conductivities less than 
3. Bituminous materials such as coal, oil, and oil 
shale (Clark, 1966) have very low conductivities 
but rarely are thick enough to cause large dis- 
tortions in the thermal regime. 

Clearly, if a region is blanketed by low-con- 
ductivity sediments, the temperatures at  depth 
will be higher than those in our models, which 
assume a unifornkcondudivity of 6. Let us as- 
sume a conductivity of 3 for th0 “thermal 
blanket,” which is about the minimum permis- 
sible conductivity for a substantial thickness of 
sediment. The difhence m tamperatam AT be- 
low the blanket 8s compared with the E=6 model 
will be: 

where the nmerica1 e e s  are the Conductivities 
an6 B is thickness of the low-conductivity blank& 
The excess bemperatplres are given in table 9. 

The effect of the “blanket” is evidently smaU 
for low heat flow and thin blankets. It is sub- 
stantial, however, €or a thick blanket d a high 
heat flow. The upper limit ( ~ = 2  km, q=3aX), 
AT-100) is di&dt to envision but might be 
possibIe in some h l i t i e s .  

I f  the conductivities are significantly higher 
than the 6 assumed in the models, the gradients 
will be lower and the temperatures below the 
higher conductivity zone will be lower. Follow- 
ing t b  table above, 4 ctsslrming a conductivity 
of 9, we have: 

and the effect of ihe high-coladactiuQ layer is 
given in table 10. 

Evidently, the assumption of a high-conduc- 
tivity layer, such as might be represented a 
thick section of dolomite and quartzose sand- 
stone along with accompanying interbeds of 
shale, produces a small distortion of th0 tempera- 

AT=p[ (6-3)/(6X3)]z: 

AT=q[ (6 - 9) /,(6 X 9 ) ] ~  



%He 8.-Excess temperature below a lowconductivity layer 

AT~OC) relative t o  K=6 models 

Thickness ( 2 )  of  
LOW conductivity 

q=O. 5 q=l .o q=l.5 q=2.0 q=2.5 q=3 .O 

Layer (km) 

0.5 4 8 13 17 21 25 

1 .o 8 36 25 33 42 50 

2.0 16 33 50 67 84 100 

turn distribution as represented by K=6,  except 
for the highest p’s and the greatest thicknesses. 

Radioactive k a t  generation 

The mean value of radioactive heat generation 
due to radioactive decay of uranium, thorium, 
and potassium €or upper crustal rocks is probably 
close to 5.0 HGU (heat-generation units; see for 
an example Birch, 1954; Clark, 1966; Roy and 
others, 196%; Blackwell, 1971). The range for 
rocks exposed at the surface is considerable: 
much less thsn 1 HGU for most ultramafic rocks 
and am&osit8s, abut 1 HGU for mafic rooks, 
and from 2 to 20 HGU for felsic and inter- 
mediate plutonic rocks, gneisses, and schists. The 
last group comprises the bulk of the basement 
rock of the upper crust and is the one that is of 
primary interest here. 
In @re 8 all A values obtained in connec- 

tion with q-A studies in the United States are 
plotted as a histogram. The range of A is large, 
and it is real. The lowest values represent such 
rocks as the Precambrian anorthosites of the 
Adirondack Mountains of New York, and the 
highest represent the rocks of the Mesozoic White 
Mountain Plutonic Series of New Hampshire. 
The large number of mlatively low vahes for 
the Basin and Range, northern Rocky Mountain, 
and San Andmas pro~inces represent Mesozoic 

plutonic m k s  of intemediate composition such 
as grandiorita, quartz diorite, and diorite. 

This histogram reveals #Me about tha smrage 
distribution of heat generation of near-snrfm 
crustal rocks ; metasedimentaq rocks, and gneis- 
ses are poorly known and are not represented 
However, it indicates the extremes to be expected, 
and it suggests that large p.olnmes of rock of 
A > 10 are probably rare, at least in some geologic 
provinces. 

Average tempe~afure dishr’butions and heat contents by 
povince 

In order to estimate the heat stored in the crust, 
we resort to some rather sweeping assumptions: 

1. Three provinces are selected as “typical” of 
all provinces in the United States. Each 
physiographic province is assigned a pa- 
rameter & (p*, A, D, and K) of one of 
the three “typical” pmvinoes. For some 
provinces there is su6cient informakion 

1 for such assignment ; for others it is based 
upon somewhat arbitrary judgements, 
Moreover, we do not know whether prov- 
inces having characteristics intermediate 
between the “typical” provinces are p m -  
ent, or whether extremes are represented 
by the “typical” provinces 
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Table 10.-Deficit of temperature below a highconductivity layer 

AT(OC) relative to K=6 models 

q=O. 5 q=l .o q=l.5 q=2.0 q=2.5 q=3.,0 ! 

I 
\ 

Thickness o f  

high-conductivi ty I 

1 ayer (km) 

0.5 -1 -3 -4 -6 -7 -8 

1 .o -3 -6 -8 -1 1 -14 -1 7 

2.0 

3.0 

-6 -1 1 -1 7 -22 -28 -33 

-9 -18 -24 -33 -28 -54 

4.0 -12 -22 -34 -44 -56 -66 

5.0 -1 5 -30 -40 -55 -70 -85 

2. A n  average A of 5 HGU has been assumed 
for all provinces, although regions of 
large lateral extent are known for which 
significantly higher or lower values would 
be appropriate. The significance of this 
assumption can be judged from tables 11 
and 12 and figure 8. 

3. An exponential model for decreases of heat 
generation has been adopted. This model 
gives somewhat higher temperatures than 
the constant A model at depth (see tables 

The heat contenb per unit area (Q) of the 
two depth intervals (0-3 and 3-10 km) are cal- 
culated for the typical provinces (table 12). The 
total heat content of the intervals in each prov- 
ince (table 13) is then obtained by multiplying 
by the appropriate area (8). The sum (table 
13) for the two intervals (over the whole of 
the conterminous United States) is designated 

11-14). 
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the basic calculation. In table 14 we show the 
effect of varying some of the parameters used to 
construct the models from the basic calculations. 

One of these (increase all p*'s by 0.2 HFU) 
requires an explanatory note. Birch (1948) 
showed that a 'gradient correction for Pleistocene 
climatic effects of about 3"C/km might be ap- 
propriate for holes of shallow depths (-300 m). 
Diment, Urban, and Revetta (1972) suggested 
that application of such a correction would help 
reduce differences of heat-flow measurements 
made in high- and low-conductivity rocks in the 
Eastern United States and that q* in the Eastern 
United States might be raised by about 0.2 HFU. 
This view is not universally held (for example, 
Sass, Lachenbruch, and Jessop, 1971; Slack, 
1974), particularly with respect to its applicabil- 
ity to all regions. This detail illustrates the type 
of uncertainty that may arise in the measurement 
of heat flow in shallow holes. 
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Table 11.-Basic calculations: temperatures h (above mean annualsurface temperature) at depths z of 3,10, and 
3Q km for variouS assumed values of q* and A 

Exponenti a1 A Constant A 

A=O A=5 A=10 A=15 A=20 A=O A=5 A=10 A=15 A=20 

q*=0.4 HFU 

0=10 km 

T3 = 20 42 63 85 lo6 20 41 63 84 '105 

67 119 172 225 277 67 108 150 192 233 

200 279 358 438 517 200 241 283 325 366 

Tlo= 

T30" 

q*=O.8 HFU 

b7.5 km 

40 55 71 86 102 40 55 70 85 100 

133 168 202 237 271 133 154 175 196 217 

400 446 492 538 584 400 421 442 463 484 

- 
T3 - 
T1 o= 
' 30~ 

q*=1.4 HFU 

D=10 Cm 

Tj = 70 92 113 135 156 70 91 112 134 155 

T1 o= 233 286 339 391 444 233 275 317 358 400 

T30= 700 779 858 937 1017 700 742 784 825 867 
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Table l2.-Heat staredl (q in megacallcma) in the depth intervals 0-3 luh and 3-10 km for various assumed values of q* and A 

Constant A Exponential A 

As0 A=5 A i l  0 As1 5 A=20 A=O A=5 As1 0 At15 A-20 

q*=O.4 HFU 
D=10 km 

OO-3 
O3-10 

1.8 3.8 5.9 7.9 10.0 1.8 3.8 5.9 7.9 9.9 
18.2 34.6 50.9 67.3 83.6 18.2 32.8 47.5 62.1 76.8 

q*=0.8 HFU 
D~7.5 km 

OO-3 
'3-10 

q*=l.4 HFU 
D=lO km 

6.3 8.3 10.4 12.4 14.5 6.3 8.3 10.4 12.4 14.4 '0- 3 
O3-10 63.7 -80.5 96.4 112.8 129.1 63.7 78.3 93.0 107.6 122.3 

s 
3.6 5.1 6.6 8.1 9.5 3.6 5.1 6.5 8.0 9.5 

36.4 47.5 58.6 69.7 80.8 36.4 45.4 54.3 63.3 72.2 

10 3 1 0 0 - 3 = ~ 5  T dz, Q3-10-c f Tdz, where the volumetric spec i f i c  heat (c) is assumed 
n 
U 3 

constant and equal t o  0.6 cal/cm3 "C, and z i s  i n  u n i t s  o f  km, and T i s  temperature above OOC.  



Table 13.-Heat stored beneath provinces in depth intervals 0-3 km and 3-10 km 

q*=O.4 HFU Sierra Nevada 
D =10 km 
A =5 HGU 

0.081 0.87 0.31 2.80 3.11 

q*=0.8 HFU Eastern 3.375 36.08 17.2 160.4 177.6 
D =7.5 km 
A =5 HGU Coastal P la in  

Great P 1 a i  ns 

Wyoming Basin 

Peninsular Ranges 

Pac i f i c  Northwest 

Klamath Mountains 

Great Val 1 ey 

Colorado P1 ateau 

Subtotal 

1.313 14.03 6.70 62.4 69.1 

1.633 17.45 8.30 77.6 85.9 

0.123 1.31 0.625 5.84 , 6.47 

0.009 0.10 0.046 0.428 0.474 

0.092 0.98 0.468 4.37 4.84 

0.050 0.53 0.254 2.38 2.63 

0.058 0.62 0.295 2.76 3.06 

0.392 4.19 1.99 18.6 20.6 

7.046 75.29 35.9 334.8 370.7 

q*=1.4 HFU Basin and Range 1.045 11.16 8.72 83.7 92.4 
0 =10 km . 

,' A =5 HGU Northern Rocky Mountains 0.298 3.18 2.49 23.9 26.4 

Central Rocky Mountains 0.151 1.61 1.26 12.1 13.4 

Southern Rocky Mountains 0.136 1.45 1.13 10.9 12.0 

Columbia Plateaus 0.324 3.46 2.70 25.9 28.6 

Cascade Range 0.128 1.37 1.07 10.3 11.4 

San Andreas f a u l t  zone 0.151 1.61 1.26 12.1 13.4 

Subtotal 2.233 23.84 18.6 178.9 197.5 

TOTAL (Conterminous Uni ted 9.360 100.00 54.8 51 6.9 571.3 
States) 

A1 aska 1.519 -- 10.2 97.2 107.4 

Hawaii 0.017 -- 0.141 1.37 1.5 

TOTAL (United States) 10.896 65.141 615.47 680.2 
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Table 14.-Heat content above mean annual surface temperature of the continental crust of the conterminous 
United States in the depth intervals 0-3 km and 8-10 km 

Model Heat content calories) 

sQ0-3 0 sQo-lo 

1 .  Basic calculation (assume sets of q*, 0.55 5.17 5.72 ' 

D, K=6, A=5 as i n  table 13, fig. 10) 

2. Basic calculation (except K=5) 0.66 6.20 6.86 

3. Basic calculation (except K=7) 0.47 4.43 4.90 

4. Basic calculation (except all q*'s 0.63 6.01 6.64 

5. Basic calculation (except A=2.5 HGU) 0.48 4.60 5.08 

6. Basic calculation (except A07.5 HGU) 0.63 5.74 6.37 

increased by 0.2 HFU) 

Best estimate (conterminous United 
States) 0.7 + - 0.1 6 + - 1 7 + 1  - 
Best estimate (United Stat 0.8 + - 0.1 7 + - 1 8 + 1  - 

The heat content of the crust as 
by the basic calculation (table 14) is probably 
too low for several reasons: 
1. The thermal blanket of low-conductivity sedi- 

ments of the coastal plain and other areas 
of recent sedimentation have not been 
taken into account. However, depression 
of the thermal gradient by subsidence 
would tend to offset the effect of the low- 
conductivity sediments (Grossling, 1956 ; 
Jaeger, 1965). 

2. The geopressured region of the gulf coast 
(Pslpadopulos and others, this circular) 
exhibits anomalously high tempemtures. 

8. Several provinces have' rather arbitrarily 
been assigned to the normal or eastern 
category. The Qreat Plains, Colorado 
Plateau, and Cascades (Smith and Shaw, 
this circular) may well exhibit tempera- 
tures intermediate between the eastern 
and Basin and Range types. 

4. Much of the observed high heat flow in the 
California Coast Ranges may be due to 

mechanical generation of heat in the up- 
per 10 to 15 km of the crust (Lachen- 
bruch and Sass, 1978) also resulting in 
temperatures intermediate between the 
eastern and Basin and Range types. 

5. The hot spots discussed in other reports in 
,this circular have not been added. How- 
ever, their volumes, as presently =ti- 
mated, are so small that their contribu- 
tion to the value represented by the basic 
calculation is not significant. 

6. The possible existence of regions of anomal- 
ously high heat flow (with respect to the 
Basin and Range models) has not been 
taken into account (see subsequent discus- 
sion). 

Hawaii and Alaska have been listed separately 
in table 18 because so little is known of their 
thermal regimes. We have rather arbitrarily as- 
signed Hawaii and half of Alaska to the Basin 
and Range (hot) type and the other half of 
Alaska to the eastern (normal) type. 
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FIGWE %-Observed heat-flow ( 9 )  measurements in the United States. Measurements obtained in holes less than 
150 m deep (indicated by dots) are not considered reliable as a group and therefore are not coded as to value. 
References to earlier data may be found in a compilation by Lee and Uyeda (1965). F&ferenm for later data: 
are the same a8 those in Wure 8 plus those cited in references and 1T.S. Geological Survey unpublished data. 
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the United States based on data in flgures 9 and 10. pbysiographic provinces (Largely generalid from Fenne- 

man (1946) ) do not necessadly represent heat-flow provinees. 

98 



9 00 80° 7 00 

- 
FIGUXE 11.4ontinued 

99 



DISCUSSION 
The maps of observed heat flow (fig. 9) and 

reduced heat flow (fig. 10) are the basis for con- 
struction of the map (fig. 11) showing the loca- 
tion of the hot, normal, and cold crustal regions 
of the United States. Clearly, the data are not 
sufficiently numerous to define accurately the 
limits of the regions. Moreover, many of the ob- 
servations themselves are weak in that they are 
based on assumed conductivities or on tempera- 
tures obtained under less than ideal conditions. 
Undue reliance should not be placed on individual 
values without reference to the original sources. 

Temperature profiles (fig. 12) based on the 
exponential model with K = 6 illustrate the range 
of temperatures that might be expected within 
each type of province. If  one wishes to adjust the 
temperatures for slightly different parameters, it 
is useful to recall that: (1) Temperatures are 
inversely proportional to conductivity (R-6) 
for a given heat flow and that a temperature cor- 
responding to a different conductivity K can be 
obtained by multiplying by 6/K, and (2) an 
increase of 0.1 HFU in q* results in an increase 
in temperature of l.67"C per km of depth. 

The temperature profiles (fig. 12Aand B) for 
the Sierra Nevada type (cold) and the eastern 
type (normal) indicate that temperatures of 
economic interest are deep even for regions of 
high radioactive heat generation (A =20), which, 
as previously indicated, are limited in occurrence. 
and in areal extent. To be sure, tempemkures un- 
der a thick blanket of low-conductivity sediments 
might b 50°C or so higher, but the geographical 
extent of such regions is small. Wihh current drill- 
ing technology, provinces of the cold or noma1 
type hold little promise for geothermal exploita- 
tion except conceivably in very local areas. 

The temperatul.es at depths less than 5 km in 
the Basin and Range (hot) type are not particu- 
larly attractive either, at least as expressed in 
figure 120 and 120,~especiallg in view of the fact 
that the values of A > 10 are practically unknown 
in this region. However, the temperatures and 
heat flows are sufficiently high that the existence 
of a thick low-conductivity blanket in a given lo- 
cality could raise the temperatures to levels of 
economic interest. 

The temperatures in figure 120 and 120 (A = 5) 
may not represent the maxima to be expected on 
a regional scale in the high-heat-flow provinces. 

Indeed, heat flows much higher (f >1.8, p>2.5) 
than those used to construct the temperature pro- 
files for A-5 have been observed (Blackwell, 
1971; Sass and others, 1971; Roy and others, 
1968a, 1972; Decker and Smithson, 1975; &iter 
and others, 1975; Urban and Dhent,  1975; 
USGS, unpub. data). If  the thermal regime is 
entirely conductive, such values require partial 
melting near the base of the crust (-30 km) or 
within the lower crust, or intrusion of magma 
into the crust. On the other hand, the anomal- 
ously high values could result from shallow 
hydrologic disturbance (not evident in the inter- 
val of measurement -300 m) or from deep hydro- 
thermal convection. 

and more detailed investigations in 
northern Nevada and southern Idaho strengthen 
the notion that the Battle Mountain heat-flow 
high, as originally proposed by Sass and others 
(1971), is indeed a region of anomalously high 
heat flow and not merely a consequence of aberra- 
tions involving local hydrothermal activity. Per- 
haps some anomalously high heat flows observed 
in other regions are also indicative of high tem- 
peratures (with respect to fig. 120 and 120 on a 
regional scale. The data are not adequate to prove 
or disprove such speculation. 

Recent 
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Assessment of Geothermal Resources of the United States- 1975 

Geothermal Resources in Hydrothermal Convection Systems 
and Conduction-Dominated Areas 

By Manuel Nathenson and L. J. P. Muffler 

Reported here are estimates of the parts o€ the 
resource base of heat in hydrothermal convection 
systems and conduction-dominated areas that can 
be considered as resources or reserves. These esti- 
mates involve analysis of physical recoverability, 
conversion or utilization efficiency, and economics. 

The definition of terms used in this report and 
elsewhere in this circular deserves emphasis and 
reiteration here. The g e o t h e m l  re80urce base is 
all of the stored heat above 15°C to a 10-km depth 
(Muffler, 1973). Geothermal re80urce~ are defined 
as stored heat, both identified and undiscovered, 
that is recoverable by using current or near- 
current technology, regardless of cost. Geo- 
thermal resources are further divided into three 
categories based on cost of m v e r y  : 
1. SLbntargillal g e o t h e m t  re~ourcea, recoverable 

only at a cust that is more than two times 
the current price of competitive energy 
systems, 

2. Paramrggid geothemnal re80urce8, recover- 
able at a cost between one and two times 
the current price of competitive energy, 
and 

3. Gkeothemnal reservee, those identified resources 
recoverable at a cost that is competitive 
now with other commercial energy re- 

Undiscovered resources tht are economically re- 
coverable are not differentiated in this report but 
would be the economic equivalent of reserves. 

This report considers only hydrothermal cun- 
vection systems and conduction-dominated areas. 
Recoverability of geopressured resources is con- 
sidered by Papadopulos and others (this circu- 

sources. 

lar), and recoverability of magma resources is 
treated by Peck (this circular). 

HIGH-TEMPERATURE HYDROTHERMAL 
CONVECI'ION SYSTEMS 

Renner, White, and Williams (this circular) 
have calculated that the heat stored in identified 
high-temperature ( > 15OOC) hot-water convection 
systems outside of national parks is 238 X 10l8 cal 
and that perhaps five times as much heat occurs 
in undiscovered hot-water convection system, 
again excluding national parks. The sum of these 
two numbers, 1,4O0X1W8 cal, is the geothermal 
energy f rom hot-water convection systems poten- 
tially available for utilization. In  the following 
discussion, we apply generalized recoverability 
h0rs and conversion efficiencies presented by 
Nathenson (197513) to estimate the .potential for 
electrical generation from various types and 
grades of hydrothermal convection systems. A n  
economic analysis dehes the variables that most 
strongly affect power production and emphasizes 
the sensitivity of economics to flow rates from 
individual w~lls. 

Recoverable electrical energy 
The calculation of recoverable electrical energy 

from a high-temperature hydrothermal convec- 
tion system involves three major steps: 
1. Estimation of what part of the hydrothermal 

convection sgstem is porous and perme 
able rook, 

2. Estimation of the fraction of stored heat in 
the porous and permeable volume that 
can be recovered at the surface, 
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8. Calculation of the efk%ency with which therm- 
al energy at the wellhead can be converted 
to electrical energy in the power plant. 

The recuvediliky factors used for hydrother- 
mal convedion systems are based on techniques 
for extracting energy from porous, permeable 
rock. The volumes tabulated by Renner, White, 
and Williams (this circular), however, are the 
volumes of the heat reservoirs. The porous, perm- 
eable parts of the heat reservoir can range from 
only a small fraction to nearly all of the heat 
reservoir. In  the resource calculations presented 
here, we assume that on the average only 60 per- 
cent of the heat reservoir is porous and permeEble. 

Our calculation of hydrothermal convection m- 
sources is b a d  entirely on extracting the stored 
heat f rn a volume of porous and permeable rock, 
neglecting recharge of heat by either conduotion 
or movement of water. The potential for heat re- 
charge by oonduotion is negleded because it is 
very small'compad to expected rates of produc- 
tion from any volume of rock greater than a few 
cubic kilometres. Likewise, for most of the hot- 
water systems of the United States, &he natural 
discharge of thermal waters is low compared to 
reasonable production rates, and, accordingly, 
the potential for heat recharge by upflow of hot 
water to most reservoirs is probably low and can 
be neglected. The validity of this assumption can 
be d only after extensive production his- 
tories have been obtained for a reservoir. In those 
systems in which heat recharge by upflow of hot 
water is s h o w  to be important, our resource 
estimate will have to be raised accordingly. 
Although the recharge potential of beat is neg- 
lected in our resource calculations, the potential 
and, in faot, the need for cold water recharge are 
not. 
We have analyzed two possible methods for 

extracting energy from a liquid-fllled volume of 
porous and permeable rocks. The first method 
assumes that the porous, permeable volume is 
virtually closed to inflow of water and is pro- 
duced by boiling to steam by using the energy 
in the rock. The second method assumes that 
natural and artifical recharge of cold water is 
used to recover much of the heat from the reser- 
voir by means of a sweep process. 

The fraction of stored energy recovered in the 
process of boiling the water in a porous volume 
of rock depends on the amount and pressure of 

the produced steam, which in turn are determined 
by the porosity and the initial temperature of the 
system. The pressure of the produced steam must 
be high enough to drive the steam through the 
porous medium and up the well at a significant 
rate; a reasonable assumption is that the pressure 
of the steam must be at least 8 bars (Nathenson, 
1975b). At a given reservoir temperature, this 
restriction constrains the range of porosity for 
which boiling is a viable recovery scheme. At 
200"C, the upper limit for the porosity is about 
0.05, and the fraction of stored energy obtained 
is about 0.2. At 250°C, the upper limit for the 
porosity is about 0.12, and the fraction of stored 
energy obtained is about 0.4. At porosities below 
this limit the fraction of stored energy obtained 
decreases with decreasing porosity in a nearly lin- 
ear fashioa This production scheme is sevsrely 
limited if there is significant recharge of water to 
the Teservoir ; recovery by boiling is then possible 
only if steam in the dried zone and water in the 
recharge zone are produced simultaneously in or- 
der to keep the zone of boiling moving into new 
regions of the reservoir. I n  summary, the re- 
strioted range of porosity, temperature, and the 
d a r g e  over which the boiling method will work 
limits its appliwtion to rather special circum- 
stances, in particular to vapor-dominated systems 
(see below). 

The second production scheme involves the use 
of natural and/or artificial recharge of cold water 
to drive hot water in a reservoir to the producing 
wells. As the water sweeps through the hot rock, 
its temperature is raised by removing energy from 
the rock. The influence of heat conduction on this 
process takes place on two length scales. On the 
microscale of pores filled with water in a rock 
matrix, conduction makes the temperature of 
the rock and the pores come to equilibrium in a 
matter of a few minutes. On the scale of a volume 
of rock several hundred metres on a side having 
one zone of cold water and rock and a second 
zone of hot water and rock, conduction with no 
fluid movement spreads out an initially sharp 
change in temperature to a smooth transition of 
only 60 m thicknew in 'a period of a decade 
(Nathenson, 197li.b). As cold water sweeps into a 
hot reservoir, conduction may be analyzed to a 
first approximation by superposition onto the 
movement of *he temperature front, resulting in 
the prematm breakthrough of cooler wrcter into 

105 



the hot zone. Andher factor in the sweep process 
is khe rotation of an initially vertical interface 
between cold water and hot water in a porous 
medium, owing to the difference in hydrostatic 
pressure on ,the ltwo sides of .the interface. Al- 
though this rotation is retarded by the energy 
stored in the rock, it also tends to cause premature 
breakthrough of cold water into the h& zone. 
These processes cannot be evaluated rigorously 
buk can be combined qualitatively to yield an esti- 
mate that one-half of the energy stored in a reser- 
voiP of porous, permeable rock in a hot-water 
system can be recovered. Taking into account that 
only one-half of the heat reservoir is likely to be 
porous and permeable, the fraction of the 
resource base estimates of Renner, White, and 
Williams (this circular) that can be recovered 
as thermal energy at the surface is 0.25. 

Vapor-dominated reservoirs are assumed to con- 
tain steam as the pressure-controlling phase, with 
liquid water immobilized in the pores by surface 
forces (Truesdell and White, 1973). Production 
results primarily from the boiling of this pore 
water to steam, although in later stages there may 
be some boiling from an inferred deep water 
table. Bemuse the liquid fraction in a vapor- 
dominated reservoir is small, the pressure and 
temperature of steam produced in the boiling 
process are generally close enough to the initial 
values for the system that ample pressure remains 
to drive the steam to and up the well. The frac- 
tion of stored energy that may be recovered, 
calculated by considering an energy balance for 
the boiling p m s s ,  is critically dependent on the 
average liquid saturation, as indicated by the 
values in table 15. 

E5ciencies for converting thermal energies to 
electrical energies for a number of different sur- 
f ace technologies have been calculated by Nathen- 
son (1975b). The choice of the optimum cycle 
is dependent on resource temperature, e5ciency 
of conversion, cost, and special reservoir problems 
such as high dissolved solids, high gas contents, 
deposition of scale, and environmental factors. 
Current technology for hot-water systems consists 
of a single-stage flash to a ste&m-water mixture, 
separation of the W i n  and watm, and use of the 
steam in a condensing kurbine. A two-stage flash 
plant is being installed at the Hatchobaru system 
in Japan (Aikawa and Soda, 1975), and other 
technologies are in development. The choice and 

availability of a particular technology may deter- 
mine whether a given system is economically 
viable or not, but this choice requires detailed 
knowledge of the reservoir characteristics of the 
system and of the economics of alternative con- 
version technologies. Since detailed reservoir 
knowledge is generally unavailable and the devel- 
opment of conversion technologies is in a rapid 
state of flux, no attempt is made here to analyze 
individual systems. Instead, for hot-water systems 
we use the the representative conversion efficien- 
cies given in table 15 for the fraction of heat 
above 15OC converted to electricity (Nathenson, 
1975b). Vapor-dominated systems tend to produce 
steam in the range of 180" to 240°C temperature; 
the conversion e6ciency corresponding to this 
temperature range is approximately 0.2 (Nathen- 
son, 197513). 

Defining & as the heat stored above 15°C and 
e, as the recovery factor, the electrical energy 
produced is 

(for & in multiples of 10l8 cal, E in megawatts 
electrical times centuries ( m e - c e n t )  is 1,327 
&e,). The recovery factors given in table 15 are 
used to convert stored heat into potential elec- 
trical energy for all identified convective hydro- 
thermal systems with temperatures above 150°C 
outside of the national parks (table 16). Only 
those with sufficient data to give an estimated 
volume greater than the minimum volume used 
by Renner and others (this circu1ar)appear by 
name in taLle 16. This minimum volume c o r n -  
ponds to a stored heat of about 0.2 X lo1* cal. The 
total electrical energy from the identified convec- 
tive systems in table 16 is 8,OOO Mwe-cent, or 
27,000 Mwe for 30 years.*The locations of the 
systems identified by name in table 16 are plot- 
ted on maps of the United States (fig. 13) as 
large dots. 

The Geysers is the only vapor-dominated 
system in table 16, and it also contains the only 
measured geothermal reserves for electrical en- 
ergy. Since the recoverable energy of a vapor- 
dominated system depends so critically on the 
average water content (which can only be roughly 
estimated from tht3 limited public data), a reserve 
estimate cannot be determined reliably. Average 

* m e  conversion to a 30 year period assumes that each 
MWacent of eleetridty can be produced at a rate of 1.83 M W  
for 30 yeam. This assumption applies t o  all similar comer- 
slons throughout this circular. 
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Table lli.-Recovery factors (er) for electric power generation 

Vapor-dominated systems (above 200OC) 

Water content as fraction of 

Fraction of stored energy 

to ta l  volume 0.01 0.02 0.03 0.05 

recovered as heat* 0.020 0.039 0.059 0.097 

= recovery factor = fraction 
of st6red energy recoverable 
as e lec t r ica l  energy a t  a 
conversion efficiency of 0.2* 0.004 0.008 0.012 0.019 

*Volume o f  porous, permeable par t  assumed t o  be one-half of heat reservoir. 

Hot-water systems 

Temperature range O C  150-200 200-250 250-300 

Conversion efficiency 0.08 0.10 0.12 

= recovery factor  = fraction 
of stored energy recoverable 
as electrical energp* 0.02 0.025 0.03 

**Volume of porous, permeable par t  assumed t o  be one-half of heit reservoir. 
One-half of the thermal energy i n  the porous, permeable part  assumed re- 
coverable for a net recovery of 25% of the thermal energy. 
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Table 16.-ktimated potential electric energy from identified high-temperature hydrothermal convection. system, 
each with estimated stored heat equal to or greater than 0.3 x 1018 cal (from Renner and others, this 
circular) 

Subsurface Stored Recovery E l e c t r i c a l  

Temperature Volume Heat Factor Po ten t i a l  

"C km3 10l8 ca l  e, MGS e *cent 

Alaska 

Geyser B igh t  

Hot Springs Cove 

C a l i f o r n i a  

The Geysers 

Surprise Val ley 

Morgan Springs 

Sulphur Bank mine 

Cal i stoga 

Skagg's H.S. 

Long Val ley 

Cos0 H.S. 

Salton Sea 

Brawley 

Heber 

East Mesa 

Idaho 

Big Creek H.S. 

Sharkey H.S. 

Wei ser area 

Crane Creek 

210 

155 

240 

175 

21 0 

185 

160 

155 

220 

220 

340 

200 

190 

1 80 

175 

175 

160 

1 80 

8 

4 

140 

2 50 

10 

3.75 

9 

3 

450 

336 

108 

27 

100 

56 

3 

3 

70 

60 

108 

0.9 

0.3 

18.9 

24 

1.2 

0.4 

0.8 

0.3 

55 

41 

21 

3 

11 

5.5 

0.3 

0.3 

6.1 

5.9 

0.025 

0.02 

0.019 

0.02 

0.025 

0.02 

0.02 

0.02 

0.025 

0.025 

0.03 

0.025 

0.02 

0.02 

0.02 

0.02. 

0.02 

0.02 

30 

8 

477 

637 

40 

11 

21 

8 

1825 

1360 

836 

100 

292 

146 

8 

8 

162 

157 



Table 16.-Estimated potential electric energy from identified high-temperature hydrothermal convection 
W w ,  each with estimated stored heat equal to or greater than 0.3 x 1018 cal (from Renner and 
others, thtr circular) --Continued 

, e  

Subsurface Stored Recovery Electrical 

Temperature Volume Heat Factor Potential 

O C  km3 10l8 cal MW e *cent 
~ - 

Nevada 

Bal tazor H. S. 170 3 0.3 0.02 8 

P in to  H.S. 165 7.5 0.7 0.02 19 

Great Boi l ing  (Gerlach) S. 170 25 2,3 0.02 61 

Sulphur H. S. 190 10 1.1 0.02 29 

Beowawe H.S. 240 42 5.7 0.025 189 

Leach H.S. 170 10 0.9 0.02 24 

Stillwater area 160 25 2.2 0,02 58 

Soda Lake 165 12.5 1.1 0.02 29 

Brady H.S. 21 4 30 3.6 0.025 119 

Steamboat Springs 210 16 1.9 0.025 63 

New Mexico 

Valles caldera 240 130 18 0.025 597 

Oregon 

Mickey H.S. 210 12 1.4 0.025 46 

Alvord H.S. 200 4.5 0.5 0.025 17 

Hot Lake 180 12 1.2 0.02 32 

160 100 231 

180 4 %  11 

160 16 37 

Crumps Spring 180 8 21 
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Table lG.+&timated potential electric energy from identified high-temperature hydrothermal mn&n 
. S Y S ~ ~ ,  eat91 with estimated stored heat equal to or greater than 0.3 x lo1* cal (from Renner and 

others, this ckcular) -ntinued 

Subsurface Stored Recovery Electrical 

Temperature Volume Heat Factor Potential 

"C km3 10l8 cal MW e -cent 

Utah 
7 

Roosevel t (McKean) H. S. 230 8 1 .o 0.025 33 

Cove Fort-Sulphurdale 200 22.5 2.5 0.025 83 

Total : 252 x 10l8 cal 7833 MW-cent 

Other systems estimated 

133 MW-cent 

Identified Resources : 257 x 10l8 cal 7966 MNOcent 

to have minimum volume 5 x 10'8*cal - 

water content at Larderello, Italy, appears to be 
about 1 percent of total volume for a reservoir 
2 km thick (Nathenson, 1975s). Assuming this 
value for The Geysers, equation 1 with the value 
for 1 percent (table 15) yields a reserve estimate 
of only 100 MWe-cent or 333 Mwe for 30 years. 
On thermodynamic grounds, Truesdell and White 
(1973) maintain that the average water content 
at The Geysers is considerably greater than that 
at Larderello and may be as much as 9 percent. 
More complets calculations for the conductive 
heat losses from the steam in the well to the 
surrounding rocks using the method of Nathen- 
son (1975a) show that the water content esti- 
mated from the theory of Truesdell and White 
(1973) is closer to 5 percent than 9 percent. Using 
the value of 5 percent, the potential of The Gey- 
sers is 477 Mwe-cent or 1,590 MWe for 30 years, 
and this value appears in table 16. 

Using an alternate method, wells at The Gey- 
sers initially produce an average of about 150,000 
lb/hr (19 kg/s); 2 x l P  lb/hr (252 kg/s) are 
needed to generate 110 MWe (Finney, 1973). 
Initial well spacings are on the order of 40 acres 
(0.16 kmz) with infill wells drilled as needed to 
maintain declining flows. Renner and others (this 
circular) estimate the reservoir area to be 70 
kmz. Assuming that a 40-acre spacing for new 
zones can be maintained, the potential of The 
Geysers is 3,570 MWe for a 30-year life or 1,070 
MWe-cent, which is more than double the figure 

if a 5-percent water content is assumed. The as- 
sumptions in this second calculation are such that 
1,070 MWeecent seems likely to be in error on 
the high side. Accordin#$y, we have chosen to use 
the results of the first calculation (477 MWe. 
cent) in table 16. The resolution of this dis- 
crepancy may lie in such factors as a reservoir 
extending below the arbitrary bottom,at a 3-km 
depth (&mer and others, this circular), a. water 
content higher than 5 percent, a ratio of volume 
of porous and permeable parts to volume of heat 
reservoir that is higher than 0.5, well spacing 
that should be larger than the assumed 40 acres, 
or steam production that results partly from 
boiling from a deep brine zone. 

The high-temperature hydrothermal convection 
systems are technologically exploitable, and there- 
fore their recovsrable heat contents are a re- 
source. I f  the heat of a given system cannot be 
recovered because there is not a porous, permeable 
reservoir, then that system is' considered to be 
part of the resource base rather than a resource 
until a recovery technology is available. 
Economic constraints 

The cost of geothermal power can be broken 
down into various components: exploration costs, 
land-acquisition costs, costs of production wells, 
cost of fluid-transmission facilities, plant costs, 
fluid-disposal costs, and cost of money. Although 
the cost of production wells is a small fraction 
of the total cost, it is the cost factor that has the 
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greatest range and the most uncertainty and 
that is therefore critical in determining whether 
development of a given field is likely to be won- 
omically feasible. Although each production well 
can be assigned an average cost, the total cost of 
production wells is a direct function of the num- 
ber of wells that need to be drilled to supply 
suflicient steam for the generating plant under 
consideration. This number in turn depends on 
the reservoir temperature and the average well 
productivity. Although the minimum reservoir 
temperature commonly can be estimated prior to 
drilling by using chemical geothemometers, aver- 
age well productivity can be determined only 
after extensive investment in drilling and testing. 
Accordingly, the uncertainty in average well pro- 
ductivity is a major h n c i a l  uncertainty in any 
geothermal development. Inasmuch as the divi- 
sion of geothermal resources into reserves, para- 
marginal resources, and submarginal resources is 
based on economics, these uncertainties impact 
any attempt to evaluate geothermal resources. 

The following analysis indicates the degree to 
which the cost attributable to production wells 
is sensitive to well productivity. Consider a we11 
of average mass flow M that is productive for a 
time T and costs 0 dollars to drill and case. This 
well can produce a certain amount of electricity 
per kilogram of produced fluids [ ~ b a e ] .  Repre- 
sentative values for wad for vapor-dominated 
and hot-water systems are given in table 17. The 
rate of energy flow (power) produced by the 
well is . 
The part of the power cost in mils per kilowatt- 
hour (mils,/kWh) that pays for the well is called 
c. Assuming that the well flow is constant and 
produces revenue evenly over the period T, then 
the original cost of the,well must be escalated by 
a factor 1 +e to allow for the cost of money. The 
value of the p m + e d  energy needed to pay for 
the well is then ETc, and the escalated cost of the 
well is C(l+r). Equating value and cost and 
rearranging, we obtain 

E~Mwaet. (2) 

(3) 
U(l+C) 

0- 
ET 

Some estimates of drilling cost 0 as a function 
of depth are given in table 18 where the values 
for 2 and 3 km are based on recent geothermal 
experience. (C. H. Bloomster, oral commun., 
1975), and the other values are based on estimates 

made for crystalline rocks (Shoemaker, 1975). 
Taking the well life T as 20 years and the in- 
ter* rate as 10 percent, the cost-of-money factor 
1 + is 20/8.514 = 2.349. The cost-of -money factor 
togetherrwith the data in tables 17 and 18 has 
been~used to prepare figure 14. 

Figure 148 shows the electric power produc- 
tion per well as a function of mass flow for sew- 
era1 m r v o i r  temperatures and for vapor-domin- 
atedland hot-water systems, using the data of 
tqble 17 and equation 2 . Points are shown for 
Wairakei from the values of axtmann (1975) 
and for units 5 and 6 of The Geysers from the 
data~of Finney (1973). The 250°C line for hot- 
watet systems was calculated by assuming a two- 
stage flash system. The Wairakei point plots be- 
low this line because its efficiency is low owing to 
its single-flash system. Figure 14B shows the 
electfic power per well as a function of the value 
of the energy needed to pay for the well for 
several well costs from-the data in table 4 and 
equation 3. The electric power per well f o r m e  
Geysers and Wairakei are the same as in figure 
148.1 The value needed to pay for the well at 
Wairakei was caluculated on the basis of 20-year 
life :and $150,000 drilling cost for depths of 
about 1 km. The value needed to pay for a well 
at The Geysers was calculated on the basis of a 
15-year life and $500,000 drilling cost for wells 
drilled to near 3 km depth. This shorter lifetime 
was iasumed because of the decline in rate of 
flow at The Geysers. 

Two points should be made about the calcula- 
tions for The Geysers and Waimkei. First, &I- 
though they are very different systems, the re- 

a well works out cto be close 
d 0.85 mils/kWh, r e s p  

total cost of power involves 
sts above the value needed 

to play for a well. Calculations by Clarence 
Bloomster of Battelle Patific Northwest Lhbra- 
torieb, discussed in Lucking (lo%), show total 
powqr cost for a system like The Geysers to be 10 
milsbWh 4.7 being the cost of producing 
stearh from the reservoir, of which only 0.7 is 
need& to pay for an individual well by equation 
3. Calculations for an analog of Wairakei single 
flash' but with reinjection) yield a total power 
cost 'of 20 mils/kWh, with' 13 due to costs of 
prodhng steam from the reservoir, of which 
only1 0.85 is needed to pay for an individual 
well by equation 3. 



Table 1 7 . q p i c a l  d u e s  for electric energy produced per kilogram of reservoir fluid (w,,t) as 8 function of 
source temperatures 

Hot water 

Temperature "C 
kW-s watt i n  - kg 

150 200 250 300 

33 TO 1 20 177 

Vapor-domi nated, saturated steam 

Temperature "C 150 200 250 

i n  kW*s 'act '-kg 430 550 "620 

Although the calculated values in figure 14 are 
only a part of the total, .an important trend is 
shown by the diagrams. Since geothermal power 
:must compete with many other power sources, 
the total value of the power is fixed by market 
forces at a particular time and place. If  we 
assume that only a certain number of mils per 
kilowatt-hour is available to pay for the well, 
then we can use figure 14 to estimate the minimum 
flow needed to make a particular resource com- 
petitive. Taking the value n&dd to pay for a 
well of 1.5 mils/kWh in figurer1423 and pro- 
jecting it vertically to @ $3OO,OOO well cost, the 
power level needed from each well is tbout 2.7 
Mwe as determined by % o ~ z o ~ ~ l  pmjection. 
The same horizontal projection may then be 
extended into figure 144 t o s h m  %ow the Tequired 
mass flow from 'each Well vakies with b&peratu-re 

and resource type. Required flows in the vapor- 
dominated systems are relatively low. Bemust: 
of this, more expensive wells can be drilled, but 
still at a profit. For the hot-waGr systems, the 
required minimum flows become very large at the 
lower temperatures As the value needed to pay 
for a well and the cost of the well vary with time 
and specific circumstances, figure 14 may be used 
to estimate required well flows. For high well 
costs such as $1 to $5 million, the value needed to 
pay for a well must be increased if the minimum 
well flow fox m m m k  operation is not to be 
unreasonably large. Xote that the USB of Bgure 
14 is bnly semiquantitative. Specific systems and 
technolcgy shauld be evaluated by rimking a 
detailed cost study sucYhw 'the pkogrim-of Bloom- 
+der arid others (1975). 

Table 18.-Drilling cost mobel 



The interpretation of figure 14A q u i %  con- 
sideration of the factors influencing the flow of a 
well produced by flashing diwharge (Nathemn, 
1974). For flash eruptions, a limit is imposed by 
the frictional pressure drop in the well at very 
high rates of flow. At 200" to 250°C in a 25-cm- 
diameter well, flowing friction limits the rats to 
about 200 to 250 kg/s. From figure 14, a constant 
value of 1.5 mils/kWh needed to pay for a well 
at these assumed rates of flow yields possible 
total well k s t s  of $1.5 to $2.5 million. I n  many 
cases, however, flows are limited not by flowing 
friction in the well but by the available perme- 
ability and permissible pressure drop in the mer-  
voir, resulting in a much lower value of well flow 
for a field. For example, before it was perforarted 
at a higher level, Mesa 6-1 well had a flow of ap- 
proximately 14 akg/s with a flashing level at arbollt 
1,300 m below pund level. Thus, a pressure drop 
of 110 bars could yield only 14 kg/s from the for- 
mation because of restricted permeability. On 
the other end of the spectrum, because of very 
high permeabilities, flows in some wells at Waira- 
kei are 130 kg/s in only a 20-cm casing. At tem- 
peratures close to l50"C, and in some high- 
temperature fields, downhole pumps are likely 
to be used to provide additional drive and to 
maintain pressures that prevent the boiling of 
water and deposition of scale.'The pumps are 
likely to provide on the order of 10 bars increased 
pressure (Mathews and McBee, 1974), which 
could be of great assistance in low-temperature 
systems where it may be desirable to keep the 
fluid all liquid. However, this would not greatly 
improve a high-temperature flashing well in rocks 
of low permeability where stimulation may be 
more advantageous. 

Reserves and resources 

To determine where each of the systems listed 
in table 16 fits into reserves, paramarginal re- 
sources, and submarginal resources, the next step 
is to apply figure 14 to each system. Although 
the temperature is known for each of these sys- 
tems at least by geochemical methods, the average 
well flows are known for only a few of these sys- 
tems. In  lieu of an objective analysis, subjective 
decisions were made as to the most likely divisions 
between the various categories. The most impor- 
tant singre factor is temperature; reservoirs 
above 20O0C are most likely to contain kserves. 
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Other data that are utilized to yield the division 
shown in table 19 of the resources of hydro- 
thermal convection systems for the generation 
of electricity are significant size and lack of sev0re 
problems such as high salinity or fluid supply 
suspected to be inadequate. The reserves (known 
and inferred) are about equal to the paramarginal 
resources. The submarginal resources are smaller 
than either of the higher categories because the 
150°C lower limit assumed by Renner, White, and 
Williams (this circular) removes many systems 
that would ibe Submarginal if included. Also, the 
explorakion of the systems at temperatures above 
but near to 150°C has not been as systematic as at 
the higher temperatures. 

The undiscovered resources given in table 19 
have been estimated on the basis that one times 
the identified resources of vapor-dominated sys- 
tems will be found in the United States outside 
of the national parks and that five times the 
identified resources of hot-water systems will be 
found (Renner and others, this circular). 

INTERMEDMkTEMPERATURE 
HYDROTHERMAL CONVECTION WSTEMS 

The identified hydrothermal convection sys- 
tems with predicted temperatures from 90" to 
150°C have been discussed and their estimated 
heat contents tabulated by Renner, White, and 
Williams (this circular). The factors affecting 
physical recoverability are much the same as 
those for the high-temperature systems except 
that boiling in the reservoir is unlikely to be 
important. Accordingly, the previous estimate 
of one-fourth of the stored energy recoverable as 
thermal energy at &he surface from high-tempera- 
ture systems should also apply to the systems of 
intermediate temperature. Table 24) shows the 
identified hydrothermal convection systems of 
intermediate temperature, those above the mini- 
mum volume of Renner, White, and Williams 
(this circular) being listed by name. The data on 
size of most of these systems are very limited, 
and many may be significantly larger than the 
minimum estimates. The sum' of the heat stored 
in the identified systems in table 90 is 345X1Ol8 
cal, of which 263 X 10l8 is predicted for Bruneau- 
Grandview, Idaho, and 30 X 10l8 cal for Klamath 
Falls, Oregon. If the estimates of volume and 
temperature by Rsnner, White, and Williams 
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(this circular) for Bruneau-Grandview are con- 
firmed by drilling, this system is indeed immense. 
Until a specific use is chosen for such systems, 
the fraction of the energy that can be applied 
to beneficial use cannot be specified. As discussed 
in Nathenson( 1975b), energy equivalent to a tem- 
perature drop of 10" to 20°C can readily be ex- 
tracted for direct use; this energy is more than 
can be obtained from 150°C water in converting 
thermal energy into electricity. 

I n  order to obtain some perspective on the 
predicted 345 X 10l8 cal of stored heat in the iden- 
tified systems in table 20, the amount of bene- 
ficial heat may be calculated. The term beneficial 
heat as used in this report is thermal energy 
that can be applied directly to its intended non- 

electrical use; beneficial heat plus waste heat 
equals initial available heat. Assuming that one- 
fourth of the stored energy is recoverable at the 
surface and that the efficiency of utilization is 
0.24 (20°C temperature drop at 1OO"C, 32°C at 
15OoC), the recovery factor is (0.24) X (0.25) = 
0.06, and the beneficial heat is (0.06) (345X1Ol8) 
cal=20.7 x 10l8 cal. I f  this usable heat were to be 
supplied by electrical energy, it would require 
(20.7) (1327) ~27,000 MW-cent. Thus, if the 
institutional problems can be resolved, this re- 
source has significant potential. 

The economics of process heating present sev- 
eral complications. The first of these is that the 
value per calorie depends on the temperature of 
the resource. As the resource temperature becomes 
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FIGURE 14B.-Electric power per well as a function of value needed to pay for the well for vari- 
ous well costs. 

lower, various end uses are no longer possible 
because some minimum temperature is needed, 
and the market is thus diminished. Hot water 
can only be transmitted a few tens of kilometres, 
so a user must either be available at the site or 
be induced to move to the site. If no potential 
user is already in the area, one must be located 
and persuaded to come to the area (in electricity 
production, the local power company is always 
the potential customer). The exploitation of geo- 
thermal resources for direct heating is similar 
to electricity production (& that exploration and 
development of the field can only be done by an 
organization designed for high-risk operations, 
such as a resource exploration company 
oil company. 

Assuming that these organizational problems 
are solved as potential direct uses b m e  attrac- 
tive, the chances for improved economics are 
high. The costs of this kind of exploitation 
involve exploration, field development, and con- 
struction of transmission system. If the transmis- 
sion costs can be kept low by near-site use, the 
lack of an expensive power plant permits a rela- 
tively low investment per energy unit. 

Because of the limited knowledge in this mun- 
try of the economics of using geothermal energy 
for direct heating, the division of the resoum 
into reserves and paramarginal and submarginal 
resources is not feasible. The sum of the identified 
systems in table 20 is reported as a total identified 
resource of 20.7X10le cal. The undiscovered re- 
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Table 19.-Fbsources of hydrothermal oonveotion syrtems for the generation of electrical power in 
megawatt centuries (not including national parks) 

Identified Undiscovered 

Reserves (Measured nnd inferred) 

3500 MWecent 

CI Paramarginal Resources 
c1 
00 

3500 Wecent 

Submarginal Resources 

>1000* Wecent 

Resources 

38000 MWecent 

*The small amount of submarginal as compared t o  paramarginal resources results from the 150°C lower 
temperature limit assumed by Renner and others (this volume); this lower limit removes many systems 
which would be submarginal if included. Also, exploration o f  systems a t  temperature above b u t  near 
to 150°C has not been as systematic asof systems a t  the higher temperatures. 



Table 2D.-Intermediate-temperature. hydrothermal convection systems with stored heat greater than or equal to 
0.3 x 101s cal (from Remer &d othets, this circular) 

Subsurface Volume Stored 
temperature km3 heat 

"C 1018 cal 
ALASKA 
Okmokcal dera 125 6 

CALIFORNIA 
Wendel -8medee area 
Wilbur H.S. area 
Randsburg Steam We1 1 
Glamis' (East) 
Dunes 

COLORADO 
Cottonwood SDrinqs 
M t .  Princetan SpFings 

HAWAII 
1 9 5 5 r u D t i o n  area, East Rif t  
Puulena area, East-Rif t  

I DAH0 
Stanley Hot Spring 
N.E. Boise Thermal Area 
Bruneau- Grandv i ew 
Near Ba nbury 
Near Cedar H i  11 * I  

Raft River Thermal Area 
Wayland Hot Spring 

NEVADA 
Near Soldier Meadow 
Double Hot Spring' 
Fly Ranch Hot Spring 
Hot Springs P o i n t  
Buffalo Valley Hot Spring 

OREGON 
M t .  Hood 
Klamath Falls 
Summer Lake Hot Spring 
Fisher Hot Spring 
Near Harney Lake 

140 14 
145 32 
125 3.75 
135 6 
135 9 

110 6 
115 7.5 

150? 4 
150? 4 

110 6 
125 8 
145 3375 
140 12 
120 9 
140 30 
130 7.5 

115 12 
145 20 
130 16 
125 7.5 
130 10 

1.25 4 
1 20 480 
140 6 
130 4.5 
135 4.5 

UTAH - Monroe (Cooper) Hot Spring 120 7.5 

TOTAL : 
Other systems estimated t o  have minimum volume 
- 

Total, a l l  systems: 

0:. 4 

1.1 
2.5 
0.3 
0.4 
0.6 

0.3 
0.5 

0.3 
0.3 

0.3 
0.5 

0.9 ' 

0.6 
2.3 
0.5 

263 

0.7 
1.6 
1.1 
0.5 
0.7 

0.3 

0.4 
0-3 
0.3 

30 

0.5 
311 x 10l8 cal 
34 x 1018 cal 

345 x 1018 ca t  
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sources are estimated to be three times the known 
resources (Renner and others, ithis1 circular) or 
62.1X101s cal. If these predicted quantities are 
conhned in future investigations, they are likely 
to become increasingly attractive for a variety 
of uses as alternative sources of energy become 
more expensive and unreliable. 

SOLIDIFIED IGNEOUS SY!3TEMS 
The resource base in igneous systems has been 

discussed and their estimated heat contents and 
solidification states tabulated by Smith and Shaw 
(this circular). The problems and possibilities 
of obtaining energy from the molten parts of 
igneous systems are discussed by Peck (this cir- 
cular). With current technology, the heat stored 
in the molten parts is not recoverable, and this 
large quanity of heat represents an attractive 
target for research. Much heat is also stored on 
the margins of the molten systems and in the now- 
solidified systems. Some of these systems without 
associated hydrothermal convection systems may 
still have temperatures significantly above the 
temperatures indicated by regional heat flow. 
These areas constitute the most favorable targets 
for recovery using hydraulic fractures to produce 
circulation loops in a body of low-permeability 
rock (the “hot dry rock” of Smith and others 
(1973). Inasmuch as many problems need to be 
solved before this is a proven concept, the stored 
heat cannot be considered a resource until the 
technology has been proven. 

The basic scheme for recovering energy from 
hot dry rock involves drilling a hole several 
kilometres into hot rock, creating a large hydrau- 
lic fracture about 1 km in diameter, and casing 
the hole nearly to its bottom. A second hole is 
then drilled to intersect the top of the fracture. 
Cold fluid is injected into the deep hole as hot 
fluid is produced from the shallow hole. Assuming 
that such a circulation loop can be created, the 
power output is strongly dependent on the be- 
havior of the circulation loop. Harlow and Pracht 
(1972) suggest that permeability and porosity 
will grow from cracking due to stress caused by 
thermal contraction. If  this happens, the volume 
of rock through which the water is flowing will 
grow with time, and nearly constant power levels 
can be maintained. The fraction of stored energy 
so obtained at the surface is likely to be similar 
to that for hydrothermal convection system. Well 

flows in this case are determined by crack thick- 
ness and length and available pressure drive due 
to buoyancy and any pumping. It is also possible 
that porosity will not be created. I n  this case, 
heat transfer from the rock to the water flowing 
in the crack is by conduction. As shown by Nath- 
enson (1975b),the fraction of stored energy ob- 
tamed at the surface is then likely to be one-half 
of the value for hydrothermal convection systems. 
The temperature of produced fluids declines with 
time, and most utilization schemes do not tolerate 
much variation in temperature. The well flows 
in this case are determined by crack size and the 
chosen values for abandonment time and tempera- 
ture. Answers to the various questions about this 
techniqu0 should *be provided by research pro- 
grams currently underway. 

CONDUCTION-DOMINATED AREAS 
The conductive thermal regime of the upper 

10 km of the %rth has been discussed and heat 
contents tabulated by physiographic province 
(Diment and others, this circular). Because of the 
limited knowledge of radioactive heat generation 
and thermal conductivities, temperatures at depth 
cannot be specified completely, but broad limits 
can be put on them. The only parts of the resource 
base that are currently recoverable in addition to 
geopressured areas are the sedimentary basins 
of adequate pimneability. Low-temperature 
waters for direct heating can be recovered by 
the sweep .process discussed by Nathenson 
( 1975b). Possible a w s  of higher-than-normal 
heat flow include parts of the Salton Trough not 
associated with hydrothermal convection systems, 
individual basins of the Basin and Range prov- 
ince, and the Rio Grande rift. Other basins in the 
normal heat-flow provinces are also possible, but 
temperatures do not increase rapidly unless con- 
ductivities are low, thus providing a “thermal 
blanket” (Diment and others, this circular). The 
recovery of such energy is likely to be generally 
submarginal, but more data are required. 

Most of the heat stored in the conductive areas 
of the United States is in rocks too low in perme- 
ability to be considered recoverable. Except in 
unusually favorable combinations of high re- 
duced heat flow, high radioactive heat production, 
and/or a low-conductivity blanket, temperatures 
are not high (Diment and others, this circular). 
If  a hydrofracturing scheme is proven in the 
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especially favorable areas associated with igneous 
systems, the same scheme may be applicable to 
other less favorable areas of the United States. 
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Assessment of Geothermal ,Resources of the United States-1975 

Recoverability of Geothermal Energy Directly from Molten Igneous Systems 

By D. L. Peck 

A very large quantity of heat in molten igneous 
magma systems at depths less than 10 km has 
been identified by Smith and Shaw (this circu- 
lar). On the basis of existing geological and geo- 
physical data, they have listed 17 inferred molten 
bodies of silicic and intermediate composition in 
the conterminous United States, 24 bodies of 
mainly intermediate composition in Alaska, and 
1 basaltic body in Hawaii. The total estimated 
heat energy in these systems is at least 25,OOOX 
1W8 cal, 30 or more times the estimated heat 
content of all hydrothermal systems in the United 
States at depths less than 3 km. Only a fraction 
of the estimated energy- is in the molten bodies 
themselves--much of it is in the solidified mar- 
gins of the bodies and the adjacent country 
rocks. The heat content of the molten or partly 
molten bodies is estimated to be 13,800X1018 cal, 
contained in magma at temperatures between 
650' and 1,200°C. The large inferred volumes 
and cross-sectional areas of a number of these 
bodies make them suitable targets for geophysical 
exploration. 

Unfortunately, this large quantity of heat is 
not presently recoverable and may never be so. 
The tops of the inferred magma bodies lie at esti- 
mated depths that are all greater than 3 km and 
mostly are still deeper. Formidable technological 
problems will have to be solved before the re- 
source can be tapped. The technology for drilling 
at these temperatures and pressures, for example, 
is not available at present and may not be de- 
veloped for many years. The feasibility of utiliz- 
ing the energy contained in magma is presently 
being evaluated by Sandia Laboratories under a 
project that was started in 1974 (Colp, 1974) 

with the support of the Energy Research and 
Development Administration. This report is 
based on ;the results of thak project to date, par- 
ticularly a workshop on magma (March 1975) 
sponsored by Sandia Laboratories and the U.S. 
Geological Survey. 

The critical problems involved in recovering 
energy directly from molten igneous systems can 
be analyzed in terms of the three major stages 
in developing the energy of such a body: (1) 
Finding a magma body and determining its size, 
depth, composition, heat content, stc., by remote 
techniques; (2) drilling into the body and em- 
placing a heat-transfer device su5ciently strong 
and corrosion resistant to last an appreciable 
period ; and (3) extracting energy from the body 
at a su5cient rate to amortize development and 
production costs. The critical technical problems 
involved in each stage are discussed in the follow- 
ing sections. Because the solution of several of 
these problems, particularly the critical problem 
of drilling, lies some years in the future, no 
attempt is made to analyze the economics of di- 
rect utilization of magma energy. 

EXPLORATION 

To extract energy directly from magma, we 
must first find magma. Because of the very large 
costs of drilling such a body, the location, depth, 
and shape of the body and the heat content and 
heat-transfer properties of the magma need to 
be determined by remote techniques. Geological 
and geophysical techniques provide powerful tools 
for these tasks and have led to the Wing of the 
41 inferred bodies in table 8- (Smith and Shaw, 
this circular). Although these methods are not 
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unequivocal, magma bodies have been identified 
with considerable probability beneath Yellow- 
stone National Park, Long Valley in California, 
and Kilauea Volcano in Hawaii. 

A large body of data on the outer margins and 
internal structures of shallow intrusive bodies has 
been gathered in geologic study of older ex- 
humed plutons; such as those associated with 
mining districts throughout the Western United 
States and in many other areas of the world. 
The depths and temperatures of intrusion can 
be estimated by geologic analysis, comparison of 
rock compositions with experimentally studied 
systems, and mineral geothermometers and geo- 
barometers. The geology at the surface above a 
specific body, such as the structure and the com- 
position, distribution, and age of young volcanic 
rocks, provides clues to the shape, depth, com- 
position, and stage of evolution of the intrusion. 
Geophysical technique~pa~icularly seismic, 
electrical, gravimetric, and magnetic method- 
can be used to identify the body if its characteris- 
tic dimensions are greater than half its depth. 

Improvement of several of the more promising 
techniques would lead to a greater ability to de- 
termine the critical physical and chemical param- 
eters of a magma body by remote methods. Ex- 
humed magma bodies need to be reexamined 
with a view toward reconstructing their structure 
and dynamics during emplacement and early 
cooling. Various geophysical techniques need to 
be tested on known magma bodies, such as the 
Kilauean lava lakes and the inferred magma be- 
low Yellowstone Park. The physical properties 
of magma, such as compressional and shear wave 
velocities, electrical conductivities, and density, 
need to be determined as a function of tempera- 
ture (650O to 1,2OO"C), pressure (1 to 2,000 bars), 
oxygen fugacity, and water content. 

DEYELOPMENT 

Development of the energy of a molten igneous 
system entails drilling into the magma, probably 
at depths of 3 to 6 km (pressures of 1 to 2 kb) 
and temperatures of 650" to 1,2OO"C, and extract- 
ing heat. During the drilling and throughout the 
exploitation stage, the borehole must remain un- 
deformed, and athe materials of the heat-extm 
tion system must resist corrosion. 

Drilling technology appears at the present 
time 9 be the most critical limiting factor in the 

technological feasibility of direct development of 
magma energy. Magma, at least degassed molten 
basaltic lava, has been penetrated many times by 
drilling through the shallow crust of stagnant 
Hawaiian lava lakes. However, present drilling 
technology at the pressures of 1 to 2 kb relevant 
to this discussion is limited to temperatures be- 
low 250°C. Major innovations in technology will 
be ne~ded to reach the magma. 

A related problem is the development of equip- 
ment for in-hole sampling and measurement of 
in situ physical parameters at these pressures and 
temperatures. The eventual development of a 
magma body will probably require a series of suc- 
cessively deeper drill holes, with detailed sampl- 
ing at each stage of the pore fluids for chemical 
analysis (particularly corrosive components) and 
in situ measurement of such parameters as tem- 
perature, pressure, stress, and bulk propertks 
including permeability &ion diff usivity, and 
density. Such measurements are essential to 
sharpen geophysical interpretations, to determine 
the strength and ductility of the rocks, and to 
develop drilling techniques and strategy. 

The stability of the borehole during drilling, 
emplacement of heat-extraction devices, and en: 
ergy production may be serious problems, de- 
pending on the strength and the stress field of 
the country rocks and solidified margin of the 
magma body in this hot, high-pressure environ- 
ment. An experimental rock-deformation pro- 
gram is in progress under the Sandia project to 
determine the answers. The nature of th0 local 
stress field around molten bodies can be studied 
in general by petrofabric studies of exposed wall- 
rock of ancient plutons, but the stress field around 
a specific%ody under development can be de- 
termined only by in situ measurements. 

The performance of the heat-recovery system 
needs to be determined by in-hole testing of 
equipment before exploitation to insure that the 
inserted materials retain their mechanical and 
chemical integrity. Current knowledge about the 
behavior of alloys and ceramics and the chemical 
composition of magmas and hydrothermal fluids 
is sufficient for a general approach to the prob- 
lem. For a specific magma body, however, a num- 
ber of physical and chemical parameters of the 
magma and any related hydrothermal activity 
above the magma must be determined in order 
to select the proper materials and predict their 
reliable performance. 
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HEATEXTRACI'ION 
Development of an efficient and durable heat- 

extraction system is, of course, fundamental for 
the successful development of magma energy. Es- 
sential to the economic exploitation of a specific 
body of magma is a favorable heat-transfer 
coefficient for the magma over a 10- to 30-year 
plant life. 

Sandia Laboratories is currently investigating 
several heat-extraction systems. The initial con- 
cept is to use a closed system with a long, heat- 
exchanger tube in the magma, water for steam 
generation as a working fluid, and a conventional 
turbine generator. Other techniques under con- 
sideration include the use of gas as a working 
fluid and solid-electrolyte fuel cells to increase 
the efficiency of energy extraction. Plans are to 
extend laboratory tests of a single heat-exchanger 

. tube and boiler to field tests in a Hawaiian lava 
lake or other suitable locality. 

The heat-transfer coefficient of magmas of dif- 
ferent compositions is a significant factor in 
evaluating the feasibility of magma-energy utili- 
zation. Will magma in a body under development 
convect' at a sdcient rate near the heat exchanger 
to increase the rate of extraction of heat signifi- 
cantly over the conductive rate? If not, could 
this increased rate be induced by the injection of 
aqueous solutions? I f  the natural or induced con- 
vection is not appreciable, then extraction of heat 
directly from a molten body probably would not 
be economically feasible. Preliminary calculations 
by Hardee (1974) of long-term heat-extraction 
rates from basaltic magma using a long tube 
heat exchanger with H,O as the working fluid 
yielded r a d  of only 1 kW/m* for nonmnvecting 
magma but rates several orders of magnitude 
higher for vigorously convecting magma. Most 
magma bodies are very probably below liquidus 
temperatures and consist of mixtures of melt and 
crystals with the possible addition of a gas 

. 

. 

phase. Relevant critical properties that need to 
be determined are (1) the distribution of liquid, 
crystals, gas, and temperature in typical bodies; 
(2) the viscosity and density of crystal-liquid-gas 
mixtures; and (3) the heat-transfer coefficients 
over a range of temperatures for magmas of dif- 
ferent compositions. 

CONCLUSIONS 
Molten igneous systems represent a large part 

of our geothermal resource b, but that energy 
cannot be recovered directly at the present time 
or in the foreseeable future. Whether direct utili- 
zation is feasible is not cartsin. The most critical 
problems appear to be as follows: 
1. Improvement of techniques and development 

of technology for locating, evaluating, 
drilling, sampling, in situ measuring of 
physical parameters, and extracting heat 
at the temperatures (650' to 1,200°C) and 
pressures (1 to 2 kb) in the hostile chemi- 
cal environment anticipated in the vicin- 
ity of magma bodies; 

2. Keeping drill holes at these depths and tem- 
peratures open and stable during drilling 
and long periods of heat extraction; 

3. Will natural convection in the magma appre- 
ciably increase heat extraction rates over 
thermal conduction? I f  not, can convw 
tion be induced? 

4. Can these problems be solved with sdicient 
assurance to justify the expenses of dril- 
ling and exploiting an inferred body? 
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Assessment of Geothermal Resources of the United States-1975 

Assessment of Onshore Geopressured-Geothermal 
Resources in the Northern Gulf of Mexico Basin 

By S. S. Papadopulos, R. H. Wallace, Jr., J. 8. Wesselman, and R. E. Taylor 

-Geopressured zones in the northern Gulf of that time, J o  (1969,1970) and Wallace (1970) 
Mexico basin are known to oocur in Tertiary have .discussed and attempted to explain sub- 
sediments beneath an area of over 278,500 k d ,  surface physical conditions that combine to pro- 
extending from the Rio Grande in Texas north- duce geopressured-geothermal reservoirs. Several 
eastward to the vicinity of the mouth of the Pearl analyses of the potential use of geopressured- 
River in Louisiana and from the landward geothermal energy for eiectrical power generation 
boundary of Eocene p w t h  faulting southead- and estimates of the magnitude of the resource 
ward to the edge of the Continental Shelf (see have been presented (Parmigiano, 1973; Herrin, 

5 ) .  During the course of this study,it wis 197%; Wilson and others, 11974; Durham, 1974; 
that geopressured zones occur also in un- Myers and others, .1974; 'Dorfman and Kehle, 

mapped Cretamus sediments underlying the 1974; House and others, 1975). 
Tertiary sediments and extending further inland Unlike other geothermal areas that are being 
&der an additional-area of at least 52,000 h!. considered for the development of energy, the 
This study assesses in a general way the' re- energy .potential of the waters in the geopres- 

source potential of geopressured-geothermal suredrgeo a1 areas of the northern Gulf of 
reservoirs within the onshore part of Tertiary Mexico i limited to thermal energy. The 
sediments under an area of more than 145,000 abnorm fluid pressures that have re- 
km' along the Texas and Louisiana gulf mast. sulted from the compartmentalization of the 
This assessment covers only the pore fluids of and shale beds that contain these hot wa@rs 
sediments that lie in the interval between the top a potential source for the development of 
of the geopressured and the maximum anical (hydraulic) energy. In  addition, 
depth of well control, ;dissolved natural gas, primarily methane, con- 
in. Texas and 7 km in Louisiana. ' tributes significantly to the rgy potential of 

voirs within (1) onshore Tertiary sediments in In contrast to geothermal areas of the Western 
the interval between the depth of maximum well United States, available subsurface information 
control and 10 km, (2) offshore Tertiary Sedi- is abundant for the geopressured-geothermal 
ments, and (3) Cretaceous sediments were not area of the northern Gulf of Mexico basin. The 
included in this assessment. Tt is estimated, how- area has been actively explored for oil and gas 
ever, that the potential of these additional geo- since the 192O's, and probably more than 300,000 
pressured reservoirs is about 1 to 2 1. times wells have been drilled in search of petroleum 
that of those assessed in this study. deposits in the Texas and Louisiana gulf coast. 

The m u m  potential of waters in geopres- A large amount of the information obtained from 
sured-geothermal reservoirs was first brought to these wells has been made available to the U.S. 
public attention by Hottman (1966, 1967). Since Geological Survey for use in ongoing projects 

The resource potential of .gee reseri t h e  waters. 
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FIQTJRE 16.--Locatioh map ahowlng the extent of the ~eeesaed geopres8nu'ed mnea and their division into subarea8 (AT1, BT1, and BO On). 



examining the hydrogeology of the northern 
Gulf of Mexico basin. Of the vast quantities of 
data on subsurface conditions that are in the files 
of these projects, only a small fraction was used 
in this study. As noted, many promising areas 
were not included. The data presented here repre- 
sent general Conditions in bhe various regions ouk- 
lined. Informatioa on geologic structure, sand 
thickness, temperature, and pressure were ade- 
quate for &be purpose of this study. On the other 
hand, sufficient data on porosity, permeability, 
and salinity were not available. Note that condi- 
tions presented here are idealized and represent 
best estimates based on the rather small sample of 
the total available data that were examined with- 
in the limited lpriod of tine available for this 
preliminary assessment. The basis on which 
various data presented in this chapter were 
determined, calmlatad, or assumed is discussed 
in the “Appendid’ to this report. 

DIVISION OF THE STUDY AREA INTO 
SUBAREAS 

For this investigation, the study area, which 
enmmpases 89,038 km2 in Texas and 56,227 kmz 
in Louisiana, was divided into 21 subareas (fig. 
15). The iboundaries of these subareas were e- 
lected on the basis of the geologic history and 
struoture of the study area.. 

Since Mesozoic time, great river systems have 
been dumping large volumes of sand and clay 
along the nort4ern Gulf of Mexico shoreline and 
shifting its locus gukfward. The p m s s  is con- 
tinuing today., Inkmnnected fault trendA or 
flexure faults developed along the gulfward mar- 
gin of each sedimealtary sequence as it was over- 
ridden by its successbr. Compartmented sand and 
shale beds betweemthese fault trends lie rough€y 
parallel to &heS&kline of the Gulf of Mexico. 
Age of thq-depxits, as well as fault trends, de- 
creases coasix+ai.d. The UA” trend (iig. 15) gen- 
erally coincides with the subsurface distribution 
of Eocene Wilcox sediments; the “By’ trend with 
Jackson-Yep beds; the “C” trend with Frio- 
Vicksburg; the “D” trend with Frio; the “E” 
trend with Frio-Anahuac; and the “F” trend 
with Miocene and younger deposits. 

These features provided the basic concept for 
subdivision of the study area. Structural geologic 
maps of excellent quality pppared for.the U.S. 
Geological Survey by Peppard, Souders, and As- 
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sociates were used to delineate faults that bound 
these trends and form the boundaries of the sub- 
areas along the trends. Massive shale sequences, 
although expected to contribute significant 
amounts of water to adjacent sand beds, are as- 
sumed to form the subarea boundaries perpendic- 
ular to the various trends. 

The geopressured zone to be assessed within 
each subarea was assumed to extend from the 
average depth at which pressure exceeds hydro- 
static, down to the maximum depth of well con- 
trol. On the basis of an examination of 5 to 
about 95 wells in each subarea, depending on its 
size, the depths of 6 km in Texas and 7 km in 
Louisiana were chosen as reasonable lower limits 
to which available well control could be extra- 
polated. 

The areal extent of each subarea, as determined 
by planimetric methods, the average depth to 
the top of geopressure, and the average pressure, 
temperature, and salinity at or near the midpoint 
between the assumed upper and Power limits of 
the geopressured zone in each subarea are pre- 
sented in table 21. These average values, which 
were determined as explained in the “Appendix,” 
are assumed to be representative of conditions in 
each subarea. 

IDEALIZED ‘‘CONCEPTUAL RESERVOIRS’’ 

The sediments within the geopressured zones of 
the study area form a very complex hydrogeo- 
logic system. They consist of interbedded sand 
and shale layers that range in thickness from less 
than 1 to more than 1,OOO m. A thorough analysis 
of such a system requires data and an interpreta- 
tion of a complexiky that is beyond the scope of 
this study. To simplify the analysis, the geo- 
pressured zone within each subarea was idealized 
as a “conceptual reservoir.” The effect of using 
these idealized conceptual reservoirs on the en- 
ergy assessments that are presented in this report 
is discussed after each assessment. 

The conceptual reservoirs were assumed to 
have a total thickness equal to the assumed thick- 
ness of the geopressured zone in each subarea 
and to consist of a single sand aquifer underlain 
and overlain by two conhing shale beds. 
Both the sand aquifer and the confining shale 
beds were assumed to be continuous and to exist 
throughout each subarea. The assumed thicknesses 
and properties of the sand aquifers and of the 
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21.-Areal extent and average pressure, temperature, and salinity conditions in each rubarea 

--- - 
Average Average Averaoe 
depth depth sa l in i ty  

Areal to  top of t o  Average Average - 
No. o f  TDS 

km km MN/m "C samples g/t  

Subarea Extent geopressure midpoint pressure temperature 
2 2 km 

Afl 

9T1 

8T2 

CT1 

DT1 

DT2 

DT3 

DL5 

ET1 

ET2 

ET3 

ETL4 

EL5 

EL7 

FTl 

n 2  

n3 

ATL2 

DTL4 

DL6 

EL6 ' 

8,948 

20,965 

13,588 

5,595 

8 ,'230 

4,861 

5,155 

7,425 

5,102 

7,015 

3,729 

5,400 

1,938 

7,496 

3,461 

8,144 

8,849 

6,249 

2,269 

4,707 

6,139 

2.36 4.18 

2.47 4.23 

1.82 3.91 

2.32 4.16 

2.47 4.23 

2.92 4.4F 

2.68 4.34 

2.41 4.20 

2.62 4.31 

3.01 5.01 

3.05 5.02 

2.96 4.48 

2.63 4.32 

2.37 4.19 

2.63 4.31 

3.66 5.33 

3.32 5.16 

2.99 5.00 

3.11 4.55 

3.76 5.38 

3.88 5.44 

82.4 

78.5 

74.6 

81.4 

81.4 

88.3 

86.3 

80.4 

83.4 

102.0 

104.0 

83.4 

83.4 

80.4 

87.3 

106.9 

105.0 

loo. 1 

86.3 

105.0 

110.8 

186 - 
156 - : I  

170 362 

150 50 

172 20 

172 95 

169 2 

153 67 

141 18 

164 222 

160 14 

168 34 

166 24 

146 65 

140 14 

165 39 

159 87 

146 9 

171 5 

148 46 

151 f 11 

16* 

20* 

30 

38 

24t 

23 

33 

28 

46 

65** 

55t t  

34+ 

17 

27 

52 

go** 

83 

26 

1 5t 

84w 

45w 

-- I Total 145,265 
* Estimated; samples not available. 
t Sal ini ty  as NaCl calculated from spontaneous potential o f  well logs; number of samples re fers  t o  

number o f  well logs. ** Only few samples from deep zones a re  included. 
tt No samples from deep zones a re  included. 
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Table 22.-Assumed thickness and properties of sand and shale be& in idealfzed “conceptual reservoirs” 
- 

Upper shale bed Lower shale bed 

ffl 3.04 1.50 

3; 37 0.61 

3.63 0.74 

“ ETL4 3637 0.42 

EL5 3.34 13 0.67 

EL6 3.68 12 0.75 

EL7 4.01 7 1.02 

FTl 2.89 4 0.93 

25 16 1.33 12 

30 16 1.22 ?1 

. 25 14 1.21 10 

25 14 1.05 10 

20 16 - 0.66 11 

30 16 1.13 11 

35 21 . 1.63 17 1.26 11 

30 21 1.90 16 1.05 11 

40 21 1 1.78 13 0.89 10 

40 21 1.95 14 I 0.98 10 

- 40 . 21 87 15 1.12 9 

25 20 1.18 15 0.78 11 

FL2 ~ 3.24 , 6 0.90 50 22 1.49 13 0.85 10 

R3 3.12 9 0.66 40 22 1.73 13 0.73 9 



co&ing shale beds for each of the idealized con- 
ceptual reservoirs are presented in table 22. Also 
shown on this table are the number of wells used 
in each subarea to extrapolate the cumdative 
thickness of sand beds observed in we& to the 
assumed 6- or 7-km bottom of the geopxessured 
zones. The permeability of both the upper and 
lower shale beds in all the conceptual reservoirs 
was assumed to have a uniform value of O.OOO1 
millidarcy (ma) and therefore is not given in 
this table. This permeability for the c o d d n g  
shale beds is low enough to provide an effective 
barrier for the maintenance of high pressures in 
the sand aquifers but also high enough to account 
for the significant amounts of water that these 
undercompacted shale beds are expected to con- 
tribute from storage in response to pressure de- 
clines in the sand aquifers. Other calculated aqui- 
fer pameters  and water properties used in the 
evaluation of these idealized conceptual reservoirs 
are given in table 23. The storage coefficients pre- 
sented in this table are based on an assumed uni- 
form specific storage of 3.3X10-B per metre for 
the sand aquifers. Similarly, a uniform “short- 
term” specific storage of 3.3 X lo-’ per metre was 
assumed for the confining shale beds. For further 
details on the assumptions and the methods used 
in calculating the parameters in table 23, and on 
other parameters used in the analysis, the reader 
is referred to the “Appendix.” 

~ESSMENT0FTHE“FLUIDRESOURCE 
BASE” 

The term “fluid resource base” as used in this 
report refers to the energy contained in the waters 
stored in the sand and shale beds of geopressured 
reservoirs These waters are hot, confined under 
high pressures, and assumed to contain dissolved 
methane. Thus, the fluid resource base consists of 
the thermal energy, the mechanical energy, and 
the methane contained in these waters The fluid 
resource base &s defined above w&s assessed for 
each of the 21 conceptual reservoirs in the study 
area. The results of this wxssment are presented 
in table 24. 

The volume of water stored in the sand and 
shale beds of each reservoir was calculated by 
using the assumed sand and shale bed thicknesses 
and porosities shown in table 22. The thermal en- 
ergy in this volume of stored water was taken as 
the heat content above 15°C. “In situ” densities 
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(see table %)-that is, densities eoLTected to the 
average pressure, temperature, and salinity con- 
ditions given in table 21-and an average specific 
heat of 4,100 joules per kilogram per d e p  Ceg- 
us (J/kg/”C), c o m p o n w  to the average pm- 
sures and tempedures, were used ta assess the 
thermal energy of each reservoir. The volume of 
dissolved methane was obtained by using the cal- 
culated methane m n h t  (see table 23) , converted 
to thermal energy by assuming a hat equivalent 
of 3.77 x 10’ J/standard ms of methane. 

The mechanical energy in each mervoir was 
eakdated as the energy &ail could be produced 
by the volume o€ water that would be released 
from storage in the sand and shale beds if the 
hydraulic head throughout the cmaptual remr- 
voir dwlines to the l a d  surface. No time limita- 
tions were placed on the decline, but it was as- 
sumed that the decline is linear with t h e  and 
that, therefore, the average operating head would 
be equal to one-hal€- the initial h d .  

To provide a basis for mmparison with the 
thermal energy in other geothermal systems as- 
sessed in the various reports of this circular, the 
totals of the estimates of table 24 are summarized 
here in terms of their equivalent: 

Thermal e n e m  __________________________ 10$~)<1P‘ 
Methane : 

U* 

Volume : 6.7X1V4 standard ma 
Thermal eqdvaknt ______---_I__ 6,030XlOU 

Therm& equivalent _____-___________ 60x10‘‘ 
Total thermal equivalent __--_ 1 7 , O W X l ~  

This preliminary assessment of the Auid re- 
source base of geopressured-geothermal reservoirs 
within the onshore Tertiary sediments of the 
northern Gulf of Mexico basin indicates that 
the energy stored in the waters of these reser- 
voirs is very large. However, this assessment is 
based on idealized conceptual reservoirs and on 
several assumptions about the physical properties 
of the reservoirs and of the waters stored in them. 
The possibIe effects of this idealization of the 
reservoirs and of the assumptions made in €he 
assessment are discussed .briefly below. 

Discussion of the reliability of fluid WSOUYIX base assessment 
The mechanical energy component of the fluid 

resource base is so small compared to the other 
two components that any discussion of possihle 
errors in its assessment is not warranted. There- 

Mechanical energy : 



Table 23;Calculated aquifer paraeters and water properties used in this study 

-e -- 

Aquifer Parameters Water Properties 
- 

Reservoir Hydraulic Transmissi- Storage Average Dens1 ty  Methaneft 
head* v i  t y  coefficient content 
(LSD) In situt A t  surface** 

m 10 m /s 1 o - ~  kg/m3 kg/m3 std. m /m 
3 3  -4 2 

----__ 

AT1 4,750 6.1 2.1 94 1 89 3 11 .o 

B T ~  4,010 4.1 1.8 96 1 920 9.5 

BT2 4,310 5.3 1.8 980 944 7.5 

CT1 4,450 11 .o 3.8 957 91 3 8.9 

DT1 

OT3 4,210 6.7 1.8 975 934 8.0 

DTL4 4,220 6.0 1.4 997 957 7.3 

ATL2 4,060 15.0 3.0 966 925 8.4 

4,920 15.0 4.0 960 91 3 9.1 
* ' 1  

4,740 5.. 2 1.8 969 923 9.2 

DL5 5,360 6.8 1.8 1,003 949 8.0 

DL6 5,590 9.2 2.5 1,000 946 8.3 

ET1 4,300 15.0 5.0 969 925 8.8 

ET2 4,560 8.9 2.0 958 91 4 9.4 

ET3 4.170 13.0 2.4 981 940 7.8 

4,550 6.1 1.4 1,005 962 6.7 

% 5,340 13.0 2.2 1,022 964 8.0 

% 5,340 15.0 2.5 1,020 965 7.7 

-1 4.590 11.0 3.1 '963 908 10.2 

R2 5,040 22.0 3.0 1,028 975 7.3 

5,330 20.0 3.4 988 939 8.5 

FL3 5,830 13.0 2.2 1,003 948 8.2 

* 
f 
** A t  saturation pressure and average temperature and salinity. 
tt. Based on sotubility o f  methane a t  average pressure, temperature, and salinity. 

Based on average pressure and i n  situ densr'ty. 
A t  average pressure, temperature, and salinity. 
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Table 24.-Assessment of the “fluid resource base” 

Mechanical Methane Energy Volume 
of water Thermal energy 

Reservoi r i n  storage energy Volume Thermal 
eaui Val ent 

1 0 ~ 0  J 10 12 std. m3 lozo J 10‘’ J 1012 “3 

AT1 

BT1 

BT2 

CT1 

DT1 

DT2 

DT3 

DL5 

ET1 

ET2 

ET3 

EL5 

EL7 

FT1 

FL2 

FL3 

fTL 

DTL4 

DL 6 

ETL4 

EL6 

4.91 

11.80 

8.81 

3.14 

4.62 

2.39 

2.56 

4.04 

2.55 

3.82 

2.06 

2.69 

0.99 

4.28 

1.73 

3.75 

4.61 

3.70 

1.02 

2.25 

2.67 

32.4 

66.1 

53.8 

17.0 

28.5 

14.3 

15.6 

22.3 

13.1 

23.4 

12.2 

16.3 

5.9 

22.6 

8.9 

23.6 

27.7 

19.6 

6.3 

12.6 

14.9 

54.0 

99.4 

83.7 

23.6 

41.1 

21.7 

23.5 

32.3 

18.6 

30.6 

17.1 

23.7 

9.3 

33.4 

11.6 

30.0 

35.5 

31.5 

10.4 

16.4 

21.9 

20.4 

37.5 

31.6 

8.9 

15.5 

8.2 

8.9 

12;2 

7.0 

11 5 5  

6.5 

8.9 

3.5 

12.6 

4.4 

11.3 

13.4 

11.9 

3.9 

. 6.2 

8.3 

0.1 

0.2 

0.2 

0.1 

0.1 

0.1 

0 .-1 

0.1 

0.1 ’ 

0.2 

0.1 

0.1 

0.0 

0.1 

0.1 

0.1 

0.2 

0.1 

0.0 

0.1 

0.1 

2.3 Totals : 78.39 457.6 669.3 252.6 
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fore, the discussion is! limited to the thermal and 
methane energy components. The variables di- 
rectly involved in the assessment of the thermal 
and methane energy components of the fluid re- 
source base are the volume of water stored in the 
geopressured zone and its density, specific heat, 
temperature, and methane content. 

The volume of the stored water depends on the 
thickness and porosity of €he sand and shale beds. 
The estimates of cumulative sand and shale bed 
thicknesses are reliable (see the “Appendix”). 
The fact that the sand and shale consist of sev- 
eral interbedded units rather than the massive 
single beds that are assumed for the conceptual 
reservoirs does not affect the volume of water 
stored in them. The porosities of the sand beds 
were estimated from data above or just below the 
top of the geopressured zone, and that of the 
shale beds from porosity/depth-of-burial rela- 
tions for the gulf coast shale beds (Dickinson, 
1953). The porosities given in table 22 could be 
in error by two or three percentage points. This 
would result in an error of about 20 pemnt in 
the estimated volume of stored water. The esti- 
mates of average temperature and the calcula- 
tions of the in situ density and specific heat are 
fairly reliable, and their combined error could 
not be more than 5 percent. In  contrast, the esti- 
mates of methane content are not very reliable. 
No actual measurements of the methane content, 
of waters from the geopressured zone were avail- 
able. The assumed methane content is based on 
the solubility of methane at the average tem- 
perature, pressure, and salinity of the reservoir 
waters, as deduced from the knowledge that 
waters in nongeopressured zones of the gulf ’ coast 
contain dissolved gas, primarily methane, at or 

see t h O  “Appendix”). 
for the fluid resource.base as- 

sessment can be obtained by completely neglect- 
ing the mechanical energy component, conserva- 
tively assuming that the methane Content is one- 
fourth of that used in the assessment and assum- 
ing that the possible errors discussed above are 
all in the direction of reducing rather than in- 
creasing the energy. This lower bound is 398.3% 
1020 J (9,5O0X1O1* cal), or about 56 percent of 
the estimate otherwise obtained-still a very large 
amount. 

ASSESSMENTOFRECOVERABLEENERGY 

The recoverability of energy from geopressured 
FBsBrvoirs ultimately depends on the amount of 
water than can be produced by wells tapping 
these reservoirs. Therefore, to assess the recov- 
erable energy, a development plan that specifies 
the production period, the desired flow rate of 
wells, and the allowable drawdown (or wellhead 
pressure) needs to be selected. The number of 
wells that can be placed under this plan and the 
tutal produotion of water are then determined. 

The flow rate and the number of wells are in- 
terdependent (fig. 16). Note that for a given set 
of reservoir and well conditions and for a speci- 
fied drawdown and production period, the flow 
rate varies with the well spacing and conse- 
quently with the number of wells that are placed 
in a reservoir. As the well spacing increases, the 
flow rate per well also increases until a maximum 
flow rate is reached. This maximum flow mte 
corresponds to a spacing at which interference 
between wells becomes negligible, and it is con- 
trolled mainly by the transmissivity of the reser- 
voir (Papadopulos, 1975). At a smaller well 
spacing, well interference causes the flow rate per 
well to decrease. However, as the well spacing 
decreases, the number of wells that cah be placed 
in a reservoir increases faster than thp rate at 
which the flow rate per well decreases. Therefore, 
the total production from the reservoir, that is, 
the product of the number of wells and their 
flow r&e, also increases with decreasing well 
spacing. 

A development plan for reoovering energy from 
geopmssured reservoirs cannot be selected only 
oh the basis of hydrogeologic factors. Economic 
and environmental factors - a h  have to be con- 
sidered and will probably govern the seleotion of 
the development plan. An optimum plan would 
be one that maximizes economic benefits and 
minimizes the environmental &&s of the de- 
velopment. Distinction should be made here be- 
tween a plan that is economically feasible and an 
optimum plan. Any plan that has a benefit-cost 
ratid larger than orfe (including fangible or in- 

environmental costs) is economically 
feasible. Among several economically feasible 
plans, the one providing for the maximum net 
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benefits is the optimum plan. Intuitively, because 
of the high cost of drilling deep wells in geo- 
pressured reservoirs, a plan that develops the 
reservoirs with wells having the maximum possi- 
ble flow rate may a p p r  to be the most desirable. 
However, such a plan is the least likely to be the 
optimum for the development of the reservoir. 
For example, in the conceptual reservoir ATI, 
weus placed at a spacing of about 40 km would 
be producing at the maximum possible flow rate 
for wells in this reservoir, which is 3.3xlO-* 
m8/s per metre of drawdown (see fig. 16). One 
such well can be placed in every 1,600 km* of 
area. On the other hand, if wells are placed at 
one-half this spacing, that is, 20 km apart, the 
flow rate decreases only slightly to 3.1X10-4 
ms/s per metre of drawdown. At this spacing, 
four wells a n  be placed in the same 1,600-kmZ 
area. Assuming that both of these development 
plans are economically feasible and that costs per 
well are nearly the same, the one-well plan would 
have a slightly higher benefit-cost ratio than the 
four-well plan. However, the net benefits from 
the four-well plan would be almost four times 
those of the one-well plan. Thus, if only these two 
plans were to be considered, the four-well plan 
would be the optimum. 

Selection of an optimum plan of development 
obviously requires complex studies of economic 
and environmental factors. In the absence of such 
economic and environmental studies, which are 
beyond the scope of this report, three assumed 
development plans were selected to provide 
“order-of -magnitude”-type assessments of the en- 
ergy recoverable from the conceptual mrvoils.  
The assumed development plans consist of a 
basic plan, to be referred to as Plan 1, and of 
two modihtions of this basic plan, referred to 
as Plan 2 and Plan 3. 

Plan 1 is the following: The conceptual reser- 
voirs are to be developed with 0.23-m-diameter 
wells, each capable of sustainii a flow rate of 
0.15 ms/s for a period of 20 years ak SL wellhead 
p m r e  that gradually declines to a minimum 
value of 14 meganewtons per square metre (MN/ 
m*), or 2,000 lb/in*, at  the end of the 20-year 
production period. This basic plan has been used 
in previous studies (Parmigiano, 1973; Papa- 
dopulos, 1975). However, the selection of this 
plan, and of its modifications discussed below, has 
been completely arbitrary. The data provided in 

’ 
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this report and figure 16 can be used to evaluate 
possible development plans other than those con- 
sidered here. Examples illustrating the use of 
figure 16 for evaluating various plans are given 
in the “Appendix.” 

The results of the assessment of recoverable en- 
ergy from each of the conceptual reservoirs, under 
the assumed Plan 1, are presented in table 25. 
These results are summarized here in terms of 
their equivalent : 

Recovery of this energy, which is about 2.1 per- 
cent of the total fluid resource base, requires 
17,160 wells at a spacing rangkg from 2.3 km in 
subarea EL, to 3.9 km in subarea BT1. 

The mechanical energy component of this as- 
sessment is only 2.6 percent of the total recover- 
able energy. To recover this small percentage of 
energy, the wellhead pressure is restricted to a 
minimum of 14 MN/m*. The head equivalent of 
this pressure is about 1,500 m,or about one-third 
of the initial head in most of the conceptual 
reservoirs. 

In  Plan 2, recovery of the mechanical energy 
is neglected by removing this restriction on well- 
head pressure and allowing the wells to use al- 
most the entire initial head over the 20-year pro- 
duction period. The energy recoverable under 
Plan 2 consists of only thermal and methane 
energy. The results of this assessment are: 

C l O b i f ? &  

Thermal energy . . . . . . . . . . . . . . . . . . . . . . . . . .  358.8xlP 
Methane : 

Volume: 21.6XlOU standard m’ 
Thermal equivalent _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _  193.6XlP 
Total thermal equivalenk __________- 662.4XlP 

The number of wells required to recover this 
energy, which is about 3.3 percent of the fluid ~ a -  

soum base, is 25,840 with well spacings that 
range from 1;9 to 2.9 km. 

Plans 1 and 2 do not consider any restrictions 
that might be imposed by environmental factors. 
Subsidence, for example, could pose major re- 
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‘hbk BS.-Assessment of “recoverable energy” under the assumed basic development plgn, Plan 1 

Avallable Flow rate- , Number Volume Methane Enerqy 
formation drawdown Well o f  o f  water Thermal 

r a t i o  spacina wells produced enerqy Volume Thermal Mechanical Reservoir drawdown 
equi Val ent eneray 

m m2/s km 10” m3 10l8 J 101Ostd. m3 10l8 J 10l8 J 

3,060 4.9 3.1 930 

ATL2 2,410 6.2 3.1 2,180 

BT1 2,370 6.3 3.9 ,t 890 

BT2 2,690 5.6 3.5 450 

CT1 2,780 5.4 2.6 1,210 

DT1 . 3,250 4.6 2.4 840 

DT2 3,090 4.9 3.2 ’ 500 

DT3 2,580 5.8 3.5 600 

DTL4 2,620 5.7 3.7 370 

OL5 3,730 4.0 2.9 830 

DL6 3,950 3.8 2.5 590 

ETl 2,640 5.7 2.4 930 

AT1 

ET2 2,900 5.2 3.2 190 

ET3 

EL5 

EL7 

FT1 

2.550 .9 3.2 730 

ETL4 2.950 .1 3.5 280 

3,730 4.0 2.7 1,110 

EL6 3,730 4.0 2.6 1,310 

3.680 4.1 2.3 1,180 

2,920 5.1 2.7 31 0 

FL2 3,430 4.4 2.5 750 

8.80 58.5 96.7 36.5 

20.64 I 1’17.1 173.3 65.4 

8.43 52.2 80.1 30.2 

4.20 23.6 32.0 12.1 

11.46 71.5 102.0 38.5 

7.95 49.6 72.4 27.3 

4.73 29.3 43.6 16.5 

5.68 31.9 45.5 17.2 

3.50 18.4 25.6 9.7 

7.86 8.4 62.9 23.7 

5.59 33.3 46.4 17.5 

8.80 54.2 77.5 29.2 

1.80 10.8 16.9 6.4 

6.91 37.0 53.9 20.4 

2.65 13.9 17.8 6.7 

1 66.2 84.1 31.7 

12.40 75.1 95.5 36.0 

11.17 59.8 95.0 35.8 

2.93 18.1 29.9 11.3 . 
7.10 40.1 51.8 19.6 

2.1 

4.5 

1.8 

1.0 

2.6 

1.9 

1.1 

1.3 

0.8 

2.1 

1.5 

2.0 

0.4 

1.5 

0.6 

2.8 

3.3 

2.9 

0.7 

1.8 

2.6 
- 

4,180 3.6 2.5 9.28 52.0 76.1 28.7 -- -- FL3 
Totals 162.33 961 .O 1,379.2 520.4 39.3 

_IL- 
- 
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strictions to the maximum drawdowns that can 
be used in developing geopressured reservoirs, es- 
pecially near coastal areas of low elevation. 
Crude estimates, obtained by calculating the 
volume of water contributed from storage in the 
shale beds of the conceptual reservoirs (see the 
“Appendix”) and tLssuming that this wil l  result 
in equal compaction of the shale beds and that 
this compaction, in turn, will be transmitted to 
the land surface without reduction, indicate that 
average subsidence under Plan 1 could range 
from about 5 to over 7m. 

In Plan 3, the maximum drawdown is re- 
stricted, or the wellhead pressure increased, such 
that the average subsidence, calculated as de- 
scribed above, does not exceed l m. The energy 
recoverable under Plan 3 is : 

Thermal energy _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _  ------- 63.1x1Ou 
Methane: 

Cdotisa 

Volume: 3.2~10~ standard m* 
Thermal equivalent _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _  28.8X10’ 

3.8>(10* 

Total thermal equivalent ________-_- 85.2x1Ou 

Recovery of this energy, which is about 0.5 per- 
cent of the total fluid resource base, requires 
about 3,970 wells placed at spazings ranging from 
4.8 to 7.2 km. 

These assessments consisted mainly of deter- 
mining the well spacing and consequently the 
numlwr of wells that can be developed in each 
conceptual reservoir under the assumed plans. 
Techniques developed in the evaluation of the 
energy potential of a “typical” gulf coast geo- 
pressured reservoir (Papadopulos, 1975) were 
used to prepare for each conceptual reservoir a 
plot of the variation of the flow rate per unit 
20-year formation drawdown, that is, the draw- 
down in the aquifer just outside the well, which 
is equal to the drawdown in the well less the pipe 
friction and other losses, against well spacing for 
wells placed on a square grid. These plots are 
shown in figure 16. To prepare these plots, the 
transmissivity and storage coeficients for each 
sand aquifer (see table 23) and the assumed hy- 
draulic properties of the confining shale beds (see 
the “Appendix”) were used in well-flow equa- 
tions that take into account the effects of leakage 
from storage in the shale beds (Hantush, 1960). 
For reservoirs where the hydranlic properties of 
the sand aquifers were the same or very similar, 

Mechanical energy, thermal equivalent _ _ _ _ _  

as for example BT, and DT3, only one plot was 
prepared. 
. The 20-year available formation drawdown for 
each reservoir was calculated by subtracting from 
the initial hydraulic head of the reservoir the 
assumed maximum drawdown, or the head corre- 
sponding to the assumed minimum wellhead p m -  
sure, and the pipe friction losses (see the “Appen- 
dix”) for the assumed well diameter and flow 
rate. The ratio of the flow rate to the available 
drawdown was then used to determine well spac- 
ing from figure 16. The area of influence of each 
well w&s assumed to be equal to the square of the 
well spacing. The areal extent of each reservoir 
(see table 21) was then divided by this area of 
influence to determine the number of wells that 
can be placed in a conceptual reservoir under the 
assumed development plan. 

The thermal and methane energy in the volume 
of water produced over the 20-year production 
period were mlculated in a manner similar to 
that used in the assessment of the fluid resource 
base, except that density at saturation pressure 
(see table 23) and an average saturation pressure 
specific heat of 4,350 J/kg/”C (see the “Appen- 
dix”) were used in the thermal energy oalcula- 
tions. 

On the basis of previous studies of the time- 
drawdown behavior of wells in idealized geo- 
pressured reservoirs having similar properties 
(Papadopulos, 1975), the “average operating 
head” for the production of mechanical energy 
over the 20-year period was assumed to be the 
initial head less the pipe friction losses and less 
two-thirds of the 20-year formation drawdown. 

The recoverable energy assessments presented 
above are only energy at the wellhead. Although 
the methane is a resource that can be directly 
marketed, thermal and mechanical energy prob- 
ably will have to be converted to a more readily 
usable form of energy such as el&rical energy. 
Additional large energy losses will result from 
this conversion. The efficiency of converting ther- 
mal energy s t  the wellhead to electrical energy 
has been estimated to be 8 percent by Nathenson 
and Muffler (this circular). The efficiency of con- 
verting mechanioal energy to electrical energy is 
assumed to be 80 percent, although efficiencies as 
high as 90 percent have been used by House and 
others (1975). Applying these conversion effi- 
ciencies to the thermal and mechanical energy 
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components of the recoverable energy assessments 
results in the following estimates of electrical 
energy in megawatt -centuries and of electrical 
power in megawatts for the 20-year period: 

Development plan Electrical Ellectrical 
and energy power 

energy resource (MW-cent) (MW (20 Jr)) 

Plan 1 : 
T h e m i  energy _ _ _ _  24,380 m,900 
Mechanical energy __ 9,970 49,830 

Total _________-_- 171,760 

Thermal energy _--_ 38,140 1 ~ , 7 0 0  

Thermal energy ____ 5,690 28,450 
Mechanical energy _ _  8,560 17,800 

Total __-______-__ 9,250 46,250 

Note that, because of the one-order-of-magnitude 
difference in the conversion efficiencies for the two 
kinds of energy resource, the mechanical energy, 
which constituted only a very small percentage 
of recoverable energy at the wellhead, under both 
Plan 1 and Plan 3, provides 29 percent and 38.5 
percent, respectively, of the recoverable electrical 
energy. 

The variation in the recoverable energy with 
the conditions imposed in different development 
plans further indicates the importance of de- 
tailed economic and environmental studies in 
selecting an optimum development plan. It should 
be emphasized again that the assessments pre- 
sented here (1) are not based on such economic 
and environmental studies, (2) are of the order- 
of-magnitude type, and (3) could ,be mmplotely 
different than assessments based on an optimum 
plan. 

In addition to subsidence, briefly discussed 
above, studies are also needed to determine the 
feasibility of disposing of the waste wnteq by 
injecting it into shallower saline aquifers, as sug- 
gested by Wilson, Shepherd, and Kaufman 
(1974) and House, Johnson, and Towse (1975). 
or by discharging it into the Gulf of Mexico. Tho 
geochemistry of the waters and the shale beds is 
another factor that needs to be studied. The inem- 
brane properties of the shale beds could play an 
important role in determining the amounts and 
quality of the waters that ‘are contributed from 
the shale beds. The chemistry of the water could 
also create corrosion problems in the wells that 
would affect their flow rates. Another factor that 

Plan 2: 

Plan 3: 

could influence the economics of develqment and 
that needs to be investigated is the feasibility of 
converting unsuccessful or depleted oil and gas 
wells into production wells from the geopressured 
reservoirs. This list is by no means complets, but 
it points out the complexity of arriving at an 
optimum development plan for recovering energy 
from the geopressured reservoirs. 
Discussion of the reliability of the recoverable energy 
assessments 

The most important factor in the recoverable 
energy assessments is the total volume of water 
produced by wells. The effect of selecting dicer- 
ent development plans on the volume of p r o d u d  
water has already been emphasized. Therefore 
the discussion here is limited to the reliability of 
the presented assessments. Under the selected de- 
velopment plans that specified the flow rate, the 
reliability of the produced volume estimates de- 
pends on the effects of the idealization of the res- 
ervoirs and on the reliability of the well-spacing 
determinations. 

The conceptual reservoirs were assumed to con- 
sist of a single sand bed underlain and overlain 
by two single shale beds that are continuous and 
exist throughout each subarea. The assumption of 
two single confining shale beds would normally 
result in a smaller contribution of water from 
storage than that expected in a system of inter- 
bedded sand and shale. However, this effect has 
been munted for by assuming a larger than 
usual permeability for the shale beds (see the 
“Appendix”). Theoretically, assuming a single 
thick sand bed instead of multiple sand beds 
having the same total thickness would not have 
any effect sink the transmissivity (hydraulic con- 
ductiviky times thickness) is the same for both 
cases. However, underlying this theory is the 
assumption that in both cases the wells are open 
throughout the sand beds. Multiple completion of 
the wells in every sand bed would not be p m -  
tically possible. Therefore, in the actual multiple- 
sand-bed systems, wells would probably be com- 
pleted only in the thick sand beds. Assuming that 
thick sand beds constitute at least 50 percent of 
the cumulative sand thickness, &he transmissivities 
of the conceptual reservoirs could be in emr by 
about 60 percent. . 

Existence of the reservoirs throughout each 
subarea should not be mnfused with continuity. 
Since the assumed development plans require a 
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large number of wells in each subarea, artificial 
boundaries would be created between wells. 
Thus, the effeat of having compartmen.talized 
reservoirs instead of one continuous reservoir 
would not be so critical, provided these compart- 
ments exist throughout the area and are larger 
than the area of influence of each well, that is, 
the square of the well spacing. The wells from 
the logs of which sand..bed thicknesses were deter- 
mined were rather uniformly distributed over 
the study area. These logs as well as others ex- 
amined during the oourse of this study and of 
previous hudies of the hydrogeology of the gulf 
coast indicate that sandbed sequences exist 
throughout most of the study area, except in the 
areas where massive shale sequences were chosen 
as the boundaries of the subareas. Therefore the 
assumption that the reservoirs exist throughout 
the study area could result, at most, in an error 
of about 20 percent in the number of wells. 

The well spacing at a spified flow mte de- 
pends on the available drawdown and on the hy- 
draulic parametem of the reservoir. "he avail- 
able drawdowns that were used in the assess- 
ments were calculated from the initial hydraulic 
head and the impsed wellhead conditions. The 
initial hydraulic heads were based on the average 
reservoir pressures, which are fairly reliable (see 
the "Appendix"). Therefore large errors in the 
assumed drawdowns are not likely. Furthermore, 
the available drawdowns are so large that, even 
if they are in error by 50 or 100 m, the flow rate/ 
drawdown ratio does not change by much. Con- 
sequently, the well spacing that is determined 
from figure 16 by using this ratio will also not 
change appreciably. 

Permeabilities, which were used to calculate 
transmissivities, are believed to be the least re- 
liable of the reservoir data used in this study. I f  
permeabilities are assumed to be overestimated by 
50 percent,and this error is combined with the 
50-percent error assumed to be due to the idealiza- 
tion of the reservoirs, the transmissivities will be 
reduced to one-fourth of those assumed in table 
23. Therefore the effect of having one-fourth of 
the assumed transmissivities was examined. Un- 
der Plans 1 and 2, the drawdowns are large, rang- 
ing from 3,000 to 5,000 m, and cause the flow rate/ 
drawdown ratios to be small, from about 3 X 
to 6X10-5 ms/s/m. At this range of flow rate/ 
drawdown ratios, the curves in figure 16, each of 

which is for a different set of transmissivities and 
storage coefficients, are close to each ,&her; there- 
fore the well spacing does not vary much with the 
hydraulic parameters of the reservoirs. On the 
average, a 75-percent reduation in transmisivikies 
was found to increase well spacing under these 
two plans by &bout 0.5 Inn and to cause a reduc- 
tion of about 25 percent in the numbr of wells. 
Under Plan 3, the drawdowns are small, ra4ging 
from 750 to 1,200 m, and mulk in flow &/draw- 
down ratios from 1.25X10-4 to 2.0XlO-' ms/s/m. 
Within this range, well spacing varies wnder- 
ably with the hydraulic parameters of the .mx?r- 
voir. Under this plan, a reduction of 75 percent in 
transmissivities reduces the number of wells by 
aboult 60 percent. 

Lower bounds for the recoverable energy as- 
sessments are obtained by combining the e@& 
of the two factors discussed above on the volume 
of produced water, by assuming that methane 
content may be only one-fourth of saturation, and 
by assuming a combined e m r  of about 5 percent 
in temperature, density, and specific heat. These 
lower bounds are : 

Lowcr bounda Psrccnt OY 
I ( l o b  e.1) &mar c M 8 6 3 8 m t 8  

Plan 1 ------ - ----_ 155.0 43 
Plan 2 ------------ 233.5 43 
Plan 3 -_-----_____ 19.5 23 

The corresponding lower bounds for conversion 
of thermal and mechanical energy to electrical 
energy and to power are : 

Mwer bounds 
ElsatdcaZ EleatdcoZ Percent oY 

merm &fljWZ 
(YW-Cetit) , (M&%&')) a88t l8mt8 

Plan 1 -----_-- 19,860 99,250 68 
Plan 2 -_-----_ 21,730 lQS,650 58 
Plan 3 -------_ 2,880 14,400 31 

Note that, because the greatest reduction is in the 
estimates of methane, the reduction in the re- 
coverable electrical energy is not as large as the 
reduction in energy at the wellhead. Also, if all 
the possible errors assumed in obtaining these 
lower bounds are valid, the resulting ,pwwvoir 
conditions may require 'completely different de- 
velopment plans for assessing the recoverable 
energy. 
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APPENDIX 
b e d  in Assessment of Onshore Geopressured-Geothermal Resources in the N 

This appendix discusses the basis on which 

were determined, calculated, or assumed. Other 
untabulated data and equations used in the as- 

DATA ON AVERAGE CONDITIONS IN 
data presented in the various tables of this report SUBAREAS ' 

p h  to top of geop.css 

dis- @opreSsure, 8s used i 
cussed. Examples illustrate the use of the for fluid pressure that is higher thah hydrostatic. For 
evaluating energy recovery plans other than those 
presented in the main text of the report. 

the average salinities of 60 to 80 g/1 that are 
found in the hydrostatic, or normally pressured, 
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zones of the gulf coast, this corresponds to a 
vertical pressure gradient greater than 10.5 kilo- 
newtons per quare metre per mekre (kN/m2/m), 
or 0.465 lb/inP/ft. In the southern half of the 
Texas cuastal plains, a ‘‘,top geopressure” map fur- 
nished by a major oil company was used to deter- 
mine the average depth to the top of geopressure 
within each subarea. Pressure measurements 
available within the mapped area numbered 
from 22 to 432 determinations per subarea. Out- 
side the mapped area, in the northeastern Texas 
coastal plain and in coastal Louisiana, average 
depth to the top of geopressure was determined 
by using computer-derived shale density plots, 
well records, and geophysical log examination. 
Less control, therefore, was used in these areas 
because of the time required to process informa- 
tion. 

Average pessures 

Pressures at the midpoint depth of each sub- 
area were obtained by averaging pressure data on 
shale density determinations from geophysical 
logs and on mud weights recorded within various 
depth intervals. Selected wells that aphroached or 
penetrated the midpoint depth were used. The 
resulting pressure determinations were compared 
with bottom-hole shut-in pressure measurements 
made during wireline or drill-stem testing and 
initial reservoir pressure measurements recorded 
with the Texas Railroad Commission or the U.S. 
Bureau of Natural Gas. Agreement between the 
data sets was very good. 

A m a g e  temperatures 

Temperature d a h  were derived from measure- 
ments made during electrical well logging oper- 
ations. These measurements were adjusted to 
equilibrium conditions using a correction equa- 
tion developed by the American Association of 
Petroleum Geologists Geothermal Survey of 
North America. Mean depths of occurrence for 
six isogeothermal surfaces (70°C, 100°C, 120°C, 
150°C, 180°C, and 25OOC) and average midpoint 
temperatures were calculated for each county 
(or parish) in the study area. County determina- 
tions were averaged to obtain midpoint tempera- 
tures within each subarea. Temperature control 
was most abundant within 20 southern Texas 
counties (Rio Grande embayment area). I n  this 
area, &pproximately 1,150 wells from a project 

data file of 11,OOO reached or exceeded midpoint 
depths. Control was limited to about five wells per 
county in the northeastern half of the Texas 
coastal plain and in southern Louisiana. 
Salinity 

Salinity estimates were based upon an evalua- 
tion of all chemical analyses from the p p m -  
sure interval available to the U.S. Geologhal 
Survey. I n  some instances, data from outside the 
interval may have been included. In the southern 
Texas coastal plain (areas CT,, DT, and ET;), 
salinities computed from electric logs (total h- 
solved solids and NaCl) were also avai€abl& 
Computed salinities in table 21 represent an aver- 
age of the salinity of each significant wnd bed 
occurring in the interval from the top of the geo- 
pressure zone to the total depth of the well. In 
areas DT1 and ET,, calculated values were used 
as best available data. In area CT,, suilicient 
data were available for use of both sampled and 
calculated salinities. Results were very similar 
(23,000 mg/l versus 22,000 mg/l total dissolved 
solids). Most sampled data and many computed 
values used in these estimates were from the 
upper part of geopressured reservoirs. Within 
the geopressured zone, an irregular decrease in 
salinity with depth is usually observed. Thus, 
average salinity values, ahown on table 21 are 
probably high for the average midpoint depth. 

DATA ON PROPERTIES OF A CONCEPTUAL 
RESERVOIR 

Sand aquifer.-The khickness of the sand ac- 
quifer was determined by averaging cumlative 
sand-bed thicknesses and percentage of sand for 
a number of wells within each subarea, as shown 
in table 22, in the interval between the top of the 
geopressure zone at the well location and the total 
depth of the well. This percentage was then 
applied to the interval between the average top 
of geopressure and the 6- or 7-km depth (that 
is, the total thickness of the conceptual reservoir) 
to obtain an extrapolated thickness for the idea- 
lized aquifer. 

confining shale bed8.-The total thickness of 
the shale beds was calculated as the difference 
between the total khickness of the conceptual res- 
ervoir and the extrapolated sand-bed thickness. 
This total shale-bed thickness was distributed 

Thickness 
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between an upper shale bed and a lower shale bed 
by asmming the following: (1) the vertical 
flow in an undeveloped reservoir is steady; there- 
fore, if the permeability of both the underlying 
and overlying shale beds is assumed fa be the 
same, the hydraulic p d i e n t  across them should 
be also the &me, and (2) the fluid pressure at 
the bottom of the lower shale bed should not 
exceed 95 percent of the lithostatic pressure. 

Porosity and *meability 

Sand aquifer.-Porosity measurements from 
sidewall and conventional cores, representing 
thousands of wells drilled in the gulf coast, show 
a general decreasing trend with depth. Perme- 
ability values also tend to decrease with depth, 
the ‘lowest values being measured in the vicinity 
of the top of the geopressure zone. A highly 
variable but general increase in permeability 
occurs at intermediate depths within the zone of 
geopressure. Data available for the sand aquifer 
porosity-permeability estimates in table 22 were 
heavily weighed by samples from the uppermost 
sand beds of the geopressured zone and lower- 
most sand beds of the hydrostatic zone (that is, 
the “tightest” interval). Data from project files, 
published reports, regulatory agencies, and petro- 
leum industry and industry service companies 
we re organized and analyzed on .an area-by-area 
basis. Observed permeabilities ranged from 0.1 
to 4000 md and porosities from 12 b 30 percent. 
Real data from horizons selected for the idealized 
aquifers were soarce or absent from available 
records. The averages presented are generally 
not -representative of the idealized aquifer zone. 
From the range of values observed and from con- 
versations with petroleum industry scientists, it 
is probable that permeabilities of 100 to 400 md 
are found in the more massive sand beds at 
depths greater than 4 km. “he porosity of these 
sand beds could also be larger by as much as 5 
p e m t .  

Confin&ng shale Beds.-”- in the case of the 
sand beds, the porosity and permeability of shale 
beds tend to decrease with depth, but bt general 
increase of these parameters occur within the 
geopressured zone. Schmidt (1973) reports that, 
in a well at the Manchester Field in h i s i a h a ,  
shale-bed porosity decreased to 12 percent 
at a depth of 3.0 b, just above the top o i  geo- 

pressure, and then suddenly increased to 17 per- 
cent at  4~ depth of 3.4 km, within the geopressured 
zone, gradually decreasing again to 12 percent 
at a depth of 4.5 km. In the absence of sutficient 
specific data on shale-bed porosities within th0 
study area, porosities for the shale beds were 
estimated by using (1) a plot of burial depth 
again& porosity of the gulf coast shale beds, 
presented by Dickinson (1953), and (2) the 
assumed midpoint depths for the upper and 
lower shale beds. As stated in the report, the 
permeability for all shale beds of the conceptual 
reservoirs was assumed to be O.OOO1 md. This 
value of permeability is about two to three 
orders of magnitude higher than the permeab’lliy 
of normally compacted shale beds. Shale beds 
within the geopressured zone are undercompaoted 
however, resulting in permeabilities larger than 
those of compacted shale beds. Furthermore, 
under actual reservoir conditions of interbedded 
shale and sand beds, several shale beds would be 
draining from both sides to adjacent sand beds 
that are developed, contributing a much larger 
amount of water to the sand beds than the shale 
‘beds of the idealized conceptual reservoir, which 
consist of only two beds, each draining on only 
one side. Thus, it is believed that for the analyses 
of this study., which .are based on the conceptual 
reservoirs, the assumed shale-bed permeability is 
reasomble. 
Hydraulic head 

The hydraulic head above the midpoint of each 
conceptual reservoir was cal&lated by dividing 
the average pressum by the in situ -density and 
the gravitational acceleration. This head.was con- 
verted to head .above, lrind surface by subtracting 
the average depth to the midpoint. Within the 
sand aquifer, .this hydraulic ’head was assumed 
to be uniform. Within the upper confining shale 
beds, the head was assumed €o vary Utrifsdy 
from zero at the top, that is, hydrostatic, to the 
had 03 the sand aquifer at the bottom. The same 
hydraulic gradient was assumed to occur ih the 
lowek oh& bed. As expkined wrliep, this as- 
sumption was also used h ddhrmhing the .&ale- 
bed thicknesses. 
Hydraulic cbnductivity 

The estimated o t  &&wed sanh- and shale-bed 
prmeabili tk in millidarcys Were -converted to 
permeabilities in Sqaare metra. These permeabik 
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ties were then multiplied by the gravitational 
acceleration and divided by the average viscOsity 
of the reservoir waters to obtain the hydraulic 
conductivities of the sand aquifer and of the 
confhing shale beds. 
Specific storage 

The specific s t o r a p t h a t  is, the volume of 
water that a unit volume of the reservoir would 
release from storage under a unit decline of head 
-had to be assumed for both the sand aquifer 
and the confining shale beds. A specific storage 
coefficient of 3.3X10-6 per metre was assumed 
for the sand beds in all of the conceptual reser- 
voirs. 

The confining shale beds, which are under- 
compacted and expected to have a high com- 
pressibility, were assumed to have a specific stor- 
age of 3.3XlO-’ per metre. This high specific 
storage, however, was used only for the “short- 
term” effects of the recoverability calculations. I n  
determining the total volume of storage that could 

...be released from storage, needed for the assess- 
Aent of the mechanical energy component of the 
resource base, the average decline of head in the 
shale beds was first converted to an equivalent 
increase in burial depth by assuming a lithostatic 
pressure gradient of 22.6 kN/m*/m (1.0 lb/in2/ 
f t )  . The porosity corresponding to this equivalent 
burial depth was determined from the previous- 
ly mentioned plot of burial depth and porosity 
(Dickinson, 1953). The difference between the 
original porosity and the new porosity was then 
used to calculate the volumel released from stor- 
age. .L 

\ 

Transmissivity and storage coeficients 

The transmissivity and storage coefficients for 
the sand aquifers were obtained by multiplying 
the calculated hydraulic conductivities and the 
assumed specific storage for the sand aquifers by 
their extrapolated thickness. 

DATA ON WATER PROPERTIES 
Density 

The “at surface” density of the geothermal 
watewtha t  is, the density at saturation pres- 
sure and at the average temperature and salinity 
-was calculated from data given by Haas 
(1970). The “in situ” density-that is, the den- 
sity at the average pressure, temperature, and 

salinity-was calculated as follows. Densities 
for freshwater at the average temperature were 
calculated both at saturation pressure and at the 
average pressure using the 1967 ASME Steam 
Tables (Meyer and others, 1968). The percent 
change of the freshwater density from saturation 
to average pressure was then applied to the at- 
surface density to calculate the in situ density. 
Methane content 

Gases dissolved in normally pressured gdf 
coast formation waters consist primarily of 
methane. Minor amounts of other hydrocarbons 
plus carbon dioxide and nitrogen are also present. 
Methane usually represents more than 95 per- 
cent of the total volume. Assuming all of the 
dissolved gas to be methane and correcting for 
salinity, data from dissolved gas analyses of 134 
water samples taken from Tertiary sands in 79 
Texas wells were found to approximate saturated 
conditions as described by Culberson and MC- 
Ketta (1951, fig. 5, p. 226). These samples were 
from normally pressured horizons. The highest 
pressure recorded was about 22 MN/m2 (3,200 
lb/in2), the highest temperature was about 102OC, 
and the highest dissolved gas content was 3.064 
standard m3/ms recorded from a water sample 
with 35,000 mg/l total dissolved solids. 

Although the dissolved gas content of waters 
from geopressured zones has not been measured, 
on the basis of the above observations these waters 
were assumed to be methane satum’ted. The 
methane content was determined by using curves 
of methane solubility in freshwater presented by 
Culberson and McKetta (1951, fig. 5, p. 226), 
which were extended and modified to correct for 
salinity by using an extension of a solubility 
table from O’Sullivan and Smith (1970, p. 1461). 
These extensions and modifications were in accord 
with trends shown and are nonlinear. 
Kinematic viscosity 

For the range of the average pressures and 
temperatures of the reservoirs, the kinematic vis- 
cosity of freshwater varies from 1.75XlO-’ to 
2.25X10-’ m2/s (1967 ASMX Steam Tables, 
Meyer and others, 1968 ) . On this basis, an aver- 
age kinematic viscosity of 2 ~ 1 0 - ~  m2/s was as- 
sumed for the calculations of t r a m v i t i e s  and 
hydraulic conductivities, and of the Reynold’s 
number needed in the determination of pipe fric- 
tion losses. 



SpCcific heat 

The specific heat of freshwater at the average 
temperatures found in the geopressured reser- 
voirs ranges from 4,060 to 4,160 J/kg/’C at the 
average pressures and from 4,290 to 4,430 J/ 
kg/”C at saturation pressure (1967 ASME Steam 
Tables, Meyer and others, 1968 ). I n  this 
study, average values of 4,100 and 4,350 J/kg/”C 
were used for the specific heat at the average 
reservoir pressures and at saturation pressures, 
respectively. 

PIPE FRICTION AND WELGmXlW 
EQUATIONS 

The head loss, hi, due to pipe friction in wells 
was calculated by using the Darcy-Weisbach 
equation (Streeter, 1962), which, in terms of flow 
rate 0, well radius rw, and well depth L, is ex- 
pressed as 

Q”L 
hi= f- 

42rW5g 
where f is a friction factor and 9 is a gravita- 
tional acceleration. The Reynold’s number for 
the ,assumed flow rate, well radius, and kine- 
matic viscosity was calculated’ to be 4.2X106, a 
roughness coefficient of 1.65 X per metre 
was assumed for the well casing, and the fric- 
tion factor corresponding to this Reynold’s num- 
ber and roughness coefficient was found to be 
0.0118 by interpolating in a ‘Moody diagram 
(Streeter, 1962). 

on used in the preparation 
of figure 16 is the “modified leaky aquifer” equa- 
tion presented by Hantush (1960). The equation, 
which describes the drawdown distribution 8 
around a well producing at a constant rate @ 
from an infinite confined aquifer, allows for the 
effects of leakage from storage in both the upper 
and lower confi beds. The equation has the 
form 

The well-flow equ 

where 
u = Tzs/4Tt, 

P =rA/4, 

A= (K’S’JTS) W + (K“S‘,/TS) ?4. 

and 

and in which n ( u ,  a) is a tabulated function, 
r is distance from the well, T and S are the trans- 

missivity and storage coefficients of the aquifer, 
respectively, t is time since the production 
started, and K’, s’, and K”, S”, are the hydrau- 
lic conductivity and specific storage of the upper 
and lower confining beds, respectively. The equa- 
tion is valid for “relatively small times” of t less 
than both (6’) *S’,/lOK’ and (6”) zS”,/lOK”: 
For the smallest shale-bed thickness used in this 
study this relatively small time covers a period 
up to about lOO,OOO( !) years. 

In  the assumed recovery plans in which wells 
are placed on a square grid, each well can be 
assumed to be located at the center of a square 
reservoir having the dimensions of the well spac- 
ing. To apply the above equation, which is for 
an infinite aquifer, to a bounded square aquifer, 
the method of images was used. The formation 
drawdown at the well face was calculated for a 
unit flow rate and different well spacings, and 
the results were expressed in terms of the flow 
rate/drawdown ratio as shown in figure 16. 

The volume of leakage-that is, the volume of 
water contributed from storage in the confining 
beds-which w&s used to obtain crude estimates 
of possible subsidence, as stated in the main text 
of this section, was calculated from the follow- 
ing equation (Hantush, 1960) : 

where TA2/S, 
V = &t = volume of produced water, 

and in which e’ is the exponential function and 
erfc (o), the complementary error function, 
which are both tabulated functions. Other sym- 
bols are as previously defined. Although Han- 
tush (1960) presents this equation for aquifers 
of infinite extent, it can be shown that the equa- 
tion is equally applicable to bounded aquifers 
without modification. 

ILLUSTRATIVEEXAMPLES 

The following three examples illustrate the use 
of figure 16 for evaluating development plans 
other than those considered in this report. It is 
assumed that all alternate plans will have a 20- 
year production period. Well diameters are also 
assumed to be of 0.23-m diameter. However, the 
curves in figure 16 are very insensitive to well 
diameter, and as such they can be used for wells 
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of different diameter. Pipe friction losses, on &e 
other hand, would increase vepy mpldly &with de- 
creasing well diameter. 

In  the examples, the following symbols are 
used : 
Q = Flow rate of welb, 

ST = Drawdownin wells, 
r, = Well radius, 
N, = Number of wells, 
D,  = Depth of wells, 
T,  = Sand aquifer thickness, 

Tsb. = Upper shale-bed thickliess, 
D,  = Depth to top of geopressure, 
hL = Pipe friction losses, 
S, = 20-year formation drawdown, 

A, = Area of influence of wells, 
AT = Areal extent of reservoirs, 
Czo = Average subsidence at the end of the 20- 

year production period, and 
VL = Volume of leakage from storage in the 

confining shale beds. 

Z = Well spacing, 

- 

Eamnpk I 
Given : Q d . 2 0  ma/s and 

find : N ,  in reservoir AT, for the specified Q 

Solution: D.=Dn+T.+T.am 

8T=2,000 m, 

ana &. 

From tables 21 and 22: 
D~=2,360+630+1,800=4,’790 m. 
y’rom pipe friction loss equation given in 
this ‘‘AppcpdirZl‘: 
b=300 m, 

’S*r=#T--h& 

’2=2,000-300=1,700 m, and 
Q/&=1.18 x lo-‘ m*/s. 
From figure 16 : 
‘ k & 3  km, %nd 
A =2k281 km’. 
Fmn~ table h : 
Ar=8,948 Ed, ahd 
h?&?&/Aw X318. 

Exam$& #f 
Giveti: 

End : 

Solution : 

Eoantple 111 
Given : 

find : 

Solution : 

k 1 0  km, and 

Q in reservoir ATlfor the specified 2 and 
8T. 
From mre 16 : 
Qj8r=23553<18-‘ m*/s, an8 

8T=2,000 m, 

.19,=9/2.35x 10-4 
~ 4 , 2 5 0  Q. 

From the pipe friction lw equation with 
f=0.0118, D,=4,790 m, and rw=0.115 IIL 
hi=7,260 &” 
sF=i?,+nL=2?m m, 

or 
7,260 9*+4,250 9-2,000=0. 
Solving this quadratic equation and tak- 
ing the positive root : 
Q d 3 1  m”/S 

~ = 0 . 2 0  d / s ,  ana 
G=lb m 
Nw,  1, and +ST i n  reservoir A h  for the 
specified Q and (7, 

From k ikage  equation gives in %Is 
“Appendix” : 
Vi =5.52X1O7 m”, - 
Am =VJGpo, 

~36.8 km’, 

~ 2 4 3 ,  and 
N w  =ATJAW, 

- 
1 =d A m ,  

=6.06 km. 
From figure 16 : 
Q/Rr =1.42X101’ RI’/B/~, and 
8r =0.20/1.42X10-4 

5 , 4 1 0  m 
From pipe friction equation given in this 
f‘Appendix” : 
hL =300 m, and 

=1,410+300, 
=1,710 m. 

‘#T =8?+kL, 

Once the numbers‘of wells or the flow mb 
has beeh dktermhea, the volume of water that 
chn be p d n c e d  “f.m the :reservoir, and hence 
the ener& recovera%le und& the development 
plaxs-df‘the hbove examp1es;can be calculateh. 



Assessment of Geothermal Resources of the United States-1975 

Summary and Conclusions 

By D. E. White and D. L. Williams 

The appraisal of the geothermal resources of 
the United States presented here is as factual as 
we can provide from available data. Much effort 
has been made in each individual chapter to spe- 
cify the unyrtainties and assumptions involved 
in each estbate; we urge that these uncertain- 
ties be kept in mind. The estimates should be 
regarded as first attempts that will need to be 
updated as new information becomes available. 

This assessment consists of two major parts: 
(1) estimates of total heat in the ground to a 
depth of 10 km and (2) estimates of the part of 
this total heat that is recoverable with present 
technology, regardless of price. No attempt has 
b n  made to consider most aspects of the legal, 
environmental, and institutional limitations in ex- 
ploiting these mources. 

DEFINITIONS 

Resource-related terms used in this circular 
are defined as follows: Geothemnal re~ource base 
includes all of the stored heat above 15°C to 10 
km depth (under all 50 States). Geothemnal re- 
murces am defined as the stored heat, both iden- 
tified and undiscovered, that is recoverable using 
current or near-current technology, regardless of 
cost. Geothermal resources are further divided 
into three categories based on cost of recovery: 
(1) mbmrginal  geothemzal resources, recover- 
able only a.t a cost that is more than two times 
the current price of competitive energy systems; 
( 2 )  paramarginal geothemzal resourca, recover- 
able at  a cost between 1 and 2 times the current 
price of competitive energy; and (3) geothermal 
re8ewe.s are those identified resources recoverable 

at  a cost that is competitive now with other 
energy resources. The distinction between re- 
source base and resources is technologic, in con- 
trast to the distinctions between submarginal re 
sources, paramarginal resources, and reserves, 
which are economic. 

RESOURCEBASE 

The three major categories of the resource base 
are shown in table 26. 

The hydrothermal convection systems of cate- 
gory 1 @tenner and others, this circular) occur 
where circulating water and steam am transfer- 
ring heat from depth to the near surface; they 
tend to occur in areas of unusually great heat 
supply and favorable hydrology. These systems 
are relatively favorable for geothermal develop- 
ment because high temperatures occur near the 
ground surface and drilling costs are low. W e  
have a sound basis for optimism that many con- 
cealed hydrothermal systems exist,and that they 
can be discovered (see %mer and others, this 
circular). 

The hot, young igneous (volcanic) systems of 
category 2 (Smith and Shaw; this circular) oc- 
cur in regions where molten magma has been 
generated deep in the Earth’s crust or mantle and 
has intruded upward into the shallow crust. 
Silicic magma (equivalent to granite where 
crystallized) commonly comes to rest as large 
masses at depths of a few kilometres, thus con- 
serving its heat; basaltic magma, being much 
more fluid, is commonly erupted at the surface, 
where its heat is rapidly dispersed. Many young 
igneous systems and a few older still-hot systems 
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Table 26.--Estimated heat content of geothermal resource base of the United States (heat in the ground, without 
regard to recoverability) 

I d e n t i f i e d  systems I d e n t i f i e d  + estimate 
f o r  undiscovered 

Number Heat Contenf, Heat Conten) 
1018 c a l l  1018 c a l l  

1. Hydrothermal convection systems 
I t o  3 km depth, s10,OOO ft, near 
the maximum depth d r i l l e d  i n  geo- 
thermal areas). 

Vapor-dominated (steam) systems 3 

High-temperature hot-water 
systems (over 15OOC) 63 

Intermediate- temperature hot-  
water systems (90° t o  15OOC) 224 

Tota l  290 

2. Hot igneous systems (0 t o  10 km) 

Molten par ts  o f  48 best known, 
inc lud ing Alaska and Hawaii 

Crystal  1 i z e d  par ts  and ho t  
margins o f  same 48 

Total  

3. Reqional conductive environments 
(0 t o  10 km; a l l  50 states subdivided 
i n t o  19 heat- f low provinces o f  3 
basic types, Eastern, Basin-and- 
Range, and Sier ra Nevada). 

Total, a l l  s tates 

Overal l  t o t a l  (as reported, wi thout  
r e  ard t o  $i 
unZertaintie2’j 

i f i c a n t  f igures  and 

26 -50 

370 sl.600 

- 345 ‘~1,400 

s741 s3,050 

s13,OOO 

-1 2,000 

s25,OOO %loo ,000 

s8,000,000 ’~8,000,000 

8,025,741 8,103,050 

~~ ~~~ ~~ 

l’ 10l8 ca lo r ies  equivalent t o  heat o f  combustion o f  490 m i l l i o n  bar re ls  o f  
petroleum o r  -154 m i l l i o n  shor t  tons o f  coal. 
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are identified but are not yet evaluated in detail. 
Estimates of the heat content of hot igneous sys- 
tems, both evaluated and unevaluated, are includ 
ed intable 26. All these are favorable target areas 
in exploring for concealed hydrothermal convec- 
tion systems. 

The stored heat of the conduction-dominated 
environments, category 3, is huge in quantity, 
even though temperatures are low, h a u s e  so 
much area and vblume are involved (Diment 
and others, this circular). Most of the heat is 
transferred from the deep, hot interior by thermal 
conduction through solid rocks, but some is gen- 
erated by normal radioactivity of rocks, mainly 
in the upper crust. The entire United States is 
subdivided into 19 heat-flow provinces that, with 
present limited data, are classified into three 
basic types, each with characteristic trends in 
temperature with depth. The Basin and Range 
type has the highest temperature gradients; the 
eastern and Sierra Nevada types have much 
lower gradients exmpt in special areas, such as 
.the gulf cuast, which constitutes a special part 
of the resource base. Three kinds of potential 
energy are available from the geopressured pore 
fluids, including geothermal energy, mechanical 
energy from the overpressured fluids, and me- 
thane dissolved in the pore watem. Heat flows 
of the gulf coast are presumed to be similar 
to the easteni3type, but adequate data are lack- 
ing. Temperature gradients however, arc higher 
than in most of the eastern'region because the 
high-porosity sediments of the gulf coast have 
low thermal conductivities. 

In general, the average heat content of rocks 
is considerably higher in .the Western 
States than in the East. This also helps to ex- 
plain why the most favorable hydrothermal con- 
vwtion systems and the hot young igneous sys- 
tems also occur in the West. 

The anamolous heat of the hydrothermal con- 
vection and the hot igneous systems can be con- 
sidered as "hotspots" superimposed on regional 
conduction-dominated environments. About 0.01 
percent of the total heat stored -beneath the 
United States to a depth of 10 km is in identified 
hydrothermal convection systems, and about 0.3 
percent is in the best known of the hot igneous 
systems. If our estimates of the undiscovered and 
unevaluated "hotspotd' are valid (table 26), the 
corresponding percentages are 0.04 and 1.2. 

REcOvERABILnY 

The useful heat recoverable from identified 
systems with present or near-current technology 
and prices ( -reserves) and at as much as double 
present prices (-paramarginal resources)ex;sts 
almost entirely in the hydrothermal convection 
systems of the Western S t a h  (table 27) and the 
geopressured sedimentary environment of the 
gulf coast (&able 28). 

Resources of the most attractive identified con- 
vection systems (excluding national parb) with 
predicted reservoir temperatures above 150°C 
(-300'F) have an estimated electrical produe 
tion potential of about 8,000 MW*cent, or about 
26,000 M3V for 30 years (Nathenson and MUfBer, 
this a i r ~ u l a r ) ~  Assumptions in this conversion 
are : (1) one-half of the volume of the heak reser- 
voirs is porous ,and permeable, (2) one-half of 
the heat of the porous, permeable parts is ~ecov- 

erable in fluids at  the wellheads, and (3) the 
conversion efficiency of heat in wellhead fluids to 
electricity ranges from about 8 to 20 percent, 
depending on temperature and kind of fluid (hot 
water or steam). The estimated overall efficiency 
of conversion of heat in the ground to electrical 
energy generally ranges from less than 2 to 5 
percent, depending on type of system and reser- 
voir temperature. 

In  order to divide the resources of the high- 
tempemture convection systems into reserves and 
paramrginal and submarginal r e s o w ,  each 
system should have been analyzed individually 
for mnbmic and physical V v e d i l i t y .  In gen- 
eral, the necessary physical data are not avail- 
able; few systems have been drilled or tested 
extensively, and the necessary economic data are 
not well known. No-hot-water sy& 
United States has yet been produced extensively. 
Thus, in lieu of an objective analysis, subjective 
evaluations were made for the three m u r c e  
categories. The most important single factor is 
temperature; reservoirs ab0ve'UH)"C are most 
likely to contain reserves. Other utilized data in- 
clude indicated magnitude of the reservoir and 
indicated. lack of severe problems, such as high 
salinity and inadequate fluid supply. 

4 A  megawatt-century of electridty is a unit of energy equiva- 
lent to 1 MW (1,000 kW) of power belng produced for 100 
Pears (or 3.83 MW for 30 years). Approximately 1000 M W  
(the arpsrdty of many modern nuclear power plants) is' requlred 
to 8atlsQ the electrical needs of an average dty of 1 mfllion 
Deople. 
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Table 27.4eothermal resources of hydrothermal convection systems assumed recoverable with present and 
nearturrent technology and without regard to cost (Nathenson and Muffler, this kcu la r )  

Heat i n  Heat a t  Conversion Beneficial Electrical MU for  
ground we1 1 -head efficiency 30 years 
1018caly 101kalU 

High-temperature systems 
(>15OOC; for generation 
of electricity) 

Identified resources 257 64 0.08 to 0.2 

Reserves 3,500 11 .no 

Submarginal resources - > I , d  > 3.30ov 

Paramarginal resources 3,500 11,700 

Undiscovered resowces 1,200 300 0.08 t o  0.2 * S . d  126.70021 

I ntetarediate-temgerature 
systems (9s to tsooc; 
mainly non-electrical 
uses 1 
ldentifkd mowrrs 345 a 0.24 20.7 

Undiscouemd resoums 1 ,os ?m 0.24 62.1 

TOTAL a.837 720 82.8 T5-m-r 753.400 

1Olacal (a bilShn-bS??Son calories) is equivatent t o  heat of combustion o f  690 million barrels of of1 

Assumed recovery factor 0.25 f o r  aT? eonuectlve resources. 

Thew1 energy applied directly t o  ‘its Intended t h e m 1  (non-electrical) use; 1018cal of beneficial heat, I f  rupplicd 
by electrical energy, would requfre a t  least 1,330 W-cent (or 4,400 MW for 30 years); honever, a user o f  this geothemal 
energy must be located or nust relocate close to the potential supply.; insufficient data available to predict demand or 
t o  subdivlde i n t o  reserves, paramarginal. and submarginal resources. 

W i t  o f  electrical tmqy;  T W e n t  i s  equhalent to loo0 Kw produced continuously for  104 years. 

Assums t b a t  each W.cent o f  electrkiiy can be produced at rate af 3.33 Mltl for  30 years. 

154 mllllon short tons of coal ; these estimates exclude the national parks. 

because crf exclusion o f  systems ulth temperatures below 16OOC. 

Perhaps as much as 60 percent w t l l  be reserves and paramarginal resources; costs of discovery and dewlopnent are 
more speculative than for identified resources. 
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of geepressured aedimentary environments aasumed recwerable with present aqd near-current technolw and without 
regard to cost (Papadopplos and others, this circular) 

f l u i d s  i n  sediments of 
Ter t ia ry  age; assessed 
on-shore parts only, t o  

Plan 1, maximizes t o t a l  
recovery over 20-year 
period; no pressure de- 
c l  i ne bel ow 2,000 ps i  ; 

depth ranging up t o  7 km, 10,920 

c1 17,160 wells; subsidence 
QI estimated 5 t o  -7 .c.r 

Thermal energy 0.021 229.4 0.08 24,380 81,260 

Methane (thermal 

Mechanica 1 energy 

equivalent) 

(thermal equivalent) 

TOTAL 

124.2 Y 
9.4 0.80 9,970 33,230 

-3mr d/ -1 
- 1/ Thermal energy only; 1018cal i s  equivalent t o  heat of combustion o f  690 m i l l i o n  barrels o f  o i l .  
2/ A l l  plans assume 0.15 m3/sec f low ra te  per well and saturation o f  water w i th  methane, but r e l i a b l e  data lacking. 
y/ Un i t  o f  e lec t r i ca l  energy; 1 MW.2ent i s  equivalent t o  1000 kw produced continuously f o r  100 yrs. 
a/ - .  Estimates made f o r  20 yr. production period; converted t o  30 yrr. t o  be consistent w i th  other estimates 

o f  t h i s  c i rcu la r .  
- 5/ Methane assumed recovered but not  used l o c a l l y  f o r  e l e c t r i c l t y .  
6/ Perhaps i n  pa r t  reserves bu t  mostly paramarglnal, depending on envlronmental and other costs. 
3 Thermal equivalent o f  methane included i n  heat a t  well-head but  excluded from e lec t r i ca l  energy; recoverable 

pa r t  h iah ly  speculative because of unknown porosi t ies and penneabil t t i es ,  bu t  probably la rge ly  submarginal ; 
note tha t  the recoverable f ract ion for these environments i s  assumed t o  be lower than tha t  f o r  the assessed 
resources. 

& No detai led assessment but considered l i k e l y  t o  e z i s t  i n  Ca l l fo rn ld  and other states. 



Table 28.4eothermal resources of geopressured sedimentary environments assumed recoverable with present and near-current technology and wi that  
regard to C08t (Papadopulos and others, this circular)-Continued 

Heat equ 1 va - Conversion E l  ec t r l ca l  MW f o r  Heat i n  Percent 
30 ears 4 pore f l u u s ,  recovery l e n t  a t  yll- ef f i c iency  energy, 

I 01 8cal (heat on ly ) ,  head MW -cent Y 
101 8ca1 

Plan 2, assumes drawdown 
t o  land surface, unre- 
s t r i c t e d  subsidence, and 
mecha.nlca1 energy not  
u t i l i zed ;  25,850 wells; 
estimated average sub- 
sidence >7 m. 

Thermal energy 

Methane (thermal 
equi V a l  en t ) 

Mechanical energy 
(thermal equivalent) K 

N 
TOTAL 

Plan 3, l i m i t s  estimated 
average subsidence t o  4 m; 
4,000 wells. 

Thermal energy 

Methane (thermal 

Mechanical energy 

equi Val en t ) 

(thermal equivalent) 

TOTAL 

Other 'unassessed parts o f  
Gulf Coast geopressured 
environment, on-shore 
and off-shore t o  10 km.u 

environments t o  10 k m . w  
Other geopressured 

0.033 

0.005 

358.8 

193.6 

0.08 

53.1 0.08 

28.8 

3.3 0.80 

85.2 

22,000 ,500 

11,000 >250 

38,140 

Y 

3,560 

>50,000 

>25,000 

11,900 

-J 

. >166,700 

> 83,300 



Nearly one-half of ' the production potential 
from the identified systems (3,500 MW-cent or 
nearly 12,000 M W  for 30 years) is considered to 
be reserves, recoverable with present prices and 
technology. Paramarginal resources recoverable 
at as much as twice present prices and wieh exist- 
ting and near-current technology are also estima- 
ted to be 3,500 MW-cent or-about 12,000 MW for 
30 years. In addition, high-temperature resources 
in undiscovered convsction systems, using the 
estimates of Renner, White, and Williams (this 
circular) and the conversion efficiencies expected 
of these systems (Nathenson and M d e r ,  this 
circular), are estimated to be 38,000 MW-cent 
or rt;baut 5 times that of the identified hot-water 
systems, excluding the national parks., Of the 
undiscovered m u m ,  a considerable fraction 
is likely to be recoverable at present prices and 
technology, but a larger part will probably be 
paramarginal. 

~ 

All of the inkrmediate-temperature convective 
resources (90" to 150°C) are submarginal for the 
generation of electricity, but, under favorable 
conditions, some -are utilizable now for space 
heating and industrial &. The potential for 
nonelectrical uses may attract new industry in 
many placss because the supply is relatively de- 
pendable and because the overall efficiencyof %he 
direct use of the geothermal energy for heating 
is greater than for generating electricity for the 
same purposes (Nathenson and MufEer, this cir- 
cular). The' beneficial heat that can be recovered 
in favorable circux&ancss, assuming that a need 
oocurs near the' same locality QLS the 'potential 
supply, totals 20.7XlO%al in identified systems 
(table 27) ; this equivalent to 
barrels of $1. 

content of pore fluids of the assessetj 
onshore geopressured'parts of the gulf coast to 

padopulos and others, this 
t&le 28. This heat com- 

contained in rooks and 
minerals and also excludes the potential energy 
0 ved methane and'lthe mechanioal eaergy 
from excess pressure. The recoverable part of the 
b ta l  fluid ~esource base depends critically on the 
specific plan (or plans) selected for reservoir 
development. Factors that, can be emphasized 
include: (1) maximizing total recovery from the 
reservoirs, (2) maximizing production from in- 
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dividual wells, (3) establishing some minimum 
pressure decline that limits subsidence of the 
land surface resulting from production, and (4) 
varying the utilization of methane and mechani- 
cal energy relative to thermal energy. A major 
uncertainty concerns the actual content of msth- 
ane in geopressured fluids. Saturation of methane 
ait reservoir temperatures, pressures, and salini- 
ties is assumed, but reliable data are not yet 
available. Three different production plans (of 
the many possible plans) are summarized in table 
28. 

Assuming that mechanical energy is convert- 
ible into electricity with 80 percent &ciency and 
thermal energy at reservoir temperatures is con- 
vertible into electricity with 8 percent efficiency 
(Papadopulos and others, this circular), Plan 1 
can recover 34poO MW-cent of electricity; Plan 
2,38,100 MW-cent; and Plan 3,9950 MW*cenk 
Each projeotion is only for &he assessed onshore 
part of the gulf coast. The energy available from 
methane, which is not limited to utilization at  
the wellhead and is best considered in $his' geo- 
thermal assessment as a valuable byproduct, is not 
included. The potential value of $he methane, if 
present in the assumed contents, is somewhat 
greater than that of the geothermal and mechan- 
ical energies. For any one kind of energy alone, 
the geopressured fluids are probably paikmarg- 
inal or submarginal resources; when all kin+ of 
potential energy are recovered, a small but sig- 
nificant part of the total m u m  may be con- 
s i d e 2  as reserves, with muoh of &he reminder 
as paramarginal resources. 

This assessment of recoverability of geopres- 
sured-geothermal resources of the gulf coast is 
necessarily focused on physical recoverability 
regardless of cost. Economic assessments are 
greatly complioated by the three kinds of paten- 
tially available energy, 4ts well as by possible 
environmental problems of subsidence and waste 
water disposal. Populated areas near the shore- 
line are relatively sensitive to subsidence, so their 
potential pbhermal resources may not be uti- 
lized, ak least not until the subsidence effects can 
be 'quantified in other less sensitive areas. Al- 
though khree alternative development plans were 
used in evaluating all of the 21 s u b a m  of Texas 
and Louisiana (Papadopulous and others, this 
circular), different production plans can be chosen 



for each subarea, tailored to ita tolerance of sub- 
sidence and other factors. 

The very large he& contents of magma, hot 
dry rocks near volcanic centers, and most conduc- 
tiondominated parts of the resource base are not 
now geothermal resources because the necessary 
recovery technology has not yet been developed. 
Reoovery technology for the hot dry rocks is now 
m i v i n g  much attention and may be developed 
in the future. 

CONCLUSIONS 

1. The geopressured fluids of the gulf coast have 
a huge geothermal potential. The energy 
deliverable a& the wellhead in the assessed 
onshore part of the gulf coast varies ac- 
cording to produotion plan but is likely to 
range from 9,000 to 35,000 MW-cent 
(31,000 .to 115,000 M W  for 30 years). This 
range excludes the energy equivalent of 
recoverable methane, which is probably at  
least equal in value, but reliable data are 
lacking. Other geopressured parts of the 
gulf coast and the United States probably 
have at least 3 times more potential energy 
in pore fluids than the eva luaa  part, but 
the recoverable fraction may be consider- 
ably less because of lower average porosity 
and permeability It0 be expected in older 
and more deeply buried sedimentary rocks. 
Cost analyses of these huge geopressured 
xesources are not attempted here. Such 
analyses must consider alternate plans for 
m m o i r  development but require better 
data than are now available on reservoir 
permeabilities, the quantity and value of 
recoverable methane, the environmental 
costs reW to compaction of reservoirs 
and disposal of efluent, the value of 
any incidental petroleum recovered from 
geothermal production, and possible utili- 
zation of wells already drilled for oil 
rtnd gas. Much of this resource is probably 
paramrtrginal under present conditions, 
but some part is probably recoverable 
now from areas where the environmental 
impact is low. 

2. The high-temperature convection qstems 
( >150"C) of interest for the generation 

3. 

of electricity are dominantly in the west- 
ern conterminous United States, but some 
are in Alaska and Hawaii. The identified 
systems are estimatad to have reserves of 
3,500 MWacent of electricity, producible 
at present prices and technology, and 
about equal potential in paramarginal re- 
sources. Undiscovered resources of hot- 
water systems are predicted to be about 
5 times greater than identified resources 
(excluding Yellowstone Park), and un- 
discovered vapor-dominated systems may 
be as much as the identified m u m .  
Sixty-three specific localities are identi- 
fied that probably have reservoir tem- 
pemtures above 150°C; these and other 
favorable volcanic areas are available for 
detailed exploration and assessment. The 
total energy recoverable with presenk 
tachnology f+om undiscovered resources 
is estimated to be about 38,000 --cent, 
with perhaps 60 percent recoverable at 
p r i m  as much as double present prices. 

The intermediate-temperature convection sys- 
tems (90" to 150°C) have much potential 
for supplying thermal energy for home 
and industrial heating, thereby releasing 
oil and gas for more critical uses. If 25 
percent of the stored energy is recoverable 
at the surface and the efficiency of utiliza- 
tion of wellhead energy is 0.24 (20°C 
temperaturs drop at 100"C, and 32°C at 
150°C), the overall recovery factor is 
0.06, and the potential beneficial heat is 
20.7X lo1* cal (table 27). I f  this heat were 
to be supplied by electrical energy, the 
equivalent of 27,500 MW-cent would be 
required (efficiency of electrical to ther- 
mal assumed 100 percent). This resource 
clearly has significant potential wherever 
the demand for thermal energy can be 
located or relocated close to the potential 
supply. Two hundred and twenty-four 
identified systems are tentatively included 
in this category, but most of the predicted 
resources are in only a few large systems. - 

4. The hot igneous magma systems and some 
areas of high regional temperature 
gradients provide relatively favorable 
areas for utilizing the heat of hot dry 
rock, provided that satisfactory methods 
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of recovery can be developed. The poten- 
tial resources are huge; temperatures near 
or above 315°C at 10 km and 200°C at 6 
km are likely to characterize parts of the 
favorable conduction-dominated environ- 
ments such as much of the Basin and 
Range province; most of the hot igneous 
systems are likely to have even higher 
temperatures. 

5. Disregarding cost, the total magnitude of 
geothermal resources that can be recov- 
ered by present and near-cumnt tech- 
nology is very large. The identified high- 
temperature convection systems and the 
evaluated onshore parts of the gulf coast 
geopressured system are estimated to have 
a production potential of about 42,000 
MW-cent (using Plan 1; 140,000 MW for 
30 years) .of .recoverable electricity, equi- 
valent to 140 Hoover Dams or 140 aver- 
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age modern nuclear power plants. The 
undiscovered convection systems and the 
unass8ss8d geopressured parts of the gulf 
coast and other sedimentary basins have 
a production potential that is not yet 
known but may be at least lO0,OOO MW. 
cent (or 330,000 MW for 30 years). Per- 
haps half of this total c&n be recovered 
with existing technology at prices that 
range up to double present costs. 

6. These assessments represent our best estimates 
of .the Nation's geothermal resources as of 
June 1975. More precise estimates will 
require detailed investigations of the 
areas tabulated in this report as well as 
other areas that will be discovered. "hese 
investigtltions must include extensive 
drilling, reservoir emluations, and re- 
search to &ain a better understanding of 
the characteristks of these systems. 

4 US. Government Printing Office: 1979-281-3S9/47 
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